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Chapter 1
Calcium Signaling: From Basic
to Bedside

Md. Shahidul Islam

Abstract Calcium signaling and its interacting networks are involved in mediating
numerous processes including gene expression, excitation-contraction coupling,
stimulus-secretion coupling, synaptic transmission, induction of synaptic plasticity,
and embryonic development. Many structures, organelles, receptors, channels,
calcium-binding proteins, pumps, transporters, enzymes, and transcription factors
are involved in the generation and decoding of the different calcium signals in
different cells. Powerful methods for measuring calcium concentrations, advanced
statistical methods, and biophysical simulations are being used for modelling
calcium signals. Calcium signaling is being studied in many cells, and in many
model organisms to understand the mechanisms of many physiological processes,
and the pathogenesis of many diseases, including cancers, diabetes, and neurodegen-
erative disorders. Studies in calcium signaling are being used for understanding the
mechanisms of actions of drugs, and for discovery of new drugs for the prevention
and treatment of many diseases.

Keywords Calcium signaling · Excitation-contraction coupling ·
Stimulus-secretion coupling · Calcium and gene expression · Calcium and
diabetes · Calcium and cancer · Calcium channels · Calcium binding proteins ·
Calcium oscillations · Calcium pumps · Calcium-sensing receptor

Concentration of Ca2+ in the cytoplasm ([Ca2+]c) is >20, 000 times lower than
that outside the cell. This is achieved by the Ca2+-transporting ATPases, Na+/Ca2+
exchangers, and Ca2+-binding proteins. When activated by a variety of external
stimuli, cells respond by an increase in the [Ca2+]c, in the form or Ca2+-spikes and
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oscillations, which allosterically regulate many proteins leading to alterations of
numerous processes like gene expression, meiotic resumption, gastrulation, somi-
togenesis, early embryonic development of different organs, left-right asymmetry,
muscle contraction, exocytosis, synaptic transmission, and induction of synaptic
plasticity, to name just a few.

The discovery of the method for measuring [Ca2+]c by fluorescent Ca2+-
indicators [1] that are made temporarily membrane permeable [2] started a revolu-
tion in biology, and today many laboratories are using fluorescent Ca2+-indicators
for measuring [Ca2+]c. Since these indicators bind Ca2+, it is necessary to assess
to what extent the indicators attenuate the Ca2+ signal. At low concentration of the
indicators, it is more likely that an un-attenuated Ca2+ signal is being measured,
whereas at high concentration of the indicators, it is more likely that Ca2+-
flux is being measured [3]. Many investigators are using a variety of genetically
encoded Ca2+ indicators suitable for measuring Ca2+ in different organelles and
subcellular compartments [4]. The technology has advanced to the point that
we can measure highly localized Ca2+ changes in femtoliter volume by high
resolution laser microscopy. We can also measure the physiological changes in
the membrane potential, and consequent changes in physiological Ca2+ currents,
in living cells, in their native environment, by using fluorescence-based optical
techniques. Pharmaceutical companies are using high- throughput fluorescence-
based assays using a variety of Ca2+-indicators, for screening of ion-channels
and G-protein coupled receptor as drug targets, and for identifying novel lead
compounds.

Plasma membrane Ca2+ transport ATPase (PMCA), Na+/Ca2+ exchanger, and
sarco/endoplasmic reticulum (SR/ER) Ca2+-ATPase (SERCA) maintain [Ca2+]c
at a normal low level. More than 20 variants of PMCA, with different regulatory
properties, cell-type-specific expressions, different localizations, and interactions
with different signaling molecules, not only maintain Ca2+ homeostasis, but also
shape the Ca2+ signals. Mutations or genetic variations in the PMCA genes have
been associated with diseases like hypertension, preeclampsia, and neural disorders.
Twelve isoforms of SERCA proteins encoded by three genes, are expressed in
different patterns in different tissues. Impaired Ca2+ homeostasis and Ca2+ sig-
naling caused by impaired functions of SERCA pumps have been implicated in the
pathogenesis of Darier disease, and some neuropsychiatric and neurodegenerative
disorders.

Cells contain numerous Ca2+-binding proteins, some of which act as Ca2+-
sensors, others as Ca2+-buffers, and some as both. Ca2+ is buffered by rapid binding
to Ca2+-binding proteins that vary in their Ca2+-binding and -dissociation kinetics,
their concentrations in different locations inside the cell, and in their diffusional
mobility. Ca2+-buffers make the [Ca2+]c changes transient, and, thus, finely tune
the timing and spatial extension of Ca2+ signaling.

Receptor activation increases incorporation of P32 into the phospholipids [5],
due to activation of phospholipase C. Thirteen family members of phospholipase C,
and their isoforms are regulated by numerous agonists in isozyme-selective manner;
they perform distinct functions in signal transduction, and mediate a variety of
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cellular responses, in almost every cells of the body. Activation of phospholipase
C leads to the formation of the second messengers inositol 1,4,5 trisphosphate,
and diacylglycerol [6, 7], which activates protein kinase C [8]. Inositol 1,4,5
trisphosphate activates 1,4,5 trisphosphate receptor, and releases Ca2+ from the ER
[9]. In addition to mediating Ca2+ release, the three 1,4,5 trisphosphate receptors
that form homotetramers, and heterotetramers, interact with >100 proteins, and
signaling molecules. The expression of different isoforms of 1,4,5 trisphosphate
receptor in different tissues, and their interactions with other proteins add to the
complexity and diversity of the regulation of Ca2+ signaling in mediating many
processes including apoptosis, autophagy, and cancer development.

The critical components of excitation-contraction coupling are the ryanodine
receptors, the L-type voltage-gated Ca2+ channels and the junctophilins.
From evolutionary perspective, Ca2+-induced-Ca2+ release (CICR) (as in the
cardiomyocytes) is the earliest form of excitation-contraction coupling, whereas
depolarization-induced Ca2+ release from SR (DICR) through the type 1 ryanodine
receptor mediated by direct protein-protein interaction between the ryanodine
receptor and the L-type voltage-gated Ca2+ channel, (as in skeletal muscle cells) is
a later development in the vertebrates. Four types of junctophilins link the ER to
the plasma membrane, and support both CICR and DICR. Ca2+ regulates the three
ryanodine receptors both positively and negatively (depending on concentration), by
binding to the receptors, directly or indirectly through the Ca2+-binding proteins,
both from the cytosolic side and the luminal side. Release of Ca2+ from the ER /SR
where Ca2+ is present in the form or “Ca2+-lattice” bound to proteins, is a highly
regulated process that prevents depletion of Ca2+ stores and consequent activation
of ER stress response.

The pyridine nucleotide metabolite cyclic ADP ribose (cADPR) releases Ca2+
from the intracellular stores by mechanisms that may involve activation of the
ryanodine receptors, but it is not clear how this happens, and to which protein
cADPR binds. In heart, cADPR increases the gain of CICR. Another pyridine
nucleotide metabolite, NAADP also releases Ca2+ from some acidic lysosomal
Ca2+ stores by mechanisms that involve activation of the two pore channels (TPC).
It is not clear whether NAADP binds to proteins other than TPCs. Stimulation of
β-adrenergic receptors increases formation of NAADP, which releases Ca2+ from
the acidic stores by binding to TPCs, but numerous questions remain unanswered.
Endosomes and lysosomes are acidic organelles that contain Ca2+ in high concen-
tration in readily releasable form. Ca2+ is loaded into these stores by the actions
of vacuolar H+-ATPase, and Ca2+/H+ exchange. Ca2+ can be released from these
stores through the TRPML channel or the TPCs.

Receptor activation not only releases Ca2+ from the ER, but also leads to Ca2+
entry through the plasma membrane channels [10]. The stromal interaction molecule
1 (STIM1) senses the Ca2+ concentration in the ER Ca2+ stores, and it regulates the
CRAC (Ca2+ release-activated Ca2+ channel) formed by Orai1, a highly calcium-
selective channel located in the plasma membrane. STIM1 also regulates store-
operated Ca2+ channel formed by TRPC1. Mutations in the STIM1/Orai1 have
been associated with diseases like severe combined immune deficiency, Stormorken
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syndrome, and tubular aggregate myopathy. Disturbances in store-operated Ca2+
entry have been implicated in promoting angiogenesis, tumor growth, muscle
differentiation, and progression from cardiac hypertrophy to heart failure.

Mitochondria plays important roles in Ca2+ signaling. Mitochondria-associated
ER membrane (MAM) provides a mechanism for communication between the
ER and the mitochondria. The Sigma-1 receptor, a chaperone protein located in
the MAM, is involved in Ca2+ exchange between the ER and the mitochondria.
Ca2+ enters into the mitochondria through the mitochondrial Ca2+-uniporter. Efflux
of Ca2+ from the mitochondria is mediated by the Na+/Ca2+ exchanger. Ca2+
regulates mitochondrial respiration, and ATP synthesis, but mitochondrial Ca2+
overload triggers the apoptosis pathways. The Sigma-1 receptor is also located near
the plasma membrane, and it interacts with many other proteins. Mutations of the
Sigma-1 receptor may lead to diseases like amyotrophic lateral sclerosis, and distal
hereditary neuropathy.

The discovery of the transient receptor potential channels was helped by the
clues obtained from the photoreceptor cells of drosophila mutants [11, 12]. These
channels act as molecular sensors, and they participate in numerous cellular
processes. Many cells express many of the TRP channels, and these channels appear
to be involved in the pathogenesis of many diseases. In lungs, TRPC3 appears to
be involved in mediating airway hyper-responsiveness seen in asthma. Dysregu-
lation of several TRP channels has been implicated in promoting cancer growth,
metastasis, and in determining sensitivity or resistance to chemotherapy. Some
TRP channels that regulate tumorogenesis or tumor progression, are themselves
targets of specific microRNAs, which are expressed in many cancer cells, and which
function in RNA silencing. Manipulation of the TRP/miRNA interactive network is
a potential way to treat cancer.

Ca2+ signals are decoded by numerous proteins, including, many ion channels,
enzymes, transcription factors, and exocytotic proteins, which can be activated
or inactivated by Ca2+. Activation of protein kinase C [8] and multifunctional
calcium/calmodulin stimulated protein kinases (CaMK) by Ca2+, mediates a variety
of cellular processes. The CaMKs, which are expressed in numerous cells, are
activated following a variety of stimuli. Specificity of the functions of these
kinases is determined by “molecular targeting” mechanisms mediated by some
specific binding proteins. CaMK-II remains active in proportion to the frequency
and amplitude of the Ca2+ signals, and the activation persists for some time
even after [Ca2+]c returns to the normal basal level. CaMK-II plays important
roles in decoding Ca2+ signals to activate specific events during the embryonic
development. Ca2+ singling regulates expression of many genes by acting at the
level of gene transcription, gene translation, regulation of alternative splicing, and
by regulating the epi-genetic mechanisms. Alteration in the expression of many
genes can alter the so called “Ca2+ homeostasome” [13].

The Ca2+-microdomains comprised of Ca2+ channels, Ca2+-activated Ca2+
channels, Ca2+-buffers, and other molecules, are fundamental elements of Ca2+
signaling. Different simulation strategies including stochastic method, deterministic
method, Gillespie’s method, and hybrid methods in multi-scale simulations, have
been used for modeling of the Ca2+ signaling systems. Ca2+ signals occur in the
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form of Ca2+ spikes, and Ca2+ oscillations, which are stochastic events. Advanced
statistical approaches, and biophysical simulations are being used to obtain insight
into the dynamics of Ca2+ oscillation, including the processes underlying the
generation and decoding of the oscillations.

In biology, Ca2+ signaling is almost universal. Even bacteria use Ca2+ as a
signal; they sense Ca2+ by using the so called two component regulatory systems
consisting of a sensor kinase and a response element. To understand different
biological phenomena, and many human diseases, Ca2+ signaling is being studied
in many model organisms including Drosophila melanogaster [14], Saccharomyces
cerevisiae [15], Caenorhabditis elegans [16], and zebrafish, and such researches
have led to important discoveries. Study of Ca2+ imaging in the zebrafish has
helped our understanding of the development processes, many other physiological
processes, and the roles of disease-related genes in a vertebrate system.

Extracellular Ca2+ functions as charge carrier, and regulates neuromuscular
excitability. Extracellular Ca2+ is sensed by a G-protein coupled receptor (calcium-
sensing receptor), which regulates secretion of parathyroid hormone, and can be
inhibited by the calcimimetic drug cinacalcet used in the treatment of hyper-
parathyroidism. In the bone marrow high extracellular Ca2+ leads to predominant
osteoblast formation by acting through calcium-sensing receptor. High Ca2+ in
the bone marrow also inhibits the differentiation and the bone-resorbing function
of the osteoclasts. Extracellular matrix is the largest Ca2+ store in animals. The
macromolecules of extracellular matrix interact with the receptor on the plasma
membrane, and by that way regulate the [Ca2+]c through complex mechanisms.
Ca2+ also controls cell-extracellular matrix interaction through focal adhesions.

Study of Ca2+ signaling is helpful in understanding the pathogenesis of many
diseases including that of diabetes, and the neurodegenerative diseases, and in
understanding the mechanisms of action of drugs used in the treatment of these
diseases. Many calcium channel blockers are being extensively used in the treatment
of hypertension and atrial fibrillation. Over 400 million people in the world
have diabetes. Studies of Ca2+ signaling have increased our understanding of
the mechanisms underlying stimulus-secretion coupling in the β-cells, which is
impaired in type 2 diabetes. Some of the commonly used antidiabetic drugs act by
altering Ca2+ signaling in the β-cells [17]. It is likely that studies of Ca2+-signaling
and its interacting networks, will lead to new breakthroughs that will increase our
understanding of the molecular mechanisms of many cellular processes that we do
not fully understand today.
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Chapter 2
Measuring Ca2+ in Living Cells

Joseph Bruton, Arthur J. Cheng, and Håkan Westerblad

Abstract Measuring free Ca2+ concentration ([Ca2+]) in the cytosol or organelles
is routine in many fields of research. The availability of membrane permeant forms
of indicators coupled with the relative ease of transfecting cell lines with biological
Ca2+ sensors have led to the situation where cellular and subcellular [Ca2+] is
examined by many non-specialists. In this chapter, we evaluate the most used Ca2+
indicators and highlight what their major advantages and disadvantages are. We
stress the potential pitfalls of non-ratiometric techniques for measuring Ca2+ and the
clear advantages of ratiometric methods. Likely improvements and new directions
for Ca2+ measurement are discussed.

Keywords Ca2+ · Laser confocal microscopy · Fluorescence · Ratiometric ·
Non-ratiometric

Changes in the free Ca2+ concentration ([Ca2+]) inside a cell can fulfil many
different roles. Local changes in near membrane [Ca2+] can modify channels
in the plasma membrane while changes in mitochondrial [Ca2+] can help to
promote ATP production. Changes in nuclear [Ca2+] are critical for modulating
gene replication and temporal aspects of these changes may provide valuable
clues. One of the challenges in the field of Ca2+ signaling is to monitor the sites,
amplitude and duration of free Ca2+ changes in response to physiological stimuli.
Earlier researchers relied on a variety of methods, including atomic absorption
and radioactive 45Ca2+ to monitor Ca2+ in samples and Ca2+ movements across
membranes and the likely underlying uptake and release mechanisms. Typically
cell fragments were isolated by centrifugation and then Ca2+ uptake and storage
capacity of isolated cellular organelles were examined. These methods were useful
in the detection of relatively slow Ca2+ changes (seconds to minutes) but were
unable to follow the short-term, transient Ca2+ movements induced by neural or
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hormonal stimuli. Nonetheless, they provided valuable information about Ca2+ in
cells e.g. the majority of tissue Ca2+ exists as bound to the glycocalyx (extracellular
cell coat, Borle [4]) and is essential for maintaining excitability of neurons and
muscle cells. X-ray microanalysis or electron probe analysis was the most ambitious
of these attempts looking at both cellular and subcellular changes in Ca2+ but even
at its best, this technique reported only the result of a physiological stimulus and not
what happened during the period of stimulation itself.

All of these earlier techniques looked at changes in total Ca2+ and could not
distinguish between bound and free Ca2+, but what is most relevant to physiologists
is the free Ca2+ concentration. Free Ca2+ concentration in the cytosol is often
written as [Ca2+]i, which can be confusing since the ‘i’ can be interpreted as
meaning free or bound or both. In this review, [Ca2+]i will be used to refer to the
free cytosolic Ca2+ concentration. When muscle cells are electrically stimulated,
free cytosolic [Ca2+] (i.e. [Ca2+]i) can increase more than tenfold in a few ms,
whereas the intracellular [Ca2+] remains essentially constant. The transient increase
in [Ca2+]i is due to Ca2+ release from the sarcoplasmic reticulum (SR) into the
cytosol and subsequent active removal from the cytosol. Thus, Ca2+ moves from
one cellular compartment to another and back again and overall total intracellular
[Ca2+] does not change.

Multiple bioluminescent and fluorescent Ca2+ indicators are now available to
measure [Ca2+] in cells and subcellular regions. Published results focus often on
amplitude and time course of the signal and gloss over the possible pitfalls of
interpretation. Since many users are not experts and try to follow or modify methods
described earlier, the likelihood of errors and misinterpretation of data has increased.
Our focus in this chapter is to highlight what can and cannot be done with available
Ca2+ indicators.

2.1 Earlier Attempts to Measure [Ca2+] Inside Cells

Measurements of [Ca2+]i were rather complicated before the invention of the
various fluorescent Ca2+ indicators that are commonplace today. An invaluable
source of information about these methods is to be found here [3].

1. Ca2+-activated photoproteins. In 1961, Osamu Shimomura spent a stressful
summer mashing up the light organs distributed along the edge of the bell of
many thousands of Aequorea jellyfishes trying to isolate and characterize what
was responsible for the blue-green glow. These jellyfishes are pretty colorless in
real life and do not spontaneously glow. However if they are poked or disturbed
in the water, then a greenish bioluminescence is seen, localised only around the
margins of the bell but not found anywhere else on the jellyfish’s body. After
many trials two proteins were isolated, the bioluminescent protein aequorin that
glowed blue upon the addition of Ca2+ and the green fluorescent protein which
in the living jellyfish produces green light because of resonant energy transfer
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from aequorin. Shimomura was awarded the Nobel prize in Chemistry in 2008
for the green fluorescent protein discovery. Other bioluminescent proteins were
subsequently isolated from other organisms (e.g. obelin, berovin) but none of
them approached the versatility of aequorin either in their native form or with
targeted mutations and thus they are hardly used today.

An advantage of aequorin is that as a bioluminescent molecule it does
not require any external stimulating light and thus the background signal or
noise is extremely low. On the other hand, the bioluminescence signal is quite
small and measurement of the light emitted is not as easy as it is for other
currently used fluorescent indicators. In practice, it is barely sensitive enough
to following changes in resting [Ca2+]i. Even when aequorin is used to monitor
changes in the high physiological range of [Ca2+]i (0.5–10 μM) that are induced
by electrical or chemical stimulation, there are difficulties in interpreting the
light emission which increases as approximately the third power of [Ca2+].
Translating aequorin light signal into actual values of [Ca2+]i is complicated
further by its consumption (i.e. the signal decreases over time) and since [Ca2+]i
differs within different regions of the cell (highest at release sites), the signal will
be heavily dominated by the regions with the highest [Ca2+]i. The light emitted
by aequorin in the presence of [Ca2+]i, will be influenced by Mg2+ and the
ionic strength which can change markedly during intense stimulation. Moreover,
it is sensitive to changes in pH especially below pH 7. It is useful to imagine
the Ca2+-activated photoproteins as being “precharged” and Ca2+ binding to an
photoprotein molecule causes an energy-consuming reaction with emission of
light that discharges the molecule. Each molecule emits light only once, which
means that the light-emitting capacity declines over time but with experience
and modelling, one can minimise this potentially confounding factor. In earlier
days, the major problem with native photoproteins was getting them into a
cell. In large cells this was achieved by microinjection which was not practical
for smaller (< 20 μm) cells. Other loading techniques have been tried and of
these, incubation combined with mild centrifugation seems to be the best. Once
the sequence of aequorin was known, it became feasible to transfect cells and
induce expression of recombinant aequorin. This works well with many cultured
cells and in embryos but is problematic when one tries to induce expression in
adult cells in culture or in a living animal. An advantage with this technique
is that the aequorin gene can be modified and targeted to different cellular
compartments (e.g. mitochondria or endoplasmic reticulum) and the Ca2+
binding properties of the proteins can be modified appropriately. Photoprotein-
based methods to measure [Ca2+] in organelles are useful because in some
situations it is not possible to introduce other fluorescent probes into a subcellular
compartment [1].

2. Metallochromic Ca2+ dyes. Murexide was the first of these and arsenazo III
and antipylazo III followed soon afterwards. With these indicators, the light
absorbance of the molecule is monitored by a photomultiplier and when [Ca2+]
increases, the light measured will decrease. The advantage of these dyes is that
they are fast and therefore can detect rapid [Ca2+]i transients. This is because
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they display a relatively low Ca2+ affinity, which means that they readily can
detect high [Ca2+]i levels and show little Ca2+ buffering. However, there have
some unwanted characteristics which include complex Ca2+-binding properties,
marked Mg2+ and pH sensitivity, and a tendency to bind to intracellular proteins.
The metallochromic Ca2+ dyes do not easily enter intact cells, and therefore
these dyes were usually microinjected. Today, with one exception, these dyes
are seldom used by anyone except specialists looking at the kinetics and
other properties of Ca2+ release in muscle cells. The exception is calcein a
metallochromic indicator used since 1956 to look at calcium in minerals and
salts. It is not sensitive to monitor resting [Ca2+] in unstimulated cells but has
found a niche as a live live/dead cell indicator and looking at opening of the
mitochondrial permeability transition pore.

3. Ca2+-selective microelectrodes. Electrophysiological techniques were already
used to probe channels in the plasma membrane and thus they could be readily
adapted when suitable Ca2+ resin and ligands were produced by chemists.
Double barrelled electrodes were adapted quite early on so that only one
microelectrode impalement of the cell was necessary to measure both membrane
potential and Ca2+ (the signal detected by the Ca2+ sensor includes both the
membrane potential and the Ca2+ potential and thus, the membrane potential has
to be subtracted). Ca2+-selective electrodes are rather difficult to make since a
special silane coat has to be applied to the glass first before the Ca2+-selective
ligand is loaded in the electrode [8]. Microelectrodes with tips less than 1 μm are
used to minimise cell damage when the electrodes are inserted into cells. Ca2+-
selective microelectrodes have good selectivity for Ca2+ over other cations in
the physiological range. They suffer from two drawbacks that have limited their
use in Ca2+-signalling. First they report the free [Ca2+]i only in the vicinity
of the microelectrode tip and second even under the best possible recording
conditions, their response time is slow, on the order of seconds when changing
between solutions containing different free [Ca2+]. Thus, they are not able to
follow the rapid [Ca2+]i transients that occur in excitable cells such as muscle
or neurons. Nonetheless, various groups have used them to report resting free
[Ca2+] in both animal and plant cells as being 50 nM to 150 nM, slightly higher
than was measured later with diffusible Ca2+ indicators and reflecting the fact
that underneath and close to the plasma membrane, free [Ca2+] is higher than in
the bulk of the cytosol.

2.2 Fluorescent Ca2+ Indicators

Many of the common Ca2+ indicators used today were derived from the Ca2+
chelator BAPTA developed by Roger Tsien and his co-workers [14]. The Ca2+
indicator molecule consists of two parts: the Ca2+-binding cavity that changes
its shape when Ca2+ binds to it and the scaffold part of the molecule giving
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the fluorescence changes in response to Ca2+ binding to or being released from
the cavity. These indicators have high selectivity for Ca2+ over Mg2+ and other
common monovalent cations and are relatively unaffected by modest changes in
H+. When Ca2+ binds into the Ca2+-binding cavity, there are large absorbance
and fluorescence changes. It should be remembered that even with a low affinity
for Mg2+ and H+, Ca2+ indicators can be affected by these ions in experiments
that are designed to induce metabolic exhaustion and thus a rise in free Mg2+ or
large changes in pH. Much work has gone into developing different Ca2+-binding
properties and fluorescent tails that are optimised to work in defined ranges of
[Ca2+] and with different types of detection systems.

Ca2+ indicators can be conveniently divided into two groups: single-wavelength
non-ratiometric indicators and dual-wavelength ratiometric indicators. Indicators
have absorption and emission spectra that have been well characterised in vitro and
which apply in general to the behaviour of the molecules inside cells. Optimal exci-
tation and emission wavelengths for individual indicators can generally be found
in the papers where they were originally described and have been gathered here
with additional details (https://www.thermofisher.com/se/en/home/life-science/cell-
analysis/cell-viability-and-regulation/ion-indicators/calcium-indicators.html#crs).

Non-ratiometric indicators generally show very little fluorescence at low
(<100 nM) [Ca2+] but show up to a hundred-fold increase in fluorescence when
[Ca2+] increases maximally inside a cell so that the indicator becomes saturated
with Ca2+. The expectation that the light signal faithfully reflects [Ca2+]i, is
probably true under ideal conditions. However, to be able to directly compare
signals from different experiments the following requirements have to be fulfilled:
(1) cells exposed to similar loading conditions will have similar concentrations
of indicator; (2) indicators remain in the cytosol and do not leak or get pumped
out of the cytosol; (3) cell volume remains constant and there is no change in cell
thickness; (4) the cell does not move; (5) the indicator is not affected by repeated
exposure to excitation light. Unfortunately all these requirements are almost never
fulfilled and so data obtained with non-ratiometric indicators should be carefully
assessed to avoid errors (see Fig. 2.1 and discussion below).

Ratiometric indicators have the advantage that the Ca2+-free and Ca2+-bound
forms of the indicator have distinct peaks at different wavelengths. Thus, mea-
surements can be made at the two separate peaks and combined into a ratio. The
ratio is usually constructed so that the signal recorded at the wavelength where the
fluorescence shows a maximum at high [Ca2+] is divided by the signal recorded at
the wavelength showing its maximum at low [Ca2+]. Between the two wavelength
peaks, there is an isosbestic point where the fluorescence does not depend on Ca2+].
In some cases (e.g. measuring quenching of a dye by Mn2+) measurements are
best made at this isosbestic wavelength. The classical ratiometric indicator fura-
2 requires excitation at two wavelengths while the emitted fluorescent light is
measured at one wavelength (∼510 nm). The isosbestic point for fura-2 excitation
is ∼360 nm and with increasing [Ca2+], the emitted light increases at shorter
wavelengths and decreases at longer wavelengths. The ratio with maximal dynamic

https://www.thermofisher.com/se/en/home/life-science/cell-analysis/cell-viability-and-regulation/ion-indicators/calcium-indicators.html#crs
https://www.thermofisher.com/se/en/home/life-science/cell-analysis/cell-viability-and-regulation/ion-indicators/calcium-indicators.html#crs
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Fig. 2.1 Ratiometric indicators are best for experiments lasting hours. Indo-1 records
obtained in a skeletal muscle cell stimulated to perform a tetanic contraction (70 Hz stimulation
for 350 ms). Indo-1 was excited at 360 nm and the emitted light was measured simultaneously at
405 nm (a) and 495 nm (b) and the 405 nm/495 nm ratio was constructed (c). Over time, the ratio
signal remained constant (dashed line in c) while the fluorescence intensity decreased for both the
405 nm (dashed line in a) and 495 nm signal. Note that the decline in the 405 nm trace seen in the
right trace of the two shown in a is qualitatively similar to what would be seen if fluo-3 or another
non-ratiometric indicator was used
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range is then obtained by excitation below (∼340 nm) divided by above (∼380 nm)
the isosbestic point. However, this requires continuous alteration between 340 nm
and 380 nm excitation, which is technically troublesome, especially if rapid [Ca2+]i
transient are being measured. A simpler procedure is to measure the signal at the
isosbestic point (360 nm) at regular intervals when constructing the ratio because the
signal does not depend on [Ca2+]. The preferred ratios will then be 340 nm/360 nm
or 360 nm/380 nm, both of which will show an increase when [Ca2+] increases,
albeit the ratio increase will not be as large as for the 340 nm/380 nm ratio. In our
laboratory, we use the ratiometric dye indo-1 which requires excitation at only one
wavelength and the emitted light be split into the [Ca2+]-bound component (peaks
about 400 nm) and the [Ca2+]-free component (peaks about 475 nm).

The fundamental advantage of ratiometric over non-ratiometric indicators is
exemplified in Fig. 2.1, which shows fluorescence records from a single skeletal
muscle fiber at rest and during stimulation to produce a maximum contraction.
Figure 2.1a shows the results as they would appear with a single wavelength
indicator. As the experiments progressed, the fluorescent signal showed a general
decline (probably representing pumping of the dye molecule out of the cell or
transport by a non-specific anion transporter which can be blocked by probenecid
or sulfinpyrazone), which might then be interpreted as a decrease in [Ca2+]i both
in the basal state and during contraction. However, the ratiometric indicator indo-
1 was used in the experiment. In contrast to fura-2, this indicator is excited at
one wavelength (∼360 nm) and the emitted light is measured at two wavelengths
(405 nm (increased signal with increasing [Ca2+]i) and 495 nm (decreased signal
with increasing [Ca2+]i) in the depicted experiment). Figure 2.1b shows that there
was a general decrease also in 495 nm signal as the experiment progressed. This
means that there was no change in the 405 nm/495 nm ratio with time (Fig. 2.1c),
which correctly reflects that there was no change in [Ca2+]i. The experimental traces
in Fig. 2.1a show clearly that the signals from non-ratiometric indicators can result
in completely erroneous conclusions if used without thinking. It should be noted that
ratiometric indicators are not a cure for all problems. For instance, excessive UV
light exposure can lead to qualitatively altered properties of the indicator (bleaching
or inactivation), which cannot be corrected by ratioing [13].

2.3 Which Indicator Should One Use?

As outlined above, ratiometric indicators have clear advantages over non-ratiometric
indicators and should be used whenever possible. Nowadays, visible-light laser
scanning confocal microscopes are more common than any other Ca2+-dedicated
imaging systems meaning that a non-ratiometric indicator such as fluo-3/fluo-4
is often the first choice. Adding on a UV source to a microscope is reasonably
straightforward and with suitable lens and filters, ratiometric indicators (i.e. fura-
2 and indo-1 and their close relatives mag-fura-2 and mag-indo-1) could be used
but this type of modification is rarely done.



14 J. Bruton et al.

In an ideal experiment, one would use an indicator which gives a fluorescence
signal that shows large changes when [Ca2+]i is changing and which is fast enough
to follow the changes in [Ca2+]i under study. However, the perfect indicator does
not exist because some properties are difficult, or even impossible, to change. For
instance, a Ca2+ indicator showing large changes in fluorescence with [Ca2+]i
changes in the low physiological range (∼100 nM) is relatively slow and the
opposite is also true. The relation between the intensity of the fluorescent signal
(F) and [Ca2+]i for a non-ratiometric indicator is given by the following equation
(Eq. 2.1):

[
Ca2+]

i
= Kd

∗ (F − Fmin) / (Fmax − F) , (2.1)

where Fmin and Fmax mean the fluorescence intensity at virtually zero and saturating
[Ca2+]i, respectively. Kd is the dissociation constant which in a plot of F against
[Ca2+]i, will be the [Ca2+] where F is half-way between Fmin and Fmax and this is
where the indicator displays its largest sensitivity. Kd is decided by an indicator’s
rates of Ca2+ binding (Kon) and dissociation (Koff), i.e. Kd = Koff/Kon. The on-
rate constants of Ca2+-binding are very fast and not that dissimilar whereas the rate
that differs markedly between indicators is Koff. Accordingly, a slow indicator (low
Koff) has a low Kd, which means that it is most sensitive at relatively low [Ca2+]i
and such indicators are therefore called high-affinity indicators. Conversely, a fast
indicator has a high Kd and is referred to as a low-affinity indicator.

For ratiometric indicators, a slightly more complex equation describes the
relation between fluorescence ratio (R) and [Ca2+]i (Eq. 2.2):

[
Ca2+]

i
= Kd

∗β∗ (R − Rmin) / (Rmax − R) , (2.2)

where Rmin and Rmax is the fluorescence ratio at virtually zero and saturating
[Ca2+]i, respectively. β is obtained by dividing the fluorescence intensity of the
ratio’s 2nd wavelength (denominator) acquired at virtually zero and saturating
[Ca2+]i, respectively. Thus, the mid-point between Rmin and Rmax occurs at a
[Ca2+]i that equals Kd * β.

Figure 2.2 illustrates how the properties of two different Ca2+ indicators affect
the change in fluorescence signal observed when [Ca2+]i is changed in different
concentration intervals. The comparison is between one high-affinity indicator, fura-
2, and a low-affinity indicator, mag-fura-2. The name mag-fura-2 comes from the
fact that it was designed to measure [Mg2+], but it has found its niche as a low-
affinity Ca2+ indicator since [Mg2+] shows significant changes in the cytosol only
when a cell is metabolically stressed by repetitive stimulation or exposed to poisons
such as cyanide and its derivatives. [Ca2+]i may vary dramatically between different
physiological states. For instance, [Ca2+]i peaks during contraction in a skeletal
muscle cell may be up to 100-fold higher than resting [Ca2+]i. [Ca2+]i is therefore
often expressed as pCa or the negative log[Ca2+]i (analogous to the concept of pH).
In Fig. 2.2, the 340 nm/380 nm ratio is shown for both indicators and β is set to
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Fig. 2.2 High-affinity Ca2+indicators are more sensitive to stable changes in [Ca2+]iin
the normal physiological range. The relationships between [Ca2+]i and fluorescence ratio
(340 nm/380 nm excitation) are shown for the high-affinity indicator fura-2 and the low-affinity
indicator mag-fura-2. [Ca2+]i expressed as pCa (−log[Ca2+]i) in order to cover a larger range of
concentrations. The thick lines are used to emphasise the differences between the two indicators at
different [Ca2+] (a) 50–200 nM; (b) 1–4 μM; (c) 10–40 μM

4. This means that the mid-point between Rmin and Rmax occurs at a [Ca2+]i of
0.56 μM for fura-2 (Kd assumed to be 0.14 μM) and 100 μM for mag-fura-2 (Kd
assumed to be 25 μM). The interval (a) in Fig. 2.2 shows the change in ratio signal
obtained when [Ca2+]i is changed in the range of normal resting values, 50–200 nM.
Here the fura-2 ratio signal shows a substantial increase, whereas mag-fura-2 ratio
signal changes hardly at all. Thus, fura-2 can readily detect changes in basal [Ca2+]i,
whereas mag-fura-2 is useless. The interval (b) in Fig. 2.2 (1–4 μM) would reflect
[Ca2+]i in cells that are activated. Again fura-2 is a rather sensitive indicator in this
interval, whereas mag-fura-2 shows little change in the ratio signal. Finally the area
marked (c) reflects [Ca2+]i (10–40 μM) in a cell stimulated to maximal activation.
In this case, fura-2 is saturated and changes little in the face of large concentration
changes, whereas mag-fura-2 is clearly able to report changes in [Ca2+]i.

As a rule of thumb, all buffers are useful for detecting changes in an interval
between about tenfold below and tenfold above the mid-point. Thus inside a cell
where free [Ca2+] varies between 50 nM and 2–3 μM a suitable Ca2+ indicator
which readily detects [Ca2+]i, at rest and during activation will have a Kd of 200–
300 nM. This is also the [Ca2+]i interval where Ca2+ most easily binds to the
indicator, which has the potential to cause buffering problems. The noise in the
detected fluorescent light signal decreases with increasing emitted light intensity.
From this perspective it would be advantageous to have a large concentration of
fluorescent indicator in a cell. However, a high concentration of indicator with a
Kd in the physiological [Ca2+]i range will buffer [Ca2+]i markedly as illustrated
in Fig. 2.3. When a relatively low concentration of indicator is present in the cell
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Fig. 2.3 Excessive cytosolic loading of Ca2+indicator distorts [Ca2+]itransients. Typical
records from the same skeletal muscle cell illustrate the real [Ca2+]i response to 70 Hz tetanic
stimulation (left trace) and the response as it looked after further injections of the Ca2+ indicator,
indo-1, that caused buffering of the [Ca2+]i transient (right trace). Note the reduced noise, the
reduced amplitude and the slower rate of rise and decay in the buffered Ca2+ transient compared
to the original record

(“Genuine”) a rapid and relatively large change in [Ca2+]i is recorded but the signal
contains some irregular fluctuations (noise). A markedly higher concentration of
indicator (“Buffered”) gives a far less noisy signal but the time course of the rise and
fall of [Ca2+]i is slowed and the amplitude of the change is less. Thus, with high-
affinity Ca2+ indicators there is a delicate balance between introducing a sufficiently
high indicator concentration to obtain records with an acceptable noise level and
having so much indicator that cytosolic Ca2+ is markedly buffered, which leads to
distorted [Ca2+]i signals as well as altered cell signalling or function.

Figure 2.2 shows that a high-affinity Ca2+ indicator is better than a low-affinity
indicator at monitoring changes in [Ca2+]i in the normal physiological range.
However, the diagram in Fig. 2.2 refers to stable or slowly changing [Ca2+]i. As
discussed above, a trade-off of high Ca2+ sensitivity is that the indicator may be too
slow to follow rapid changes in [Ca2+]i. In Fig. 2.4 this is illustrated for [Ca2+]i
transients in a skeletal muscle cell, the same would be true for any other excitable
cell. The [Ca2+]i transient resulting from a single stimulation pulse lasts for ∼10 ms.
Figure 2.4a shows such a [Ca2+]i transient as recorded with the high-affinity
indicator indo-1. However, the indicator is not fast enough to accurately follow the
rapid changes in [Ca2+]i and the recorded transient is too slow and the amplitude
too low. In Fig. 2.4b the signal has been kinetically corrected [15] to take account
of the properties of indo-1 and the [Ca2+]i transient now better represents the true
situation. While a low-affinity Ca2+ indicator could follow [Ca2+]i transients more
accurately and would therefore be preferable in experiments where rapid [Ca2+]i
changes are being studied, there is the drawback that the change in fluorescent signal
is going to be small and hence difficult to measure. Figure 2.4c shows [Ca2+]i
as recorded by indo-1 during tetanic stimulation (70 Hz, 350 ms duration) of the
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Fig. 2.4 Fast low-affinity Ca2+indicators or kinetic correction of high-affinity Ca2+indicator
records are required to accurately portray rapid [Ca2+]itransients. [Ca2+]i records measured
with indo-1 in a skeletal muscle cell in response to a single stimulation pulse (a) and a tetanus
(c). This high-affinity indicator is too slow to accurately follow the most rapid changes in [Ca2+]i.
Kinetic correction reveals a faster and larger [Ca2+]i transient with the single stimulation pulse (b)
and a [Ca2+]i spike at start of the tetanus (d). (Figure adapted from Westerblad and Allen [15])

muscle cell; in Fig. 2.4d the record is corrected for the slow response of indo-1.
It can be seen that the initial “spike” of [Ca2+]i is missed without correction, but
otherwise the records are rather similar. To sum up, Fig. 2.4 thus illustrates that
problems with slow, high-affinity Ca2+ indicators are substantial when recording
rapid [Ca2+]i transients but much less so during more prolonged [Ca2+]i changes.
Thus, again there is a delicate balance between being able to measure large and
rapid [Ca2+]i changes (low-affinity indicators are preferable) and measure small
prolonged changes (high-affinity indicators are better).

The signals recorded by the PMT or CCD are always transferred and stored on a
computer and this means that the sampling rate can be high as one wishes. Sampling
theorems are available which can be used empirically to decide what the optimal
sampling rate is. As a general rule, we use a sampling rate at least tenfold faster
(100 Hz to 1 kHz) than the expected fastest speed of [Ca2+]i transients under study.
It is worth remembering that using a high sampling rate means that less light signal
is integrated for each time point and hence the noise level is higher with fast than
with slow sampling. On the other hand, rapid or small [Ca2+]i transients might be
missed or distorted with a low sampling rate.
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2.3.1 How Easy Is It to Get Indicators into Cells?

Indicators are charged molecules and do not easily pass lipid membranes. While
many cells display endocytotic behaviour, we consider that the amount of indicator
that can enter the cell by endocytosis during a couple of hours will be small and
unlikely to be enough to make reproducible and meaningful measurements. Ca2+-
indicator can be introduced into cells by pressure injection or by electrophoreses.
Electroporation of the cell membrane using very brief, high voltage pulses opens
transient small pores in the cell membrane through which indicator molecules
pass. All of these techniques require specialised equipment and some skill, but
they maximise the likelihood that the indicator will be found only in the cytosol
and not move into sub-cellular compartments, such as the mitochondria or sarco-
endoplasmic reticulum.

Fortunately, there is a much easier method for introducing fluorescent indicators
into the interior of single cells or tissue. The principle behind the method is that
lipophilic groups (acetoxymethyl or acetate ester (AM) groups) are added to the
charged indicator molecule. In this way the charges are hidden and the indicator
complex becomes lipophilic and hence membrane-permeant. Once the complex has
entered into the cytosol, cytoplasmic esterases gradually cut off the lipophilic groups
and the free indicator molecule is then trapped in the cytosol and ready to detect
[Ca2+]i. This simple method of loading fluorescent indicators into cells gives many
a chance to investigate the regulation of [Ca2+] in their favourite cell. The lipophilic
AM-indicator complex is typically dissolved in a mixture of dimethylsulfoxide
(usually written as DMSO) and the detergent Pluronic to disperse the indicator
molecules and aid cell loading. Typically, cells are exposed to the indicator (1–
10 μM) for 10–30 min. After the loading period is finished, the cells are washed
to remove residual extracellular AM-indicator and left for a further 30 minutes to
ensure that all lipophilic groups have been cleaved off by cytoplasmic esterases
allowing the indicator molecule to interact with Ca2+. We have successfully used
this basic loading protocol to detect electrically- or chemical-induced transient
changes in [Ca2+]i in myoblasts, myotubes and muscle fibres [12], pancreatic beta-
cells [5], hippocampal neurons [10] and cardiomyocytes [11].

Loading of the lipophilic AM-indicator complex is not without problems.
The quantity loaded into cells cannot be directly controlled. This leads to the
risk of excessive loading and resultant buffering of [Ca2+]i, which affects Ca2+
homeostasis inside the cell and gives erroneous estimates of changes in [Ca2+]i
amplitude and time course as well as affecting Ca2+-dependent cellular signalling.
An additional problem with AM-indicators is that they may pass across intracellular
membranes into organelles and report changes in [Ca2+] in this compartment in
addition to changes in the cytosol. Our experience is that these problems seem
to be minimised if cells are loaded at room temperature rather than at the higher
physiological temperature of mammals. Unfortunately there is no single set of
conditions that produces optimal loading of all cells and procedures needs to be
optimised for each new cell type. For example, in our hands, indo-1 AM does not
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load into mouse cardiac myocytes but does load into rat cardiac myocytes. It should
be noted that in tissues or densely coated cultured cells, indicator molecules can be
trapped and cleaved by extracellular esterases to produce an indicator that reports
extracellular [Ca2+] and confounds the intracellular measurements [9].

For quantitative measurement within the cytosol of rapid or repeated transient
[Ca2+] in any intact neural or muscle cell, indo-1 is our first choice of fluorescent
indicator. For slower changes lasting seconds or minutes, either indo-1 or fura-
2 would be adequate. If one is interested only in the effect of a drug or other
intervention and not the absolute numbers, then one could easily turn to fluo-3/fluo-
4 as first choice indicators. For looking at intracellular organelles, the fluorescent
indicator rhod-2 has been widely used to monitor changes in mitochondrial [Ca2+]
in neurones and muscles during and after stimulation by us and others. The low-
affinity calcium indicator (KCa 90 μM) fluo-5 N has been used to monitor SR [Ca2+]
during repeated tetanic contractions. [Ca2+] measurements can also be attempted
using compartment-specific aequorin chimeras and other genetically engineered
proteins [1, 7].

2.4 Equipment Overview

Typically, one uses the instruments that are available rather than those that are
optimal for the task of measuring changes in [Ca2+] inside a cell. The minimum
needed to detect the fluorescence emitted from cells loaded with an indicator are
a microscope with a light source to locate the cells and to excite the indicator, a
detection device that is typically one or more photomultiplier tubes or a CCD camera
and some recording or storage device. A simpler fluorometer-based system can be
used if one is working with cell suspensions and is not interested in the response of
individual cells. Filters are inserted into the light path to limit the wavelength and
intensity of the light that excites the indicator and also to limit the wavelengths of the
emitted light measured by the light detectors. The signals from the light detectors are
generally digitised and stored on a computer. Newly purchased equipment dedicated
to Ca2+ measurements is supplied with software controlling the various parameters
related both to excitation wavelength and to detection of the emitted light that is
more than capable of recording and performing a fast on-line analysis of signals.

The most important but often neglected part of the whole acquisition system
is the light path and especially the objective lens. The lens is what allows one
to magnify and focus on the cell or tissues. While magnification is important to
see the sample, what is equally or more important is the ability of the lens to
pass light of the appropriate wavelength and resolve fine specimen detail. The
light collection effectiveness is described by the numerical aperture (N.A.) written
on the lens casing. In general, one should have the lens with the highest N.A.
possible (a more detailed description can be found here: http://micro.magnet.fsu.
edu/primer/anatomy/numaperture.html). Lenses that are optimised to work with
ultraviolet (UV) light are not optimal for visible light and vice versa. Lenses are

http://micro.magnet.fsu.edu/primer/anatomy/numaperture.html
http://micro.magnet.fsu.edu/primer/anatomy/numaperture.html
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exposed to the dust and moisture in the working environment unlike most of the
other elements of the system, which are encased in protective housing. Even if an
acquisition system is handled carefully, the lens is liable to become dirty from the
particles floating in the air. If the lens requires oil or water for its proper operation,
the combination of liquid and dust can lead rather quickly to the formation of a
film coating the lens surface and the light path deteriorates. We use a superfusion
system routinely in our experiments and over the years we have had a variety of
problems ranging from leaks in aged tubing, overflow of liquid out of the recording
chamber resulting in fluid on and inside the lens leading to a rapid deterioration of
the signal. If not spotted quickly, this can lead to salt deposits on the lens or, in the
worst case scenario, fluid entering the lens casing with a salt coating both outside
and inside the lens. Problems of this kind are easily recognised as increased noise
in the fluorescence signal and in the worse cases inability to focus on the cells or
tissue. It should be routine to check the lens before and at the end of an experiment
and to clean the lens with lens paper and an air spray before and after experiments or
immediately one sees that solution has dripped on to the lens. If solution has dried
and formed salt crystals on the lens, we use distilled water to rinse the salts away
and ethanol is used finally to clear off residual water.

Nowadays, the most common types of detection set-ups are epifluorescence
microscopy and scanning confocal microscopy. In epifluorescence microscopy, the
whole sample consisting of a single cell or group of cells loaded with an indicator
is excited by light of the appropriate wavelength and the photons emitted from the
indicator are collected both from the sample section in focus (typically 0.3 μm with
an objective lens with a high numerical aperture of 1.3) and also from above and
below this plane of focus. Emitted light travels to one or more photomultiplier
tubes or a CCD camera. Epifluorescent microscopy is used most commonly with
ratiometric dyes such as indo-1 or fura-2 that are excited with light in the UV
region. This type of set-up is ideal for measuring changes in [Ca2+]i in virtually
any cell type over extended periods of time while using mechanical, electrical or
chemical stimulation. The area of interest can be limited to a single cell or data
can be collected from a larger number of cells. While this method allows one to
measure from the total volume of the cell, it is difficult (or with photomultiplier
tubes basically impossible) to focus in on discrete areas of the cell and visualise
events such as the entry of extracellular Ca2+ through surface membrane Ca2+
channels. However, when combined with special indicators, one can measure [Ca2+]
changes in discrete organelles. For example, rhod-2 is a Ca2+-indicator that loads
preferentially into the mitochondria and indo-5 N has been used for measurements
of [Ca2+] in the sarcoplasmic reticulum. Several groups including us have measured
changes in [Ca2+] in the vicinity of the plasma membrane rather than in the bulk of
the cytoplasm using an indicator moiety conjugated to fatty acid chains called FIP-
18 which preferentially anchors into the surface membrane and measures [Ca2+]
nearby (e.g. https://www.scbt.com/scbt/sv/product/ffp-18-am).

Confocal microscopy uses much the same hardware and software as that used in
epifluorescence microscopy with two important additions: a laser acting as a point
light source that excites the indicator and an adjustable diaphragm or pinhole in the

https://www.scbt.com/scbt/sv/product/ffp-18-am
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emission pathway that when opened to its optimal size lets through light only from
the focal plane, i.e. reducing light collection from cell regions outside the plane
of focus. The fundamental advantage of the confocal microscope is that one can
limit the focus to a very narrow section and thus measure discrete and rapid events
such as localised release/entry of Ca2+ into the cytoplasm. While most confocal
microscopes use lasers as light sources, this is not essential and the type of light
source was not specified in the original patent (http://web.media.mit.edu/~minsky/
papers/ConfocalMemoir.html).

Laser confocal microscopes come in three basic designs. These are (i) single
photon laser scanning, (ii) the Nipkow or spinning disk, and (iii) two-photon
versions.

(i) The single photon laser scanning confocal microscope is found in almost every
biological/physiological institution. Most popular are those supplied by the
major microscope manufacturers but nowadays for those who are technically
proficient, it is possible to buy a confocal kit from the big optical suppliers (e.g.
Thorlabs) and retrofit it to an existing microscope setup. In most systems, solid
state lasers which have very precise and stable light emission and will work
for many years have replaced Kr/Ar gas lasers. Physicists explain excitation
of an indicator molecule as occurring when a single photon of the appropriate
wavelength hits an indicator molecule and transiently lifts it from its ground
state to a higher energy state. It remains in this higher energy state briefly
(picoseconds) and then decays back to its original ground state by emitting a
new photon with a longer wavelength than the original incident photon. An
image of the sample is built up by moving a laser beam rapidly from one
point to an adjacent point (pixel to pixel, typically dwelling a few to tens
of μs on each pixel) along a horizontal line by means of a pair of mirrors
(galvanometer-controlled or resonant-oscillating). A two dimensional image
is built up by moving the laser beam vertically to a new line with a second
pair of mirrors. The scanning and vertical movements are repeated until a
full frame is obtained. This obviously takes a finite period of time and does
not give an instantaneous view of what is happening in the cell. One can
increase the scanning speed and obtain a full frame two to three times faster
by reducing the “dwell time”, i.e. the time for which the laser illuminates
each pixel. The disadvantage of doing this is that the signal to noise ratio is
reduced, which limits the ability to monitor small, spatially restricted changes
in the fluorescence signal. If temporal resolution of a Ca2+ event in the cell is
critical, the best approach is to abandon the two dimensional image acquisition
approach and use the line scan mode instead. In this configuration, the laser
beam scans the same line sequentially for a period of time. Line scans can be
performed at over 1 kHz which is sufficiently fast to resolve even the most
rapid change in local Ca2+ in a cell. The trade-off for the increased speed of
data acquisition with line scanning is that only a single plane in a portion of the
cell or tissue can be monitored. The line scan mode is extremely useful if one is
trying to identify and characterise localised transient releases of Ca2+ from the

http://web.media.mit.edu/~minsky/papers/ConfocalMemoir.html
http://web.media.mit.edu/~minsky/papers/ConfocalMemoir.html
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sarcoplasmic reticulum in muscle or trying to localise the sites of Ca2+ entry
in a neuron. Conversely, the full frame (“x-y mode”) is best if one is trying to
see what happens in the whole cell in response to a stimulus.

(ii) Spinning disk laser confocal microscopes use a spinning disk (rotating at
several thousand revolutions per minute) with multiple pinholes (> 1000)
through which parallel light beams pass. These beams excite the fluorescent
indicator in the cell and the emitted light returns through a second collector
disk with a matching pattern of microlenses to the detection device, which
is normally a very sensitive CCD camera operated at low temperatures to
minimise noise. The current generation of spinning disk confocals can easily
acquire images at rates of up to 50 frames per second, which makes them
suitable for visualizing temporal and spatial [Ca2+] changes in in a whole
cell or cells rather than just a restricted line or set of lines using the line
scan mode of a scanning confocal microscope. High frame rates generate
large volumes of data but supplied software or ImageJ (download free from
NIH) are sophisticated enough to select and analyze regions of interest only
while masking data from uninteresting areas. The limited lack of popularity of
these confocal microscopes may in part be due to the trade-off between spatial
resolution and speed, i.e. greater spatial resolution generally requires a slower
frame rate of acquisition and in part to the amount of incident light required
that at best causes bleaching of the Ca2+ indicator only and at worst results
cell damage and death.

(iii) The two- or multi-photon confocal microscopes overcome problems occurring
when deeper parts of cells or tissues are being studied. Every microscope can
be fitted with a motorised drive that accurately moves the plane of focus up
or down in steps smaller than 1 μm. Thus, one can theoretically build up a
three dimensional confocal image of a cell or tissue and check for possible
hotspots or non-homogeneous change in [Ca2+] throughout a cell, tissue slice
or cell culture in response to a stimulus. However, with a simple laser confocal
scanning microscope, image quality deteriorates as one penetrates deeper into
a cell or tissue. This impaired performance is due to the fact that a laser beam
is a stream of photons that will excite any indicator molecule it meets as it
travels to the plane of focus. Thus, a lens will receive photons not just from
the plane of focus but also some photons that have been deflected into the
light collection path following collision with proteins. As the distance from
the region of interest to the lens increases, some photons from the focal plane
of interest will be lost and photons from uninteresting regions will be collected.

Two-photon confocal microscopes minimises this problem by delivering the
longer wavelength pulses required to excite indicator molecules only to a very
confined region. The longer wavelength improves penetration depth into tissue
which is especially important when looking at the behaviour of nerves in the brain
or secretory cells in isolated parotid or pancreatic ducts. The beauty of the two
photon technique is that excitation of an indicator molecule can only occur if two
photons each with twice the wavelength and half of the energy of a single photon
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hit an indicator molecule. Indicator molecules hit by only one photon will not be
excited. Longer wavelength light is less likely to cause damage to the cells. In a
two-photon laser, the photons are sent out in femtosecond bursts. At the focal point,
there is a high density of photons and the probability of two photons colliding with
an indicator molecule is high. The major factor limiting more widespread usage of
two-photon microscopy is the cost of the pulsed lasers themselves.

A final caution about experiments with lasers and intense light should be made.
Children are routinely reminded to sunbathe in moderation and minimise prolonged
exposure to ultraviolet light and avoid skin damage. The experience of seeing a cell
start to bleb and die as one struggles to obtain the best record of [Ca2+] transients
highlights the fact that light energy is dangerous to cells. One should be aware that
the energy that each photon of light contains may impact on the measurements
being made and should try to limit the intensity of the light to the minimum
possible. An additional problem is that intense light may produce photodegradation
or photobleaching of Ca2+ indicators whereby the indicator is converted into a
fluorescent but Ca2+ insensitive form that results in false measurements of resting
and transient changes in [Ca2+]i [13]. Again, the problem can be avoided by
minimising the intensity and duration of light exposure.

2.5 Calibration of the Fluorescent Signal

Some kind of calibration is usually attempted in order to translate fluorescence
signals into [Ca2+]i. Before any calibration is attempted, it is important to recognise
that there is always some background signal in fluorescence systems, arising
from the detectors themselves and because of imperfect filters and leakage of
the excitation light to the detectors. Moreover, each tissue or cell will have an
intrinsic or auto-fluorescence. The autofluorescence arises predominantly from
proteins containing the amino acids tyrosine, tryptophan, and phenylalanine. The
amount of background and intrinsic fluorescence depends on the excitation and
emission wavelengths being used. It is necessary to measure the background
and intrinsic fluorescence in a sample before loading the Ca2+ indicator and to
subtract this value from all subsequent measurements. Failure to do this can have
dramatic effects on the translation of the indicator signals into [Ca2+]i. Complete
and accurate calibrations are generally tiresome or even impossible to perform
on a single cell and some simplifications are usually made. This has led to an
increased tendency to completely ignore calibrations and take the viewpoint that the
fluorescence light intensity (F, non-ratiometric indicators) or ratio (R, ratiometric
indicators) of Ca2+ indicators is linearly related to [Ca2+]i, which clearly is a
severe oversimplification (e.g. see Fig. 2.2). Numerous papers erroneously state
that [Ca2+]i increased/decreased by x%, whereas what actually occurred was an
increase/decrease in fluorescence intensity or ratio of x%, which can represent
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markedly different changes in [Ca2+]i. For instance, a minimal (<1%) change in
fluorescence signal measured in a resting cell with a low-affinity indicator may
represent a several-fold change in [Ca2+]i (see Fig. 2.2). Similarly, a major increase
in [Ca2+]i may result in only a small increase in the fluorescence signal of a high-
affinity indicator because the indicator was almost saturated with Ca2+ already
before the increase.

Ca2+ indicators are affected by the surrounding protein and ionic environment
and hence their properties inside a cell and in a test-tube will be markedly different.
The relationship between fluorescence signals and [Ca2+]i will also depend on the
experimental setup. This means that all parameters in Eqs. 2.1 and 2.2 required
to translate fluorescence signals into [Ca2+]i should be established in the cell(s)
using the same conditions and equipment as for the real experiments. This is of
course easier said than done and some shortcuts are usually taken. In principle, the
intracellular calibration is based on clamping [Ca2+]i to a known value, without
severe alterations of the cytosolic milieu, and then measure the fluorescence signal.
The most important points to measure are at low/minimum [Ca2+]i, using EGTA
or BAPTA to chelate Ca2+ to obtain Fmin or Rmin, and at saturating [Ca2+]i,
to establish Fmax or Rmax. For ratiometric indicators, β is also obtained if Rmin
and Rmax can be established without any major general decrease in fluorescence
intensity. In addition, establishing Kd requires some intermediate [Ca2+]i. The
reason why Fmin or Rmin and Fmax or Rmax are most important is because they
set the limits between which the fluorescence signal can vary. Errors in measuring
these parameters result in nonlinear errors when fluorescence signals are translated
into [Ca2+]i. Erroneous estimates of Fmin or Rmin has the largest impact on the
assessment of resting [Ca2+]i, whereas errors in Fmax or Rmax have the largest
effects at high [Ca2+]i. On the other hand, Kd and β act as scaling factors and errors
in these simply make the absolute changes in [Ca2+]i smaller or larger, whereas
relative changes during the course of an experiments are not affected.

Numerous methods have been used to perform a cytosolic calibration of [Ca2+]i.
Most of these are based on introducing a strongly buffered solution with a set
[Ca2+] to the cytosol. The solution can be introduced with methods similar to those
described above for the introduction of the fluorescent indicator. An easy way of
getting Ca2+ into cells is to add ionophores such as ionomycin or A23187 or even
beta-escin to make the cell membrane leaky.

2.6 What Can We Hope for Now?

There have been marked improvements in the level of resolution. It was known
and accepted for more than a century that separation of two objects closer than
250 nm in the horizontal plane was not possible with a standard single lens and
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light source. However, the use of two opposing and matched objective lenses
and a complementary approach that relies on the photochemical properties of the
indicators have led to at least a threefold improvement in both axial and horizontal
resolution. While these technical improvements are still expensive to implement
and are not yet generally available as ready to use equipment packages, it is likely
that super-resolution fluorescence microscopy techniques will be used to image
Ca2+ fluxes through groups of ion channels in the future (the clearest non-technical
introduction is given in Hell [6]).

In recent years, different groups have further developed genetically encoded
Ca2+ indicators (GECI’s) and focussed on improving different aspects of their
performance. The key to these developments was the recognition that the green
fluorescent protein (GFP) found in jellyfish could be modified relatively easily to
produce variants in various colours.

Green fluorescent protein GECI can be split into two broad groups. The first
group are proteins that consist of a fusion of circularly permutated green fluorescent
protein (GFP) or red fluorescent protein, a Ca2+-binding protein (usually calmod-
ulin or troponin C) and M13 (a short Ca2+-CaM-binding peptide derived from from
myosin light chain kinase that acts as a spacer). This shows weak fluorescence
in the absence of Ca2+. When Ca2+ binds there is change in its conformation
and the protein construct now fluoresces brightly. The second group consists of
the cameleons that rely on resonance energy transfer (FRET) to signal changes in
[Ca2+]. FRET works only if the two molecules making up the FRET pair are very
close together (< 10 nm). Cameleons are a fusion of calmodulin binding Ca2+ to
M13 and flanked on one side by a blue-shifted GFP and on the other side by a longer
wavelength shifted GFP. When Ca2+ binds to calmodulin, the distance between
the GFP molecules is altered and FRET efficiency increases. The cameleons are
inherently ratiometric allowing one in theory at least to translate the FRET pair ratio
into real [Ca2+]. Since these complex proteins are genetically encoded, they have
been targeted successfully to subcellular compartments. Interference from native
forms of the Ca2+-binding protein has been reduced through selective mutations.
Their dynamic range has improved markedly but the maximum change of about
50% on average is markedly less than the classical fluorescent indicators such as
indo-1 and fluo-3.

The 22 kDa bioluminescent protein aequorin and its prosthetic protein (coe-
lenterazine) that is oxidised and released when Ca2+ binds have been massively
re-engineered to optimise the properties of the photoprotein for monitoring of
Ca2+ at different sites inside a cell [2]. Despite all the improvements, the inherent
limitations of low light emission (one photon per aequorin versus hundreds of
photons for other indicator molecules) and its consumption continue to make
recording and interpretation of experiments difficult. It is difficult to see further
improvements in this area.
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Chapter 3
High-Throughput Fluorescence Assays
for Ion Channels and GPCRs

Irina Vetter, David Carter, John Bassett, Jennifer R. Deuis, Bryan Tay,
Sina Jami, and Samuel D. Robinson

Abstract Ca2+, Na+ and K+- permeable ion channels as well as GPCRs linked to
Ca2+ release are important drug targets. Accordingly, high-throughput fluorescence
plate reader assays have contributed substantially to drug discovery efforts and
pharmacological characterization of these receptors and ion channels. This chapter
describes some of the basic properties of the fluorescent dyes facilitating these
assay approaches as well as general methods for establishment and optimisation
of fluorescence assays for ion channels and Gq-coupled GPCRs.

Keywords High-throughput · High-content · Fluorescence imaging · G
protein-coupled receptor · Voltage-gated ion channel · Ligand-gated ion channel ·
Assay development · Optimization · FLIPR

Abbreviations

ATP adenosine triphosphate
Ca2+ calcium ion
CaV and VGCC Voltage-gated Ca2+ channels
DAG diacylglycerol
FLIPR Fluorescent Imaging Plate Reader
GPCR G-protein coupled receptor
HTS high throughput screening
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IP3 inositol-1,4,5,-triphosphate
LGCC Ligand-gated Ca2+ channels
NCX Na+/Ca2+ exchanger
PIP2 phosphatidylinositol 4, 5 bisphosphate
PMCA Plasma Membrane Ca2+ ATPase
RyR ryanodine receptors
SERCA sarco/endoplasmic reticulum Ca2+ ATPase
EGTA ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic

acid.
APTRA 2-aminophenol-N,N,O-triacetic acid
BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid
Kd dissociation constant
AM acetoxymethyl
ER endoplasmic reticulum
LED light-emitting diode
CCD charge-coupled device
EMCCD Electron Multiplying Charge Coupled Device
ICDD Intensified CCD
PDL poly-D-lysine
PLL poly-L-lysine
PLO poly-L-ornithine
nAChR nicotinic acetylcholine receptors
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
PAR2 protease-activated receptor 2
RFU relative fluorescence unit
SBFI Sodium-binding benzofuran isophthalate
PBFI Potassium-binding benzofuran isophthalate
DRG Dorsal Root Ganglion
RGS4 Regulator of G protein signalling 4
NaV voltage-gated sodium channel
MCU mitochondrial Ca2+ uniporter
cAMP cyclic adenosine monophosphate
CANDLES Cyclic AMP iNdirect Detection by Light Emission from

Sensor cells
GTP guanosine triphosphate
TRP Transient Receptor Potential
SKCa small-conductance calcium-activated K+ channel
IKCa intermediate-conductance calcium-activated K+ channel
BKCa big-conductance calcium-activated K+ channel
IRK Inwardly-rectifying K+ channel
TWIK Tandem of pore domains in a Weakly Inward rectifying K+

channel
TREK TWIK-related K+ channel
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TASK TWIK-related acid-sensitive K+ channel
TALK TWIK-related alkaline pH-activated K+ channel
THIK TWIK-related halothane-inhibited K+ channel
TRESK TWIK-related spinal cord K+ channel
KV or VGKC voltage-gated K+ channel
ANG-1 and ANG-2 Asante NaTRIUM Green-1 and -2
Di-4-ANEPPS Pyridinium, 4-(2-(6(dibutylamino)-2-naphthalenyl)-1-(3-

sulfopropyl)-hydroxide
DiBAC4(3) bis-(1,3-dibutylbarbituric acid) trimethine oxonol
FMP FLIPR Membrane Potential
FRET fluorescence resonance energy transfer
PeT photoinduced electron transfer
CC2-DMPE N-[6-chloro-7-hydroxycourmarin-3-carbonyl] dimyristroyl

phosphatidyl ethanolamine
GEVI genetically encoded voltage indicators
DPA dipicrylamine
DiO oxocyanine
LED light-emitting diode
sCMOS scientific complementary metal-oxide-semiconductor

3.1 Introduction

G-protein-coupled receptors and ion channels are, alongside kinases, the main
protein families targeted by currently approved drugs [1]. Despite the considerable
structural and functional diversity of these proteins, a common signalling mech-
anism involved in mediating some of their cellular effects is the directed flux of
ions such as calcium (Ca2+), sodium (Na+) and potassium (K+). Accordingly, over
the past decades significant advances have been made towards the development
of assays permitting high-throughput profiling of GPCRs or ion channels that are
functionally coupled to ion flux. A particular focus of these efforts has been the
development of high-throughput kinetic fluorescence plate reader assays for drug
discovery and pharmacological characterisation of these targets, facilitated predom-
inantly by fluorescent ion and membrane potential indicators (Fig. 3.1). Indeed,
recent years have seen the development not only of fluorescent molecules and
proteins capable of detecting physiologically relevant concentrations of Ca2+, Na+
and K+, but also protons (H+), chloride (Cl-) and other halides which can detect the
movement of these ions between subcellular compartments [2]. In combination with
the development of sophisticated high-throughput and high-content plate readers
incorporating fluid addition robots and kinetic read capabilities, these probes have
significantly advanced our understanding of basic pharmacology of these important
drug targets, not least by facilitating drug discovery programs that are accessible not
only to pharmaceutical industry but also smaller academic groups.
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Fig. 3.1 Basic principle of fluorescent ion flux assays
Activation of ion channels and GPCRs leads to altered intracellular concentration of ions such as
Ca2+, Na+ or K+. The emission of fluorescent ion-sensitive dyes (e.g. Fluo-4, Sodium Green)
increases in response to binding of their cognate ions (e.g. Ca2+, Na+). In no-wash format,
extracellular signal is eliminated through incorporation of fluorescence quenchers in extracellular
assay buffer, permitting quantification of intracellular ion accumulation in high-throughput format

While fluorescence approaches cannot recapitulate mechanistic insight into the
activation and gating mechanics leading to ionic flux via voltage-gated ion channels,
fluorescence-based screening approaches have nonetheless found application in
bioactive discovery programs. For example, novel modulators of voltage-gated
sodium (NaV) channels have been isolated from venoms using high-throughput flu-
orescent plate reader assays [3–9], and fluorescence assays have also been used for
identification and pharmacological characterisation of small molecule modulators
of voltage-gated ion channels [10–13]. In addition, these techniques – which can be
complementary to more traditional assays such as electrophysiological recordings –
have provided novel insight into ligand-gated ion channel pharmacology as well as
the physiological or pathological roles of these channels.

This review will discuss the properties of the most important Ca2+, Na+, K+
and membrane potential dyes and fluorescent probes, as well as some of their
applications in high-throughput and high-content kinetic fluorescence assays.

3.2 Ca2+ Signalling by Ion Channels and GPCRs

3.2.1 Calcium – A Universal Signalling Molecule

The calcium ion Ca2+ is often referred to as a ‘universal” signalling molecule;
indeed, most biological processes involve Ca2+ signalling in one form or another
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(for review, see [14, 15]). It is thus not surprising that Ca2+ is involved in diverse
physiological functions ranging from differentiation, excitability and motility to
apoptosis.

Because Ca2+ acts as a ubiquitous messenger molecule, a myriad of proteins
are dedicated to its extrusion, chelation, sequestration and release, resulting in
astonishingly precise temporal and spatial control of Ca2+ [14, 15]. At the cellular
level, Ca2+ concentrations are extremely tightly controlled in the cytoplasm, where
resting [Ca2+] is approximately 100 nM. It is maintained at this level by extrusion
to the extracellular space through pumps such as Plasma Membrane Ca2+ ATPase
(PMCA) and the Na+/Ca2+ exchanger (NCX) [16]. Ca2+ is also sequestered
into intracellular stores such as the endoplasmic or sarcoplasmic reticulum by the
sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) and the mitochondria by the
mitochondrial Ca2+ uniporter (MCU) [17]. As a result, extracellular Ca2+ con-
centrations are significantly higher at approximately 1.8–2 mM, and a large Ca2+
reserve also is found in intracellular compartments, where Ca2+ is stored in protein-
bound form and also occurs at relatively high concentrations as free Ca2+ [18].

To initiate signalling events, Ca2+ can be derived from the extracellular space,
where voltage- or ligand-gated ion channels permit flow of this ion down its
approximately 20,000-fold concentration gradient. Ca2+ can also be released from
intracellular stores such as the endoplasmic reticulum through activation of inositol-
1,4,5,-triphosphate (IP3) receptors and ryanodine receptors (RyR), resulting in a net
increase in cytoplasmic Ca2+. Accordingly, intracellular Ca2+ concentrations can
rise several fold relatively to baseline during Ca2+ signalling events, a phenomenon
that can be conveniently exploited for the development of fluorescence Ca2+
signalling assays.

3.2.2 GPCRs

Activation of some G-protein coupled receptors (GPCR), in particular those coupled
to Gq/11, results in activation of phospholipase C which in turn facilitates cleavage
of phosphatidylinositol 4, 5 bisphosphate (PIP2) into 1,4,5-inositol trisphosphate
(IP3) and diacylglycerol (DAG). IP3 then activates IP3 receptors located on the
endoplasmic reticulum, causing release of Ca2+ into the cytoplasm [19]. While
Gαs and Gαi-coupled GPCR do not signal through Ca2+ physiologically, co-
expression of chimeric or promiscuous G-proteins, such as Gα15/16 [20–22], can
couple activation of these receptors to increases in intracellular Ca2+ and thus allows
development of functional high throughput (HTS) assays based on Ca2+ imaging.
In addition, fluorescence assays have also been developed for detection of second
messengers that are modulated downstream of Gαs and Gαi/o activation, such as
cAMP (for review, see [23]). While most of the techniques adapted for this purpose,
such as time-resolved fluorescence resonance transfer, gene reporter assays, and
fluorescence polarisation, are end-point assays, this limitation has been overcome
by the development of genetically-encoded cAMP sensors that enable monitoring
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of real-time changes in intracellular cAMP concentrations (e.g. GloSensor™ cAMP
(Promega); CANDLES (Cyclic AMP iNdirect Detection by Light Emission from
Sensor cells); cADDis cAMP sensor (Montana Molecular) and CAMYEL, a cAMP
sensor based on the BRET pair citrine-cp229 and Renilla luciferase which flank a
human Epac1 (a cAMP-activated GTP exchange factor) protein) [24–26].

3.2.3 Ca2+-Permeable Ion Channels

Voltage-gated Ca2+ channels (CaV), expressed in excitable cells, are large trans-
membrane proteins that undergo conformational changes in response to altered
membrane potential [27]. As a result, activation of voltage-gated Ca2+ channels
causes rapid influx of Ca2+ from the extracellular space, which controls processes
such as muscle contractions or synaptic exocytosis. The properties of these channels
can be exploited in the design of high throughput Ca2+ assays, where addition
of extracellular KCl leads to membrane depolarization and thus channel opening
[28, 29]. In addition, a plethora of Ca2+-permeable transmembrane ion channels
facilitate influx of extracellular Ca2+ along its concentration gradient in response to
extra- or intracellular binding of ligands. These ligand-gated Ca2+ channels include,
to name a few, ionotropic purinergic and glutamate receptors, nicotinic receptors
and Transient Receptor Potential (TRP) channels and are indispensable to many
physiological processes.

Accordingly, Ca2+ permeable ion channels and GPCRs linked to Ca2+ release
are important drug targets, with modulation of Ca2+ signalling increasingly recog-
nized as a valid therapeutic strategy in a range of diseases, including cardiac disease,
neurological disorders such as Alzheimer’s disease, and cancer [30–32].

3.3 Na+-Permeable Ion Channels and Na+ Signalling

3.3.1 Sodium – An Abundant Signalling Molecule

The sodium ion (Na+) is the most abundant cation in the extracellular fluid,
and as such, is essential for regulation of blood volume, osmotic equilibrium
and cell membrane potential. At the cellular level, the concentration of Na+ is
predominantly maintained by the Na+/K+-ATPase, a membrane-bound protein that
actively pumps Na+ out of the cell in exchange for K+, resulting in higher levels
of extracellular Na+ (145 mM) compared to intracellular Na+ (10 mM) [33].
This maintains a negative membrane potential (−50 to −70 mV in neurons) that
promotes an electrochemical gradient that drives Na+ into the cell upon opening
of Na+-permeable channels [34]. Na+-permeable channels are classified as either
voltage-gated, which open in response to a change in membrane potential, or ligand-
gated, which open upon binding of a ligand.
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3.3.2 Voltage-Gated Na+ Channels

Voltage-gated Na+ channels (NaVs) are pore-forming membrane proteins that
open in response to a positive change in membrane potential to allow Na+ influx
into the cell, resulting in the generation and propagation of action potentials
in electrically excitable cells. In mammals, nine different NaV subtypes have
been described (NaV1.1–1.9), each having distinct tissue expression profiles and
biophysical properties. NaV1.1, NaV1.2, NaV1.3 and NaV1.6 are expressed in the
central nervous system, NaV1.4 is expressed in skeletal muscle, NaV1.5 is expressed
in cardiac tissue, and NaV1.1, NaV1.6, NaV1.7, NaV1.8, NaV1.9 are expressed in the
peripheral nervous system [35].

Despite the immense interest in NaV modulators as therapeutic targets, high-
throughput fluorescence assays of these channels have been comparatively limited,
in part because of inherent difficulties in replicating the endogenous activation
“signal” – a change in membrane voltage – in commonly available plate readers.
Although allosteric modulators such as veratridine (activates NaV1.1–1.7) and
deltamethrin (activates NaV1.8 & 1.9) can be used to elicit NaV-mediated responses,
they also alter channel kinetics such as reducing peak current and increasing
sustained currents [4, 36]. This altered activity may interfere with screening assays
and has the potential to generate false positive or negative results.

3.3.3 Ligand-Gated Na+ Channels

Ligand-gated Na+ channels are pore-forming membrane proteins that open in
response to binding of a ligand to allow Na+ influx into the cell. They can either
be selective for Na+, such as acid-sensing ion channels (ASICs) and epithelial
sodium channels (eNaCs); or non-selective for Na+, such as nicotinic acetylcholine
receptors (nAChRs) or TRP channels, which can also conduct Ca2+ [37–39].
Indeed, the ionic selectivity of nAChR in particular is subtype-dependent, with the
neuronal α7 nAChR being highly permeable to and selective for Ca2+, while muscle
nAChR subtypes are selective for Na+ ions [37].

3.3.4 K+-Permeable Ion Channels and K+ Signalling

3.3.5 Potassium – A Comprehensive and Copious Counter
to Calcium

K+ flux generally opposes the function of Na+ and Ca2+ signalling, with many
(though not all) biological processes involving Ca2+ or Na+ utilising K+ as a
physiological ‘hand brake’ to control and regulate signalling mechanisms. The intra-
cellular K+ concentration is typically high (140 mM) compared to the extracellular
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environment (4 mM), thus creating a pronounced outward gradient. K+-permeable
ion channels are the most numerous and functionally diverse ion channels in nature
[40, 41]. In mammals, they can be divided into four major functional groups:
calcium-activated K+ channels, inwardly rectifying K+ channels, two pore K+
channels and voltage-gated K+ channels, each of which can be further classified
into sub-families with unique functional roles.

The calcium-activated K+ channels consist of three families: small-conductance
(SKCa1, 2, 3), intermediate conductance (IKCa1) and large/big-conductance (BKCa),
all of which are widely expressed in many different tissues such as smooth muscle,
epithelia, endothelium and neurons. In these tissues, KCa channels generally regu-
late excitability by restoring resting membrane potential, thus forming a negative
feedback loop for Ca2+-mediated signalling since these channels are activated by
Ca2+. For example, in cerebellar Purkinje neurons normal activity is reliant on both
Ca2+ channels to initiate firing and the calcium-activated K+ channels to regulate
the firing [42].

Inwardly-rectifying K+ (IRK) channels are the ‘wild-card’ in the K+-permeable
ion channel superfamily, as they allow the passage of external K+ into the cell
instead of moving K+ ions out of the cell [43]. IRK channels can be classified into
four functional groups: transporters, classical, G-protein gated (GIRK) and ATP-
sensitive. As a result, the functional consequences of IRK channel activation, in
particular for GIRK channels which functionally couple to GPCRs, are very diverse
[43]. Overall, the function of these channels is highly dependent on the tissue in
which they are expressed. For example, ATP-sensitive IRK channels aid in glucose
homeostasis by regulating insulin release, whilst classical IRK channels facilitate
passive movement of K+ ions in order to orchestrate the electrical excitability of
membranes needed for neuronal signalling [43].

Compared with other K+-permeable ion channels, the two-pore K+ channels
(K2P) remain open at a range of physiological voltages, although their activity is
largely unaffected by voltage [44]. They are considered to contribute to leak and
background K+ currents and restore resting membrane potential [44]. K2P channels
include a wide array of functionally distinct families, such as the TWIK (Tandem of
pore domains in a Weakly Inward rectifying K+ channel), TREK (TWIK-related
K+ channel), TASK (TWIK-related acid-sensitive K+ channel), TALK (TWIK-
related alkaline pH-activated K+ channel), THIK (TWIK-related halothan-inhibited
K+ channel), and TRESK (TWIK-related spinal cord K+ channel) channels [44].

By far the largest of the four families, the voltage-gated K+ channels (KVs or
VGKCs) are comprised of 40 known individual subunits which can form functional
homomeric or heteromeric tetramers, leading to incredible physiological variety
[41]. As the name suggests, VGKCs activate and inactivate in response to changes in
the membrane potential [41]. As such, they have a significant role in excitable cells
where they contribute to the downstroke of an action potential. However, VGKCs
are widely expressed in many tissues and have many physiological functions.
For example, KV1.3, a VGKC expressed in immune cells, is a key regulator of
chronically activated effector T memory cells [45].
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3.4 High-Throughput Plate Reader Assays: Fluorescent
Sensors

3.4.1 Chemical Ca2+ Indicator Dyes

Assessment of calcium signalling has been greatly aided by the development of
Ca2+ dyes which exhibit changes in their fluorescence spectra and/or intensity
upon binding of free Ca2+ ions, enabling assessment of Ca2+ signals at the single
cell level or in high-throughput format. Most of these dyes were developed from
the Ca2+ chelators EGTA, APTRA or BAPTA, and incorporate a fluorophore
with the characteristic ion binding groups of these molecules [46–50]. Continuous
improvement of these compounds has resulted in a diverse array of dyes with unique
properties (Table 3.1). Differences in their Ca2+ dissociation constant (Kd) and
thus dynamic range, binding kinetics, photostability, sequestration into intracellular
compartments, fluorescence quenching characteristics as well as excitation and
emission wavelengths govern the usefulness of these compounds in a variety of
applications [79]. In particular, the Kd of chemical Ca2+ indicator dyes should be
carefully matched to the expected Ca2+ concentration in the cellular environment,
with the useful range over which changes in Ca2+ are most reliably detected
approximating 0.1–10 x Kd [80]. Thus, measurement of cytoplasmic Ca2+ events
require high affinity Ca2+ dyes, while low affinity dyes will be useful in high Ca2+
cellular compartments such as the mitochondria or endoplasmic reticulum [81]. It
is, however, important to take into consideration that the Kd of these compounds
is affected by pH, temperature, viscosity, ionic strength, protein binding and the
presence of other ions such as Mg2+ [48, 58, 82–84]. Accordingly, the actual
intracellular Kd of these dyes is frequently several orders of magnitude higher than
the Kd determined in vitro, and can be expected to vary depending on the cell type
and even the cellular compartment assessed [79, 83].

In addition, the binding kinetics of fluorescent Ca2+ indicators can affect
temporal resolution of Ca2+ signals [52, 53, 80]. Ca2+ signals are generally
transient, so that the binding kinetics of the dye need to be significantly faster than
the change in Ca2+ concentration if Ca2+ signals are to be resolved with sufficient
temporal precision [52]. Dyes with slow binding kinetics thus lead to substantial
inaccuracies, particularly with respect to the temporal resolution of Ca2+ signals.
This problem is further compounded by the Ca2+ buffering properties displayed
by these compounds, especially if present at sufficiently high concentrations [52,
53]. Thus, bright fluorescent dyes which enable reduction in concentration are often
preferable to dyes that require higher concentrations in order to achieve sufficient
signal strength and similarly, dyes with fast dissociation kinetics are preferable for
transient Ca2+ signals and high throughput applications.

In addition to these key characteristics, the spectrometric properties of these com-
pounds determine selection of fluorescent Ca2+ indicators for specific applications.
Principally, chemical Ca2+ indicators can be divided into ratiometric and single
wavelength dyes.
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3.4.2 Ratiometric Dyes

Ratiometric dyes exhibit a spectral shift, either in excitation or emission wavelength,
upon Ca2+ binding, often in conjunction with altered fluorescence intensity. This
effectively results in increased and decreased fluorescence intensity, respectively,
at wavelengths on either side of the isosbestic point. Ratiometric dyes are advan-
tageous for measurement of Ca2+ in application where uneven dye loading, dye
leakage, photobleaching, compartmentalization, or cell thickness occur, as the
fluorescence ratio is independent of the absolute signal strength, thus compensating
for these variables [85]. However, these advantages come at the cost of increased
photodamage to cells by excitation wavelengths in the ultraviolet range, increased
cellular autofluorescence as well as decreased compatibility with caged compounds.
Ratiometric dyes are generally poorly suited for high-throughput applications due to
the need for equipment capable of dual excitation or emission monitoring. However,
as more recent high-throughput plate readers incorporate optics that are, at least
in principle, suitable for these ratiometric dyes, these will be discussed here for
completeness.

3.4.2.1 Quin-2

Quin-2 is a first generation Ca2+ dye developed by the research group of Roger
Tsien [49]. It exhibits low quantum yield and absorptivity, necessitating high dye
concentrations to achieve adequate signal strength. This is turn leads to problems
with Ca2+ buffering [86] and has resulted in this dye being largely superseded by
newer derivatives.

3.4.2.2 Fura-2

Fura-2 is a dual excitation, single emission ratiometric dye and has become the Ca2+
indicator of choice for fluorescence microscopy, where it is more practical to use
dual excitation wavelengths and maintain a single emission wavelength [87]. Upon
binding of Ca2+, the maximum fluorescence excitation wavelength of Fura-2 shifts
from 362 nm to 335 nm, with an accompanying two-fold increase in fluorescence
quantum efficiency [50]. In contrast, the fluorescence emission maxima of the free
Fura-2 anion and Ca2+-bound Fura-2 are, at 512 and 505 nm, virtually unaltered
[50]. Thus, excitation of Fura-2 at 340 and 380 nm results in increased and decreased
fluorescence, respectively, at an emission wavelength of ∼510 nm. The fluorescence
ratio of 340/380 nm therefore increases with increasing concentrations of Ca2+.
With a Kd of approximately 135–258 nM, a Kon (1/(M.s)) of 4.0 × 108 and a
Koff (1/s) of 103, Fura-2 and its derivatives are suitable for rapid, time-resolved
measurement of cytoplasmic Ca2+ signals [50, 53]. In addition, Fura-2 has been
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reported to be more resistant to photobleaching than Indo-1 [88, 89], although it
tends to be more susceptible to intracellular departmentalization [90].

3.4.2.3 Bis-Fura-2

Bis-Fura-2 consists of two fluorophores incorporated with one BAPTA molecule,
resulting in brighter signal strength with a slightly reduced Kd (370 nM). With
excitation and emission spectra identical to Fura-2, Bis-Fura-2 is particularly
suitable for applications which require better signal or tolerate Ca2+ buffering
poorly and thus require reduced dye concentrations. While on-rates are similar to
Fura-2 with a Kon (1/(M.s)) of 5.5 × 108, off-rates are slightly higher for Bis-Fura-
2 with a Koff of 257 (1/s) [53].

3.4.2.4 Fura-4F, Fura-5F, Fura-6F and Fura-FF

These analogues of Fura-2 exhibit similar excitation and emission spectra upon
binding of Ca2+, however, the Kd of these compounds has been significantly
shifted by addition of one (Fura-4F, Fura-5F, Fura-6F) or two (Fura-FF) fluorine
substitutes at varying positions. With Kd values of 400 nM (Fura-5F), 770 nM (Fura-
4F), 5300 nM (Fura-6F) and 5500 nM (Fura-FF) [51, 54], these fluorescent Ca2+
indicators exhibit intermediate Ca2+ affinities and are useful for applications where
Ca2+ concentrations >1 μM occur.

3.4.2.5 Fura-PE3 (Fura-2 LeakRes)

Fura-PE3 was developed from an analogue of BAPTA, Fura-FF6, by addition of
a positive charge in order to improve cytosolic retention of the dye and minimize
compartmental sequestration [55]. The spectral properties of Fura-PE3 are identical
to Fura-2, but this dye avoids problems associated with uneven loading and dye
leakage.

3.4.2.6 FFP18

FFP18 is similar to Fura-PE3 but incorporates a hydrophobic tail that targets this dye
to lipids such as cell membranes [55]. The spectral properties of FFP18 are similar
to Fura-2, with a slightly decreased Kd of 331 nM [55] and improved hydrophilicity
compared to other membrane-associating Ca2+ indicators. Thus, FFP18 appears
suitable for measurement of membrane-associated Ca2+ events [56].
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3.4.2.7 Fura-Red

Fura-Red is a Fura-2 analogue excited by visible light, with excitation maxima
at approximately 450–500 nm, depending on the presence of Ca2+, and a very
long-wave emission maximum at approximately 660 nm. Fura-Red fluorescence
decreases upon binding of Ca2+, and in addition, the relatively low quantum
efficiency of Fura-Red necessitates use of higher concentrations to achieve an
adequate fluorescence signal. The in vitro Kd of Fura-Red is similar to Fura-2
at approximately 140 nM, although the Kd of Fura-Red has been reported to be
significantly higher (∼1100–1600 nM) in myoplasm [57]. The large Stokes shift of
Fura-Red permits simultaneous measurement of Ca2+ as well as other fluorophores
excited at ∼488 nm. Accordingly, Fura-Red has been used for ratiometric Ca2+
measurement in conjunction with the single wavelength Ca2+ indicator Fluo-3
[91–93], although ratiometric imaging is also possible with Fura-Red alone using
excitation wavelengths of 420/480 nm or 457/488 nm [57, 94].

3.4.2.8 Mag-Fura-2

Mag-Fura-2 (Furaptra) was, as the name suggests, originally developed to measure
changes in Mg2+ concentration, and exhibits spectral properties similar to Fura-2.

Its propensity for intracellular departmentalization, in combination with its low
affinity for Ca2+ with a Kd of approximately 50 μM [53, 95, 96], have seen
application of this fluorescent indicator to measurement of Ca2+ in intracellular
IP3-sensitive Ca2+ stores [97]. In addition, Mag-Fura-2 retains fast binding kinetics
with a Kon (1/(M.s)) of 7.5 x 108 and particularly fast off-rates [53], enabling
measurement of Ca2+ responses with little or no kinetic delay [98–100].

3.4.2.9 Indo-1

Like Fura-2, Indo-1 was developed as a BAPTA analogue by the research group of
Roger Tsien [50]. However, in contrast to Fura-2, Indo-1 displays shifts in emission
wavelength upon Ca2+ binding, with emission maxima of 485 nm and 410 nm in the
absence and presence of Ca2+, respectively [50]. Thus, this probe is generally more
practical in flow cytometry applications, where it is easier to use a single excitation
wavelength and monitor two emissions [101]. Indo-1 is also useful as it displays less
compartmentalization than Fura-2, although it tends to photobleach more rapidly
[90]. With a Kd of 250 nM, it displays slightly lower affinity for Ca2+ than Fura-2
and is useful for measurement of Ca2+ concentrations in the cytoplasmic range.
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3.4.2.10 Indo-1-PE3 (Indo-1 LeakRes)

Like Fura-PE3, Indo-1-PE3 was developed as an Indo-1 analogue less prone to
sequestration into intracellular compartments and dye extrusion [51]. Compared to
the parent compound, Indo-1-PE3 displays the same spectral properties, but avoids
problems with uneven loading, differences in cell thickness and uncontrolled loss of
dye fluorescence due to extrusion or photobleaching [102, 103].

3.4.2.11 Mag-Indo-1

Mag-Indo-1 is a low affinity fluorescent Ca2+ indicator derived from Indo-1. Its
spectral properties are virtually identical to its parent compound, except that they
occur at significantly higher Ca2+ concentrations (Kd ∼35 μM) [58, 60, 80].
In combination with extremely fast kinetics [58], this compound is useful for
measurement of Ca2+ kinetics in environments with high Ca2+ concentration.

3.4.3 Single Wavelength Ca2+ Dyes

In contrast to ratiometric fluorescent probes, binding of Ca2+ to single wavelength
dyes elicits an increase in quantum efficiency, resulting in brighter fluorescence in
the absence of spectral excitation or emission shifts. This eliminates the need for
sophisticated equipment capable of dual excitation or dual emission monitoring
and greatly simplifies experimental protocols. However, while single wavelength
dyes generally exhibit large increases in fluorescence intensity upon binding of
Ca2+, brightness is also dependant on dye concentration. Thus, in addition to
Ca2+ binding, fluorescence intensity of single wavelength Ca2+ probes is also
affected by variables relating to the amount of dye present in cells. Most notably,
differences in dye loading, extrusion, compartmentalization and photobleaching, as
well as cell thickness and cellular environment can lead to apparent changes in
dye concentration or fluorescence. Thus, because fluorescence intensity is the only
measure for single wavelength dyes, quantitation of Ca2+, particularly at the single
cell level, tends to be less accurate than for ratiometric dyes. As an alternative to
wavelength ratioing, time-based ratioing has been suggested as a viable strategy for
single wavelength dyes, where the change in fluorescence intensity is expressed
relative to a baseline fluorescence value [47, 104]. In circumstances where cell
volume and shape changes as well as photobleaching have not been significant,
this ratiometric � F/F value will approximate changes in Ca2+ [47]. Thus, single
wavelength dyes have significantly advanced fluorescent Ca2+ imaging and are
invaluable particularly for high-throughput assessment of Ca2+ responses.
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3.4.3.1 Fluo-3

Fluo-3 was developed by Roger Tsien and his research group from the calcium
chelator BAPTA conjugated with a xanthene chromophore [47]. Fluo-3 is excited by
visible light, with absorption and emission maxima at 506 and 526 nm, respectively
[47]. While the AM ester of Fluo-3 is virtually non-fluorescent, emission intensity
of Fluo-3 increases approximately 40-fold in the presence of Ca2+ [47]. With a
Kd of 400 nM, this makes Fluo-3 well suited for high resolution of cytosolic Ca2+
signals while at the same time being less prone to saturation and Ca2+ buffering
at resting cytosolic Ca2+ than ratiometric dyes such as Fura-2 [61]. Fluo-3 – like
all Ca2+-dyes – is pH-sensitive, with an apparent pKa of 6.2, necessitating careful
consideration of intracellular pH when measuring Ca2+ [47, 61]. In addition, Fluo-3
exhibits biphasic Ca2+ dissociation constants which, while also pH-dependent, are
faster than Quin-2 and thus allow high time resolution of Ca2+ responses at neutral
or physiological pH [61].

3.4.3.2 Fluo-4

Fluo-4 is a di-fluoro analogue of Fluo-3, and accordingly exhibits very similar
spectral properties with absorption and emission maxima of 494 and 516 nm,
respectively [48]. However, Fluo-4 is considerably brighter and more photostable
than Fluo-3, and with a Kd of 345 nM [48], has become the dye of choice for
measurement of cytosolic Ca2+ particularly in high throughput applications. Fluo-4
fluorescence, when excited at 488 nm, increases more than 100-fold upon binding
of Ca2+, permitting both use of lower dye concentrations and shorter loading times.

3.4.3.3 Mag-Fluo-4

Mag-Fluo-4 is a low affinity analogue of Fluo-4, and with a Kd of 22 μM,
is particularly suitable for measurement of Ca2+ in the low μM – mM range.
Accordingly, Mag-Fluo-4 has been used for measurement of Ca2+ responses in
sarcoplasmic reticulum, and due to its affinity for Mg2+, has also found applications
in the measurement of intracellular Mg2+ [105, 106]. The spectral properties of
Mag-Fluo-4, with an excitation maximum of 493 nm and an emission maximum of
516 nm, are very similar to Fluo-4 [48]. In addition, similar to Mag-Fura-2, Mag-
Fluo-4 has fast dissociation kinetics which make this dye suitable for measurement
of high resolution Ca2+ kinetics [63].
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3.4.3.4 Fluo-5F, Fluo-5Cl, Fluo-5 N and Fluo-4FF

These mono-or di-substituted Fluo-4 analogues exhibit similar spectral properties to
Fluo-4 upon binding of Ca2+, however, the addition of one or two fluorine, chlorine
or NO2 substitutes results in significantly decreased Ca2+ affinity. The relatively
high Kd values of Fluo-5F (2.3 μM), Fluo-5Cl (6.2 μM), Fluo-4FF (9.7 μM) and
Fluo-5 N (90 μM) make these dyes suitable for measurement of Ca2+ under condi-
tions which would result in saturation of higher affinity dyes [48]. The dissociation
rate constant for Fluo-4 and Fluo-5F were determined as approximately 200–
300 s−1 in vitro, making these dyes kinetically similar to Fura-2 [53, 62, 64, 65].

3.4.3.5 Fluo-8, Fluo-8H and Fluo-8 L

Fluo-8 and its analogues (AAT Bioquest) are a novel green-emitting Ca2+ probe
(excitation/emission maxima ∼490 nm/514 nm) that have been reported to be
considerably brighter than Fluo-3 and even Fluo-4, resulting in improved signal-to-
noise [107]. With Kd values of 389 nM (Fluo-8), 232 nM (Fluo-8H) and 1.86 μM
(Fluo-8 L), these dyes may prove to be viable alternatives to Fluo-3, Fluo-4 and
their analogues [66].

3.4.3.6 Rhod-2, X-Rhod-1and Low Affinity Derivatives

Rhod-2 was developed by the research group of Roger Tsien as a BAPTA analogue
incorporating a rhodamine-like fluorophore [47]. This dye exhibits an excitation
maximum of 553 nm and an emission maximum of 576 nm, with a Kd in the
low μM range (∼ 1.0 μM) [47]; while the analogue X-Rhod-1 has slightly
shifted absorption and emission maxima (∼580/602 nm, respectively) and a Kd of
approximately 800 nM [108]. The cationic AM-esters of Rhod-2 and X-Rhod-1 can
accumulate, using optimized loading protocols, in negatively charged mitochondria
[109, 110], making Rhod-2, X-Rhod-1, and their derivatives useful for measurement
of mitochondrial Ca2+ [108, 111, 112]. However, due to their relatively higher Kd

values and thus lower potential for saturation in high Ca2+ environments, the low
affinity Rhod-2 derivatives Rhod-FF (Kd 19 μM), X-Rhod-5F (Kd 1.9 μM), X-
Rhod-FF (Kd 17 μM) and Rhod-5 N (Kd 320 μM) are preferred for this application
[81, 113–115].

3.4.3.7 Calcium-Green-1 and Calcium-Green-2 Indicators

The Calcium-Green indicators display increased fluorescence emission intensity
with little spectral shift upon binding of Ca2+ [67]. With peak excitation at
∼507 nm, peak emission at ∼530 nm and Kd values of approximately 200 nM
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and 550 nM for Calcium-Green-1 and Calcium-Green-2, respectively, these dyes
are well suited to measurement of fast cytosolic Ca2+ responses [67].

In addition, Calcium-Green dyes have a higher quantum yield than Fluo-3,
particularly at saturating Ca2+ concentrations, which improves brightness of these
dyes at high Ca2+ concentrations and provides an excellent dynamic range [67].
In contrast to Fluo-3, Ca2+ dissociation from Calcium-Green dyes is mono- rather
than bi-exponential with a Koff of approximately 180 s−1 [67]. Substitution of a NO2
group in Calcium-Green-1 produced the low affinity analogue Calcium-Green-5 N,
which has similar spectral properties but considerably lower Ca2+ affinity with a Kd

of approximately 4–19 μM, making this dye less prone to saturation [68–70].

3.4.3.8 Oregon Green 488 BAPTA Indicators

Oregon Green 488 BAPTA-1, Oregon Green 488 BAPTA-2 and their derivatives are
fluorinated analogues of Calcium-Green indicators that were developed to achieve
increased excitation efficiencies by the 488 nm spectral line of an argon laser.
Accordingly, peak excitation and emission wavelengths of these Oregon Ca2+
indicators are 494 nm/523 nm. Like the Calcium-green dyes, Oregon Green 488
BAPTA indicators are bright dyes with higher quantum efficiencies than Fluo-3.
Oregon Green 488 BATPA-1 in particular, with a Kd of 170 nM, may thus be
particularly well suited for measuring small changes in Ca2+ near resting cytosolic
Ca2+, while the Kd of Oregon Green 488 BAPTA-2, at ∼ 580 nM, more closely
resembles the Ca2+ affinity of Fluo-4 [71]. Oregon Green 488 BAPTA-6F and
Oregon Green 488 BAPTA-5 N are the 6′-fluorine and 5′-nitro analogues of Oregon
Green 488 BAPTA-1 with reduced Ca2+ affinities (Oregon Green 488 BAPTA-6F
Kd for Ca2+ ∼3 μM and Oregon Green 488 BAPTA-5 N Kd for Ca2+ ∼20 μM)
and thus more suitable for measurement of larger Ca2+ responses.

3.4.3.9 Calcium Crimson, Calcium Ruby and Calcium Orange

Like other single wavelength dyes, Calcium Crimson, Ruby and Orange exhibit
increased fluorescence emission intensity with little or no spectral shift in the
presence of Ca2+. As their names suggest, the excitation and emission spectra
of these indicators are red-shifted with peak excitation/emission at 549/576 nm
(Calcium Orange), 590/615 nm (Calcium Crimson) and 579/598 nm (Calcium
Ruby) [72]. Calcium Ruby in particular displays large increases in fluorescence
intensity upon Ca2+ binding, while all of these indicators are particularly useful
where cellular autofluorescence is problematic [72]. The Kds of these red-emitting
Ca2+ indicators vary from ∼ 300 nM (Calcium Crimson) and ∼ 400 nM (Calcium
Orange) to 30 μM (Calcium Ruby), allowing selection of Ca2+ dyes suitable for
most imaging applications [67, 72].
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3.4.4 Genetically Encoded Ca2+ Indicators

Genetically encoded Ca2+ indicators are protein-based sensors whose fluorescence
changes in a concentration-dependent manner with alterations in intracellular Ca2+.
These indicators may be transiently or stably expressed and have been applied in a
range of in vitro and in vivo models [116–120]. Modern genetically encoded Ca2+
indicators have improved properties compared to predecessors, which were limited
by factors including pH sensitivity and low brightness [51]. One example is the
GCaMP6 family of genetically encoded Ca2+ indicators, which have favourable
characteristics such as a large signal to noise ratio, increased brightness and
improved sensitivity comparable to leading small molecule fluorescent dyes [121].
This series has gained widespread use, particularly for the assessment of Ca2+
changes associated with neuronal activity using in vivo models [122–126]. Geneti-
cally encoded Ca2+ indicators are advantageous for certain applications compared
to small molecule fluorescent dyes. This includes the repeated measurement of Ca2+
alterations occurring over a long time course (e.g. hours, days or weeks) [127],
where small molecule Ca2+ indicators are not well suited due to sequestration and
dye leakage that occurs over time. An example of the utility of genetically encoded
over small molecule Ca2+ sensors is the use of GCaMP6f to monitor cortical
neuron activity in marmosets over several months using a cranial window [128]. An
additional advantage of genetically encoded Ca2+ indicators is their ability to be
targeted to specific subcellular locations, which can enable investigations into Ca2+
dynamics in organelles such as the endoplasmic reticulum or mitochondria [129].
Additionally, the relationship between organellar and global cytosolic Ca2+ changes
can be investigated using co-expression of an organelle-targeted and cytosolic
genetically encoded Ca2+ indicator with distinct fluorescence spectra. For example,
co-expression of GCaMP6s (cytosolic) with R-CEPIAer (targeted to endoplasmic
reticulum) in MA104 cells following rotavirus infection identified cytosolic Ca2+
increases and corresponding endoplasmic reticulum Ca2+ depletion occurring over
several hours [119]. Following the introduction of a genetically encoded Ca2+
indicator transgene into a model organism or stable cell line, further validation
should be undertaken to ensure appropriate expression levels of the sensor and
preservation of the parental phenotype [130]. Use of genetically encoded Ca2+
indicators will likely continue to increase with the continued development of
spectrally distinct sensors enabling simultaneous assessment of Ca2+ changes with
other cell features and further improvements in the properties of those Ca2+ sensors
targeted to organelles.

3.4.5 Na+ Dyes

Compared to the number of available fluorescent calcium indicators (∼40), there
are currently only a limited number of useful fluorescent sodium indicators: SBFI
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(sodium-binding benzofuran isophthalate), Sodium Green, CoroNa Green and Red,
as well as Asante NaTRIUM Green-1 and -2 (ANG-1 and ANG-2) [2, 73, 131].
These have been used widely as probes in fluorescence imaging with conventional
and confocal microscopes and have only relatively recently been adapted for high-
throughput format [132, 133]. With the exception of CoroNa Red – which is
lipophilic and thus readily crosses the plasma membrane – Na+ indicators are
also available in their acetomethyl (AM) ester-conjugated forms which cross the
plasma membrane and become trapped in the cytosol after cleavage by endogenous
esterases (see below). In addition, the net positive charge of CoroNa Red leads to
accumulation of the dye in mitochondria [2, 73, 131].

Like Fura-2, SBFI is a ratiometric dye that exhibits changes in fluorescence
quantum yield as well as excitation characteristics upon binding of Na+ ions.
Generally, the selectivity of SBFI for Na+ is reduced compared to the selectivity
of Fura-2 for Ca2+, although the spectral properties of the dyes are similar and the
same optical filters and equipment can be used for both. A disadvantage of SBFI, as
well as the related K+ dye PBFI (Potassium-binding Benzofuran Isophthalate), is
their sensitivity to ionic strength, pH and temperature, which necessitates calibration
using gramicidin or palytoxin [2].

In contrast, Sodium Green, CoroNa Green and Red as well as Asante NaTRIUM
Green-1 and 2 are single wavelength dyes with excitation peaks in the visible
spectrum, making them particularly useful for high-throughput systems. However,
although the quantum yield of these dyes (e.g. 0.2 for CoroNa Green; 0.64 for
ANG-2) is considerably greater than that of SBFI (0.08 for SBFI), the dynamic
range of fluorescent Na+ dyes remains considerably lower than that of many Ca2+
dyes [2, 73]. These issues are compound by the relatively small Na+ gradient
across the membrane (∼10-fold compared to the ∼10,000-fold difference in Ca2+
concentrations) which leads to a relatively small increase in intracellular Na+ con-
centration in comparison with Ca2+ concentrations, which can increase several fold
during signalling events. Accordingly, the signal-to-noise ratio for Na+ detection
is correspondingly – and inherently – low in comparison to other ions. Therefore,
Na+ channel activity is more commonly observed by electrophysiological means,
or with surrogate measures such as membrane potential or voltage-sensitive dyes,
as discussed below. In combination with difficulties relating to physiologically
meaningful activation of NaV channels – albeit these are also concerns with
other voltage-gated channels such as KV channels – these limitations have greatly
hampered the use of Na+ indicators for pharmacological characterisation of Na+-
selective channels, particularly those activated by changes in membrane voltage.

In practice, we have found only ANG-2 to have fluorescence characteristics
compatible with high-throughput assay approaches of NaV channels (unpublished
data) and although TRPV1-expressing HEK293 cells loaded with CoroNa Green
respond to capsaicin with an increase in fluorescence, these responses are consider-
ably smaller than the corresponding changes in fluorescence in Fluo-4 loaded cells
(Fig. 3.2).
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Fig. 3.2 Ca2+ and Na+ responses elicited by capsaicin in cells stably expressing TRPV1
Methods: HEK293 cells stably expressing TRPV1 were generated as previously described [209,
210], plated at a density of 50,000 cells/well on PDL-coated, black-walled 96-well imaging plates
and incubated in a 37 deg./5% CO2 incubator for 24 h
Fluo-4-AM (Invitrogen) or CoroNa Green-AM (Invitrogen) were prepared as 5 mM stock solutions
in DMSO and diluted to final concentration of 5 μM in physiological salt solution (PSS;
composition see [195]). Cells were incubated with 50 μl of the loading solution in a 37 deg./5%
CO2 incubator for 45 minutes. After removal of dye solution, cells were washed twice with PSS
prior to addition of 100 μl PSS/well and transfer to the FLIPRTETRAPlus

TRPV1-HEK293 cells were stimulated by addition of 50 μl capsaicin (final concentration:
10 μM – 0.1 nM) prepared as a 3 x concentrated stock solution in PSS and imaged at 1 Hz for
300 reads (excitation/emission: 470–495/515–575 nm) using a FLIPRTetraPlus Fluorescent Plate
reader
Raw fluorescence values were converted to response over baseline values using the analysis tool
of ScreenWorks 3.1 by subtracting baseline reads (read 1–10) from subsequent fluorescent reads
Results:(A) Capsaicin-induced fluorescence responses were of significantly smaller magnitude
in CoroNa Green-loaded cells (max. response over baseline 1.58 ± 0.02) compared with Fluo-
4-loaded cells (max. response over baseline 4.96 ± 0.1); leading to an apparent decrease in
the capsaicin EC50 in CoroNa Green-loaded cells (pEC50 7.61 ± 0.07) compared with Fluo-
4-loaded cells (pEC50 8.07 ± 0.03). (B) Fluorescence responses to capsaicin (100 nM) differ
in both magnitude and kinetics in Fluo-4- and CoroNa Green-loaded cells. Data presented as
mean ± S.E.M. from n = 6 wells of the same plate. Error bars may be obscured by the data
symbols

3.4.6 Membrane Potential and Voltage-Sensitive Dyes

Activity of Na+-, K+- and Ca2+-permeable ion channels often leads to a change
in membrane potential, or transmembrane charge distribution, which is most accu-
rately measured using electrophysiological techniques. However, despite advances
in high-throughput electrophysiology approaches (reviewed in [134]), these tech-
niques remain technically challenging and relatively expensive. As the intracellular
ion concentration may not be an accurate reflection of membrane potential or
cell excitability, alternative imaging approaches are needed to measure membrane
depolarisation. With the exception of Ca2+, the flux of ions required to depolarise
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a cell of 50 μm diameter by 60 mV (∼ 30 million ions) may not appreciably
change the intracellular or extracellular ion concentration. Thus, the development
of membrane potential dyes has greatly aided high-throughput assessment of cell
excitability. These dyes generally incorporate into the lipid membrane of cells and
exhibit a change in fluorescence spectra and/or intensity upon depolarisation. Exam-
ples include the fast responding styryl dyes, which have high temporal resolution
(3 ms) but limited sensitivity; oxonol and carbocyanine dyes and their deriva-
tives, including bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3));
and FLIPR Membrane Potential (FMP) Dye which displays slower kinetics and
moderate sensitivity. The use of two probes allows more sensitive detection of
membrane potential changes via the measurement of fluorescence resonance energy
transfer (FRET). More recently, the use of photoinduced electron transfer (PeT) has
driven the development of dyes such as FluoVolt, which is both fast, sensitive and
displays a higher fluorescent yield. Finally, there have been considerable advances in
the effective use of genetically encoded membrane potential indicators. Membrane
potential is an attractive output for high-throughput screening as it is sensitive,
generic, and applicable to living cells.

Although membrane potential dyes act via different mechanisms, sensitivity to
depolarisation is dependent on having a dynamic interaction with phospholipid
bilayers. Generally, styryl, oxonol, and carbocyanine dyes move across lipid bilayers
dependent on the Nernstian distribution during depolarisation [135, 136]. The
direction depends on their charge, but results in a change in the concentration of
intracellular and extracellular dye. The interactions of dye, membrane or cytosolic
molecules results in changes to the emission spectra and/or quantum yield under-
pinning their usefulness as voltage-sensitive dyes. As the membrane potential of
mitochondria can be as high as −180 mV, cationic dyes are less suitable for mea-
suring depolarisation in the plasma membrane. However, they have been employed
in limited circumstances to discriminate mitochondrial membrane potential [137,
138]. FMP Dye and DiBAC4(3) possess lipophilic tails, and negatively charged
head groups, allowing these dyes to embed in cell membranes and act as voltage
sensors. The negatively charged dyes preferentially sequester to the extracellular
leaflet of a hyperpolarised cell membrane (inside the cell is negatively charged)
and the presence of an extracellular quencher limits emissions in this state. Upon
depolarisation, dye molecules are recruited to the cytosolic side of the plasma
membrane, escaping the quencher, and increasing emissions. Despite sharing a
mechanism of action, FLIPR Membrane Potential Dye display superior temporal
and membrane potential sensitivity to DiBAC4(3) [76, 139].

In contrast, FRET relies on the dynamic interactions of the emission donor and/or
acceptor within the membrane. The most commonly used system utilises a mem-
brane bound coumarin derivative, N-[6-chloro-7-hydroxycourmarin-3-carbonyl]
dimyristroyl phosphatidyl ethanolamine, CC2-DMPE) that acts as a FRET donor,
co-loaded with a mobile voltage-sensitive oxonol acceptor, such as DiBAC4(3)
[77, 140] . Other FRET systems co-load two oxonol derivatives (e.g. DiBAC1(3)
and DiBAC1(5)) into the plasma membrane as a donor/acceptor pair, respectively.
Recording concurrent emission wavelength maxima from both molecules after exci-



50 I. Vetter et al.

tation of the donor results in transfer of emissions to the acceptor, proportional to the
proximity of the two molecules. As the position of at least one of the donor/acceptor
pair in the membrane is dependent on cell polarity, this allows the ratiometric
measurement of membrane potential [141]. The catalogue of voltage-dependent
dyes is ever expanding, with new “VoltageFluors” being developed to overcome
the shortcomings of previously designed dyes. More recently, experimenters have
utilised photoinduced electron transfer (PeT), by tethering a dichlorosulfoflorescein
reporter to a dimethylaniline electron donor via a phenylenevinylene molecular
“wire” [142]. The fluorescent reporter, embedded in the extracellular membrane
leaflet is quenched by the electron donor when the cell is hyperpolarised. Depo-
larisation of the membrane decreases the dipole moment of the dye, allowing
increased emissions from the fluorescein, proportional to the voltage difference
across the membrane. Due to these slight differences in mechanism of action,
voltage-sensitive dyes may require elaborate, highly sensitive detection equipment
and/or labour intensive tissue preparation, while others are more useful for high-
throughput screening applications.

In addition to dyes, there are many genetically encoded voltage indicators
(GEVI) that have been developed over the past 20 years. There are two main
structurally distinct GEVI. The first to be developed exploited the voltage-dependent
structural rearrangement of voltage-sensing domains from potassium channels
[143], sodium channels [144], phosphatases [145, 146], and proton channels [147].
These are generally tethered to one or more fluorescent molecules and the structural
shift during depolarisation changes some spectral property of the fluorophore/s.
In addition to those based on voltage-sensing domains are a contingent of GEVI
engineered from microbial opsins [148]. These rely on membrane depolarisation
changing the protonation of the opsin’s retinal cofactor, resulting in changes to
absorption or emission intensity from a conjugated fluorophore [149]. All GEVI
offer similar advantages to calcium indicators, and can be selectively and stably
expressed in cells and animal models, making this approach advantageous for
in vivo imaging as well as imaging over multiple days. Some benefit has also
been derived from combining GEVI and traditional voltage-sensitive dyes to assess
membrane potential [150]. As GEVI have extensively reviewed in recent years, this
chapter will not discuss them in detail, however comprehensive comparison can be
found elsewhere [151–153].

When designing experiments for membrane potential assays, it is important to
consider limitations in temporal resolution. Depending on the cell type, the duration
of an action potential ranges from 1–2 ms in neurons, 2–5 ms in skeletal muscle
cells, and 200–400 ms in cardiac muscle cells. With the exception of styryl dyes,
PeT dyes, and some GEVIs, all membrane potentials dyes t1/2 fall in the range
between 1 s and >60 s, and are thus not capable of resolving the membrane
potential changes characteristic of an action potential [139]. However, paramount to
these considerations is the system in which compounds are being screened – many
in vitro cell systems are not capable of firing action potentials and so the inability to
resolve single action potentials is not necessarily a limitation.
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Membrane potential dyes impart several advantages over ion-sensing dyes. One
benefit of membrane potential dyes is the high stability, with stable signals being
reported 4–15 h after loading [139, 154]. Unfortunately, due to their relatively
insolubility in water, dye loading may require the addition of a pluronic surfactant,
which may interfere with interactions between test compounds and molecular
targets. Each cell system requires dye concentration titration with the aim of optimal
loading to increase signal-to-noise ratio. This can be particularly laborious when
using FRET-based assays, as multiple compounds require loading [140]. In addition,
membrane potential dyes can be particularly prone to artefacts, with alterations in
pH, quantity of cytosolic proteins and/or RNA, and membrane integrity leading
to changes in fluorescence that can be misinterpreted as changes in membrane
potential. Likewise, molecules – particularly charged compounds – can directly
interact with dye molecules, and positive hits should be screened at least once in
a cell free system or better yet, in the absence of the suspected molecular target.

3.4.6.1 Styryl Dyes

Styryl dyes offer the temporal resolution to accurately measure the onset of
a single action potential and low background fluorescence [155]. One example
is pyridinium, 4-(2-(6(dibutylamino)-2-naphthalenyl)-1-(3-sulfopropyl)-hydroxide
(di-4 ANEPPS), which has been used in a number of different in vitro membrane
potential measurements including red blood cells, squid giant axon, cardiomyocytes,
and isolated membrane vesicles [156]. The excitation and emission wavelengths
are dependent on the cell system, but ranges between 520 ± 20 nm (Ex) and
>640 nm (Em). However, the relative fluorescence change upon depolarisation is
limited (<10% with depolarisations of more than 100 mV) and the dye has proven
incompatible with some cultured cell lines [157, 158]. Other styryl dyes, such as Di-
2-ANEPEQ must be microinjected into cells, making them capable of distinguishing
sub-cellular depolarisation [159]. Thus, stryryl dyes are well suited for use with
highly optimized, low noise equipment, but ill-suited for high-throughput screening.

3.4.6.2 Carbocyanine Derivatives

Indo-, thia-, and oxo-cyanine dyes were some of the first potentiometric dyes
used. Oxocyanine (DiO) C6(3), the most commonly used for this application, has
excitation/emission maxima of 484/501 nm [160]. However, due to its high affinity
for mitochondria and other intracellular organelles, its application for measurement
of plasma membrane potential is limited. Another cyanine derivative, mercocyanine
540, was also initially used as a membrane potential probe, but its high phototoxicity
limits its application in living cells [161].
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3.4.6.3 Oxonol Derivatives

A diverse family of oxonol derivatives with a variety of fluorescent properties
have been produced. Two examples of oxonol derivatives with potentiometric
sensitivity are DiBAC2(3) and DiBAC4(3) with excitation/emission maxima of
537/554 nm and 492/516 nm, respectively. Due to their overall negative charge,
these dye molecules are excluded from mitochondrial membranes, thus reducing
noise. DiBAC4(3) is often used with an extracellular quencher (e.g. bromophenol
blue) allowing a substantial improvement in signal to noise ratio when compared to
other oxonol and carbocyanine derivatives. DiBAC4(3) also shows other advantages
over DiBAC2(3) with more than 2 × fluorescence yield upon depolarisation and
faster kinetics (t½ = 30 s) [139]. However, the slow kinetics of activation leaves
the dye susceptible to interference from temperature and pH changes as longer read
times may be required to capture differences in membrane depolarisation [162].
Additionally, loading cells with DiBAC4(3) requires surfactant, and additional dye
must be washed off before reading, making the application of these dyes difficult
for poorly adherent cells.

3.4.6.4 FLIPR Membrane Potential Dye

The FMP dye is excited at 530 nm with emissions measured at 565 nm. There is
the option of FMP dye being bundled with two proprietary quenchers, “red” and
“blue”, which must be optimised to individual assay conditions. FMP displays a
relative fluorescence change of more than four times that of DiBAC4(3) during
depolarisation [139]. This is accompanied by enhanced kinetics over oxonol and
carbocyanine derivatives (t½ = 8 s). The inclusion of a proprietary quencher offers
more stability to changing temperatures, making them useful during short or long
time-course experiments. The loading of cells is streamlined, with fast loading times
(< 30 min) and the absences of wash steps making these dyes useful for poorly
adherent cells while enhancing the reproducibility of assays [163, 164].

3.4.6.5 Fret-Based Membrane Potential Dyes

The most commonly used commercially available FRET system for measurement
of membrane potential is based on the CC2-DMPE/DiBAC2(3) donor/acceptor pair.
The donor is excited at 405 ± 15 nm with emission monitored at both 460 nm and
580 nm, leading to a ratiometric readout that is relatively resistant to changes in pH,
temperature and bleaching [165]. While ratiometric systems offer the most sensitive
measurement of membrane potential available, more complex loading procedures
are required [139]. These include optimisation of the FRET donor concentration
for each cell system assayed, and multiple wash steps which may limit application
when cells are poorly adherent. Another fluorescent molecule, dipicrylamine (DPA,
Abs 406 nM) has been paired with DiO for the measurement of membrane voltage
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potential by FRET [166]. This system is applicable to two-photon imaging, allowing
voltage measurement from deep within tissue slices [167].

3.4.6.6 FluoVolt™

Described as “molecular wires”, these fluorophores display the favourable prop-
erties of both fast and slow membrane potential dyes [168]. The fast temporal
dynamics allow the dye to change fluorescence and resolve single action potentials
while displaying a greater relative fluorescence yield upon depolarisation (approx.
25% per 100 mV). As the conjugated fluorescein shares an excitation/emission
maxima with GFP, standard filter sets can be used for imaging. Furthermore, the
molecule can be applied for high throughput screening, and is easily loaded into
cells with the use of a proprietary surfactant [169]. Due to emission overlap with
other biologically useful molecules, a far-red fluorescent equivalent has also been
developed [170]. Thus, one can record the membrane potential change of a cell,
while simultaneously using GCAMP6 to record the resulting calcium spike, for
example.

3.4.7 K+ Dyes

Similar to Na+-sensitive dyes, the repertoire of K+ dyes is relatively limited.
PBFI comprises a benzofuranyl fluorophore that is linked to a crown ether chelator
[2] which confers some modest selectivity for K+ ions, although the Kd is also
affected by pH, temperature, ionic strength and the presence of Na+ ions. Like SBFI
and Fura-2, PBFI is a ratiometric dye with excitation/emission peaks of 336/557
and 338/507 nm in the K+-free and K+-bound state, respectively. Although the
selectivity of PBFI for K+ is sufficient for the quantification of intracellular K+
concentrations in vitro – owing to the relatively higher concentration compared
to Na+ − the dye properties of PBFI make it poorly suited to high-throughput
applications. In addition, dyes such as PBFI are less useful for high-throughput
screening because of their broad excitation spectra, which can overlap with many
optically active compounds in drug screening libraries [171].

More recently, single wavelength K+ dyes – including Asante Potassium Green-
1 and -2 – have been reported [73]. Although these have not been widely used as
yet, at least in principle they could be useful for high-throughput and/or high-content
applications in light of their more favourable properties, such as excitation/emission
peaks of ∼515/540 nm and more favourable loading [172].

Historically, rubidium ion (Rb+) efflux was used to determine K+ channel
activity by incubating cells expressing the K+ channel of interest in a Rb+ rich
buffer and examining the movement of Rb+ using radioactive Rb+ isotopes or Rb+
ions in conjunction with atomic absorption spectroscopy (AAS) or as its commonly
known, “flame photometry”, to quantify the amount of Rb+ [171, 173]. In addition
to Rb+, many K+-permeable channels are also thallium (Tl+) permeable. Although
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permeability of K+-permeable ion channels families and subtypes to Tl+ has
not been assessed systematically, the pore structure is relatively conserved and
it is reasonable to assume that these channels are likely Tl+ permeable [171].
Accordingly, a change in fluorescence occurs when Tl+ enters a cell loaded with
a Tl+-sensitive dye via K+ channels, thus providing a surrogate measure of K+
channel activity [171].

3.4.8 Dye Loading

Several methods for introduction of Ca2+, Na+ and K+ dyes into the cell cytoplasm
have been developed; these include ATP-induced permeabilization, electroporation,
hypo-osmotic shock, cationic liposomes, chelators mediating dye uptake through
pinocytosis, microinjection as well as loading of dyes coupled to acetoxymethyl
(AM) ester [58, 82, 83, 97, 174–177]. Of these, the acetoxymethyl (AM) ester
loading technique has become popular due to its simplicity, ease of use and low
toxicity and is particularly well suited to high-throughput applications.

3.4.9 AM Ester Loading Technique

As free poly-anionic, large fluorescent probes are unable to passively cross the cell
membrane, fluorescent dyes can be conjugated to lipophilic acetoxymethyl (AM)
groups to render them membrane-permeable. Once in the cytoplasm, ubiquitous
esterases hydrolyse these derivatized indicators, which again become unable to
passively cross the plasma membrane, thus effectively trapping the free fluorescent
probe. As an additional advantage, these AM derivatives are often non-fluorescent,
thus reducing or eliminating fluorescence from non-hydrolysed extracellular dye.

3.4.10 No-Wash Extracellular Quenchers

Because physiologically, extracellular Ca2+ and Na+ concentrations are high,
fluorescence signals from the extracellular compartment generally need to be
excluded to enable measurement of the often relatively small changes in cytosolic
ion concentration. This can be achieved either by physically removing extracellular
dyes by media or buffer exchange (“washing”), or alternatively by incorporation
of fluorescence quenchers in the extracellular media. Quenchers that have been
used successfully include Trypan Blue, haemoglobin and Brilliant Black [178, 179].
In addition, several of these quenchers or “no-wash” kits are now commercially
available, and they can provide significant improvements in assay performance
particularly for cells that are only weakly adherent, or for cells that are prone
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to dye extrusion. However, as the composition and nature of these quenchers is
largely proprietary information, it can be difficult to assess potential interference of
quenchers with assays or to design protocols for assay optimization [179].

3.4.11 Problems with AM Ester Loading

While the AM ester loading technique is undoubtedly one of the most widely
used and easiest approaches to introducing fluorescent dyes into cells, a number
of issues – including limited dye solubility, sequestration, incomplete hydrolysis
and dye extrusion – can limit the applications of this approach. These issues are
typically dye- and also cell-specific, and perhaps best understood (or appreciated)
for fluorescent Ca2+ dyes. Specific considerations relating to each of these issues
are thus described below in the context of Ca2+ dyes, although similar problems
may also arise for other indicators.

Solubility By virtue of increased lipophilicity, many AM esters are poorly soluble
in aqueous solutions, thus necessitating inclusion of dispersants such as pluronic
acid in the loading media. However, satisfactory dye loading can be achieved in the
absence of pluronic acid for several dyes (including e.g. Fluo-4, Fura-2 and ANG-2)
provided they are prepared as 100x to 1000x stock solutions in dimethylsulfoxide
and carefully stored frozen as aliquots to avoid water absorption and thus precipita-
tion. Individual optimisation of loading conditions is thus advisable.

Sequestration Once introduced into the cell cytoplasm, fluorescent Ca2+ dyes
start to accumulate into intracellular membrane-bound vacuoles and organelles
such as the endoplasmic reticulum (ER) and mitochondria in a process commonly
referred to as sequestration or compartmentalization [180]. This process is, however,
not restricted to the AM ester loading technique and may result in increasing
baseline fluorescence readings as the free dye accumulates in high Ca2+ intracellular
compartments, as well as accompanying decreases in cytosolic Ca2+ responses
due to dye loss. To minimize dye sequestration, loading with the lowest AM ester
concentration that produces reliable Ca2+ signals, as well as loading for the shortest
possible time is beneficial. Loading and imaging cells at room temperature rather
than 37 ◦C can also help reduce dye sequestration, although restricting recordings
to approximately 30 minutes largely avoids this problem. In addition, while for most
applications, retention of the dye in the cell cytoplasm is desirable, dye sequestration
can be exploited to assess calcium levels in organelles [181–184].

Incomplete AM Ester Hydrolysis Residual cytosolic non-hydrolysed dyes, due to
insufficient intracellular esterase activity or failure to completely remove AM ester
dyes, can lead to signal artefacts, most notably an apparent decrease in fluorescence
response, as AM esters tend to be non-fluorescent [185, 186]. In addition, efficiency
of ester hydrolysis can be highly variable and often depends on the cell type;
incubation at 37 ◦C generally improves ester hydrolysis but optimal conditions
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usually have to be determined empirically. In contrast, excessive extracellular ester
hydrolysis leads to poor dye loading and as a result poor fluorescence signals, while
extracellular hydrolysed probes tend to provide high fluorescence background [187].

Dye Extrusion Extrusion of hydrolysed intracellular Ca2+ probes by cellular anion
transporters results in decreased available dye concentrations and thus, decreased
signal strength. This problem is not restricted to the AM-loading technique, and
can be a particular problem in certain cell types. Dye extrusion or leakage can
be minimized by incorporation of anion transport inhibitors such as probenecid
or sulphinpyrazone [180]. However, these compounds can alter cellular function
and should thus be used with caution. Loading cells and measuring fluorescence a
quickly as possible, as well as performing experiments at room temperature rather
than 37 ◦C generally also aid in minimising dye extrusion [80].

3.5 Assay Platforms

3.5.1 High-Throughput Fluorescence Plate Readers

A number of plate reader platforms suitable for fluorescence assays in high-
throughput format are available commercially. The industry-leading instruments
are set apart from lower throughput instruments by the capacity to dispense liquids
and measure fluorescence emission from 96,384 or 1536 wells simultaneously with
high temporal resolution. This in turn negates some of the problems associated with
conventional fluorescence imaging that arise from uneven dye loading, extrusion,
intracellular compartmentalization or photobleaching, as loading and imaging con-
ditions are constant across all wells. Thus, high-throughput imaging plate readers
such as the FLIPRTetraPlus (Molecular Devices), Hamamatsu FDSS7000EX (Hama-
matsu), WaveFront Biosciences PanOptic (WaveFront Biosciences) and CellLux
(Perkin Elmer) are well-suited for the primary identification of drug leads as well
as detailed pharmacological characterization of compounds. Because functional
responses are measured, pharmacological characterization of full or partial agonists
as well as competitive and non-competitive antagonists at a range of targets can be
accomplished.

While the precise specifications differ between these instruments, all combine
sophisticated liquid handling systems with optics that permit real-time fluorescence
readings before, during, and after compound addition to enable characterisation of
kinetic responses. Desirable attributes of these high-throughput platforms include
high-precision robotics in 96-, 384- or 1534-well format that permit custom
configuration of aspiration and dispense height and speed to minimize disruption
of cell monolayers and addition artefacts. The ability to program multiple additions
is crucial for testing antagonists as well as agonists in the same experiment, with
additional reagents plates permitting assessment of more complex responses such
as Ca2+ influx through Orai-1 channels following store depletion [188].
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The incorporation of state-of-the-art excitation and detection systems – such as
two sets of customisable LED banks and an EMCCD cooled charge-coupled device
(CCD) camera for fluorescence detection, or optionally an ICCD intensified CCD
camera for the FLIPRTetraPlus, or a variable-wattage white light xenon lamp with
Hamamatsu fluorescence/luminescence camera for the FDSS7000EX – permit the
versatile design of experiments. Measurements from an entire plate can be taken in
as little as sub-second intervals, with up to 800 (FLIPRTetraPlus) or 4000 (Hamamatsu
FDSS7000EX) reads enabling prolonged real-time pre-incubation with antagonists
as well as kinetics recordings for even the slowest fluorescent responses.

In addition, an increasing number of available emission filters, with wavelengths
ranging from 340 nm to > 650 nm, permit selection of fluorescent dyes that are
most suitable for individual applications. An important consideration is the number
of excitation/emission filter sets that each instrument can be configured to, which in
case of the FLIPRTetraPlus is currently limited to 2 and 3, respectively.

While most high-throughput instruments include optional temperature-control,
typically permitting heating from ambient to ∼ 40 ◦C, most assays perform well
at ambient temperature and both the speed and precision of plate heating are
insufficient for modulation of most temperature-sensitive pharmacological targets,
although this feature could be useful if assaying poorly soluble compounds.

3.5.2 Single-Cell Imaging

In high-throughput plate reader assays, it is the sum of individual cellular responses
in each well that is recorded and analysed. It is this relatively simple experimental
output that has made this technology particularly amenable to high-throughput
applications. However, for some studies, multiple readouts may be desirable. Such
assays, where multiple cellular or subcellular responses or components are recorded
individually and in parallel, have been described as “high-content” [189]. For
example, changes in intracellular Ca2+ can be quantified simultaneously – in
individual cells – with other cellular and subcellular features or events such as cell
morphology, cell death or nuclear translocation [127].

High-content imaging assays are often considered as target-agnostic and provide
information on cellular phenotypes – associated with one, or many, targets and
signalling pathways – through the analysis of fluorescence microscopy images in
high-throughput format. However, in the context of this review, the term “high-
content imaging” will be used for single-cell, live imaging approaches that permit
analysis of individual cellular responses rather than population responses that are
assessed in high-throughput plate reader assays.

For high-content imaging assays, cells can be prepared and loaded in the same
manner as for high-throughput imaging assays, but the imaging instrumentation
and software used is necessarily different. At its most basic, cells are imaged
by videomicroscopy using an inverted fluorescent microscope equipped with an
appropriate light source, excitation and emission filters and a camera. However,
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while this approach may be “high-content” in the sense that many single cells
can be captured simultaneously, it is limited in its throughput as typically a single
experiment (often from individual coverslips or wells on which cells were plated)
is conducted. Nevertheless, because this type of single cell imaging provides
information that is complementary to high-throughput approaches, it has found use
in multiple applications. One of these is the systematic characterisation of distinct
functional populations in heterogeneous cell populations such as primary cell
cultures [190, 191]. In this application, researchers exploit a suite of well-defined
pharmacological tools to functionally profile cell populations — an application
that is complementary to immunocytochemistry or RNAseq-based techniques. In
cases where a cell population is already well-defined, a second application becomes
possible: defining the cellular mechanism of action of a compound of interest [192–
194]. An example of this application is shown in Fig. 3.3, where high-content
imaging of cultured DRG neurons was used to define the cellular mechanism of
action of two algogenic toxins. Using a similar high-content imaging approach,
the NaV activator Pacific Ciguatoxin-1 was shown to selectively activate TRPA1-
expressing sensory neurons in cultured DRG neurons [195]. While these example
compounds act as agonists, it is worth mentioning that this type of experiment
is equally relevant for the investigation of antagonists: a cellular response can
be elicited by the application of a well-defined agonist in the presence/absence
of the compound of interest and cellular responses recorded in the same man-
ner. The information acquired through this type of high-content imaging assays,
particularly when coupled with complementary immunocytochemistry, RNAseq or
gene-knockout data, can be valuable in determining the molecular mechanism of
action of a compound of interest.

In more recent years, single cell imaging has been adapted to automated
platforms that permit imaging from cells plated in multi-well plates – so-called
high-content plate readers, examples of which will be discussed in the following
paragraphs – and have opened the door to other applications such as the parallel
recording and quantitation of spatial redistribution of cellular or subcellular targets
and/or individual cell and organelle morphology [189].

Temperature control and CO2 regulation is available in some systems (e.g.
ImageXpress Micro (Molecular Devices), Operetta CLS LIVE (PerkinElmer))
which permits live cell imaging over extended durations, such as time-lapse
measurement of Ca2+ changes in cells undergoing cellular events. For example,
using an ImageXpress Micro, global [Ca2+]CYT increases were identified in the
subset of MDA-MB-231 breast cancer cells undergoing cell death within 6 h of
ceramide treatment [196]. The Kinetic Image Cytometer (Vala) can also be used for
timelapse high content imaging and is capable of rapid image capture particularly
suited to transient cellular events occurring over milliseconds. This instrument also
has the option for electrical stimulation of cells, useful for applications such as
neuronal screening. Wide-field imaging is commonly used for high-content systems,
although confocal imaging is also available. The Opera Phenix (PerkinElmer) is an
example of a confocal high content imaging system, which can also be configured
with four sCMOS cameras to enable increased frame rates, low signal to noise ratio
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Fig. 3.3 High-content calcium imaging of the effects of algogenic toxins on DRG cells
Methods: Experiments involving animals were approved by the University of Queensland Animal
ethics committee. DRGs from 6–8 week male C57BL/6 mice were dissociated as described [211],
plated on a poly-D-lysine-coated 96-well culture plate and maintained in a 37 deg./5% CO2
incubator overnight
Fluo-4-AM (Invitrogen) was prepared according to the manufacturer’s instructions. Cells were
loaded for 30 min in a 37 deg./5% CO2 incubator, followed by 30 min equilibration at room
temperature. After loading, the dye-containing solution was replaced with assay solution (1x
Hanks’ balanced salt solution, 20 mM HEPES), and the plate transferred to the inverted microscope
setup
Fluorescence corresponding to [Ca2+]i of 100–150 DRG cells per experiment was monitored in
parallel using a Nikon Ti-E Deconvolution inverted microscope, equipped with a Lumencor Spectra
LED Lightsource. Baseline fluorescence was monitored for 30 s, after which assay solution was
replaced with MIITX1-Mg1a (10 μM in assay solution; panel A) or Cn2 (500 nM in assay solution;
panel B).
Raw fluorescence values were converted to �F/F0 (fluorescence minus baseline fluorescence,
divided by baseline fluorescence)
Results: MIITX1-Mg1a is the major peptide component of the venom of the giant red bull ant,
Myrmecia gulosa. The toxin exerts algogenic activity in vivo, and causes a sustained increase in
intracellular Ca2+ concentration in neuronal as well as non-neuronal cells obtained from a culture
of dissociated dorsal root ganglia. This activity is suggestive of a widespread cellular target, and
indeed, MIITX1-Mg1a acts on cellular lipid bilayers where it causes a leak in membrane ion
conductance, which, in neurons, triggers depolarization [211]. In contrast, the algogenic NaV1.6-
selective Cn2 – a major peptide component of the venom from the scorpion Centruroides noxious –
caused a sustained increase in intracellular calcium concentration only in a subset of large diameter
neurons (labelled with an arrowhead), indicative of a molecular target expressed only in this
neuronal population. Snapshots shown are before and after addition of each compound. Each trace
corresponds a single cell in each field of view. Arrows indicate toxin addition
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and parallel measurement in four colour channels simultaneously. The ImageXpress
Micro has the option for automated liquid addition, a feature that can be used for
the assessment of transient Ca2+ changes following compound addition. However,
as for automated high-throughput imaging systems – and in contrast to traditional
setups that permit perfusion imaging – high-content imaging in microwell plates
typically does not permit removal of compounds and is limited to cumulative addi-
tions. High-content imaging systems can also vary in number of objectives, filter
configurations and ability to measure bright-field in addition to fluorescence (e.g. IN
Cell Analyzer 6000 (GE Healthcare), CellInsight CX7 (Thermo Fisher Scientific)).
A key challenge of high-content imaging approaches is the inherent generation of
large datasets, which typically requires advanced computing solutions for analysis
including large data storage capacity. Most instruments are packaged with analysis
software, with open-source applications such as ImageJ and CellProfiler also used
widely. For comprehensive reviews on high-content imaging in drug discovery,
including live-cell and fluorescent Ca2+ imaging, see e.g. [197–200].

3.5.3 High-Throughput Electrophysiology Platforms

For assessment of ion channel function, in particular voltage-gated channels,
electrophysiological assays remain the technique of choice as they assess the flux
of ions across cell membranes in real time. However, these approaches are not only
very low-throughput, but also require highly technically skilled operators and are
thus generally limited to detailed characterisation of few compounds. A number
of automated high-throughput electrophysiology platforms have been developed in
recent years to overcome some of these limitations. These include the IonFlux 16,
HT and Mercury (FluxIon Biosciences), IonWorks.

Barracuda Plus (Molecular Devices), IonWorks Quattro (Molecular Devices),
PatchXpress 7000A (Molecular Devices), SyncroPatch (96 and 384/768 PE) (Nan-
ion), Patchliner (Nanion), Port-a-Patch (Nanion), QPatch 8, 16 and HT (Sophion),
QPatch II (Sophion), Qube (Sophion), Patch-Server (Multichannel Systems GmbH)
as well as Robocyte2 for automated recording from oocytes (Multichannel Systems
GmbH).

Most of these systems operate on the principle of planar patch-clamping, where
cell membranes are patched though a small opening on a plate or chip which
can be configured to achieve recordings from 4 to 384 cells in parallel. While
the specific advantages and disadvantages of these systems are discussed in detail
elsewhere [134, 201, 202], the arguably more physiologically relevant read-out
of high-throughput electrophysiological assays is offset by the relatively greater
purchasing and operating cost of these systems.
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3.6 Technical Considerations

3.6.1 Design and Optimization of Fluorescence Assays

High-content and high-throughput fluorescence assays can be performed on cells
either heterologously or endogenously expressing ion channels and GPCRs of
interest [203]. While endogenously expressed targets may provide more physio-
logically relevant data owing to co-expression appropriate auxiliary subunits, there
is usually little control over subtypes present or expression levels [203]. In contrast,
heterologously expressed ion channels and GPCRs allow control of both subtype
expression as well as selection of cells with appropriate target expression levels,
and are thus often the favoured approach particularly for primary identification of
novel lead compounds.

High-throughput fluorescence assays are generally possible with both adherent
and suspension cell lines, though adherent cell lines tend to produce less addition
artefacts. Suspension cell lines often require use of no-wash kits using extracellular
quenchers, while this is optional for adherent cell lines. While commercial no-wash
kits are considerably more expensive, they also require less time due to omission
of washing steps and can improve assay performance particularly for poorly
adherent cell lines. In addition, it is possible to use readily available dyes for in-
house optimisation of no-wash protocols, which may be considerably cheaper than
commercial kits which typically include quenchers of undisclosed composition.

The most important aspect of a successful high-content or high-throughput
assays is the quality of cells. For adherent cell lines used in high-throughput
applications, this optimally requires a 90–95% confluent monolayer of cells. As a
rule of thumb, over-confluent cells tend to produce better assays than sub-confluent
or patchy cells, although changes in cell morphology that occur as a result of
confluency need to be considered. For example, some cancer cell lines differentiate
when over-confluent, and receptor expression can also vary with cell confluency. In
contrast, high-content assays ideally require well-defined “single” cells that grow
evenly, do not clump and are not overly confluent. For both approaches, firmly
adherent cells are desirable so no disruption of the cell layer occurs even with
multiple washing or liquid addition steps. If cells can be even partially dislodged
from their tissue culture flask by mechanical means, cell adhesion probably needs
to be optimized for successful imaging assays.

Cell adherence can be improved by coating plates with poly-D-lysine (PDL),
poly-L-lysine (PLL), collagen, Matrigel, laminin, poly-L-ornithine (PLO) or similar
substances. Adhesion-promoting plates such as CellBIND (Corning) plates can
also help, though improvement appears generally less dramatic than with coating.
Typically, ideal plating conditions as well as coating substances and procedures
need to be optimised according to specific cell, assay and research requirements.
Generally, cells should be plated at least overnight, although cell viability and
morphology is often improved with plating several days prior to the assay.
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3.6.2 Agonists

In order to design successful fluorescence assays, cellular responses need to be
elicited by addition of suitable agonists; the choice of agonist is often crucial to
the success of the assay and will need to be determined carefully.

In the case of ligand-gated ion channels or GPCRs, these will generally
consist of endogenous or exogenous ligands. For example, addition of nicotine or
acetylcholine could be utilized to elicit Ca2+ responses mediated through nicotinic
acetylcholine receptors (nAChR) [203]. Similarly, membrane depolarization can be
induced through addition of KCl in order to activate voltage-gated Ca2+ channels,
though in the case of N-type CaV (Cav2.2), addition of extracellular Ca2+ is required
to elicit sufficiently robust responses [28]. It may also be necessary to co-express
inward rectifier K+ channels to adequately control membrane potential [204], or to
include allosteric modulators to delay inactivation or enhance signalling, as is the
case for α7 nAChR [203]. A more difficult application is high-throughput assays
for voltage-gated Na+ or K+ channels; the former typically require use of allosteric
modulators such as veratridine or deltamethrin which may skew the pharmacology
of these channels in undesirable, or unexpected, ways.

3.6.3 Limitations

Fluorescence assays can be used for drug screening or the primary identification
of novel drug leads, as well as for detailed pharmacological characterization of
known or novel agonists and antagonists. However, while the most commonly used
protocol involves addition of antagonists first, followed by addition of agonists,
this setup can lead to ambiguous pharmacological profiles due to the kinetics of
receptor/channel binding and the elicited fluorescence response. For example, the
kinetics of Ca2+ responses measured using fluorescent approaches result from a
combination of the binding rate constants of the Ca2+ dye, the binding kinetics of
agonists and antagonists used, the rate of inactivation or desensitization of receptors
and ion channels as well as extrusion and sequestration of Ca2+ by pumps such
as PMCA or SERCA [205, 206]. This complex interplay may lead to functional
profiles resembling irreversible rather than reversible agonism [207]. In addition,
physical factors such as mixing of test compounds in the well – which in turn can
be affected by fluid volume, addition speed, and the physicochemical properties of
the compounds – may not only affect the kinetics but also the magnitude of the
observed responses. While some of these difficulties are decreased by addition to,
and measurement from, an entire multi-well plate simultaneously, it nonetheless is
important to remember that fluorescent responses remain a surrogate measure of
ion accumulation rather than ionic currents or receptor activation. In the case of
membrane potential, Na+ or K+ responses, some of these issues are compounded
by the unfavourable dye kinetics and, as discussed earlier, the need for non-
physiological or allosteric agonists.
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Nonetheless, response kinetics obtained using fluorescence imaging approaches
can provide valuable information. For example, activation of IP3 receptors result
in Ca2+ kinetics that are often quite distinct from those of voltage- or ligand
ion channels. GPCR activation leads to relatively slow, concentration-dependent
increases in intracellular Ca2+, which peak approximately 5–20 s after ligand
addition and return to baseline within ∼ 100–180 s. In contrast, ion channels often
display extremely rapid increases in Ca2+, which, depending on the desensitization
kinetics of the channel as well as the Ca2+ load, may or may not return to baseline
(see e.g. Fig. 3.2). Thus, when using fluorescence imaging for pharmacological
characterization of compounds, careful design and validation of individual assays
is essential.

3.7 Future Directions

Development of the first fluorescence plate readers incorporating liquid handling
robotics for the real-time measurement of intracellular Ca2+ concentrations began
more than 20 years ago and has revolutionised screening of ion channel and GPCR
drug targets. The long-standing industry-leader of these instruments – the FLIPR –
was undoubtedly developed due to the availability of ever-improving fluorescent
Ca2+ sensors, an area pioneered by the Nobel prize-winning Roger Tsien and
colleagues [47]. While the miniaturisation and development of true high-throughput
capacities of these platforms were driven predominantly by industry needs relating
to high-throughput screening campaigns, these advances have also led to several
advantages for mechanistic and pharmacological studies. These include for example
the ability to obtain fluorescence reads from all wells in parallel, thus eliminating or
at least considerably reducing assay errors arising from inconsistent dye loading
or sequestration effects; as well as the ease with which large datasets can be
collected. Thus, in conjunction with an ever-increasing repertoire of fluorescent
indicators, optical capabilities and access to high-throughput platforms outside
of large pharmaceutical companies, fluorescence assays are evolving to become
invaluable tools addressing basic biological research questions. For example, using
FLIPR-based fluorescence Ca2+ imaging, Regulator of G protein signalling 4
(RGS4) was found to negatively regulate muscarinic receptor 3 (M3R)-mediated
Ca2+ signalling in pancreatic β-cells, leading to reduced glucose-stimulated insulin
secretion, thus identifying novel mechanisms and drug targets for treatment of
diabetes [208].

However, while high-throughput fluorescence assays are increasingly used as
tools across many areas of research, these applications also highlight some of
the limitations of these assays. Currently, most kinetic fluorescence plate reader
assays are poorly suited to drug discovery or mechanistic studies of targets that are
activated, or regulated, by temperature (in particular cool temperatures), mechanical
stimuli, or membrane voltage. Nonetheless, high-throughput fluorescence assays
remain an important and easily accessible methodology that is particularly powerful
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when combined with complementary approaches such as single cell imaging, patch-
clamp electrophysiology or multi-electrode arrays, as these techniques can inform
on signalling events at the subcellular, channel and network excitability level,
which cannot (yet) be captured by existing high-throughput fluorescence platforms.
The utility and versatility of high-throughput fluorescence assays will undoubtedly
continue to improve, particularly if instrumentation with routine capabilities for
control of membrane voltage and temperature become available.
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Chapter 4
Imaging Native Calcium Currents
in Brain Slices

Karima Ait Ouares, Nadia Jaafari, Nicola Kuczewski, and Marco Canepari

Abstract Imaging techniques may overcome the limitations of electrode tech-
niques to measure locally not only membrane potential changes, but also ionic
currents. Here, we review a recently developed approach to image native neuronal
Ca2+ currents from brain slices. The technique is based on combined fluorescence
recordings using low-affinity Ca2+ indicators possibly in combination with voltage
sensitive dyes. We illustrate how the kinetics of a Ca2+ current can be estimated
from the Ca2+ fluorescence change and locally correlated with the change of
membrane potential, calibrated on an absolute scale, from the voltage fluores-
cence change. We show some representative measurements from the dendrites of
CA1 hippocampal pyramidal neurons, from olfactory bulb mitral cells and from
cerebellar Purkinje neurons. We discuss the striking difference in data analysis
and interpretation between Ca2+ current measurements obtained using classical
electrode techniques and the physiological currents obtained using this novel
approach. Finally, we show how important is the kinetic information on the native
Ca2+ current to explore the potential molecular targets of the Ca2+ flux from each
individual Ca2+ channel.
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4.1 Introduction

Optical measurements have been historically designed to monitor the electrical
activity of the nervous system, a task where the use of electrode techniques has
clear limitations [1]. In the last two decades, the development of new organic voltage
sensitive dyes (VSD), in parallel with the progress of devices to excite and detect
fluorescence [2], allowed optical recordings of sub-cellular membrane potential
(Vm) changes <1 mV with a signal-to-noise ratio (S/N) comparable to that of patch
clamp recordings [3]. This achievement suggested that voltage imaging can be used
to investigate voltage-dependent proteins, in particular voltage-gated ion channels,
in their physiological environment. The principal function of an ion channel is to
allow an ion flux through a membrane, i.e. to produce an ionic current. Thus, the
study of the biophysics of ion channels is routinely performed by measurements
of ionic currents in single-electrode or two-electrode voltage clamp [4]. A way
to investigate the biophysics of isolated native ion channels is to perform excised
patches from ex-vivo membranes [5]. Alternatively, ion channels can be expressed
in foreign cells such as oocytes or mammalian cell lines [6] and studied by using
patch clamp techniques [7]. Yet, the physiological role and function of voltage-gated
ion channels must be investigated in their natural environment, i.e. in their native
cellular compartment and during physiological changes of Vm. To this purpose, the
voltage clamp electrode approach has serious limitations for several reasons. First,
the ionic current is measured by maintaining the cell at a given artificial Vm and
even if the cell is dynamically clamped the Vm change is never a physiological
signal [8]. Second, the current measured with the electrode is the summation of
the filtered currents from all different cellular regions, including remote regions
where Vm is unclamped, and no information is available on the site of origin of the
current [9]. Third, different ionic currents contribute to the physiological change of
Vm producing a functional coupling among the different ion channels [10]. Thus, a
single native ionic current must be pharmacologically isolated from the total current
mediated by the other channels, but the block of these channels will make the Vm
change non-physiological.

In the last few years, we designed a novel approach to measure physiological
Ca2+ currents from neurons in brain slices [11]. The method is based on fast
Ca2+ optical measurements using low-affinity indicators that can be combined with
sequential [12] or simultaneous [13] Vm optical recordings. The latter measurements
can be calibrated in mV [14] using cell-specific protocols. Individual cells are
loaded with Ca2+ and Vm indicators using a patch clamp recording. In contrast
to voltage-clamp current measurements, the current approach permits independent
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recordings of the Vm change and of the Ca2+ influx, i.e. the study of voltage
gating during physiological Vm changes. Since the Ca2+ current is reconstructed
by the measurement of Ca2+ locally binding to an indicator, this approach provides
information on channels in different areas of the cell with a spatial resolution as
good as the optical recording allows. Finally, the Ca2+ current is recorded without
blocking all Na+ and K+ channels that are necessary to produce the physiological
Vm change. The principle of obtaining an optical measurement of a fast Ca2+
current is based on the analysis of the dye-Ca2+ binding reaction in a cell, a
scenario initially studied by Kao and Tsien [15]. According to their theoretical
estimates and to our recent empirical measurements [16], the relaxation time of
the dye-Ca2+ binding reaction is less than 200 μs for low-affinity indicators with
equilibrium constant (KD) ≥ 10 μM such as Oregon Green BAPTA-5N (OG5N,
KD = 35 μM, [17]) or Fura-FF (KD = 10 μM, [18]). Therefore, a fast Ca2+ current
with duration of a few milliseconds can be reliably tracked by low-affinity indicators
if fluorescence is acquired at sufficiently high speed. The goal of this methodological
article is to provide an exhaustive tool for those scientists aiming at performing
this type of measurement. The next section addresses in detail the problem of
extracting the Ca2+ current kinetics from Ca2+ fluorescence measurements under
different cellular buffering conditions. The following section is devoted to the
technical aspects of how to set up combined Vm and Ca2+ optical measurements
and to calibrate Vm signals on an absolute scale. We then illustrate some examples
of combined Vm and Ca2+ current measurements and we finally discuss how
to correctly interpret the results and how to use this information to significantly
advance our knowledge on Ca2+ channels function. All data shown here were
from experiments performed at the Laboratoire Interdisciplinaire de Physique and
approved by the Isere prefecture (Authorisation n. 38 12 01). These experiments
were performed at 32–34 ◦C using brain slices from 21 to 40 postnatal days old
C57Bl6 mice of both genders.

4.2 Extracting Ca2+ Current Kinetics from Ca2+
Fluorescence Measurements

4.2.1 Biophysical Foundations of Ca2+ Currents Imaging

An optical measurement of a Ca2+ signal is ultimately a measurement of the Ca2+
indicator bound to Ca2+ ions, which is proportional to the Ca2+ fractional change
of fluorescence (�F/F0) if the indicator is not saturated. If the kinetics of the Ca2+-
binding reaction of the indicator is slower than the kinetics of the Ca2+ source,
and imaging is performed at higher rate, the time-course of Ca2+ �F/F0 essentially
tracks the kinetics of the chemical reaction. Alternatively, if the kinetics of the Ca2+-
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binding reaction is faster than the kinetics of the Ca2+ source, the Ca2+ �F/F0 signal
tracks the kinetics of the Ca2+ source. It follows that the equilibration (or relaxation)
time of the Ca2+-indicator binding reaction is a crucial variable to use the technique
to investigate the biophysics and the physiology of the Ca2+ source. The relaxation
of the Ca2+- binding reactions for early indicators was studied by Kao and Tsien
[15] who established that the rate of association for all these molecules is limited
by diffusion leading to an association constant of ∼6·108 M−1 s−1. Thus, both
the equilibrium constant (KD) and the equilibrium time are determined by the
dissociation constant, i.e. the lower is the affinity of the indicator the shorter
is its equilibrium time. We have empirically demonstrated that indicators with
KD ≥ 10 μM such as OG5N or FuraFF have relaxation time < 200 μs [16]. Since
the kinetics of activation and deactivation of voltage-gated Ca2+ channels (VGCCs)
during physiological changes of Vm (for instance action potentials), is governed
by the kinetics of the Vm transient, it follows that the relaxation time for those
indicators is shorter than the duration of the Ca2+ influx. Hence, since Ca2+ binds
to the indicator linearly in time, the Ca2+ �F/F0 is proportional to the integral of
the Ca2+ influx, i.e. to the integral of the Ca2+ current. In the cell, however, Ca2+
simultaneously binds to proteins that form the endogenous buffer and this binding
is competing with the binding to the indicator. An endogenous buffer can be, in
principle, at least as fast as the indicator in equilibrating. In this case, only a fraction
of Ca2+ is bound to the indicator, but this fraction is proportional to the total Ca2+
entering the cell and therefore to the integral of the Ca2+ current. Alternatively,
an endogenous buffer can equilibrate over a time scale that is longer than the
duration of the Ca2+ current. In this case, Ca2+ first binds to the dye and later to
the endogenous buffer, implying that part of Ca2+ moves from the indicator to the
endogenous buffer during its relaxation time. Under this condition, the Ca2+ �F/F0
is not linear with the integral of the Ca2+ current over this time scale. To clarify
this important concept we make use of two simple computer simulations shown in
Fig. 4.1, produced by a model that takes into account the chemical reactions as well
as an extrusion mechanism re-establishing the initial Ca2+ conditions over a time
scale >100 ms. We analyse what hypothetically can happen if a Ca2+ current with
Gaussian shape occurs in a cell filled with 2 mM OG5N. In the first simulation (Fig.
4.1a), the cell has only 1 mM of a fast endogenous buffer behaving with the same
association constant of the indicator and KD = 10 μM. In the second simulation
(Fig. 4.1b), the cell has additional 400 μM of a slower endogenous buffer with
association rate ∼3 times slower than that of the indicator and KD = 0.2 μM. In the
first case, the time derivative of the Ca2+ �F/F0 signal matches the kinetics of the
Ca2+ current (Fig. 4.1a). In contrast, in the presence of the slower buffer, the time
derivative of the Ca2+ �F/F0 signal has a negative component and does not match
the kinetics of the Ca2+ current (Fig. 4.1b). In the next two paragraphs, we present
the analysis strategies that can be applied to extract the kinetics of Ca2+ currents
from Ca2+ imaging recordings.
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Fig. 4.1 Simulation of hypothetical Ca2+ �F/F0 signals from 2 mM OG5N in the presence of
endogenous Ca2+ buffers. (a) Simulation of �F/F0 signal (top trace) following a Ca2+ current
with simple Gaussian kinetics (ICa, gray trace on the bottom) in the presence of 1 mM of a fast
endogenous Ca2+ buffer with same association constant of the Ca2+ indicator (5.7·108 M−1 s−1)
and KD = 10 μM. The kinetics of the �F/F0 time derivative (middle trace) matches the kinetics
of the Ca2+ current. (b) Same as in the previous panel but in this case in the presence of additional
400 μM of a slower buffer with association constant equal to 2·108 M−1 s−1 and KD = 0.2 μM.
The kinetics of the �F/F0 time derivative (middle trace) does not matches the kinetics of the Ca2+
current

4.2.2 The Case of Linearity Between Ca2+ Influx and Ca2+
Fluorescence Changes

The proteins expressed in a cell determine whether or not the time course of the
Ca2+ �F/F0 signal is linear with the kinetics of the Ca2+ current. As previously
demonstrated [11], in the case of linear behaviour, the Ca2+ �F/F0 signal must
reach its peak and remain constant for a few milliseconds afterwards, i.e. for
the entire duration of the current. As shown in the simulation of Fig. 4.1a, the
kinetics of Ca2+ extrusion producing a slow decrease of the Ca2+ �F/F0 signal
has negligible effect on the time derivative. Thus, the estimate of the Ca2+ current
kinetics is reliably obtained by the calculation of the time derivative of the Ca2+
�F/F0 signal. This calculation, however, requires the signal noise to be smaller
than the signal change between two consecutive samples. The classical way to
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achieve this necessary condition is to apply to the Ca2+ �F/F0 signal a “smoothing
algorithm”, i.e. a temporal filter that reduces the noise of the signal with minimal
distortion of its kinetics. At 20 kHz acquisition rate, we have found that the Savitky-
Golay algorithm [19] is an optimal filtering tool permitting noise reduction of the
signal without significant temporal distortion using time-windows of up to 20–
30 samples [11]. The applicability of this strategy has however limitations, i.e. if
the signal or the region of measurement are too small, or if the light is too dim,
the smoothing of the signal might not be sufficient to reduce the noise down to
the level permitting calculation of the time derivative. In this case, the alternative
strategy to apply consists in fitting the raw or the filtered Ca2+ �F/F0 signal with
a model function obtaining a noiseless curve that mimics the time course of the
Ca2+ �F/F0 signal. A simple choice of function that resembles the time course of
the Ca2+ �F/F0 transient is the sigmoid. In particular, we found that the product of
three sigmoid functions always provides an excellent fit of the Ca2+ �F/F0 signal
associated with a backpropagating action potential in CA1 hippocampal pyramidal
neurons [16]. As shown in the example of Fig. 4.2a both strategies are faithful in
correctly calculating the time derivative of the �F/F0 signal. In this example, a CA1
hippocampal pyramidal neuron was filled with 2 mM OG5N and the dendritic Ca2+
�F/F0 signal associated with a backpropagating action potential was recorded at
20 kHz and averaged over 16 trials. This high sampling frequency was necessary
to avoid signal aliasing and therefore distortion of the kinetics of the current. The
filtering strategy is the straightforward approach that enables the calculation of the
time derivative, but it produces a curve with noise. The noise can be reduced (if
possible) by increasing the number of trials to average or by enlarging the dendritic
area from where fluorescence is averaged. The fitting strategy is less direct but it
produces a noiseless curve and it is therefore the only possible approach when the
noise of the Ca2+ �F/F0 signal is above a certain level, as quantitatively estimated
in an original report [16]. In particular, this is the case when the current must
be extracted from single trials or when the recording is obtained from small or
relatively dim regions.

4.2.3 The Case of Nonlinearity Between Ca2+ Influx and Ca2+
Fluorescence Changes

The method of estimating the kinetics of a Ca2+ current by calculating the Ca2+
�F/F0 time derivative fails when Ca2+ unbinds from the indicator over a time
scale that is longer than the current duration, but sufficiently short to distort the
estimate of Ca2+ influx dynamics by fluorescence measurement. In other words,
this method fails when the Ca2+ �F/F0 signal decays rapidly, after correction for
bleaching, generating a negative component in its time derivative. Such a situation
occurs, for example, where slow buffering is produced by Calbindin-D28k [20,
21] and Parvalbumin [22, 23]. As shown in the example of Fig. 4.2b, the Ca2+
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Fig. 4.2 Different strategies to estimate the kinetics of a Ca2+ current (a) On the left, fluorescence
image of CA1 hippocampal pyramidal neuron filled with 2 mM OG5N with a small region of the
apical dendrite outlined and indicated by the arrow. On the right, somatic Vm change associated
with an action potential (top black traces) and Ca2+ �F/F0 signal in the indicated region (blue
trace). The �F/F0 signal is either smoothed with a Savitky-Golay algorithm (left) or fitted with
a 3-sigmoid function (right). The Ca2+ current kinetics (ICa) is then estimated by calculating the
time derivative of the processed �F/F0 signal. The kinetics of the current is the same using the
two strategies, but the curve obtained with the strategy of data fitting is noiseless. Data, recorded at
20 kHz, were from averages of 16 trials. (b) On the left, fluorescence image of PN filled with 2 mM
OG5N with square region of interest outlined. On the right, somatic Vm change associated with
a climbing fibre EPSP (top-left black trace) and Ca2+ �F/F0 signal in the indicated region (blue
traces). The time derivative of the Ca2+ �F/F0 signal (green traces) does not match the kinetics
of the current. To estimate the kinetics of the current we use a strategy that consists in matching
the result of a computer simulation to the Ca2+ �F/F0 signal using an optimised two-buffer model
[24]. We start from the Gaussian function fitting the rising phase of the �F/F0 time derivative (top-
right black trace). We then correct the current with three additional Gaussian components until a
match of the computer simulation with the Ca2+ �F/F0 signal is obtained (process indicated by
the arrow. The curve producing this match (ICa, bottom-right black trace) is the estimate of the
Ca2+ current kinetics. Data, recorded at 5 kHz, were from averages of 4 trials
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�F/F0 signal associated with a climbing fibre excitatory postsynaptic potential
(EPSP), recorded at 5 kHz from a dendritic region and averaged over four trials,
decays rapidly after its maximum resulting in a negative component of its time
derivative. The distortion from the linear behaviour produced by the slow buffers
can be compensated by taking into account the kinetics of Ca2+ unbinding from
the indicator. We have recently developed a successful method to achieve this goal
[24]. The strategy is based on fitting the decay time of the Ca2+ �F/F0 signal with
the result of a computer simulation of a model with a slow buffer. Initially the
input current is the Gaussian function fitting the rising phase of the time derivative
(that is still a good approximation of the initial part of the current). The kinetic
parameters and the concentration of the slow buffer are set to obtain the best fit
of the decay phase of the Ca2+ �F/F0 signal. Then, the kinetics of the Ca2+
current is obtained as summation of four Gaussian functions that maximise the
match between the result of the computer simulation and the experimental Ca2+
�F/F0 signal. Although this new method provides only an indirect approximation
of the kinetics of the Ca2+ current, this information is crucial at understanding
the activation and deactivation of different types of VGCCs. In the dendrites of
PNs, for instance, different Ca2+ current kinetics components are associated with
the activation of P/Q-type VGCCs [25] and T-type Ca2+ channels [26] that can
be in principle separated by pharmacological block of one component. Thus, the
extrapolation of a curve that approaches the kinetics of the Ca2+ current can be
used to quantitatively investigate the variability of channels activation at different
dendritic sites, the modulation of channel activation due to physiological activity
or to pharmacological action. Finally, it is important to say that such a strategy can
be extended to estimate slower Ca2+ currents where the fitting procedure can be
applied to the slower decay time due to Ca2+ extrusion [27].

4.3 Combining Membrane Potential and Ca2+ Imaging

4.3.1 Setting up Combined Voltage and Ca2+ Fluorescence
Measurements

To combine Vm and Ca2+ optical measurements, the VSD and the Ca2+ indicator
must have minimal overlap in the emission spectra. Water soluble voltage indicators
with different excitation and emission spectra have been recently developed [28].
In particular, the red-excitable and IR emitting VSD ANBDQPTEA (or PY3283)
is suitable for coupling with other optical techniques [29]. Nevertheless, the most
used VSDs for single cell applications are still JPW3028 [30] and the commercially
available JPW1114 [18]. These indicators have wide excitation spectrum in the
blue/green region and they emit mainly in the red region. We have previously
demonstrated that both indicators can be optimally combined with Fura indicators
that are excited in the UV region and emit in the short green region [12]. In
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Fig. 4.3 Configurations and camera for combined voltage and Ca2+ fluorescence measurements.
(a) Schematic drawing of the apparatus for simultaneous voltage and Ca2+ imaging using the VSD
JPW1114 and the Ca2+ indicator FuraFF [13]; 385 nm LED light via the epifluorescence port
of a commercial microscope is reflected by a 506 nm long-pass dichroic mirror (dic1); 543 nm
laser light via the top of the microscope is reflected by a dual-band dichroic mirror transmitting
wavelengths between 493 nm and 530 nm and wavelengths longer than 574 nm (dic2); the
fluorescence images of the two dyes are demagnified and separated by a 565 nm long-pass dichroic
mirror (dic3); The Vm image and the Ca2+ images are filtered by a 610 nm long-pass (em1) and
by a 510 ± 42 nm band-pass filter (em2) respectively, then acquired by two CCD cameras; the
emission spectra of FuraFF (green) and JPW1114 (red) are shown on the top-right. (b) Schematic
drawing of the apparatus for simultaneous voltage and Ca2+ imaging using the VSD JPW1114 and
the Ca2+ indicator OG5N [11]; 470 nm LED light via the epifluorescence port of a commercial
microscope is reflected by a 495 nm long-pass dichroic mirror (dic4); the fluorescence images of
the two dyes are demagnified and processed as in the previous configuration; the emission spectra
of OG5N (green) and JPW1114 (red) are shown on the top-right. (c) “The dual NeuroCCD camera
designed by RedshirtImaging for this type of measurement

this case, VSDs were excited at 543 nm using a laser and Fura indicators were
excited at 385 nm using a light emitting diode (LED) as shown in the scheme of
Fig. 4.3a. Alternatively, simultaneous voltage and Ca2+ imaging can be achieved
using Oregon Green, Calcium Green or Fluo Ca2+ indicators using blue light (470–
490 nm) to excite both VSDs and Ca2+ indicators [31]. Simultaneous imaging of
JPW1114 and OG5N was adopted to obtain the first combined measurement of Vm
and Ca2+ currents using the configuration of Fig. 4.3b. This type of measurement,
however, has several disadvantages. First, OG5N fluorescence has a small tail
component in the red region [31] which can be negligible or not depending on
the ratio of the two dyes at each site as well as on the ratio between the two
signals. Thus, for example, it works in proximal dendrites of CA1 pyramidal
neurons for signals associated with action potentials [11], where Vm fluorescence
is stronger than Ca2+ fluorescence, but it does not in distal dendrites of cerebellar
Purkinje neurons (PNs, data not shown), where Vm fluorescence is weaker than
Ca2+ fluorescence. A second disadvantage is that the JPW1114 signal at 470 nm
excitation is ∼4 times smaller than that at 532 nm excitation. If simultaneous
recordings are not critical, one can replace them with sequential recordings obtained
by alternating 470 nm and 532 nm excitation as used in a recent study [32]. Finally,
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a third disadvantage is that JPW1114 absorbs more in the blue range than in the
green range, i.e. it exhibits toxic effects after fewer exposures. A crucial technical
aspect to take into consideration while setting up combined voltage and Ca2+
fluorescence measurements is the ability to record the two signals simultaneously
at high speed. To this purpose, the company RedShirtImaging (Decantur, GA) has
developed a dual-head version of the SMQ NeuroCCD (Fig. 4.3c). This camera
permits simultaneous image acquisitions from both heads at 5–20 kHz, i.e. at the
required speed. A demagnifier developed by Cairn Research Ltd. (Faversham, UK)
allows adjusting the size of the image before it is split in two images at the emission
wavelengths of the two dyes. Thus, the alignment of the two heads of the camera
allows obtaining, at each precise region of interest, the Vm and the Ca2+ signal.

4.3.2 Calibrating Membrane Potential Fluorescence
Transients

The calibration of Vm optical signals on an absolute scale (in mV) is crucial to
analyse the gating of Ca2+ channels at the same locations where Ca2+ recordings are
performed. This is not, however, straightforward. Indeed, the fractional change of
VSD fluorescence is proportional to Vm [33], but the linear coefficient between these
two quantities depends on the ratio between the inactive dye and the active dye that
varies from site to site. The inactive dye is bound to membranes that do not change
potential and contributes only to the resting fluorescence, while the active dye is
bound to the plasma membrane and contributes to the resting fluorescence, but also
carries the signal. In particular, in experiments utilising intracellular application of
the dye, inactive dye is the dye that binds to intracellular membranes and organelles.
Since the sensitivity of recording varies from site to site, a calibration can be
achieved only if a calibrating electrical signal that has known amplitude at all
locations is available. Such a signal is different in different systems. In mitral cells
of the olfactory bulb, the amplitude of an action potential is the same in the whole
apical dendrite and it can be used to create a sensitivity profile of the measuring
system [34]. Another type of calibrating electrical signal can be a slow electrical
change spreading with minimal attenuation over relatively long distances. Such
a signal can be used to reliably calibrate VSD signals in PNs [18]. An example
of this type of calibration is reported in Fig. 4.4a. Starting from the resting Vm,
that we assume nearly uniform over the entire cell, long current hyperpolarising
or depolarising current pulses are injected to the soma via the patch pipette and the
change in Vm is recorded. As shown by direct dendritic patch recording, the dendrite
is hyperpolarised by the same amount of the soma [35]. Thus, the measurement of
somatic hyperpolarisation can be used as voltage reference to calibrate the dendritic
VSD fractional change of fluorescence (VSD �F/F0) optical signal, as shown in
Fig. 4.4a. In contrast, a depolarisation step attenuates along the dendrite. A third
type of calibrating signal is a uniform depolarisation over the entire dendritic tree
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Fig. 4.4 Calibration methods for dendritic Vm optical signals. (a) On the left, fluorescence image
of PN with square region of interest outlined. On the right, somatic Vm change associated with
long hyperpolarising or depolarising steps and associated dendritic VSD �F/F0 signals in the
region of interest; the hyperpolarising step spreads to the dendrites with negligible attenuation
[35] and is used to calibrate the VSD �F/F0 signals; the weak depolarising step on the top also
spreads with minimal attenuation, but the associated somatic action potentials do not propagate
into the dendrites; in contrast, the strong depolarising step on the bottom attenuates. (b) On the
left, fluorescence image of CA1 hippocampal pyramidal neuron with rectangular region, 200–
250 μm from the soma, outlined. On the right, somatic Vm change associated with L-glutamate
photorelease from MNI-glutamate [14] in the area limited by the dotted line and in the presence of
1 μM tetrodotoxin blocking action potentials; the dendritic VSD �F/F0 signal is reported on the
bottom; the saturating L-glutamate concentration depolarises the illuminated area from the resting
Vm (∼ − 70 mV) to the reversal potential of AMPA receptors (0 mV). All calibrations were from
single trials

using L-glutamate photolysis from 4-Methoxy-7-nitroindolinyl-caged-L-glutamate
(MNI-glutamate) [14]. This calibration procedure is applicable to all membrane
expressing a relatively large number of glutamate receptors, i.e. to dendrites with
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high densities of excitatory synapses. The calibration is based on the principle that if
the ionotropic glutamate receptor becomes the dominant conductance in a particular
neuronal compartment, its reversal potential will determine the membrane potential
of the compartment. Thus, in the area where dominance of glutamate receptor
conductance is obtained, the resulting Vm change will be the same and can be used
to calibrate VSD signals. An example of this protocol to calibrate backpropagating
action potentials in CA1 hippocampal pyramidal neurons is shown in Fig. 4.4b.
The VSD �F/F0 signal associated with the backpropagating AP at different sites of
the apical dendrites is variable and cannot be directly correlated with the absolute
change of Vm. In the presence of 1 μM TTX, to block action potentials, L-glutamate
is photoreleased to saturate glutamate receptors over the whole field of view. Since
the recording is performed starting from the resting Vm, the size of the VSD �F/F0
corresponds to this potential in the whole illuminated area where Vm reaches the
reversal potential of 0 mV. Thus, this information is used to extrapolate the Vm at
each dendritic site.

4.4 Examples of Combined Voltage and Ca2+ Current
Imaging

4.4.1 Ca2+ Currents Associated with Backpropagating Action
Potentials in CA1 Hippocampal Pyramidal Neurons
and in Olfactory Bulb Mitral Cells

In many neurons, action potentials generated in the axon hillock adjacent to the
soma do not only propagate along the axon to reach neurotransmitter release
terminals, but also backpropagate throughout dendrites to signal cell activation at the
sites where the neuron receives the synaptic inputs. At least part of this information
is given by the fast Ca2+ transients produced by activation of VGCCs caused by the
dendritic depolarisation associated with the action potential. The analysis that can
be performed using the present imaging method is therefore crucial at understanding
signal processing in individual neurons, as well as the specific role and function of
the diverse VGCCs activated in dendrites. The propagation of the action potential
and the consequent activation of VGCCs may be very different in different neuronal
systems. In CA1 hippocampal pyramidal neurons, action potentials attenuate along
the dendrite and activate both high-voltage activated (HVA) and low-voltage
activated (LVA) VGCCs [36, 37]. We have very recently demonstrated that HVA-
VGCCs and LVA-VGCCs operate synergistically to stabilise Ca2+ signals during
burst firing [32]. Somatic and dendritic action potentials, at nearly physiological
temperature, have 1–4 ms duration as in the example shown in Fig. 4.5a. In
agreement with this evidence, the kinetics of the Ca2+ current is similar to that of the
action potential, with a peak delayed by a few hundred milliseconds from the peak of
the action potential. In total contrast to the CA1 hippocampal pyramidal neuron, in



Fig. 4.5 Ca2+ currents associated with backpropagating action potentials in CA1 hippocampal
pyramidal neurons and in olfactory bulb (OB) mitral cells (a) On the left, fluorescence image of
CA1 hippocampal pyramidal neuron filled with JPW1114 and 2 mM OG5N with a region of the
apical dendrite outlined. On the right, somatic Vm change associated with an action potential (black
trace) in the soma and in the dendritic region. The associated Ca2+ current kinetics, obtained with
the fitting strategy from the raw Ca2+ signal (dashed gray trace), is shown in the bottom. (b) On
the left, fluorescence image of OB cell filled with JPW1114 and 2 mM OG5N with a region of the
principal dendrite outlined. On the right, somatic Vm change associated with an action potential in
the soma (black trace) and in the dendritic region (red trace). The associated Ca2+ current kinetics,
obtained with the fitting strategy from the raw Ca2+ signal (dashed gray trace), is shown in the
bottom (blue trace) superimposed to the dendritic action potential (red trace). Data, recorded at
20 kHz, were from averages of 4 trials. All experiments were performed at 32–34 ◦C
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olfactory bulb mitral cells the action potential does not attenuate along the dendrites
[38]. In addition, as shown in the representative example of Fig. 4.5b, the somatic
and dendritic action potential at near physiological temperature (32–34 ◦C) has
duration <1 ms. Thus, in this system, the activation and deactivation of VGCCs is
also faster leading to a Ca2+ current with shorter duration and shorter delay from the
Vm waveform peak. This preliminary comparison between the two cases indicates
that the role of VGCCs, activated by the action potential, is different in different
systems. For example, Ca2+ currents are delayed by ∼100 μs in presynaptic
terminals where the function of this signal is to trigger neurotransmitter release
[39]. Here, the kinetics of the Ca2+ current was obtained by calculating the time
derivative of the Ca2+ �F/F0 signal fit [16]. VGCCs contribute to the shape of the
action potential directly and indirectly by activating K+ channels, but also provide
a precise time-locked Ca2+ transient capable to select fast-activated Ca2+ binding
proteins. The possibility to locally investigate, using combined Vm and Ca2+ current
optical measurements, the physiological occurrence of Ca2+ signals mediated by
VGCCs will contribute enormously, in the near future, to the understanding of
complex signal processing in neurons.

4.4.2 Ca2+ Currents Associated with Climbing Fibre EPSPs
in Cerebellar Purkinje Neurons

In contrast to pyramidal neurons of the cortex and hippocampus, and to olfactory
bulb mitral cells, somatic/axonal action potentials in PNs do not actively propagate
in the dendrites [40]. The dendrites of PNs, however, express P/Q-type HVA-
VGCCs [25] and T-type LVA-VGCCs [26] that are activated by the dendritic
depolarisation produced by climbing fibre EPSPs. As shown in the example of
Fig. 4.6, the shape of the dendritic Vm calibrated in Fig. 4.4a is quite different
in the soma and in the dendrite, mainly reflecting the absence of Na+ action
potentials in the dendrite. In this system, the low-affinity Ca2+ indicator used to
estimate the Ca2+ current was Fura-FF, since the larger Ca2+ signal produced
by OG5N contaminated the optical Vm measurement. The prominent dendritic
depolarisation produces a biphasic Ca2+ current, which is in this case obtained
by applying our recent generalised method [24]. The fast and sharp component is
nearly concomitant to the short period in which Vm > −40 mV and it is therefore
likely mediated by HVA-VGCCs. The slower and more persistent component is
instead mostly concomitant to the whole depolarisation transient and is therefore
likely mediated by LVA-VGCCs, as demonstrated by selectively blocking T-type
VGCCs (unpublished data not shown). The analysis of Ca2+ signalling associated
with the climbing fibre EPSP is crucial for the understanding of synaptic plasticity
in PNs [41]. Yet, while the role of the Ca2+ transient associated with the climbing
fibre EPSP has been postulated to be auxiliary to the principal Ca2+ signal
mediated by parallel fibre EPSPs, these first measurements of the Ca2+ current
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Fig. 4.6 Ca2+ currents associated with climbing fibre EPSPs in cerebellar Purkinje neurons. On
the left, fluorescence image of the same PN of Fig. 4.4a filled with JPW1114 and 2 mM Fura-FF
with a region of the dendrite outlined. On the right, somatic Vm change associated with climbing
fibre EPSP (black trace) in the soma and in the dendritic region. The associated Ca2+ current
kinetics, obtained with the generalised method [24], is shown in the bottom. Data, recorded at
5 kHz, were from averages of 4 trials. Experiments were performed at 32–34 ◦C

kinetics elucidate a quite precise timing of occurrence of the Ca2+ source that
may eventually provide a less ambiguous explanation of the precise function of
this spread dendritic depolarisation. In summary, the examples illustrated in this
section show the potentials of this novel optical method in providing physiological
information not available by using electrode techniques.

4.5 Data Interpretation and Future Prospective

The method described here has been developed to overcome the limitations of
single-electrode or two-electrode voltage clamp techniques permitting the analysis
of physiological Ca2+ currents of native Ca2+ channels. Indeed, in contrast to patch-
clamp recordings, these Ca2+ optical currents can be measured in conditions of a
physiological change of Vm and the measured currents are confined to the sites
where they are recorded, as shown in apical dendrites of hippocampal pyramidal
neurons [32]. The additional information on local Vm change, necessary to correlate
the behaviour of the conductance with its biophysical properties, is obtained by com-
bining VSD imaging. In cases of linear behaviour between Ca2+ influx and Ca2+
fluorescence changes the kinetics of the Ca2+ current can be extracted by calculating
the time derivative of the Ca2+ �F/F0 signal using low-affinity Ca2+ indicators [11,
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16]. In the case of nonlinear behaviour between Ca2+ influx and Ca2+ fluorescence,
produced by Ca2+-binding proteins with slower kinetics with respect to the Ca2+
current, the kinetics of the Ca2+ current can be still correctly estimated by taking
into account the faster unbinding of Ca2+ from the low-affinity indicator [24]. In
this last section we address the question of how data, obtained using this technique,
should be interpreted. In Ca2+ current recordings from channels expressed in
heterologous systems using voltage clamp, Vm is controlled artificially and its
change is therefore independent of the channel deactivation. Under physiological
conditions, Ca2+ channels contribute to the Vm change directly, through the ion
flux, and indirectly by regulating other conductances. It follows that the channel
deactivation changes the Vm waveform. We have shown that in CA1 hippocampal
pyramidal neurons this phenomenon produces a modulation of LVA-VGCCs by
HVA-VGCCs [32]. More in general, a Ca2+ current mediated by diverse VGCCs
is always the result of a synergy among all different ion channels contributing to
the Vm waveform. It follows that in a Ca2+ current optical measurement, a single
component of the current cannot be extracted simply by blocking the underlying
channel, since this block may affect the residual current as well. This evidence has
important implications in the study of transgenic animals carrying Ca2+ channel
mutations. In this case, a certain phenotype is likely to result from the combined
modification of function of many different channels, rather than from the specific
Ca2+ influx component, making the study of these animals as models for disease
challenging. In summary, the investigation of the role and function of individual
Ca2+ channels must be performed in the global context of activation of all channels
participating to the local Vm waveform.

Another important aspect of data interpretation is the relation of the kinetics of
Ca2+ current with the putative molecular targets of Ca2+ ions entering the cell.
While importance is normally given to possible molecular coupling between the
Ca2+ channel and the Ca2+ binding protein, the kinetics of the Ca2+ current can
be a potent selector of the molecular pathway which is activated. To illustrate this
important concept we make use of computer simulations using the same theoretical
framework for simple Ca2+-binding dynamics that we already used in the past
[42]. We imagine the possible activation of two proteins: a “fast” protein with
KON = 5.7·108 M−1 s−1 and KD = 10 μM, expressed at the concentration of
500 μM; and a “slow” protein with KON = 4·108 M−1 s−1 and KD = 0.4 μM,
expressed at the concentration of 100 μM. In the first case, shown in Fig. 4.7a,
the cell is receiving a fast Ca2+ current with ∼ 2 ms total duration which binds
first to the fast protein and later to the slow protein. In the second case, shown in
Fig. 4.7b, the cell is receiving a slower Ca2+ current that is smaller in amplitude
but that carries approximately the same amount of Ca2+. In this case the slow
protein binds to Ca2+ with a slower kinetics but the amount of the fast protein
binding to Ca2+ is less than half with respect to the first case. These simulations
indicate that the ability to activate for a molecular pathway triggered by the fast
protein strongly depends on the kinetics of the Ca2+ current. Thus, the approach
described here should drastically improve our understanding of the physiological
function of Ca2+ channels by providing the possibility to explore the biophysics of
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Fig. 4.7 Simulated activation of two different Ca2+-binding proteins by Ca2+ currents. (a) In a
cell containing 500 μM of a fast (F) buffer with KON = 5.7·108 M−1 s−1 and KD = 10 μM, and
100 μM of a slow (S) buffer with KON = 4·108 M−1 s−1 and KD = 0.4 μM, the curves on the right
report the binding to Ca2+ of the F and S proteins following the fast Ca2+ current reported on the
left. (b) Same as in the previous panel but following the slow Ca2+ current reported on the left

native channels during physiological activity locally within the complex neuronal
architecture. The examples of combined Vm and Ca2+ current optical measurements
from CA1 hippocampal pyramidal neurons, olfactory bulb mitral cells and PNs
reported here are representative of the types of exploration that can be performed
using this novel approach.
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Chapter 5
Molecular Diversity of Plasma
Membrane Ca2+ Transporting ATPases:
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and Pathological Conditions

Luca Hegedűs, Boglárka Zámbó, Katalin Pászty, Rita Padányi,
Karolina Varga, John T. Penniston, and Ágnes Enyedi

Abstract Plasma membrane Ca2+ transport ATPases (PMCA1-4, ATP2B1-4) are
responsible for removing excess Ca2+ from the cell in order to keep the cytosolic
Ca2+ ion concentration at the low level essential for normal cell function. While
these pumps take care of cellular Ca2+ homeostasis they also change the duration
and amplitude of the Ca2+ signal and can create Ca2+ gradients across the cell.
This is accomplished by generating more than twenty PMCA variants each having
the character – fast or slow response, long or short memory, distinct interaction
partners and localization signals – that meets the specific needs of the particular
cell-type in which they are expressed. It has become apparent that these pumps
are essential to normal tissue development and their malfunctioning can be linked
to different pathological conditions such as certain types of neurodegenerative and
heart diseases, hearing loss and cancer. In this chapter we summarize the complexity
of PMCA regulation and function under normal and pathological conditions with
particular attention to recent developments of the field.
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Abbreviations

AD Alzheimer’s disease
ATP adenosine triphosphate
CaM calmodulin
CaMKII calcium/calmodulin-dependent protein kinase II
CASK calcium/calmodulin-dependent serine protein kinase
CBS calmodulin binding sequence
ER endoplasmic reticulum
ERK extracellular-signal regulated kinase
HDAC histone deacetylase
HER2 human epidermal growth factor receptor 2
HUVEC human umbilical vein endothelial cell
IP3 inositol 1,4,5-trisphosphate
IP3R inositol 1,4,5-trisphosphate receptor
IS immunological synapse
MAGUK membrane-associated guanylate kinase
MLEC mouse lung endothelial cells
NFAT nuclear factor of activated T-cell
NHERF2 Na+/H+ exchanger regulatory factor 2
nNOS neural nitric oxide synthase
PIP2 phosphatidylinositol-4,5- bisphosphate
PKC protein kinase C
PKA protein kinase A
PMCA plasma membrane Ca2+ ATPases
POST partner of STIM
PSD-95 post synaptic density protein 95
RANKL nuclear factor κB ligand
RASSF1 Ras association domain-containing protein 1
RBC red blood cell
SCD sickle cell disease
SERCA sarco/endoplasmic reticulum Ca2+ ATPases
SNP small nucleotide polymorphisms
SOCE store operated Ca2+ entry
SPCA secretory-pathway Ca2+ ATPase
STIM stromal interacting molecule
TGF transforming growth factor
TM domain transmembrane domain
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TSA trichostatin A
VEGF vascular endothelial growth factor
VSMC vascular smooth muscle cell

5.1 Introduction

The plasma membrane Ca2+ transport ATPase (PMCA protein, ATP2B gene) was
first described as a Ca2+ extrusion pump in red blood cells by Hans J. Schatzmann
in 1966 [1]. It became evident that this pump is an essential element of the Ca2+
signaling toolkit, and that it plays a vital role in maintaining Ca2+ homeostasis in all
mammalian cells [2]. After the first discovery of the PMCA many years were spent
on identifying its regulators (for example calmodulin and acidic phospholipids)
before it was cloned and sequenced at around the time when sequences for many
of the other P-type ATPase family members also became available [3, 4]. Further
structure-function studies concentrated on the PMCAs unique C-terminal regulatory
region (often called the C-tail) and identified there calmodulin and PDZ-domain
binding sequence motifs, a built-in inhibitor sequence, phosphorylation sites for
protein kinases and a localization signal [5]. It became apparent that PMCAs
comprise a P-type ATPase sub-family, encoded by four separate genes ATP2B1-
4 [6, 7] from which alternative splicing generates more than 20 variants with
distinct biochemical characteristics that make them suitable to perform specific
cellular functions [8, 9]. By now it is well documented that PMCAs are not simply
Ca2+ extrusion pumps but by changing their abundance and variant composition,
having different activation kinetics, locale and partners, they can actively modulate
the Ca2+ signal in space and time, and hence affect Ca2+ mediated signaling
events downstream. The PMCA variants are expressed in a tissue and cell type
specific manner and many of them have specific function. Although, in the past
decades these pumps have been extensively characterized their importance is rather
underestimated. This is because only recently we gathered more information on
their involvement in diseases such as cancer, neurological disorders, hearing loss
and others. In this book chapter, therefore, we will summarize briefly the long
known basic characteristics of these pumps paying more attention to the most recent
findings on their roles under normal and pathophysiological conditions.

5.2 Structural Features of the PMCA

PMCAs (ATP2B1-4 gene) belong to the P-type ATPase family and share basic
structural and catalytic features with them. The closest relatives of the PMCAs are
the sarco/endoplasmic reticulum type Ca2+ pumps (SERCAs, ATP2A1-3) with an
overall 30 % sequence homology between PMCA4 and SERCA1 [10]. Homology
modeling using the SERCA1 structure as a template [11–13] has revealed four major
domains shared with SERCA1, and a relatively large unstructured C-terminal region
(30–130 residues depending on the isoforms and their variants), which is unique
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Fig. 5.1 Structural model of the PMCA in the E1-Ca-ATP and E2-ADP conformations.
Structures of several intermediates in the enzyme cycle have been determined for SERCA [11–
13]. Based on those, models of the intermediates have been constructed for PMCA4b (lacking
90 residues from the C-tail). (a): The models show 2 of the intermediates, E1 with Ca and ATP
(SERCA PDB 1VFP and 1T5S) and E2 with ADP (SERCA PDB 2C88). In the latter, the Ca
has been ejected into the extracellular space. They are colored as follows: A domain red; P
domain yellow; N domain purple; stalk; insert and transmembrane domains white; C-tail straw;
Calmodulin-binding domain cyan; Ca2+metallic blue-green. (b): The positively charged residues
of the PIP2 binding regions are colored. The blue collar and the insert blue, the calmodulin-binding
domain (CBD) cyan. The CBD would have the potential of releasing from the conformation shown
and lying on the surface of the membrane in a PIP2-rich region

to the PMCAs (Fig. 5.1a) (for a review see also [14]). The M-domain consists
of 10 trans-membrane spanning helices that provide the coordinating ligands for
the binding of one cytosolic Ca2+ ion to be transported. The N-domain binds an
ATP molecule of which the terminal phosphate is transferred to a highly conserved
aspartate in the P-domain forming a high-energy acyl-phosphate intermediate. As a
result of these events hydrolysis of one ATP molecule provides sufficient energy
to translocate one Ca2+ ion through the membrane [15] that is coupled to H+
transport in return with a Ca2+:H+ ratio of 1:2 [16]. The A-domain coordinates
the movements of the other three domains during the E1-E2 transition to complete
a full reaction cycle [17]. While the catalytic domains N, P and the M-domain
are largely conserved between the PMCAs the C-tail and the A-domain – where
alternative splicing generates substantial sequence divergence – vary substantially.
These variations in the C-tail and A-domain can generate PMCA proteins with
distinct characteristics [18, 19].

The Blue Collar In contrast to the endoplasmic reticulum-resident SERCA pump
a cluster of positively charged residues were found at the intracellular near-
membrane region of the PMCA forming four binding pockets for the phosphorylated
inositol ring of PIP2 (phosphatidylinositol-4,5-bisphosphate) [20], in addition to the
previously determined linear PIP2 binding sequences near the A splice-site region
at the A-domain [21, 22] and the calmodulin binding sequence at the C-tail [23].
Figure 5.1b shows a blue collar formed from the four PIP2 binding pockets and the
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Fig. 5.2 C-tail of the “b” splice variants of PMCA1-4. (a) Schematic representation of the C-
tail of PMCA4b emphasizing important sequence motifs highlighted below. Calmodulin-binding
domain is colored burgundy. (b) An alignment of C-terminal sequences of ”b” splice forms of
PMCA1-4 demonstrates that the variants may have distinct regulatory features (i.e. the di-leucine
motif in PMCA4b) however; some sequence motifs (caspase 3 sites and the PDZ-binding tails)
are relatively conserved. These motifs are colored cyan. The PKA, PKC and tyrosine kinase
phosphorylation sites are highlighted in green and the calmodulin-binding sequence is marked
burgundy. The arrow indicates where alternative splice changes the sequence in the other splice
variants of PMCA1-4

linear lipid binding region of the A domain around the stalk region of the PMCA.
This arrangement of positively charged residues follows the positive inside role,
which is quite common in plasma membrane proteins and often involved in PIP2
binding [24, 25].

The C-Tail The C-tail, which is also known as the main regulatory unit of these
pumps, is the most characterized although the least conserved region of the PMCAs
(Fig. 5.2). A major portion of this region is structurally disordered [5], containing
multiple recognition sites: a DxxD caspase cleavage site [26, 27], a calmodulin-
binding domain (CBD) with an overlapping auto-inhibitory region and acidic lipid
binding side chains [3], several protein kinase phosphorylation sites [28, 29], a di-
leucine-like localization signal [30] and a PDZ-domain-binding sequence motif at
the C-terminus [31]. Some of these motifs are present in nearly all PMCAs (caspase
3 cleavage sites, CBD) while others are specific to certain variants; for instance
the di-leucine-like motif is specific to PMCA4b whereas the PDZ-binding motif
is present in all “b” splice variants. However, specificity of the PDZ binding may
vary because the terminal amino acid is Val in PMCA4b but Leu in PMCA1-3. As
an example the sodium-hydrogen exchange regulatory cofactor NHERF2 interacts
with PMCA2b but not with PMCA4b [32].
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Ca2+-Calmodulin Binding is critical for PMCA function. Early studies identified
a 28 residue long sequence at the C-tail of PMCA4b that could bind Ca2+-
calmodulin with high affinity. Extensive kinetic [33, 34] and NMR [35] studies with
a peptide (c28) representing the complete 28-residue sequence region have revealed
two anchor sites Phe-1110 and Trp-1093 in a relative position of 18 and 1, and two
steps of Ca2+-calmodulin binding in an anti-parallel manner (Fig. 5.3). In the first
step the C-terminal lobe of calmodulin binds the N-terminal Trp-1093, followed by
the second step, which is binding of the C-terminal Phe-1110 to the N-terminal lobe
of calmodulin. As a result, calmodulin wraps around the c28 peptide that adopts an
α-helix with its anchors buried in the hydrophobic pockets of the two distinct CaM
lobes. This model correlates well with an earlier NMR structure of Ca2+-calmodulin
with a shorter c20 peptide lacking the second anchor Phe-1110 [36]. In that case the
peptide could bind only to the C-terminal lobe of calmodulin, which retained its
extended structure, as is expected (Fig. 5.3).

The w Insert Another structurally less defined region of the molecule is the
sequence that couples the A domain to the third membrane spanning helix. An

Fig. 5.3 NMR structure of
calmodulin in complex with
calmodulin binding
peptides. (a): Structures of
C28-calmodulin (https://
www.rcsb.org/structure/
2KNE) and C20-calmodulin
complexes (https://www.rcsb.
org/structure/1CFF). C20 and
C28 correspond to the
appropriate calmodulin
binding sequence of
PMCA4b. Colors: calmodulin
blue; peptide burgundy; green
spheres correspond to the 4
Ca2+ bound to CaM. (b):
Sequences of the peptides
C20 and C28 with the
anchors 18-1

https://www.rcsb.org/structure/2KNE
https://www.rcsb.org/structure/2KNE
https://www.rcsb.org/structure/2KNE
https://www.rcsb.org/structure/1CFF
https://www.rcsb.org/structure/1CFF
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alternative splice at splice site A changes the structure of this region by including
or excluding a single exon, producing the x and z variants of the isoforms [37],
however, no functional significance has been linked to these changes. In PMCA2,
however, additional variations exist in which two more exons can be inserted
generating the PMCA2 y and w forms. Importantly, the w insert – which is a 44-
residue long sequence – is essential for targeting PMCA2 to the apical compartment
of polarized cells.

5.3 Regulation of PMCA Expression and Function

PMCAs are encoded by four separate genes (ATP2B1-4) located at distinct chro-
mosomes: 12q21–23, 3p25.3, Xq28 and 1q25–q32, respectively [8]. Two major
alternative splice options at splice sites A and C of the primary transcripts of each
ATP2B gene have the potential of generating >30 PMCA protein variants, however,
only 20 of them have been identified in different tissues [38, 39]. In addition,
mutations, single nucleotide polymorphisms and posttranslational modifications
further increase PMCA variations. It is not surprising that to keep the level of
calcium within a suitable range in the cytoplasm of different cell types with very
different function tight regulation of PMCAs is required at the transcriptional,
splicing, translational and protein levels.

5.3.1 Regulation at the Transcription Level

Transcriptional regulation of ATP2B genes is complex and still not well understood.
The intricate regulatory structure of the promoter and enhancer regions of the
genes allows the fine-tuning of each PMCA’s transcription during embryonic
development, in various tissues, as well as upon various stimuli. It has been shown
that in mouse smooth muscle cells Atp2b1 expression during G1/S phase is reduced
via c-myb binding to the promoter region of the gene [40]. This transcription
factor is also involved in the down-regulation of Atp2b1 in differentiating B-
lymphocytes [41]. The active form of vitamin D induces the transcription of
ATP2B1 in various tissues and cell types [42–45]. ATP2B2 gene has four alternative
promoters and alternatively spliced 5’ exons, which showed higher expression and
different promoter usage in mammary gland compared to neuronal cells [46]. EGR1
can bind to a specific region in the CpG island of the ATP2B2 gene and controls
the α-type promoter activity, which is specific to brain and auditory cells [47]. The
ATP2B4 gene contains an enhancer in the intron 1, which has an essential role in the
erythroid differentiation, but has no effect in other cell types [48]. From these studies
it appears that PMCAs possess general and specific transcription factor binding sites
and regions, which only play role under certain conditions, under proper stimulus
or differentiation state of the given cell type.
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5.3.2 Regulation at the Protein Level

Auto-Inhibition PMCA activity is determined by the presence of an auto-
inhibitory unit at the C-tail, which largely overlaps with the calmodulin-binding
sequence [49]. This inhibitory unit binds to the N- and A-domains interfering
with Ca2+ binding to the catalytic sites, and slowing down the reaction cycle by
inhibiting the movements of the cytosolic domains [23]. The extent of the auto-
inhibition differs from one isoform to the other and is affected by the alternative
splice at splice site C [50–52]. As a result, PMCA4b is the only truly inactive pump
at resting cytosolic Ca2+ ion concentration while all the other pumps are partially
active, as determined in cell free systems.

Activation by Caspase 3 The auto-inhibitory C-tail is removed by the executor
protease caspase 3 during apoptosis. Caspase 3 cleaves PMCA4b at a canonic
caspase 3 cleavage site (DEID) just upstream of the CBD-auto-inhibitory sequence
removing the complete auto-inhibitory region [26, 27]. While there has been a long
debate on whether caspase 3 activates or inhibits PMCA4b during apoptosis [53] it is
conceivable that deleting the auto-inhibitor should result in a gain-of- function pump
[54], however, the overall outcome could depend on the given cell type, stimulus and
conditions that need further studies.

Activation with Ca2+-Calmodulin A functionally important feature of the PMCA
variants is the difference in their activation with Ca2+-calmodulin that determines
the rate by which they can respond to the incoming Ca2+ signal, and equally
important is the length of time during which they remain active after the stimulus
[55]. Since pump and calmodulin compete for CBD-autoinhibitor it is expected
that a strong pump-CBD-auto-inhibitor interaction will result not only in a low
basal activity but also in a slow activation rate. Indeed, PMCA4b has both the
lowest basal activity and the slowest activation with calmodulin among the isoforms
(slow pump, T1/2 is about 1 min) [56]. Although, PMCA4b is activated slowly its
inactivation rate is even slower (long memory, remains active for about 20 min)
because calmodulin remains bound to the pump for a long period of time [57]. An
alternative splice that creates a shorter version of PMCA4 changes the response of
the pump to Ca2+ completely so that PMCA4a binds Ca2+-calmodulin quickly (fast
pump, T1/2 is about 20 s) but then calmodulin dissociates also quickly, resulting in a
fast responding pump that remains active for a relatively short period of time (short
memory, active for less than a minute) [34]. It is important to note, that PMCA4a
also has a relatively high basal activity suggesting weak interaction between pump
and auto-inhibitor. All other forms – variants of PMCA2 and PMCA3 – that have
been characterized are fast responding pumps having slow inactivation rates (long
memory), and as mentioned above they also have relatively high activity even
without activators [50, 57].

Activation with Acidic Phospholipids Acidic lipids like PS and the PIPs – PI,
PIP and PIP2 – can activate the pump and the amount of activation is augmented
as the negative charge of the phospholipid head group increases [58]. It has been
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demonstrated that both the CBD and the linear basic sequence in the A-domain
are involved in this type of activation [21–23]. It has been suggested that changes
in the lipid composition may affect PMCA activity and that PMCAs might be
more active in PIP2-rich lipid rafts [59]. Recently, it was demonstrated that the
activity of the PMCA is also modulated by neutral phospholipids. The activity of
PMCA4b was optimal when it was reconstituted in a 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) bilayer of approximately 24

′
Å thickness [60]. Molecular

simulation studies have revealed that in DMPC several lysine and arginine residues
at the extracellular surface are exposed to the medium while in a thicker layer of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) these residues are embedded in
the hydrophobic core that could explain the reduced activity observed in DOPC.

Regulation by the Actin Cytoskeleton First it was shown that PMCAs interact
with F-actin in activated platelets and they are associated with the F-actin rich
cytoskeleton at or near the filopodia [61, 62]. Later it was documented that the
purified PMCA4b can bind both monomeric and filamentous actin and while actin
monomers activate the pump, F-actin may inhibit its function [63, 64]. These
results were confirmed by using live HEK cells expressing isoforms PMCA2 and
PMCA4 [65]. Based on these findings it has been suggested that PMCA can
regulate actin dynamics through a series of feed-back regulations by lowering Ca2+
concentration in its vicinity and promoting actin polymerization, which in turn
switches off the PMCA function allowing increase in Ca2+ levels and hence actin
de-polymerization [66].

5.4 Function of the PMCAs in the Living Cell

It is quite remarkable how the above described diverse structural and biochemical
characteristics of the PMCA proteins are translated into specific physiological
functions in the different cell types. Distinct kinetics of the PMCAs are transcribed
into distinct Ca2+ signaling properties while additional structural diversity between
the PMCAs determines their localization and interaction patterns with different
scaffolding and signaling molecules resulting in unique PMCA variant-specific
cellular function (Table 5.2).

5.4.1 PMCAs Shape the Ca2+ Signal

It has been widely accepted that PMCAs play a role in the decay phase of the
store-operated Ca2+ entry (SOCE). However, expression of PMCAs with distinct
kinetic properties (see also Table 5.1 and Fig. 5.4) – fast or slow, with or without
memories – resulted not only in a faster decay of the signal but also in very
different Ca2+ signaling patterns in HEK and HeLa cells [67]. While the “slow with
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Table 5.1 Distinct kinetic properties and distribution of the PMCAs

Basal activity Activation with CaM Memory Pump variant Cells, tissues

High Fast Short PMCA4a Smooth muscle, heart,
sperm

High Fast Long PMCA2b Neuron, mammary gland
PMCA2a Neuron, cochlear hair cells

Low Slow Long PMCA4b Erythrocyte, breast, colon
heart, kidney, HUVEC,
melanoma

Fig. 5.4 Schematic representation of the role of PMCAs in Ca2+signaling. The abundance of
PMCA is regulated at the transcriptional and protein levels. Localization is affected by specific
sequence motifs and interaction with other proteins. The activity is regulated by proteins (such as
calmodulin) and acidic lipids. This can result in the modulation of the Ca2+ signal at two levels: (i)
Ca2+ extrusion; (ii) IP3-induced Ca2+ release. The resultant Ca2+ signal then might be translated
to distinct cell responses

memory” PMCA4b induced Ca2+ oscillation after the first spike, the C-terminal
splice variant of the PMCA4 isoform – the “fast without memory” PMCA4a –
responds quickly to the incoming Ca2+ but then since it becomes inactivated also
quickly the signal returns to an elevated level without oscillation. PMCA2b – a
fast pump with memory – allows only short Ca2+ spikes and Ca2+ concentration
always returns to the basal level quickly. It was also demonstrated that in addition to
shaping the SOCE mediated Ca2+ signal PMCAs also control the formation of IP3
by controlling the availability of the signaling PIP2 molecules, and hence regulate
the release of Ca2+ from the stores [20] (Fig. 5.4). It is important to note that
the Ca2+ signal can also be altered through additional cell type-specific regulatory
mechanisms of the PMCA. During T-cell activation, for example, it was shown that
the activity of PMCA4b is inhibited by the interaction with the ER Ca2+ sensor
protein STIM1 [68] and its partner scaffold protein POST [69] resulting in a more
sustained elevation in intracellular Ca2+ concentration.



5 Molecular Diversity of Plasma Membrane Ca2+ Transporting ATPases:. . . 103

5.4.2 Cell Type Specific Expression of the PMCAs

Homozygous deletion of the ATP2B1 gene in mice is lethal suggesting that PMCA1
is the housekeeping isoform [70]. The other isoforms PMCA2-4 are expressed
at different stages of development [8]. The slow PMCA4b variant is present in
erythrocytes, T lymphocytes and in epithelial cells but also abundantly expressed
in the heart and smooth muscle cells [39]. PMCA4a is expressed in the brain and
it is the only PMCA isoform present in the sperm tail [71]. Altered expression of
ATP2B4 in mice was associated with arrhythmias, cardiac hypertrophy and heart
failure. Deletion of both copies of ATP2B4 in mice caused male infertility [70,
72]. Interestingly, in activated sperm cells the pattern of the Ca2+ signal is similar
to that seen in the PMCA4a expressing Hela cells [73]. Ca2+ pumps (PMCA1
and PMCA4) were shown to contribute to sustained Ca2+ oscillations in human
mesenchymal stem cells [74] and airway smooth muscle cells [75].

The fast pumps PMCA2 and PMCA3 are abundantly expressed in excitable
tissues such as the brain and skeletal muscle [76, 77]. The PMCA2w/a and
PMCA2w/b forms are found in vestibular hair cells and in Purkinje neurons of the
cerebellum where they can react quickly to the fast signals induced by the voltage-
gated Ca2+ channels. A specific form PMCA2w/b is also expressed in the lactating
mammary gland. Knock down of the ATP2B2 gene induced ataxia, deafness [78]
and reduced Ca2+ concentration in the milk [79]. These are just a few examples
demonstrating how variations in PMCA expression contribute to cell-type specific
functions (see more details in refs (39, 55, 76, 77) and in Table 5.1.

5.4.3 Polarized Expression of the PMCA

To perform their cellular function it is also important to target PMCA proteins to the
appropriate membrane compartment. This is accomplished by intrinsic localization
signals and/or by interaction with other proteins in a cell-type specific manner. In
many cases these characteristics of the PMCAs are sensitive to alternative splicing.
For example, the di-leucine-like localization motif is unique to the “b” splice variant
of PMCA4 that was shown to direct this pump to endocytic vesicles in non-confluent
epithelial cells [30]. Hence, PMCA4b localizes to the plasma membrane only in
fully confluent differentiated cells where it can be stabilized and/or modulated by
other interacting molecules [80]. Most recently, basigin/CD147 was identified as
a novel interacting protein that may serve as a subunit of the PMCA [81]. It was
demonstrated in a variety of cell types that PMCA1-4 interacts with basigin in
the ER, which is essentially involved in functional targeting PMCAs to the plasma
membrane.

PMCA proteins are localized to specific membrane compartments in polarized
cells where they contribute to trans-cellular Ca2+ fluxes. While the lateral compart-
ment seems to be the default place, in some cell types PMCAs localize apically.
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PMCA2 for example can be directed to the apical compartment by an alternative
splice option at site A that introduces a 44-residue long “w” sequence at the
region that connects the A and TM domains [37]. The resultant PMCA2w/b and
PMCA2w/a variants have very specific functions in the lactating mammary gland
[79] and the stereocilia of hair cells [78, 82, 83] where PMCA2w/b is responsible
for milk Ca2+ while PMCA2w/a contributes to hearing, respectively. The “b”
splice variant of PMCA2w might be connected through PDZ-interactions with the
scaffold protein NHERF2 to the actin cytoskeleton by which it is immobilized in
the apical membrane [84]. In contrast, PMCA2w/a, which is lacking the PDZ-
interacting tail, is very mobile, trafficking in and out of the stereocilia of hair cells
[85]. In parotid gland acinar cells PMCA4b was found in the apical membrane
compartment and its localization was modulated by PDZ-interaction with Homer2
[86]. In the same cells PMCA1 was also found in the apical membrane but only
when it was phosphorylated by PKA [87]. PMCA4b plays an important role in the
immune synapse where it is targeted to specific signaling micro domains beneath the
mitochondria where it is actively involved in Ca2+ handling during T-cell activation
controlling Ca2+ influx through the CRAC channels [88].

Polarized distribution of PMCA was also found in migrating cells. In collectively
migrating human umbilical vein endothelial cells (HUVEC) PMCA located to the
front of the cells by which it contributed to the front-to-rear Ca2+ gradient essential
for directed cell migration [89]. In addition, downregulation of PMCA4 increased
while its overexpression decreased cell migration in a wound-healing assay of
HUVECs [90]. These data are in line with the latest finding demonstrating that
PMCA4b interferes with cell migration of a highly motile BRAF mutant melanoma
cell line [91]. These examples highlight the importance of PMCA targeting and
demonstrate that different interacting partners may change the location of PMCAs
resulting in distinct cellular functions (see Table 5.2).

5.4.4 Interaction of PMCAs with Signaling Molecules

Through interactions with other proteins PMCAs can influence downstream signal-
ing events (Table 5.2). In many cases they influence the activity of the interacting
signaling molecule by reducing the Ca2+ concentration in its vicinity. One example
is the interaction of PMCA2 and PMCA4 with the Ca2+-CaM dependent phos-
phatase calcineurin through their catalytic domain that was found to reduce the
activity of the nuclear factor activated T-cell (NFAT) pathway [92, 93]. Inhibition of
this interaction increased Fas-ligand expression and apoptosis in breast cancer cells
[94], while PMCA4b overexpression in endothelial cells reduced VEGF initiated
cell migration and angiogenesis [95]. Another example for this type of interaction
was described between PMCA4b and calcium/calmodulin-dependent serine protein
kinase (CASK) in rat brain and kidney where PMCA4b binds CASK through its
C-terminal PDZ binding motif [96]. CASK together with Tbr-1 induces T-element
dependent transcription; however, this is strongly decreased upon interaction with
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PMCA4b in HEK cells. Interestingly, CASK and PMCA4b interaction was also
found in mouse sperm where CASK inhibited the activity of the pump resulting in
an increased Ca2+ level and ultimately decreased motility of the sperm [97]. Several
other interactions between PMCA proteins and their partners were described that
influence downstream signaling events such as interactions with nNOS in the heart,
CD147 in T-cells, STIM and POST in the immune synapse or with F- and G-actin.
These results demonstrate that besides maintaining the low intracellular calcium
level PMCAs are also important signaling molecules modulating the outcome of a
variety of cell-type specific functions.

5.5 PMCAs in Disease Pathogenesis

PMCA proteins have been associated with several diseases in humans. Since many
isoforms have highly specialized, cell type specific function alterations in their
expression, localization, regulation or activity may contribute to the development
of distinct pathological conditions (Table 5.3) [98]. Alterations of the PMCAs have
been described in cardiovascular diseases, neurodegenerative disorders and cancer
[99, 100]. More recently genetic variations in the ATP2B genes were also linked to
certain pathological conditions.

5.5.1 Diseases Related to Genetic Variations in ATP2B1-4

ATP2B1 Small nucleotide polymorphisms (SNPs) found in the ATP2B1 gene were
associated with hypertension [101, 102], coronary artery disease [103–105] and
early onset preeclampsia [106]. Preeclampsia is a disorder during pregnancy and
it is characterized by high blood pressure and proteinuria. Reduced Ca2+-ATPase
activity of myometrium and the placental trophoblast was described in preeclamptic
women [107], and a decreased expression of PMCA1 and PMCA4 in preeclamptic
placental tissue was also found [108] suggesting a pivotal role of PMCAs in calcium
homeostasis and transport through the placenta. The susceptibility to hypertension
resulting in elevated blood pressure was linked to SNP rs11105378 in ATP2B1 that
was suggested to decrease PMCA1 expression in human umbilical artery smooth
muscle cells [109]. In patients with chronic kidney disease, SNPs in ATB2B1 were
associated with coronary atherosclerosis and myocardial infarction [105].

ATP2B2 SNPs in the ATP2B2 gene were associated with autism in both European
and Chinese population [110, 111]. Also, a missense mutation of PMCA2 (V586M)
was shown to exacerbate the effect of the mutation in cadherin-23 leading to hearing
loss [112, 113] in good accordance with the finding that ablation or missense
mutations in PMCA2 cause deafness in mice [83, 114].
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Table 5.3 PMCA related diseases

PMCA/ATP2B Diseases associated with genetic
variation in the ATP2B1-4 genes

Diseases associated with altered
expression, localization or activity of
the PMCA proteins

PMCA1 Hypertension Multiple sclerosis
(ATP2B1) Coronary artery disease Reduced bone mineral density

Myocardial infarction Oral cancer
Early onset preeclampsia Ovarian cancer

PMCA2 Hereditary deafness Parkinson’s disease
(ATP2B2) Autism Type 1 and type 2 diabetes

Breast cancer
PMCA3 X-linked cerebellar ataxia Multiple sclerosis
(ATP2B3) Aldosterone producing adenomas
PMCA4 Familial spastic paraplegia Cardiac hypertrophy
(ATP2B4) Developmental dysplasia of the hip Hypertension

Malaria resistance Sickle cell disease
Alzheimer’s disease
Chronic kidney disease
Diabetes
Adult idiopathic scoliosis
Colon cancer
Breast cancer
Melanoma

ATP2B3 Missense mutation in the ATP2B3 gene was found in patients with X-
linked congenital cerebellar ataxia in two separate cases, in which the ability of the
pump to decrease intracellular Ca2+ concentration after stimulation was compro-
mised [115, 116]. Later it was demonstrated that the G1107D replacement altered
both activation and auto-inhibition of this pump at low Ca2+ levels [117]. Mutations
in the ATP2B3 gene were also identified in some aldosterone producing adenomas
(APA), and were linked to elevated aldosterone production compared with wild type
APAs [118, 119]. In cellular models it was demonstrated that impaired PMCA3
function resulted in elevated intracellular Ca2+ levels and consequently increased
aldosterone synthase production in the cells [120].

ATP2B4 Missense mutation in the ATP2B4 gene was found in one family with
familial spastic paraplegia that causes lower limb spasticity and weakness in patients
[121]. Later it was shown that overexpression of the mutant PMCA4 protein in
human neuroblastoma cells increased the resting cytosolic Ca2+ concentration and
elevated the maximal Ca2+ surge after stimulation relative to the wild type pump
[122]. Rear heterozygous variants in the ATP2B4 and the HSPG2 genes were
described in a family with developmental dysplasia of the hip and based on in silico
analysis an epistatic interaction was suggested between the genes [123]. SNPs in the
ATP2B4 gene were related to resistance against severe malaria that will be discussed
in detail in the next chapter.
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5.5.2 PMCAs in Red Blood Cell Related Diseases

PMCAs were among the first proteins described – and later characterized – in
the membrane of red blood cells [124–126]. Since mature red cells (RBCs) are
easily accessible, and have no internal membrane organelles involved in Ca2+
homeostasis, they have become important model cells for the examination of the
enzymatic activity and kinetic parameters of the plasma membrane-bound PMCA
protein [22, 127, 128]. Two isoforms have been identified in the RBC surface,
PMCA1b and PMCA4b, of which PMCA4b appeared to be the most abundant
[129–132]. These high affinity calcium pumps are responsible for maintaining the
exceptionally low total Ca2+ content of red cells [133–135]. They have a crucial role
in balancing cell calcium during shear stress in the microcirculation [136], volume
control [137, 138] and in senescence and programmed cell death [131, 139, 140] of
RBCs. Under certain pathological conditions – such as hereditary hemolytic anemia,
malaria and diabetes mellitus – the intracellular Ca2+ levels in RBCs are altered
[135, 141], therefore, the role of PMCAs in these cases emerges.

In Hereditary Hemolytic Anemia Ca2+ transport has a particular importance. In
case of sickle cell anemia (SCD) and thalassemia, atypical hemoglobin (such as
HbS) polymerization and deoxygenating processes lead to membrane deformation
and activation of the mechanosensitive stretch-activated cation channel PIEZO1
[142]. As a result, Ca2+ permeability of these atypical RBCs increases. Subsequent
stochastic activation of the Gardos or Ca2+-sensitive potassium channel can lead to
sickling and dehydration of red cells in SCD patients [131, 138, 143, 144]. It was
found that PMCA inhibition is also involved in the maintenance of the high Ca2+
concentration needed for sickle cell dehydration [145, 146].

Severe Malaria is one of the most studied infectious diseases worldwide [147,
148]; however, the molecular mechanisms underlying the survival and growth of the
parasite in the human body are still not fully understood. As a result of co-evolution
of human and Plasmodium species, many alleles preserved in our genome, which
provide some degree of protection against malaria infection [149, 150]. Majority
of these alleles are important in the erythroid stage of the parasite [150] when it
binds to the uninfected RBC, invades it and grows inside the red cells. The firstly
described genetic factors linked to malaria protection were the hemoglobin genes
[151, 152], but there are several other red cell related genetic variants involved in
the susceptibility to malaria [148] including ABO blood group [153, 154], G6PD
[151, 155], glycophorin genes [156, 157], CR1 [158], band 3 protein (SLC4A1)
[157], pyruvate kinase (Pklv) [159], basigin [160] and ABCB6 [161]. It was recently
discovered that PMCAs present in RBCs are involved in the survival and growth of
the parasite and some variations in the ATP2B4 (encoding PMCA4) gene may lead
to malaria resistance [162–165].

The latest genome wide association (GWA) [163, 164] and multicenter [165]
studies have shown that the ATP2B4 gene also carries a haplotype that is involved
in malaria protection and this haplotype showed association with red blood cell traits
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such as mean corpuscular hemoglobin concentration (MCHC) [166]. According
to Lessard et al. [167], this haplotype is located in the enhancer region of the
protein, and the complete deletion of this region lead to complete loss of PMCA
expression in some erythroid related cell lines, while in case of some other cell
lines the deletion does not cause any change in its expression. It is also described
[168] that this haplotype leads to reduced expression of PMCA4b in RBCs, but
this change is not associated with any additional physiological conditions, probably
because this genome region is only essential in erythrocyte development. It is also
notable, that this haplotype is much more frequent in malaria-endemic than in
malaria-free countries (NCBI and CDC databases). While the relationship between
these variations in the ATP2B4 gene and malaria susceptibility is apparent, the
exact function of the PMCA in the parasite’s lifecycle within RBCs is still not
known [169]. There are controversial data [170] whether the parasitophorous
vacuolar membrane (PVM), surrounding the parasite inside the RBCs, contains host
membrane proteins [171] or they are excluded from it [172]. Although, the locale of
the PMCA during RBC phase of the parasite lifecycle has not been determined, it
has been suggested that PMCA remains in the vacuolar membrane, and the parasite
may use this protein to maintain a sufficiently high concentration of Ca2+ within
the vacuolar membrane to proliferate [162]. Thus, selective inhibition of the PMCA
may offer a potential new treatment option for malaria in the future.

Diabetes In poorly controlled diabetic patients increased glycosylation and
decreased Ca2+-ATPase activity were detected [173]. In another study, oral glucose
administration to healthy subjects also decreased the activity of the RBC Ca2+-
ATPase [174] Similar results were obtained when protein glycosylation and
Ca2+-ATPase activity were measured in membranes from normal erythrocytes
pre-incubated with glucose [175]. It has also been shown that the activity of
the pump decreases with cell age, however, this effect was independent of the
patients’ glucose level indicating that glycation could not be responsible for the age
dependent decline in pump’s activity [176].

5.5.3 PMCAs Linked to Neuronal Disorders and Other
Diseases

Although, in several diseases no genetic alterations in the ATP2B genes have been
identified, modified expression, altered activity or de-regulation of one or more
PMCA isoforms could be associated with the disorder. For example, PMCAs have
an important role in the brain where they have been linked to certain neurodegen-
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erative disorders [100]. In Alzheimer’s disease (AD) deposits of amyloid β-peptide
are extensively formed and it was suggested that activation of the amyloidogenic
pathway was associated with the remodeling of neuronal Ca2+ signaling [177].
First it was found that Ca2+ dependence of PMCAs was different in membrane
vesicles prepared from human AD brains as compared to non-AD brains [178]. Later
amyloid β-peptide aggregates were shown to bind to PMCA and inhibit its activity
in the absence of calmodulin [179]. Furthermore, microtubule-associated regulatory
protein tau, that is hyperphosphorylated and forms neurofibrillary tangles in AD,
has been shown to interact with PMCA, as well, and inhibited its activity [180].

Altered activity of PMCA proteins in human brain tissue was also proposed
in Parkinson’s disease (PD) [181]. In an in vitro model of PD in neuroblastoma
cells it was found that the resting cytosolic Ca2+ concentration was elevated
while PMCA2 expression was decreased leading to decreased cell survival [182].
Alterations in the expression of PMCAs were also found in multiple sclerosis
(MS), an inflammatory, demyelinating and neurodegenerative disorder of the central
nervous system. In gene microarray analysis of brain lesions from MS patients
both PMCA1 and PMCA3 expression was found to be downregulated compared
to control [183]. Down-regulation of PMCA2 expression was also described in rats
with experimental autoimmune encephalomyelitis (EAE), an animal model of MS.
Interestingly, after disease recovery PMCA2 expression was restored in the animals,
while in mouse models with chronic EAE PMCA2 level remained low throughout
the disease course [184, 185].

Expression of PMCA4b has been shown to be increased in platelets from patient
with both type I and type II diabetes compared to control; this might contribute
to increased thrombus formation in diabetic patients [186]. In cellular models it
was found that PMCA2 plays an important role in the regulation of pancreatic β-
cell proliferation, survival and insulin secretion [187–189]. An analysis of PMCA
expression in rat pancreatic islets showed that PMCA1 and PMCA4 are expressed
in all islet cells while PMCA3 is present only in the β-cells [190]. In fructose
rich diet induced insulin resistant rats PMCA expression was altered in the islet
cells resulting in reduced total activity. This caused an elevation in the intracellular
calcium level that contributes to the compensatory elevated insulin secretion in
response to glucose [191]. Alterations in PMCA activity were related to kidney
diseases, as well. Decreased PMCA activity and concomitantly increased cytosolic
Ca2+ concentration was described in red blood cells of children with chronic
kidney disease [192]. Furthermore, in patients with idiopathic hypercalciuria PMCA
activity of the erythrocytes was increased compared to controls [193].

5.5.4 PMCA4 in Heart Diseases

During cardiac relaxation SERCA and NCX proteins are mainly responsible for
Ca2+ removal and PMCA4 acts primarily as a signaling molecule in the heart.
It plays a role in the regulation of cardiac β-adrenergic response, hypertrophy
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and heart failure [194]. β-adrenergic stimulation can initiate neural nitric oxide
synthase (nNOS) activity and NO production in cardiac myocytes [195] while nNOS
regulates contractility and oxygen radical production [196]. It was demonstrated
that PMCA4b can directly interact with the Ca2+ sensitive nNOS molecule through
its C-terminal PDZ binding motif and it decreases nNOS activity by reducing the
Ca2+ concentration in its vicinity [197]. In cardiac specific PMCA4b transgenic
mice nNOS activity was reduced compared to WT animals and that caused a
decreased responsiveness to β-adrenergic stimulation [198]. This interaction might
play an important role in remodeling after myocardial infarction (MI). In mice, after
induction of MI, nNOS and its adaptor protein CAPON (carboxy-terminal PDZ
ligand of NOS1) relocate to caveolae where they make a complex also with PMCA
and this way possibly protect the cardiomyocytes from calcium overload. In mice
lacking nNOS the redistribution does not happen [199].

PMCA4 also forms a ternary complex in cardiac cells with α-1 syntrophin and
nNOS [200]. A mutation in α-1 syntrophin (A390V-SNTA1) was found in patients
with long QT syndrome and it was demonstrated that the mutation resulted in the
disruption of the interaction with PMCA4. This led to increased nNOS activation
and late sodium current causing arrhythmias [201]. Interestingly, in a GWAS study
a mutation in CAPON was found to be associated with QT interval variations
[202] and variants of the ATP2B4 gene were associated with congenital ventricular
arrhythmia [203].

PMCA4 can also influence cardiac hypertrophy. It is well established that the
calcineurin-NFAT pathway is activated during cardiac hypertrophy and it was found
that PMCA4 is able to inhibit this pathway through direct binding of calcineurin
[92]. In mice overexpressing PMCA4 in the heart both the NFAT-calcineurin
signaling and hypertrophy were reduced, while the mice lacking PMCA4 were
more susceptible to hypertrophy [204]. Furthermore, after induction of experimental
myocardial infarction in mice overexpression of PMCA4 in cardiomyocytes reduced
infarct expansion, cardiac hypertrophy and heart failure [205]. However, deletion
of PMCA4 in cardiac fibroblasts also prevented cardiac hypertrophy in mice. In
the absence of PMCA4, intracellular Ca2+ level was elevated in the fibroblasts
enhancing secreted frizzled related protein 2 (sFRP2) production and secretion
which reduced Wnt signaling in the neighboring cardiomyocytes [206]. Interest-
ingly, overexpression of PMCA4 in arterial smooth muscle cells in mice caused an
increase in blood pressure through the inhibition of nNOS [207].

5.5.5 The Role of PMCAs in the Intestine and Bone
Mineralization

PMCA1 plays a crucial role in the transcellular Ca2+ absorption both in the
duodenum and in the large bowel. Its expression is induced by vitamin D metabolite
1,25-(OH)2D3 and by estrogens, as well [208]. In mice it was demonstrated that
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high bone density correlated with PMCA expression and mucosal to serosal Ca2+
transport in the duodenum [209]. Treatment of mice with 1,25-(OH)2D3 strongly
increased PMCA1 mRNA level in the duodenum [210] while selective deletion
of PMCA1 in the intestinal absorptive cells caused reduced whole body bone
mineral density and lower serum Ca2+ level [211]. Furthermore, in ovariectomized
rats a negative Ca2+ balance was induced and this was associated with decreased
PMCA1 mRNA expression in an estrogen dependent manner [212], a model for
postmenopausal osteoporosis. Interestingly, in biopsies of ulcerative colitis patients
reduced PMCA1 expression was also found [213].

PMCAs play an important role in the regulation of bone mineral density already
during development. The expression level of PMCA3 in the placenta correlates with
neonatal bone mineral content [214] while during lactation PMCA2 expression is
strongly induced in the mammary epithelium and it provides Ca2+ into the breast
milk that is required for the normal bone development of the offspring. In PMCA2-
null mice the Ca2+ content of the milk was 60% less than in the wild type mice [79].
PMCA isoforms 1, 2 and 4 were described in human osteoblasts, and PMCA1 and
PMCA4 in osteoclasts. In osteoblasts of patient with adolescent idiopathic scoliosis
expression of PMCA4 was found to be downregulated [215]. During osteoclast
differentiation PMCA4 was shown to have an anti-osteoclastogenic effect on one
hand by reducing NF-κB ligand–induced Ca2+ oscillations, on the other hand by
decreasing NO synthesis in the cells [216]. However in mature osteoclast PMCA
had an anti-apoptotic effect on the cells. Furthermore, in premenopausal women
PMCA4b level showed correlation with high peak bone mass.

5.5.6 Altered PMCA Expression Linked to Tumorigenesis

Ca2+ plays an important role in the regulation of many cellular processes such as
proliferation, migration or cell death. In tumorous cells these processes are strongly
altered and changes in the expression or activity of Ca2+ handling molecules in
several cancer types have been described. These modifications can result in altered
resting Ca2+ level in the cellular compartments and can change the spatial and
temporal characteristics of the intracellular calcium transients [217].

Alterations in the expression of PMCA proteins have been described in several
cancer types. In colorectal cancer a decrease in PMCA4 expression was found
during the multistep carcinogenesis of the human colon [218]. In normal human
colon mucosa samples PMCA4 was present both at the mRNA and protein levels,
however, in high grade adenomas, adenocarcinomas and lymph node metastases
the protein expression strongly decreased. Interestingly, the PMCA4 mRNA level
was not altered in the samples. Furthermore, after spontaneous differentiation of the
colorectal cancer cell line Caco-2 the expression of PMCA4 strongly increased, and
treatment with the histone deacetylase (HDAC) inhibitor Trichostatin A induced
differentiation and PMCA4 expression in several gastric and colon cancer cell
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lines [219, 220]. PMCA1 was also found in colon cancer cells and its expression
increased after 1,25-(OH)2D3 treatments, however, this was not accompanied by a
change in cellular differentiation [221].

Expression of PMCA proteins was also analyzed in breast cancer. In normal
breast epithelium PMCA4 is abundantly present [222], while PMCA2 expression
is induced only in the lactating mammary glands. In breast cancer cell lines it was
found that the mRNA level of PMCA1 and PMCA2 is increased compared to non-
tumorigenic human breast epithelial cell lines [223, 224], while PMCA4 expression
is downregulated [222]. In human breast cancer samples PMCA2 mRNA level
showed association with higher tumor grade and docetaxel resistance in patients.
In a tissue microarray analysis of 652 primary breast tumors PMCA2 expression
showed positive correlation with lymph node metastasis and human epidermal
growth factor receptor 2 (HER2) positivity. Furthermore, overexpression of PMCA2
in breast cancer cells reduced their sensitivity to apoptosis [225]. It was suggested
that PMCA2 regulates HER2 signaling in breast cancer cells and knocking down
PMCA2 inhibits HER2 mediated cell growth [226]. In another study PMCA2
expression was found in 9% of 96 breast tumors with various histological subtypes
and there was no association with grade or hormone receptor status. However,
higher PMCA2 expression was described in samples with basal histological subtype.
It was also demonstrated that downregulation of PMCA2 level decreased breast
cancer cell proliferation and increased the sensitivity to doxorubicin treatment [227].
While PMCA2 expression is upregulated in certain breast cancer cells, PMCA4
level seems to be downregulated. In MCF-7 breast cancer cells treatment with
HDAC inhibitors or with phorbol 12-myristate 13-acetate (PMA) strongly induced
PMCA4b expression and this effect was coupled with increased Ca2+ clearance
from the cells [222].

Altered PMCA protein levels were described in melanomas. In melanoma cell
lines with different BRAF and NRAS mutational status PMCA4 and PMCA1
isoforms were detected. Mutant BRAF specific inhibitor treatment selectively
increased PMCA4b expression in BRAF mutant melanoma cells and this was
coupled with faster Ca2+ clearance and strong inhibition of migration [91]. When
PMCA4b was overexpressed in a BRAF mutant melanoma cell line A375, it
strongly reduced the migratory and metastatic capacity of the cells both in vitro
and in vivo, while it did not influence their proliferation rate. Furthermore, HDAC
inhibitor treatment increased the expression of both PMCA4b and PMCA1 in
melanoma cell lines independently from their BRAF mutational status [228].
Similarly to BRAF inhibitor treatment, HDAC inhibition also increased Ca2+
clearance and reduced the migratory activity of the highly motile A375 melanoma
cells. These results suggested that PMCA4b plays an important role in the regulation
of melanoma cell motility, and its expression is under epigenetic control.

PMCA1 was also found to be epigenetically downregulated in human oral cancer.
PMCA1 expression was reduced both in primary oral squamous cell carcinomas
(OSCCs) and in oral premalignant lesions (OPLs) compared to normal tissue. In
OSCC derived cell lines it was demonstrated that decreased PMCA1 level was
caused by the increased DNA methylation in the promoter region of PMCA1 [229].
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The emerging role of PMCAs in the regulation of the immune response might
also be considered in the treatment of malignant diseases. Immune checkpoint
inhibitors are relatively new but promising treatment options in cancer therapy that
are able to enhance cytotoxic T-cell activation by blocking the negative regulatory
signals coming from tumor cells [230]. Recently, it was found that PMCA4
interacts with Ig-like glycoprotein CD147 upon T-cell activation and this interaction
is necessary for the immunosuppressive effect of CD147 through the decrease
of IL-2 production [231]. CD147 was shown to participate in the development
and progression of several cancer types including malignant melanomas, and
antibodies targeting CD147 are under development [232]. All these results show that
remodeling of the activity and expression of PMCA proteins play an important role
in altered cancer cell growth, motility, and in T-cell activation during the immune
response to cancer cells that might influence therapy response, as well.

5.6 Conclusion

PMCAs comprise a big family of Ca2+ transport ATPases including four separate
genes (ATP2B1-4) from which more than twenty different protein variants are tran-
scribed. The variants have different regulatory properties, and hence they respond
differently to the incoming Ca2+ signal, differ in their sub-plasma membrane
localization and interact with different signaling molecules. The expression, and
thus the abundance of the variants are also tightly regulated in a development and
cell-type specific manner, by processes not yet very well understood. In the past
we studied many aspects of the biochemical characteristics of these pumps, but
we still know very little on how their transcription and translation are regulated
and how stable the proteins are in the plasma membrane. Our main goal, therefore,
should be to study further these mechanisms particularly because alterations in the
PMCA expression and genetic variations in the ATP2B genes have been linked to
several diseases such as cardiovascular and neurodegenerative disorders, and cancer.
Understanding PMCA pathophysiology and learning more about the consequences
of PMCA dysfunction may help finding ways to predict, prevent and/or cure
such diseases.
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Chapter 6
A Role for SERCA Pumps in the
Neurobiology of Neuropsychiatric
and Neurodegenerative Disorders

Aikaterini Britzolaki, Joseph Saurine, Benjamin Klocke,
and Pothitos M. Pitychoutis

Abstract Calcium (Ca2+) is a fundamental regulator of cell fate and intracellular
Ca2+ homeostasis is crucial for proper function of the nerve cells. Given the com-
plexity of neurons, a constellation of mechanisms finely tunes the intracellular Ca2+
signaling. We are focusing on the sarco/endoplasmic reticulum (SR/ER) calcium
(Ca2+)-ATPase (SERCA) pump, an integral ER protein. SERCA’s well established
role is to preserve low cytosolic Ca2+ levels ([Ca2+]cyt), by pumping free Ca2+
ions into the ER lumen, utilizing ATP hydrolysis. The SERCA pumps are encoded
by three distinct genes, SERCA1-3, resulting in 12 known protein isoforms, with
tissue-dependent expression patterns. Despite the well-established structure and
function of the SERCA pumps, their role in the central nervous system is not clear
yet. Interestingly, SERCA-mediated Ca2+ dyshomeostasis has been associated with
neuropathological conditions, such as bipolar disorder, schizophrenia, Parkinson’s
disease and Alzheimer’s disease. We summarize here current evidence suggesting
a role for SERCA in the neurobiology of neuropsychiatric and neurodegenerative
disorders, thus highlighting the importance of this pump in brain physiology and
pathophysiology.

Keywords SERCA · Calcium · Central nervous system · Bipolar disorder ·
Schizophrenia · Alzheimer’s disease · Parkinson’s disease

6.1 Introduction

Calcium (Ca2+) is a critical and universal regulator of cell fate [1–3]. While
Ca2+ is crucial for the electrophysiological properties of all cells, it also serves
as a prominent second messenger triggering a cascade of intracellular molecular
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processes [1, 4–8]. Neurons are no exception to this; Ca2+ is pivotal for their
survival and function, and disruptions of intracellular Ca2+ homeostasis may elicit
neuropathology [9–14]. Given the innate complexity of neurons and the importance
of Ca2+ in maintaining proper neuronal function, nerve cells have developed an
intricate Ca2+ signaling network. A variety of channels, pumps, exchangers and
proteins ensure a finely-tuned handling of the intraneuronal Ca2+ distribution [1,
4, 15–18]. In this review, we are focusing on the sarco/endoplasmic reticulum
(SR/ER) calcium (Ca2+)-ATPase (SERCA) pump, an integral ER protein. The
SERCA pumps are major regulators of intracellular Ca2+ homeostasis, facilitating
the influx of Ca2+ in the ER lumen, thus regulating the levels of free Ca2+ in the
cytosol [2, 19]. SERCAs belong to the family of P-type ATPases which includes
a variety of membrane pumps that utilize ATP hydrolysis and a phosphorylated
enzyme intermediate to transport ions across cellular membranes [20–22]. Found in
all eukaryotic cells, three distinct genes, SERCA1-3 (or ATPA1-3 in humans), encode
SERCA, producing 12 known protein isoforms, mainly via alternate splicing [23].
Interestingly, although all SERCA isoforms have a highly conserved structure, their
expression patterns, affinity for Ca2+ and turnover rates may differ [23–30].

The SERCA structure and function have been recently reviewed [26]. It is well-
established that SERCA is composed of a 1000-amino-acid-long single 100 kDa
polypeptide chain [29, 31–33]. Much of the current knowledge on the structure
of the SERCA pumps was based on SERCA1a isoform crystallography studies
[34]. In fact, the folded SERCA protein resides on the ER membrane, and it is
comprised of three cytosolic domains (A, N and P), one short luminal loop, and
ten transmembrane α-helices (M1-M10). The extension of four transmembrane α-
helices (M2-M5) results in the formation of the three cytosolic domains; Ca2+
binding and release are mediated by the actuator (A) domain, the ATP-binding
cavity is formed by the nucleotide-binding (N) domain, whereas the high-energy
phosphorylation intermediate product is formed in the phosphorylation (P) domain
[34–39]. Moreover, the transmembrane α-helices are crucial for the formation of
the Ca2+ channel (M2, M5, M5 and M8), and facilitate the Ca2+ transportation
across the ER membrane (M4-M6) [34, 36, 40, 41]. This organization is highly
conserved amongst all SERCA isoforms with differences mainly detected in the
C-terminus [26, 31, 42–47] (Fig. 6.1). Despite the plethora of the SERCA splice
variants, the universal role of SERCA entails the pumping of Ca2+ into the ER,
resulting in decreased free cytosolic Ca2+ levels ([Ca2+]cyt) and maintained internal
Ca2+ storages. Specifically, SERCA couples the active transport of two Ca2+ ions at
the expense of one ATP molecule throughout a cycle of conformational alterations
between two biochemical states (E1/E2) [19, 24, 48–55] (Fig. 6.2). At the E1 state,
once Ca2+ and ATP bind to the high-affinity cytosolic sites, ATP hydrolysis is
triggered, and the high energy intermediate state is formed. Subsequently, ADP is
released and SERCA is phosphorylated, leading to the conformational change of the
transmembrane domain (E2 state). During this transition, Ca2+ is shortly occluded
from both the cytosol and the ER lumen. At the E2 state, Ca2+ is exposed to the
ER lumen and its binding affinity to SERCA is very low, resulting in its release into
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Fig. 6.1 The primary sequence of the carboxyl termini of all known human SERCA protein
isoforms. SERCA pumps have a highly conserved structure, but differences are detected in the
carboxyl termini amongst protein isoforms. Variants that are encoded by the same gene tend to be
less different. The splice sites are marked with slashes

the ER lumen. Simultaneously, 2-3 H+ ions bind to the pump. Afterwards, SERCA
gets dephosphorylated and returns to its E1 state, while releasing H+ into the cytosol
[19, 36, 37, 39, 48, 56, 57]. Of note, ATP-binding is independent of whether Ca2+ is
bound to SERCA, but Ca2+ is essential for the enzymatic cycle to proceed [36, 37,
58]. Taken together, these conformational changes mediate the SERCA-dependent
Ca2+ shuttling from the cytosol into the ER.

Interestingly, certain SERCA functions are isoform-dependent, with different
splice-variants presenting slight differences in the affinity for Ca2+ and turnover
rate [26, 28, 31, 59–61]. Several studies have revealed that the different SERCA
isoforms present distinct expression profiles, suggesting tissue-specific functions.
Two SERCA1 isoforms have been identified so far; SERCA1a and SERCA1b. The
gene encoding these protein isoforms, SERCA1, is expressed in both the neonatal
and the adult period [46, 62], but alternative splicing determines which isoform
will be expressed in each developmental period [46, 62, 63]. Hence, SERCA1a is
considered the adult isoform, and SERCA1b the neonatal isoform [46, 62–64]. In
addition to temporal expression, SERCA1 expression is also tissue-dependent. To
date, functional SERCA1 protein expression has been found primarily in the fast-
twitch skeletal muscle fibers [46, 62], while studies have also shown low expression
of SERCA1 in the Purkinje neurons of the cerebellum [65].

Similarly, SERCA2 expression is spatially regulated in the different tissues of
the body [27, 29, 43, 44, 66, 67]. To date, four SERCA2 splice variants (SERCA2a-



134 A. Britzolaki et al.

Fig. 6.2 SERCA-mediated Ca2+ transport across the ER membrane. SERCA facilitates the
transport of two Ca2+ ions across the ER membrane in the expense of one ATP molecule,
through a cycle of conformational changes (E1/E2 states). Upon Ca2+ and ATP binding (E1 state),
SERCA gets phosphorylated due to ATP hydrolysis and changes conformation (E2 state). This
conformational change allows Ca2+ release in the ER lumen. Afterwards, phosphate cleavage leads
to dephosphorylation of SERCA, while two to three H+ are coupled. SERCA dephosphorylation
will reinforce a second conformational change to the initial E1 state. H+ are released and SERCA
is ready to bind new Ca2+ ions

d) have been identified with tissue-specific expression [26, 27, 42–44, 68–70].
Specifically, SERCA2a mRNA and protein have been detected in slow-twitch
skeletal muscle, as well as in cardiac muscle fibers [44, 66, 67]. Furthermore,
SERCA2a expression has been identified in the brain, albeit at low levels, and it
is confined in the granular cells of cerebellar Purkinje neurons, as well as in the
giant cells of the brainstem reticular formation [71–73]. In contrast, SERCA2b
is constitutively expressed in all tissues including slow skeletal muscle fibers,
smooth muscle cells, cardiac muscle fibers, neurons and astrocytes [27, 43, 44,
74]. SERCA2b has also been found to be the only isoform expressed in neuronal
microsomes, synaptic plasma membrane vesicles, and synaptosomes [75]. The
extensive expression pattern of SERCA2b in the CNS has been recently reviewed
[26]. Given its constitutive expression, SERCA2b is considered an ER housekeeping
enzyme, crucial for maintaining intracellular Ca2+ homeostasis [27, 44, 64]. About
15 years after the discovery of the SERCA2a and SERCA2b isoforms, a third splice
variant, SERCA2c, was identified in hematopoietic, mesenchymal and epithelial
cells, as well as in the brain at low levels [30, 31, 42]. Moreover, the mRNA
expression of a fourth splice variant, SERCA2d, has been detected in skeletal muscle
fibers [68].

The expression pattern of the third SERCA-encoding gene, SERCA3, was first
discovered using northern blot analysis in rat tissues [64]. To date, at least six
different SERCA3 isoforms (SERCA3a-f) have been identified with a complex
expression pattern in many tissue types and in a wide variety of species [60, 61,
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64, 76–79]. The SERCA3a, SERCA3b, and SERCA3c protein isoforms have been
detected in human platelets and human immortalized T-lymphocytes, known as T-
lymphoid Jurkat cells [78]. The most distributed SERCA3 isoforms are SERCA3a,
SERCA3b and SERCA3d; their expression has been found in a wide variety of
tissue types, including the brain [60]. Specifically, SERCA3a and SERCA3b mRNA
expression has been identified in the brain, heart, lung, pancreas, liver and placenta
[60]. SERCA3d mRNA has also been found in the same tissue types as well as in
skeletal muscle fibers [60]. The expression of SERCA3e is rather confined to human
lung and pancreatic tissues [60]. Further studies have revealed the expression of
a sixth SERCA3 variant, SERCA3f, in hematopoietic and non-muscle cell lines,
as well as in all human cell and tissue types [61]. Importantly, immunoblotting
and immunohistochemical experiments have indicated the expression of SERCA3
protein in the rat cerebral cortex and cerebellar Purkinje neurons, as well as in the
human choroid plexus [79–81].

6.2 The SERCA Pumps: Potential Indicators of Brain
Pathophysiology?

Taking into consideration that SERCA plays a pivotal role in preserving intra-
cellular Ca2+ homeostasis, and that specific SERCA isoforms are expressed in
the brain, several studies have explored the role of this important Ca2+ regulator
in brain pathophysiology. In this context we conduct a comprehensive review of
contemporary experimental evidence suggesting a central role for SERCA in the
pathophysiology of neuropsychiatric and neurodegenerative disorders. Moreover,
we discuss the potential of SERCA pumps as molecular targets for the development
of novel pharmacotherapies to combat such debilitating disorders.

6.3 A Role for SERCA in the Pathophysiology
of Neuropsychiatric Disorders

Neuropsychiatric disorders such as schizophrenia (SZ) and bipolar disorder (BD)
are characterized by high lifetime prevalence and early onset, with deleterious long-
time effects on public health [82–85]. Of note, neuropsychiatric disorders account
for approximately 70% of disabilities worldwide, with SZ and BD contributing
approximately 7% each [86]. SZ is a clinically and genetically heterogenous
neuropsychiatric disorder, that affects approximately 1% of the general population,
and is associated with hallucinations, delusions and profound cognitive impairment
[87, 88]. BD is a debilitating chronic mood disorder with a complex clinical and
genetic background. About 1% of the general population is affected by BD, with
episodes of depression, mania and hypomania being the characteristic symptoms of
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the disease [89, 90]. Despite the devastating effects of these disorders and the rapid
increase in incidence worldwide, their underlying pathophysiology is yet elusive.
Interestingly, although SZ and BD are classified as distinct diagnostic categories,
the two disorders greatly overlap in clinical presentation and genetic liability, as
extensively discussed in recent association studies [91], highlighting the importance
of understanding the common mechanisms underlying both disorders.

Intracellular Ca2+ signaling is believed to play a vital role in SZ etiology. In fact
Ca2+ has been proposed as the common mechanism underlying SZ pathology [92,
93]. According to this theory, SZ symptomatology rises due to the disruption of the
intracellular Ca2+ homeostasis, and the subsequent dysfunction of Ca2+-mediated
signal transduction processes [93]. The role of Ca2+ in SZ was first proposed by
Jimerson et al., as a positive correlation was evidenced between psychotic episodes
and increased cerebrospinal fluid (CSF) Ca2+ levels in SZ patients [92]. Since then,
growing evidence has further supported the central role of Ca2+-signaling in the
pathogenesis of SZ, as discussed in several reviews [26, 93–96].

In addition to SZ, altered intracellular Ca2+ signaling has also been proposed
as a potential mechanism underlying BD pathophysiology. In fact, ex vivo platelet
studies have indicated that intracellular Ca2+ mobilization is dysregulated in BD.
More specifically, an increase in serotonin- or thrombin-induced Ca2+ mobilization,
as well as elevation of intracellular Ca2+ levels, have been observed in platelets har-
vested from BD patients [97–102]. Importantly, common pharmacological therapies
for BD (i.e., lithium and valproate) have been reported to enhance the expression of
proteins essential for Ca2+ sequestration, further supporting a possible role for Ca2+
in BD pathogenesis [103–109].

Disruption of intracellular Ca2+ homeostasis is crucial in the emergence of
neuropsychiatric pathology. Indeed, recent Genome Wide Association Studies
(GWAS) and meta-analyses have indicated the association of altered Ca2+ channel
activity with SZ and BD [110–112]. More specifically, the expression of genes
encoding several types of voltage-gated Ca2+ (Cav) channels have been linked to
both SZ and BD [113–117]. Of note, Cav channels are central in regulating Ca2+
influx into neurons, and Cav channel blockers have been examined in clinical trials
as potential therapeutic approach for SZ, highlighting the importance of altered
Ca2+-signaling mechanisms in the pathogenesis of this disorder [118]. Thus, efforts
have focused on deciphering the possible role of Ca2+-regulating mechanisms in SZ
and BD.

6.3.1 Early Association Between SERCA2 Mutations
and Psychosis in Darier’s Disease Patients

The implication of SERCA in BD and SZ was first introduced almost two decades
ago and since then, growing evidence has continued to support the importance
of SERCA in the pathogenesis of these disorders. An early association between
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SERCA and neuropsychiatric pathophysiology was made in patients with Darier’s
Disease (DD) [14, 119]. DD or Darier-White disease, also known as keratosis
follicularis, is a rare autosomal dominant skin disorder with the presence of
characteristic warty papules and keratotic plaques in seborrheic areas [120]. It is
a highly penetrating disorder, with variable expressivity and early onset, affecting
1 in 100,000 individuals in the general population [120–123]. Mutations in the
ATP2A2 (i.e. SERCA2) gene on chromosome 12q23-24.1 have been identified as
the underlying mechanism of DD pathogenesis, with at least 253 unique ATP2A2
variants being reported in 353 familiar or sporadic DD cases throughout the years
[124]. At least 75% of the reported mutations are unique to the affected family,
many are de novo mutations and only a few are common between families [125].
Evidence indicates that the majority of ATP2A2 mutations are missense (51%),
while all mutations are dispersed throughout the gene without hotspots [121,
124–126]. It is also believed that the ATP2A2 mutations lead to DD phenotype
through haploinsufficiency, and that DD symptomatology occurs independently
of the SERCA2 mutation type [124, 126]. Several studies have indicated that
ATP2A2 mutations might affect SERCA2 protein expression and function, as well
as proteasomal degradation [24, 127–129]. Specifically, some ATP2A2 mutants
have shown reduced SERCA2 expression, subsequent decreased Ca2+ ATPase
activity, Ca2+ turnover and phosphorylation rates [24, 127–129]. Other ATP2A2
mutants only reduce Ca2+ affinity and sensitivity to feedback inhibition by ER
Ca2+ [129]. Moreover, frameshift deletions and nonsense mutations have been
reported to promote apoptosis by increasing proteasomal degradation [127]. Further
in vitro experiments using missense, nonsense and deletion ATPA2 variants have
indicated that ER luminal Ca2+ is depleted in keratinocytes, leading to abnormal
[Ca2+]cyt [130, 131]. Additional experiments with cultured cells from DD patients
have revealed abrogated post-translational protein trafficking to plasma membrane
and induced ER stress, caused by diminished ER Ca2+ [132, 133]. More impor-
tantly, ER stress induced by SERCA-blockade in primary human keratinocytes has
been associated with increased keratinocyte differentiation, further confirming the
fundamental role of SERCA2 in DD [134].

Interestingly, as extensively discussed in recent reviews [26, 124, 135, 136],
DD patients present with increased life-time prevalence of several neuropsychiatric
disorders, including: major depression disorder (MDD-30%), BD (4%), epilepsy
(3%), SZ (1%) and cognitive disabilities (4%) [137–143]. These early observa-
tions along with the fact that the ubiquitous expression of SERCA2b had been
identified in the brain [144], raised the question whether skin and brain disorders
occur independently, or due to a SERCA2 pleiotropic effect. Early studies in
DD patients have associated mutations in the SERCA2 ATP-binding domain with
dysthymia, hinge domain mutations with MDD and BD, and transmembrane domain
mutations with epilepsy, MDD and cognitive disability [14]. Other studies have
supported the implication of SERCA2 mutations in the neuropsychopathology of
DD patients. Identified SERCA2 mutations affecting the phosphorylation, stalk,
hinge or transduction domains, and the transmembrane M6/M7 loop, have been
reported in clinical DD cases with concurrent mental disease and vegetative growth
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[121]. More recent clinical reports have further supported the association between
SERCA2 dysfunction and schizophrenic or bipolar symptomatology in DD patients
by identifying novel or recurrent ATP2A2 mutations [145–147]. Specifically, the
same missense mutation in the stalk domain of the SERCA2 pump has been
identified in two different clinical DD cases with concurrent SZ [145, 147], while
an altered-splicing mutation in the acceptor site has been characterized in another
DD patient with concurrent BD [146].

6.3.2 Altered SERCA Activity Associated with the Pathogenesis
of Schizophrenia and Bipolar Disorder

The role of SERCA in SZ and BD pathophysiology has been further discussed
in a variety of preclinical and clinical studies. Early studies have investigated the
role of SERCA in the pathophysiology of BD; platelets derived from BD patients
presented a higher increase in [Ca2+]cyt upon SERCA blockade by thapsigargin
when compared to healthy controls, indicating altered SERCA activity in BD
[148]. Other studies have attempted to explore the role of SERCA in SZ using a
common animal model for SZ, the Df(16)1/+ mouse, carrying SZ-related 22q11
microdeletions. These de novo deletions are variable in size and occur on the
22q11.21 to 22q11.23 chromosomal region in humans [149–153], leading to
haploinsufficiency of several genes [149, 154–160]. The syndrome associated with
these microdeletions is known as the 22q11 deletion syndrome (22q11DS) or
DiGeorge syndrome, and it affects 1in 4000 to 1 in 6000 individuals worldwide
[161–165]. DiGeorge symptomatology includes mild to moderate cognitive deficits,
intellectual and learning disabilities, with a progressive worsening of cognitive func-
tion [166–170]. Interestingly, DiGeorge patients present high life-time prevalence to
SZ or psychotic spectrum disorders (25%) [171–176]. Moreover, DiGeorge-related
and idiopathic psychosis are not distinguished from each other, presenting similar
demographics, age-onset and symptomatology [177, 178]. Therefore, Df(16)1/+
mice are widely used to study the mechanisms underlying SZ pathophysiology
in vivo. In vivo and in vitro experiments have suggested profound neuromolecular
and behavioral alterations in Df(16)1/+ mice, such as hippocampus-dependent
spatial memory deficits and enhanced long-term potentiation (LTP) at the Schaffer
collateral synapses [13]. More specifically, presynaptic SERCA2 expression has
been found to be enhanced in the hippocampus, subsequently increasing presynaptic
glutamate release and altering Ca2+ dynamics in the axon terminal [13]. Additional
studies in Df(16)1/+ mice have indicated that SERCA2 expression is altered in
a brain-specific manner, and that these alterations extend to other brain regions
beyond the hippocampus, such as the cortex and cerebellum [179]. Interestingly,
later studies have proposed that the microRNA-processing gene Dgcr8 regulates
SZ-related SERCA2 expression [179, 180]. Earls et al. identified the loss of two
miRNAs, miR-25 and miR-185, in the brain of Df(16)1/+ mice, leading to abnormal
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LTP increase [179]. According to the study, miR-25 and miR-185 affect Ca2+ influx
into the ER by targeting SERCA2. Hence, loss of these two miRNAs has been linked
to significantly elevated presynaptic SERCA2 levels of the hippocampus. Strikingly,
presynaptic injection of either miR-25 and miR-185, restored SERCA2 activity
and rescued the LTP abnormalities, introducing novel targets for the development
of pharmacotherapies for the treatment of SZ [179]. More importantly, the same
study demonstrated that SERCA2 was upregulated in the prefrontal cortex and
the hippocampus of SZ patients post-mortem, further supporting the mechanistic
link between SZ, DiGeorge syndrome and SERCA2. These data collectively led
the investigators to hypothesize that SERCA2 upregulation results in perturbation
of presynaptic Ca2+ signaling that may ultimately lead to the cognitive deficits
observed in SZ [179].

In agreement with previous studies, a recent GWAS assay identified ATP2A2
as a risk gene for SZ [181]. In addition, a meta-analysis classified ATP2A2 as a
SZ risk gene that could synergistically contribute to the enhanced generation of
thalamic delta oscillations, associated with both negative and positive symptoms
of SZ [182]. Furthermore, recent studies using another SZ-relevant animal model,
the Neonatal Lesion in Ventral Hippocampus (NLVH) rat, have identified decreased
SERCA2 expression in the prefrontal cortex of NLVH rats [183]. Genis-Mendoza
et al. used microarrays to assess the global transcriptomic profiles of the prefrontal
cortex, hippocampus and nucleus accumbens in juvenile and adult NVLH rats.
The investigators reported a marked decline in ATP2A2 expression only in the
prefrontal cortex of adult NVLH rats, but not in their juvenile counterparts. These
data led to the hypothesis that decreased ATP2A2 expression could result in
elevated [Ca2+]cyt, thus activating Ca2+-dependent transcription factors and kinases
that could potentially exert genomic effects contributing to the cognitive defects
observed in SZ [183, 184].

Adding to the proposed role of SERCA in the neurobiology of SZ, a very
interesting study used a ketamine-induced pharmacological model of experimental
psychosis to demonstrate brain region-specific alterations in SERCA3 expression
[185]. Specifically, Lisek et al. treated rats repeatedly (5 consecutive days) with
the non-competitive N-methyl-D-aspartate receptor (NMDAR) antagonist, ketamine
(30 mg/kg); this protocol has been found to induce profound psychosis-like
neurochemical, behavioral and neuroanatomical alterations in the rat brain [94,
186, 187]. The authors first observed that ketamine-treated rats presented severe
stereotypic behavior (i.e., increased cumulative turning, weaving and bobbing), as
assessed by open field (OF) tests. Interestingly, a marked increase of [Ca2+]cyt
in the striatum, cerebellum, cortex and hippocampus of ketamine-treated rats was
reported. However, a positive correlation between hyperlocomotion and elevated
[Ca2+]cyt was only established in cortical and striatal neurons [185]. Moreover,
SERCA3 expression was found decreased in the cortex, but increased in the
cerebellum, hippocampus and striatum of ketamine-treated rats. Correlation studies
linked the abnormal elevation of [Ca2+]cyt to increased SERCA3 expression,
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suggesting that overexpression of SERCA acted as a compensatory mechanism for
the increased [Ca2+]cyt [185].

Taken together, clinical and preclinical evidence point to altered SERCA activity
in SZ and BD. SERCA dysregulation most likely affects downstream events, such
as synaptic glutamate release and LTP in excitatory neurons, likely leading to
characteristic neuropsychiatric symptomatology [13, 179, 180]. Evidently, SERCA
pumps synergistically drive neuropsychiatric pathology, reinforcing the notion that
this protein family might be an important target for the development of future
pharmacological approaches in treating schizophrenia and bipolar disorder.

6.4 A Proposed Implication of SERCA Pump Dysregulation
in Neurodegenerative Disorders

6.4.1 Ca2+ Aberrations in Alzheimer’s Disease
and Parkinson’s Disease

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common
progressive neurodegenerative disorders amongst aging populations with high mor-
bidity and mortality [188–190]. The majority of AD and PD cases are sporadic, but
a few early-onset cases have been attributed to familial mutations [188, 190–193].
Interestingly, neuronal loss and malformed protein aggregations are characteristic
features in both AD and PD. The pathophysiological hallmarks of PD include
the loss of dopamine (DA) neurons in the substantia nigra pars compacta (SNc)
as well as the presence of intraneuronal Lewy bodies, resulting in motor deficits
manifested as bradykinesia, resting tremor and rigidity [194–196]. Likewise, AD
is characterized by progressive cognitive loss and dementia due to the onset of
extracellular senile amyloid (Aβ) plaques, intraneuronal neurofibrillary tangles
(NFT), as well as the detrimental loss of neurons and synapses predominately in
the hippocampus and the cerebral cortex [197–199].

Despite the distinct clinical presentation, recent studies have revealed a crosstalk
in the molecular mechanisms underlying AD and PD pathophysiology, suggesting
that common molecular mechanisms drive aging brain pathology [200–203]. As
extensively reviewed recently [200], oxidative stress and the generation of free
radicals could be caused by abnormal accumulation of proteins with altered
conformation (i.e., proteinopathy). Subsequently, proteinopathy results in impaired
proteasomal degradation of toxic proteins and subsequent proteotoxicity observed
in AD and PD [200, 204–208]. Additionally, proteotoxicity has been associated with
mitochondrial dysfunction in both disorders. Evidence has indicated that abnormal
protein aggregation could result in disruption of bioenergetics and important
mitochondrial functions, such as mitophagy and fusion/fission, and to a subsequent
increase of free radicals that may trigger cell apoptosis [200, 209–215].
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Taking into consideration that the molecular pathogenetic mechanisms underly-
ing AD and PD appear to be highly similar, great effort has focused on revealing
whether these two disorders share common mechanisms that reinforce a cross-talk.
Interestingly, decreased ER Ca2+ levels and subsequent increased [Ca2+]cyt have
been associated with ER-stress induced apoptosis and neurodegeneration [198, 216–
220]. As discussed in several reviews [26, 217, 221–225], evidence indicates an
intricate interplay between intracellular Ca2+ homeostasis, amyloid metabolism,
neurotransmission and plasticity in the pathophysiology of AD. Increase in intra-
cellular Ca2+ concentrations is considered to be secondary to the characteristic
AD lesions, including the accumulation Aβ and the hyperphosphorylation of TAU
protein [11, 226–230]. The aftermath of such complex interactions is believed
to be rendering the neurons more vulnerable to Ca2+ overload, causing a major
remodeling of the neural Ca2+ circuits, that leads to apoptosis and progressive
cognitive deterioration [11, 225, 231–233]. Many in vitro and in vivo studies have
supported an association between dysfunctional amyloid precursor protein (APP),
Aβ plaque deposition and Ca2+ overload with dendritic degeneration, leading to
impaired spino-dendritic Ca2+ signaling and disrupted plasticity [234–237].

Similarly, intracellular Ca2+ dyshomeostasis is believed to be critical for the
elicitation of PD-related histopathological features [238–241]. The possible impli-
cation of intraneuronal Ca2+ signaling in PD originated by the association between
increased PD-related neuronal vulnerability and decreased levels of the Ca2+-
buffering protein, CB-D28k, as well as between high [Ca2+]cyt and a two- to
threefold increase in DA levels in the cytosol of SNc DAergic neurons [242,
243]. Subsequent studies supported the involvement of Ca2+ in PD, as overex-
pression of familial PD-related proteins, such as DJ-1, Parkin and α-synuclein
(αSYN) enhanced the ER-mitochondrial Ca2+ sequestration [244, 245]. More
importantly, ER stress caused by the disruption of Ca2+ signaling and buffering
in the SNc DAergic neurons has been linked to abnormal levels of αSYN and
Parkin [239, 242, 246–249]. Thus, it seems that an intricate interplay exists
between elevated [Ca2+]cyt and DA levels, as well as αSYN overexpression in
triggering the selective apoptosis of SNc DAergic neurons. Aggregation of αSYN
has been shown to increase [Ca2+]cyt and caspase-3-mediated cell death in cultured
neurons and human neuroblastoma cell lines [250, 251]. Interestingly, it seems
that αSYN aggregates regulate [Ca2+]cyt in a biphasic fashion [252–257]; in
vitro experiments in primary hippocampal neurons from αSYN-transgenic mice
overexpressing αSYN, showed that the initial decline in [Ca2+]cyt was followed by
an increase 10 days later, suggesting a sophisticated a-SYN-dependent regulation
of intracellular Ca2+ signaling in PD [257]. In addition, Ca2+ binding to the αSYN
carboxyl terminus has been shown to accelerate the accumulation of the annular
toxic form of αSYN in vitro [247, 258]. It has been also demonstrated that elevated
intracellular Ca2+ and oxidative stress cooperatively stimulate αSYN accumulation.
Goodwin et al. reported that when oxidative stress is induced in 1321N1 cells
in vitro by treatment with the SERCA inhibitor thapsigargin, accumulation of
αSYN aggregates increases dramatically [259]. In addition, αSYN aggregates might
associate with ER in vivo, as demonstrated by experiments using transgenic mice
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overexpressing WT or mutant αSYN and human brain tissue from PD patients
[260]. According to Colla et al. a small subset of αSYN resides in the ER lumen
leading to protein aggregation. Additionally, the initial appearance of aggregated
αSYN precedes onset and increases with the progression of the disease, while
ER-stress attenuation reduces αSYN aggregation and rescues disease phenotype
[260]. Such observations, directly associated αSYN aggregation with ER stress
and α-synucleinopathy, highlighting the importance of further investigation of ER-
stress-associated mechanisms underlying PD pathology. Most importantly, clinical
studies with hypertensive patients have suggested that Ca2+ channel blockers could
decrease the risk for PD, thus suggesting intracellular Ca2+ regulation as a novel
pharmacological approach for PD [261–265].

In the context of unraveling the molecular mechanisms underlying Ca2+ dys-
regulation in AD and PD pathogenesis, the role of SERCA in neurodegeneration
has also been investigated. It is well established that SERCA pumps play an
important role in oxidative stress, the generation of free radicals, and mitochondrial
dysfunction, as aberrations in SERCA function lead to ER stress. Compelling
studies have suggested that pharmacological activation and/or overexpression of
SERCA may alleviate ER stress [266–268]. For instance, Park et al. infected mouse
embryonic fibroblasts with an adenovirus encoding SERCA2b and challenged the
cells with thapsigargin to induce ER stress, by blocking SERCA. Interestingly,
the overexpression of SERCA2b resulted in the alleviation of ER stress and the
increase of ER folding capacity [267]. ER stress-induced apoptosis may also be
reduced by pharmacological activation of SERCA, as indicated by recent in vitro
experiments in human embryonic cells [268]. In this study, ER stress was induced by
H2O2 exposure in SERCA2b-expressing HEK293 cells, and viability assays were
conducted in the presence and absence of a small allosteric specific SERCA activa-
tor (i.e., CDN1163). CDN1163-induced SERCA activation dramatically decreased
H2O2-induced apoptosis, suggesting CDN1163 as a potential pharmacological
treatment for ER stress-mediated cell death. SERCA activity maintains ER function
and intracellular Ca2+ balance, ultimately preventing the activation of apoptotic
pathways. Thus, it is very likely that SERCA is associated with proteotoxicity
present in AD and PD.

6.4.2 Evidence for Altered SERCA Function in Alzheimer’s
Disease

In the quest of deciphering the role of SERCA in AD, several studies have sought for
a possible correlation between fundamental disease features and SERCA activity.
Indeed, studies have proposed an association between SERCA and proteins that are
central in AD pathogenesis, namely presenilins (PS). Over 200 reported mutations
on the genes encoding for PS1, PS2 and APP have been suggested as causatives
of 30–50% of all familial AD (FAD) cases [269–273]. Of note, PS resides on
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the ER membrane until it is cleaved to its N- and C-terminal fragments. These
fragments then travel to the plasma membrane where they act as γ-secretase units,
subsequently cleaving APP to form Aβ peptides [274–276]. Given the important role
of γ-secretase in cleaving APP, PS mutations disturbing APP processing, result in
the formation of cytotoxic Aβ peptides. In vitro studies utilizing mouse embryonic
fibroblasts and Xenopus laevis oocytes introduced the concept of SERCA physically
associating with PS [9]. Green et al. proposed that SERCA2 function was directly
relying on the presence of PS, as shown by the elevated levels of SERCA2b in
double-PS null-mutant (PSDKO) neuronal cells. Surprisingly, the levels of resting
[Ca2+]cyt was elevated while the ER Ca2+ load was diminished in the absence
of PS, indicating impaired SERCA activity that led to a compensatory increase
in SERCA expression. Their hypothesis was confirmed as SERCA2b levels were
rescued in PS mutant cells in the presence of either PS1 or PS2. In addition, siRNA
knockdown of SERCA2b in CHO cells mimicked the Ca2+ phenotype of PSDKO
cells, further supporting their initial observations. The study also highlighted the
importance of PS in Ca2+ sequestration by overexpressing PS1, PS2 and SERCA2b
in X. laevis oocytes; cytosolic Ca2+ sequestration was accelerated in all cells, with
PS2 overxpression showing the most robust effect. Interestingly, pharmacological
blockade of SERCA2 by thapsigargin prevented the PS-mediated accelerated ER
filling. Further immunohistochemical and immunoprecipitation experiments on
WT mouse fibroblasts showed that SERCA2b and PS1/PS2 colocalize on the
ER membrane and that PS1/PS2 specifically bind to SERCA2b. Moreover, the
implication of SERCA2b in Aβ production was suggested in the same study;
overexpression of SERCA2b in APP-expressing CHO cells resulted in elevated Aβ

production, while siRNA knockdown of SERCA2b caused a drastic decline in Aβ40
and Aβ42 production [9].

Adding to the notion that SERCA and PS physically associate, in vitro experi-
ments in human epithelial, glioma and neuroblastoma cell lines (HEK293, KNS-42
and GOTO) indicated the formation of a complex between SERCA2 and the PS1
holoprotein [277]. Jin et al. proposed that the PS1 holoprotein may act as an anti-
apoptotic agent under stress by upregulating SERCA2, and thus preventing the
disruption of intracellular Ca2+ homeostasis [277]. Further co-immunoprecipitation
data, derived from untransfected and stably PS1-expressing cells, demonstrated the
interaction between SERCA2b and the PS1 holoprotein. In addition, immunohisto-
chemical analysis revealed that SERCA2b and PS1-holoprotein co-localize [277].
The importance of the interaction between PS and SERCA in AD pathogenesis was
further supported by in vitro studies using HeLa cells, embryonic cells (HEK293),
human neuroblastoma cells (SH-SY5Y) and fibroblasts expressing PS2 [278].
Brunello et al. showed that both WT PS2 and the FAD-related PS2-T122R mutation
could reduce ER Ca2+ uptake by affecting SERCA2 activity. Indeed, overexpression
of SERCA2b in PS2-T122R-expressing SH-SY5Y cells resulted in full restoration
of ER Ca2+ uptake rate and steady-state levels, highlighting the inhibitory activity
of PS2 on SERCA activity [278].

Apart from the PS-SERCA interaction, recent studies have also indicated another
possible interaction between SERCA and a novel sporadic AD-associated protein,
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known as the Ca2+ homeostasis modulator 1 (CALHM1) [218]. CALHM1 is
preferentially expressed in the nervous system and is located on the neuronal plasma
and ER membranes, while it is proposed to increase Aβ production by disrupting
intracellular Ca2+ homeostasis [279]. Intriguingly, earlier in vitro experiments
in CALHM1-transfected HEK-293 cells, showed that CALHM1 provokes ER
stress by affecting the influx and efflux of Ca2+ into ER [218]; The CALHM1-
transfected cells presented a drastic increase in the plasma membrane permeability
to Ca2+, whereas ER Ca2+ accumulation at the steady-state was significantly
decreased. Such a reduction in ER Ca2+ uptake was initially hypothesized to be
attributed to either enhanced ER Ca2+ leak by IP3R and RyR, or diminished ER
Ca2+ pumping by SERCA2. Further measurements of Ca2+ levels revealed that
CALHM1 promoted ER Ca2+ leak, as indicated by the increased efflux of Ca2+
from the ER. Despite the increase in both plasma membrane-mediated Ca2+ influx
and ER Ca2+ leak, the diminished intraluminal ER Ca2+ suggested that Ca2+
pumping into the ER might also be impaired. Further experiments using plasma
membrane-permeabilized cells indicated that ER uptake was altered, as both Ca2+
transport capacity and Ca2+ affinity had been significantly reduced. Interestingly,
the combined decline in ER pumping and increase in ER leak resulted to a 6-7-fold
decrease in steady-state ER Ca2+ levels at physiological [Ca2+]cyt. Subsequently,
Gallego-Sandin et al. proposed that the aftermath of such alterations in the ER
Ca2+ levels could be the activation of store-operated Ca2+ entry, justifying the
enhanced plasma membrane- mediated Ca2+ influx and the [Ca2+]cyt. In agreement
with the notion that diminished ER Ca2+ promotes ER stress, the same study
demonstrated the activation of ER stress-related genes in CALHM1-transfected
cells. The derived data further supported the importance of maintaining SERCA
activity and the detrimental consequences of dysfunctional SERCA in intracellular
Ca2+ homeostasis, leading to AD-associated neuronal cell death [218].

Another intriguing pull-down assay employing human post-mortem brains iden-
tified that SERCA2 interacts with FE65, a cytosolic adapter protein as well as
an APP-binding partner [280]. Of note, the FE65-APP interaction is believed
to be critical for APP processing, apoptosis and neurite outgrowth [281–285].
Among other identified candidate proteins, SERCA2 was confirmed to interact
with FE65, as supported by further co-immunoprecipitation assays from HEK293
cells overexpressing both SERCA2 and FE65. Notably, SERCA2 was found to
be upregulated in primary hippocampal neurons derived from FE65/FE65L1 DKO
mice, whereas HEK293 cells were more prone to thapsigargin-induced ER stress
when FE65 was knocked down. According to Nensa et al. FE65 is possibly involved
in the regulation of intracellular Ca2+ homeostasis, through its interaction with
key components on the ER membrane. Taken together, it was suggested that the
regulation of SERCA activity by PS may be attributed to the increased availability
of APP intracellular domains (AICD) upon γ-secretase-mediated APP cleavage.
Subsequently, the free AICDs bind to FE65 (or FE65 changes conformation),
leading to further interaction with binding partners, such as SERCA2 [280].
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As demonstrated by in vitro data, SERCA possibly holds an important role
in AD pathology. Recently, promising in vivo experiments proposed that SERCA
activation could alleviate AD-like pathology in mice [286]. Krajnak et al. employed
the allosteric SERCA activator, CDN1163, which had been previously shown to
increase ER Ca2+ uptake and SERCA activity in vivo [268]. To test whether
CDN1163 had a therapeutic effect, double-transgenic APPSwe/PSEN1dE9 mice
(i.e., transgenic mice carrying both mutant APP and PS1) were administered
CDN1163 (10 mg/kg) for 4 weeks and were then subjected to a series of behavioral
tests to assess learning and memory (i.e., Morris Water Maze; MWM), depressive-
like behavior (i.e., tail suspension test; TST) and motor coordination (i.e., Rotarod).
Strikingly, CDN1163-treated mice presented enhanced memory retention, better
motor coordination and an antidepressant-like phenotype, as compared to vehicle-
treated controls. These data collectively suggested SERCA as a therapeutic target in
AD pathogenesis and CDN1163 as a promising drug candidate [286].

6.4.3 SERCA Dysregulation as a Proposed Mechanism
Underlying Parkinson’s Disease Pathophysiology

Similar to AD, SERCA activity has recently been linked to PD pathophysiology, fur-
ther supporting the pivotal role of the pump in neurodegeneration. Growing evidence
suggests that the intricate interplay between SERCA activity, αSYN aggregation
and ER stress in neurons could be the main driving force of PD pathogenesis.
Of note, several reviews have discussed the multifunctional properties of αSYN,
including the regulation of synaptic transmission, synaptic function and plasticity, as
well as the organization of membrane activity through interaction with intracellular
membranes and lipid surfaces [287, 288]. Furthermore, synucleinopathies have
been established as the genetic component of PD, as extensively discussed in a
recent excellent review by Nussbaum; autosomal-dominant familial PD cases have
been attributed to mutations on the αSYN-encoding SNCA gene, while SNCA gene
variations have been linked with sporadic PD cases [287]. Previous studies have
associated abnormal αSYN aggregation with ER stress, intracellular Ca2+ signaling
alterations and subsequent neuronal cell death (reviewed in [289]). However,
the association of SERCA with αSYN, and its subsequent implication in PD
pathophysiology, has been only recently investigated. An interesting study showed
that 6-hydroxy-DA (6-OHDA)-mediated oxidative stress affects SERCA2 activity
in rats, and that physical exercise may rescue the PD phenotype, supporting the idea
that SERCA dysregulation might be implicated in PD pathogenesis [290]. Prior to
striatal stereotaxic injections of 6-OHDA, rats were challenged with an incremental
running program on a treadmill for a total period of 8 weeks. One-week post-
surgery, all animals were subjected to the Rotational test to assess ipsiversive and
contraversive movement, and to detect any rotational asymmetry. Even though both
untrained and trained 6-OHDA-lesioned rats presented high asymmetry, the trained
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6-OHDA-lesioned group presented a marked decline in number of rotations when
compared to their untrained counterparts, indicating that physical exercise could
have a protective effect against PD-mediated motor deficits. Interestingly, a signifi-
cant increase in αSYN levels accompanied by a decline in SERCA2 was observed in
untrained 6-OHDA-lesioned rats as opposed to the non-lesioned group, suggesting
a correlation between αSYN accumulation and SERCA2 downregulation. However,
trained 6-OHDA-lesioned rats presented full restoration of αSYN and SERCA2
protein levels, further highlighting the potential neuroprotective effect of physical
exercise. Taken together, the investigators proposed that abnormal accumulation of
αSYN could lead to intracellular Ca2+ dyshomeostasis possibly via downregulation
of SERCA2 activity, and that physical exercise could indirectly prevent these events
most likely by reducing ER stress through restoring SERCA activity [290].

It has been previously shown that αSYN aggregation leads to biphasic alterations
in [Ca2+]cyt [252–256]. The hypothesized SERCA/αSYN interaction has been
recently confirmed in vitro; aggregated, but not monomeric, αSYN specifically
binds to SERCA, stimulating the activity of the pump and affecting downstream
processes that drive intracellular Ca2+ dysregulation [257]. Betzer et al. investigated
whether αSYN physically associates with SERCA using SH-SY5Y cells and
primary hippocampal neurons from αSYN-overexpressing transgenic mice, human
brain tissue and C. elegans. Interestingly, co-immunoprecipitation experiments
showed that oligomeric αSYN preferentially binds to the E1 conformation of
SERCA, indicating a high degree of structural specificity for the SERCA/αSYN
interaction. Further, Proximity Ligation Assay (PLA) experiments in SH-SY5Y
cells showed that the two proteins are in close proximity, confirming the proposed
interaction, while inhibiting the abnormal aggregation of αSYN abolished the
SERCA/αSYN interaction. Taken together, these data confirmed that SERCA
specifically binds to oligomeric αSYN. In vitro biochemical experiments also
revealed that aggregated αSYN increase SERCA-dependent ATP hydrolysis, thus
accelerating Ca2+ transfer across the ER membrane [257]. Of note, β-synuclein
(βSYN) and Tau proteins did not influence SERCA activity, highlighting the
high specificity of this interaction. Further in vitro experiments using SERCA1a-
containing microsomes showed that only αSYN aggregates (and not monomeric
αSYN species) increased SERCA-dependent Ca2+ uptake and SERCA’s dephos-
phorylation rate, suggesting that the aggregated protein form regulates the function
of SERCA. Interestingly, cyclopiazonic acid (CPA)-mediated SERCA inhibition in
SH-SY5Y cells resulted to the normalization of the elevated [Ca2+]cyt, reducing
αSYN-mediated apoptosis via the reduction of total αSYN levels by 10% and
αSYN/SERCA interaction by 50%. In the same study, it was revealed that αSYN
aggregation may enhance dendritic loss in dopaminergic neurons by 40% in C.
elegans, and that this could be rescued by CPA-induced SERCA inhibition [257].
Betzer et al. also reported that SERCA and αSYN oligomers interact in the brain
of patients affected by PD, Lewy body dementia and multiple system atrophy
(MSA). Taken together, the investigators proposed that at the early stages of
disease αSYN accumulation most likely stimulates SERCA activity via direct
interaction, affecting three key SERCA functions; Ca2+ pumping, ATP hydrolysis
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and dephosphorylation. Subsequently Ca2+ uptake into the ER is increased and
[Ca2+]cyt is diminished, ultimately altering Ca2+ homeostasis and promoting cell
death [257].

Strikingly, in vivo experiments have further supported the crucial role of SERCA
activity in PD pathology [10]. Dahl demonstrated that the SERCA activator
CDN1163 could alleviate dyskinesia in the 6-OHDA-lesioned rat model of PD.
Adult male Wistar rats were unilaterally injected with 6-OHDA in the left SNc,
and on day 11 post-surgery they were administered either L-DOPA (i.e., a current
PD drug treatment)- or the SERCA activator CDN1163. Once the animals were
pharmacologically challenged, they were subjected to three standardized akinesia
tests; the Initiation Time (IT) test, the stepping test, and the cylinder test. Of note,
the same tests were also conducted prior to surgery to establish a baseline response.
As expected 6-OHDA-treated rats showed a delay in stepping initiation in the IT
test that was reversed by L-DOPA treatment. Importantly, CDN1163 treatment also
reversed 6-OH-DA-induced delay in stepping initiation. The stepping test was then
employed to evaluate the degree of contralateral limb akinesia by measuring the
number of adjusting steps the animal performed while moving sideways [291]. As
expected, the lesioned animals presented a significantly reduced number of adjust-
ing steps, while treatment with either L-DOPA or CDN1163 completely rescued
this phenotype. Finally, the cylinder test aimed to assess spontaneous forelimb
laterization by scoring for akinesia of the contralateral forelimb via measuring the
number of contacts made with the cylinder wall [291, 292]. The 6-OHDA lesioned
group showed a drastically decreased number of contacts. Treatment with L-DOPA
restored forelimb laterization to almost baseline levels, while CDN1163-treated
rats presented with a significantly increased number of contacts, restoring forelimb
laterization to approximately 50% of baseline. Observing that administration of
CDN1163 exerted similar therapeutic effects to L-DOPA treatment, the study
proposed SERCA activation as a potential therapeutic target for PD.

6.5 Conclusions

It is well established that Ca2+ is a fundamental signaling molecule for cell survival
and function, and that SERCA is a gatekeeper of intracellular Ca2+ homeostasis.
Aberrations in the finely-tuned intraneuronal Ca2+ homeostasis may impose detri-
mental effects, leading to the emergence of brain pathology. Despite the extensive
knowledge on SERCA distribution and function, the exact regulatory networks and
mechanisms that operate in the brain are still elusive. In this context, we have
presented current evidence regarding SERCA’s involvement in the pathophysiology
of neuropsychiatric and neurodegenerative disorders (for summary, see Fig. 6.3).
Although only DD has been directly linked to SERCA2 mutations, compelling data
supports that brain pathology is caused by alterations in SERCA activity, and that
SERCA synergistically contributes to neuronal pathogenesis. It is yet unclear to
what extent SERCA is involved and what upstream or downstream events participate
in determining the fate of nerve cells. However, targeting SERCA activity could
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Fig. 6.3 Clinical and preclinical experimental evidence of altered SERCA expression and/or
activity in neuropsychiatric and neurodegenerative disorders. SERCA2 mutations have been
reported in Darier’s disease (DD) patients with concurrent schizophrenia (SZ) or bipolar disease
(BD). SERCA2 and SERCA3 alterations have been associated with SZ, BD, Alzheimer’s disease
(AD) and Parkinson’s disease (PD)

reveal more protein interactions, shedding light on the neuromolecular circuitry
involved in brain pathophysiology. Most importantly, advancing knowledge on the
neuronal function of SERCA may contribute to the future development of safer and
more effective therapeutic strategies to combat such incapacitating disorders.
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Chapter 7
Cytoplasmic Calcium Buffering:
An Integrative Crosstalk

Juan A. Gilabert

Abstract Calcium (Ca2+) buffering is part of an integrative crosstalk between
different mechanisms and elements involved in the control of free Ca2+ ions
persistence in the cytoplasm and hence, in the Ca2+-dependence of many intra-
cellular processes. Alterations of Ca2+ homeostasis and signaling from systemic to
subcellular levels also play a pivotal role in the pathogenesis of many diseases.

Compared with Ca2+ sequestration towards intracellular Ca2+ stores, Ca2+
buffering is a rapid process occurring in a subsecond scale. Any molecule (or
binding site) with the ability to bind Ca2+ ions could be considered, at least in
principle, as a buffer. However, the term Ca2+ buffer is applied only to a small
subset of Ca2+ binding proteins containing acidic side-chain residues.

Ca2+ buffering in the cytoplasm mainly relies on mobile and immobile or fixed
buffers controlling the diffusion of free Ca2+ ions inside the cytosol both temporally
and spatially. Mobility of buffers depends on their molecular weight, but other
parameters as their concentration, affinity for Ca2+ or Ca2+ binding and dissociation
kinetics next to their diffusional mobility also contribute to make Ca2+ signaling one
of the most complex signaling activities of the cell.

The crosstalk between all the elements involved in the intracellular Ca2+
dynamics is a process of extreme complexity due to the diversity of structural and
molecular elements involved but permit a highly regulated spatiotemporal control
of the signal mediated by Ca2+ ions. The basis of modeling tools to study Ca2+
dynamics are also presented.
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7.1 Introduction

In the previous chapters the reader has had the opportunity to explore the properties
and characteristics making of calcium ions (Ca2+) the essential and more versatile
messenger in the cells. But, how its concentration is so tightly regulated within the
cells and for what reason?

Ca2+ ions are involved in many processes along the vital cycle of the cells.
Notwithstanding, they also can be cytotoxic for living organisms across the entire
phylogenetic tree (from bacteria to eukaryotic cells) making necessary an universal
Ca2+ homeostasis system [1].

Ancestral cells probably faced to low Ca2+ levels in the prehistoric alkaline
ocean, which millennia later became acidified and Ca2+ in the seawater started
gradually to increase [2]. Thus, primitive cells had to face a massive, constant
and toxic Ca2+ gradient. The appearance of a plasma membrane in the primitive
cell was the border between extra- and intracellular spaces providing permeability
features to enable a tight control of this cation concentration in the cytoplasm, with
low concentrations inside against high concentrations in the extracellular milieu.
This generates a huge gradient both in terms of concentration and of net charge
considering the negative net charge of the intracellular milieu.

Moreover, since primitive cells successful mechanisms were developed very
early in the evolution process to precisely regulate the cellular concentrations
of free and bound/sequestered Ca2+ both in time and spatial dimensions. These
mechanisms are essentially the same in prokaryote and eukaryote organisms: a
low permeability of the cell membrane depending on influx mechanisms, a high
intracellular buffering capacity, and an effective removal system [3, 4]. A significant
difference in the mechanisms of buffering in eukaryotic cells is the presence of a
nucleus and several sets of intracellular organelles, which can divide the cytoplasm
into specialized compartments, with distinct mechanisms and capacities of Ca2+
handling [3].

At the cell level, Ca2+ homeostasis determines that basal cytosolic Ca2+
concentration ([Ca2+]c) is set at around 100 nM (10−7 M). This is crucial for a
proper signaling process mediated by Ca2+ which as other effective signals, must
be fast, with an adequate magnitude or dynamic range (to exceed a threshold) and
finite in spatial and/or temporal terms.

This resting [Ca2+]c works as a threshold to switch on any signaling processes
mediated by Ca2+ against an electrochemical gradient due to a 10,000–20,000 times
higher concentration in the extracellular milieu (around 1–2 mM). This threshold
is kept by different mechanisms in a continuous and well-orchestrated crosstalk
involving active transport expending energy (i.e. ATP-dependent) of Ca2+ out of the
cell or into the organelles, antiport systems, Ca2+ buffering (mobile and immobile
buffers) and ion condensation [5].

Ca2+ buffering in the cytoplasm relies on mobile or immobile buffers controlling
the diffusion of free Ca2+ ions inside the cytosol both temporally and spatially. In
other words, Ca2+ changes can occur in the whole cell space or be restricted to
smaller areas around those elements involved in Ca2+ fluxes.
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The importance of Ca2+ control mechanisms can be also seen at intercellular
and multicellular levels in higher organisms. Thus, Ca2+ homeostasis also operates
in the extracellular fluid where is influenced by dietary intake, Ca2+ absorption in
the small intestine, exchange to and from the bones, and by excretion of Ca2+ in
the urine. So, control of Ca2+ homeostasis in the cell and between cells underlies
different physiological processes at the whole organism level [6].

Next, we will review these mechanisms with special attention to the role of
cytoplasmic Ca2+ buffering in the generation of different spatiotemporal Ca2+
signals and its physiological relevance at the single cell (eukaryote) level.

7.2 Ca2+ Buffering: An Overview

The control of [Ca2+]c at the resting level (∼10−7 M range) involves several
mechanisms, including Ca2+ influx (from the extracellular space), Ca2+ release
(from internal Ca2+ stores), Ca2+ sequestration (towards internal Ca2+ stores),
Ca2+ efflux (to the extracellular space) or Ca2+ buffering. Hence, Ca2+ persistence
in the cytosol and derived Ca2+-mediated actions are determined by two main
processes: Ca2+ removal and Ca2+ diffusion (Fig. 7.1). Note that occasionally some
of the efflux mechanisms can increase cytosolic Ca2+ as “slippage” of Ca2+ through
Ca2+-ATPases and the reverse-mode action of Na+/Ca2+ exchanger) [7].

Ca2+ removal from the cytosol results from the combined action of Ca2+
sequestration and Ca2+ efflux, while Ca2+ diffusion is mainly determined by Ca2+
buffering. Ca2+ buffering is the rapid binding of Ca2+ entering cytosolic space
to different cellular binding sites. Ca2+ buffering is an important process in Ca2+
signaling because it has been estimated that only about 1–5% of Ca2+ entering the
cell remains as free Ca2+, its physiologically active form [8–12].

In 1992, Neher and Augustine showed that Ca2+ buffering was a rapid process
(time scale in subsecond range) kinetically distinct of Ca2+ sequestration, which
is slower occurring in a tens of seconds scale. They also were able to determine
using a combination of fura-2 microfluorimetry and Ca2+ current measurements in
single adrenal chromaffin cells, the Ca2+ binding capacity of cytoplasm (κs) (bound
Ca2+ over free Ca2+) [13]. The κs value was approximately 75, which did not
change during prolonged whole-cell recording (in a dialyzed cell with a disrupted
membrane). Thus, they concluded that the majority of cellular Ca2+ binding sites
were immobile [14].

Immobile buffers are represented by molecules of high molecular weight or Ca2+
binding sites anchored to intracellular structures. On the contrary, mobile buffers are
molecules of low molecular size, typically less than 20–25 kDa, comprising soluble
proteins or small organic anions and metabolites, like ATP. Their contribution
can be difficult to estimate in some experiments involving whole-cell recordings
where washout phenomena lead to the loss of some of these small molecules. In
the presence of mobile buffers, immobile buffers increase the complexity of the
spatiotemporal signaling repertoires, depending on the relative affinities, kinetics,
and concentrations of the different buffers [15].
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Fig. 7.1 Schematic representation of the main processes involved in the control of calcium
concentration in the cytosol ([Ca2+]c) of a eukaryotic cell. CI calcium influx, CR calcium release,
CS calcium sequestration, CE calcium efflux, and CB calcium buffering (mobile and immobile
buffers). Ca2+ diffusion (Cdif) is mainly determined by cytoplasmic CB. Ca2+pools, mainly
represent the endoplasmic or sarcoplasmic reticulum and mitochondria. The combined action
of these fluxes determines how [Ca2+]c changes with time to generate different spatiotemporal
signaling patterns. A basic transient in a cell of volume V and a Ca2+ influx (jin) as consequence
of a stimulus will produce an increase of [Ca2+]c (see text for details). These Ca2+ ions will be
partitioned into the cytoplasm between the endogenous Ca2+ buffer component and, in common
experimental conditions, the exogenous Ca2+ indicator/buffer with constant Ca2+-binding ratios
κS and κB, respectively. Ca2+ removal from the cytoplasm (Crmv) (jout) mainly reflects a combined
action of CS and CE

Mobile buffers are estimated to have a Ca2+ binding capacity about one tenth
of the cytoplasm Ca2+ binding capacity. One important mobile Ca2+ buffer is ATP,
a highly mobile and effective Ca2+ chelator. ATP concentration in the cytosol is
estimated to be around 2–3 mM, of which 0.4 mM is in a free form [16, 17].

But, which is the mobility of buffers in the cell? When a signal opens a Ca2+
route (i.e., a channel or a receptor) a fast Ca2+ flux reach the cytoplasm from
extracellular space (or from organelles) driven by a large electrochemical gradient.
More than 95% of Ca2+ are immediately bound to buffers within a distance of 10–
50 nm from the focal point of Ca2+ entry [18, 19]. A mobile Ca2+ buffer will act
to disperse such local domains of elevated [Ca2+]c whereas fixed Ca2+ buffers will
tend to prolong them.
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Therefore, commonly used exogenous buffers/chelators for experimental pur-
poses (EGTA, BAPTA or fluorescent Ca2+ indicators like fura-2) must be also
considered since they compete with endogenous buffers increasing the transport of
Ca2+ across the cell [20].

The presence of mobile and immobile buffers greatly reduces the diffusion spread
of Ca2+. The effective diffusion constant of free Ca2+ is between 200–300 μm2/s,
this being reduced more than 20 times (<16 μm2/s) by cytoplasmic buffering [21,
22]. This fact was already described by Hodgkin and Keynes in 1957 in squid
giant axon, where the retardation factor of radioactivity-labeled Ca2+ was about
40 [8]. However, the timescale of those experiments was of minutes so that Ca2+
buffering and Ca2+ sequestration could be equilibrated and hence the effects of
buffers overestimated.

One parameter that offers an intuitive idea of Ca2+ diffusion is the mean
distance covered by Ca2+ ions in one dimension. This distance can be calculated
as (2Deff t)1/2, where Deff is the effective diffusion coefficient for Ca2+ and t is the
uptake time constant.

A stationary state situation (determining the basal level, usually around 100 nM)
will be reached when Ca2+ influx or Ca2+ release to the cytoplasm space equals
Ca2+ efflux plus Ca2+ buffering and sequestration into organelles [23, 24].

The results of simulations of the spatial and temporal pattern of Ca2+ changes
following stimulation depend very much on assumptions regarding mobility of
buffers [25, 26]. Thus, it is important to have experimental data on the mobility of
cellular Ca2+ buffers. The result, showed by Neher and Augustine [13], that there
is very little mobile buffer, would mean that the addition of even minute amounts of
an exogenous mobile Ca2+ buffer, such as fura-2 (as in Ca2+ imaging experiments),
should alter the temporal pattern of Ca2+ redistribution.

7.2.1 Ca2+ Buffers

Any molecule (or process) with the ability to bind Ca2+ ions could be considered, at
least in principle, as a buffer. Thus, many molecules with several negatively charged
groups can act as Ca2+ chelators. However, the term Ca2+ buffer is applied only to
a small subset of Ca2+ binding proteins containing acidic side-chain residues [27,
28].

Ca2+ binding proteins can be found in the cytosol (as soluble proteins); but also,
inside organelles (intraluminal proteins) [29] like the endoplasmic reticulum (ER) or
as intrinsic proteins in membranes (plasma or organelle membranes) (see Calcium
Binding Proteins chapter on this volume). The first of these proteins to be described
was troponin C [30].

Different protein families bind Ca2+ through different structural motifs as EF-
hands [31] or other well conserved Ca2+ binding domains founded in several
proteins families (C2 domain proteins, annexins) [27, 32]. However, the term Ca2+
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buffer is applied only to a small subset of proteins of the EF-hand family, including
parvalbumins (α and β isoforms), calbindin-D9k (CB-D9k), calbindin D-28k and
calretinin in the cytosol [28].

In the ER, main intraluminal Ca2+ buffers are calsequestrin and calreticulin
(which can also operate in the cytosol). These organellar Ca2+ buffers play a
significant role as modulators in a dynamic network of organellar Ca2+ signaling
[29].

Other Ca2+ binding proteins play a role as Ca2+ sensors more than as Ca2+
buffers due to its low concentration in the cell. Ca2+ ions bind to Ca2+ sensors
inducing a conformational change, which permits them to interact with specific
targets in a Ca2+-regulated manner. A prototype of Ca2+ sensor is calmodulin [33].

On the other hand, depending on their diffusion characteristics, buffers can be
considered as mobile or immobile. In addition, their Ca2+ binding and dissociation
rate constants cover a wide range from slow buffers (with constant values about
1 s−1) to fast buffers (constant values about 100 s−1) [34].

The obvious consequence of the presence of Ca2+ buffers is the Ca2+ buffering
capacity of the cytoplasm, which will be directly related to the concentration and
spatial location of the Ca2+ buffers. However, other parameters as affinity for Ca2+,
Ca2+ binding and dissociation kinetics, and diffusional mobility also contribute to
make Ca2+ signaling one of the most complex signaling activities of the cell.

7.2.2 Intracellular Concentration of Ca2+ Buffers

Intracellular or endogenous Ca2+ buffering capacity is directly related to the
concentration of Ca2+ buffers located in the cytosol [19]. However, this unitless
parameter is quite variable amongst different cells or even in the same type of cell
depending of host tissue, species or clonality (e.g., PC12 vs adrenal chromaffin cells
in Table 7.1) [19, 27, 35]. However, a minimal value could be 15 [15].

A useful approximation to endogenous Ca2+ buffering properties is to esti-
mate the ratio of changes of buffer-bound Ca2+ over changes of free Ca2+

Table 7.1 Values of Ca2+ binding ratio (κ) in different cell types

Cell type κ References

Motor neurons 40–50 [37, 41]
Adrenal chromaffin cells (PC12 cells) 40–75 (268) [13, 14, 35]
Hippocampal neurons (excitatory/inhibitory) 60/150 [42]
Dopaminergic neurons 110–179 [40]
Smooth muscle (coronary artery) 150 [43]
Cerebellar Purkinje cells 900–2000 [38]
Pancreatic acinar cells 1500–2000 [39]

More details (as experimental conditions of measurements) can be founded in the respective
original references. More values of Ca2+ binding ratios and their quantification for different types
of neurons can be founded in Matthews and Dietrich [15]
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(κ = d[BCa2+]/d[Ca2+] ≈ [B]/Kd) [15, 19, 36]. We can use this Ca2+ binding ratio
to compare the values of κ of different cells ranging from low (below 50) for motor
neurons [37] to very high (around 1000–2000) as that found in cerebellar Purkinje
neurons [38] or pancreatic acinar cells [39] (Table 7.1). It indicates that lower values
are probably needed in cells with a rapid Ca2+ signaling, as occurs in many neurons
types [40]. In other words, a high buffering capacity means that very few Ca2+ will
remain free following an action potential or other Ca2+-generating event.

7.2.3 Ca2+ Binding and Kinetics by Ca2+ Buffers

EF-hands motifs are Ca2+-binding sites with different selectivity and affinity for
Ca2+ and Mg2+ [31, 44]. The Ca2+-specific sites display affinities for Ca2+ from
10−3 to 10−7 M and significant lower ones for Mg2+ (10−1 to 10−2 M). The Ca2+
and Mg2+ sites bind Ca2+ with high (10−7 to 10−9 M) and Mg2+ with moderate
(10−3 to 10−5 M) affinities (see [28]).

The majority of Ca2+ buffers have values of dissociation constants in the low
micromolar range, such that, in a resting cell, Ca2+ buffers are mostly in a Ca2+-
free form. Another parameter to be considered is the kinetics of this binding. Ca2+
buffers considered as fast have rates >108 M−1 s−1 (as CB-D9k and troponin C
and the synthetic buffers BAPTA or Fura-2), while those considered as slow have
rates around 106 M−1 s−1 (as parvalbumins and the synthetic buffer EGTA). It is
the presence of Mg2+ (0.5–1.0 mM in physiological conditions) that determines
the Ca2+-binding due to the slow Mg2+ off rate. Thus, in an experimental setting
in the absence of Mg2+, the on-rate of Ca2+ binding to parvalbumins is very
rapid (around 108 M−1 s−1) [45]. Usually, endogenous Ca2+ buffers possess
several Ca2+ binding sites with different affinities and kinetics. The ratio between
high:intermediate affinity sites can be 3:1 or 2:2 [46]. Likewise, Ca2+ binding sites
(EF-hands) show allosterism in function of the occupied sites resulting in a non-
linear Ca2+ buffering [47, 48], therefore increasing the complexity and versatility
of the signaling mediated by Ca2+.

7.2.4 Intracellular Mobility of Ca2+ Buffers

Ca2+ buffering is, at least in mechanistic terms a different process that Ca2+
sequestration. The majority of Ca2+ entering into the cell will be rapidly bound by
Ca2+ buffers and later sequestered into Ca2+ storing organelles by slower processes
[13]. Mobility of Ca2+ buffers is an important determinant of Ca2+ signaling
since a mobile buffer will disperse a local increment of Ca2+ [15]. However, not
only mobile buffers can alter the time course and spatial distribution of the Ca2+
signal. Immobile or fixed buffers (which also include some mobile Ca2+ binding
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proteins that may change their mobility upon binding Ca2+) have been proposed
to participate in the generation of the repertoire of intracellular Ca2+ signaling
[15, 49].

The mobility of a Ca2+ buffer is expressed by its diffusion coefficient, which is
proportional to the molecular weight but also influenced by other factors. Molecular
diffusion is a complex process determined by a dynamic and out of equilibrium
environment as the cytoplasm. The rate of the diffusion of a molecule or particle is
also a function of temperature (thermal Brownian movement), viscosity and its mass
(i.e. radius) (see [50]). Therefore, the same molecule can have different diffusion
coefficient values in different cellular compartments as occurs with parvalbumin
that exhibits around 12 μm2/s in axons, somata and nuclei [51] versus 43 μm2/s in
dendrites [52].

7.3 Physiological Relevance of Cytosolic Ca2+ Buffering

Ca2+ signaling can be observed and described at different levels of life organization
ranging from the whole organism to the subcellular level, but they are closely
related [53, 54]. Most of Ca2+ in higher organisms is bound to bones and teeth
forming hydroxyapatite. In humans, from a total amount of Ca2+ of approximately
1250 g, only a few grams are in the extracellular and intracellular fluids, this level
is controlled by the slow Ca2+ movements in and out of the bone deposits [55]
under the influence of vitamin D and parathyroid hormone regulatory actions. Serum
concentration of Ca2+ is quite variable in animals ranging from 1 to 15 mM. In man,
normal range is 2.1–2.6 mM, but levels out of this range can produce uncontrollable
muscle spasms and cardiac alterations [56].

As discussed above, extracellular (plasma) levels will determine the electro-
chemical gradient with respect to intracellular space and Ca2+ fluxes from the
extracellular fluid to inside the cells are both signals and sources of Ca2+ for
subcellular organelles as the ER, mitochondrion or nucleus. Thus, the extracellular
pool acts as a large reservoir of free Ca2+.

Intracellular Ca2+ homeostasis is finely tuned by different regulatory systems
making of Ca2+ a crucial cation in the cellular physiopathology and cell fate.
An increase of [Ca2+]c is the key signal to initiate many physiological actions as
synaptic transmission, muscle contraction, hormone secretion or gene expression
[57, 58]. Moreover, Ca2+ signaling is also present throughout the life history of
the cell from its birth (mitosis) to death (apoptosis) [23, 59]. Alterations of Ca2+
homeostasis and signaling from systemic to subcellular levels also play a pivotal
role in the pathogenesis of many diseases [60–67].

Ca2+ signaling does not act solely by “on-off” changes in their concentration
at the entire cytoplasm. Cells have developed a complex code of signals based on
the modulation of Ca2+ concentration on different spatial and temporal basis [66].
Thus, Ca2+ signals can be graded from unitary and spatially located signals, with a
very limited spread through the cell, to whole cell signals as Ca2+ waves or Ca2+
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oscillations with repetitive Ca2+ changes travelling across the cell over longer time
periods. These global signals are possible due to a coordinated activity of Ca2+
entry, Ca2+ release and Ca2+ sequestration and finely tuned by Ca2+ buffering.

However, a signal to be effective as messenger must be finite. Ca2+ buffering and
Ca2+ sequestration are mechanisms to make intracellular Ca2+ changes transient,
permitting the cell to recover the basal values so that get ready again for a new
signaling round.

In general, fast responses are mediated by rapid and highly localized Ca2+ spikes
as in neurons during synaptic transmission. By contrast, repetitive Ca2+ transients
or waves are involved in slower intracellular processes, like in astrocytes. Moreover,
neuronal excitability can be modulated by Ca2+ buffering changing from a spike-
based pattern to a bursting signaling [67].

7.3.1 Spatiotemporal Signaling

Intracellular Ca2+signaling, as occurs with other second messengers-mediated
signaling is coded by changes in amplitude and frequency. Likewise, the quality
and quantity of an extracellular incoming signal are reflected in different domains
in the cell [68]. Amplitude may be proportional to the strength of the stimulus while
the frequency to its strength and quality. Localized increases of Ca2+ in restricted
domains represents an additional way of coding the signal. The combination of all
these three characteristics makes possible a wide variety of Ca2+ signals and slight
modifications of the amplitude or the temporal and spatial features of Ca2+ signals
can trigger deleterious processes involved in multiple pathogenic states, such as
cancer, inflammation, heart failure, and neurodegeneration [58].

The elementary phenomena involved in Ca2+ dynamics at a cytosolic level can
be the opening of a single channel in the plasma membrane or in an intracellular
Ca2+-store organelle leading to Ca2+ entry or Ca2+ release. Such events can act as
starters of whole cell events (i.e. Ca2+ sparks and Ca2+ induced Ca2+ release from
the sarcoplasmic reticulum). Many other different elementary Ca2+ signaling events
have been described from many cell and tissue types [69].

In an elementary event, the opening is usually brief and leads to a small and
local increase of Ca2+ concentration. This local increase results in the formation
of submicron sharp Ca2+ concentration profile in the vicinity of the channel [70].
The temporal collapse of these Ca2+ domains after channel closing is believed to be
achieved in the microsecond time scale.

Ca2+ microdomains are restrained by strong buffering and slow diffusion. The
microdomain’s size is a function of several parameters as the conductance and the
opening duration of the channel (how many ions can pass through the channel pore
by time unit) and the electrochemical driving force for Ca2+ (potential difference
and free Ca2+ concentration on both sides of the channel) but it is strongly
influenced by the properties of Ca2+ buffers.
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7.3.2 Ca2+ Buffering and Organelles

In addition to Ca2+ buffering, Ca2+ pumping significantly influences cellular Ca2+
signaling, albeit in a slower time scale. Ca2+ diffusion throughout the cell is
not only restrained by Ca2+ buffering, Ca2+ pumping (Ca2+ fluxes against the
electrochemical gradients) removes Ca2+ from the cytosol towards the extracellular
space (by plasma membrane Ca2+-ATPases and Na+/Ca2+ exchanger) or into the
ER (by sarco/endoplasmic reticulum Ca2+-ATPases or SERCA pumps). Therefore,
Ca2+ can be sequestered into the mitochondria (by action of the mitochondrial Ca2+
uniporter). In the resting state or for small [Ca2+]c changes the dominant pumping
fluxes are into the ER and to the extracellular space, whereas larger Ca2+ signals
(micromolar range) involves mitochondrial participation [71].

SERCA pumps are in charge of Ca2+ sequestration from the cytosol to inside of
the ER, where Ca2+ binds to intraluminal Ca2+ binding proteins with high capacity
(10 mol per mol of protein) but low affinity (KD ≈ 1 mM) which permit ER to
store vast amounts of Ca2+ which can rapidly be exchanged with the cytosol. Many
ER proteins bind Ca2+, including calreticulin, protein disulfide isomerase (PDI),
glucose regulated protein 94 (Grp94), immunoglobulin binding protein (BiP), and
ERp57. In the sarcoplasmic reticulum the most abundant Ca2+ binding protein is
calsequestrin. Sarcolumenin, a histidine-rich protein, junctin, junctate, and triadin
are unique to their membrane providing buffering and structural support [72].

ER contribution to Ca2+ signaling is also mediated by inositol 1,4,5-
trisphosphate (InsP3) and ryanodine receptors as well as by passive leak channels.
An example of this coordinated exchange between ER Ca2+ pools and [Ca2+]c is
the propagation of Ca2+ waves observed in mature oocytes during activation [73].

Organellar buffers also play a multifunctional role in a variety of processes,
including protein folding, regulation of apoptosis, and regulating Ca2+ release path-
ways [29]. Thus, organellar Ca2+ dynamics is also dependent both structural and
functional relationships between different organelles and their respective buffers.

The total Ca2+ concentration in the ER has been estimated between 5 and 50 mM
[74]. The majority of this Ca2+ is bound to proteins with a low affinity (Kd = 1–
4 mM) like calreticulin/calsequestrin and other intraluminal proteins with additional
function as chaperones. The high intraluminal content of Ca2+ and the low affinity
of ER Ca2+ buffers suggest that free Ca2+ concentration inside the ER could be in
the micromolar range (300–800 mM, depending on cell type) [75].

Mitochondria is another crucial organelle in Ca2+ homeostasis in the cell,
being capable of store substantial amounts of Ca2+. Moreover, Ca2+ play an
important role linking Ca2+ signaling with mitochondrial energetic status (through
the production of ATP necessary, among other functions, for active Ca2+ transport)
and cell death by apoptosis [76].

The Ca2+ entry way to the mitochondria is the uniporter located in the organelle’s
inner membrane. This mitochondrial Ca2+ uniporter is a selective Ca2+ channel
with low affinity (Kd estimated at ∼10–50 μM) and high conductance [77].
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Mitochondria becomes the predominant system of Ca2+ sequestration when the
level of [Ca2+]c is well above that reached during normal cell activation (around
1 μM) when work at saturation [78].

An additional mechanism of Ca2+ entry into the mitochondria known as rapid
uptake mode or RaM was described in hepatocytes [79]. RaM functions could be
to create a brief but high free Ca2+ elevation inside mitochondria, which may be
enough to activate metabolic reactions with small amounts of Ca2+ uptake that
are not capable to open mitochondrial membrane permeability transition pore [80].
Thus, mitochondria are the decoder between intensity of signaling and metabolic
activity till apoptosis is induced when Ca2+ homeostasis is lost.

A final interesting point to understand Ca2+ dynamics in the cytoplasm is the
crosstalk between organelles and plasma membrane. A good example of it is the
mechanism, described by Putney in 1986 [81], known as capacitative calcium entry
in which plasma membrane Ca2+ channels (like Ca2+ release activated Ca2+ or
CRAC channels) open after depletion of ER Ca2+ stores to slowly replenish their
resting Ca2+ levels [82].

This communication involves different signaling molecules and/or close inter-
actions between subcellular structures. Ca2+ entry through store-operated Ca2+
channels involve two main proteins. The stromal interaction molecule 1 (STIM1),
an ER-located Ca2+-sensing protein and, Orai1, a pore-forming subunit located at
the plasma membrane. After depletion of Ca2+ stores, STIM1 multimerizes and
redistributes into discrete sites close to the plasma membrane and, STIM1 couples
to and stimulates Orai, initiating the Ca2+ entry to replenish the empty stores [83].

The high-resolution imaging techniques have permitted to confirm that the
mitochondrial network inside the cells can be very close or even in contact
with the ER membrane and/or plasma membrane channels. Also mitochondria
could be able to sense large, but spatially limited Ca2+ increments derived from
InsP3 receptor activation or other Ca2+ fluxes from plasma membrane channels
as voltage-dependent calcium channels or store-operated calcium entry [84–86].
But, mitochondria can also increase Ca2+ buffering capacity by a local release
of ATP which acts as an endogenous highly mobile and effective Ca2+ chelator.
Thus, mitochondria located close to CRAC channels in T lymphocytes can regulate
slow Ca2+-dependent inactivation of the Ca2+ current through these channels by
increasing the Ca2+ buffering capacity beneath the plasma membrane, mainly
through the release of ATP [17].

7.4 Elements for Modeling Ca2+ Buffering and Signaling

Ca2+ dynamics can be seen as a process of extreme complexity due to the
diversity of molecular and structural elements (i.e., pumps, channels, Ca2+ buffers,
organelles, . . . ) involved [23] which can be analyzed at several levels from unitary
or elementary events (restricted to subcellular spaces) to global events (as waves or
oscillations) occurring at the whole cell level.
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First attempts to model intracellular Ca2+ dynamics focused in extracellular
Ca2+ entry pathways (i.e. channels) considering the cytoplasm as a uniform
medium. Later, more descriptive models were proposed to explain the activation
kinetics of a single channel or the spatial arrangements of a group of channels, the
role of mobile and immobile buffers or the alterations produced by experimentally-
added exogenous buffers.

In general, the inositol 1,4,5-trisphosphate receptor (InsP3R), the ryanodine
receptor, and the SERCA pumps govern most Ca2+ exchanges between the cytosol
and the ER. When combined in a cellular model, they can explain many observations
regarding signal-induced Ca2+ oscillations and waves. On the other hand, modeling
also permits a predictive analysis of experimental results and to study the role of
different elements in a complex system (see an excellent review by Dupont [87]
about the relative contribution of the different elements in Ca2+ dynamics).

Mathematics behinds Ca2+ modeling can be hard for some of us (a comprehen-
sive review about this issue have been written by Martin Falcke [88]). For it, only
the main elements (variables) and their role in the control of cytoplasmic Ca2+ will
be shortly described below.

A valuable approach to study the properties and contribution of buffers to Ca2+
signaling has been the microfluorimetry combined with single-cell electrophysio-
logical techniques using Ca2+ indicators (as fura-2) [89]. They have also permitted
to study the contribution of exogenous Ca2+ buffers (i.e. fluorescent Ca2+ probes)
competing with endogenous Ca2+ buffers [19]. The method known as “added-buffer
method” (see next section) allows to study endogenous buffer capacity by adding a
competing exogenous buffer. Recently, new experimental approaches using minimal
Ca2+ buffer (the low affinity Ca2+ indicator Fura-6F) concentrations, in order not
to overwhelm endogenous Ca2+ buffers, have permitted more realistic intracellular
conditions and to obtain more accurate values of parameters for modelling Ca2+
dynamics in neurons [90].

The basis to understand complex signals as Ca2+ waves or oscillations is the
measurement of Ca2+ fluxes through a single channel and the subsequent estimation
of its contribution to the global Ca2+ signal. The free Ca2+ increase due to a single
channel opening (elementary events as blips or quarks) will depend mainly on the
magnitude of the Ca2+ current and the buffering characteristics of the cytoplasm.

In early works, the aim was to estimate the cytosolic Ca2+ rise near the inner
side of a single Ca2+ channel [91, 92] or a cluster of single channels [93]. These
studies also allowed to make inferences about processes controlled by local Ca2+
signals like Ca2+-dependent inactivation of Ca2+ channels [17], activation of Ca2+-
dependent potassium channels [94] or neurosecretion mediated by Ca2+ regulated
exocytosis [95, 96].

The Ca2+ signal generated by a single channel is known as a nanodomain, which
produces a Ca2+ elevation until 50 nm away from the channel pore in neurons [97].
Thus, any potential Ca2+-dependent process controlled by a nanodomain should
have a Ca2+ sensor in such distance range as occurs in rapid neurotransmitter
release or the Ca2+ dependent modulation of ionic channels commented above.
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Interestingly, small groups or clusters of channels can lead to the summation of
nanodomains producing stronger signals called microdomains. These microdomains
imply Ca2+ sensors that are placed within a fraction of a micrometer from the Ca2+
channel cluster center, to allow detection of summed signals.

The spread of Ca2+ during elemental events is the process most directly affected
by buffer properties [26]. Thus, many efforts have been done to understand the
cytosolic buffer dynamics and their influence in Ca2+ signaling from elementary
events. However, Ca2+ nano or microdomains occurs in spatial and temporal scales
that requires highly sensitive optical imaging techniques [98]. An alternative is the
theoretical approach to study the influence of buffering on Ca2+ microdomains
formation and diffusion [13, 16, 20, 99, 100]. At this level some other phenomena
can be considered, as the stochastic behavior or the spatial grouping of Ca2+
permeating channels forming clusters [34], much more complex and demanding
in order to design a reliable mathematical approach.

Despite several technological and methodological improvements in microfluo-
rometry, such as the development of two-photon and super-resolution microscopy,
we remain unable to trace Ca2+ dynamics over longer periods of time limiting our
knowledge to their relevance in different physiological (or pathological) conditions
[58].

An increased level of complexity of Ca2+ signaling is represented by global phe-
nomena as waves or oscillations. They reflect the coordinated activity of release and
diffusion processes involving several fluxes among different cellular compartments
and organelles. These fluxes are usually visualized as a periodic behavior of [Ca2+]c
which spread across the cell and between cells. Ca2+ waves were first observed
in fertilized fish oocytes [101], now we know different patterns from one-way
linear displacement to spiral waves with a synchronous or asynchronous behavior
depending of cell types [102, 103]. Ca2+ wave propagation can be modified by
changing InsP3, buffer concentration, mitochondrial Ca2+ uptake or overexpressing
SERCA pumps (see [88]). Repetitive Ca2+ spikes were instead first time observed
in agonist-stimulated hepatocytes [104].

Ca2+ oscillations reflect an exchange of Ca2+ between the buffers and the ER
mediated by InsP3R and the SERCA [25] with a dependence on external Ca2+
in most cells. Ca2+ oscillations and waves can be found in many cells from
intra- to an intercellular (coordinated and cooperative responses in multicellular
systems) level of signaling [105]. These transient events permit signaling based on
frequency instead of amplitude; hence avoiding prolonged exposures to high Ca2+
concentrations potentially toxic for cells.

An additional challenge in the development of models is represented by the
stochastic or deterministic nature of the signals involved in Ca2+ dynamics [87].
Some groups have concluded that Ca2+ dynamics remains as stochastic process
even at the cellular level, mainly because of the poor communication between
Ca2+-releasing channels due to the low diffusivity of Ca2+ inside the cytoplasm
[106–108].

The mathematical description of global phenomena can be very complex (in
function of the number of variables considered, see [109]). However, Ca2+ signaling
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involves a complex system with many elements and multiple interactions where
modeling is a useful tool to understand the spatiotemporal behavior of Ca2+
signaling in a particular system.

There are three basic types of models: qualitative, phenomenological and
quantitative or mechanistic. Qualitative models are presented in a diagrammatic
rather than in mathematical form; they are easy to do and can serve to support
an initial hypothesis. Phenomenological models are based and expressed in a
mathematical form to explain the experimental observations. A main disadvantage
of this sort of models is that widely differing mathematical expressions can behave
in a comparable way. Finally, the quantitative or mechanistic models are based as far
as possible on known mechanisms and experimentally validated parameters [110].

7.4.1 Ca2+-Binding Ratio

Several experimental approaches have been employed to estimate Ca2+ fluxes and
free Ca2+ concentration in cells being the most popular a combination of fluorescent
imaging using Ca2+ indicator dyes with the electrophysiological measurements
[42]. But, these Ca2+ indicators are exogenous Ca2+ buffers that contribute to
cytoplasmic Ca2+ binding capacity.

In 1995, E. Neher developed the “added buffer method” to estimate the endoge-
nous Ca2+ buffer [19]. It consists to measure the Ca2+ transients elicited by voltage
or drug stimulation in the presence of different concentrations of an exogenous Ca2+
indicator. By extrapolating to zero concentration of added exogenous indicator it is
possible to estimate the endogenous Ca2+ buffer.

In practice, to calculate κS we need to measure changes in both the fluorescent
signal and in the total calcium entering the cytosol (valid for brief time intervals and
small incremental elevations in [Ca2+]c). As explained before, κS can be estimated
by different approaches like the analysis of Ca2+ signal or the amount of Ca2+
bound to buffer (see [18, 19] for alternative methods and problems measuring Ca2+-
binding ratio). Some limitations of the “added buffer method” regarding to the
relative contributions of mobile and immobile buffers to the total buffering capacity
are widely described in Matthews and Dietrich [15].

7.4.2 Calculating Changes in Free Ca2+ Concentration

The most basic scenario to model Ca2+ transients is to consider that they occur in a
single compartment [13]. Consider a cell (or subcellular location, e.g. a dendritic
segment) with a volume V and a Ca2+ influx (jin) induced by a stimulus that
produces an increase in the total Ca2+ concentration. Ca2+ will be partitioned
between the endogenous Ca2+ buffer component (S) in the cytoplasm and the
exogenous Ca2+ indicator/buffer (B) with constant Ca2+-binding ratios κS and κB,
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respectively. Ca2+ removal (jout) is modeled as a linear extrusion mechanism with
rate constant γ. The next equation describes the kinetics of Ca2+ changes (with
conservation of total Ca2+) [36]:

d
[
Ca2+]

i

dt
+ d [BCa]

dt
+ d [SCa]

dt
= (jin − jout)

V
(7.1)

where [BCa] is the concentration of a mobile buffer (such as fura-2 or some other
exogenous buffer) in its Ca2+-bound form, [SCa] is the concentration of fixed
(endogenous) Ca2+ buffer in the Ca2+-bound form, and V is the accessible volume
of the cell (or compartment).

The Eq. 7.1 can be expressed as a function of calcium binding capacities of κB
and κS as

d
[
Ca2+]

i

dt
(1 + κB + κS) = (jin − jout)

V

where

κB = d [BCa]

d
[
Ca2+]

i

and

κS = d [SCa]

d
[
Ca2+]

i

Thus, in a typical patch-clamp experiment we need to know the proportion of
total current carried by Ca2+ ions, the accessible cell volume, and the cellular Ca2+
binding ratio to calculate the free Ca2+ concentration.

CalC (“Calcium Calculator”) is a free modeling tool for simulating intracellular
Ca2+ diffusion and buffering developed by Prof. Victor Matveev and available for
download at https://web.njit.edu/matveev/calc.html [111]. CalC solves continuous
reaction-diffusion partial differential equations describing the entry of Ca2+ into
a volume through point-like channels, and its diffusion, buffering and binding to
calcium “receptors”.

The diffusion of calcium within a three-dimensional space in the presence of
multiple buffers of mixed mobility is a more complex phenomenon, which it is
described by a set of partial differential equations, which can be linearized to isolate
individual interactions of Ca2+ with buffers at the nano and microdomain levels [16,
112].

An additional simplification assumes that interactions between Ca2+ and buffers
are instantaneous (‘Rapid Buffer Approximation’) and that the spatiotemporal
localization of Ca2+ depends only on the diffusion coefficients and affinities of
the various buffers [20, 99, 100]. This yields a very useful analytical expression

https://web.njit.edu/~matveev/calc.html
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describing Ca2+ diffusion in the presence of multiple buffers using a new, smaller
diffusion coefficient of calcium (Dapp), depending on the number, amount and
mobility of the calcium buffers present (see [15] for details):

Dapp = DCa

(
1 + Dmobile

DCa
κmobile

)

(1 + κmobile + κimmobile)

where, DCa is the diffusion coefficient of free Ca2+ in the cytosol, Dmobile is
the diffusion coefficient of mobile buffers, and κmobile and κimmobile are the Ca2+
buffering capacities of mobile and immobile buffers, respectively. This equation
dictates that adding a mobile buffer can accelerate Ca2+ diffusion (increasing
Dapp), but only if the mobile buffer’s diffusion coefficient is larger than the Dapp
of the system in the absence of the mobile buffer.
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Chapter 8
An Update to Calcium Binding Proteins

Jacobo Elíes, Matilde Yáñez, Thiago M. C. Pereira, José Gil-Longo,
David A. MacDougall, and Manuel Campos-Toimil

Abstract Ca2+ binding proteins (CBP) are of key importance for calcium to play
its role as a pivotal second messenger. CBP bind Ca2+ in specific domains, con-
tributing to the regulation of its concentration at the cytosol and intracellular stores.
They also participate in numerous cellular functions by acting as Ca2+ transporters
across cell membranes or as Ca2+-modulated sensors, i.e. decoding Ca2+ signals.
Since CBP are integral to normal physiological processes, possible roles for them
in a variety of diseases has attracted growing interest in recent years. In addition,
research on CBP has been reinforced with advances in the structural characterization
of new CBP family members. In this chapter we have updated a previous review on
CBP, covering in more depth potential participation in physiopathological processes
and candidacy for pharmacological targets in many diseases. We review intracellular
CBP that contain the structural EF-hand domain: parvalbumin, calmodulin, S100
proteins, calcineurin and neuronal Ca2+ sensor proteins (NCS). We also address
intracellular CBP lacking the EF-hand domain: annexins, CBP within intracellular
Ca2+ stores (paying special attention to calreticulin and calsequestrin), proteins that
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contain a C2 domain (such as protein kinase C (PKC) or synaptotagmin) and other
proteins of interest, such as regucalcin or proprotein convertase subtisilin kexins
(PCSK). Finally, we summarise the latest findings on extracellular CBP, classified
according to their Ca2+ binding structures: (i) EF-hand domains; (ii) EGF-like
domains; (iii) G-carboxyl glutamic acid (GLA)-rich domains; (iv) cadherin domains;
(v) Ca2+-dependent (C)-type lectin-like domains; (vi) Ca2+-binding pockets of
family C G-protein-coupled receptors.

Keywords Annexins · Ca2+ sensors · Calcineurin · Calmodulin · Calreticulin ·
EF-hand domain · Parvalbumin · Protein kinase C · S100 proteins ·
Synaptotagmin

8.1 Introduction

Calcium (Ca2+) is a ubiquitous and highly versatile intracellular signal that operates
over a wide spatial and temporal range to regulate many different cellular processes
[1]. However, cellular Ca2+ overload can be cytotoxic and therefore a homeostatic
system is necessary to regulate ionic balance. Calcium binding proteins (CBP),
grouped together into a very large and heterogeneous family, not only regulate Ca2+
homeostasis but also control numerous Ca2+ signalling pathways [2]. Those that
regulate Ca2+ levels are mainly membrane proteins (Ca2+ pumps) which maintain
low cytosolic free Ca2+ concentrations under resting conditions (∼100 nM) to
avoid calcium precipitation or excess of Ca2+ signal activity. Other CBP regulate
a plethora of cellular functions by interacting with and modulating a wide range of
proteins.

This review presents an update on discoveries pertaining to intracellular CBP
with or without EF-hand domains, as well as extracellular CBP, in health and
disease, based on our previous review [3]. Here we focus on CBP cellular functions
and diseases associated with mutations and dysregulation of CPB, but not on the
structural and Ca2+-binding affinities of the CPB previously discussed [3].

We have also gathered evidence of how recently-developed experimental tools
such as genetically encoded Ca2+ indicators (GECI), mutagenesis studies combined
with in vivo calcium imaging, optogenetics and chemogenetics, have contributed to
a better understanding of cellular Ca2+ signalling.

8.2 Intracellular Ca2+ Binding Proteins with EF-Hand
Domains

The superfamily of EF-hand proteins includes a large number of members which
share a common structural motif consisting of two alpha helices oriented per-
pendicular to each other (Fig. 8.1). The loop integrated in this sequence can
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Fig. 8.1 (a) Representation of a EF-hand motif constituted by two alpha helices (E and F)
perpendicularly placed and linked by a short loop region that facilitates Ca2+binding. (b) The
spatial arrangement of the EF-hand motif mimicks the spread thumb and the index finger of a
human right hand

accommodate Ca2+ or Mg2+ with distinct geometries and the affinity for these ions
is a determining factor for the function of the protein [4].

Commonly, EF-hand motifs occur in adjacent pairs giving rise to different
structural and functional proteins. Conformational changes induced in EF-hand
regulatory proteins usually lead to an increase in enzymatic activity or in signal
transduction between cellular compartments [5]. Meanwhile, structural EF-hand
domains play an important role in calcium buffering in the cytosol [3].

8.2.1 Parvalbumin Family Proteins

Traditionally, parvalbumin (PV) was considered a cytosolic Ca2+-binding protein
acting as a slow-onset Ca2+ buffer that modulates the shape of Ca2+ transients in
fast-twitch muscles and a subpopulation of neurons. However, PV is also widely
expressed in non-excitable cells like distal convoluted tubule (DCT) cells of the
kidney, where it might act as an intracellular Ca2+ shuttle facilitating transcellular
Ca2+ resorption by influencing mitochondrial Ca2+ buffering [6]. Two isoforms,
alpha and beta parvalbumin, exist in vertebrates and are associated with several
calcium-mediated cellular activities and physiological processes.

Parvalbumin-expressing GABAergic interneurons (PVIs), present in different
brain regions, play a role in short-term synaptic plasticity [7], high frequency
neuronal synchronization, maintaining a proper excitatory/inhibitory balance, and
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voluntary movement tasks [8]. Their activity supports critical developmental trajec-
tories, sensory and cognitive processing, and social behaviour [9–13]. Alterations
in PVIs are commonly observed in post mortem brains of schizophrenia patients
and are reported in bipolar and autism spectrum disorders [14]. Furthermore,
dysregulation of PV (and calretinin) is associated with the development of affective
disorders [15], anxiety, and fear extinction [16].

The use of designer receptors exclusively activated by designer drugs
(DREADD) technology, a selective noninvasive chemogenetic approach, allowed
the characterization of specific and reversible activation of PVIs in subregions of
the hippocampus associated with social behaviour such as the dentate gyrus (DG)
[17].

PVIs can generate feedforward inhibition that opposes seizure spread in both
experimental models [18] and patients [19]. Moreover, in vivo optogenetic studies
revealed that PVI activation interrupts spontaneous ongoing seizures [20–22].

Importantly, distribution of CBP (regulators of intracellular Ca2+ levels) is
associated with functionally distinct neuronal subpopulations (with different neuro-
transmitter profiles), suggesting that CBP can serve as anatomical (and potentially
functional) markers of locomotor network as recently demonstrated by Ca2+
imaging studies in zebra fish [23].

8.2.2 Calmodulin Family Proteins

The calmodulin family, represented by calmodulin, troponin C and essential and
regulatory myosin light chains (ELC and RLC of myosin), is one of the most
extensively characterized sets of the EF-hand Ca2+ sensor proteins. Calmodulin is
a ubiquitous Ca2+ sensor molecule encoded by 3 distinct genes, CALM1-3. CALM
modulates the activity of various proteins including ion channels [24–26] which play
important roles in the generation and profile of cardiomyocyte action potentials.
Mutagenesis studies in cardiac cells have identified that mutations in CALM
genes are associated with severe early-onset of congenital long-QT syndrome
(LQTS) [27–29], and idiopathic ventricular fibrillation [30]. A recent study of the
calmodulin interactome characterised a pivotal role for this CBP in invadopodia
formation associated with the invasive nature of glioblastoma multiforme (GBM)
cells [31].

Troponin C, as a part of the troponin complex, is present in all striated muscle,
being the protein trigger that initiates myocyte contraction [32]. Two isoforms of this
protein have been described: fast skeletal muscle troponin C, which is activated by
Ca2+ binding to two low-affinity sites on the N-terminal domain, and slow skeletal
(and cardiac) muscle troponin C, which is activated by Ca2+ binding to a single
affinity site [33].

ELC and RLC of myosin bind to the neck region (approximately 70 amino
acids) of myosin heavy chain; the neighbouring head region contains the globular
catalytic domain, responsible for binding to actin and hydrolysing of ATP [34].
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Phosphorylation of RLC generates a structural signal transmitted between myosin
molecules in the thick filament and finally to the thin filaments (actin), which forms
the basis of contractile regulation in cardiac muscle [35].

8.2.3 S100 Family Proteins

The S100 proteins, a family of Ca2+-binding cytosolic proteins expressed exclu-
sively in vertebrates, constitute the major family of EF-hand calcium sensor
proteins. S100 proteins are characterised by the presence of a unique S100-specific
Ca2+-binding loop named “pseudo EF-hand” [36], often involved in the formation
of homo- or heterodimers, and the ability to bind other divalent metals such as Zn2+
and Cu2+ [37, 38].

S100 proteins have a wide range of intracellular and extracellular functions
through regulating calcium balance, cell apoptosis, migration, differentiation,
energy metabolism and inflammation [39–41].

Initial research showed that S100 proteins are involved in cell growth, divi-
sion and differentiation [38, 42–46]. Nonetheless, more recent contributions have
demonstrated the role of S100 proteins in cell migration and invasion [39, 40, 47,
48], neuronal plasticity [49, 50], cartilage repair [51], inflammation [41], and several
types of cancer including lung [52], ovarian [53], pancreatic [54], and melanoma
[55, 56].

The S100 family of calcium-binding proteins are gaining importance as both
potential molecular key players and biomarkers in the aetiology, progression,
manifestation, and therapy of neoplastic disorders, including lymphoma, pancreatic
cancer and malignant melanoma [57]. For example, S100A2 is downregulated in
melanoma, whilst S100A1, S100A4, S100A6, S100A13, S100B, and S100P are
upregulated [56].

8.2.4 Calcineurin

Calcineurin is classified as a calmodulin-dependent serine/threonine phosphatase
and is ubiquitously expressed in lower and higher eukaryotes [58]. Calcineurin
plays a pivotal role in the information flow from local or global Ca2+ signals to
effectors that control immediate cellular responses and alter gene transcription. It is
a heterodimeric protein consisting of a catalytic A subunit (CNA), which is highly
homologous to protein phosphatases 1 and 2, and a regulatory B subunit (CNB), that
contains four EF-hand motifs and binds to CNA to regulate its phosphatase activity
even in the absence of Ca2+ [59]. A malfunction in calcineurin-NFAT signalling can
engender several pathologies, such as cardiac hypertrophy, autoimmune diseases,
osteoporosis, and neurodegenerative diseases [60–62].
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8.2.5 Neuronal Ca2+ Sensor (NCS) Proteins

Frequenin was the first NCS protein to be discovered and was originally designated
NCS-1, due to its distribution in neuronal cell types [63]. Fourteen NCS proteins
have since been identified, and classified into A-E subgroups on the basis of their
amino acid sequences, including NCS-1, hippocalcin, neurocalcin-δ, VILIP1-3,
recoverin, GCAP1-3 and KChIP1-4 [64]. Most are expressed only in neurons,
where they have different roles in the regulation of neuronal function [65]. For
instance, direct interaction of NCS1 and calneuron-1 with the GPCR cannabinoid
CB1 Receptor (CB1R) determines cAMP/Ca2+ crosstalk which regulates the action
of endocannabinoids [66]. Dysregulation of NCS proteins have been observed in
several CNS disorders, such as Alzheimer’s disease, schizophrenia, and cancer
[67–69].

8.3 Intracellular Ca2+ Binding Proteins Without EF-Hand
Domains

An important and heterogeneous group of proteins capable of binding Ca 2+ but
lacking the EF-hand domain are also found within eukaryotic cells. Important
functional roles have been described for most of them, which has led to many being
considered new potential therapeutic targets in various pathologies (see below).
This is the case for annexins, whose role in different types of cancer, among
other pathologies, is currently under investigation. Other CBP, such as calreticulin
and calsequestrin, perform a fundamental role in Ca2+ homeostasis, since they
fix the ion within the endoplasmic/sarcoplasmic reticulum (ER/SR), facilitating
the role of these organelles as intracellular Ca2+ reservoirs. In addition, there are
other proteins, such as regucalcin, calcium-and integrin-binding protein 1 (CIB1),
proprotein convertases, or those that share a Ca2+-binding domain named C2, whose
Ca2+ binding ability serves as a regulatory mechanism for several cellular functions.

8.3.1 Annexins

Annexins, also known as lipocortins, are a multigene superfamily of Ca2+-
dependent phospholipid- and membrane-binding proteins. We have previously
reviewed their classification and structure [3]. Briefly, annexins are classified into
5 families (A–E) [70–72]. The annexin A family, which is common to humans
and other vertebrates, contains 12 members (annexin A1–11 and A13). Their
structure consists of a highly conserved COOH-terminal core domain and a NH2-
terminal region that shows marked diversity and regulates membrane association
and interaction with protein ligands [72, 73] (Fig. 8.2).
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Fig. 8.2 Domain structures of calreticulin, annexins and classic PKCs. Calreticulin contains a
KDEL signal that is responsible for the retrieval of ER proteins from the Golgi complex; C
conserved regions, V variable regions, PS pseudosubstrate binding site. For more details, see main
text

Upon binding and activation by Ca2+, annexins undergo a conformational change
which allows them to bind negatively charged membrane phospholipids and form a
ternary complex bridging adjacent membranes [74].

Annexins can participate in a large number of cellular processes including anti-
coagulation, anti-inflammation, endocytosis and exocytosis, membrane aggregation
and fusion, regulation of membrane dynamics and organization, signal transduction,
cell division, cell proliferation, differentiation, growth regulation and apoptosis
(for detailed review see e.g. [75, 76]). Accordingly, their involvement in different
disease states, including cancer, diabetes and inflammatory pathologies, has been
extensively studied, and they have consequently become promising pharmacological
targets [75–77].

Annexin A1 in particular has received much interest from multiple perspectives
in the search for novel therapies. It participates in many important biological
processes that encompass cell migration, recruitment, permeability, apoptosis,
phagocytosis and proliferation [78, 79]. It makes up 2–4% of the total cytosolic
protein in some cell types and can also be found in the nucleus [80]. The expression
level of annexin A1 is modified in various tumours, suggesting a potential influence
on tumorigenic and metastatic processes [81, 82] and has been found in breast
cancer and squamous cancer cells [83, 84]. Annexin A1 may act as a modulator
of inflammation and inflammatory pain [85, 86]. In fact, annexin 1 replicates anti-
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inflammatory effects due to its potential for glucocorticoid sparing in rheumatoid
arthritis [87]. As a result of these properties, annexin A1-based therapies could be
used in myocardial ischaemia-reperfusion injury, limiting neutrophil infiltration and
preserving both cardiomyocyte viability and left ventricular contractile function,
thereby offering a novel route for treating myocardial inflammatory disorders [88].

Annexin A2 also fulfils a wide range of biological functions both at the plasma
membrane and within multiple intracellular compartments [89]. It regulates tumour
cell adhesion, proliferation, invasion, metastasis and tumour neovasculogenesis,
thus playing a crucial role in tumour development, which in turn means it is
a potential therapeutic target for efficient molecular-based strategies in tumour
treatment [90] as well as a putative cancer biomarker [91, 92]. Other pathologies
in which annexin A2 is identified as a potential target are ulcerative colitis [93],
thrombosis and lupus [94].

Concerning annexin A3, its function either as a tumour suppressor or as a tumour
promoter candidate for different cancers depending on the types of tumour cells and
tissues has been investigated [95].

Annexin A4 is considered a promising therapeutic target for the treatment of
platinum-resistant cancers [96]. Furthermore, studies on the function of this protein
on tumour tissues have great potential importance not only for understanding cancer
progression but also for developing diagnostic and therapeutic approaches [97].

Similarly, annexin A5 contributes to several aspects of tumour progression and
drug resistance in certain types of cancer, so it can be used as a therapeutic target
for broad applications in the diagnosis, treatment, and prognosis of tumours [98].
Other important functions that have been described for annexin A5 are its role in
cell membrane repair [99, 100] and in the maintenance of pregnancy since it acts as
an immunomodulator and anticoagulant at the level of the placenta [101].

Finally, other annexins with the potential to be pharmacological targets are:
annexin A6 (which regulates converging steps of autophagy and endocytic traf-
ficking in hepatocytes [102]; annexin A7 (abnormal expression of the Anxa7 gene
is associated with several pathologies, including glioblastoma, melanoma, urinary
bladder transitional cell carcinoma and Hodgkin lymphoma ovarian carcinoma
[103]; and annexin A11 (dysregulation and mutation of this protein are involved
in systemic autoimmune diseases and sarcoidosis, and are associated with the
development, chemoresistance and recurrence of cancers [104].

8.3.2 Ca2+ Binding Proteins at Intracellular Ca2+ Stores

The SR and ER of eukaryotic cells act as intracellular reservoirs of readily-
releasable Ca2+ ions. Several CBP within these organelles are essential for this
function. Calreticulin, BiP/Grp78, glucose-regulated protein 94 (Grp 94) and protein
disulfide isomerase (PDI) are CBP that participate in smooth muscle SR/ER-
dependent Ca2+ homeostasis and act as protein chaperones [105, 106].
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Amongst these CBP, calreticulin is arguably the most important. This protein
consists of three distinct structural and functional domains (Fig. 8.2) [3, 107].
In addition to SR/ER, it is also present on the membrane of other subcellular
organelles, cell surface and in the extracellular environment where it contributes
to different physiological and pathological processes [108]. Calreticulin regulates
Ca2+ uptake and release within the ER and mitochondria [109, 110], and it is a
central component of the folding quality control system of glycoproteins [111, 112].

Outside of the ER, calreticulin also regulates critical biological functions includ-
ing cell adhesion, gene expression, and RNA stability [107]. New roles of calretic-
ulin in the extracellular space such as an involvement in cutaneous wound healing
and possible diagnostic applications of calreticulin in blood or urine have also
emerged [108].

A possible role for calreticulin in the development of several human pathologies,
including congenital arrhythmias and some cancers (including oral, esophagus,
breast, pancreas, gastric, colon, bladder, prostate, vagina, ovarian and neurob-
lastoma) has been described [107, 109, 112, 113]. Mutations in the calreticulin
gene, for example, are present in myeloproliferative neoplasms [114]. Thus, the
multifaceted properties of calreticulin may in the future provide a means to treat a
number of diseases [115].

BiP/Grp78 is an immunoglobulin binding protein that can bind Ca2+ at relatively
low stoichiometry [116]. As a consequence, its over-expression increases the Ca2+
pool available for transfer to mitochondria. Grp94 protein is a high affinity CBP
whose inhibition induces Ca2+-mediated apoptosis [117]. PDI is a major CBP of
the ER that is also involved in protein folding and isomerization [118]. Increasing
evidence suggests that PDI supports the survival and progression of several cancers.
However, no PDI inhibitor has been approved for clinical use [119].

The storage and rapid release of Ca2+ from the skeletal and cardiac SR reservoirs
has been associated with calsequestrin [120, 121], as previously reviewed [3].
Both calsequestrin 1 and calsequestrin 2 subtypes act as SR luminal sensors
for skeletal or cardiac ryanodine receptors together with the proteins triadin and
junctin [122, 123] (Fig. 8.3). Calsequestrin communicates changes in the luminal
Ca2+ concentration to the cardiac ryanodine receptor channel [124] and it has
been demonstrated that a lack of this protein causes important structural changes
in the SR and alters the storage and release of appropriate levels of SR Ca2+
[125]. Alterations in calsequestrin expression are an underlying cause of cardiac
complications. For example, loss of calsequestrin 2 causes abnormal SR Ca2+
release and selective interstitial fibrosis in the atrial pacemaker complex (which
disrupts sinoatrial node pacemaking but enhances latent pacemaker activity) and
creates conduction abnormalities and increased susceptibility to atrial fibrillation
[126]. Also, a change in calsequestrin expression is involved in the pathogenesis
of Duchenne progressive muscular dystrophy [127]. In addition, calsequestrin-1
knockout mice suffer episodes of exertional/environmental heatstroke when exposed
to strenuous exercise and environmental heat, and aerobic training significantly
reduces mortality rate by lowering oxidative stress [128].
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Fig. 8.3 Calsequestrin (CSQ) binds Ca2+ within the SR of cardiac myocytes. It is attached to
the ryanonide receptor through the junctin-triadin protein complex. NCX Na2+/Ca2+ exchanger,
PMCA plasma membrane Ca2+ ATPase, VOCC voltage-operated Ca2+ channel, SERCA sarcoplas-
mic/endoplasmic reticulum Ca2+ ATPase, RyR ryanodine receptor

8.3.3 Ca2+ Binding Proteins with C2 Domains

The C2 domain is a Ca2+-binding motif which also has the ability to bind
phospholipids, inositol polyphosphates and some other intracellular proteins. It was
first identified as Conserved Domain 2 of the PKC kinase family, hence its name
[129, 130]. It has been found in well over two hundred different proteins, making
it the second most common lipid binding domain [3, 131] and it mediates a wide
range of intracellular processes, such as membrane trafficking, generation of lipid-
second messengers, activation of GTPases, and control of protein phosphorylation
[132]. Some of the best-known proteins that contain a C2 domain are PKC,
synaptotagmins, phospholipase C (PLC) and phospholipase A (PLA).

PKC is composed of a large family of lipid-activated enzymes that regulate the
function of other proteins via phosphorylation of serine and threonine residues (Fig.
8.2). Multiple isoforms of PKC, ten of them found in mammals, can exist in the
cytosol in a soluble form or bind to the plasma membrane, participating in many
functions, such as intracellular signalling, secretion, cell growth and differentiation
[133, 134].

PKC activity depends on the presence of several lipid cofactors and Ca2+,
although these requirements vary for different isozymes. Three categories have been
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established for mammalian PKCs: classical, novel and atypical isoforms, the last
lacking the C2 domain [134, 135]. Classical isozymes contain a C2 type I Ca2+- and
phospholipid-binding domain and require Ca2+ in order to stabilize interaction with
the plasma membrane [133]. On the other hand, novel isozymes contain a variant
of the C2 domain (type 2) that lacks key Ca2+-coordinating residues; as a result,
novel isozymes are not sensitive to Ca2+ [135]. Therefore, classical PKC isoforms
are activated by Ca2+ and diacylglycerol (DAG), whereas novel PKC isoforms are
activated by DAG, but not Ca2+. Atypical PKC isoforms require neither Ca2+ nor
DAG for activation [136].

A role for different PKC isozymes has been described in a large number of
diseases, including cardiac pathologies, cancer, dermatological diseases, lung and
kidney diseases, autoimmune diseases, neurological diseases and some others (for
detailed review see e.g. [137]).

Synaptotagmins are a family of transmembrane Ca2+ sensors found in synaptic
vesicles and in secretory granules of endocrine cells that have a main role in exocy-
tosis [2, 138, 139]. They bind Ca2+ with low affinity by means of two C2 domains:
C2A and C2B [140]. The most studied protein in this family is synaptotagmin I,
which functions as a sensor for evoked, synchronous neurotransmitter release in
neurons [141].

Otoferlin is another transmembrane protein with a C2 domain that binds Ca2

and membranes and triggers the fusion of neurotransmitter-filled vesicles with the
plasma membrane, in conjunction with a specific ensemble of molecular machinery
proteins [142]. Its significance in priming and fusion of synaptic vesicles during
sound encoding is clear, and mutations in otoferlin cause human deafness [143].

Other proteins involved in the modification of lipids that also contain functional
Ca2+-binding C2 domains are phosphoinositide-specific PLC, which liberates IP3
and DAG in response to mitogenic signals that raise intracellular Ca2+ levels [144]
and PLA2, which liberates arachidonic acid from glycerophospholipids to initiate
production of leukotrienes and prostaglandins, potent mediators of inflammation
[145].

8.3.4 Other Intracellular CBP Without EF-Hand Domains

Regucalcin is a CBP with multiple physiological functions that has been localised
to the cell nucleus and cytoplasm, as well as in the mitochondrial fraction [146]. It is
involved in aging, participating in brain calcium signalling [147]. Also, it may be a
key molecule in lipid metabolic disorder and diabetes [148]. In addition, regucalcin
is implicated in carcinogenesis and the enhancement of regucalcin gene expression
may reveal preventive and therapeutic effects in the progression of cancer cells.
Thus, it has been suggested that targeting the regucalcin gene could be a useful tool
in cancer therapy [149, 150].

Proprotein convertase subtilisin kexins (PCSK) are a family of CBP that activate
other proteins. Nine subtypes of PCSKs with varying functions and tissue distri-
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butions have been described [151]. Some of these proteins have been studied as
possible therapeutic targets. For example, inhibition of PCSK9 holds considerable
promise as a therapeutic option for decreasing cardiovascular disease risk, since it
plays an important role in the regulation of cholesterol homeostasis [152]. Also,
furin has been the most intensively researched member of the family with regard to
tumur regulation, promotion, and progression [153] and there are numerous patents
related to the uses of this protein and its inhibitors as therapeutics [154].

8.4 Extracellular Ca2+ Binding Proteins

The extracellular Ca2+ (Ca2+
o) concentration in mammals is maintained at about

1.2 mM [155]. Deviations in this concentration lead to severe pathological mal-
functions. Different organs and hormones must cooperate to regulate the uptake,
excretion and recycling of calcium in the body and, as a consequence, serum Ca2+
concentration. To regulate Ca2+

o homeostasis in the body, cells must be equipped
with the ability to monitor its level. In this regard, several extracellular Ca2+ binding
proteins (ECBP) have been discovered and their roles investigated. The study of
extracellular Ca2+ as a messenger has probably been hampered by the generally
accepted (although erroneous) view that the Ca2+ concentration in the extracellular
space does not fluctuate, as well as by the technical difficulties inherent in measuring
spatial and temporal changes in extracellular Ca2+ concentration [156].

If the Ca2+ concentration in the extracellular space did not differ from that
measured in serum, Ca2+ would not play an extracellular messenger role. ECBP
would only use Ca2+ for static roles (e.g. formation of active sites in enzymes
or active conformations in receptors, structure protein stabilization and formation
of supramolecular structures with other proteins or carbohydrates) or to maintain
extracellular Ca2+ homeostasis.

Despite the constant concentration of serum Ca2+, there are clear demonstrations
that Ca2+ levels of interstitial fluids in many tissues differ from those usually
measured in serum and, do indeed fluctuate (e.g. fluctuations are very likely to occur
during intracellular Ca2+ signalling events) [156, 157]. Therefore, extracellular
Ca2+ could fulfil a more dynamic function as a ‘first messenger’ in extracellular
signal transduction pathways and contributor to autocrine/paracrine cell-to-cell
communication. This role for Ca2+

o is possible only if ECBP undergo a confor-
mational change in response to physiological fluctuations in extracellular Ca2+
concentrations; this would allow interactions with, and modulation of, specific target
proteins.

ECBP are modulators of numerous cellular functions (e.g. neuronal signalling,
blood-clotting, complement activation, cell-cell interactions, cell-matrix interac-
tions, receptor-ligand interactions, Ca2+ transport and Ca2+ homeostasis, cardio-
vascular remodelling, tumour cell migration and cancer metastasis regulation, gene
expression, apoptosis, and more) and may serve as important therapeutic targets (see
the following sections). In this section we review the main ECBP, focussing on some
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proteins that could be Ca2+
o sensors and mediators of Ca2+

o signalling. We have
grouped ECBP by shared Ca2+-binding domain structures (also see Table 8.1).

8.4.1 Extracellular Ca2+ Binding Proteins with EF-Hand
Domains

Ca2+-binding proteins containing a pair of EF-hand motifs are present within cells
as described in Sect. 8.2, and in the extracellular environment (or matrix). EF-hand
proteins are widely found in animal genomes and distributed throughout the cell
[158, 159]. These proteins are fundamental for many cellular functions and at the
same time are associated with neuronal diseases, cardiac arrhythmias, cancer and
autism [160]. Physiologically, all EF-hand proteins can be divided into two groups:
(1) calcium buffers, controlling the level of free cytosolic Ca2+ or (2) calcium
sensors, acting to translate the signal to various responses [160, 161]. In this context,
some examples of these proteins will be explained below.

Osteonectin, also known as BM-40 or SPARC (secreted protein acidic and rich
in cysteine), is a 32-kDa calcium-binding glycoprotein matrix protein that serves
as the prototype of the osteonectin family [162]. Other members of this family are
hevin, QR1, testicans 1-3, tsc 36, SMOC-1 and SMOC-2. The osteonectin family
is characterized by a follistatin-like, cysteine rich domain and a C-terminal module
with two EF-hand Ca2+-binding domains; each EF-hand domain is predicted to
bind one Ca2+ ion [163]. The EF-hand pair is very similar to those of intracellular
EF-hand proteins such as calmodulin. The affinity of the Ca2+-binding domain for
Ca2+ is high; for example, osteonectin binds 2 Ca2+ with a Kd1 of 490 nM and Kd2
of 26 nM [164]. The osteonectin-like proteins modulate cell function by interacting
with cell-surface receptors, metalloproteinases, growth factors and other bioeffector
molecules and proteins of the matrix such as collagens, secreted by many types of
cells, e.g. endothelial cells, fibroblasts, and fragments of megakaryocyte-platelets
[162, 165]. Different lines of evidence link osteonectin-like proteins with human
cancer progression [166, 167].

Another example is the FKBP65 (or FKBP10) protein. Its molecular structure
includes four PPIase–FKBP type domains that are involved in activation of the
release of ER Ca2+ stores. Moreover, its expression coincides with increased
expression of tropoelastin and type I collagen expression [168, 169]. Although not
all of its biological roles are known, emerging genetic studies have shown that, in
humans, mutation of this protein might cause a form of osteogenesis imperfecta,
a brittle bone disease resulting from deficient secretion of mature type I collagen
[168, 169].



196 J. Elíes et al.

Ta
bl

e
8.

1
M

ai
n

ex
tr

ac
el

lu
la

r
C

a2+
-

bi
nd

in
g

do
m

ai
n

st
ru

ct
ur

es

G
ro

up
an

d
ca

lc
iu

m
-b

in
di

ng
do

m
ai

n
st

ru
ct

ur
e

M
ai

n
pr

ot
ei

ns
Po

ss
ib

le
ro

le
of

C
a2+

-
bi

nd
in

g
to

pr
ot

ei
ns

E
F-

ha
nd

do
m

ai
ns

O
st

eo
ne

ct
in

fa
m

ily
:o

st
eo

ne
ct

in
,h

ev
in

,Q
R

1,
te

st
ic

an
s

1–
3,

ts
c

36
,S

M
O

C
-1

an
d

SM
O

C
-2

,F
K

B
P6

5
(o

r
FK

B
P1

0)
Fo

rm
at

io
n

of
bi

nd
in

g
si

te
s

fo
r

ex
tr

ac
el

lu
la

r
lig

an
ds

C
a2+

si
gn

al
tr

an
sm

is
si

on
?

E
G

F-
lik

e
do

m
ai

ns
E

G
F

pr
ot

ei
n,

N
eu

re
gu

lin
,T

ra
ns

fo
rm

in
g

gr
ow

th
fa

ct
or

α
,

C
oa

gu
la

tio
n

fa
ct

or
s

V
II

,I
X

an
d

X
,p

ro
te

in
C

an
d

pr
ot

ei
n

S
In

du
ct

io
n

of
pr

ot
ei

n
co

nf
or

m
at

io
n

re
qu

ir
ed

fo
r

bi
ol

og
ic

al
ac

tiv
ity

Fi
br

ill
in

St
ab

ili
za

tio
n

of
pr

ot
ei

ns
N

ot
ch

an
d

de
lta

re
ce

pt
or

s
C

a2+
si

gn
al

tr
an

sm
is

si
on

?
L

D
L

re
ce

pt
or

s
G
-C

ar
bo

xy
lg

lu
ta

m
ic

ac
id

-r
ic

h
do

m
ai

ns
C

oa
gu

la
tio

n
fa

ct
or

s
II

,V
II

,I
X

an
d

X
,p

ro
te

in
C

an
d

pr
ot

ei
n

Z
A

nc
ho

ri
ng

of
pr

ot
ei

ns
to

m
em

br
an

e

O
st

eo
ca

lc
in

,m
at

ri
x

G
L

A
pr

ot
ei

n
an

d
pe

ri
os

tin
,t

el
op

ep
tid

e
of

ty
pe

I
co

lla
ge

n,
bo

ne
al

ka
lin

e
ph

os
ph

at
as

e
A

ct
iv

at
io

n
of

pr
ot

ei
ns

G
ro

w
th

ar
re

st
-s

pe
ci

fic
pr

ot
ei

n
6,

m
at

ri
x

G
la

pr
ot

ei
n-

M
G

P
C

ad
he

ri
n

do
m

ai
ns

C
ad

he
ri

n
fa

m
ily

:c
la

ss
ic

al
ca

dh
er

in
s,

pr
ot

oc
ad

he
ri

ns
,a

nd
at

yp
ic

al
ca

dh
er

in
s

(F
at

,D
ac

hs
ou

s,
an

d
Fl

am
in

go
)

M
od

ul
at

io
n

of
m

ec
ha

ni
ca

li
nt

eg
ri

ty
an

d
m

ec
ha

no
tr

an
sd

uc
tio

n
ca

pa
bi

lit
y

of
pr

ot
ei

ns
(u

si
ng

an
ad

ap
to

r
co

m
pl

ex
,c

ad
he

ri
ns

co
nn

ec
tt

o
th

e
cy

to
sk

el
et

on
)

C
a2+

si
gn

al
tr

an
sm

is
si

on
(C

)-
ty

pe
le

ct
in

-l
ik

e
do

m
ai

ns
Se

le
ct

in
s

M
od

ul
at

io
n

of
lig

an
d

bi
nd

in
g

M
an

no
se

re
ce

pt
or

fa
m

ily
St

ab
ili

za
tio

n
of

pr
ot

ei
ns

D
en

dr
iti

c
ce

ll-
sp

ec
ifi

c
IC

A
M

-3
gr

ab
bi

ng
no

n-
in

te
gr

in
m

ol
ec

ul
e

C
el

l-
ce

ll
ad

he
si

on
Se

ve
ra

lc
ol

le
ct

in
s

(e
.g

.m
an

no
se

-b
in

di
ng

pr
ot

ei
n)

A
po

pt
ot

ic
pr

oc
es

s
C

a2+
-b

in
di

ng
po

ck
et

s
of

fa
m

ily
C

G
PC

R
s

C
a2+

-s
en

si
ng

re
ce

pt
or

C
ha

ng
e

of
re

ce
pt

or
co

nf
or

m
at

io
n

M
et

ab
ot

ro
pi

c
gl

ut
am

at
e

re
ce

pt
or

s
C

a2+
si

gn
al

tr
an

sm
is

si
on

th
ro

ug
h

G
-p

ro
te

in
s

G
A

B
A

B
re

ce
pt

or
s

A
ll

C
a2+

-b
in

di
ng

do
m

ai
n

st
ru

ct
ur

es
ha

ve
in

co
m

m
on

a
hi

gh
ly

ne
ga

tiv
e

su
rf

ac
e

po
te

nt
ia

lu
su

al
ly

as
so

ci
at

ed
w

ith
A

sp
or

G
lu

re
si

du
es



8 An Update to Calcium Binding Proteins 197

8.4.2 Extracellular Ca2+ Binding Proteins with EGF-Like
Domains

The epidermal growth factor (EGF)-like domain is one of the most widely dis-
tributed disulfide-containing domains in nature and is involved in multiple cellular
regulations [170]. Its name derives from the epidermal growth factor where it was
first described [171]. Normally, EGF domains contain six cysteine residues that
form disulphide bridges. Although many EGF-like domains participate in Ca2+-
dependent processes by responding to local Ca2+ concentrations, very little detail
has been resolved concerning how this regulation is programmed at the molecular
level [170]. What is known is that a subset of EGF-like domains also contains a
Ca2+-binding domain with a wide range of high Ca2+ affinities (Kd from 0.1 mM
to nM values) and these represent prevalent extracellular Ca2+-binding sites [172–
179].

Among the proteins containing Ca2+-binding EGF-like domains are those
involved in cell growth (e.g. EGF, neuregulin and transforming growth factor α),
blood coagulation, fibrinolysis and the complement system (e.g. factors VII, IX and
X, protein C and protein S), matrix proteins (e.g. laminin, fibrillin and nidogen)
and cell surface receptors (e.g. selectins, low density lipoprotein receptor and Notch
receptor and their homologues) [3, 176, 177]. The coagulation enzymes, factors
VII, IX and X and protein C, all have two EGF-like domains, whereas the cofactor
of activated protein C, protein S, has four EGF-like domains in tandem [178]. On
the other hand, fibrillin, low density lipoprotein receptor and the developmentally
important receptor Notch have numerous EGF-like domains in tandem that might
mediate heterophilic interactions with other family members based on binding
between the EGF-like repeats of adjacent receptors [176, 179–181].

Additionally, recent studies have demonstrated that Ca2+ binding to an EGF-
like domain is important to orient neighbouring domains and to induce the protein
conformation required for biological activity [170, 178, 182]. For example, Ca2+
binding to an EGF-like domain contributes to protein stability [181, 182]. Moreover,
the EGF-like domains seem to be involved in protein-protein interactions, receptor-
ligand interactions and blood coagulation [175, 181]. Interestingly, some studies
have demonstrated that mutations in EGF-like domains might be involved in
hemophilia B, Marfan syndrome or hypercholesterolemia (due to mutation of factor
IX, fibrillin and low-density lipoprotein receptor, respectively) [172, 183, 184].

8.4.3 Extracellular Ca2+ Binding Proteins with G-Carboxyl
Glutamic Acid-Rich Domains

Several human proteins have a G-carboxyl glutamic acid (GLA)-rich domain that
binds Ca2+. These proteins play key roles in the regulation of blood coagulation
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(factors II-prothrombin- VII, IX, X, protein C, protein S, and protein Z), bone
metabolism (osteocalcin, matrix GLA protein, periostin, telopeptide of type I col-
lagen and bone alkaline phosphatase) and vascular biology (growth arrest-specific
protein 6, matrix Gla protein-MGP) [185–188]. It is important to emphasize that in
addition to the GLA-rich domain, several blood-clotting proteins also have EGF-
like domains as described above. The GLA-rich domain consists of approximately
45 amino acids, of which the 10–12 glutamic acids are carboxylated to GLA by a
vitamin K dependent carboxylase [189–191]. In coagulation factors VII, IX and X
and protein C, the GLA-rich domain occupies the N-terminal half of the molecule
and is followed by two EGF-like domains. Regarding protein S, the GLA-rich
domain also occupies the N-terminal half of the molecule and is followed by a
thrombin-sensitive domain and four EGF-like domains [172, 192]. According to
different structural studies, it is known that the number of Ca2+ ions associated
with the GLA domains seems to be variable. For example, in the GLA domain of
human FVIIa, nine of the ten GLA residues bind seven Ca2+ [193, 194].

More specifically, Ca2+ binding to blood-clotting proteins is required for ini-
tiation of the coagulation cascade at sites of injury. The GLA domains of most
coagulation factors have similar Ca2+ affinities, the average Kd being ∼0.5 mM
[195, 196]. Thus, coagulation factors should generally be in the Ca2+-saturated
form in the extracellular space and Ca2+ should play a structural role rather a
regulatory role. However, local fluctuations of Ca2+ levels have been described
and a regulatory role of Ca2+ may occur in some circumstances [156]. For
example, 4-hydroxycoumarin anticoagulants are currently used in clinical practice
because they indirectly inhibit the vitamin K dependent carboxylation of several
blood-clotting proteins; as a consequence, clotting proteins cannot bind Ca2+
and they cannot participate in the coagulation cascade [155, 197]. However, this
intervention may not be free of risks. Since γ-carboxylated coagulation proteins are
potent inhibitors of vascular calcification, some recent studies have suggested that
anticoagulants such as warfarin may accelerate vascular calcification in addition to
frequent or irregular heavy bleeding [198–200]. Although there are already studies
demonstrating this effect, clinical data need to be supplemented with controlled
studies to confirm this plausible hypothesis [200].

Another protein involved in arterial calcification is MGP, a 10-kDa vitamin K-
dependent extracellular matrix protein. Although the normal physiological process
by which MGP inhibits vascular calcification is still unknown, recent evidence
demonstrates that MGP regulates vascular calcification by binding to and inhibiting
bone morphogenic protein 2 and preventing the deposition of calcium phosphate
in vascular matrix [201–203]. The association with vascular calcification and
atherosclerotic disease may be justified by several single nucleotide polymorphisms
(SNPs) of the MGP gene, compromising its function [203, 204].
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8.4.4 Extracellular Ca2+ Binding Proteins with Cadherin
Domains

As their name implies, cadherins are Ca2+-dependent adherent receptors that
mediate adhesion between cells (extracellular domains of cadherins from adjacent
cells form trans bonds). Moreover, they sense and transmit several extracellular
signals to the inside of the cell [205]. The cadherin family includes classical
cadherins, desmosomal cadherins, protocadherins and atypical cadherins. All are
single membrane-spanning proteins with the exception of flamingo, an atypical
cadherin that is a seven-pass membrane protein. As we have previously reviewed
[3], the different types of cadherins have diverse structures, but all possess Ca2+-
binding extracellular repeats of the same protein chain and may act as Ca2+ sensors
that respond to external Ca2+ fluctuations [206, 207].

Once a cadherin has been activated by an appropriate signal, the cytoplasmic
tails connect to the cytoskeleton using an adaptor complex formed by three proteins
(p120 catenin, β-catenin and α-catenin) and, as a consequence, several important
intracellular signalling pathways are modulated [205]. Cadherins are involved in
development, morphogenesis, synaptogenesis, differentiation and carcinogenesis
(for detailed review see e.g. [206]).

Because of their essential biological functions, cadherins are being investigated
as drug targets, especially in oncology. For example, neural (N)-cadherin is involved
in angiogenesis and the maintenance of blood vessel stability [208]. Since tumour
growth depends on an adequate blood supply, it could be affected by N-cadherin
antagonists [209]. Also, E-cadherin plays an important role in epithelial cell
adhesion and the loss of its function is a major contributor to cancer progression
because most solid tumours arise from epithelial tissue [210, 211].

8.4.5 Extracellular Ca2+ Binding Proteins
with Ca2+-Dependent (C)-Type Lectin-Like Domains

The superfamily of proteins containing C-type lectin-like domains (CTLDs) is a
large group of extracellular proteins with diverse functions of biomedical interest.
Curiously, the term ‘C-type lectin’ was introduced to distinguish a group of Ca2+-
dependent (C-type) carbohydrate-binding (lectin) animal lectins from the other
(Ca2+-independent) type [212].

CTLD are present not only in C-type lectins, but also in other extracellular
proteins. They are found in more than 1000 proteins and represent a ligand-binding
motif that is not necessarily restricted to binding sugars [213]. C-type lectins
are found either as transmembrane proteins (e.g. selectins, the mannose receptor
family and the dendritic cell-specific ICAM-3 grabbing non-integrin molecule) or
as secreted soluble proteins (e.g. mannose-binding protein and other collectins)
[3, 212]. The C-type lectin fold is rare and complex. It presents a compact
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domain of approximately 120 amino acid residues with a double-looped (‘loop-in-a-
loop’), two-stranded antiparallel β-sheet formed by the amino-and carboxy-terminal
residues connected by two α-helices and a three-stranded antiparallel β-sheet [213].
This secondary loop is involved in Ca2+-dependent carbohydrate binding, the main
CTLD function, and in interactions with other ligands [214]. Four Ca2+-binding
sites are consistently detected in the CTLD domain, but depending on the particular
CTLD sequence and on experimental conditions, zero, one, two or three sites
are occupied [212, 214]. Ca2+ is involved in ligand binding to C-type lectins
and also serves to stabilize their molecular structure [215, 216]. Since changes in
Ca2+ concentration dramatically enhance carbohydrate binding by C-type lectins,
it has been suggested that physiological fluctuations of extracellular Ca2+ have a
regulatory effect on ligand binding by C-type lectins [216, 217]. Additionally, C-
type lectins are involved in many cell surface carbohydrate recognition events, e.g.
cell-to-cell contact and recognition of pathogens, cell-to-cell adhesion and apoptosis
[215, 218, 219].

8.4.6 Ca2+-Binding Pockets of Family C G-Protein-Coupled
Receptors

Family C of the superfamily of G protein-coupled receptors (GPCRs) includes the
Ca2+-sensing receptor (CaR), eight metabotropic glutamate receptors (mGluRs),
two GABAB receptors, three taste (T1R) receptors, one L-amino acid receptor
(GPRC6A), and five orphan receptors [220]. The function of some of these receptors
is altered in response to small fluctuations in Ca2+

o concentrations, suggesting Ca2+
sensing and Ca2+ signalling regulator capabilities.

8.4.6.1 Ca2+-Sensing Receptor (CaR; Also Named CaSR or CaS)

CaR was initially identified in bovine parathyroid glands as a plasma membrane-
located GPCR and was the first GPCR recognised to have Ca2+ as its major
physiological agonist. The main function originally ascribed to CaR was the control
of Ca2+

o concentrations by modulating parathyroid hormone (PTH) secretion.
Later, CaR was also identified on the surface of cells from multiple tissues, e.g.
bone, thyroid, kidney, nervous system, gastrointestinal system, ovary, mamma,
prostate, blood vessels and heart cells, pancreas as well as monocytes, macrophages,
dendritic and intestine and haematopoietic stem cells [173, 221]. Furthermore, it was
found that other agonists and allosteric modulators interact with CaR and influence
its response to Ca2+, and that CaR has several non-calciotropic roles.

CaR has a long extracellular amino-terminal domain of 612 amino acids called
a Venus flytrap module, containing a ligand binding pocket that gives the receptor
the necessary sensitivity to detect small fluctuations in external Ca2+ concentration.
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According to Silve et al. [222], the Ca2+-binding site in CaR hosts a set of polar
residues directly involved in Ca2+ coordination (Ser-170, Asp-190, Gln-193, Ser-
296, and Glu-297), and an additional set of residues that completes the coordination
sphere of the cation (Phe-270, Tyr-218, and Ser-147). The Venus flytrap module
is followed by a seven transmembrane helix cassette (250 amino acids) and a C-
terminal domain (216 amino acids) [223]. CaR activity is modulated by changes
in Ca2+

o concentrations occurring in the mM range. CaR is coupled through G-
proteins, preferentially Gαq/11, Gαi/o, Gαs and Gα12/13 subunits, to intracellular
signal transduction pathways involving phospholipase C, cytosolic phospholipase
A2 and various MAP kinase proteins [155, 156, 224].

An increase in serum Ca2+ concentration negatively regulates PTH secretion
via CaR. The vital role of CaR in maintaining normal systemic Ca2+ homeostasis
is illustrated by more than 230 different germline mutations in CaR that cause
hypocalcemic and hypercalcemic disorders [225] and by mouse knockout mod-
els. Complete ablation of functional CaR is lethal, resulting in severe skeletal
demineralization, extremely high Ca2+ serum concentration, growth defects and
ultrastructural changes in the epidermis [157].

In vitro experiments have revealed that CaR on the cell surface responds to
Ca2+ exported from the same or a neighbouring cell during Ca2+ signalling
events; Ca2+

o might thus act as an autocrine/paracrine messenger via CaR [157].
CaR not only responds to Ca2+, but also to other agonists (inorganic divalent
and trivalent cations, polyamines, aminoglycoside antibiotics, basic polypeptides)
and to allosteric modulators (L-amino acids, glutathione analogs, small molecule
calcimimetics, small molecule calcilytics) that influence the effect of Ca2+ [156,
224]. CaR can discriminate between different ligands and selectively activate one
signalling transduction pathway in response to a particular ligand (a phenomenon
known as biased agonism) [224].

It is therefore not surprising that CaR is important for processes other than
maintenance of systemic Ca2+ homeostasis, e.g. regulation of hormone and fluid
secretion, activities of various ion channels, synaptic transmission and neuronal
activity via multiple signaling pathways, gene expression, programmed cell death
(apoptosis), cellular proliferation, development and more [155, 226, 227].

Activators of the Ca2+ binding site in CaR (orthosteric agonists and also
termed type I calcimimetics), synthetic allosteric activators of CaR (termed type
II calcimimetics) and inhibitors of CaR (termed calcilytics) have been developed
for clinical use. Strontium, which can be considered a type I calcimimetic, is
currently used in osteoporosis in the form of strontium ranelate. Cinnacalcet, a type
II calcimimetic, is currently used in primary and secondary hyperparathyroidism
and parathyroid carcinoma. Calcilytics failed in previous clinical trials as anabolic
therapies for the treatment of osteoporosis but are now being evaluated for the
treatment of some cases of hypocalcemic and hypercalciuric disorders [228].
Sustained elevations of PTH, as occurs in hyperparathyroid states, have a net
catabolic effect on bone, favouring resorption, whereas short bursts are anabolic,



202 J. Elíes et al.

favouring formation [229]. Therefore, continuous administration of a calcimimetic
or intermittent administration of a calcilytic could promote anabolic over catabolic
actions.

Because Ca2+ and CaR are implicated in many physiopathological conditions,
the use of calcilytics or CaR allosteric activators have been proposed for the
treatment of a range of disorders [223]. For instance, the former could be beneficial
for the treatment of Alzheimer’s disease, osteolytic breast cancer, pulmonary
hypertension, asthma and other inflammatory lung disorders, whilst the latter could
be useful in inflammatory bowel disease, secretory diarrhoea, hypertension, and
colon cancer.

8.4.6.2 Metabotropic Glutamate Receptors (mGluRs) and GABAB
Receptors

Metabotropic glutamate receptors are family C GPCRs and structurally similar to
CaR. On the basis of sequence homology to CaR and several experimental results,
it was postulated that some mGluRs can respond to external Ca2+ fluctuations [157,
220]. mGluRs are expressed principally in the brain, where the levels of external
Ca2+ are highly dynamic. A Ca2+-binding site in the mGluR1α extracellular
domain was recently identified: it comprises Asp-318, Glu-325 and Asp-322 and the
carboxylate side chain of Glu-701 [230]. External Ca2+ has been proposed: (i) to
directly activate mGluRs; (ii) to increase sensitivity of mGluRs to L-glutamate; (iii)
to modulate mGluRs synergistically with L-glutamate; and (iv) to modulate actions
of allosteric drugs targeting mGluRs [220, 230]. External Ca2+ also modulates other
type C GPCRs, namely GABAB receptors, although it is not thought that this occurs
directly [155]. The numerous clinical effects in which these receptors are involved
have been the subject of a large number of studies and reviews (see e.g. [231–234]).

8.5 Concluding Remarks

Over the few last decades, research on CBP has resulted in a profusion of important
advances. Crystallography, molecular biology, microscopy and other techniques
have widened our knowledge on the sequence, structure, and functionality of CBP.
Many new proteins equipped with the ability to bind Ca2+ have been discovered
and there has been a great effort to rationally classify them. Currently, much
of the research in this field is oriented towards understanding the physiological
roles of these proteins. This is why ever more CBP are emerging as potential
targets in therapeutic approaches for a staggering array of diseases. Nonetheless,
differentiating between structural and regulatory roles for Ca2+ binding (especially
in the case of extracellular CBP) remains a significant challenge. Also, although
progress has been made, determining which proteins act exclusively as Ca2+ sensors
and which act uniquely as Ca2+ buffers is still not straightforward and, indeed, for
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some CBP, both functions are observed. A deeper understanding of the structure
and function of CBP, together with a better definition of their physiological role,
will allow us to further investigate targeting of these proteins in novel therapeutic
strategies.
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drafting of the Introduction and Concluding Remarks sections. MY was responsible for the writing
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Chapter 9
Phospholipase C

Colin A. Bill and Charlotte M. Vines

Abstract Phospholipase C (PLC) family members constitute a family of diverse
enzymes. Thirteen different family members have been cloned. These family mem-
bers have unique structures that mediate various functions. Although PLC family
members all appear to signal through the bi-products of cleaving phospholipids,
it is clear that each family member, and at times each isoform, contributes to
unique cellular functions. This chapter provides a review of the current literature
on PLC. In addition, references have been provided for more in-depth information
regarding areas that are not discussed including tyrosine kinase activation of PLC.
Understanding the roles of the individual PLC enzymes, and their distinct cellular
functions, will lead to a better understanding of the physiological roles of these
enzymes in the development of diseases and the maintenance of homeostasis.

Keywords Phospholipase C family · G protein-coupled receptors ·
Phosphatidylinositol 4 · 5 – bisphosphate · Diacylglycerol · Inositol 1 · 4 · 5 –
triphosphate · Calcium · Isoform · Structure · Ubiquitous expression · Multiple
functions

9.1 Discovery

In 1953, it was reported that the addition of acetylcholine or carbamylcholine to
pancreatic cells led to the production of phospholipids [1]. In these studies, 32P was
used to detect a sevenfold increase in the levels of phospholipids in the samples
treated with the drugs, when compared with control slices, which had remained
un-stimulated. Although unrecognized at that time, this was the first evidence of
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the presence of phospholipase C (PLC) function in cells. More than 20 years later,
in 1975, it was shown that impure preparations of PLC could be used to cleave
phosphatidylinositol [2]. In 1981, the first purified preparation of PLC was isolated
[3]. A couple of years later it was found that the inositol 1,4,5 trisphosphate (IP3)
generated from the cleavage of phosphatidyl inositol 4,5 bisphosphate (also known
as PI (4,5)P2 or PIP2) could induce the release of Ca2+ from intracellular stores
[4] (Figs. 9.1 and 9.2). This important observation provided new insight into the
function of PLC in living organisms. Eventually, the PLCβ, PLCγ, PLCδ, PLCε,
PLCη and PLCζ cDNAs were cloned [5–10]. Although PIP2 is a minor phospholipid
in the plasma membrane, it plays a central role in regulating a host of cellular
processes. PLC is activated following stimulation of cells by either tyrosine kinase
receptors, T-cell receptors, B-cell receptors, Fc receptors, integrin adhesion proteins
or G protein-coupled receptors via cognate ligands including neurotransmitters,
histamine, hormones and growth factors [11–15]. Signaling through PLC family
members regulates diverse functions, which will be outlined within this chapter.
In addition, we will discuss PLC mediated signaling, common structural domains
found in this family of enzymes, current knowledge about the isoforms and areas
that have yet to be explored.

Fig. 9.1 Different effectors activate signaling through PLC to induce cleavage of PIP2 to yield
diacylglycerol and inositol triphosphate
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Fig. 9.2 PLC family members cleave PIP2 to produce diacylglycerol and inositol triphosphate

9.2 Cleavage of PIP2 and Signaling

PLC is a cytoplasmic protein that controls the levels of PIP2 in cells by localizing
within or outside of lipid rafts in the plasma membrane and catalyzing the hydrolysis
of phosphorylated forms of phosphatidyl inositol in response to cellular stimuli
(Figs. 9.1 and 9.2). These enzymes have been reported to increase the rate of lysis
of phosphatidyl inositol >1000 s−1 at 30 ◦C at low concentrations of substrate, but
is likely to reach rates of >5000 s−1 (as reviewed by [16]). Therefore, targeting of
PLC to the plasma membrane plays a critical role in the functioning of this enzyme.
The preferred substrate of PLC is PIP2, a relatively uncommon phospholipid in
the plasma membrane, followed by phosphatidyl inositol phosphate (PIP), and
then phosphatidyl inositol (PI). Cleavage of PIP2 leads to the generation of two
products. One product, diacylglycerol (DAG), activates the calcium dependent
protein kinase C (PKC), which then phosphorylates downstream effectors such as
AKT to activate an array of cellular functions including regulating cell proliferation,
cell polarity, learning, memory and spatial distribution of signals [17, 18]. DAG,
which remains membrane bound, can then be cleaved to produce another signaling
molecule, arachidonic acid. The second product of PLC action on PIP2, IP3 is a
small water-soluble molecule, which diffuses away from the membrane, and through
the cytosol to bind to IP3 receptors on the endoplasmic reticulum inducing the
release of Ca2+ from intracellular stores found within the organelle [4]. In turn, the
cytoplasmic calcium levels are quickly elevated and cause the characteristic calcium
spike that signals cell activation. Once the endoplasmic reticulum stores have been
used up, they are replenished through the store-operated calcium channels. Ca2+
activates downstream transcription factors resulting in a plethora of gene activation
pathways. In this way, signaling through PLC regulates proliferation, differentiation,
fertilization, cell division, growth, sensory transduction, modification of gene
expression, degranulation, secretion and motility [15, 19–26].
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9.3 Structure of PLC

There are thirteen different PLC family members that can be subdivided into six
classes, β, γ, δ, ε, η and ζ (Fig. 9.3). Different isoforms have been discovered in a
wide range of species including mouse, rat and cattle. PLC-like isozymes have been
found in Drosophila melanogaster, Glycine max (soybean), Arabidopsis thaliana,
Saccharomyces cerevisiae and Schizosaccharomyces pombe [27, 28]. Overall, there
is a low level of amino acid conservation between the family members; however,
the similarity of the pleckstrin homology domains, the EF hand motifs, the X and
Y domains and the C2 domains is greater than 40–50% [15]. Since these domains
are common to all organisms they might represent a minimum requirement for a
functioning PLC [29]. With the exception of the PH domain, which is not expressed
on PLCζ, each family member shares all of the core domains. A description of each
domain follows:

Fig. 9.3 Unique domains found in individual family members include the following: Post Synap-
tic density (PSD-95), Drosophila disc large tumor suppressor (DLgA) and Zonula Occludens-1
(ZO-1) (PDZ), src homology 2 (SH2)
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9.3.1 Pleckstrin Homology (PH) Domains

As mentioned, with the exception of PLCζ, all PLC family members have N-
terminal pleckstrin homology (PH) domains which consists of approximately 120
amino acids, and is the eleventh most common domain in the human genome. PH
domains are found in a large number of distinct protein families involved in signal
transduction [30]. PH domains can mediate recruitment of the PLC family members
to the plasma membrane via phosphoinositides. Computer simulations and crystal
structures of the PH domain found in kindlins, proteins which co-activate integrin
adhesion proteins, have revealed that PH domains consist of 7 beta sheets and an
alpha helix, and that the beta sheets form the PIP2 binding site [31]. Surface plasmon
resonance studies have revealed a 1mM affinity for PIP2 within lipid bilayers.

Notably, membrane binding of PLCδ to PIP2 is blocked by high levels of
intracellular Ca2+ in hepatocytes due to generation of phosphoinositides [32]. This
may also be due to the ability of Ca2+ to regulate the conformation of the headgroup
of PIP2 [33]. Unlike the PH domain of PLCδ1, which uses the PH domain to
bind to the PIP2 in the membrane, the PH domain of PLCβ2, cannot bind to
phosphoinositides [34].

PLCγ contains 2 PH domains, one in the N-terminus and a C-terminal split
PH domain. This PH domain of PLCγ is unique, since it is split between two
tandem Src homology domains [35]. Early on, it was found that the carboxy-
terminal region of the PH domains of PLCγ, PLCβ2 and PLCβ3 control the binding
of heterotrimeric G protein βγ subunits to PLC following activation of G protein-
coupled receptors [36, 37]. Interestingly, the binding of Gβγ to the PH domain, and
the binding of Gβγ to Gα are mutually exclusive [36]. Therefore, this competition
for binding to Gβγ implicates PLC activation in preventing the regeneration of the
Gα/Gβγ heterotrimeric G proteins. In this way [34], PLC activation may regulate
the signaling of proteins that are turned on in response to stimulation of G protein-
coupled receptors. Additionally, downstream of SDF1α (CXCL12) binding to the G
protein-coupled receptor CXC chemokine receptor 4 (CXCR4), the PH domains of
PLCε1 promote lipase independent activation of Rap1, which leads to β2-integrin-
mediated recruitment and adhesion of T-cells to sites of inflammation [38]. Overall,
from these observations it can be inferred that PH domains have multiple roles in
regulating the signaling via PLC.

In contrast to PLC signaling through heterotrimeric G-protein, it should be noted
that Rap1 which belongs to the Rap-family of small GTPases and Ras-family small
GTPases are also involved in PLC signaling. Rap and Ras are small, closely related
GTP binding proteins. While Rap is an important factor in cell junctions and cell
adhesion, Ras is linked to cell proliferation and survival [39]. Both of these small,
monomeric G proteins also play critical roles in signaling through PLC as will be
discussed below:
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9.3.1.1 EF-Hand Motifs

The EF-hand motifs are helix-loop-helix motifs present in a number of calcium-
binding proteins, such as myosin, calmodulin, calreticulin and troponin [40].
EF-hand motifs were first described for PLC when the crystal structure analysis
of PLCδ1 revealed the characteristic helix-loop-helix motifs [41]. Within PLC, the
EF-hand is part of the catalytic core that consists of an EF-hand, the X and Y
and the C2 domains ([41] and see below). Upon binding to Ca2+, the structure
of PLC is stabilized as the EF-hand motifs undergo a conformational change to
activate calcium-regulated functions, by exposing sites that become ligands for
other proteins [42]. For example, in PLCβ, the EF-hands contain sites that mediate
association with subunits of heterotrimeric G proteins, while in PLCγ, the EF-hands
contain regions that lead to binding of tyrosine kinases [43]. Independent of the
Ca2+ concentration, deletion of the EF-hands in the enzyme reduces PLC function,
[44]; however, binding of Ca2+ to the EF-hand motifs can promote binding of PLC
to PIP2 via the PH domain. Lacking a PH domain, PLCζ may bind to membrane
PIP2 via cationic residues in the EF-hand [45] as well as the X-Y linker (as reviewed
[46]).

9.3.1.2 X and Y Domains

So far, only PLCδ1 and PLCβ2 have been crystallized and their structures analyzed
[34, 41]. The X and Y domains consist of approximately 300 amino acids and
lie at the C-terminus of the EF-hand motifs. These domains consist of alter-
nating α-helices and β-sheets that form aβaβaβaβ motif with a triosephosphate
isomerase (TIM) barrel-like structure [41]. The X-region, containing all of the
catalytic residues, is somewhat conserved across the PLC family members [27,
41]. The X-region forms one half of the TIM-barrel like structure. Within the
X-region lies histidine residues that support the generation of the 1,2 cyclic
inositol 4,5-bisphosphate [47]. The catalytic activity of this domain increases as
the concentration of Ca2+ rises from 0.01μM to 10μM. Mutational analysis of rat
PLCδ1 revealed that histidine311 and histidine356, which are crucial for catalyzing
the hydrolysis of PIP2, have an important role within the X domain [47]. These
residues are well conserved in PLC family members [47].

Structurally, the Y-domain (residues 489–606) forms the other half of the TIM-
barrel-like architecture. This eightfold barrel structure is almost always found within
an enzyme that regulates metabolism [48], although the functions of the enzymes are
quite diverse. With the exception of an extended loop connection between the β5 and
β6 strand, instead of a helix, this domain forms the second half of the TIM-barrel-
like structure. This Y-domain is important for substrate recognition and regulates
the preference of PLC for PIP2, PIP and PI [49, 50].

PLCγ contains a unique region that splits the X and Y domains. This region
contains the split PH domains at the ends and the middle consists of two N-
terminal src homology (SH2) domains followed by an SH3 domain. The SH2
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domains provide docking sites for tyrosine kinase growth factor receptors such as
the platelet derived growth factor receptors (PDGFRs) and the epidermal growth
factor receptors (EGFRs) to promote activation of this PLC family member [51–
53]. The binding of tyrosine kinase receptors to PLCγ results in phosphorylation
and activation of the enzymes [54, 55]. The SH3 domain directs the cellular
localization of signaling proteins such as dynamin and the actin cytoskeleton. In
addition, the SH3 domains have been found to mediate nerve growth factor-induced
cell proliferation through activation of a guanine nucleotide exchange factor for
phosphoinositide 3 kinase (PI3K) [56, 57].

9.3.1.3 C2 Domains

C2 domains are formed from about 120 amino acids [58] and can be found in
more than 40 different proteins [41]. These motifs have several binding targets
and have been implicated in signal transduction and membrane interactions. The
C2 domains found within PLC family members are formed by an eight-stranded
anti-parallel β-sandwich [41]. There are between three and four C2 domains found
within PLCδ family members. In combination with Ca2+, the C2 domain mediates
the binding of PLCδ1 to anionic phospholipids to mediate signal transduction and
membrane trafficking [43]. C2 domains have common structural motifs, which are
found in PKCβ, rabphilin 3A [59, 60], and synaptotagmin I [61]. High cooperativity
of calcium-dependent phospholipid binding sites implies that there are multiple sites
that bind Ca2+, which function synergistically [43].

C2 domains belong to the non-continuous Ca2+-binding sites in which the
Ca2+-binding pockets are found far from each other in the amino acid sequence.
In contrast EF-hands have binding pockets for Ca2+produced by a stretch of
continuous amino acids in the primary sequence [62, 63]. Functionally, the EF-
hand motif, the most common Ca2+ binding motif in proteins, may compete for
binding to Ca2+ with the C2 domains. The affinity of the EF-hand for Ca2+ is within
the nanomolar to millimolar range, which overlaps the micromolar to millimolar
binding constants of C2 domains [64, 65]. This broad affinity of C2 domains for
[Ca2+] reflects the diversity of the functions of proteins containing the C2 domains
over a wide range of calcium concentrations [66–68].

9.3.1.4 PDZ Domains

PDZ (Post synaptic density (PSD)-95, Drosophila disc large tumor suppressor
(DlgA), and Zonula occludens-1 protein (zo-1)) regions are separate from C2
domains, and are found in the C-terminal tails of PLCβ and PLCη lipases (Fig. 9.1)
[58]. The PDZ domains are formed by 5 of 6 β-strands and 2 or 3 α-helices [69]. This
common structural motif is found in many signaling proteins, where it functions as
a scaffold for large molecular complexes [70]. In this way, the motif links many
proteins to signaling from the cytoskeletal membranes. It has been postulated that
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each PLCβ form may be used by different G protein-coupled receptors in regulating
signaling events [71]. The sequences within the last five amino acids of the C-
terminus are thought to regulate the specificity of the interaction of PLC with the
Gα or Gβγ subunits [72].

9.4 Roles of Each PLC

As mentioned, there are six PLC family members (β, γ, δ, ε, η and ζ ) consisting
of thirteen different PLCs identified based on structure (Fig. 9.3) and activation
mechanism. There is no alpha form of PLC, since the protein that was originally
described as the α form turned out to be a protein disulfide isomerase without
phospholipase activity [73]. Under most conditions, PLC is a cytoplasmic protein
that moves to the plasma membrane. Its role within the membrane lipid rafts is
somewhat controversial. For instance, PLC has been shown to accumulate within
lipid rafts that consist of cholesterol, sphingomyelin and ceramide, Xenopus egg
activation, catalyzing the hydrolysis of PIP2 within these frog eggs [16, 74]. In
contrast, PLC associates with the tyrosine kinase HER2 within non-raft domains
in ovarian cancer cells [72]. In eggs and in ovarian cancer cells, PLC catalyzes
hydrolysis of PIP2 to promote classic functions (Fig. 9.2 and 9.3). With the
exception of PLCγ2, there have been splice variants reported for each PLC isoform
(as reviewed by [28, 44]). For PLC a different gene encodes each isoform. The
diversity of the PLC isoforms is created with splice variants. PLC isoforms are quite
distinct in regard to tissue distribution, cell localization, expression and regulation.
PLCβ and PLCγ are typically activated by extracellular stimuli and are termed first
line PLC’s, whereas PLCδ, ε, η and ζ are activated by intracellular stimuli and
known as secondary PLC’s [75]. For the purposes of this chapter, we will focus on
the general properties described for each isoform.

9.4.1 PLCβ1,2,3,4

There are four isoforms of PLCβ that range in size from 130 kDa for PLCβ4,
140 kDa for PLCβ2, 150 kDa for PLCβ1 and 152 kDa for PLCβ3. In addition, splice
variants have been reported for each of these isoforms [76–78]. The PLCβ subfamily
consists of a well-conserved core structure with an N-terminal PH domain, four EF-
hands, a split X + Y catalytic domain, C2 domain and an extended C-terminal
domain (Fig. 9.3). The catalytic domain being the most conserved domain of all
PLC’s isozymes with a substrate preference for PIP2 over PIP and PI [79]. PLCβ

family members show distinct tissue expression and G protein regulation. PLCβ1
and PLCβ3 are ubiquitously expressed, whereas PLCβ2 and PLCβ4 are found only
in hematopoietic and neuronal tissues, respectively [80]. These well-characterized
isoforms of PLC are classically activated by G protein-coupled receptors and their
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catalytic activity is entirely dependent upon Ca2+. All four PLCβ isoforms are
activated by Gαq subunit. PLCβ2 and PLCβ3 can also be activated by βγ subunits
of the Gαi/o family of G proteins and by small GTPases such as Rac and Cdc42
(Figs. 9.1 and 9.3). In addition, PLCβ’s are GTPase-activating proteins (GAPs)
for the Gαq proteins that activate them [80, 81]. While Gαq, Gα11, and Gα16
can activate PLCβ1, PCLβ2 and PLCβ3 family members [82]. In this case, the
G protein-coupled receptor is stimulated by binding to its ligand, undergoing a
conformational change to release Gαq or Gαi/o and Gβ/γ [81, 83, 84]. PLCβ is
recruited to the membranes through interactions with Gβγ, but not Gαq [85]. In
addition, PLCβ is recruited only through specific Gα subunits and the Gβγ subunits.
These studies demonstrate that the PLC family members respond not only to Gα, but
to Gβγ as well [37, 86]. Phosphoinositide-specific-phospholipase C β (PLCβ) is the
main effector of Gαq stimulation that is coupled to receptors binding acetylcholine,
dopamine, bradykinin, angiotensin II, other hormones and neurotransmitters [87].

The PLCβ family members have an additional 450 amino acid residues in the
C-terminus (Fig. 9.3). While all PLCβ family members have been found in the
nucleus, PLCβ1 is the major nuclear PLC [88–90]. Within this C-terminal 450
amino acid region, lies the greatest dissimilarity between PLC family members.
In this region of the PLCβ1a and 1b splice variants is a nuclear localization signal,
which directs localization of PLCβ1 isoforms, mostly to the nucleus while a nuclear
export signal allows PLCβ1a to remain in the cytosol [77]. The likely consequence
of DAG generation inside the nucleus is activation of nuclear PKC [91, 92]. Nuclear
PLCβ1 regulates the cell cycle by modulating cyclin levels with cells overexpressing
PLCβ1 producing increased levels of Cyclin D3 and a higher percentage of cells
in S phase, in an erythroleukemia cell line [92, 93]. The binding site for Gαq is
found within a region that mediates activation of Gαq by regulator of G protein
signaling 4 (RGS4) and G alpha interacting protein (GAIP), which are GTPase-
activating proteins (GAPs) [94]. This binding site blocks activation of PLCβ [95].
PLCβ1 is expressed at high levels in the cerebral cortex, retina, hippocampus and
cardiomyocytes [96–98].

As mentioned, the expression of PLCβ2, which shares 48% identity with PLCβ1,
appears to be restricted to cells of the hematopoietic lineages [99]. PLCβ2 can be
activated by Rac, a member of the Rho-family of kinases [100]. The PH domain
of PLCβ2 mediates binding of active forms of Rac (Rac1, Rac2 and Rac3), which
leads to activation [101]. In contrast to PLCβ1 and PLCβ2, PLCβ3 lacks 10–20
amino acids within its C-terminus [102], although the significance of this difference
is unknown. This PLC isoform is expressed by liver, brain and parotid gland [102].

PLCβ1 and PLCβ4 are expressed within the brain including the cerebral cortex,
amygdala, hippocampus, and olfactory bulb and are thought to be involved in brain
development and synaptic plasticity [91, 103–105]. Mis-regulation of PLCβ1 and/or
PLCβ4 have been linked to several brain conditions such as schizophrenia, epilepsy,
depression, Alzheimer’s disease, bipolar disease and Huntington’s disease [105–
107]. In addition, studies of PLCβ1−/− mice revealed roles for PLCβ1 in regulating
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vision and central nervous system homeostasis and loss of PLCβ1 can lead to
seizures and sudden death [108].

PLCβ1 plays important roles in cell differentiation, particularly in osteogenesis,
hematopoiesis and myogenesis [79, 80, 109]. At least for myogenic differentiation,
PLCβ1 signaling involves inositol polyphosphate multikinase and β -catenin as
downstream effectors. By means of c-jun binding to cyclin D3 promoter, the
activation of PLC β 1 pathway determines cyclin D3 accumulation and muscle cell
differentiation [110]. Also, PLCβ participates in the differentiation and activation of
immune cells involved in both the innate and adaptive immune systems including,
macrophages, neutrophils, mast cells, T cells and B cells [79]. Consistent with a role
of PLCβ3 in neutrophil development, it was reported that PLCβ3-/- mice develop
myeloproliferative neoplasm with increased mature neutrophils [80].

A role for PLCβ in several cancers has been proposed. Recently, it has been
reported that PLCβ2 acts as a negative regulator of triple negative breast cancer
since up-regulation in invasive triple negative breast cancer cells was sufficient to
lower the expression of surface antigens required for malignancy and to reduce
the number of cells with a stem-like phenotype suggesting that enhancing PLCβ2
expression is a potential therapy for triple negative breast cancer [111]. Similarly, a
high expression of PLCβ1 was associated with an enhanced long-term survival of
patients with a proneural subtype high grade gliomas [112] and patients affected by
myelodysplastic syndromes showed a reduced propensity to develop acute myeloid
leukemia when the expression of nuclear PLCβ1 was reduced [91].

9.4.2 PLCγ 1,2

There are two isoforms of PLCγ, PLCγ1 and PLCγ2. PLCγ1 is ubiquitously
expressed, and operates downstream of tyrosine kinase growth factor receptors
such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF),
PDGF and EGF, whereas PLCγ2 is primarily expressed in hematopoietic cell
lineages, often functioning downstream of immune cell receptors (Fig. 9.1 and [113,
114]). PLCγ subtypes are primarily activated by receptor tyrosine kinases (RTKs).
Both PLCγ1 [115] and PLCγ2 can be activated by adhesion receptors, such as
integrins [116]. PLCγ1 signaling acts via direct interactions with other signaling
molecules via SH domains, as well as its lipase activity [117]. Some PLCγ signaling
via nonreceptor tyrosine kinases has been reported [118, 119], including the B-cell
receptor and via the Spleen tyrosine kinase (Syk)-activated PLCγ2 signaling in T
cells [120] or osteogenic differentiation of bone marrow stromal cells [121]. PLCγ

has important roles in differentiation, proliferation, transformation, calcium flux and
tumorigenesis [22, 25, 122, 123]. In addition, it has been shown that PLC γ1 is
activated by Src tyrosine kinase in Xenopus [124].

PLCγ can regulate proliferation by functions that are independent of its lipase
activity. One example is that DNA synthesis does not require phospholipase
function, but instead is regulated through the SH3 recruitment of a Ras exchange
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factor, SOS1 [125]. In addition to the PH domain found in the N-terminus, these
PLCγ family members have a second PH domain, which is split into an N-terminal
domain of the PH domain that flanks two SH2 domains, followed by an SH3 domain
and a C-terminal PH domain (Fig. 9.3). This C-terminal is thought to bind directly
to the TRPC3 calcium channel, which then leads to agonist-induced calcium entry
into the cell [35]. In addition, Vav1, c-Cbl and Slp76, via interactions with either
the SH3 domain or the C-terminal SH2 domain are also required to help stabilize
the recruitment of PLCγ1to the plasma membrane [126]. PLCγ2 and PKC are
important upstream signals of macrophage-colony stimulating factor (M-CSF) and
granulocyte-colony stimulating factor (G-CSF) that regulate myelopoiesis through
cytokine production. These pathways activate ERK1/2, NFAT and JAK1/STAT-3
pathways [127]. PLCγ isoforms have been reported to be expressed in several innate
immune cell types, including natural killer cells, macrophages, neutrophils and mast
cells [128–131]. PLCγ activates the innate immune system by regulating respiratory
bursts, phagocytosis, cell adhesion, and cell migration. PLCγ also modulates the
inflammatory response by controlling Toll-like receptor-mediated signaling [132].
T cells express more PLCγ1 than PLCγ2 and PLCγ1 is activated by ligation of the
T cell antigen receptor [126] and recruitment of PLCγ1 by Linker of Activated T
cells (LAT) to the plasma membrane [133]. Phosphorylated LAT, in turn, serves
as the primary docking site for the amino terminal SH2 domain of PLCγ1 to the
membrane [134, 135]. All three SH domains of PLCγ1, however, are required to
stabilize association of PLCγ1 with LAT, which is required to activate T cells [126].
Following engagement of the TCR, PLCγ1 production of DAG leads to activation
of not only PKC, but also Ras guanyl releasing protein (GRP)-dependent signaling
events [136, 137].

PLCγ1 is also activated by certain G protein-coupled receptors. We have shown
that PLCγ1 can be activated following stimulation by the G protein-coupled
receptor, C–C chemokine Receptor 7, a Gαi/o receptor, to mediate activation of β1
integrin, heterodimeric adhesion receptors [138]. In addition, PLCγ1 and PLCγ2
are both activated by the angiotensin and bradykinin G protein coupled receptors.

Homozygous disruption of PLCγ1 in a mouse model revealed that this PLC plays
an essential role in growth and development [139]. In the absence of PLCγ1, the
mice die at day E9.0, although until that stage of development the embryos appear
normal. This mouse model revealed that although other PLCγ family members
might be available, the role of PLCγ1 is essential and is not compensated by
another PLC. In contrast, homozygous deletion of PLCγ2 leads to defects in platelet
functions that are stimulated through β1 and β3 integrin adhesion proteins [140,
141]. PLCγ2 plays an essential role in B cell development, and function [20,
26]. Similar to PLCβ2, Rac, a member of the Rho-family of GTPases, can bind
to and activate PLCγ2 [100]. This PLC family member can be activated through
interactions with growth factor receptors, via phosphorylated tyrosines within their
cytoplasmic tails via their intracellular tyrosine activation motifs (ITAMs). PLCγ2
also regulates calcium oscillations induced by the transcription factor, Nuclear
Factor of Activated T cells (NFAT). Additionally, the SH2 domains can mediate
activation of this receptor.
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A role for PLCγ in neural development and certain neurological condition has
become increasingly evident. PLCγ1 is highly expressed in the brain and is required
for normal neuronal development and activation [114]. Since deregulation of PLCγ1
activation in response to brain derived neuronal factor can alter calcium influx and
actin rearrangements that control neuronal migration, this PLC has been linked
to diverse neurological disorders, including epilepsy, Huntington’s disease and
depression [114]. In this case mis-regulation of PLCγ1 function has been observed
in animal models of Huntington’s disease [142]. Moreover, genomic analysis
has revealed a PLCγ2 variant that appears to be protective against Alzheimer’s
disease, possibly acting via microglia-modulated immune responses [143]. Other
physiological roles for PLCγ are provided by recent evidence suggesting that
PLCγ1 activates Akt-mediated Notch1 signaling, which is required for intima
formation of blood vessels, and also plays a role in influenza viral entry into human
epithelial cells [144, 145].

PLCγ1 is often mutated and highly expressed in several cancers being involved
in tumorigenic processes including migration, invasion and in some cases, prolif-
eration (as reviewed by [146]). Moderately to poorly differentiated breast tumors
showed significantly higher levels of PLCγ1, compared with well differentiated
tumors [147, 148]. Also, three distinct mutations in PLCγ2 were described in
patients with chronic lymphocytic leukemia that were resistant to Ibrutinib treatment
[148]. Indeed, studies have shown that mutated DNA sequences associated with
human cancers and autoimmune diseases are well conserved between PLCγ1 und
PLCγ2 and these mutations are gain-of-function effectors that destabilize normal
regulatory signaling [149].

9.4.3 PLCδ1, 3, 4

There are three identified isoforms of PLCδ with similar amino acid sequences that
are highly evolutionary conserved from lower to higher eukaryotes [150]. PLCδ

family members are activated by levels of calcium that are normally found in the
cytoplasm (10−7M to 10−5M), making them one of the most calcium sensitive
PLC isoforms [151, 152]. While PLCδ1 is localized to the cytoplasm in quiescent
cells, this PLC isoform shuttles between the nucleus and the cytoplasm in active
cells [153]. Human PLCδ4 was found to be primarily nuclear in human adipose
derived mesenchymal stem cells [154]. Depletion of PLCδ1 leads to a block in the
cell cycle [155]. PLCδ family members are thought to have a role in potentiating
calcium signaling [151]. This form of PLC is similar to non-mammalian forms of
PLC [15, 156] PLCδ1 can be activated by Gi/o and Gaq following stimulation of
G protein-coupled receptors [157]. PLCδ is involved in regulating the activation of
the actin cytoskeleton. Studies using PLCδ knockout mice have shown that PLCδ1
is required for maintenance of skin homeostasis; a recent study suggested that
PLCδ1 is required for epidermal barrier integrity [158], whereas PLCδ3 regulates
microvilli genesis within the intestine and the directed migration of neurons in
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the cerebral cortex of developing brains [159, 160]. Knockout of both PLCδ1 and
PLCδ3 resulted in embryonic lethality [161].

Similar to PLCγ1, mis-regulation of PLCδ1 has been linked to Alzheimer’s
disease [162]. Interestingly, this enzyme function is inhibited by sphingomyelin,
a membrane lipid that is found in high concentrations in neurons. PLCδ1 is also
mis-regulated in rat models of hypertension [163]. In addition, a decrease in
PLCδ1 downregulation in cystic fibrosis cells resulted in dysregulation of Transient
Receptor Potential Vanilloid 6 channel activity leading to an increase in the
constitutive calcium influx, exacerbating cystic fibrosis effects [164].

PLCδ1 is expressed at high levels in hair follicles. Homozygous deletion of
PLCδ1 leads to hair loss [165, 166]. The hair loss was due to an increase in
leukocytes, specifically macrophages, neutrophils and T cells within the hair follicle
[166]. Homozygous deletion of Plcδ3 or Plcδ4 had no apparent affect and the mice
appeared normal.

During fertilization, a transient increase in Ca2+ precedes egg activation. Like
other forms of PLC, this isoform appears to play a role in fertilization. Notably,
PLCδ4−/− male mice are sterile [167, 168]. Even when PLCδ4−/− sperm were
injected into eggs, few viable embryos developed. These studies implicate this
family member in the regulation of fertilization [167]. In the same study, sperm
isolated from PLCδ4 knockout mice were found to be inferior to sperm isolated
from wild type mice in that the Ca2+ oscillations in these mice were delayed or did
not occur at all [167].

Similar to several other PLC’s, PLCδ’s role in carcinogenesis is controversial.
In one study, high expression levels of PLCδ significantly correlated with a shorter
disease-free survival of patients with poorly-differentiated breast tumors suggesting
a possible role as a tumor promoter [147]. In contrast, an unrelated study found
that downregulation of PLCδ1 in breast cancers induced cell migration and invasion
in an in vitro assay by inhibiting the phosphorylation of ERK1/2, suggesting a
role as a tumor suppressor [169]. In support of the tumor suppressor effects,
another study in colorectal cancer revealed that expression of PLCδ1, as shown
by immunohistochemistry, was down-regulated in colorectal cancer samples, which
was also linked to suppression of ERK1/2 phosphorylation [170] and increased
autophagy of the colorectal cancer cells [171]. These results are in line with the
concept that PLCδ1 may function as a tumor promoter or as tumor suppressor
[147], and it is clear that further studies are needed to clarify the role of PLCδ

in carcinogenesis.

9.4.4 PLCε

PLCε is the largest of the PLC family members with an apparent molecular weight
of ∼230 kDa and was originally described in 1998 as a Let-60 Ras binding
protein [172]. Two splice variants of PLCε have been reported, termed PLCε1a
and PLCε1b that are widely expressed, but distinct roles for these variants have
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not been described [173]. PLCε is expressed at the highest levels in the heart, liver
and lung, but can also be found in the skeletal muscle, spleen brain, lungs, kidneys,
pancreas, testis, uterus, thymus and intestine [7, 174, 175]. This class of PLC, which
was originally identified in Caenorhabditis elegans, and was later cloned in humans
[7, 172, 174, 175]. The Ras-associated (RA) domains consist of approximately 100
amino acids that interact directly with the Ras-family GTPases, Ras [7, 175] and
Rho [176]. A point mutation at a lysine residue in the RA2 domain of PLCε is
sufficient to prevent Ras binding of the enzyme in a GTP-dependent manner [7].
Subsequently, it was found that PLCε could also be activated by the Gα12 and
Gβ/γ released by activated G protein-coupled receptors [175, 177]. Later, it was
shown that hydrolysis of Golgi-associated phosphatidylinositol 4- phosphate (PI4P)
in cardiac myocytes is mediated by Gβγ via the RA2 and N-terminal CDC25 and
cysteine-rich domains [178, 179]. G protein-coupled receptors that activate PLCε

include the adrenergic and PGE receptors. At the same time Gαs has been shown to
stimulate activation of PLCε [180] while Gα12 and Gα13 can activate RhoA which
can stimulate PLCε [180, 181]. Not only is this PLC family member activated by
Ras and RhoA, it can also function as a guanine nucleotide exchange factor (GEF)
for the Ras superfamily of GTPases [175]. In a contrasting study, the CDC25 domain
of PLCε was found to serve as a GEF for Rap1 but not for other Ras family members
[182]. These characteristics of PLCε reveal that this enzyme can be activated not
only by subunits of heterotrimeric G proteins, but also by small GTPases.

This ability of PLCε to be regulated by both Ras and Rho suggest that it can
contribute to both proliferation and to migration. More interestingly, since PLCβ

can be activated by Rho, both PLC family members may work together to regulate
signal transduction pathways that are activated following stimulation of cells by
Rho to control cell migration. Similarly, since PLCε can be regulated by Ras,
a downstream effector of PLCγ signaling following activation of growth factor
receptors such as the EGF receptor, the signaling pathways may work together
to promote proliferation. The ability of PLCε to coordinate signaling through
these pathways points to regulatory mechanisms that may be more complex than
originally thought.

Since PLCε can regulate inflammatory ligands for G protein-coupled receptors,
it was suggested that PLCε may protect against ischemia/reperfusion injuries [183].
In contrast, in a separate study it was shown that PLCε is often upregulated in
patients with heart failure [184] and recently it was shown that chronic activation of
this isoform leads to cardiac hypertrophy [178]. Additionally, PLCε-null mice have
abnormal development of aortic and pulmonary valves [185]. The role of PLCε in
carcinogenesis is controversial, although the enzyme is thought to play important
roles in the regulation of cancer development and progression, possibly acting as
either an oncogene or tumor suppressor depending upon the type of tumor [186,
187]. Inflammatory processes induced by PLCε are thought to be involved in the
progression towards cancer [188]. Mutation analysis of the PLCE1 gene landscape
via The Cancer Genome Atlas (TCGA) database showed that PLCE1 is an often-
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mutated gene in several types of cancer, in particular digestive tract cancer such as
gastric cancer and esophageal squamous carcinoma, but also including skin cancer,
lung cancer and head and neck cancers [187].

9.4.5 PLCη1,2

PLCη consists of two members that are the most recently discovered PLC’s and
are most closely related to PLCδ subtype [189]. The sequence homology between
PLCη1 and PLCη2 are ∼50% similar. PLCη1 has an apparent molecular weight
of 115 kDa in mouse and humans, while PLCη2 is larger at 125 kDa. PLCη can
be activated by G protein-coupled receptors and RTK’s [190] with PLC activity
amplified by both intracellular Ca2+ mobilization and extracellular Ca2+ entry
[191]. PLCη sequence analysis showed a novel EF-hand domain including a non-
canonical EF-loop 2 sequence that is responsible for the enhanced binding of
Ca2+ and enhanced hydrolysis of PIP2 [189]. The PLCη1 and PLCη2, isoforms
are localized to the brain and neurons and are extremely sensitive to changes in
calcium levels within the physiological range [8, 9, 192, 193]. Like PLCδ, this form
of PLC responds to the 100 nM calcium concentrations found inside the cell [194].
However, PLCη is more sensitive than PLCδ [8] and PLCη can modulate a sustained
Ca2+ release via production of IP3 [189].

PLCη2 is expressed in the infant brain, specifically in the hippocampus, cerebral
cortex and olfactory bulb [9], where it may play an important role in calcium
mobilization required for axon growth and retraction, growth cone guidance, the
generation of synapses and neurological responses [9]. In humans, loss of the human
chromosomal region, which encodes PLCη2 has been linked to mental retardation
[195] and role for PLCη2 in neurite growth has been postulated [196]. Alzheimer’s
disease has been linked to altered calcium homeostasis within neurons of the central
nervous system with calcium accumulation occurring in disease affected neuronal
cells [197]. Since PLCη is expressed in these same regions of the brain, a potential
role for PLCη in Alzheimer’s disease pathogenesis has been postulated [197].

9.4.6 PLCζ

PLCζ is the smallest of the mammalian PLC family members with a molecular
mass of ∼70 kDa in humans and ∼74 kDa in mice [10, 198]. Interestingly, studies
have shown PLC-like activities in plants with non-specific PLC hydrolyzing mem-
brane phospholipids like phosphatidylcholine (PC) and phosphatidylethanolamine
and another PLC with structural similarities to PLCζ [29]. In mammals, PLCζ

expression has been confined to sperm heads [10, 198, 199] where it serves to
activate eggs during fertilization [10, 200]. Subsequent studies have also identified
further mammalian orthologues of PLCζ in human, hamster, monkey, and horse
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sperm [201, 202]. Although some studies suggested the possibility that a post-
acrosomal sheath WW domain-binding protein, termed PAWP, could be responsible
for eliciting Ca2+ oscillations at egg activation [203–205], more recent studies
now convincingly suggest that PAWP is not required to stimulate Ca2+ oscillations
during egg activation, while strong evidence supports PLCζ as a soluble sperm factor
responsible for the Ca2+ oscillations [206–210].

In line with its key role as a sperm factor, PLCζ generally localizes to distinct
regions of the sperm head in mammals [211–213]. In humans, three distinct
populations of PLCζ within the sperm head have been determined in the acrosomal,
equatorial and post-acrosomal regions [211, 214–216]. Although this is the only
isoform of PLC identified, which lacks the N-terminal PH domain, it shares the
closest homology with PLCδ1 [217]. The absence of the PH domain demonstrates
that presence is not required for membrane localization of PLCζ. It is unclear,
however, how PLCζ targets the plasma membrane in the absence of the PH domain.
There is some indication that the C2 domain may contribute to targeting PLCζ to
membrane-bound PIP2. Following fusion of sperm with the egg, PLCζ is released
into an egg, which until that point, is arrested at the second meiotic division. Ca2+
oscillations that mediate activation of an egg are due to IP3 mediated Ca2+ release.
The presence of PLCζ within the cytoplasm leads to Ca2+ oscillations, which are
classically observed during activation of the egg and release from the meiotic arrest
[218]. In addition, immuno-depletion of PLCζ suppresses Ca2+ release. After the
egg is fertilized the Ca2+ oscillations end when the pronuclei merge [219, 220].
Sperm from infertile men who are unable to activate eggs have been reported to
exhibit reduced or abolished types of PLCζ [214, 216, 221]. Also, the proportion of
sperm expressing PLCζ correlates with fertilization rates following intracytoplasmic
sperm injection making PLCζ a diagnostic marker of fertilization [75].

9.5 Methods to Inhibit PLC

There are several chemical inhibitors that can be used to block PLC function.
A commonly used pan inhibitor, 1-[6-((17β-3-methoxyestra-1,3,5(10)trien-17-
yl)amino)hexyl)-1H-pyrrole-2,5-dione, (U73122), of phospholipase C, is thought
to function by blocking translocation of the enzyme to the membrane [222]. For
example, using 2 μM U73122 in contrast to the control U73343, we found that
stimulation of CCR7 through one of its ligands, CCL21 [138], but not CCL19
promoted PLC dependent migration of T cells via β1 integrin adhesion proteins.
In the same study, we were able to determine that the PLCγ1 isoform regulated
migration by preventing CCL21 directed migration with targeted siRNA. This
data suggests that one G protein-coupled receptor can activate PLCγ1 through two
different ligands to control migration in T cells. In this case we speculate that PLCγ1
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mediates integrin activation through inside-out signaling leading to activation of
β1-integrins.

Recently, it has been shown that U73122 forms covalent associations with human
PLCβ3, when the phospholipase is associated with mixed micelles [223]. While
U73122 has been used as a pan inhibitor of PLC in numerous studies [21, 138,
224–228], in the study by Klein et al., instead of inhibiting PLC, U73122 activated
human PLCγ1, human PLCβ2 and human PLCβ3, which had been incorporated
into micelles to differing magnitudes. Since the PLC used in these studies was in
a purified form, it is unclear, how U73122 functions to regulate the extent of PLC
activation. In a second study, 1 μM U73122 was found to directly inhibit G protein
activated inwardly rectifying potassium channels. This was in contrast to a second
PLC inhibitor, 2-Nitro-4-carboxyphenylN,N -diphenylcarbamate (NCDC), which
did not have that effect [229]. NCDC, however, is also thought to have non-specific
effects that are not related to PLC functions [230].

It should also be noted that in rabbit parietal cells, use of the U73122 led to a
number of unexpected effects including mis-regulation of Ca2+ mobilization, and
acid secretion induced by an agonist. Of equal concern, the negative control U73343
blocked acid secretion [231]. Therefore, this PLC inhibitor when used, should be
used with caution.

Similarly, there are at least three other known inhibitors and two activators
of PLC, yet they are not specific. These inhibitors include O-(Octahydro-
4,7-mthano-1H-iden-5-yl)carbonopotassium dithioate, [232], Edelfosine [233]
and RHC 80267 (O,O′[1,6-Hexanediylbis(iminocarbonyl)]dioxime cyclohex-
anone) [234]. The two activators are m-3M3FBS (2,4,6-Trimethyl-N-[3-
(trifluoromethyl)phenyl]benzenesulfonamide), and the ortho version o-3M3FBS
[235].

Heterozygous deletion of a specific PLC family member via siRNA, however,
can yield targeted results [138]. As mentioned, in these studies, PLCγ1 specific
siRNA was used to confirm the role of this PLC isoform in the regulation of β1
integrins during the adhesion of primary T cells. In the future it may be advisable
to determine the specific PLC family member involved in a cellular response,
by using siRNAs. More recently the discovery of Clustered Regularly Spaced
Short Palindromic Repeats-Cas9 (CRISPR Cas9) technology, which was originally
described in bacterial systems, allows for long-term targeted disruption or in some
cases activation of specific genes [236, 237]. This technology, will likely be used to
target specific PLC isoforms in the future.

The highly specific 3-phosphoinositide-dependent protein kinase 1(PDK1)
inhibitor 2-O-benzyl-myo-inositol 1,3,4,5,6-pentakisphosphate (2-O-Bn-InsP5) can
also block PLCγ1 dependent cell functions such as EGFR-induced phosphorylation
of PLCγ1. This interaction takes place through the PH domain of PDK1. The loss
of phosphorylation blocks PLCγ1 activity and downstream the cell migration and
invasion [238], and has been considered as a lead compound for an anti-metastatic
drug.
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9.6 Future Directions

9.6.1 Hierarchy of Isozymes

It is unclear how the different isoforms of PLC are activated in cells receiving mul-
tiple stimuli from different receptors. With thirteen identified isoforms, expressed
in multiple cell types, it will be important to define how the different signaling
events that are linked to each isoform are controlled. Since PLC activation leads to
release of IP3 and DAG in response to activation, it will be important to determine
how cells discriminates between multiple PLC signals to determine the hierarchy,
intensity and duration of signaling events. As mentioned, PLCβ2 and PLCγ2 are
activated by Rac while PLCε is activated by RhoA. These observations suggest that
key regulators of cell motility function through different PLC family members, and
may have pivotal roles in defining where and when a cell migrates.

PLC enzymes are found in every cell in the body, where they play critical roles
in regulating diverse cellular responses (as reviewed in [28]). As mentioned, some
family members serve as scaffolds for other signaling proteins, while others can
serve as GAPs or GEFs, for secondary signaling proteins. Other PLCs function to
amplify the Ca2+oscillations in the cell. Certain PLC family members can travel to
the nucleus to control signaling there. With PLC family members playing key roles
in numerous cell functions, it will be important to define how each PLC is regulated
and how the cellular environment affects the duration and intensity of the response.
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Chapter 10
New Insights in the IP3 Receptor and Its
Regulation

Jan B. Parys and Tim Vervliet

Abstract The inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) is a Ca2+-release
channel mainly located in the endoplasmic reticulum (ER). Three IP3R isoforms
are responsible for the generation of intracellular Ca2+ signals that may spread
across the entire cell or occur locally in so-called microdomains. Because of their
ubiquitous expression, these channels are involved in the regulation of a plethora
of cellular processes, including cell survival and cell death. To exert their proper
function a fine regulation of their activity is of paramount importance. In this
review, we will highlight the recent advances in the structural analysis of the
IP3R and try to link these data with the newest information concerning IP3R
activation and regulation. A special focus of this review will be directed towards the
regulation of the IP3R by protein-protein interaction. Especially the protein family
formed by calmodulin and related Ca2+-binding proteins and the pro- and anti-
apoptotic/autophagic Bcl-2-family members will be highlighted. Finally, recently
identified and novel IP3R regulatory proteins will be discussed. A number of
these interactions are involved in cancer development, illustrating the potential
importance of modulating IP3R-mediated Ca2+ signaling in cancer treatment.
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CaBP neuronal Ca2+-binding protein
CaM calmodulin
CaM1234 calmodulin fully deficient in Ca2+ binding
cryo-EM cryo-electron microscopy
DARPP-32 dopamine- and cAMP-regulated phosphoprotein of 32 kDa
ER endoplasmic reticulum
IBC IP3-binding core
IICR IP3-induced Ca2+ release
IP3 inositol 1,4,5-trisphosphate
IP3R IP3 receptor
IRBIT IP3R-binding protein released by IP3
MLCK myosin light chain kinase
NCS-1 neuronal Ca2+ sensor-1
PK pyruvate kinase
PKA cAMP-dependent protein kinase
PKB protein kinase B/Akt
PLC phospholipase C
PTEN phosphatase and tensin homolog
RyR ryanodine receptor
TCR T-cell receptor
TESPA1 thymocyte-expressed, positive selection-associated 1
TIRF total internal reflection fluorescence
TKO triple-knockout

10.1 Introduction

The inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) is a ubiquitously expressed
Ca2+-release channel mainly located in the endoplasmic reticulum (ER) [1]. The
IP3R is activated by IP3, produced by phospholipase C (PLC), following cell
stimulation by for instance extracellular agonists, hormones, growth factors or
neurotransmitters. The IP3R is responsible for the initiation and propagation of
complex spatio-temporal Ca2+ signals that control a multitude of cellular processes
[2, 3]. Moreover, dysfunction of the IP3R and deregulation of the subsequent Ca2+
signals is involved in many pathological situations [4–10].

There are at least three main reasons for the central role of the IP3R in
cellular signaling. First, IP3R signaling is not only dependent on the production
of IP3, but is also heavily modulated by its local cellular environment, integrating
multiple signaling pathways. Indeed, IP3R activity is controlled by the cytosolic
and the intraluminal Ca2+ concentrations, pH, ATP, Mg2+ and redox state, as
well as by its phosphorylation state at multiple sites. Furthermore, a plethora of
associated proteins can modulate localization and activity of the IP3R [11–15].
Second, in higher organisms, three genes (ITPR1, ITPR2 and ITPR3) encode
three isoforms (IP3R1, IP3R2, and IP3R3). These isoforms have a homology of
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about 75% at the a.a. level, allowing for differences in sensitivity towards IP3
(IP3R2 > IP3R1 > IP3R3) as well as towards the various regulatory factors and
proteins [12, 16–19]. Splice isoforms and the possibility to form both homo- and
heterotetramers further increase IP3R diversity. Third, the intracellular localization
of the IP3Rs determines their local effect [1]. Recently, an increased appreciation
for the existence and functional importance of intracellular Ca2+ microdomains
was obtained, e.g. between ER and mitochondria, lysosomes or plasma membrane
where IP3-induced Ca2+ release (IICR) occurs, allowing Ca2+ to control very local
processes [20–24].

As a number of excellent reviews on various aspects of IP3R structure and
function have recently appeared [25–32], we will in present review highlight
the most recent advances concerning the understanding of IP3R structure and
regulation, with special focus on recent insights obtained in relation to IP3R
modulation by associated proteins.

10.2 New Structural Information on the IP3R

The IP3Rs form large Ca2+-release channels consisting of 4 subunits, each about
2700 a.a. long, that assemble to functional tetramers with a molecular mass of about
1.2 MDa. Each subunit consists of five distinct domains (Fig. 10.1a): the N-terminal
coupling domain or suppressor domain (for IP3R1: a.a. 1–225), the IP3-binding core
(IBC, a.a. 226–578), the central coupling domain or modulatory and transducing
domain (a.a. 579–2275), the channel domain with 6 trans-membrane helices (a.a.
2276–2589) and the C-terminal tail or gatekeeper domain (a.a. 2590–2749) [33].

The crystal structure of the two N-terminal domains of the IP3R1 were first
resolved separately at a resolution of 2.2 Å (IBC with bound IP3, [34]) and 1.8 Å
(suppressor domain, [35]). Subsequent studies analyzed the crystal structure of
the full ligand-binding domain, i.e. the suppressor domain and the IBC together,
resolved in the presence and absence of bound IP3 at a resolution between 3.0 and
3.8 Å [36, 37]. These studies indicated that the N-terminus of IP3R1 consisted of
two successive β-trefoil domains (β-TF) followed by an α-helical armadillo repeat
domain. IP3 binds in a cleft between the second β-trefoil domain and the α-helical
armadillo repeat, leading to a closure of the IP3-binding pocket and a conformational
change of the domains involved [36–38]. Recently, Mikoshiba and co-workers
succeeded to perform X-ray crystallography on the complete cytosolic part of the
IP3R [39]. This study was performed using truncated IP3R1 proteins (IP3R2217

and IP3R1585) in which additional point mutations (resp. R937G and R922G) were
incorporated in order to increase the quality of the obtained crystals. In addition
to the three domains mentioned above (the two β-trefoil domains and the α-helical
armadillo repeat domain), three large α-helical domains were described, i.e. HD1
(a.a. 605–1009), HD2 (a.a. 1026–1493) and HD3 (1593–2217) (Fig. 10.1b). Binding
of IP3 induces a conformation change that is transmitted from the IBC through HD1
and HD3, whereby a short, 21 a.a.-long domain (a.a. 2195–2215) called the leaflet
domain is essential for IP3R function.
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Fig. 10.1 Alignment of proposed IP3R1 structures. (a) Linear representation of IP3R1 [33]. (b)
Linear representation of the IP3R1 domains identified by X-ray crystallography [39]. (c) Linear
representation of the IP3R1 domains identified by cryo-EM [41]. For the various domains, the
original nomenclature was used. Additionally, the interaction sites for calmodulin (CaM) and for
the various Bcl-2 family members (Bcl-2, Bcl-XL, Nrz and Bok) are indicated with colored arrows
at the bottom of the figure. Please note that the name of the interacting protein indicated at each
arrow represents the protein for which binding was initially described. As discussed in the text,
related proteins share in some cases common binding sites. The striped arrow indicates that this
binding site is only present in a specific IP3R1splice isoform. For further explanations, please see
text

In parallel with the analysis of the IP3R by X-ray crystallography, the structure
of full-size IP3R1 was investigated by several groups by cryo-electron microscopy
(cryo-EM), obtaining increasingly better resolution [40]. The structure of the IP3R1
at the highest resolution obtained by this method until now (4.7 Å) was published
by Serysheva and co-workers and allowed modelling of the backbone topology of
2327 of the 2750 a.a [41]. As IP3R1 was purified in the absence of IP3 and as
Ca2+ was depleted before vitrification, the obtained structure corresponds to the
closed state of the channel (Fig. 10.2). In total, ten domains were identified: two
contiguous β-trefoil domains (a.a. 1–436), followed by three armadillo solenoid
folds (ARM1–ARM3, a.a. 437–2192) with an α-helical domain between ARM1 and
2, an intervening lateral domain (ILD, a.a. 2193–2272), the transmembrane region
with six trans-membrane α-helices (TM1–6) (a.a. 2273–2600), a linker domain
(LNK, a.a. 2601–2680) and the C-terminal domain containing an 80 Å α-helix
(a.a. 2681–2731) (Fig. 10.1c). The latter domains of the four subunits form together
with the four TM6 helices (∼55 Å) a central core structure that is not found in
other types of Ca2+ channels. The four transmembrane TM6 helices thereby line
the Ca2+ conduction pathway and connect via their respective LNK domains with
the cytosolic helices.

How binding of IP3 is coupled to channel opening is still under investigation.
An interesting aspect of the IP3R structure thereby is the fact that either after
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Fig. 10.2 Cryo-EM structure of IP3R1. Structure of IP3R1 fitted to the cryo-EM map (PDB 3JAV,
[41]) showing (a) a cytosolic and (b) a luminal view of an IP3R1 tetramer. (c, d) Side views of
two neighboring IP3R1 subunits as seen from the (c) inside or the (d) outside of the tetramer. The
discontinuous CaM-binding site in the suppressor domain is indicated in yellow (a.a. 49–81 and
a.a. 106–128). The yellow arrows in panels A and B indicate where the CaM-binding site in the
central coupling domain should be located (a.a. 1564–1585). This could not be indicated on the
structure itself because the part between a.a. 1488 and 1588 of the IP3R is not resolved. The binding
site for Bcl-2 and, to a lesser extent, Bcl-XL located in the central coupling domain is indicated
in blue (a.a. 1389–1408). The C-terminal binding site for Bcl-2, Bcl-XL and Mcl-1 is shown in
green (a.a. 2512–2749). The domains indicated in dark green (a.a. 2571–2606 and a.a. 2690–2732)
thereby represent the BH3-like structures that were identified to bind to Bcl-XL. The region where
Bok interacts with IP3R1 (a.a. 1895–1903) was not resolved in this cryo-EM structure. The two
orange spheres (a.a. 1883 and 1945) however show the boundaries of this non-characterized IP3R1
region to which Bok binds. These images were obtained using PyMOL. For further explanations,
please see text

mild trypsinisation of IP3R1 [42] or after heterologous expression of the various
IP3R1 fragments corresponding to the domains obtained by trypsinisation [43],
the resulting structure appeared both tetrameric and functional. This indicates that
continuity of the polypeptide chain is not per se needed for signal transmission to
the channel domain, although the resulting Ca2+ signals can differ, depending on
the exact cleavage site and the IP3R isoform under consideration [44, 45].

Meanwhile, various models for the transmission of the IP3 signal to the channel
region were proposed for IP3R1, including a direct coupling between the N-terminus
and the C-terminus [41, 46–48] and a long-range coupling mediated by the central
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coupling domain [48], via intra- and/or inter-subunit interactions [41]. Mechanisms
for the latter can involve β-TF1 ➔ ARM3 ➔ ILD [41] or IBC ➔ HD1 ➔ HD3 ➔

leaflet [39].
In addition to the structural studies on IP3R1 described above, the structure of

human IP3R3 was recently analyzed at high resolution (between 3.3 and 4.3 Å)
under various conditions. Its apo state was compared to the structures obtained at
saturating IP3 and/or Ca2+ concentrations [49]. In the presence of IP3, five different
conformational states were resolved, suggesting a dynamic transition between
intermediate states eventually leading to channel opening. Ca2+ binding appeared to
eliminate the inter-subunit interactions present in the apo and the IP3-bound states
and provoke channel inhibition. Two Ca2+-binding sites were identified, one just
upstream of ARM2 and one just upstream of ARM3, though their relative function
cannot be inferred from structural data alone.

Although IP3R1 and IP3R3 are structurally quite similar, they are differentially
activated and regulated (see Sect. 10.1). Additional work, including performing a
high-resolution cryo-EM analysis of IP3-bound IP3R1 and the further investigation
of the effect of Ca2+ and other IP3R modulators, including associated proteins, on
IP3R structure will therefore be needed to fully unravel the underlying mechanism
of activation and to understand the functional differences between the various IP3R
isoforms.

10.3 Complexity of IP3R Activation and Regulation

Concerning the mechanisms of activation and regulation of the IP3R, progress has
been made on several points recently.

10.3.1 IP3 Binding Stoichiometry

First, a long-standing question in the field concerned the number of IP3 molecules
needed to evoke the opening of the IP3R/Ca2+-release channel. Some studies
demonstrated a high cooperativity of IP3 binding to its receptor, and suggested that
minimally 3 IP3 molecules should be bound to the IP3R to evoke Ca2+ release
[50, 51]. In contrast herewith, co-expression of an IP3R apparently defective in
IP3 binding (R265Q) and of a channel-dead IP3R mutant (D2550A) resulted in a
partial IP3-induced Ca2+ release, suggesting that one IP3R subunit can gate another
and that therefore not all subunits need to bind IP3 to form an active channel [52].
Moreover, these results fit with the most recent cryo-EM data discussed above (see
Sect. 10.2.; [41]).

Recently, a comprehensive study by Yule and co-workers demonstrated in triple-
knockout (TKO) cells, devoid of endogenous IP3R expression (DT-40 TKO and
HEK TKO), that the activity of recomplemented IP3Rs depends on the occupation
of the 4 IP3-binding sites by their ligand [53]. The strongest evidence for this
was obtained by the expression of a concatenated IP3R1 containing 3 wild-type
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subunits and 1 mutant subunit. The mutant subunit contained a triple mutation
(R265Q/K508Q/R511Q) in the ligand-binding domain precluding any IP3 binding,
as previously demonstrated [54], while the R265Q single mutant still retained 10%
binding activity. Interestingly, the tetrameric IP3R containing only 1 defective IP3-
binding site and expressed in cells fully devoid of endogenous IP3Rs was completely
inactive in Ca2+ imaging experiments, unidirectional Ca2+ flux experiments and
in patch-clamp electrophysiological experiments [53]. Similar experiments were
performed for IP3R2, making use of its existing short splice isoform that lacks 33
a.a. in the suppressor domain rendering it non-functional [55]. These data strongly
suggest that no opening of the IP3R can occur, unless each subunit has bound IP3.
This characteristic would strongly limit the number of active IP3Rs and protect the
cell against unwanted Ca2+ release in conditions in which the IP3 concentration is
only slightly increased [50, 53]. However, in the case of IP3R mutations affecting
IP3 binding / IP3R activity it may explain why they are detrimental, even in
heterozygous conditions [10].

10.3.2 Physiological Relevance of IP3R Heterotetramer
Formation

As already indicated above (see Sect. 10.1.), the high level of homology between the
various IP3R isoforms allows not only for the formation of homotetramers but also
for that of heterotetramers [57–59]. The frequency of heterotetramer occurrence
is however not completely clear. A study in COS-7 cells indicated that kinetic
constrains affect the formation of heterotetramers and that therefore the level of
heterotetramers composed of overexpressed IP3R1 and of either endogenously
expressed or overexpressed IP3R3 was lower than what could be expected from
a purely binomial distribution [60]. In contrast herewith, by using isoform-specific
IP3R antibodies for sequential depletion of the IP3Rs, it was shown that in pancreas,
over 90% of IP3R3 is present in heterotetrameric complexes, generally with IP3R2
[61]. This is significant as pancreas is a tissue in which IP3R2 and IP3R3 together
constitute over 80% of the total amount of IP3R [62, 63]. It is therefore meaningful
to investigate whether the presence of IP3R heterotetramers will contribute in
increasing the diversity of the IP3R Ca2+-release channels, as is generally assumed.
However, due to the fact that most cells express or can express various types of
homo- and heterotetrameric IP3Rs in unknown proportions, addressing this question
is in most cell types not straightforward.

Overexpressing mutated IP3R1 and IP3R3 in COS-7 cells at least indicated
that heterotetramers are functional [52]. The expression of concatenated dimeric
IP3R1-IP3R2 (and IP3R2-IP3R1) in DT-40 TKO cells led to the formation of
IP3R heterotetramers with a defined composition (2:2) that could be compared
with homotetrameric IP3R1 or homotetrameric IP3R2 that were similarly expressed
[61]. Investigation of their electrophysiological properties via nuclear patch-clamp
recordings indicated that in the IP3R1-IP3R2 2:2 heterotetramers the properties
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of the IP3R2 dominated with respect to the induction of Ca2+ oscillations and
their regulation by ATP [61]. A more recent study based on the same approach
but now including combinations of all three IP3R isoforms, demonstrated that 2:2
heterotetrameric IP3Rs display an IP3 sensitivity that is intermediate to that of their
respective homotetramers [64] indicating that heterotetramerization successfully
increases IP3R diversity. In addition, the obtained results also demonstrate that
IP3R2 properties with respect to both the induction of Ca2+ oscillations and the
regulation by ATP also dominated in IP3R2-IP3R3 2:2 heterotetramers. In contrast,
when a tetrameric IP3R containing 3 IP3R1 and 1 IP3R2 subunit was expressed,
its properties were similar to that of a homotetrameric IP3R1 [64]. Taken together,
these experiments indicate that IP3R heterotetramers increase the diversity of the
IP3Rs with respect to Ca2+ release and that further studies are needed to fully
understand how IP3R heterotetramers are regulated by other factors, including
associated proteins.

10.3.3 Novel Crosstalk Mechanism Between cAMP and IICR

cAMP and Ca2+, the two most important intracellular messengers, have numerous
crosstalks between them [65]. At the level of the IP3R, the most evident crosstalk
is the sensitization of IP3R1 by cAMP-dependent protein kinase (PKA) [66], while
a similar regulatory role is highly probable for IP3R2 but less likely for IP3R3 [15,
65].

A novel line of regulation was discovered some time ago when it was shown
that cAMP can, independently from PKA or cAMP-activated exchange proteins,
potentiate the IP3R [67–69]. In particular, it was shown in HEK cells that adenylate
cyclase 6, which in those cells accounts for only a minor portion of the adenylate
cyclase isoforms, is responsible for providing cAMP to a microdomain surrounding
IP3R2, increasing its activity [69]. Such mechanism would form a specific signaling
complex in which locally a very high concentration of cAMP could be reached,
without affecting its global concentration [65]. Recent work provided further
evidence concerning the importance of cAMP for IP3R functioning, showing that
the presence of cAMP can uncover IP3Rs that were insensitive to IP3 alone [56].
Indeed, in HEK cells heterologously expressing the parathyroid hormone (PTH)
receptor, it appears that PTH, via production of cAMP, evokes Ca2+ release after
full depletion of the carbachol-sensitive Ca2+ stores. Although the identity of the
Ca2+ stores could not yet be established, the obtained results are indicative that
cAMP unmasks IP3Rs with a high affinity for IP3. This fits with the previous
observation that IP3R2, the IP3R with the highest affinity for IP3 (reviewed in [19]),
is regulated by cAMP [69]. The molecular mechanism on how cAMP interacts with
the IP3R remains to be determined. At this moment no discrimination can be made
between a low-affinity cAMP-binding site on the IP3R itself or a similar binding
site on an associated protein [65]. The possibility that the IP3R-binding protein
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released by IP3 (IRBIT), related to protein S-adenosylhomocysteine-hydrolase,
known to bind cAMP, is involved was however already excluded by knockdown
and overexpression experiments [56].

10.4 Complexity of Protein-Protein Interactions Affecting
the IP3R

In a comprehensive review published a few years ago, over 100 proteins that interact
with the IP3R have been listed [14]. For that reason, we will limit ourselves in the
present review to either newly discovered interacting proteins or proteins for which
new information about their interaction recently became available.

10.4.1 Calmodulin (CaM) and Related Ca2+-Binding Proteins

CaM is the most ubiquitously expressed intracellular Ca2+ sensor. It is a relatively
small protein (148 a.a.) with a typical dumbbell structure. A central, flexible linker
region connects the globular N-terminal and C-terminal domains, each containing
two Ca2+-binding EF-hand motifs with a classical helix-loop-helix structure. The
Kd of CaM for Ca2+ ranges between 5 × 10−7 and 5 × 10−6 M, with the C-
terminal Ca2+-binding sites having a three to five-fold higher affinity than the
N-terminal ones [70]. CaM therefore displays the correct Ca2+ affinity to sense
changes in intracellular Ca2+ concentrations and serve as Ca2+ sensor. While
apo-CaM has a rather compact structure, Ca2+-CaM exposes in each domain a
hydrophobic groove with acidic residues at its extremities that will allow interaction
with their target [71]. A plethora of target proteins that are modulated by CaM exists,
including various Ca2+-transporting proteins [72]. These various proteins contain
CaM-binding sites that can be categorized into various types of motifs [73].

Although the interaction of CaM with the IP3R was already observed soon after
the identification of the IP3R as IP3-sensitive Ca2+-release channel [74] its exact
mechanism of action is still not completely elucidated. Moreover, there are a number
of interesting features related to the binding of CaM to the IP3R: (i) the existence of
multiple binding sites, (ii) the possibility for both Ca2+-CaM and apo-CaM to affect
IP3R function and (iii) the use of some of the CaM-binding sites by other Ca2+-
binding proteins. The aim of this paragraph therefore is to present a comprehensive
view on the relation between CaM (and some related Ca2+-binding proteins) and
the IP3R.

On IP3R1, three CaM-binding sites were described (Fig. 10.1). A high-affinity
CaM-binding site (a.a. 1564–1585; Fig. 10.2a–b, indicated by the yellow arrows)
was described in the central coupling domain [75], while a low-affinity one was
found in the suppressor domain [76]. The latter site is discontinuous (a.a. 49–81
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and a.a. 106–128; Fig. 10.2, indicated in yellow) and can bind to both apo-CaM
and Ca2+-CaM [77]. Finally, a third site was described on the S2(−) IP3R1 splice
isoform in which a.a. 1693–1732 are removed [78, 79]. CaM binding to this newly
formed site is inhibited by PKA-mediated phosphorylation, probably on Ser1589

[79].
CaM interaction with the two other IP3R isoforms was studied in less detail, but

an IP3R2 construct overlapping with the CaM-binding site in the central coupling
domain interacted with CaM, supporting the conservation of this site [75]. However,
no direct interaction between CaM and IP3R3 could be measured [75, 80] though
CaM can bind to IP3R1-IP3R3 heterotetramers [79].

Functional effects on the IP3R have been described for both apo-CaM and Ca2+-
CaM. In fact, apo-CaM is equally potent in inhibiting IP3 binding to full-length
IP3R1 as Ca2+-CaM [81]. In agreement with the absence of CaM binding to IP3R3,
full-length IP3R3 remained insensitive to regulation by CaM [80]. In contrast, a
Ca2+-independent inhibition of IP3 binding was observed for the isolated ligand-
binding domain of IP3R1 [82] as well as for that of IP3R2 and IP3R3 [83].

Concerning IP3-induced Ca2+ release, the situation is somewhat more complex.
Ca2+ release by IP3R1 is inhibited by CaM in a Ca2+-dependent way [84, 85] while
similar results were subsequently found for IP3R2 and IP3R3 [76, 86]. However,
linking these functional effects molecularly to a CaM-binding site appeared more
difficult, not only because of the apparent absence of a Ca2+-dependent CaM-
binding site on IP3R3 but also because the mutation W1577A that abolishes CaM
binding to IP3R1 [75], does not abolish the CaM-mediated inhibition of IICR [87].

Furthermore, other results suggested that the relation between CaM and the
IP3R was more complex than originally thought. A detailed analysis of the CaM-
binding site located in the central coupling domain of IP3R1 provided evidence that
it consisted of a high-affinity Ca2+-CaM and a lower affinity apo-CaM site [88].
Moreover, in the same study it was demonstrated that a CaM mutant deficient in
Ca2+ binding (CaM1234) could inhibit IICR in a Ca2+-dependent way with the
same potency as CaM. In a separate study, it was demonstrated that a myosin light
chain kinase (MLCK)-derived peptide, which binds to CaM with high affinity, fully
inhibited the IP3R [89]. This inhibition could be reversed by the addition of CaM
but not of CaM1234 and the results were interpreted as evidence that endogenously
bound CaM is needed for IP3R activity. A follow-up study by another group [90]
however proposed that the MLCK peptide is not removing endogenous CaM but is
interacting with an endogenous CaM-like domain on IP3R, thereby disrupting its
interaction with a so-called 1–8-14 CaM-binding motif (a.a. 51–66) essential for
IP3R activity [91].

Meanwhile, the interaction of apo-CaM with the suppressor domain was studied
via NMR analysis [92]. This study brought forward two main pieces of evidence.
First, it was shown that the binding of apo-CaM to the suppressor domain induced
an important, general conformational change to the latter. These changes further
increased in the presence of Ca2+. Secondly, analysis of the conformational change
of CaM indicated that apo-CaM already binds with its C-lobe to the IP3R1
suppressor domain, and that only after addition of Ca2+ also the N-lobe interacts
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with the suppressor domain. These results can therefore explain the importance
of the CaM-binding sites in the suppressor domain in spite of their difficult
accessibility ( [92]; Fig. 10.2).

Finally, some Ca2+-binding proteins related to CaM (e.g. neuronal Ca2+-binding
protein (CaBP) 1, calmyrin, also known as CIB1, and neuronal Ca2+ sensor-1 (NCS-
1)) also regulate the IP3R. Similarly to CaM, these proteins contain 4 EF-hand
motifs but in contrast with CaM, not all of them bind Ca2+. In CaBP1 and NCS-1
only 3 EF hands are functional (EF1, EF3, EF4 and EF2, EF3, EF4 resp.) and in
calmyrin only 2 (EF3 and EF4). Moreover, some of the EF hands bind Mg2+ rather
than Ca2+. Furthermore, those proteins are myristoylated. Although early results
suggested that CaBP1 and calmyrin could, in the absence of IP3, activate the IP3R
under some circumstances [93, 94], there is presently a large consensus that they,
similarly to CaM, generally inhibit the IP3R [93, 95, 96].

CaBP1 was proposed to interact with the IP3R1 with a higher affinity than
CaM itself [94, 96], while in contrast to CaM it does not affect the ryanodine
receptor (RyR), another family of intracellular Ca2+-release channels. Additionally,
the interaction with the IP3R would be subject to regulation by caseine kinase 2, an
enzyme that can phosphorylate CaBP1 on S120 [96]. Similarly to CaM, CaBP1 binds
in a Ca2+-independent way to the IP3R1 suppressor domain, but in contrast to CaM,
only to the first of the two non-contiguous binding sites described for CaM (Fig.
10.1). However, CaM and CaBP1 similarly antagonized the thimerosal-stimulated
interaction between the suppressor domain and the IBC of IP3R1, suggesting a
common mechanism of action whereby they disrupt intramolecular interactions
needed for channel activation [97]. More recent work confirmed the inhibitory effect
of CaBP1 on IP3R1, while expanding the knowledge concerning the CaBP1 binding
site. In particular, NMR analysis indicated that CaBP1 interacts with its C lobe with
the suppressor domain of the IP3R and that even at saturating Ca2+ concentrations
EF1 is bound to Mg2+, precluding a conformational change of the N lobe [98].
The same study demonstrated that Ca2+-bound CaBP1 bound with an 10-fold
higher affinity than Mg2+-bound CaBP1 and an at least 100-fold higher affinity
than CaM itself. Functional analysis performed in DT-40 cells solely expressing
IP3R1 demonstrated that CaBP1 stabilized the closed conformation of the channel,
probably by clamping inter-subunit interactions [99]. The interaction of specific
hydrophobic a.a. in the C lobe of CaBP1 (V101, L104, V162) that become more
exposed in the presence of Ca2+ with hydrophobic a.a. in the IBC (L302, I364, L393)
appeared hereby essential.

The action of NCS-1 on the IP3R forms a slightly different story. It co-
immunoprecipitates with IP3R1 and IP3R2 in neuronal cells and in heart thereby
stimulating IICR in a Ca2+-dependent way [100, 101]. Interestingly, paclitaxel
by binding to NCS-1 increases its interaction with IP3R1 and so induces Ca2+
oscillations in various cell types [102, 103]. This Ca2+-signaling pathway was
proposed to lead to calpain activation and to underlie the origin of paclitaxel-induced
peripheral neuropathy [104]. However, the interaction site of NCS-1 on the IP3R,
either direct or indirect, has not yet been identified.
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Taken together these results confirm that Ca2+-binding proteins interact in a
complex way with the IP3R and that the various Ca2+-binding proteins have distinct,
though sometimes overlapping, roles. The functional effect of CaM has been studied
in detail and it appears to inhibit the IP3R. The results described above support
a view that the main action of CaM on the IP3R is at the level of the suppressor
domain. Indeed, apo-CaM can via its C lobe bind to the suppressor domain of all
three IP3R isoforms while a subsequent binding of the N lobe will depend on the
Ca2+ concentration. The binding of CaM in that domain can disturb an intra-IP3R
interaction needed for IP3R function and therefore inhibits IICR. This behavior can
be particularly important in cells having high CaM expression levels, as for example
Purkinje neurons that also demonstrate high levels of IP3R1. In that case, CaM was
proposed to be responsible for suppressing basal IP3R activity [81]. Moreover, as
the intracellular distribution of CaM can depend on intracellular Ca2+ dynamics,
it was also hypothesized that it allows IP3R regulation is a non-uniform way [84].
Additionally, it should be emphasized that CaM can act on other Ca2+-transporting
proteins in the cell, like the RyR [105], the plasma membrane Ca2+ ATPase [106]
and various plasma membrane Ca2+ channels including voltage-operated Ca2+
channels and transient receptor potential channels [107, 108]. In all these cases CaM
tends to inhibit Ca2+ influx into the cytosol (inhibition of IP3Rs, RyRs and plasma
membrane Ca2+ channels) while promoting Ca2+ efflux out of the cell (stimulation
of plasma membrane Ca2+ ATPase).

An IP3R-inhibiting behavior can similarly be expected for CaM-related Ca2+-
binding proteins, though their interaction sites are not strictly identical to that of
CaM. The binding site for NCS-1, which rather stimulates the IP3R, is even still
unknown. In comparison to CaM, CaBP1 demonstrates a much higher affinity
for the IP3R [99] and a higher specificity, as it does not affect the RyR [96]. In
cells expressing CaBP1, the major control of IICR will therefore depend on the
interaction of the IP3R with CaBP1, while RyR activity will depend on the presence
and activation of CaM. Further work will be needed to completely unravel the exact
role of these various proteins in the control of intracellular Ca2+ signaling. From
the present results, it can already be expected that the relative role of the various
Ca2+-binding proteins in the control of IICR will strongly depend on the exact cell
type in consideration.

10.4.2 The Bcl-2-Protein Family

The B-cell lymphoma (Bcl)-2 protein family has been extensively studied as critical
regulator of apoptosis [109]. This family consists of both anti- and pro-apoptotic
members. The anti-apoptotic family members inhibit apoptosis in at least two
different manners. First, at the mitochondria anti-apoptotic Bcl-2 proteins such as
Bcl-2, Bcl-XL and Mcl-1, bind to the pro-apoptotic Bcl-2-family members thereby
inhibiting the permeabilization of the outer mitochondrial membrane by Bax and
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Bak and subsequent release of cytochrome C [110, 111]. Second, the anti-apoptotic
Bcl-2-family members also affect intracellular Ca2+ signaling. On the one hand they
promote pro-survival Ca2+ oscillations while on the other hand they inhibit pro-
apoptotic Ca2+ release from the ER that otherwise could lead to mitochondrial Ca2+
overload [112]. These combined actions mean that anti-apoptotic Bcl-2 proteins can,
by modulating several protein families involved in intracellular Ca2+ signaling, both
fine tune mitochondrial bio-energetics and inhibit Ca2+-mediated mitochondrial
outer membrane permeabilization [113–116]. Both the interaction between Bcl-
2-family members and their ability to regulate intracellular Ca2+ signaling is
critically dependent on the presence of so-called Bcl-2 homology (BH) domains.
Anti-apoptotic Bcl-2 proteins contain four of these domains (BH1, 2, 3 and 4)
[111]. The BH1 to 3 domains together form a hydrophobic cleft that inactivates
the pro-apoptotic Bcl-2-family members via interaction with their BH3 domain. For
regulating intracellular Ca2+ signaling events, anti-apoptotic Bcl-2 proteins rely to
a great extent, however not exclusively, on their BH4 domain. In this review we will
focus on how IP3Rs are regulated by Bcl-2 proteins. For a more extensive revision of
how Bcl-2-family members regulate the various members of the intracellular Ca2+
signaling machinery we would like to refer to our recent review on the subject [112].

The various IP3R isoforms are important targets for several anti-apoptotic Bcl-
2-family members [112]. To complicate matters, multiple binding sites on the IP3R
have been described for anti-apoptotic Bcl-2 proteins [117]. First, Bcl-2, Bcl-XL
and Mcl-1 were shown to target the C-terminal part (a.a. 2512–2749) of IP3R1 (Fig.
10.2, indicated in green) thereby stimulating pro-survival Ca2+ oscillations [114,
115, 118]. Additionally, Bcl-2, and Bcl-XL with lesser affinity, also target the central
coupling domain (a.a. 1389–1408 of IP3R1; Figs. 10.1 and 10.2, indicated in blue) of
the IP3R where binding of these proteins inhibits pro-apoptotic Ca2+-release events
[116, 118–120]. Finally, the zebrafish protein Nrz [121] and its mammalian homolog
Bcl-2-like 10 [122] were shown to interact with the IBC and inhibit IICR.

The group of Kevin Foskett performed a more in-depth study into how the
IP3R is regulated by Bcl-XL and proposed a mechanism unifying the regulation
at the C-terminal and at the central coupling domain of the IP3R [123]. Two
domains containing BH3-like structures (a.a. 2571–2606 and a.a. 2690–2732; Figs.
10.1 and 10.2, indicated in dark green) were identified in the C-terminal part of
the IP3R. When Bcl-XL is, via its hydrophobic cleft, bound to both BH3-like
domains it sensitizes the IP3R to low concentrations of IP3, thereby stimulating
Ca2+ oscillations. If Bcl-XL binds to only one of these BH3 like domains while
also binding to the central coupling domain, it will inhibit IICR. Whether Bcl-
XL occupies one or the two BH3-like domains at the C-terminus of the IP3R was
proposed to be dependent on Bcl-XL levels and on the intensity of IP3R stimulation.
Whether Bcl-2 operates in a similar manner is still unclear. As there is evidence that
Bcl-2 shows a greater affinity than Bcl-XL for the inhibitory binding site in the
central coupling domain it is likely that this site is the preferential target for Bcl-2
[118]. In addition, for Bcl-2 not its hydrophobic cleft but rather its transmembrane
domain seems to play an important role for targeting and regulating the IP3R via
both its C-terminus and the site located in the central coupling domain [124].
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Based on the recent cryo-EM structure of IP3R1 [29, 41], this central site in the
coupling domain resides in a relatively easily accessible area of IP3R1 (Fig. 10.2,
indicated in blue). The C-terminal transmembrane domain of Bcl-2 may thus serve
to concentrate the protein at the ER near the IP3R from where its N-terminal
BH4 domain can more easily bind to the central coupling domain. In addition,
sequestering Bcl-2 proteins at the ER membrane via their transmembrane domain
may increase their ability to interact with the C-terminus of the IP3R (Fig. 10.2,
indicated in green). As this C-terminal binding site seems to be located more at
the inside of the IP3R1 tetramer one can expect a local high concentration of Bcl-2
proteins to be necessary for this interaction. Besides directly modulating IICR, Bcl-2
can serve as an anchor for targeting additional regulatory proteins to the IP3R. It was
shown that Bcl-2 attracts dopamine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32) and calcineurin to the IP3R thereby regulating the phosphorylation
state of the latter and consequently its Ca2+-release properties [125]. Finally, recent
data indicate also for Bcl-2 an additional interaction site in the ligand-binding
domain [126] highlighting the complexity of the interaction of the anti-apoptotic
Bcl-2-family members with the IP3R. Further research will be needed to unravel the
precise function of each of these sites.

Another Bcl-2-family member that regulates the IP3R is the zebrafish protein
Nrz. The latter was shown to bind via its BH4 domain to the IBC of zebrafish
IP3R1, whereby E255 appeared essential for interaction (Fig. 10.1). Nrz prevents IP3
binding to the IP3R thereby inhibiting IICR [121]. Interestingly, although the Nrz
BH4 domain is sufficient for interaction with the IP3R, inhibition of IICR required
the BH4-BH3-BH1 domains. Furthermore, phosphorylation of Nrz abolished its
interaction with the IP3R. Recently, Bcl-2-like 10, the human orthologue of Nrz, was
shown, just like Nrz in zebrafish, to interact with the IBC, indicating a conserved
function for this protein [122].

Besides anti-apoptotic Bcl-2-family members, also pro-apoptotic Bcl-2 proteins
and other BH3 domain-containing proteins are known to target and regulate IP3Rs.
For instance, Bok, a pro-apoptotic Bcl-2-family member, interacts with the IP3R
(a.a. 1895–1903 of IP3R1; Figs. 10.1 and 10.2) [127]. This interaction protects
IP3R1 and IP3R2 from proteolytic cleavage by caspase 3 that results in a Ca2+ leak
that may contribute to mitochondrial Ca2+ overload and thus apoptosis [128, 129].
Subsequent work demonstrated that the majority of all cellular Bok is bound to the
IP3R thereby stabilizing the Bok protein [130]. Unbound, newly synthesized Bok
is rapidly turned over by the proteasome pathway. Both the association of mature
Bok with the IP3R and the rapid degradation of newly synthesized Bok by the
proteasome restrict the pro-apoptotic functions of Bok thus preventing cell death
induction.

From the above it is clear that the IP3R is heavily regulated by both pro- and anti-
apoptotic Bcl-2-family members. The occurrence of multiple binding sites for the
same Bcl-2-family member further increases the complexity [112]. Furthermore, it
should be stressed that the regulation of the IP3R by Bcl-2 proteins is conserved
during evolution. This is illustrated by the ability of the zebrafish Nrz protein to
regulate IICR via its BH4 domain [121] and is further validated by the observation
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that the BH4 domains of Bcl-2 derived from different vertebrates are able to inhibit
IICR with similar efficiency [131]. The large number of both pro-and anti-apoptotic
Bcl-2 proteins that regulate the IP3R, targeting it at multiple sites, suggests that
throughout evolution regulating IICR became an important functional aspect of the
Bcl-2-protein family.

Mcl-1, Bcl-2 and Bcl-XL all target the C-terminal region of the IP3R stimulating
the occurrence of pro-survival Ca2+ oscillations and thus Ca2+ transfer to the mito-
chondria [114, 115, 118]. These Ca2+ transfers into the mitochondria are important
for normal cell functioning [113] but are also involved in cancer development
and could potentially form a novel therapeutic target [132]. Mitochondrial Ca2+
contributes to maintaining proper ATP production. When Ca2+ transfer into the
mitochondria is inhibited, ATP levels decrease, activating autophagy. At the same
time the cell cycle progression is halted [113, 133]. In cancer cells, decreased Ca2+
transfer into the mitochondria, consecutive loss of ATP and the start of autophagy
is not accompanied by a stop in the cell cycle. Continuing the cell cycle without
sufficient building blocks and ATP results in necrotic cell death [132]. Cancer
cells are therefore reliant on proper Ca2+ transfer to the mitochondria to maintain
mitochondrial function, including the production of ATP and metabolites necessary
for completing the cell cycle. It is therefore common for cancer cells to upregulate
one or several anti-apoptotic Bcl-2 proteins. By interacting with the C-terminus
of the IP3R the Bcl-2 proteins may stimulate Ca2+ oscillations assuring proper
mitochondrial Ca2+ uptake and an adequate mitochondrial metabolism. On the other
hand, upregulation of Bcl-2 and/or Bcl-XL also protects the cells from excessive
IP3R-mediated Ca2+ release by binding to the central regulatory site [116, 118–
120] and prevents apoptosis, even in the presence of cell death inducers [109, 134].
In healthy cells a similar regulation of IICR by Bcl-2 proteins occurs. However,
when cell death is induced in the latter, the amount of anti-apoptotic Bcl-2 proteins
declines [134] potentially decreasing the level of their association with the IP3R.
This alleviates the inhibitory actions on IICR allowing pro-death Ca2+ signals while
also reducing the opportunities for the occurrence of pro-survival Ca2+ oscillations.

10.4.3 Beclin 1

Beclin 1 is a pro-autophagic BH3 domain-containing protein [135]. It interacts with
various proteins involved in the regulation of autophagy, including Bcl-2 [136, 137].
The latter protein, by sequestering Beclin 1, prevents its pro-autophagic action. A
first study presenting evidence that Beclin 1 also interacts with the IP3R showed
an interaction between Beclin 1 and the IP3R that depended on Bcl-2 and which
was disrupted by the IP3R inhibitor xestospongin B [138]. The release of Beclin 1
from the Bcl-2/IP3R complex resulted in the stimulation of autophagy which could
be counteracted by overexpressing the IBC. This suggested that the IBC was able
to sequester the xestospongin B-released Beclin 1 thus halting its pro-autophagic
function. From subsequent work, it appeared that the role of Beclin 1 with respect
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to the IP3R was more complex [139]. Indeed, the binding of Beclin 1 to the ligand-
binding domain was confirmed, though it appeared that in IP3R1 and to a lesser
degree in IP3R3 the suppressor domain (a.a. 1–225) played a more prominent role
in the interaction than the IBC. Interestingly, during starvation-induced autophagy
Beclin 1 binding to the IP3R sensitized IICR that was shown to be essential for the
autophagy process [139]. Using the F123A Beclin 1 mutant that does not interact
with Bcl-2, it was shown that the sensitization of the IP3R by Beclin 1 was not
due to counteracting the inhibitory effect of Bcl-2, although, in agreement with the
previous study [138] it appeared that Beclin 1 binding to Bcl-2 may be needed to
target the protein in proximity of the IP3R.

10.4.4 IRBIT

IRBIT regulates IICR by targeting the IP3R ligand-binding domain thereby com-
peting with IP3. Moreover, this interaction is promoted by IRBIT phosphorylation
[140]. Besides the IP3R, IRBIT binds to several other targets regulating a wide
range of cellular processes [141]. How IRBIT determines which target to interact
with and modulate was recently described [142]. First, various forms of IRBIT
exist: IRBIT, the long-IRBIT homologue and its splice variants, which were shown
to have distinct expression patterns. Besides this, the N-terminal region of the
various members of the IRBIT-protein family showed distinct differences. These
differences, obtained by N-terminal splicing, are important in maintaining protein
stability and in determining which target to interact with.

Recently, it was shown that Bcl-2-like 10, which binds to a distinct site in the
ligand-binding domain (see Sect. 10.4.2), functionally and structurally interferes
with the action of IRBIT on the IP3R [122]. When both proteins are present, Bcl-2-
like 10, via its BH4 domain, interacts with IRBIT, thereby mutually strengthening
their interaction with the IP3R and decreasing IICR in an additive way. Upon
dephosphorylation of IRBIT, both IRBIT and Bcl-2-like 10 are released from the
IP3R, increasing pro-apoptotic Ca2+ transfer from the ER to the mitochondria.
Interestingly, this study also showed that IRBIT is involved in regulating ER-
mitochondrial contact sites as IRBIT knockout reduced the number of these contact
sites [122].

10.4.5 Thymocyte-Expressed, Positive Selection-Associated 1
(TESPA1)

T-cell receptor (TCR) stimulation triggers a signaling cascade ultimately leading to
the activation of PLC, production of IP3 and IICR important for T-cell maturation
[143]. TESPA1, a protein involved in the development/selection of T cells [144], has
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been shown to regulate these Ca2+ signals. TESPA1 has a significant homology with
KRAS-induced actin-interacting protein [147], a protein that was already shown
to interact with and control the IP3R [145, 146]. TESPA1 similarly interacts with
the various IP3R isoforms and it appeared that the full ligand-binding domain was
needed for this interaction. However, at first no functional effect was described
for this interaction [147]. Recently this topic was revisited and it was shown that
TESPA1 recruits IP3R1 to the TCR where PLC signaling is initiated and IP3
produced [143]. In this way, TESPA1 promotes IP3R1 phosphorylation on Y353 by
the tyrosine kinase Fyn, increasing the affinity of the IP3R for IP3. The combination
of both these effects increases the efficiency by which Ca2+ signaling occurs after
TCR stimulation, which is beneficial for T-cell selection and maturation [148].
Furthermore, in Jurkat cells TESPA1 interacts at the ER-mitochondria contact sites
with GRP75 [149], a linker protein coupling IP3R with the mitochondrial VDAC1
channel favoring Ca2+ transfer from ER to mitochondria [150]. Consequently,
TESPA1 knockout diminished the TCR-evoked Ca2+ transfers to both mitochondria
and cytosol and confirm the important role for TESPA1 in these processes.

10.4.6 Pyruvate Kinase (PK) M2

PKs catalyze the last step of glycolysis and convert phosphoenolpyruvate to
pyruvate resulting in the production of ATP. Many cancer cells preferentially
upregulate glycolysis over oxidative phosphorylation suggesting a potential role for
the PK family in cancer development. Four distinct PK isoforms exists, having each
a distinct tissue expression pattern but PKM2 has the peculiarity to be expressed at
an elevated level in most tumoral cells where it has a growth-promoting function.
Moreover, although PKM1 and PKM2 are nearly identical, differing in only 22 a.a.,
they are regulated differently and have non-redundant functions [151]. Besides its
metabolic functions, PKM2 is also involved in several non-metabolic functions. The
latter encompass a nuclear role in transcriptional regulation, protein kinase activity
towards various proteins in different cellular organelles, and even an extracellular
function as PKM2 is also present in exosomes [152, 153]. It is therefore interesting
that also a role for PKM2 at the ER was described since a direct interaction was
found between PKM2 and the central coupling domain of the IP3R, inhibiting
IICR in various cell types [154, 155]. Moreover, a recent study links the switch
from oxidative phosphorylation to glycolysis in breast cancer cells with PKM2
methylation [156]. Methylated PKM2 promoted proliferation, migration and growth
of various breast cancer cell lines. Strikingly, PKM2 methylation did not seem to
alter its enzymatic activity but did however alter mitochondrial Ca2+ homeostasis
by decreasing IP3R levels. Finally, co-immunoprecipitation experiments showed
an interaction between methylated PKM2 and IP3R1 and IP3R3, though in this
study it was not investigated whether the interaction was direct or indirect [156].
As PKM2 is in a variety of cancers considered as a good prognostic marker with
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a strong potential as therapeutic target [152] these new data, linking directly a
metabolic enzyme with an intracellular Ca2+-release channel and ER-mitochondria
Ca2+ transfer, provide new possibilities for therapeutic intervention.

10.4.7 BRCA-Associated Protein 1 (BAP1) and the F-Box
Protein FBXL2

Prolonged stimulation of IP3Rs leads to a downregulation of the IP3R levels [157–
159]. This downregulation is mainly due to IP3R ubiquitination followed by their
degradation via the proteasomal pathway [31, 160]. Ubiquitination is therefore an
important IP3R modification that may severely impact IICR signaling to for instance
the mitochondria, thereby greatly affecting cell death and cell survival decisions.
Recently a number of proto-oncogenes and tumor suppressors have been identified
that critically control IP3R3 ubiquitination.

BAP1 is a tumor suppressor with deubiquitinase activity that is known to
have important roles in regulating gene expression, DNA stability, replication, and
repair and in maintaining chromosome stability [161–164]. Besides this, BAP1
was also shown to influence cellular metabolism, suggesting potential roles for
BAP1 outside the nucleus [165, 166]. Heterozygous loss of BAP1 results in
decreased mitochondrial respiration while increasing glycolysis [167, 168]. These
cells produced a distinct metabolite signature, indicative for the occurrence of
the Warburg effect that is supporting cells towards malignant transformation.
Heterozygous loss of BAP1 leads to a decreased ER-mitochondria Ca2+ transfer
and altered mitochondrial metabolism [167]. BAP1 regulates this Ca2+ transfer
by interacting with the N-terminal part (a.a. 1–800) of IP3R3, a region which
contains the complete ligand-binding domain and a small part of the central coupling
domain. The deubiquitinase activity of BAP1 prevents degradation of IP3R3 by the
proteasome. Loss of BAP1 consequently results in excessive reduction of IP3R3
levels thereby lowering mitochondrial Ca2+ uptake. This not only reduces the cell
its responsiveness to Ca2+-induced cell death but also promotes glycolysis over
oxidative phosphorylation, both important aspects of malignant cell transformation.
The nuclear function of BAP1 with respect to maintaining DNA integrity [161–164]
together with its extra-nuclear role in regulating cell metabolism and sensitivity to
Ca2+-induced cell death [165–168] suggests that this protein may be an excellent
target for cancer drug development.

F-box protein FBXL2 that forms a subunit of a ubiquitin ligase complex has the
opposite effect of BAP1 on IP3R3. FBXL2 interacts with a.a. 545–566 of IP3R3,
promoting its ubiquitination and its subsequent degradation. Reduced IP3R3 leads
to a decreased transfer of Ca2+ to the mitochondria and a reduced sensitivity towards
apoptosis, thus promoting tumor growth [169]. The phosphatase and tensin homolog
(PTEN) tumor suppressor could inhibit this pro-tumorigenic effect of FBXL2.
PTEN not only promotes apoptosis by inhibiting protein kinase B/Akt (PKB) [170–
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172] thereby counteracting PKB-mediated IP3R3 phosphorylation [173, 174] but
also by directly binding to IP3R3 [169]. Binding of PTEN to IP3R3 displaces
FBXL2 from its binding site, reducing IP3R3 ubiquitination, stabilizing IP3R3
levels, and thus increasing pro-apoptotic Ca2+ signaling to the mitochondria [169].
In accordance with the fact that the FBXL2-binding site is only partially conserved
in IP3R1 and IP3R2, the stability of the two latter isoforms appeared to be affected
neither by FBXL2 nor by PTEN.

In several tumors, PTEN function is impaired which results in accelerated IP3R3
degradation and impaired apoptosis induction. Treatment with drugs that stabilize
IP3R levels may therefore also be of interest for cancer therapy in cases where PTEN
is affected.

10.5 Conclusions

Intracellular Ca2+ signaling is involved in a plethora of cellular processes. The
ubiquitously expressed IP3R Ca2+-release channels play an important role in the
generation of these signals and serve as signaling hubs for several regulatory
factors and proteins/protein complexes. Since the first identification of the IP3R
[175], IP3R-interacting proteins and their modulating roles on Ca2+ signaling and
(patho)physiological processes have been the subject of many studies and well
over 100 interaction partners were reported [14], though for many of them it is
unclear how they exactly interact with the IP3R and how they affect IP3R function.
Moreover, for many regulatory proteins, multiple binding sites were described of
which the relative importance is not directly apparent. The recent (and future)
advances in the elucidation of the IP3R structure will pave the way for a better
understanding how IP3R gating exactly occurs and how different cellular factors and
regulatory proteins influence IICR. As several of these proteins affect life and death
decisions and/or play important roles in tumor development, the exact knowledge
of their interaction site and their action of the IP3R may lead to the development of
new therapies for e.g. cancer treatment.
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Chapter 11
Expression of the Inositol
1,4,5-Trisphosphate Receptor
and the Ryanodine Receptor
Ca2+-Release Channels in the Beta-Cells
and Alpha-Cells of the Human Islets
of Langerhans

Fabian Nordenskjöld, Björn Andersson, and Md. Shahidul Islam

Abstract Calcium signaling regulates secretion of hormones and many other
cellular processes in the islets of Langerhans. The three subtypes of the inositol
1,4,5-trisphosphate receptors (IP3Rs), inositol 1,4,5-trisphosphate receptor type 1
(IP3R1), 1,4,5-trisphosphate receptor type 2 (IP3R2), 1,4,5-trisphosphate receptor
type 3 (IP3R3), and the three subtypes of the ryanodine receptors (RyRs), ryanodine
receptor 1 (RyR1), ryanodine receptor 2 (RyR2) and ryanodine receptor 3 (RyR3)
are the main intracellular Ca2+-release channels. The identity and the relative levels
of expression of these channels in the alpha-cells, and the beta-cells of the human
islets of Langerhans are unknown. We have analyzed the RNA sequencing data
obtained from highly purified human alpha-cells and beta-cells for quantitatively
identifying the mRNA of the intracellular Ca2+-release channels in these cells. We
found that among the three IP3Rs the IP3R3 is the most abundantly expressed one
in the beta-cells, whereas IP3R1 is the most abundantly expressed one in the alpha-
cells. In addition to the IP3R3, beta-cells also expressed the IP3R2, at a lower level.
Among the RyRs, the RyR2 was the most abundantly expressed one in the beta-
cells, whereas the RyR1 was the most abundantly expressed one in the alpha-cells.
Information on the relative abundance of the different intracellular Ca2+-release
channels in the human alpha-cells and the beta-cells may help the understanding
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of their roles in the generation of Ca2+ signals and many other related cellular
processes in these cells.

Keywords Human islets of Langerhans · Inositol 1,4,5-trisphosphate receptors in
the beta-cells · Inositol 1,4,5-trisphosphate receptors in the alpha-cells ·
Ryanodine receptors in the alpha cells · Ryanodine receptors in the beta-cells ·
Ca2+ signaling in the islets · Human alpha-cells · Human beta-cells ·
RNA-sequencing

11.1 Introduction

Human islets of Langerhans are microorgans that contain the glucagon-secreting α-
cells, the insulin-secreting β-cells, and the somatostatin-secreting δ-cells, dispersed
throughout the islets [1, 2]. Islet research is important because of the roles of
these microorgans in the secretion of insulin and glucagon, and the impairment of
such secretions in diabetes mellitus, which is a global public health problem. The
human islets contain 28–75% β-cell, 10–65% α-cells, and 1.2–22% δ-cells [1]. It
is important to understand the molecular mechanisms of hormone secretion from
the islet cells to understand their roles in the pathogenesis of different diseases
including diabetes mellitus and pancreatogenous hyperinsulinemic hypoglycemia.
A major obstacle in islet research is the difficulty in obtaining pure preparations of
individual islet cells in sufficient numbers for experiments.

Insulin secretion from the β-cells is triggered by an increase in the cytoplasmic
free Ca2+ concentration ([Ca2+]c) [3, 4]. The mechanism of increase in the [Ca2+]c
include Ca2+ entry through the plasma membrane Ca2+ channels, and Ca2+ release
from the intracellular Ca2+ stores [3]. The intracellular Ca2+-release channels are
activated by inositol 1,4,5-trisphosphate and/or by Ca2+, the latter process being
called calcium-induced calcium release (CICR) [3, 5].

The two main families of the intracellular Ca2+-release channels are the inositol
1,4,5-trisphosphate (IP3) receptor (IP3R) and the ryanodine receptors (RyR). They
form tetrameric ion channels. In mammals and other higher organisms, three genes
ITPR1, ITPR2 and ITPR3 encode the IP3R1, IP3R2, and IP3R3 respectively. The
homology between the three isoforms is about 75% at amino acid level. They
usually form homotetramers, but can also form heterotetramers, thereby altering
the regulatory properties of the IP3Rs, and increasing the diversity of the spatial
and temporal aspects of Ca2+ signaling mediated by the IP3Rs [6]. Ca2+, at modest
concentrations, acts as a co-activator of the IP3Rs, since in the absence of Ca2+,
IP3 alone cannot activate the channel [7]. At higher concentrations Ca2+ inhibits
IP3-induced Ca2+ release [7].

Three genes RYR1, RYR2, and RYR3 encode the ryanodine receptor 1 (RyR1), the
ryanodine receptor 2 (RyR2), and the ryanodine receptor 3 (RyR3) respectively [8].
Previous studies have shown that ryanodine receptors participate in the generation
of Ca2+ signals through CICR in the human β-cells [3, 5, 9, 10].
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From numerous studies we know that the β-cells and the α-cells have both the
IP3Rs and the RyRs [3, 11]. The functional properties and molecular regulation of
the different types of the IP3Rs and the RyRs are different. In spite of over three
decades of research, it is not known which types of the IP3Rs and the RyRs are
present in the human islet cells. It is difficult to identify different types of IP3Rs
and RyRs by immunohistochemistry because of lack of antibodies that selectively
discriminate between the receptor subtypes. Difficulties in preparing highly purified
α-cells and β-cells in sufficient amounts have further hampered the identification of
the intracellular Ca2+-release channels by conventional molecular techniques.

RNA sequencing or whole transcriptome shotgun sequencing of cDNA by using
“next generation sequencing” is a powerful method for identifying the presence
of, and measuring the quantity of different species of mRNA in the cells [12].
RNA sequencing is more reliable than hybridization-based microarrays for gene
expression studies. We have used this approach for quantitatively identifying the
transient receptor potential channels in the human β-cells [13]. By analyzing the
RNA sequencing data obtained from highly purified α-cells and β-cells, we have
now identified the level of expression of the different subtypes of the IP3Rs and
RyRs in the human α-cells and the β-cells.

11.2 Methods and Materials

For identifying the intracellular Ca2+-release channels, we used the transcrip-
tomes of the purified human α-cells and β-cells reported by Blodgett et al. [14].
These investigators isolated islets from deceased human donors, dissociated those
into single cell suspensions, fixed and permeabilized the cells to stain for the
intracellular hormones, and sorted the cells by using fluorescence activated cell
sorter (FACS). They sorted highly purified (> 97% pure) human α-cells and β-
cells identified by anti-glucagon and anti-insulin antibodies respectively, under
experimental conditions that minimized RNA degradation [14]. The δ-cells were
stained by anti-somatostatin, and were gated out to obtain homogenous preparations
of highly purified α-cells and β-cells [14]. The methods have been described in
details by Blodgett et al. [14]. In short, they extracted RNA from the purified α-cells
and β-cells, purified, quantified, and analyzed RNA for integrity. They constructed
libraries by RNA fragmentation, first- and second-strand cDNA synthesis, ligation
of adaptors, amplification, library validation, and ribosomal RNA removal [14].
They performed 91 base pair, paired-end sequencing on Illumina HiSeq 2000 [14].

The RNA sequencing data were made available for the public on the GEO
database (https://www.ncbi.nlm.nih.gov/geo). We analyzed the data obtained from
the α-cell and the β-cell samples from the adult donors of both sexes (5 males, 1
female, 1 undefined) of variable ages (4–60 years), and BMI (21.5–37 kg/m2) [14].
Of the seven α-cell samples, RNA-sequencing data were produced from six samples.
All of the seven β-cell samples yielded β- cell RNA-sequencing data.

We analyzed the RNA-sequencing data that consisted of 13 samples (6 α-cell and
7 β-cell) from 7 adult donors. We first filtered the data for the mitochondrial reads.

https://www.ncbi.nlm.nih.gov/geo
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The data were mas mapped against the human mitochondrial genome (http://www.
ncbi.nlm.nih.gov/nuccore/NC_012920.1) by using bowtie 2, and any mapped reads
were removed from the data (option–un-conc-gz). On average 18% of the reads of
each sample mapped to the mitochondrial genome. We analyzed gene expression
by using RSEM software package [15], with bowtie 2 as mapping software (RSEM
v1.2.25, bowtie 2 v2.2.6, standard RSEM in-parameters for bowtie 2). The filtered
reads were mapped to the annotated human genome (version GRCh37.2). The
resulting expression counts were normalized by RSEM to TPM-values (transcripts
per million). We preferred TPM instead of FPKM (fragments per kilobase million)
because TPM makes it convenient to compare the proportion of reads that maps to a
gene in each sample. Gene level differential expression analysis was done by using
the EBSeq R-package, >99% confidence [16].

11.3 Results

Of the six genes analyzed, four (RYR2, ITPR1, ITPR2, ITPR3) appeared to
be differentially expressed in the two cell types. According to our differential
expression analysis, ITPR1 had a higher expression in the α-cells than in the β-
cells, while RYR2, ITPR2 and ITPR3 had a higher expression in the β-cells than in
the α-cells.

Figure 11.1 shows a heat map of the gene expression values of the IP3Rs
and RyRs in the FACS purified human α-cell and β-cell preparations. IP3R1 was
expressed more abundantly in the α-cells than in the β-cells, where it was almost
absent. IP3R3 was more abundantly expressed in the β-cells than in the α-cells,
where it was almost absent. In the β-cells the expression of the IP3R2 was lower
than that of the IP3R3, but was higher than the expression of the IP3R2 in the α-
cells, where it was almost absent. Highest expression of IP3R2 was observed in one
of the β-cell preparations (β-4, white).

The expression of the RYR1 was higher in the α-cells than in the β-cells, where
it was almost absent (Fig. 11.1). On the other hand, the expression of the RYR2 was
higher in the β-cells than in the α-cells, where it was almost absent. The expression
of the RYR3 was highly variable both in the α-cells and in the β-cells. There was
very low expression of RYR3 in two preparations of the α-cells (α-5, α-7), and four
preparations of β-cells (β-1, β5–7).

Figure 11.2 shows the level of expression of the three IP3Rs in six purified α-cell
and seven purified β-cell preparations. In all α-cell preparations, the expressions of
the IP3R1 were higher than those in any of the β-cell preparations. In six β-cell
preparations (β-1, β-2, β-4 to 7), the expressions of the IP3R3 were higher than
those in the α-cells. In one β-cell preparation (β-3) the expression of the IP3R3 was
lower, similar to that in the α-cells.

The level of expressions of the three RyRs in the α-cells and the β-cells are shown
in Fig. 11.3. In general, both the α-cells and the β-cells expressed RyRs at a much
lower level than the IP3Rs. We found that RYR1 was expressed, at low level, in
five α-cell preparations (a1, a3, a4-a6), whereas it was almost absent in one α-cell

http://www.ncbi.nlm.nih.gov/nuccore/NC_012920.1
http://www.ncbi.nlm.nih.gov/nuccore/NC_012920.1
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Fig. 11.1 Expression pattern
of IP3Rs and the RyRs in the
purified β-cells and α-cells of
human islets of Langerhans.
A heat map of the gene
expression values is shown.
The color indicates the
relative expression of each
gene (black, low; red, high;
white, highest). For example,
the expression of IP3R1
(ITPR1) is higher in the
α-cells than in the β-cells
(β-cells black); RYR2 is more
in the β-cells than in the
α-cells (α-cells black)
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Fig. 11.2 Expression of the
IP3Rs in the purified human
β-cells and the α-cells of the
islets of Langerhans. The
scale is linear with all counts
normalized to TPM. The
figure shows the relative
expression levels as bar plots.
Green, IP3R1 (ITPR1); red,
IP3R2 (ITPR2), blue, IP3R3
(ITPR3). TPM = transcripts
per million. Results obtained
from six α-cell preparations
and seven β-cell preparations
are shown

α
_1

α
_3

α
_4

α
_5

α
_6

α
_7 β_

1
β _

2
β _

3
β _

4
β_

5
β_

6
β_

7

0

50

100

150

TP
M

Sample

ITPR1
ITPR2
ITPR3

preparation (α-7). All of the seven samples of the β-cells expressed RYR1 at very
low level. On the other hand all of the samples of the β-cells expressed the RYR2 at
a level much higher than any of the α-cell preparations. The α-cells expressed RYR2
only at very low level. We observed that both the α-cells and the β-cells expressed
RYR3 at low levels. Three of the β-cell preparations (β-2, β-3, β-4) expressed RYR3
at low levels, whereas it was almost absent in the remaining four preparations (β-1,
β-5, β-6, β-7). RYR3 was expressed at a higher level in the α-cells than in the β-cells.
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Fig. 11.3 Expression of the
RyRs in the purified human
β-cells and the α-cells of the
islets of Langerhans. The
figure shows the relative
expression levels as bar plots.
Green, RyR1 (RYR1); red,
RyR2 (RYR2); blue, RyR3
(RYR3). The scale is linear
with all counts normalized to
TPM. TPM = transcripts per
million. Note that the Y axis
of this figure is different from
that of Fig. 11.2. Results
obtained from six α-cell
preparations and seven β-cell
preparations are shown
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Four of the α-cell preparations expressed RYR3 at low level, whereas it was almost
absent in the remaining two (α-5 and α-7).

11.4 Discussion

By analyzing the next generation RNA-sequencing data, we have identified the
subtypes of the two major intracellular Ca2+-release channels that are expressed
in the two major types of cells in the human islets of Langerhans. The transcriptome
data we used are reliable because these were obtained from α-cells and β-cells that
were highly purified by FACS after staining the cells for insulin, glucagon and
somatostatin, and after excluding the contaminating somatostatin-positive cells [14].

Our results showed that the most abundantly expressed IP3R in the β-cells was
the IP3R3, and the most abundantly expressed IP3R in the α-cells was the IP3R1.
The most abundantly expressed RyR in the β-cells was the RyR2 and the most
abundantly expressed RyR in the α-cells was the RyR1. In both of the cell types
the expression of IP3Rs was many fold higher than that of the RyRs.

A previous study reported that IP3R3 is readily detectable by immonoblotting in
the rat insulinoma RINm5F cells, and a hamster-derived insulinoma cell line HIT-
T15 cells [17, 18]. Wojcikiewicj et al. demonstrated that at protein level, 96% of the
IP3Rs in the RINm5F cells are IP3R3 and 4% IP3R1 [19]. It was unclear whether
the abundant expression of IP3R3 was a peculiarity limited to he transformed rodent
β-cells. Our study showed that IP3R3 was expressed abundantly even in the primary
human β-cells. Using RT-PCR, Blondel et al. could detect only IP3R3, but not IP3R2
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and IP3R1 in the rat whole pancreatic islets [17]. Lee et al. showed that in the
whole mouse islets, and rat islets the IP3R1 and the IP3R3 are the most abundant
IP3Rs, respectively [20, 21]. In our study the primary human β-cells expressed the
IP3R3 abundantly, and to a lesser extent also the IP3R2. This raises the possibility
that in the β-cells IP3Rs may exist not only as homo-tetramers, but also as hetero-
tetramers of IP3R3 and IP3R2. It may be noted that in pancreatic acinar cells, which
express both IP3R3 and IP3R2, the majority of the IP3R3 form hetero-tetramer
with IP3R2 [22]. IP3R hetero-tetramers composed of different IP3R subtypes show
unique affinities for IP3 [6]. Chandrasekhar et al. have also shown that in IP3R
hetero-tetramers, the properties of the IP3R2 dictates the regulatory properties and
ATP sensitivity of the hetero-tetramer irrespective of the other subtypes present in
the tetramer [6].

Even though the IP3Rs are primarily activated by inositol, 1,4,5-trisphosphate,
and biphasically regulated by Ca2+, there are many differences in the electrophys-
iological properties and molecular mechanisms that regulate the three subtypes of
IP3Rs [6, 23, 24]. For instance, the three IP3Rs have different affinities for inositol,
1,4,5-trisphosphate (IP3R2 > IP3R1 > IP3R3).

The most abundant RyR in the β-cells was the RyR2. This is consistent with
our previous report where we demonstrated by RNAse protection assay that mouse
islets and βTC3 mouse insulinoma cells express RyR2 [25]. Mitchell et al. detected
mRNA of both RyR1 and RyR2 but not of RyR3 in rat islets, mouse insulinoma
MIN6 cells, and rat insulinoma INS-1 cells. Our results showed that primary human
β-cells express RyR1 mRNA only at very low level. On the other hand, the most
abundant RyR in the primary human α-cells was the RyR1, which was however
expressed at a lower level compared to the RyR2 in the β-cells.

While all three RyRs can be activated by micromolar concentrations of Ca2+,
RyR2 is the one that is best known for physiological activation by Ca2+ entering
through the voltage gated Ca2+ channels in the plasma membrane. Abundant
expression of RyR2 in the β-cells as opposed to the α-cells, is consistent with the
current views that CICR plays an important role in Ca2+ signaling in the β-cells
[3, 5, 26]. Furthermore, in the β-cells, the RyR2-mediated CICR is facilitated by
cAMP, and agonists like glucagon-like peptide 1, which increase cAMP [3, 25].
Glucagon-like peptide 1 and its analogues are frequently used in the treatment of
type 2 diabetes.

We found that the expression of both the IP3Rs and the RyRs were highly
variable in both the α-cell and the β-cell samples obtained from different donors.
We speculate that the variability may partly be related to the procedures rather than
the biology [14]. It should be noted that the human islets were collected after cold
ischemia, and they were cultured prior to transport. These factors may reduce the
yield of α-cells and β-cells after dissociation and FACS sorting, and may contribute
to the variability of the RNA sequencing data from donor to donor.

It should be noted that we have estimated the relative abundance of the IP3R
subtypes and the RyR subtypes in the human α-cells and β-cells only at the RNA
level, and it remains a possibility that the expression of these channel subtypes at
protein level may be different. At present, it is difficult to quantitatively estimate
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the relative abundance of these channel proteins because of difficulty in obtaining
highly purified human α-cells and β-cells in sufficient amounts, and lack of sub-
type specific antibodies against some of these channel proteins. Nevertheless, the
comparison between the mRNA levels in the different cell types is still relevant and
a strong indication of biological differences.

In summary, we have quantitatively identified the three subtypes of the IP3Rs and
the RyRs in the human α-cells and β-cells, by analyzing the RNA sequencing data
obtained from highly purified human α-cells and β-cells. Our results showed that
the most abundant IP3R in the α-cells and the β-cells were the IP3R1 and the IP3R3
respectively; the most abundant RyRs in the α-cells and β-cells were the RyR1
and RyR2 respectively. Our results will be helpful in understanding the molecular
mechanisms of generation of different types of Ca2+ signals and in regulating the
Ca2+-dependent processes in these two cell types of the human islets of Langerhans.
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References

1. Brissova M, Fowler MJ, Nicholson WE, Chu A, Hirshberg B, Harlan DM et al (2005)
Assessment of human pancreatic islet architecture and composition by laser scanning confocal
microscopy. J Histochem Cytochem 53(9):1087–1097

2. Islam MS, Gustafsson AJ (2007) Islets of Langerhans: cellular structure and physiology.
In: Ahsan N (ed) Chronic allograft failure: natural history, pathogenesis, diagnosis and
management. Landes Bioscience, Austin, pp 229–232

3. Islam MS (2014) Calcium signaling in the islets. In: Islam MS (ed) Islets of Langerhans, 2nd
edn. Springer, Dordrecht, pp 1–26

4. Islam MS (2010) Calcium signaling in the islets. Adv Exp Med Biol 654:235–259
5. Islam MS (2002) The ryanodine receptor calcium channel of beta-cells: molecular regulation

and physiological significance. Diabetes 51(5):1299–1309
6. Chandrasekhar R, Alzayady KJ, Wagner LE 2nd, Yule DI (2016) Unique regulatory properties

of heterotetrameric inositol 1,4,5-trisphosphate receptors revealed by studying concatenated
receptor constructs. J Biol Chem 291(10):4846–4860

7. Taylor CW, Tovey SC (2010) IP(3) receptors: toward understanding their activation. Cold
Spring Harb Perspect Biol 2(12):a004010

8. Santulli G, Lewis D, des Georges A, Marks AR, Frank J (2018) Ryanodine receptor structure
and function in health and disease. Subcell Biochem 87:329–352

9. Holz GG, Leech CA, Heller RS, Castonguay M, Habener JF (1999) cAMP-dependent
mobilization of intracellular Ca2+ stores by activation of ryanodine receptors in pancreatic
beta-cells. A Ca2+ signaling system stimulated by the insulinotropic hormone glucagon-like
peptide-1-(7-37). J Biol Chem 274(20):14147–14156

10. Gustafsson AJ, Islam MS (2005) Cellular calcium ion signalling–from basic research to
benefits for patients. Lakartidningen 102(44):3214–3219

11. Hamilton A, Zhang Q, Salehi A, Willems M, Knudsen JG, Ringgaard AK et al (2018)
Adrenaline stimulates glucagon secretion by Tpc2-dependent Ca2+ mobilization from acidic
stores in pancreatic alpha-cells. Diabetes 67(6):1128–1139

12. Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat
Rev Genet 10(1):57–63



11 Expression of the Inositol 1,4,5-Trisphosphate Receptor. . . 279

13. Marabita F, Islam MS (2017) Expression of transient receptor potential channels in the purified
human pancreatic beta-cells. Pancreas 46(1):97–101

14. Blodgett DM, Nowosielska A, Afik S, Pechhold S, Cura AJ, Kennedy NJ et al (2015) Novel
observations from next-generation RNA sequencing of highly purified human adult and fetal
islet cell subsets. Diabetes 64(9):3172–3181

15. Li B, Dewey CN (2011) RSEM: accurate transcript quantification from RNA-Seq data with or
without a reference genome. BMC Bioinforma 12:323

16. Leng N, Dawson JA, Thomson JA, Ruotti V, Rissman AI, Smits BM et al (2013) EBSeq:
an empirical Bayes hierarchical model for inference in RNA-seq experiments. Bioinformatics
29(8):1035–1043

17. Blondel O, Takeda J, Janssen H, Seino S, Bell GI (1993) Sequence and functional characteri-
zation of a third inositol trisphosphate receptor subtype, IP3R-3, expressed in pancreatic islets,
kidney, gastrointestinal tract, and other tissues. J Biol Chem 268(15):11356–11363

18. De Smedt H, Missiaen L, Parys JB, Bootman MD, Mertens L, Van Den Bosch L et al (1994)
Determination of relative amounts of inositol trisphosphate receptor mRNA isoforms by ratio
polymerase chain reaction. J Biol Chem 269(34):21691–21698

19. Wojcikiewicz RJ (1995) Type I, II, and III inositol 1,4,5-trisphosphate receptors are unequally
susceptible to down-regulation and are expressed in markedly different proportions in different
cell types. J Biol Chem 270(19):11678–11683

20. Lee B, Bradford PG, Laychock SG (1998) Characterization of inositol 1,4,5-trisphosphate
receptor isoform mRNA expression and regulation in rat pancreatic islets, RINm5F cells and
betaHC9 cells. J Mol Endocrinol 21(1):31–39

21. Lee B, Laychock SG (2001) Inositol 1,4,5-trisphosphate receptor isoform expression in mouse
pancreatic islets: effects of carbachol. Biochem Pharmacol 61(3):327–336

22. Alzayady KJ, Wagner LE 2nd, Chandrasekhar R, Monteagudo A, Godiska R, Tall GG et al
(2013) Functional inositol 1,4,5-trisphosphate receptors assembled from concatenated homo-
and heteromeric subunits. J Biol Chem 288(41):29772–29784

23. Vais H, Foskett JK, Mak DO (2010) Unitary Ca2+ current through recombinant type 3 InsP(3)
receptor channels under physiological ionic conditions. J Gen Physiol 136(6):687–700

24. De Smet P, Parys JB, Vanlingen S, Bultynck G, Callewaert G, Galione A et al (1999) The
relative order of IP3 sensitivity of types 1 and 3 IP3 receptors is pH dependent. Pflugers Arch
438(2):154–158

25. Islam MS, Leibiger I, Leibiger B, Rossi D, Sorrentino V, Ekstrom TJ et al (1998) In situ
activation of the type 2 ryanodine receptor in pancreatic beta cells requires cAMP-dependent
phosphorylation. Proc Natl Acad Sci U S A 95(11):6145–6150

26. Bruton JD, Lemmens R, Shi CL, Persson-Sjogren S, Westerblad H, Ahmed M et al (2003)
Ryanodine receptors of pancreatic beta-cells mediate a distinct context-dependent signal for
insulin secretion. FASEB J 17(2):301–303



Chapter 12
Evolution of Excitation-Contraction
Coupling

John James Mackrill and Holly Alice Shiels

Abstract In mammalian cardiomyocytes, Ca2+ influx through L-type voltage-
gated Ca2+ channels (VGCCs) is amplified by release of Ca2+ via type 2 ryanodine
receptors (RyR2) in the sarcoplasmic reticulum (SR): a process termed Ca2+-
induced Ca2+-release (CICR). In mammalian skeletal muscles, VGCCs play a
distinct role as voltage-sensors, physically interacting with RyR1 channels to initiate
Ca2+ release in a mechanism termed depolarisation-induced Ca2+-release (DICR).
In the current study, we surveyed the genomes of animals and their close relatives, to
explore the evolutionary history of genes encoding three proteins pivotal for ECC:
L-type VGCCs; RyRs; and a protein family that anchors intracellular organelles to
plasma membranes, namely junctophilins (JPHs). In agreement with earlier studies,
we find that non-vertebrate eukaryotes either lack VGCCs, RyRs and JPHs; or
contain a single homologue of each protein. Furthermore, the molecular features
of these proteins thought to be essential for DICR are only detectable within verte-
brates and not in any other taxonomic group. Consistent with earlier physiological
and ultrastructural observations, this suggests that CICR is the most basal form of
ECC and that DICR is a vertebrate innovation. This development was accompanied
by the appearance of multiple homologues of RyRs, VGCCs and junctophilins in
vertebrates, thought to have arisen by ‘whole genome replication’ mechanisms.
Subsequent gene duplications and losses have resulted in distinct assemblies of
ECC components in different vertebrate clades, with striking examples being the
apparent absence of RyR2 from amphibians, and additional duplication events for
all three ECC proteins in teleost fish. This is consistent with teleosts possessing the
most derived mode of DICR, with their Cav1.1 VGCCs completely lacking in Ca2+
channel activity.
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12.1 Introduction

It is estimated that animals (Metazoa) evolved and diversified into major extant
groups before the end of the Ediacaran Period, approximately 542 million years ago
(Ma) [1]. Metazoa are taxonomically organised based on their degree of symmetry,
Fig. 12.1. The body plan of radially symmetrical animals (Radiata) is circular and
includes animals in the phyla Cnidaria and Ctenophora. Bilaterally symmetrical
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Fig. 12.1 Relationships between metazoan taxa in the context of excitation-contraction
coupling (ECC). Diagrammatic representation of the relationships between major metazoan taxa
and their sister group, Choanoflagellata. Also indicated is the presence of absence of nervous
systems and muscles in these organisms: key players in ECC. Choanoflagellates are eukaryotes
that are closely related to animals and can form colonies of cells. The relationships between basal
metazoans, the Radiata (‘R’, ctenophores and cnidarians) and Parazoa (‘P’, poriferans) are unclear:
shown is one consensus based on phylogenetic analysis of genomic data from these groups [36]
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animals (Bilateria) have two symmetrical halves and are divided into three main
groups that are differentiated by molecular and morphological characteristics: (1)
the Ecdysozoa, which includes Arthropoda and Nematoda and have a three-layered
cuticle that moults; (2) the Iophotrochozoa, a diverse group that includes the
phyla Brachiopoda, Phoronida, Ectoprocta, Platyhelmintes, Nemertea, Mollusca
and Annelida, who are characterised by the presence of either a lophophore, a crown
of ciliated tentacles, or a distinct trocohophore larval stage (hence the name of this
group: lopho + trocho); (3) the Deuterostoma, that include the phyla Echinodermata
and Chordata who are distinguished by their embryonic development, during which
the blastopore (the first opening) becomes the anus (as opposed to the mouth
forming from the blastopore in the ecdysozoans and lophotrochozoans).

Molecular phylogenetic analyses indicate that certain metazoan lineages, the
Poriferans (sponges) and Cnidarians (jellyfish, anemones and corals), emerged
750–800 Ma, during the Cryogenian Period [2]. Living cnidarians possess the
characteristics that define animal life: multicellularity and the specialisation of
particular tissue types. One innovation resulting from these developments was
the evolution of specialised contractile myoepithelial and muscle cells, which
generate force by interactions between ATP-dependent motors (myosins) and
cytoskeletal components (actin) [2]. The concurrent development of the nervous
system permitted the rapid regulation of force production by contractile tissues in
response to intrinsic and extrinsic stimuli, such as neuronal inputs [3]. Regulation
of force production in contractile cells initiated by such cues is termed excitation-
contraction coupling (ECC). Prior to the development of actin-myosin dependent
contractile machinery, eukaryotic cells moved exclusively using slower and weaker
systems dependent on ciliary or flagellar beating. For example choanoflagellates,
a closely related outgroup to metazoa, use the beating of their single flagellum to
move and to ingest water and food. The development of ECC produced several
selective advantages for metazoans, both in terms of capturing prey and of eluding
predators [4].

12.1.1 Excitation-Contraction Coupling (ECC) in Various
Muscle Types

Some features of ECC are conserved throughout animal evolution and in distinct
types of muscle. In vertebrates, there are two main types of muscle: smooth and
striated. Smooth muscle cells line the walls of hollow organs and are characterised
by relatively slow contractions. They are defined by the net-like organisation of
the contractile apparatus, which is anchored to structures called dense bodies.
In contrast, cardiac and skeletal muscles are striated, due to an arrangement of
the actin-myosin complexes within repeated units called sarcomeres, delimited by
transverse structures called z-discs (also called z-lines).
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As a second messenger, Ca2+ plays a key role in ECC in all muscle types.
The rise of intracellular Ca2+ serves to activate the contractile apparatus in
smooth muscle and in the cardiac and skeletal forms of striated muscle. The
pathways subsequently diverge, with Ca2+ binding to the actin filament-associated
troponin complex in striated muscles; but in smooth muscle, to calmodulin (CaM)
forming an active complex which activates the myosin filament via myosin light
chain kinase (MLCK). Ca2+ interactions with troponin, or activation of MLCK
following binding of Ca2+-CaM, initiates the cross-bridge cycling machinery
and causes cell shortening, in line with the sliding filament theory of muscle
contraction.

The excitatory mechanisms that raise intracellular Ca2+ and the effectors that
transmit the chemical signal to mechanical force differ between muscle types.
Cardiac- and skeletal muscle-type myosin heavy chain genes are thought to have
arisen early during vertebrate evolution, prior to the divergence of Actinopterygian
(ray-finned) and Sarcopterygian (lobe-finned) fish [5]. Furthermore, phylogenomic
analyses indicate that the contractile machinery of striated muscles evolved indepen-
dently in bilaterian and non-bilaterian animals. Radiata (cnidarians and ctenophores)
lack key proteins of bilaterian striated muscle contractile machinery, such as
components of the troponin complex. However, poriferans and non-metazoan
eukaryotes possess homologues of other sarcomeric contractile proteins, such as
muscle-type actins and myosins, even though they do not have muscle cells. Indeed,
Ca2+-stimulated, actin-myosin dependent contraction occurs in several single-
celled eukaryote taxa, including amoebozoans (eg. Amoeba, Dictyostelium) and
basal plants (eg. Volvox) [6]. This suggests that the metazoan contractile apparatus
was derived by addition of new proteins to pre-existing actin-myosin force-
producing machinery and that this occurred independently, in at least two animal
lineages [7].

A key step in ECC is the delivery of sufficient quantities of Ca2+ to the vicinity of
the contractile apparatus, to initiate and maintain cross-bridge cycling. Regardless
of whether this Ca2+ is extracellular in origin or is released from intracellular
stores, a major consideration is that Ca2+ is heavily buffered within the myoplasm.
Buffering occurs through interactions of Ca2+ with anionic proteins and other large,
negatively charged biomolecules. As a result, Ca2+ diffuses through cytoplasm
about ten times more slowly than it does through water [8]. This places constraints
on the distances within cells over which Ca2+ is able to operate effectively as a
second messenger. This limitation has been circumvented in several ways during
the evolution of metazoans, including the employment of muscles of small diameter
(limiting distances over which Ca2+ has to diffuse), or of invaginations of the
surface membrane called T-tubules. Slow movement of Ca2+ within the myoplasm
is also a strength of this second messenger system, as it lends itself toward
compartmentalisation, thus providing the scope for one signal to initiate multiple
and distinct reactions separated in space and time [9].
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12.1.2 Two Modes of Excitation-Contraction Coupling
in Mammalian Striated Muscles

Mammalian cardiomyocytes use a mechanism of ECC considered to have developed
early during animal evolution [10, 11]. Propagating action potentials, initiated in
nodal cells, are detected by a constituent of L-type voltage-gated Ca2+ channel
complexes (VGCCs) known as Cav1.2, or the α1C subunit of the cardiac dihy-
dropyridine receptor [12]. This sarcolemmal protein acts as both a voltage-sensor
and a Ca2+ channel, allowing this second messenger to enter the myoplasm [13].
Other components of L-type VGCC complexes are involved in modifying the
electrophysiological properties and trafficking of these channels; and include the
β, α2δ and γ subunits [14], see Sect. 12.2.

In mammalian cardiomyocytes, the quantity of Ca2+ influx via Cav1x channels
(where ‘x’ means an undefined member of the Cav1 family) is insufficient to
initiate contraction, and so it must be amplified by additional Ca2+ release from
the sarcoplasmic reticulum (SR). This release occurs via an SR cation channel
called the type 2 ryanodine receptor (RyR2), that is activated by Cav1x-dependent
entry of this ion in a process termed Ca2+-induced Ca2+-release (CICR) [15].
Communication between Cav1.2 (plus Cav1.3) and RyR2 occurs at junctions
between SR and sarcolemmal membranes, forming Ca2+ Release Units (CRUs)
[16]. CRUs are found at the cell surface where the sarcolemmal and SR membrane
systems interact in regions known as peripheral couplings. CRUs also exist at
“dyadic” junctions between the SR and infoldings of the sarcolemma membrane
called transverse- (T-) tubules. These invaginations allow membrane depolarisation
to propagate deep into the myoplasm, circumventing the limitations on signalling
imposed by Ca2+ buffering and permitting the development of cardiomyocytes
of high cross-sectional area, capable of generating large forces [17]. However,
not all cardiomyocytes possess well-developed T-tubular systems. For example,
in mammals T-tubules can be completely absent or variable in density in adult
atrial myocytes [18], and are lacking in all cardiomyocyte types of embryonic
and newborn animals [19]. Moreover, T-tubules are absent in both the atria and
the ventricle of non-mammalian vertebrates, namely aves, non-avian reptiles, the
amphibians and fish [20, 21]. In these cases, ECC occurs at the peripheral couplings
where VGCC and RyR2 channels form CRUs at the surface membrane. Here,
and in mammalian myocytes without T-tubules, CICR-dependent propagation of
Ca2+ waves travelling through the myoplasm are amplified by RyRs located within
non-junctional, or “corbular” SR. These extra-junctional RyRs effectively act as
“relay stations”, propagating Ca2+ waves deeper into the myoplasm than would be
practical by diffusion alone [20, 166].

In mammalian skeletal muscle fibres, ECC is initiated by nerve impulses at the
end-plates of motor neurons. These action potentials propagate into myofibres via T-
tubules, where a distinct member of the L-type VGCC family, based on the Cav1.1
protein, is enriched [21]. Instead of acting as Ca2+-influx channels, myoplasmic
regions of Cav1.1 communicate directly with RyR1 channels located in the terminal



286 J. J. Mackrill and H. A. Shiels

cisternae of the SR. This allosteric, voltage-induced, or depolarisation-induced
Ca2+release (DICR) mechanism involves long-range protein-protein interactions,
spanning the 10–12 nm gap between the T-tubule and apposed terminal cisternae
SR [22]. Within myofibres, T-tubules are usually associated with paired termini of
the SR, forming CRUs at “triad” junctions, see Fig. 12.2. Based on ultrastructural
observations, DICR in skeletal muscle is an innovation that occurred either in pre-
vertebrates or early during vertebrate evolution [10]. This mechanism displays a
number of distinctions from the CICR-based ECC employed in cardiomyocytes:
(1) no direct requirement for extracellular Ca2+ and influx of this ion (a voltage-
dependent conformational change in the VGCC is communicated to the SR Ca2+
release channels); (2) faster kinetics, due to the lack of a requirement of triggering
Ca2+ to diffuse through the junctional myoplasm; and (3) use of different members
of the VGCC (Cav1.1 versus Cav1.2) and Ca2+ release channel (RyR1 versus RyR2)
families.

In vertebrate skeletal muscle, not all RyR1 channels are directly coupled
to Cav1.1 voltage-sensors. Ultrastructural data from toadfish skeletal myocytes
indicate that alternate RyRs (which appear as “feet structures” by transmission
electron microscopy) are directly coupled to “tetrads”, likely to represent groups
of four VGCC complexes [22]. Consequently, non-coupled RyR channels would
have to be activated by an additional mechanism, with CICR triggered by Ca2+
release from neighbouring coupled RyR channels being the strongest candidate.
Although present at low abundance in most mammalian muscle tissues, a third RyR
type (RyR3) is thought to play a role in amplifying RyR1-mediated Ca2+ signals in
some skeletal muscle types, via CICR at extra-junctional sites. This amplification
of DICR occurs in neonatal skeletal myocytes [23] and in a subset of muscles of
cephalic or somitomeric origin in adult mice [24]. RyR3 amplification of the Ca2+
signal is also present the heart; not in the working atrial and ventricular myocytes,
but in cells of the conduction system [25].

In addition to the molecular communication between RyR and Cav1x channels,
multiple other protein-protein interactions modulate the process of ECC in the
striated muscles of mammals and other vertebrates [11]. These accessory proteins
are associated with the sarcolemma (β-subunits of VGCCs), the myoplasm (calmod-
ulin, FK506-binding proteins, protein kinases and phosphatases), the SR membrane
(triadins, junctophilins, kinase anchor proteins, selenoprotein N) or the SR lumen
(calsequestrin, histidine rich Ca2+ binding protein) [26]. Recently, it has been
demonstrated that five proteins are essential for de novo reconstitution of the DICR-
mode of ECC in a non-muscle mammalian cell-line: Cav1.1, RyR1, the β1a-subunit
of the VGCC, SH3 and cysteine rich domain 3 (STAC3) protein and junctophilin 2
(JPH2) [27]. Junctophilins are SR/ER integral membrane proteins that are essential
for the formation of the junctions (peripheral, dyadic or triadic) between the SR and
sarcolemmal membranes [28]. They hold the CRUs in register and thus together
with the Ca2+ cycling proteins, are important for CICR and DICR, in facilitating
ECC.
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12.1.3 Aim of This Study

In order to simplify reconstruction of the evolutionary history of ECC, we have
focused on three proteins that are essential for the formation of CRUs in striated
muscles: the Cav1x subunit of L-type VGCCs; the RyR Ca2+ release channels;
and the junctophilins, Fig. 12.2. Many of the observations in this study come
from reviewing the literature. However, we also include significant novel in silico
findings (Figs. 12.3, 12.4, 12.5, 12.6, and 12.7), where we test the hypotheses on
the evolution of ECC gleaned from published work. The mode of ECC in vertebrate
and invertebrate smooth muscle differs significantly from that in striated muscle and

Cav1x
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RyR

JPH

Ca2+

CICR
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T-tubule
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CICR DICR

RyR1

a) b)

Fig. 12.2 Distinct modes of excitation-contraction coupling in mammalian striated muscles.
Cartoon depicting the two modes of ECC employed within mammalian striated muscles: (a)
Ca2+-induced Ca2+ release (CICR) involves amplification of a small influx of Ca2+ via Cav1x
VGCCs by calcium release via RyR channels in the SR [13, 15]. In mammals, this archetypally
occurs at the dyad junctions of cardiomyocytes, but operates in other membranes and cell types,
including the subplasmalemmal junctions of neurons [161] and of smooth muscle cells [29]. In the
mammalian heart, junctophilin-2 (JPH2) plays critical roles in forming membrane junctions and
in regulating communication between Cav1.2 and RyR2 [140, 141, 147]. This mode of ECC is
evolutionarily most basal, with all of the necessary signalling protein components being present
in choanoflagellates, a sister group to animals; (b) Depolarisation-induced Ca2+ release (DICR)
in mammalian skeletal muscle involves direct, physical communication between Cav1.1 voltage-
sensors in the T-tubule and RyR1 in the junctional SR. These interactions take place at triad
junctions, whose formation is facilitated by both JPH1 and JPH2. This mode of signalling might
operate in other mammalian cell types, including neurons [161]. In some cases, Ca2+ signals
produced by DICR are amplified by CICR from RyRs that are not physically coupled to VGCCs
[20, 22–24]. In terms of evolution, DICR appears to have arisen most recently and is probably a
vertebrate innovation [10]
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thus is not included in the subsequent analysis. For a detailed review of the smooth
muscle literature please see [29].

12.2 The Evolutionary History of L-Type Voltage-Gated
Ca2+ Channels (VGCC)

VGCC α subunits are part of a four-domain voltage-gated cation channel (FVCC)
superfamily: proteins that share a common topology of four repeats, each containing
six transmembrane helices, connected by extracellular and cytoplasmic loops [30].
The FVCC superfamily is comprised of five families: voltage-gated sodium chan-
nels (Nav); Ca2+ channels that are activated by large changes in membrane potential
(“high voltage activated” (HVA)); “low-voltage activated” (LVA) Ca2+ channels;
sodium leak channels; and fungal Ca2+ channels [31]. Mammalian VGCCs consist
of ten members grouped into three families, with Cav3x being LVA; and Cav1x and
Cav2x being HVA. Of these, Cav1x forms L-type Ca2+ channels, characterised by
their long open durations (“L-type”) and sensitivity to dihydropyridine drugs [32].
There are four members of the Cav1x family in mammals, with Cav1.1 underlying
ECC in skeletal muscle and Cav1.2 playing the predominant role in this process
in cardiomyocytes. In addition to their channel-forming and voltage-sensing α1
subunit, L-type VGCCs complexes also contain β and α2δ subunits, along with
a γ subunit in the case of Cav1.1 assemblies. These accessory proteins serve
roles in channel complex trafficking and/or can modify VGCC electrophysiological
properties [32]. The evolutionary histories of these accessory proteins have been
described in detail elsewhere and will not be addressed further in the current work
[33–35].

Published phylogenetic surveys have indicated that members of the FVCC
superfamily were present in the common ancestor of all extant eukaryotes and sub-
sequently diversified into five families, including the HVA (Cav1x and Cav2x) Ca2+
channels [31, 36]. Reconstruction of the evolution of the Cav1x family has been
problematic, particularly because of controversies surrounding the relationships
between early emerging animal groups [34, 36, 37]. Choanoflagellates are a sister
group of metazoans, that morphologically resemble the choanocytes (flagellated
“collar cells”) of sponges. The genome of one member of this group, Salpingoeca
rossetta, encodes one HVA and one LVA Cav homologue [33].

12.2.1 VGCC in Metazoan Invertebrates

Trichoplax adhaerens is the sole known living representative of the phylum
Placozoa. Anatomically, these animals are the simplest that have been studied,
comprising of only six cell types; lacking in muscle cells and in electrical or
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chemical synapses [38]. Despite this apparent minimalism, the T.adhaerens genome
encodes one member of each VGCC subfamily (Cav1x, Cav2x, Cav3x) and multiple
homologues of proteins involved in neurotransmission [39]. Possession of Cav1x
channels without the necessary cell-types to perform ECC might be resolved using
similar rationales employed to explain paradoxes in the evolution of the actin-
myosin contractile apparatus: such proteins were present prior to the development
of these processes, but served distinct roles [7]. Recent investigation of T.adhaerans
behaviours lends support to this hypothesis: this placozoan can alter its ciliary-
based motility in response to gravity, or to neuropeptides, despite having no
nervous system. These sensory responses utilise specialised crystal cells [40], or
neurosecretory cells [41], respectively. In the latter case, the Cav3x homologue
localises to secretory cells, suggesting that it plays a positive feedback role in
secretion of neuropeptides: these neurotransmitter-like molecules could activate
VGCCs, stimulating Ca2+ influx, which would elicit further exocytosis [42].
Elucidation of the roles of Cav1x channels in this organism could bring new insights
into the evolution of ECC.

The sponge Amphimedon queenslandica possesses one gene encoding a HVA
VGCC, which is intermediate between Cav1x and Cav2x in terms of its primary
structure [33]. The ctenphore Mnemiopsis leidyi (the warty comb jelly) also has
one HVA homologue, which is most closely related to vertebrate Cav2x proteins
[33]. Some cnidarians, such as the starlet anemone Nematostella vectensis and
the coral Acropora millepora, possess one Cav1x homologue, three members of
the Cav2x family and two genes encoding Cav3x channels. In contrast, the hydra
Hydra magnipapillata, another cnidarian, has only a single member of each family.
This indicates expansion of Cav families in some cnidarian groups but not in
others, presumably by lineage-specific gene duplication. Using in situ hybridisation
microscopy, the mRNA encoding the Cav1x homologue was detected at greatest
abundance in the muscle and/or motor neurons of N.vectensis, in keeping with a
candidate role in ECC [33].

12.2.1.1 Protostomes

Among bilaterians (animals with bilateral symmetry), all protostomes (including
arthropods, molluscs and worms) investigated have one representative of each of
the three Cav subfamilies (Cav1x, Cav2x and Cav3x) [33, 35]. Nematode worms
lack a heart and cardiomyocytes. They use either obliquely striated muscles in their
body walls, or smooth muscles in other contractile organs. The contractile apparatus
of obliquely striated muscles is anchored to staggered dense bodies, rather than to
transverse z-discs such as those used by vertebrates [43]. The surface membrane
of myofibres from these worms lacks T-tubules, but interacts with subsarcolemmal
junctional SR to form candidate CRUs [44]. The model nematode Caenorhabditis
elegans has a single Cav1x protein, encoded by the egl-19 gene. Complete loss-of-
function mutations in this gene cause embryonic lethality; partial loss-of-function
mutants display hypotonia (flaccidity); and gain-of-function mutant worms are
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myotonic, with impaired relaxation of the body [45, 46]. These observations
strongly support an essential role for Cav1x VGCCs in nematode ECC.

All arthropod muscles are striated, with the contractile apparatus anchored to
transverse z-discs [43]. Observations using transmission and freeze-fracture electron
microscopy indicate that flight muscles from dragonflies, pedipalp muscles from
a scorpion, or leg muscle from a fly, contain T-tubules. The SR-facing regions
of these membranes bear large proteinaceous particles, resembling those which
are accepted to be L-type VGCCs in vertebrate T-tubules [47]. In the fruit fly
Drosophila melanogaster, a Cav1x protein is encoded by the Dmca1D gene and
forms dihydropyridine-sensitive Ca2+ channel, required for contraction of the
body wall muscles [48]. The D.melanogaster circulatory system is powered by
a heart tube, which has both anterior and posterior pacemaker regions. Action
potentials propagate from these sites in a manner that is dependent on Ca2+ influx
through dihydropyridine-sensitive channels [49]. Biochemical, pharmacological
and electrophysiological investigations indicate that crayfish striated muscle [50],
isopod abdominal extensor muscles [51], and locust leg muscle [52] all possess
dihydropyridine-sensitive Ca2+-conducting L-type VGCCs. This suggests that ECC
dependent on Ca2+-influx through Cav1x channels, augmented to varying degrees
by CICR from the SR, is a common feature of arthropod muscles. This is analogous
to the type of ECC that occurs in vertebrate cardiomyocytes.

In contrast, the superficial abdominal flexor muscles of the shrimp Atya lanipes
are electrically inexcitable and during contraction, Ca2+ influx is too small to be
measured electrophysiologically. However, this contraction is strictly dependent
on extracellular Ca2+ and could be modulated by agonistic (BayK 8644) or
antagonistic (nifedipine) dihydropyridines [53, 54]. The proposed solution to these
paradoxical observations is that “silent” L-type VGCCs allow an undetectable influx
of Ca2+ into myocytes, which is amplified by CICR from the SR by a mechanism
with extremely high gain. Consistent with this proposal, A.lanipes skeletal muscle
has T-tubules, abundant SR and contracts in response to the RyR agonist caffeine
[54]. Alternatively, this might represent development of the DICR mode of ECC in a
relatively early branching group of bilaterians, with its dependency on extracellular
Ca2+ being due to a requirement to replenish depleted intracellular Ca2+ stores,
rather than due to a direct dependence on Ca2+ influx.

Annelids and molluscs use transversely striated, obliquely striated or smooth
myocytes in different organ systems [43]. L-type Ca2+ channels have been reported
in atrial cells from the Pacific oyster, Crassostrea gigas [55]. Ventricular myocytes
of the pond snail Lymnaea stagnalis are myogenic, displaying rhythmic depolariza-
tion and contractions independently of neural inputs. These mollusc cardiomyocytes
contain HVA and LVA VGCCs, which contribute to both pace-making and to ECC
[56]. Heterologous expression and electrophysiological analysis of the Cav1x pro-
tein from L.stagnalis indicate that it has very similar electrophysiological properties
to mammalian Cav1.2, with the most notable difference being a reduced sensitivity
to dihydropyridine drugs [57]. Contraction of smooth muscle cells from the sea-
slug Aplysia kurodai can be activated by acetylcholine or high extracellular K+,
via a mechanism that could be inhibited by nifedipine [58]. Similarly, contraction
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of the obliquely striated muscle of Octopus vulgaris arms is dependent on rapidly
activating and slowly inactivating currents carried by L-type VGCCs [59]. These
findings demonstrate that Cav1x-dependent ECC, resembling that in vertebrate
cardiomyocytes, is a common feature of molluscan muscles.

12.2.1.2 Deuterstomes

Deuterstomes are a major group of bilaterian animals that includes echinoderms
(sea urchins, starfish, sea cucumbers and their relatives), hemichordates (such as
acorn worms) and chordates (cephalochordates, tunicates and craniates). Of these,
echinoderms use a distinctive mode of locomotion: walking on “tube-feet” (podia)
dependent on hydrostatic forces powered by the contraction of smooth muscle-like
cells of myoepithelial origin [60]. Although Ca2+ plays a key role in the contraction
of these myocytes, there are no available data on the presence and function of L-
type VGCCs in echinoderm contractile tissues [61]. However, Cav1x and Cav2x
have been detected in sea urchin sperm, at the level of both mRNA and protein [62].
We were unable to find any published data on the role of L-type VGCC in the ECC
of hemichordate muscles.

Chordates are bilaterian animals that possess a notochord: a flexible rod that
runs along the long-axis of the body. Cephalochordates are a free-living, aquatic
subphylum of chordates that superficially resemble fish or worms. They are
exemplified by Branchiostoma sp., also known as lancelets or amphioxus. Like
vertebrates, the body wall muscles of lancelets are striated and arranged in repeated
segments called somites [63]. In the current study, we identified a single Cav1x
homologue in the genome of B. blecheri. Lancelet somites are thin fibres, meaning
that Ca2+ influx through VGCCs might be adequate for ECC [64]. However,
electrophysiological and biochemical investigations indicate that B. lanceolatum
trunk muscles possess dyad junctions and under certain conditions, can contract
in the absence of extracellular Ca2+ [65, 66]. This suggests that the DICR mode of
ECC could have evolved early in the chordate lineage [10].

Tunicates, or sea quirts, are a sister group to vertebrates and to cephalochordates,
with a free-swimming larval stage and a sessile adult form. They possess skeletal,
cardiac and smooth muscle types. Tunicate genomes encode a single Cav1x homo-
logue, which displays low sensitivity to dihydropyridines [67]. There appears to be
considerable diversity in the modes of ECC employed by tunicates. For example,
muscle fibres from the body wall of adult Doliolum denticulatum lack T-tubules
and an SR system, with their contraction being ablated by the dihydropyridine,
nifedipine [68]. In contrast, caudal muscles from Botryllus schlosseri (the golden
star tunicate) larvae possess a highly developed T-tubule system that forms dyad
junctions with the SR [69].
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12.2.2 VGCC in Metazoan Vertebrates

The two-rounds of whole genome duplication (2R-WGD) process, originally pos-
tulated by Susumu Ohno, describes a mechanism that facilitated the rapid evolution
and expansion of vertebrates [70]. Gene duplication by polyploidy, and the resulting
potential for functional diversification of duplicated genes, permitted rapid increases
in the complexity and adaptability of this group. Phylogenetic and cytogenetic
data support the concept of these rounds of genomic duplication occurring prior to
the divergence of agnathan (jawless fish, including the cyclostomes) and gnathos-
tome (jawed) vertebrates [71]. The 2R-WGD mechanism probably permitted the
innovation of the DICR-mode of ECC in skeletal muscle, either prior to, or early
during, the evolution of vertebrates. Cyclostomes are the most basal of extant
vertebrates, comprising of hagfish and lampreys. Depolarisation-evoked contraction
of caudal hearts (i.e. accessory hearts, analogous to those of the lymphatic system),
slow-twitch and fast-twitch skeletal muscle from the inshore hagfish, Eptatretus
burgeri, persists in nominally Ca2+-free seawater, indicating a DICR mode of
ECC [72]. Electrically-stimulated twitches in skeletal muscle fibres from the river
lamprey, Lampetra planeri, were maintained in the presence of levels of colbalt ions
that blocked Ca2+ influx via dihydropyridine-sensitive channels, again providing
evidence for a DICR mechanism [73]. Freeze-fracture electron microscopy of
skeletal muscle from the Pacific hagfish E. stoutii and the river lamprey, L. planeri,
indicates that membrane particles corresponding to L-type VGCC complexes are
arranged in tetrads [10], a feature thought to depend on physical interactions with
underlying RyRs at CRUs [74]. Despite such physiological evidence of a DICR
mode of ECC in cyclostome skeletal myocytes, we were only able to detect partial
homologues of a Cav1 VGCC encoded in the genome of the sea lamprey Petromyzon
marinus. Furthermore, this homologue displays greatest identity with Cav1.2, rather
than Cav1.1. However, failure to detect homologues of skeletal muscle-type Cav1.1
in P.marinus might be a consequence of incomplete sequencing or poor annotation
of its genome.

Amphibians, non-avian reptiles, birds and mammals generally have four Cav1x
homologues (Cav1.1 to Cav1.4), probably generated by the 2R-WGD mechanism.
This could have permitted functional specialisation of the Cav1.1 type in skeletal
muscles, allowing it to mechanically couple to RyR1 in the SR. In mammalian
skeletal muscle, Ca2+ influx via VGCCs is not required for ECC, since mice
engineered with a non-conducting mutant of Cav1.1 (N617D) do not show any
overt changes in skeletal myocyte function [75]. Teleosts are the largest group
within the class Actinopterygii (ray-finned fish), that underwent an additional third
round of WGD between 320 and 350 Ma [76]. This facilitated the development
of new innovations, such as two non-conducting homologues of Cav1.1 in the
skeletal muscles of teleost fish, including the zebrafish (Danio rerio), pike characin
(Ctenolucius hujeta), and rice medaka (Oryzias latipes) [77]. Salmonids may be
of particular interest in relation to functional specialisation of VGCCs, because of
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an additional and relatively recent WGD event (the salmonid-specific 4R-WGD or
Ss4R) that has been dated 25–100 Ma [78].

The sterlet Acipenser ruthenus is a basal ray-finned sturgeon, whose Cav1.1
homologue displays a Ca2+ conductance intermediate between that of mam-
mals and teleosts. Together with phylogenetic evidence, this suggests that teleost
non-conducting Cav1.1 voltage-sensors are the most derived forms, with Ca2+-
conducting Cav1.1 channels of mammals and other sarcopterygian (lobe-finned fish)
descendants being the most basal [79].

12.3 Evolution of Ryanodine Receptor (RyR) Ca2+ Release
Channels

Along with inositol 1,4,5-trisphosphate receptors (ITPRs), the ryanodine receptors
(RyRs) form a superfamily of tetrameric, ligand-gated cation channels that release
Ca2+ from intracellular storage organelles including the ER and SR [26]. ITPR
homologues are encoded in the genomes of most eukaryotes, but have apparently
been lost by some groups, such as late branching fungi and green plants [80]. The
Ca2+ release channel superfamily is subdivided between the ITPR-A and ITPR-B
families, the latter of which is probably ancestral to the RyRs [81]. Proteins related
to RyRs, both in terms of sequence identity and protein domain architecture, first
appeared over 950 Ma, prior to the divergence of metazoa and their sister groups
choanoflagellata and filasterea [80].

12.3.1 RyRs of Invertebrates

Among animals, RyR homologues have been detected in the genomes of sponges
such as Amphimedon queenslandica, Oscarella carmela and Sycon ciliatum [81],
though not in ctenophores or cnidaria, Fig. 12.3. If sponges are basal metazoans
[33, 82], this implies that RyRs were subsequently lost from ctenophore and
cnidarian lineages. However, the striated swimming muscles of the hydrozoan
jellyfish Aglantha digitale [83] and of the giant smooth muscles of the ctenophore
Beroe ovata [84] are reported to contain an SR system. This indicates that either
RyRs have not been detected in cnidarian and ctenophore genomes because of poor
sequence quality or incomplete annotation; or that Ca2+ might be released from
the SR of these organisms by a distinct mechanism, such as CICR via ITPRs. Of
these possibilities, we consider the latter to be more likely, given the increasing
numbers of cnidarian and ctenophore species whose genomes have been deduced.
Furthermore, contraction of radial muscles from the jellyfish Polyorchis penicillatus
is abolished by low extracellular Ca2+ or the Cav1x antagonist nitrendipine, but is
also reduced by 25% in the presence of 10 mM caffeine [85]. In addition to its use as
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Fig. 12.3 Evolutionary history of RyR calcium release channels. The evolutionary history
of proteins related to RyR2 from Homo sapiens (Accession Number Q92736.3) was inferred
using the Maximum Parsimony method, conducted using MEGA5 [162]. The percentage of trees
(from 500 replicates) in which taxa are clustered was determined by using the bootstrap method,
with 50% being taken as significant [163]. Bootstrap values are indicated next to branches. Also
shown is a scale-bar of the number of amino acid substitutions per position and the logarithmic
likelihood value for this consensus tree. Red stars (‘2R’ and ‘3R’) indicate potential whole
genome duplications; blue circles (‘L1’ and ‘L2’) candidate gene losses. This analysis involved
68 proteins (full details available from the corresponding author, upon request). Species analysed
were mammals: Homo sapiens (‘Hs’, human) Mus musculus (‘Mm’, house-mouse), Bos taurus
(‘Bt’, cattle) and Panthera pardus (‘Pp’, leopard); birds: Meleagris gallopavo (‘Mg’, turkey) and
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an RyR agonist, caffeine is also an antagonist of ITPRs [86]. Since this drug did not
stimulate contraction of P.penicillatus striated muscles in its own right, its effects
were probably mediated by ITPR antagonism, rather than depletion of intracellular
stores by sustained activation of RyR channels.

12.3.1.1 Protostomes

Most bilaterian animal groups possess a single RyR homologue, most likely
operating via CICR [80]. The extent of the contribution of Ca2+ released in
this manner to contraction varies between organisms, tissues and muscle types.
Platyhelminthes, or flatworms, are considered to be basal bilaterians: they lack
a body cavity, do not possess a specialised cardiovascular system and contain
two layers of smooth muscle-like contractile tissue in their body walls. The plant
alkaloid ryanodine is specific, high-affinity and irreversible ligand for RyRs [87],
that can only bind to these channels when they are in an open state. Conse-
quently, [3H]ryanodine binding has been employed to gauge the open state of
RyR channels in response to physiological and pharmacological stimuli [26, 88].
Membrane vesicles prepared from the trematode flatworm Schistosoma mansoni
contain binding sites for ryanodine, whose abundance could be increased by the
RyR agonist caffeine and decreased by the antagonist dantrolene [88]. Both release
of 45Ca2+ from microsomal membranes and contraction of the body wall muscle
of S.mansoni were enhanced by ryanodine [89]. Caffeine could stimulate body
wall contraction in S.mansoni and in the turbellarian flatworms Dugesia tigrina
and Procerodes littoralis, in a manner that was inhibited by high concentrations
of ryanodine, although not by other characteristic antagonists of mammalian RyRs,
neomycin and ruthenium red [90]. Along with phylogenomic data (Fig. 12.3), these
observations suggest that a single RyR homologue contributes to muscle contraction
in flatworms, and that their Ca2+ release channels are pharmacologically distinct
from their vertebrate counterparts.

�
Fig. 12.3 (continued) Taeniopygia guttata (‘Tg’, zebrafinch); reptiles: Anolis carolinensis (‘Ac’,
anole) and Python bivittatus (‘Pb’, python); amphibians: Xenopus tropicalis (‘Xt’, Western clawed
frog), Xenopus laevis (‘Xl’, African clawed frog), Rana catesbeiana (‘Rc’, American bullfrog) and
Nanorana parkeri (‘Np’, High Himalayan frog); fish: Latimeria chalumnae (‘Lc’, coelacanth),
Lepisosteus oculatus (‘Lc’, spotted gar), Danio rerio (‘Dr’, zebrafish), Takifugu rubripes (‘Tr’,
Japanese pufferfish) and Callorhinchus milii (‘Cm’, elephant shark); tunicates: Ciona intestinalis
(‘Ci’, a sea squirt) and Oikopleura dioica (‘Od’); cephalochordate: Branchiostoma belcheri
(‘Bb’, Belcher’s lancelet); echinoderm: Strongylocentrotus purpuratus (‘Sp’, Atlantic purple
sea urchin); mollusc: Mizuhopecten yessoensis (‘My’, Yesso scallop); annelid: Capitella teleta
(‘Ct’); arthropods: Eurytemora affinis (‘Ea’, marine copepod), Apis mellifera (‘Am’, European
honeybee) and Drosophila melanogaster (‘Dm’, fruit-fly); nematode: Caenorhabditis elegans
(‘Ce’); platyhelminth: Schistosoma mansoni (‘Sm’); porifera: Amphimedon queenslandica (‘Aq’,
sponge); placozoa: Trichoplax adhaerens (‘Tr’); choanoflagellata: Salpingoeca rosetta (‘Sr’); and
filasterea Capsaspora owczarzaki (‘Co’)
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Nematode worms are coelomate (possess a body cavity), but lack a specialised
circulatory system. Deletion of the single RyR homologue (unc-68) in the model
nematode worm C.elegans results in incomplete flaccid paralysis, indicating that
this channel is not essential for, but is supportive of, body muscle ECC [91].
Contraction of body wall muscle from Ascaris suum (large roundworm of the
pig), stimulated by the cholinergic ant-helminthic drug levamisole, was abolished
in Ca2+-free extracellular medium and inhibited by 44% by 100 nM ryanodine
[92]. This might suggest that RyRs are non-essential for nematode ECC, but might
augment this process under some circumstances. Alternatively, the A.suum RyRs
might display a very low open probability under these experimental conditions,
such that only a small proportion of them would be open and available to bind to
ryanodine.

RyR-mediated Ca2+ release appears to play a critical role in arthropod ECC.
One of the earliest reports of a physiological effect of ryanodine was an increase
in oxygen consumption in the cockroach Periplaneta americana, probably due to
enhanced muscle contraction and ATP utilisation [93]. An insertional mutagenesis
strategy was used to demonstrate that a single RyR homologue is essential for
ECC in the body wall, visceral and circulatory muscles of D.melanogaster [94].
In this fruit fly, high concentrations of ryanodine exerted a negative chronotropic
effect on the cardiovascular system, slowing heart rate by about 60% [95]. Tritiated
ryanodine binding to membranes prepared from thoracic tissues of the moth
Heliothis virescens is biphasically dependent on Ca2+, stimulated by ATP, but
unaffected by caffeine. Single channel electrophysiology of RyR complexes isolated
from the same tissue demonstrated a cation channel that was activated by Ca2+
and ATP; inhibited by ruthenium red; and modified by ryanodine [96]. In the
honeybee, Apis melifera, both caffeine and 4-chloro-meta-cresol (another RyR
agonist) could stimulate skeletal muscle contraction [97]. Overall, these studies
support the presence of a single RyR homologue in insect muscles, which displays
some characteristics that are similar to their vertebrate relatives, as well as some
that are distinct. Such pharmacological differences have prompted the commercial
development of insecticides selectively targeting insect RyRs, as a novel strategy
for pest control [98].

Photolysis of a caged Ca2+ molecule, nitr-5, was used to directly demonstrate
CICR in muscle fibres of the giant barnacle Balanus nubilus [99]. In skeletal muscle
fibres from the crayfish Procambarus clarkia, the RyR antagonists procaine and
tetracaine inhibit Ca2+ transients triggered by depolarisation, without decreasing
Ca2+ currents across the sarcolemma [100]. Unlike in vertebrates, muscle from
the intestine of this crustacean is striated and also uses a CICR-mode of ECC, as
indicated by its dependence on extracellular Ca2+ and inhibition by ryanodine [101].
A RyR protein isolated from abdominal muscles the lobster Homarus americanus,
displays single-channel properties that are similar to their vertebrate counterparts,
with the exception of relative insensitivity to activating Ca2+, or to the agonist
caffeine [102, 103]. These studies demonstrate that arthropod muscles use Ca2+
influx to activate contraction, augmented to varying degrees by the release of Ca2+
from the SR via RyRs. This is further supported by ultrastructural observations of
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insect and arachnid muscles, which display organised “feet structures” (presumed
to be RyRs) at junctions with the sarcolemma, which lack overt tetrad organisation
of the overlying membrane particles (thought to be Cav1 channel complexes) [47].

The obliquely striated abductor muscle from the Noble scallop, Chlamys nobilis,
does not contain T-tubules, but bears feet structures at presumptive subsarcolemmal
CRUs. A protein of similar biochemical properties to vertebrate RyRs was isolated
from these muscles [104]. Ryanodine, caffeine and the second messenger cyclic
ADP ribose all stimulated Ca2+ release from SR vesicles prepared from the abductor
muscle of Pecten jacobaeus, the Mediterranean scallop [105]. In smooth muscle
from the body wall of the wedge sea-hare Dolabella auricularia, extracellular
K+-induced depolarisation triggered contraction that persisted in the presence of
the Ca2+ chelator ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid, but which was inhibited by the RyR antagonist procaine. Ultrastructural
examination of these muscles indicated the presence of T-tubules coupled to SR,
spanned by bridging feet structures [106]. This suggests that a DICR-like form of
ECC operates in the muscles of at least some molluscs. The longitudinal muscle
of the body wall (LMBW) of several echinoderms possesses subsarcolemmal SR,
which can release Ca2+ in response to the RyR agonist caffeine, for review see [61].

12.3.1.2 Deuterstomes

Ryanodine increases the amplitude and decreases the frequency of spontaneous
contractions of the LMBW of the sea-cucumber Sclerodactyla briareus [107]. This
suggests that RyRs play a role in ECC in echinoderms. Indeed, there is strong
similarity between the RyR from sea urchin eggs (suRyR) and mammalian RyRs
in crucial regions such as the selectivity filter, the pore helix and helix bundle
crossing region [108]. Interestingly, the activation of suRyR differs substantially
from the mammalian RyR isoforms [109]; cyclic adenosine diphosphoribose can
trigger release but ‘crude sea urchin egg homogenate’ was required to substantially
activate the channels, suggesting the requirement of an unknown cellular activator
and/or binding protein.

Among the chordates, the genome of the cephalochordate B.belcheri contains a
single RyR gene, Fig. 12.3. This contrasts with an earlier suggestion that B.floridae
contains three RyR orthologues [80]. The most likely cause of this discrepancy is
that the original observation was based on conceptual translations of partial DNA
sequences, the products of which were not definitively grouped with one RyR type
or another. As discussed in Sect. 12.2.1, the trunk muscles of B.lanceolatum can
contract in the absence of extracellular Ca2+ under some circumstances, including
the presence of caffeine [64, 66]. This suggests that cephalochordates can use the
DICR-mode of ECC under some conditions, but this conclusion conflicts with ultra-
structural studies, which show that lancelet muscles lack a tetradic organisation of
dihydropyridine receptor/VGCC complexes [10]. Sarcolemmal tetrads are thought
to a hallmark of the molecular interaction between Cav1x and RyR proteins [74].
However, it is possible that several different mechanisms of DICR have evolved in



298 J. J. Mackrill and H. A. Shiels

distinct metazoan lineages, not all of which are dependent on the arrangement of
Cav1x in tetrads.

The muscles of some, though not all, tunicates contain RyR-dependent SR
Ca2+ stores. For example, myocytes generated by differentiation of growth-arrested
blastocysts from the ascidian Halocynthia roretzi (the sea pineapple) display
functional coupling between VGCCs and caffeine-/ryanodine-sensitive intracellular
Ca2+ stores [110]. BLAST searches of two tunicate genomes suggest that both
Oikopleura dioica and Ciona intestinalis encode a single RyR homologue, Fig. 12.3.

12.3.2 RyRs of Vertebrates

Most vertebrates possess three RyR paralogues, indicative of two rounds of
duplication during the 2R-WGD process, followed by loss of one member. These
paralogues are employed for different physiological roles (DICR versus CICR)
and display distinct but partially overlapping tissue distributions [111, 112]. For
example, in mammals RyR1 is most abundant in skeletal muscle, whereas RyR2 is
prevalent in cardiomyocytes. In addition, the teleost specific third round of WGD
[76] has generated a greater number of these paralogues, with six (RyR1a, RyR1b,
RyR2a, RyR3a and RyR3b) being reported in the genomes of D.rerio (zebrafish),
Fundulus heteroclitus (Atlantic killifish), Gasterosteus aculeatus (three-spined
stickleback) and Takifugu rubripes (Japanese pufferfish) [113]. The basal ray-finned
fish Polypterus ornatipinnis (the ornate bichir) possesses duplicated RyR1 genes,
but single copies of the two other vertebrate RyR types. The authors of this work
proposed that this resulted from generation of multiple RyR paralogues during 3R-
WGD, followed by losses of some of the duplicated genes [114]. However, other
workers have suggested that the bichir RyR1a and RyR1b proteins are generated by
alternate splicing of transcripts from a single gene, rather than being the products
of separate genes. The current and earlier studies have demonstrated that another
basal actinopterygian, Lepisosteus oculatus (the spotted gar), encodes just three RyR
paralogues in its genome, Fig. 12.3 [113].

A novel observation in the current work is that in all four of the amphibian
genomes investigated, the only RyR homologues that could be detected correspond
to RyR1 and RyR3, i.e. this class of vertebrate apparently lacks RyR2. This is
unexpected, because previous studies, based on use of anti-RyR2 antibodies of
incompletely defined subtype selectivity, demonstrated that this channel protein is
present in SR-enriched microsomal membranes prepared from the hearts of Rana
pipiens (the Northern leopard frog) [115] and of Xenopus laevis (African clawed
frog) [116]. It is unlikely that this disparity is due to poor quality or curation of
genomes, since those of X.laevis and X.tropicalis (Western clawed frog) are particu-
larly well annotated. Contraction of amphibian cardiomyocytes is largely dependent
on extracellular Ca2+ influx, with release of this ion from the SR playing little part in
ventricular myocyte ECC under normal conditions [117]. A lack of involvement of
Ca2+ release in heart contraction has been reported in other ectothermic vertebrates,
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such as fish, in which RyRs play an incompletely defined auxiliary role [11, 118],
only contributing to this process under situations demanding increased cardiac
output [119]. An investigation using immunofluorescent microscopy with a non-
subtype selective antibody, indicate that RyRs are present in junctional SR of the
atria of Rana temporaria (the European Common frog) [120]. Furthermore, mRNAs
encoding RyR1 and RyR3 have been detected in the heart of R.esculenta (the Edible
frog) [121].

It is hypothesised that a WGD event in a sterile, diploid, hybrid ancestor of
Xenopus sp. generated a fertile, tetraploid species. As a consequence, X.laevis
possesses two non-identical copies of each chromosome, termed the long (“L”)
and short (“S”) forms. In cases where losses had not occurred (>56% of genes),
this also resulted in the availability of four copies of each gene (two from each
ancestor). Often, these genes evolved asymmetrically, with one ancestral pair being
relatively preserved and the other being subject to deletion, divergence, loss or
reduced transcription [122]. In the current study, searching of a boutique Xenopus
genomic and transcriptomic database (Xenbase: http://www.xenbase.org/ [123])
revealed that the two copies of RyR1, termed RyR1L and RyR1S, are encoded
by chromosomes 8L and 8S. In terms of transcription in adult animals, X.laevis
RyR1L is expressed at highest levels in skeletal muscle and is also present in the eye;
whereas RyR1S mRNA is not detected at high abundance in any tissue examined.
Like RyR1, X.laevis RyR3 genes are located in chromosomes 8L and 8S. In adult
African clawed frogs, the mRNA encoding RyR3L is most abundant in the heart,
followed by skeletal muscle, brain and then the eye. RyR3S transcripts are also
abundant in skeletal muscle, but were only present at low levels in the heart and
in other tissues. These findings suggest a potential role for RyR3L in Xenopus
cardiomyocyte ECC. This also implies redundancy among RyRs in this process,
in that RyR3 might be able to substitute for RyR2 under some circumstances.

12.4 Evolution of Depolarisation-Induced Ca2+ Release

Although related processes might exist in some arthropods, molluscs, echinoderms
and cephalochordates, the DICR mode of ECC, dependent on the organisation
of VGCC into tetrads, is probably a vertebrate innovation [10, 74]. DICR is
characteristic of skeletal muscle, but also plays roles in other tissues, such as
the brain [124]. This form of ECC is dependent on physical interactions between
Cav1.1-containing VGCCs in the sarcolemma and RyR1 Ca2+ release channels
in the terminal cisternae of the SR. Additional accessory proteins, such as the
β1a-subunits of L-type VGCCs [27, 125], modulate DICR but are not critical for
it. The three-dimensional architecture of interactions between RyR1 and L-type
VGCCs are currently being unveiled using cryo-electron microscopy approaches
[26, 126]. Although these models are currently of low resolution, it is likely that
future advances in such techniques will reveal greater molecular detail of the RyR1-
Cav1.1 interaction.

http://www.xenbase.org/
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An investigation comparing rates of evolution between different RyRs and
Cav1.1, as an indicator of co-evolution, generated some unexpected findings: that
the only pairs of genes displaying significantly positive correlations were RyR3-
RyR2 and RyR3-Cav1.1. It was anticipated that the evolution rates of RyR1 and
Cav1.1 genes would be correlated, given that they encode a pair of interacting pro-
teins. The authors explained the unexpected association between the evolutionary
rates of RyR3 and Cav1.1 by suggesting an indirect effect: that DICR via RyR1
could trigger further release of Ca2+ via RyR3, which not directly coupled to
VGCCs [127]. However, in this scenario, it would be predicted that RyR1 and RyR3
should also display significant co-evolution, which was not observed. An alternative
explanation offered was that there could be a yet undiscovered direct interaction
between RyR3 and Cav1.1 [127].

Clearer insights into the molecular mechanisms of DICR have been obtained by
the generation of mutated and chimeric forms of the interacting partners involved.
The spontaneously arising mouse mutant dysgenic lacks functional Cav1.1 gene and
in its homozygous state, dies perinatally due to asphyxia. Myotubes cultured from
the skeletal muscles of these mice provided an excellent system for testing which
components of VGCC α1-subunits (Cav1) are critical for skeletal muscle-type DICR
[128]. In a ground-breaking study, a panel of chimeras between cDNAs encoding
Cav1.1 and Cav1.2 was generated and expressed in dysgenic myotubes, in order to
determine which region(s) are required to restore DICR. This work established a key
role for the cytoplasmic loop between transmembrane repeats II and III of Cav1.1
[129]. This “skeletal” II-III loop contains the information required not only for
activation of RyR1 (orthograde signalling), but also for receiving a signal from the
Ca2+ release channel that enhances VGCC currents. Chimeras containing Cav1.1
loops that could restore DICR to dysgenic myotubes also resulted in the formation
of VGCC tetrads, as analysed by freeze-fracture electron microscopy. Constructs
containing the mouse Cav1.2 (“cardiac”) II-III loop did not form tetrads, whereas
those bearing the II-III loop from the Cav1 homologue of Musca domestica (the
housefly) did, despite being unable to support the DICR mode of ECC [130]. These
observations suggest that the formation of VGCC tetrads is necessary, though not
sufficient for DICR.

To further map the molecular features of the Cav1.1 II-III loop that are critical
for DICR, constructs containing large deletions of this region were expressed in
dyspedic myotubes. Using this strategy, it was found that deletion of residues
720–765 or 724–743 abolished depolarisation induced Ca2+ transients [131]. Such
experiments have also revealed that additional regions of Cav1.1 such as the
III-IV loop [132], or other components of the L-type VGCC such as the β1a-
subunit, contribute to DICR [125]. Introduction of a series of single amino acid
substitutions into the II-III loop of M.domestica, revealed which features are critical
for bidirectional communication between mammalian Cav1.1 and RyR1. These are:
i) four conserved amino acid residues within a DICR motif; ii) a cluster of acid
amino acid residues at the centre of this loop; and iii) the secondary structure of this
negatively charged region [133]. Identification of these critical features has enabled
us to search for them within all of the available Cav1 channel sequences from
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Cav1.1

Cav1.2

Species Position   
Homo            LKIDEFESNVNEVKDPYPSADFPGDDEEDEPEIPLSPRPRPLAELQ 720-765
Mus             LKIDEFESNVNEVKDPYPSADFPGDDEEDEPEIPVSPRPRPLAELQ 720-765
Mondelphis      LKVDEFESNVNEVKDPYPSADFPGDDEEEEPEIPLSPRPRPLAELQ 721-766
Birds/Reptiles  LKVDEFESNVNEIKDPYPSADFPGDDEEDEPEIPLSPRPRPLAELQ Conserved 
Xenopus         LKIDEFESNVNEIKDPYPSADFPGDDEEEEPEIPLSPRPRPLAELQ 716-761
Nanorana        LKIDEFESNVNEIKDPYPSADFPGDDEEEEPEIPISPRPRPLAELQ 719-764
Danio 1a        LKVDEFESNVNEIKDPFPPADFPGDDEEEEPEIPLSPRPRPMADLQ 732-777
Danio 1b        LKIDEFESNVNEVKDPFPPADFPGDDEEEEPEIPISPRPRPMADLQ 740-785
Acipenser       LRVDEFESNVNEIKDPYPSADFPGDDEEEEPDIPLSPRPRPMAELQ 728-773
Lepisosteus     LKVDEFESNVNEIKDPYPSADFPGDDEEEEPEIPLSPRPRPLAELQ 737-782
Latimeria       LKIDEFESNVNEIKDPYPSADFPGDDEEEEPEIPLSPRPRPLAELQ 727-772
Callorhinchus   LKVDEFEANVNEVKDPYPSDDFPGDDEEEEPEIPLSPRPRPLAELQ 199-244

*::****:****:***:*  ********:**:**:******:*:**

DICR motif

Species Position   
Homo          -INMDDLQPNENEDKSPYPNPETTGEE-DEEEPEMPVGPRPRPLSELH 670-715
Mus           -INMDDLQPSENEDKSPHSNPDTAGEE-DEEEPEMPVGPRPRPLSELH 879-924
Mondelphis    -INVDDLQPNENEEKGPYPNPEAGGEE-EEEEPEMPVGPRPRPLSELH 862-907
Gallus        -INMDDYQPNENEEKSPYPTTEAPAEE-DEEEPEMPVGPRPRPMSELH 874-919
Taeniopygia   -INVDDYQPNENEEKSPYPTTEAPAEE-DEEEPEMPVGPRPRPMSELH 822-867
Anolis        KSNIDEYQPNENEEKNPYPTTEAPGEEEEEEEPEMPVGPRPRPMSELH 850-897
Python        KSNIDEYQPNENEEKNPYPTAETPGEEE-EEEPEMPVGPRPRPMSELH 796-842
Xenopus       -ISVEEFSSNENDEKSPYPSSNETPAEEEEEEPEMPVGPRPRPLSELH 820-866
Nanorana      -INVEDYPSNENDEKSPYPSSNENPGEEEEEEPEMPVGPRPRPLSELH 793-839
Danio         -INIDEYTGEDNEEKNPYPVNDFPGED-DEEEPEMPVGPRPRPLSDIQ 855-900
Latimeria     -IAVEDYQLDGNEEKSSYPVNDFPGEE-EEEEPEMPVGPRPRPLSELQ 817-862
Callorhinchus KIGLDEYQVEENEEKNPYPTNEFPGEE-EEDEPEMPVGPRPRPLSDLQ 855-901

:::   . *::*. :   :    :  *:************:*:::

DDEEDEPE
DDEEDEPE
DDEEEEPE
DDEEDEPE
DDEEEEPE
DDEEEEPE
DDEEEEPE
DDEEEEPE
DDEEEEPD
DDEEEEPE
DDEEEEPE
DDEEEEPE
****:**:

E-DEEEPEM
E-DEEEPEM
E-EEEEPEM
E-DEEEPEM
E-DEEEPEM
EEEEEEPEM
EE-EEEPEM
EEEEEEPEM
EEEEEEPEM
D-DEEEPEM
E-EEEEPEM
E-EEDEPEM

*:****

GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
GGD I
** *

E MP
E MP
E MP
E MP
E MP
E MP
E MP
E MP
E MP
D MP
E MP
E MP
: *

Negatively charged region

Fig. 12.4 Features of Cav1.1 required for depolarisation-induced calcium release (DICR).
Multiple Sequence Alignment (MSA) of the region of the II-III loop of Cav1.1 that is critical
for the DICR-mode of ECC. This region from Homo sapiens Cav1.1 (L720-Q765) was aligned
to corresponding homologues from the following species, using Clustal Omega software (https://
www.ebi.ac.uk/Tools/msa/clustalo/, [164]): Mus musculus (mouse), Monodelphis domestica (grey
short-tailed opossum), Gallus gallus (chicken), Taeniopygia guttata (zebra-finch) Python bivittatus
(Burmese python), Anolis carolinensis (anole, a lizard), Xenopus laevis (African clawed frog),
Nanorana parkeri (High Himayalan frog), Danio rerio (zebrafish), Acipenser ruthenus (sterlet),
Lepisosteus oculatus (spotted gar), Latimeria chalumnae (the coelacanth, a lobe-finned fish) and
Callorhinchus milii (Elephant shark). Positions of these sequences are shown to the right; for
Cav1.1 those from bird and reptile species listed are pooled, since they are 100% identical.
The corresponding region from C.milii is derived from a partial sequence, explaining its distinct
position in this protein. Also shown is an MSA from the corresponding region of Cav1.2
homologues. Below each alignment, asterisks (*) indicate amino acid identity, colons (:) homology
and full-stops (.) similarity. Although these Cav1.2 II-III loops contain a negatively charged central
region, they lack the DICR motif that is highly conserved among Cav1.1 homologues

metazoans, Fig. 12.4. Although limited by the availability or curation of genomes
from basal vertebrates and non-vertebrate chordates, these searches support the
notion that DICR, or skeletal muscle-type ECC, is a vertebrate innovation [10]. All
vertebrate Cav1.1 proteins share the consensus four residue DICR motif followed

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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by a negatively charged region. The only exception to this is an alanine to aspartic
acid substitution in the first residue of the motif, in the Cav1.1 II-III loop of
Callorhinchus milii (the Elephant shark), a basal vertebrate. In contrast, the motif
absent from the II-III loops of all vertebrate Cav1.2 proteins and from Cav1 proteins
from non-vertebrates.

Mapping of the regions of RyR1 that are crucial for bidirectional communication
with Cav1.1 has progressed using a similar combination of biochemical, molecular,
electrophysiological and Ca2+-imaging approaches. The availability of skeletal
muscle myotubes from a transgenic RyR1 knockout mouse, termed dyspedic
(lacking in feet structures), has facilitated determination of the functional effects
of expressing RyR chimeras, deletions and point mutations. By monitoring in
vitro interactions between fusion proteins, it has been demonstrated that a 37
amino acid region of RyR1, Arg1076-Asp1112, interacts with both the II-III and
III-IV cytoplasmic loops of Cav1.1 [132, 134]. Analyses of RyR/RyR2 chimeras
revealed that residues 1837–2168 of RyR1 contribute to DICR, but are not essential
for it [135]. Assessment of additional RyR1/RyR2 chimeras for their ability to
restore DICR and to promote assembly of L-type VGCC complexes into tetrads in
dyspedic myotubes, revealed that multiple regions of RyR1 were important for these
processes. In particular, chimeras containing residues 1635–3720 or 1635–2559
of RyR1 effectively restored DICR, whereas residues 1635–3720 or 2659–3720
strongly promoted tetrad formation [74].

Three regions within vertebrate RyRs, termed the divergent regions (DR1, DR2,
DR3), display the lowest sequence identity between paralogues [136]. Deletion
of DR2 (residues 1303-1406) of RyR1 abolishes DICR, without altering caffeine-
mediated Ca2+ release in dyspedic myotubes. Additional regions of RyR1 must
contribute to skeletal muscle-type ECC, since replacement of its DR2 with that
from RyR2 did not alter reciprocal communication with Cav1.1 [137]. Similarly,
replacement of residues 1-1680 in RyR3 with the corresponding region of RyR1
could restore DICR. Deletion of residues 1272-1455, containing DR2, from RyR1
abolished DICR. However, this region proved to be necessary but not sufficient for
this mode of ECC, since it did not restore DICR to chimeras with an RyR3 backbone
[138]. An N-ethyl-N-nitrosourea mutagenesis approach revealed that an E4242G
mutation of RyR1 inhibited retrograde (RyR1 to Cav1.1), though not orthograde
(Cav1.1 to RyR1) communication with VGCCs [139].

Overall, these investigations indicate that multiple regions of RyR1 participate in
communication with Cav1.1. In the current work, we performed BLAST searches
for the 37 residue RyR1 (R1076-N1112) sequence reported to interact with the II-III
and III-V loops of Cav1.1 [132, 134]. As was the case for Cav1.1, this analysis of
RyR1 lends support to the earlier preposition that DICR arose in vertebrates [10]. In
addition, a partial RyR1 sequence from the lamprey P.marinus contains a sequence
that is closely related to the 37 residue Cav1.1 binding region, Fig. 12.5. Multiple
sequence alignments of this Cav1.1-interacting region of RyR1 homologues, and
comparison with the corresponding region of RyR2 proteins, has uncovered novel
detail of this molecular interaction. The alanine residue at position 1105 and the
arginine at residue 1110 are found in all vertebrate RyR1 homologues examined,
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RyR1
Homo               RAEKSYTVQSGRWYFEFEAVTTGEMRVGWARPELRPD
Mus                RAEKSYAVQSGRWYFEFEAVTTGEMRVGWARPELRPD
Meleagris          RAERSYAVRAGKWYFEFEAVTTGEMRVGWARPQIRPD
Anolis             RAEQFYAIKSGKWYFEFEAVTTGEMRVGWARPNVRPD
Python             RAEQFYAVKSGKWYFEFEAVTTGEMRVGWARPNVRPD
Xenopus            RAEKSYAVKSGKWYFEFEAVTTGEMRVGWARPEVRPD
Nanorana           RAEKSYAVKSGRWYFEFEAVTTGEMRVGWARPEVRPD
Latimeria          RAEKSYAVKSGKWYFEFEAVTTGEMRVGWARPDVRPD
Danio              RAEKQYGVTSGKWYFEFEAVTTGEMRVGWARPNVRSD
Fundulus           RAEKSYAVTQGKWYFEFEAVTTGEMRVGWARPCVRSD
Callorhinchus      RAEKSYAVKTGKWYFEFEAVTVGEMRVGWALPECRPD
Petromyzon         RTERFYAVRTGKWYFEFELVTAGDMRVGWARPGCRPD

*:*: * :  *:****** **.*:****** *  * *

RyR2
Homo               RAEKTYAVKAGRWYFEFETVTAGDMRVGWSRPGCQPD
Mus                RAEKTYAVKAGRWYFEFEAVTAGDMRVGWSRPGCQPD
Meleagris          RTEKTYAVRSGKWYFEFEAVTAGDMRVGWTRPGCLPD
Anolis             RTEKTYAVKTGKWYFEFEAVTAGDMRVGWAKPGCQPE
Python             RTEKTYAVKTGKWYFEFEAVTAGDMRVGWARPGCQPE
Latimeria          RAEKTYAVKSGKWYFEFEAVTAGDMRVGWTRPGCRPD
Danio              RAEKTYCVNGGKWYFELEVVTAGEMRVGWARPGCLPD
Fundulus           RAEKTYCVNAGKWYFELEVITAGEMRVGWARPGCLPD
Callorhinchus      RAEKTYAVKTGKWYFEFEVVTSGDMRVGWIRPSCRPD

*:****.*. *:****:*.:*:*:***** :*.* *:

Fig. 12.5 Conservation of Cav1.1-interacting region from RyR1. Multiple Sequence Align-
ment (MSA) of the 37 amino acid Cav1.1-interacting region of RyR1. This region from Homo
sapiens RyR1 (R1075-N1111) was aligned to corresponding homologues from the species listed
in Fig. 12.4 and the following additional species, using Clustal Omega software [164]: Meleagris
gallopavo (turkey), Fundulus heteroclitus (Atlantic killifish) and Petromyzon marinus (the sea
lamprey). An MSA for the corresponding regions of RyR2 is also shown. Below each alignment,
asterisks (*) indicate amino acid identity, colons (:) homology and full-stops (.) similarity. Yellow-
shaded residues indicate those which are conserved in RyR1, though not in RyR2, suggesting that
they could have a specific role in determining DICR

but are not conserved in RyR2. The threonine at position 1097 is not found in any
RyR2 homologue, but is conserved in all RyR1 proteins, with the exception of those
from the basal vertebrates C.milii and P.marinus, Fig. 12.5. The candidate role of
these conserved residues in DICR is a compelling target for future mutagenesis,
expression and functional reconstitution studies.
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12.5 Junctophilins and ECC: Proteins that Bring It All
Together

Junctophilins (JPHs) are a family of proteins that link intracellular membranes (ER
and SR) to the plasma membrane, thereby promoting formation of junctions [28],
Fig. 12.2. As such, they are critical for formation of CRUs and for supporting
both CICR- and DICR-modes of ECC. This anchoring role is facilitated by
a single ER/SR transmembrane region close to the C-terminus, an intervening
helical domain and eight repeats of a lipid binding “membrane occupation and
recognition nexus” (MORN) repeat motif, distributed between the middle and the
N-terminus of these proteins [140, 141]. JPHs were discovered using an antibody-
based biochemical approach to identify proteins that were highly enriched in rabbit
skeletal muscle triads. Initially, three genes encoding JPHs were identified in mice:
JPH1 is predominantly expressed in skeletal muscle; JPH2 in both skeletal and
cardiac muscle; and JPH3 in the nervous system [28]. A fourth JPH paralogue,
JPH4, was subsequently identified and found to be predominantly expressed in brain
[142], but is also present in T-lymphocytes [143].

Genetic ablation of JPH2 in transgenic mice is lethal prior to mid-gestation, with
the SR of heart tissues becoming enlarged, vacuolated and distributed at a greater
distance from the sarcolemma than in wild-type animals [28]. Cardiomyocytes
from the JPH2 knockout mice display abnormal spontaneous Ca2+-transients,
which are resistant to inhibition by removal of extracellular Ca2+. Overexpression
of JPH2, by means of adenovirus-delivered gene therapy, rescued deficits in
ventricular contractility and T-tubule architecture in a mouse aortic constriction
model of heart failure [144]. Conditional knockdown of JPH2 in mice, using
RNA interference, decreased contractility; increased heart failure and death; and
reduced gain during ECC. This impaired gain is due to enhanced spontaneous
activity of RyR2 in JPH2 knockdown mice, leading to chronic depletion of SR
Ca2+ stores. This indicates that there is an inhibitory interaction between the
two proteins, supported by the observation that JPH2 co-immunoprecipitates with
RyR2 [145]. In the dog left ventricular cardiomyocytes, JPH2 forms complexes
with a range of Ca2+-handling proteins, including RyR2, SERCA2a, calsequestrin
and Cav1.2, increasing the amplitude of Ca2+ currents via L-type VGCCs [146].
Imaging of Ca2+ and single protein molecules in cardiomyocytes from transgenic
mice overexpressing JPH2 showed an enlargement of the physical size of dyadic
CRUs, without an anticipated increase in spontaneous Ca2+ release events. This
was accompanied by an increase in the ratio between JPH2 and RyR2 at these
CRUs, suggesting that these anchoring proteins inhibit gating of the Ca2+ release
channels [147].

JPH1 knockout mice are deficient in milk suckling behaviour and die within a day
of birth. Skeletal muscle from JPH1 deficient mice produces less force in response to
low-frequency electrical stimulation than controls and displays reduced abundance
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of triadic junctions [148]. Both JPH1 and JPH2 can interact with a 12-residue motif,
close to the C-terminus of Cav1.1 (residues 1595-1606, EGIFRRTGGLFG). This
motif is highly conserved amongst vertebrate Cav1.1 and Cav1.2 proteins, but is
not found in mammalian Cav2.1, nor within invertebrate Cav1 homologues. When
expressed in mouse C2C12 myotubes, a dominant negative form of JPH1, lacking
the SR-anchoring transmembrane domain, inhibits DICR without modifying Ca2+
store loading [149]. Again, this implies that JPHs not only act as anchors in the
formation of CRUs, but also regulate the Ca2+ signalling that occurs at these
junctions.

Although the evolutionary history of JPH family has been investigated previously
[150], its deeper relationships with other protein families have not been reported. In
the current study, we have examined the phylogeny of JPHs and related families,
throughout the tree of life. We have found that JPHs form part of a MORN repeat-
containing superfamily of proteins, which contains members in bacteria, archaea
and eukaryotes, suggesting that they arose early during the evolution of cellular
life, Fig. 12.6. In addition to the MORN domain proteins previously reported to
be related to JPHs, namely phosphatidylinositol-4-phosphate 5-kinases (PIP5Ks)
and histone-lysine N-methyltransferases [150], we have found four families of
MORN-repeat proteins (MORN1-4), 2-isopropylmalate synthases, ankyrin repeat
and MYND domain-containing (ANKMY) proteins, radial spoke-head (RSPH)
proteins and alsin-like (ALS) proteins. We have also identified candidate MORN
superfamily members in the genomes of the viruses Pandoravirus dulcis and of
Bodo saltans virus.

It is expected that all of these protein families are able to interact with lipids,
in particular phospholipids, via their MORN repeats. As is the case for JPHs,
certain MORN domain proteins play additional roles in determining the subcellular
distribution and stability of protein complexes. For example, MORN4 family
members act as adaptors, tethering class III myosin motor proteins to membranes
[151]. In eukaryotes, RSPH proteins are located in the central pair of microtubules
of cilia/flagellae and regulate force production by them, via interactions with the
motor protein dynein [152]. Of all members of the MORN repeat superfamily, ALS
proteins are most closely related to JPHs, Fig. 12.6. In humans, alsin is mutated in
amyotrophic lateral sclerosis-2 [153], a disease characterised by progressive loss of
motor neurons, leading to paralysis. ALS regulates endocytosis by activation of the
small G-protein Rab5, again implying that the MORN family has conserved roles in
cellular motility and trafficking [154].

A key difference between JPHs and all other MORN repeat proteins examined
is that the former possesses a transmembrane segment, crucial for localising it to
intracellular organelles. In the current analysis, the most basal organism possessing
a JPH homologue was Salpingoeca rossetta, belonging to the phylum choanoflag-
ellata, a sister group to metazoans, Fig. 12.6. This suggests that the S.rossetta
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Fig. 12.6 Phylogenetic tree of the MORN repeat containing protein superfamily. An exten-
sive evolutionary history of proteins related to JPH1 from Homo sapiens (Accession Number
NP_065698.1), inferred using the Maximum Parsimony method, conducted using MEGA5 [162].
The tree is to scale, with branch lengths corresponding to amino acid substitutions per site,
calculated using the average pathway method [165]. This analysis involved 238 amino acid
sequences, from a range of eukaryotes, archaea and bacteria, the details of which are available
upon request. The clustering of this tree has enabled us to envisage eight distinct families of protein
containing membrane occupation and recognition nexus (MORN) repeat-containing proteins: the
junctophilins (JPH), alsins (ALS), radial spokehead homology (RSPH) proteins, four MORN-
containing families (MORN1 to MORN4) and an ankyrin repeat and MYND domain-containing
protein 1-like (ANKMY-L) family; along with another less clearly defined group of proteins

genome encodes at least three of the proteins required for DICR (RyR, a HVA Cav1,
JPH), but at present there is no experimental evidence to either reject or to support
the hypothesis that this form of Ca2+-signalling operates in a choanoflagellate.
Furthermore, both RyR [80, 81, 155] and JPH homologues were undetectable in
another choanoflagellates species, Monsiga brevicolis, suggesting that S.rossetta
might represent a transitional stage in the evolution of Ca2+ signalling. JPH
homologues were not found in filasterea, another sister group to animals represented
by the organism Capsaspora owczarzaki [88].

In agreement with an earlier study, single JPH homologues were detected in pla-
cozoans (T.adhaerens), poriferans (A.queenslandica) and in cnidarians (N.vectensis
and H.vulgaris) [150]. However, in the previous publication, the cnidarian JPH
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homologues clustered with bilaterian animals such as echinoderms and vertebrates,
whereas in the current work, they formed a separate group clustered with poriferans.
This is likely to reflect the use of a distinct subset of proteins, with a greater range of
JPH homologues from non-bilaterians; and the use of a more robust algorithm for
reconstruction of phylogenetic trees (Maximum-Parsimony instead of Neighbour-
Joining) [156]. Prediction of the transmembrane topology of these JPH homolgues,
using both Phobius (http://phobius.sbc.su.se/ [157]) and THHM (http://www.cbs.
dtu.dk/services/TMHMM-2.0/ [158]) points toward a lack of a transmembrane
spanning segment in these proteins from T.adhaerens, N.vectensis and H.vulgaris.
One explanation for this observation could be poor sequence quality or annotation,
leading to artefactually truncated hypothetical proteins. Alternatively, these basal
metazoan JPH homologues could play roles in the regulation of VGCC channels, as
described for the engineered C-terminally truncated form of mammalian JPH1, that
inhibits gating of Cav1.1 [149].

All other invertebrate genomes analysed are predicted to encode a single JPH
homologue. For only a few organisms, the presence of a JPH homologue has been
verified experimentally. In the nematode worm C.elegans, JPH is transcribed in
muscle cells and knockdown of its mRNA leads to hypolocomotion, supporting a
role in ECC [44]. Tissue-specific knockdown or overexpression of JPH in the insect
D.melanogaster generates similar phenotypes to those that that arise through genetic
modification of its mouse paralogues: skeletal myopathies for JPH1; alterations in
T-tubule formation for JPH2; and neuronal defects in the case of JPH3 and/or JPH4
[159]. This implies that the single JPH protein in an arthropod can be functionally
equivalent to its four mammalian paralogues.

Amongst vertebrates, amphibians, non-avian reptiles and mammals contain
four JPH paralogues (JPH1, JPH2, JPH3 and JPH4), consistent with a 2R-WGD
mechanism of evolution [70]. In contrast, elasmobranch (shark, ray and skate)
and sarcopterygian (lobe-finned fish) genomes encode three JPH paralogues and
lack JPH4, Figs. 12.7 and 12.8. This implies that an early vertebrate ancestor
possessed four JPH genes and that one of these was lost in certain lineages,
although not in others. Our preliminary analyses of teleost fish genomes show
that they encode four JPH homologues, but in contrast to tetrapods (amphibians,
reptiles, birds and mammals), these represent JPH2, JPH3 and a duplicated pair of
JPH1 genes. A mechanism for the evolution of these genes could be duplication
of the three ancestral JPH paralogues during the teleost-specific third round of
WGD [76], followed by losses of one of the copies of JPH2 and of JPH3. In the
tetrapod lineage, birds alone appear to have lost the JPH4 gene. Similar avian-
specific gene losses have been reported for other protein families, such as com-
ponents of the endocrine system that are highly conserved among other vertebrates
[160].

http://phobius.sbc.su.se/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
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(JPH) family of MORN-repeat containing proteins was inferred using the methodology described
in Fig. 12.5. This analysis involved 71 amino acid sequences, with full details being available
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candidate gene losses. This phylogenetic tree indicates that invertebrates possess a single JPH
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paralogues. JPH4 was subsequently lost from fish and birds. In contrast, JPH1 was duplicated
again in the teleost-specific 3R-WGD. Presumably, other JPH types were either not replicated in
this event, or were duplicated and then one of the copies was subsequently lost
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Fig. 12.8 Summary of the Presence of ECC components in metazoa and choanoflagellates.
The presence of Cav1x (or HVA, high voltage-activated) voltage-gated calcium channels, ryan-
odine receptor (RyR) Ca2+ release channels, depolarisation-induced Ca2+-release (DICR) and
junctophilin (JPH) homologues in metazoa and choanoflagellata is indicated. The ‘?’ indicates
that Cav1x member used is unknown; the ‘-‘indicates uncertainty of the mode of ECC employed.
Where homologues of these ECC proteins have been found, the number detected is shown. Further
details are given in Fig. 12.1

12.6 Conclusions and Future Directions

Our phylogenetic analyses and literature review of the evolution of ECC has
generated several new insights into this group of signal transduction mecha-
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nisms. Concordant with the physiological and ultrastructural investigations of other
researchers, we have found that the DICR mode of ECC is likely to be a vertebrate
innovation [10]. The CICR form of ECC is employed in the vertebrate heart and
in different muscle types from the majority of invertebrates. The time at which
this Ca2+ signalling process first appeared is less certain. Choanoflagellates, a
sister group to animals, possess proteins related to those required for CICR and
possibly, even for DICR [27]: RyRs, HVA Cav1 channels, a JPH homologue, VGCC
β-subunits [33] and STAC3 paralogues (JJM, preliminary analyses). This could
represent operation of ECC-like mechanisms in choanoflagellates, or by analogy
to the development of the actin-myosin contractile apparatus [7], the possession of
all components required for this process, prior to its development in the metazoan
lineage.

Distinct modes of ECC are employed by different metazoan groups. RyR
homologues could not be detected in cnidarians or ctenophores, hinting that
ECC is largely dependent on Ca2+-influx via VGCC in these animals. However,
experimental evidence suggests that CICR occurs in some cnidarians, with a likely
scenario being amplification of Ca2+-influx by Ca2+ release via ITPRs. However,
ctenophores also lack detectable ITPR homologues [80].

Some invertebrates, including arthropods, molluscs and lancelets, display forms
of ECC that resemble DICR. This manifests mainly in the apparent lack of
dependency on Ca2+-influx. However, where data are available, RyR and Cav1
proteins of these organisms lack the molecular features that are required for
DICR in vertebrates. Furthermore, their VGCCs are not ordered into tetrads in
junctional membranes, another feature thought to be essential for DICR. Possible
reasons for this discrepancy are either operation of CICR with very high gain, as
proposed for ECC in the abdominal flexor muscles of the shrimp A.lanipes, or a
yet uncharacterised mode of DICR that is distinct from that in vertebrate skeletal
muscle.

The genes encoding proteins involved in ECC have been subject to expansions
and losses in different vertebrate classes. Such events have underpinned the evolu-
tion of vertebrate innovations, such as the DICR-mode of ECC. This is exemplified
in teleost fish, whereby the 3R-WGD process has allowed the development of
duplicated non-conducting VGCCs (Cav1.1a and Cav1.1b) and RyRs (RyR1a and
RyR1b), which operate within distinct skeletal muscle fibre types. A remarkable
example of gene loss appears to have occurred in amphibians, which apparently
lack the gene encoding RyR2. This loss appears to have been compensated for by
the expression of RyR3 and RyR1 in the heart, implying that there might be some
redundancy between these Ca2+ release channels, at least within the CICR-mode of
ECC.

Many of the observations in the current work are based on limited genomic and
experimental data, making some of them tenuous. For improved understanding of
the evolution of ECC, more information needs to be gathered. For example, the
number of genomes sequenced and the quality of the annotation of these data needs
to increase, in particular for some vertebrate species in which key events may have
occurred, such as agnathans and amphibians. Although Ca2+ signalling has been
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explored experimentally in some unicellular eukaryotes, such C.owczarzaki and
Paramecium tetraurelia [155, 81], the roles of ECC proteins in choanoflagellates,
a sister group of animals which lacks muscles, could be particularly informative.
Contemporary technologies, such as genome-editing and determination of three-
dimensional protein structures by cryo-electron microscopy, are likely to reveal the
exquisite interactions that underlie ECC in greater detail, in a wider range of animal
species and their relatives.
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Chapter 13
Molecular Insights into Calcium
Dependent Regulation of Ryanodine
Receptor Calcium Release Channels

Naohiro Yamaguchi

Abstract Ryanodine receptor calcium release channels (RyRs) play central roles
in controlling intracellular calcium concentrations in excitable and non-excitable
cells. RyRs are located in the sarcoplasmic or endoplasmic reticulum, intracellular
Ca2+ storage compartment, and release Ca2+ during cellular action potentials or
in response to other cellular stimuli. Mammalian cells express three structurally
related isoforms of RyR. RyR1 and RyR2 are the major RyR isoforms in skeletal and
cardiac muscle, respectively, and RyR3 is expressed in various tissues along with the
other two isoforms. A prominent feature of RyRs is that the Ca2+ release channel
activities of RyRs are regulated by calcium ions; therefore, intracellular Ca2+
release controls positive- and negative-feedback phenomena through the RyRs. RyR
channel activities are also regulated by Ca2+ indirectly, i.e. through Ca2+ binding
proteins at both cytosolic and sarco/endoplasmic reticulum luminal sides. Here, I
summarize Ca2+-dependent feedback regulation of RyRs including recent progress
in the structure/function aspects.

Keywords Ryanodine receptor · Excitation-contraction coupling · Calcium
release channel · Intracellular calcium · Calmodulin

Transient increase of intracellular Ca2+ concentration plays a pivotal role in numer-
ous cell functions, including muscle contraction, neuronal plasticity, and immune
responses. Multiple sources of Ca2+ are involved in this signaling, including Ca2+
influx from the extracellular spaces and Ca2+ release from intracellular Ca2+ stores:
the endo/sarcoplasmic reticulum (ER/SR), nuclear envelope, and mitochondria
[1–3]. Ryanodine receptors (RyRs) are Ca2+ release channels located in the ER/SR
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Fig. 13.1 A schematic of the RyR Ca2+ release channel regulation by Ca2+. RyRs have been
suggested to possess at least three Ca2+ regulatory sites; cytoplasmic high affinity activation (A)
and low affinity inhibition (I) sites, and luminal regulatory (L) site. Mg2+ inhibits RyRs by binding
to A or I sites. Calcium ions passing through the RyR from ER/SR lumen to the cytoplasm are
considered to bind to RyR-A and I sites and cytoplasmic accessory proteins, CaM and S100A1.
The low affinity luminal Ca2+ binding protein, CSQ, forms a macromolecular complex via its
interaction with RyR accessory proteins, triadin (TRD) and junctin (JTN). CSQ may also bind to
RyR directly

and play a primary role in Ca2+ release from SR during skeletal and cardiac muscle
contraction [4–6]. Additionally, RyRs play an important role in smooth muscle,
neurons, and other cell types by co-existing with another family of Ca2+ release
channels called inositol-trisphosphate receptors [3]. RyRs release Ca2+ from the
ER/SR and are regulated by Ca2+ [4–6], suggesting that RyRs have a self-regulatory
mechanism controlled by Ca2+, i.e. RyR-released Ca2+ regulates the same or
neighboring RyRs. This chapter focuses on the structure-function aspect of RyR
regulation by Ca2+ and Ca2+ binding proteins such as calmodulin and calsequestrin
(Fig. 13.1).

13.1 Molecular Structure of RyRs

In striated muscle, RyRs are localized in the junctional SR membrane in close
proximity to transverse (T)-tubule membranes, invaginations of the plasma mem-
brane into the myofibrils. In skeletal muscle the SR is typically on both sides of
the T-tubule (triad), while in cardiomyocytes, the SR is only on one side of the
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T-tubule (dyad). In both triadic and dyadic junctions, electron microscopy shows
foot structures spanning between the SR and T-tubule [4]. Molecular identification
of RyRs was first performed with rabbit fast twitch skeletal muscle using ryanodine,
a specific ligand of RyRs. Isolated RyRs are homotetramers of a ∼500 kDa
polypeptide. Morphological analysis of the reconstituted purified proteins identified
RyRs as the foot structures [7–10]. Molecular cloning of RyRs showed that
mammals express three different RyR isoforms [11–16]. Skeletal muscle expresses
primarily RyR1. The dominant RyR isoform in cardiac muscle is RyR2. RyR3 was
initially identified in the brain; however, the brain expresses all three RyR isoforms.
Although expression patterns depend on the locations in the brain, in general, RyR2
is widely dispersed over the whole brain [17]. RyR3 is also expressed together with
RyR1 in the diaphragm and slow twitch muscle [18, 19], thus functional character-
ization of RyR1 is mainly performed with fast twitch muscle. In amphibians and
avian skeletal muscle, two RyR isoforms, αRyR and βRyR, are recognized and
correspond to the mammalian RyR1 and RyR3, respectively [20–22].

All three isoforms of RyR have a large cytoplasmic domain, which possesses
multiple regulatory sites for channel activity. The carboxyl-terminal end of the RyR
spans the SR membrane six times, in which a pore helix and the transmembrane
segment form the channel pore [23–27]. RyRs are activated by micromolar Ca2+
and adenine nucleotide, and are inhibited by millimolar Ca2+ and Mg2+ [4–6]. A
number of proteins have been found to interact with RyRs and regulate their channel
activity. These include triadin, junctin, FK506-binding proteins, protein kinases and
phosphatases, and Ca2+ binding proteins such as calmodulin and S100A1. Recently,
cryo-electron microscopy and 3D image reconstruction of the purified full-length
RyRs and crystal structural analysis of truncated recombinant RyRs have detailed
the structures of RyR1 and RyR2 at near atomic resolution [24–30].

13.2 Activation by Cytoplasmic Ca2+

Skeletal and cardiac muscle contractions are triggered by SR Ca2+ release mediated
by RyR1 and RyR2. Two different mechanisms are now recognized to open RyRs.
In skeletal muscle, direct interaction between RyR1 and the T-tubule voltage sensor,
also recognized as the DHP receptor L-type Ca2+ channel (Cav1.1), opens RyR1
during skeletal action potential (voltage-induced Ca2+ release) [31]. Alternatively,
in cardiac muscle, small Ca2+ influx through the cardiac L-type Ca2+ channel
(Cav1.2) increases intracellular Ca2+, and at ∼micromolar concentrations opens
RyR2 by means of Ca2+-induced Ca2+ release (CICR) [32]. The CICR mechanism
was initially recognized in skeletal muscle contraction [33, 34]; however, elimina-
tion of Ca2+ from the extracellular space or blocking Ca2+ influx through Cav1.1
did not abolish voltage-dependent intracellular Ca2+ transients [35, 36]. Thus,
CICR in skeletal muscle (RyR1) is not considered a trigger for muscle contraction.
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Furthermore, slower kinetics of CICR in contrast to the rapid Ca2+ release in
skeletal muscle also supported the idea that CICR is not a physiological trigger
for skeletal muscle contraction [37]. However, CICR may play a role in amplifying
Ca2+ signaling by activating RyR1s which do not couple with DHP receptors or
the small population of RyR3s [38]. Calcium-dependent activation of RyR1 can be
altered by RyR1 missense mutations associated with skeletal myopathies such as
malignant hyperthermia, thus, CICR may impact these pathologies [37, 39]. Ca2+-
dependent activation of RyRs has been well characterized using isolated membrane
fractions, intact cells and muscle fibers, purified RyR proteins, and recombinant
RyRs by several different methods including muscle tension measurements, Ca2+
flux measurements using Ca2+ indicator dyes or radioactive 45Ca2+, single channel
recordings, and specific ligand ([3H]ryanodine) binding assays [37, 40, 41]. All
three mammalian RyR isoforms are activated by ∼0.5–5 μM Ca2+ depending
on assay conditions. Several potential Ca2+ binding sites were initially identified
using truncated RyR1 proteins and 45Ca2+ overlays [42–44]. Subsequently, site-
directed mutagenesis showed that E3987 in RyR2 (E4032 in RyR1) was critical for
Ca2+-dependent activation of RyRs [45, 46]. The mutant RyRs showed impaired
Ca2+ dependent activation in single channel recordings and [3H]ryanodine binding
assay. E4032A-RyR1 expressing myotubes were impaired in caffeine-induced Ca2+
release, but the aberrant function was restored in the presence of ryanodine [47].
Recently, near-atomic level cryo-electron microscopy analysis of RyR1 (∼4 Å
resolution) determined the open and closed state conformations of RyR1 [30].
The structure of RyR1 with 30 μM Ca2+, which is optimal for RyR activation,
identified a new Ca2+ binding site in RyR1. The Ca2+ binding site is formed by 3
essential amino acids, E3893, E3967, and T5001, together with two auxiliary amino
acids, H3895 and Q3970, for secondary coordination of the Ca2+ sphere [30]. In
this structural model, E4032 is distal from the bound calcium ion, but forms an
interface with carboxyl terminal tail where T5001 locates. This suggests that E4032
contribute to stabilize the conformation of Ca2+ bound RyR1 [30]. Murayama
and colleagues introduced point mutations on RyR2 amino acids corresponding to
the RyR1 E3893, E3967, and Q3970, and found that the mutations altered Ca2+-
dependent activation of RyR2 [48]. These functional results support the idea that
the identified Ca2+ binding site serves as a functional Ca2+ regulatory site. Further
detail analysis including assessments of other amino acids combined in the presence
of other channel agonists and antagonists will further advance structure and function
relationship of Ca2+-dependent activation of RyRs. Another ∼6 Å resolution cryo-
electron micrograph of RyR1 suggested that 10 mM Ca2+ changed the conformation
of the EF hand-type Ca2+ binding domain of RyR1; therefore, it was proposed as a
Ca2+ activation site [24]. However, studies with recombinant proteins including the
EF hand domain showed Ca2+ affinity was >60 μM [49, 50], which is much higher
than the RyR-activating Ca2+ concentration. Also, functional study scrambling of
the EF hand sequence in RyR1 and deletion of the entire EF hand in RyR2 did
not affect the Ca2+ activation of RyRs [51, 52]. Considering that the structural
analysis was determined with 10 mM Ca2+, the EF hand site is likely to be a Ca2+
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inactivation site [53]. We also found that the EF hand domain contributes to the
isoform-specific regulation of RyRs by calmodulin (see below) [54].

Ca2+-dependent activation of RyR1 and RyR2 are similar in single chan-
nel recordings and flux measurements in the SR vesicles; however, Ogawa and
colleagues pointed out that RyR2 in rat ventricular SR or as a recombinant
form exhibited a suppressed activity at 10–100 μM Ca2+ using [3H]ryanodine
equilibrium binding assay [55]. Similar suppressed RyR2 activities were observed
in our own study with rabbit recombinant RyR2 using the same technique [56].
Surprisingly, this suppressed activity was restored by ∼1 mM Mg2+ [55], which
is usually considered to be an inhibitor of RyR channel activity by competing off
Ca2+ at the Ca2+ activation site or binding to the Ca2+ inhibitory site [40, 57].
RyR2 in the rabbit ventricular SR showed this suppression only when AMP or
caffeine, RyR activators, were added, suggesting that the suppressed effects depend
on the type of RyR2 sample. One possibility for this mechanism is therefore that
regulatory factors were removed during the sample preparations. Another possible
explanation is that the RyR2 conformation is not very stable under long time
(>8 h) equilibrium conditions in the [3H]ryanodine binding assays. We found that
replacement of the RyR1-EF hand domain with corresponding RyR2 sequence or
the introduction of point mutations in the cytoplasmic loop between the second and
the third transmembrane segments (S2-S3 loop) of RyR1 resulted in suppressed
activity at 10–100 μM Ca2+ [53, 58]. The results suggested that the EF hand and
S2-S3 cytoplasmic loop of RyRs are involved in the conformational stability and
Ca2+-dependent regulation (activation/inhibition) of RyR channels.

13.3 Inhibition by Cytoplasmic Ca2+

While RyRs are activated by micromolar cytosolic Ca2+, higher concentrations of
Ca2+ (>1 mM) inhibit RyR channel activities. Thus, RyRs have a high affinity Ca2+
activation site and a low affinity Ca2+ inactivation site (A and I sites, respectively in
Fig. 13.1). These sites are also implicated in Mg2+ inhibition, namely submillimolar
Mg2+ competes with activating Ca2+ at A site and millimolar Mg2+ binds to
the I site for inhibitory effect [57, 59]. Although the physiological significance
of RyR inactivation by millimolar levels of Ca2+ has been questioned, local rise
of cytosolic Ca2+ around the RyRs may be sufficient to inhibit RyR channel
activity. Single channel recording showed that Ca2+ flux from the lumen to the
cytosolic side resulted in a decrease of open probability of both the RyR1 and
RyR2 channel, supporting Ca2+-dependent inactivation of RyRs by the released
Ca2+ in intact tissues [60, 61]. All three mammalian isoforms of RyR are inhibited
by high concentrations of Ca2+; however, affinity for inhibitory Ca2+ in RyR1
is 5–10 times higher than those in RyR2 and RyR3 [6, 53, 62]. Deletion of
52 amino acids including a large cluster (42 amino acids) of negatively charged
amino acids in RyR1 resulted in a threefold decrease in Ca2+ inactivation affinity
[63]; yet, this change in the local electrostatics property may have caused a large
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Fig. 13.2 High resolution cryo-electron microscopy structure of RyR1. The closed state
of RyR1 (Protein Data Bank Accession 5TB0 [30]) is presented by UCSF Chimera program
(https://www.cgl.ucsf.edu/chimera/) [121]. (Left panel) Structure of tetrameric RyR1. TM denotes
transmembrane region. (Right panel) Enlargement of region marked with red circle in left panel.
The EF hand domain (red) is shown to be adjacent to the S2-S3 loop (blue) in the neighboring
subunit [25]. In this structure, Gly4733 and neighboring amino acids are located in close proximity
to the EF hand domain, and point mutations on these amino acid residues altered Ca2+-dependent
inactivation of RyR1 [58]. Thus, the S2-S3 loop of RyR may transduce its Ca2+-dependent
inhibitory signal through the EF hand domain. Note that the S2 transmembrane (green) has also
been shown to be involved in Ca2+-dependent inactivation of RyRs [53]

conformational change. Construction and characterization of RyR1/RyR2 chimeras
highlighted differences of Ca2+-inactivation affinity between the two RyR isoforms.
Chimeric RyRs showed that RyR isoform specific Ca2+ inactivation depends on the
sequence of the carboxyl-terminal quarter (∼1000 amino acids) [62, 64, 65]. Further
characterization suggested that the second transmembrane segment (S2) and EF
hand type Ca2+ binding motifs are involved in the isoform-specific Ca2+-dependent
inactivation of RyRs [53]. In agreement with these observations, scrambling one
EF hand sequence (EF1) in RyR1 resulted in a twofold reduction in the affinity of
Ca2+-dependent inhibition [51]. In near-atomic level cryo-electron microscopy, the
EF hand domain and S2-S3 cytoplasmic loop are in close proximity [25]. In another
structural model, 10 mM Ca2+ changed the conformation of the EF hand domain
[24]. Site-directed mutagenesis of the S2-S3 loop of RyR1 impaired the affinity for
Ca2+-dependent inactivation, and resulted in RyR2-type Ca2+-dependent activity
profiles [58]. Considering the Ca2+ affinity of the recombinant EF hand domain
(60 μM-4 mM) [49, 50], the Ca2+ inactivation site of the RyR is the EF hand
motif. One possible mechanism is that the S2-S3 loop transduces the signal of
Ca2+ binding to the EF hand domain to the channel pore region including S2
[58]. It should be noted that a point mutation in G4733 of RyR1, which is in
close proximity to the EF hand domain (Fig. 13.2), significantly suppressed Ca2+-
dependent inactivation [58].

https://www.cgl.ucsf.edu/chimera/
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13.4 Regulation by Luminal Ca2+

RyRs could also be regulated by SR luminal Ca2+, as during Ca2+ release the
junctional SR Ca2+ concentration drastically drops. This suggests that RyR channel
gating can be regulated directly by luminal Ca2+; e.g. SR Ca2+ filling status
regulates RyR channel opening and closing. It is known that the SR Ca2+ store
with a certain level of Ca2+ exhibits spontaneous Ca2+ release in mammalian
cardiac muscle cells [66, 67]. Chen and colleagues found that the store overload-
induced Ca2+ release (SOICR) was observed in heterologous cells expressing
recombinant RyR channels; therefore, it is likely an intrinsic property of RyRs.
[68]. SOICR mechanisms were implicated in the aberrant Ca2+ signaling found in
RyR mutation-related skeletal and cardiac muscle diseases [68–70]. The muscular
disease-associated RyR mutations reduce the threshold for SOICR; therefore,
spontaneous Ca2+ release (Ca2+ spills) occurs when the SR Ca2+ store loading is
increased by the triggers of pathologies such as catecholamine release. The luminal
Ca2+-sensing gate of RyRs was investigated by site-directed mutagenesis, revealing
that E4872 on the inner pore helix (S6 transmembrane segment) of RyR2 is essential
for luminal Ca2+ activation of RyR2 and SOICR [71]. Knock-in mice harboring the
E4872Q-RyR2 mutation were resistant to Ca2+-dependent ventricular tachycardia,
suggesting that SOICR is a critical mechanism for arrhythmogenesis [71].

It also should be noted that luminal Ca2+ can also access cytosolic Ca2+
activation and inactivation sites [60, 61] (Fig. 13.1). In single channel measurements
of RyR1 and RyR2, luminal Ca2+ passed through RyRs to the cytosolic side
in conjunction with potassium ions under a voltage gradient, and activated and
inhibited the same RyR channels depending on luminal Ca2+ concentration [60, 61],
which suggests that during excitation-contraction coupling, local cytoplasmic Ca2+
concentrations can reach millimolar levels and are sufficient for Ca2+-dependent
inactivation of RyRs.

13.5 Regulation by Calmodulin and S100A1

Calmodulin (CaM) is a 16.7-kDa protein that possesses 2 EF hand-type Ca2+
binding sites on both the amino and carboxyl-terminal. Thus, CaM works as a Ca2+
sensing subunit of multiple ion channels [72]. CaM modifies RyR channel function
independently from regulation by Ca2+; therefore, RyRs have “dual” cytosolic Ca2+
dependent regulatory mechanisms (direct and indirect). RyRs are regulated by not
only the Ca2+ bound form of CaM, but also by CaM at cellular resting Ca2+
concentrations (∼0.1 μM). Ca2+ bound CaM inhibits all three mammalian isoforms
of RyR, while CaM activates RyR1 and RyR3 and inhibits RyR2 at submicromolar
Ca2+ concentrations [73–77], suggesting that CaM constitutively binds to RyRs
to regulate their channel activities by sensing cytoplasmic Ca2+ concentrations. In
vitro experiments also showed that CaM regulation of the RyR depends on redox



328 N. Yamaguchi

state. Affinities for CaM regulation of RyR channel activity at the oxidized condition
are 2–20 fold lower than at the reduced condition [77, 78]. The results are consistent
with observations that CaM is dissociated from RyR2, resulting in a Ca2+ leak from
SR in failing hearts [79], in which the redox balance possibly shifts to the more
oxidized condition [80, 81].

Purified RyR1 and RyR2 as well as the recombinant RyR3 bind 4 CaM per
tetrameric RyR, i.e. one RyR subunit binds one CaM [56, 77, 78, 82]. The CaM
binding and regulatory domain was identified by trypsin digestion, binding of
synthetic RyR1 peptides, and site directed mutagenesis of RyR1 amino acids 3614–
3643 [82–84]. This domain was confirmed to be conserved in RyR2 and RyR3 by
site-directed mutagenesis [56, 78]. Crystal structure analysis of a synthetic RyR1
peptide (amino acids 3614–3643) and CaM complex revealed that the carboxyl-
terminal lobe of CaM binds to the peptide, while the amino-terminal lobe binds
with low affinity or is free [85], which may explain that multiple RyR domain
peptides or fusion proteins can bind to CaM [44, 86–88]. Point mutations in RyR1
3614–3643 or the corresponding RyR2 and RyR3 domains eliminated CaM binding
and regulation of channel activities [56, 78, 82, 89]; thus, this conserved domain
likely plays a primary role for CaM-dependent regulation. Although the primary
CaM regulatory domain is well conserved, RyR isoform-specific CaM regulation
at submicromolar (cellular resting level) Ca2+ concentrations, namely activation
of RyR1 and RyR3 versus inhibition of RyR2, was investigated using RyR1/RyR2
chimera channels. Replacing the flanking regions of the RyR2 CaM binding domain
with the RyR1 sequence abolished CaM regulation of RyR2 at submicromolar Ca2+
concentrations [90]. More recently, the EF hand domain and large N-terminal region
were shown to be important for isoform-specific CaM regulation of RyRs [54].
These domains possibly mediate long-range interaction between the CaM binding
domain and the functional effects on the channel, as the CaM binding domain is
∼10 nm apart from the RyR channel pore region in cryo-electron micrographs [91].

In vivo significance of CaM regulation of RyR1 and RyR2 was studied
with genetically modified mice. Knock-in mice carrying point mutations in the
RyR2 CaM regulatory domain (W3587A/L3591D/F3603A: ADA mutations)
were impaired in CaM binding and regulation of cardiac RyR2 [89]. The mice
showed rapidly developing cardiac hypertrophy and died 2–3 weeks after birth.
Cardiomyocytes isolated from the mutant mouse hearts exhibited long durations of
the spontaneous Ca2+ transients or Ca2+ sparks, indicating that CaM inhibition of
RyR2 contributes to the termination of SR Ca2+ release, which is important for heart
physiology and growth [89, 92]. The knock-in ADA mice were impaired in CaM
regulation of RyR2 at both diastolic (submicromolar) and systolic (micromolar)
Ca2+ concentrations, while knock-in mice with a single mutation (L3591D), were
only impaired in CaM regulation of RyR2 during diastole and showed more modest
levels of cardiac hypertrophy, suggesting that CaM regulation of RyR2 at systolic
Ca2+ levels plays a major role in vivo [93]. The corresponding RyR1 mutation
(RyR1-L3624D) attenuated both CaM activation and inhibition at submicromolar
and micromolar Ca2+ concentrations [82]. However, knock-in mice carrying RyR1-
L3624D showed only modest effects on skeletal muscle excitation-contraction
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coupling without lethality, suggesting that CaM regulation of RyR1 plays a minor
role in skeletal physiology [94]. More recently, missense mutations in calmodulin
genes were identified in patients with catecholaminergic polymorphic ventricular
tachycardia (CPVT) [95], in which CaM mutations likely alter RyR2 regulation
[96–98]. Thus, the CaM-RyR2 interaction can be a good therapeutic target for the
cardiac pathologies [99].

S100A1, another EF hand type Ca2+ binding protein, is also expressed in
skeletal and cardiac muscle and regulates intracellular Ca2+ signaling by interacting
with multiple Ca2+ handling proteins including RyRs [100–103]. Competitive
binding experiments showed that S100A1 shares a common binding site on RyR1
with CaM [104, 105]. Consistently, the L3624D-RyR1 mutation impaired both
CaM and S100A1 activation of RyR1 at submicromolar Ca2+ concentrations in
single channel recordings [94]. On the other hand, the corresponding L3591D-
RyR2 mutation abolished CaM regulation only at submicromolar Ca2+ level, while
S100A1 regulation of the mutant RyR2 was impaired at both submicromolar and
micromollar Ca2+ concentrations [93]. The mutations and functional experiments
suggested that S100A1 and CaM do not share exactly the same binding site in RyR2.
Recent FRET experiments also showed that S100A1 interacts allosterically with the
CaM binding site in RyR1 and RyR2 rather than through direct binding [106].

13.6 Regulation by Calsequestrin

On the SR luminal side, the low affinity but high capacity Ca2+ binding protein,
calsequestrin (CSQ), localizes to the junctional SR [107, 108]. RyR-associated
proteins, triadin and junctin appear to anchor CSQ to the junctional SR through
charge interactions [109–111] (Fig. 13.1). In addition, it was recently shown that
cardiac CSQ could also directly bind to the luminal side of RyR2 [112]. Two
isoforms, CSQ1 and CSQ2, are dominantly expressed in skeletal and cardiac
muscle, respectively. Direct regulation of RyR channel activities by CSQ have been
investigated by planar bilayer single channel recordings, where luminal conditions
can be controlled. CSQ regulates the RyR channel in a luminal Ca2+ concentration
dependent manner. With high luminal Ca2+ concentrations, CSQ was dissociated
from the RyR accessory proteins, triadin and junctin, while CSQ inhibited the
RyR channel through the accessory proteins at the intermediate Ca2+ concentration
[113–115].

Gene knockout of the CSQ in mice demonstrated both its physiological and
pathological significance. CSQ1 (Casq1) knockout mice were viable and fertile;
however, modest structural and functional changes were observed in the fast twitch
skeletal muscle. Ablation of CSQ1 resulted in slightly slower force development and
relaxation of the fast twitch muscle. Structural analysis showed that CSQ1 knockout
muscle exhibited low SR volume and high mitochondria density, suggesting that
CSQ1 is important for muscle development [116]. CSQ2 has been implicated in
cardiac pathology. Missense mutations in human CASQ2 gene, resulting in gene



330 N. Yamaguchi

knockout or single amino acid substitutions, were found in patients afflicted with
catecholaminergic polymorphic ventricular tachycardia [117, 118]. Both mouse
models exhibited arrhythmogenesis under the stress conditions of exercise or
catecholamine infusion [119, 120]. Consistently, intracellular Ca2+ handling was
altered by catecholamine in mutant cardiomyocytes isolated from mouse hearts.
These results indicate that CSQ2 regulation of SR Ca2+ and RyR2 channels is
pathologically important.

13.7 Closing Remarks

Almost 50 years have passed since Ca2+-induced Ca2+ release, that we now know
is associated with Ca2+-dependent activation of RyR, was first reported [33, 34].
In the last 20 years molecular biology and genetic techniques greatly advanced
our understanding of the structure/function relationship of RyR channel regulation
by small molecules and proteins. More recently, high resolution three dimensional
structural analyses have revealed the detailed protein conformations of the RyR
channel complexes under different conditions corresponding to the open/closed
channels [24–27, 30]. Combining these approaches and using computational mod-
eling will provide more detailed molecular insights into RyR regulation by Ca2+
and Ca2+ binding proteins at near atomic levels.
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Chapter 14
Sarco-Endoplasmic Reticulum Calcium
Release Model Based on Changes in the
Luminal Calcium Content

Agustín Guerrero-Hernández, Víctor Hugo Sánchez-Vázquez,
Ericka Martínez-Martínez, Lizeth Sandoval-Vázquez, Norma C. Perez-Rosas,
Rodrigo Lopez-Farias, and Adan Dagnino-Acosta

Abstract The sarcoplasmic/endoplasmic reticulum (SR/ER) is the main intracel-
lular calcium (Ca2+) pool in muscle and non-muscle eukaryotic cells, respectively.
The reticulum accumulates Ca2+ against its electrochemical gradient by the action
of sarco/endoplasmic reticulum calcium ATPases (SERCA pumps), and the capacity
of this Ca2+ store is increased by the presence of Ca2+ binding proteins in the
lumen of the reticulum. A diversity of physical and chemical signals, activate the
main Ca2+ release channels, i.e. ryanodine receptors (RyRs) and inositol (1, 4, 5)
trisphosphate receptors (IP3Rs), to produce transient elevations of the cytoplasmic
calcium concentration ([Ca2+]i) while the reticulum is being depleted of Ca2+.
This picture is incomplete because it implies that the elements involved in the
Ca2+ release process are acting alone and independently of each other. However,
it appears that the Ca2+ released by RyRs and IP3Rs is trapped in luminal Ca2+
binding proteins (Ca2+ lattice), which are associated with these release channels,
and the activation of these channels appears to facilitate that the trapped Ca2+
ions become available for release. This situation makes the initial stage of the
Ca2+ release process a highly efficient one; accordingly, there is a large increase
in the [Ca2+]i with minimal reductions in the bulk of the free luminal SR/ER
[Ca2+] ([Ca2+]SR/ER). Additionally, it has been shown that active SERCA pumps
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are required for attaining this highly efficient Ca2+ release process. All these data
indicate that Ca2+ release by the SR/ER is a highly regulated event and not just
Ca2+ coming down its electrochemical gradient via the open release channels. One
obvious advantage of this sophisticated Ca2+ release process is to avoid depletion
of the ER Ca2+ store and accordingly, to prevent the activation of ER stress during
each Ca2+ release event.

Keywords Endoplasmic reticulum (ER) · Sarcoplasmic reticulum (SR) ·
Ryanodine receptors (RyRs) · IP3 receptors (IP3Rs) · Sarco-endoplasmic
reticulum calcium ATPase (SERCA pump) · Free luminal ER [Ca2+] ([Ca2+]ER) ·
Cytoplasmic [Ca2+] ([Ca2+]i) · Calcium buffer capacity · Kinetics on demand
(KonD)

14.1 Elements of the SR/ER Involved in Ca2+ Release

14.1.1 Calcium Ion as Second Messenger

A transient elevation of the cytoplasmic calcium concentration ([Ca2+]i) leads to
changes in a large array of cellular functions [1]. These are muscle contraction,
gland secretion, neurotransmission, respiration, cell movement, cell proliferation,
gene transcription, cell death, among others. There are two main sources of calcium
ions, the external milieu and the intracellular calcium stores [2]. The latter, in turn,
are formed by two main Ca2+ pools, the sarco-endoplasmic reticulum and the acidic
Ca2+ stores. This review will focus on the former rather on the latter. However,
before reviewing what we know on how the sarco-endoplasmic reticulum provides
Ca2+ for different cellular events, we will discuss some principles associated with
Ca2+ ion as one of the many different second messengers that cells use to respond
to changes in the environment.

Calcium ions are toxic in principle [3], since a sustained elevation of the [Ca2+]i
leads to cell death. For this reason cells invest a considerable amount of energy,
coming directly or indirectly from ATP hydrolysis, to keep cytoplasmic [Ca2+] in
the 100 nM range by actively transporting this ion to either outside the cell or inside
intracellular compartments [2]. The latter are known as intracellular Ca2+ stores.
Generally, second messengers are molecules synthesized and degraded by enzymes,
which are essential in the initiation and termination of second messenger activities.
However, the situation of Ca2+ being a second messenger is different, in this case
Ca2+ is moved from one cell compartment to another and those concentration
changes are recognized by proteins that lead to changes in cell behavior [2].
Therefore, the plasma membrane and the different intracellular membranes are
endowed with a large variety of Ca2+ permeable ion channels that respond to
different stimuli. Accordingly, the diffusion of Ca2+ through the open pore of
these proteins occurs in response to different signals that are physical (voltage,
heat, pressure) or chemical (hormones, neurotransmitters, etc.) in nature. Once the
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[Ca2+]i has been elevated by the increased activity of Ca2+ permeable ion channels,
this divalent cation is bound by two different types of proteins, buffers and effectors,
the former limit the increase of the [Ca2+]i and this gives time to Ca2+ pumps to
expel this ion out of the cytoplasm, while the latter are characterized by the ability
of forming a Ca2+-protein complex that modifies the activity of different enzymes
(kinases, phosphatases, proteases, etc.) that change the cell behavior allowing cells
to adapt and respond to different stimuli [2, 4].

14.1.2 Intracellular Calcium Stores

It has become evident then that intracellular Ca2+ pools are, at the same time,
sources of Ca2+ in response to certain stimuli [1, 5] and also Ca2+ buffering
compartments that help cells survive the cytotoxic effect of increased [Ca2+]i [6–
8]. This paradoxical situation has been the motor behind the evolution of very
interesting solutions that will be reviewed below. There are basically two different
types of internal Ca2+ stores, one represented by the sarcoplasmic/endoplasmic
reticulum (SR/ER) and the other referred to as acidic Ca2+ store. The former is
a single organelle while the latter encompasses a variety of organelles that have a
luminal pH below 7.0, these are the Golgi apparatus [9, 10], lysosomes [11] and
secretory granules [12], among other organelles. These two different types of stores
can be observed using electron microscopy to detect intracellular sites with elevated
[Ca2+] [13, 14]. Alternatively, these two stores can be observed by depleting the
SR/ER followed by maneuvers to alkalinize and open Ca2+ permeable channels in
the acidic organelles [10, 15].

The SR/ER is a membrane organelle that traverses all the cytoplasm. Actually, it
forms the nuclear envelope and for this reason this organelle goes from the nucleus
all the way to the plasma membrane at the periphery of the cell [16–18]. The
reticulum is formed by tubules and saccules that are interconnected and it appears
that their lumen do not have any diffusion barriers [7, 19–21]. At the same time these
reticular structures are dynamic because they can move, to a certain degree, within
the cytoplasm; using the microtubules as their rail-roads [17, 22, 23]. Reticular
membranes also have the characteristic of being highly fusogenic, resulting in a
constant reshaping of the reticulum [22–24].

The endoplasmic reticulum of muscle cells is the sarcoplasmic reticulum and,
particularly in striated muscle cells, it has specialized in moving large quantities
of Ca2+ for both muscle contraction and relaxation [25, 26]. In non-muscle cells,
the endoplasmic reticulum is the main intracellular Ca2+ store, although this
organelle also carries out many more functions such as protein and phospholipid
synthesis, drug detoxification, synthesis of cholesterol, etc. [17]. The function
of the sarcoplasmic/endoplasmic reticulum as Ca2+ store involves the following
essential elements: (a) Ca2+ pumps to accumulate this ion in the store, against its
electrochemical gradient, (b) release Ca2+ permeable channels and (c) luminal Ca2+
binding proteins that increase the capacity of the lumen to accumulate Ca2+ in the
store. The characteristics of each one of these elements will be reviewed briefly.
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14.1.3 SERCA Pumps

SERCA stands for Sarco-Endoplasmic Reticulum Calcium ATPase, is an SR/ER
integral membrane protein codified by three different genes, ATP2A1, ATP2A2 and
ATP2A3. All three messenger RNAs from these genes show alternative splicing
in the 3′ end region, generating a large assortment of SERCA pumps. SERCA1a
is the fastest pump and it is expressed in fast-twitch skeletal muscle, SERCA2a
is expressed mainly in heart cells and SERCA2b is called house-keeping pump
because it is present in smooth muscle cells and non-muscle cells having an ER
[27].

Catalytic cycle of SERCA pumps consists of binding two Ca2+ ions from the
cytoplasm, this in turn promotes ATP binding followed by SERCA own phospho-
rylation in a highly conserved aspartic residue, which results in conformational
changes that close the access of cytoplasmic Ca2+ to the protein, and these would
allow access to the lumen of the endoplasmic reticulum with a reduced affinity for
Ca2+. In the end, cytoplasmic Ca2+ is delivered into the lumen of the SR/ER in
exchange for protons. This final event promotes dephosphorylation of the enzyme
to reinitiate another catalytic cycle [28]. All these steps in the catalytic cycle involve
large conformational changes whose structures have been determined by X-ray
diffraction studies [29]. This series of conformational changes has very interesting
implications for cell physiology. The slow rate of 100–1000 ions/second showed by
SERCA pump [30] does not counteract the much higher Ca2+ rate of one million
ions/sec in the RyR [31]. The leak activity of release channels then could be critical
because it would impose an energy burden on the cell that could easily drain all
its energy resources [32]. Accordingly, SERCA pump is one of the thermogenic
sources in the body [33], to the extent that increased Ca2+ leakage from the SR,
that in turn accelerates SERCA pump activity, can lead to malignant hyperthermia,
a fatal side effect of anesthetics, like halothane, this complication can be overcome
by using dantrolene, an inhibitor of Ca2+ release channel, by reducing the SR Ca2+
leak [34]. Furthermore, deletion of sarcolipin (a protein proposed to switch SERCA
pump from Ca2+ translocation to thermogenesis) generates obese mice with the
development of insulin resistance [35]. Thus, this catalytic cycle is essential for
SERCA pump to produce heat and to accumulate Ca2+ in the lumen of the SR/ER.

It is easy to see then that any interference with the SERCA pump catalytic cycle
will result in inhibition of its activity. It has been described a large variety of SERCA
pump inhibitors that are either codified by the same cell or are chemicals from other
sources. The former involve a series of peptides that are small, single span integral
membrane proteins, that by binding to SERCA they inhibit its pump activity;
these are phospholamban and sarcolipin [36], myoregulin, endorgulin, and another-
regulin [37]. The second group of SERCA pump inhibitors comprises chemicals
that bind to SERCA pump and inhibit the catalytic cycle, these are thapsigargin,
cyclopiazonic acid and tert-butyl hydroquinone [38, 39]. Additionally, high levels
of cholesterol and saturated fatty acids can also inhibit the activity of SERCA pump,
allegedly by increasing the rigidity of the ER membrane [40]. Interestingly, it has
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been found a peptide, codified by a long-noncoding RNA, named DWORF, which is
able to increase the activity of SERCA pump by displacing the inhibitory peptides
from the SERCA pump [41]. It is becoming clear that the activity of SERCA pump
not only respond to an increase in the [Ca2+]i but also to the presence of these
regulatory peptides.

14.1.4 Calcium Release Channels

There are two main Ca2+ release channels in the SR/ER. The SR expresses the
Ryanodine Receptor (RyR) while the ER is endowed with the IP3R [42, 43].
These release channels are tetramers that form Ca2+ permeable, non-selective cation
channels [44]. Both types of channels are activated by low cytoplasmic [Ca2+] and
inhibited by higher concentrations of this divalent cation [45, 46]. The majority of
the protein is facing in the cytoplasm and only a small fraction, in the carboxy
terminal region of this protein, is inserted in the sarco-endoplasmic reticulum
membrane to form the ion channel pore. Release channels are tetrameric, Ca2+
permeable non selective cation channels and each subunit of the RYR is more
than 5000 amino acids long (the whole channel weighs around 2.2 MDa) while
each subunit of the IP3R is around 2500 amino acids long (the whole channel
weight close to 1 MDa). There are three different genes for each one of these
release channels and each gene produces alternative splicing isoforms. RyR1 is
expressed mainly in fast-twitch skeletal muscle and is activated by what is known as
mechanical coupling [47]. The membrane depolarization of the T tubules generates
conformational changes in the voltage-gated calcium channels (VGCC, specifically
the dihydropiridine receptor) that are directly transmitted to the RyR1 resulting in
one of the fastest Ca2+ release events (1–2 msec time to peak). The key issue here
is that RyRs in the SR require making contact with VGCC in the T tubules of the
plasma membrane. Typically, each one of the subunits of RyRs connects with one
VGCC, so one RyRs is connected with four VGCC. The RyRs alternate between
those connected to the VGCC and those that are not connected, and the idea is
that calcium-induced calcium release (CICR) would be activating those RyRs that
are not connected [42]. The isoform 2 of RyR is expressed in heart cells and in
this case the association with VGCCs is not that clear, RyR2s are not connected
physically to VGCC, but these two proteins are located very close to each other
[48]. The Ca2+ entering via VGCCs triggers the activation of RyR2s to produce
Ca2+ release that results in heart cell contraction. It has been calculated that for
all the Ca2+ involved in contraction, as much as 90% can be provided by RyR2s
and only a small fraction by VGCCs, although these figures vary according to the
species studied [49]. Finally, RyR3 was the last one to be cloned and is present in
different type of cells, for instance in the diaphragm, brain cells and smooth muscle
cells [47]. Actually, it is very interesting that smooth muscle cells express all three
RyRs with different localization within the SR [50]. RyRs in smooth muscle cells
appear to be involved more in relaxation than contraction [51], the idea here is that
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localized Ca2+ release events involving the activation of RyRs, which are known as
Ca2+ sparks, would activate Ca2+-dependent, high conductance potassium channels
that are heavily expressed in smooth muscle cells, this would result in membrane
hyperpolarization and concomitant deactivation of VGCC, which provide most of
the Ca2+ involved in smooth muscle contraction. This is the case because CICR is
rather inefficient in smooth muscle cells [52, 53].

The IP3R is activated by the combination of Ca2+ and IP3 in a very complex
manner, to the extent that IP3Rs are activated in a very small window of IP3
concentration [46]. This is very important because there is no correlation between
the amount of IP3 produced and the amplitude of the [Ca2+]i response, actually,
the main difference is time, because if an agonist produces a large amount of IP3,
this will reach the threshold for Ca2+ release, before the other agonist that has a
much lower rate of IP3 production [54, 55]. The IP3 binding site is located in the
amino terminus of the protein, while the ion channel is formed by the carboxy end
of the IP3R. The structure of this channel revealed by cryo-electron microscopy
has shown that the very end of this protein, the carboxy terminal domain (CTD),
is an alpha helix that goes all the way from the channel domain to contact the
IP3 binding region of the next subunit. This peculiar conformation of CTD might
explain the allosterism displayed by IP3 and Ca2+ to activate this release channel
[56]. In addition to IP3 and Ca2+ there are a number of proteins that can modulate
the activity of IP3Rs, examples are RACK, IRBIT, Homer, BCL2, Presenilin,
Huntingtin, among others [57]. Thus, the activity of release channels is under the
control of a large series of chemicals and protein interactions.

14.1.5 Luminal Calcium Binding Proteins

The [Ca2+] in the cytoplasm is in the submicromolar range and accordingly, the
Ca2+ binding proteins that are present in the cytoplasm have high affinity and selec-
tivity over Mg2+ to be able to bind Ca2+ and carry out their functions. This situation
implies that the cytoplasmic Ca2+ binding proteins, participating in signal transduc-
tion, have evolved to display high affinity, but low capacity for Ca2+ ions [4].

This picture is completely different inside the lumen of the SR/ER where the
free luminal [Ca2+] is in the submillimolar range and total [Ca2+] could be in the
tens of millimolar range. There are two main luminal calcium binding proteins in
the lumen of the reticulum, these are calsequestrin [58–60] and calreticulin [61]; the
former appears to be the main Ca2+ binding protein in the lumen of the sarcoplasmic
reticulum of striated muscles [62], while the latter is the main one in some smooth
muscle cells and non-muscle cells [63]. These proteins are characterized by having
low affinity but high capacity. This means that these proteins have several Ca2+
binding sites but their affinity for Ca2+ is low when compared with those proteins
in the cytoplasm. The underlying idea is that these proteins are responsible for
increasing the Ca2+ buffering power of the sarco-endoplasmic reticulum. That
is, they increase the capacity of internal stores to accumulate Ca2+, which allow
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internal Ca2+ stores to be able to provide Ca2+ to the cytoplasm and to trigger
cellular events that are driven by an increase of the [Ca2+]i.

Additionally, if the stores have a role in buffering the elevation of the [Ca2+]i,
then these proteins increase the capacity of internal stores to accumulate Ca2+,
which in turn, avoid the cytotoxic effects of high levels of the [Ca2+]i. This situation
has been clearly shown in neurons, where membrane depolarization activates VGCC
that allow Ca2+ entry to the cytoplasm, and then SERCA pumps direct cytoplasmic
Ca2+ to the lumen of the ER. Once Ca2+ is inside the ER, there are specific regions
that accumulate this ion to concentrations as high as 40 mM [64]. These regions
are adjacent to other regions of the ER that do not accumulate Ca2+ at all; this is
not easy to explain since both regions are located within the same lumen of the
ER [65]. The idea here is that the distribution of the Ca2+ binding proteins is not
homogeneous [66], and that these proteins are trapping Ca2+ to reduce the activity
of this ion (i.e. Ca2+ ions are no longer free). In the same neurons, it was observed
that the inhibition of SERCA pumps with thapsigargin, leads to mitochondria Ca2+
accumulation due to the inability of the ER to buffer the incoming Ca2+ [64, 65].
Although it was not shown in this study, the increased mitochondrial matrix [Ca2+]
would trigger mitochondria dysfunction and quite possible apoptosis [8].

Calsequestrin does not appear to be freely distributed inside the SR but it is
associated with RyRs either directly [67] or indirectly via the association with
triadin and junctin [47, 68]. However, it has been shown that the role of calsequestrin
is more complex than the mere increase of the SR Ca2+ buffering capacity since it
also regulates RyRs-mediated Ca2+ release events [58]. A very interesting example
has been observed studying a single point mutation of CASQ2R33Q, which was
discovered in a patient afflicted with CPVT (catecholaminergic polymorphic ven-
tricular tachycardia), an inherited arrhythmogenic condition that is life threatening
[60]. Interestingly, the presence of CASQ2 confers RyR2s sensitivity to luminal
[Ca2+] to the extent that there is a peak ion channel activity at 1 mM luminal [Ca2+]
[69]. Remarkably, the mutant CASQ2R33Q increases the RyR2 ion channel activity
by luminal Ca2+ at concentrations as low as 10 μM [69]. Then the presence of
CASQ2R33Q makes RyR2 a leaky channel to the point that this results in a very
low free luminal SR [Ca2+] in heart cells, even lower than the levels attained during
normal Ca2+ release process [60]. Unexpectedly, this extremely low free luminal SR
[Ca2+] with CASQ2R33Q results in Ca2+ waves and Ca2+ sparks of larger amplitude
than those recorded in normal heart cells that have a much higher free luminal SR
[Ca2+] [60]. Moreover, the Ca2+ systolic-induced contraction was only slightly
smaller in myocytes expressing the mutant CASQR33Q than in those expressing
wild type CASQ [70]. Deletion of CASQ2 greatly decreased the amplitude of Ca2+
sparks despite having a normal reduction in the luminal SR [Ca2+] suggesting
that CASQ2 is indeed the Ca2+ buffering protein in the SR of heart cells [60].
However, it is also clear that CASQ2 beyond being a Ca2+ buffering protein also
has other roles in the Ca2+ release event since it shows a complex control of the
activity of RyR2s. Assuming that the Kd for Ca2+ binding of CASQR33Q is the
same as the one for CASQ wild type, and because the free luminal SR [Ca2+] is
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much smaller than normal, then the saturation of CASQR33Q should also be much
smaller, these two conditions (low free luminal SR [Ca2+] and smaller saturation of
CASQ2) should result in a [Ca2+]i response of smaller amplitude in the presence of
CASQ2R33Q. Since this is not the case [60], then it appears that CSQ2R33Q mutant
clearly exemplifies the idea that the amount of Ca2+ that is released by activation of
RyR2 cannot be predicted from the observed changes in the free luminal SR [Ca2+].

14.1.6 The Biophysical Vision of the SR/ER Ca2+ Stores

It is clear then that an intracellular Ca2+ store is a membrane compartment that
forms a closed entity and involves the participation of several components, which
are Ca2+ pumps, luminal Ca2+ binding proteins and Ca2+ release channels. The
prevailing vision, particularly for mathematical models (Fig. 14.1), is that all these

Fig. 14.1 Graphical model of Ca2+ release event where the free luminal SR/ER [Ca2+] is in
equilibrium with the Ca2+ bound to the luminal proteins. This cartoon depicts the critical elements
involved in a Ca2+ release event. (a) The Ca2+ bound to luminal proteins is in equilibrium with
the free luminal SR/ER [Ca2+] (as represented by the double-headed arrows). (b) The activation of
release channels would decrease the free luminal SR/ER [Ca2+] and this results in Ca2+ unbinding
from luminal proteins, as long as the release channels stay open. This scenario cannot produce an
increase of the free luminal SR/ER [Ca2+] in response to the activation of the release channels.
(c) The Ca2+ release process terminates when all the Ca2+ bound to luminal proteins has been
released. (d) SERCA pump needs that release channels to be close in order to recover the free
luminal SR/ER [Ca2+]. (e) This scenario cannot produce a refractory period for RyRs because the
recovery of the free luminal SR/ER [Ca2+] implies also complete restauration of the Ca2+ bound
to proteins. (f) The steady state implies that Ca2+ leak activity is counterbalanced by SERCA pump
activity to keep constant the free luminal SR/ER [Ca2+] and also the total amount of Ca2+. Any
reduction in the free luminal SR/ER [Ca2+] implies a corresponding reduction in the total amount
of Ca2+ stored in the SR/ER
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three components work independently of each other and that it is only via changes
in the free luminal [Ca2+] that these three components communicate among each
other [71, 72]. Accordingly, these models have explored the role played by free
luminal [Ca2+] in modulating the activity of both release channels and Ca2+
pumps. However, there are several experimental studies indicating that these three
components are not working independently of each other. This situation was clearly
unexpected particularly for SERCA pump and release channels, because they are
supposed to be antagonistic elements of the Ca2+ pools since one increases while
the other reduces the Ca2+ content of the intracellular store. Nevertheless, there is
evidence, which will be discussed in the rest of the review, for a communication
between Ca2+ release channels and SERCA pump to achieve an efficient Ca2+
release event (i.e. an increase in the [Ca2+]i with minimal or no reduction in the
free luminal SR/ER [Ca2+]).

Mathematical models reflect our incomplete knowledge of the Ca2+ release
event. One example can be found in a study investigating the role played by Ca2+
diffusion inside the SR in the termination of Ca2+ sparks [73, 74]. Interestingly, this
model uses a previously reported Ca2+ diffusion coefficient in the non-junctional
SR of 0.6 × 10−10 m2/s [75], but to have an efficient Ca2+ release process, this
coefficient has to be five-fold larger of 3.5 × 10−10 m2/s in junctional SR [73,
74]. The problem with this difference is that the model uses a previously estimated
concentration of calsequestrin of 6 mM [76], while the model needed to increase the
concentration by five-fold (30 mM) in the junctional SR [73, 74]. These conditions
generate a paradox because the idea is that calsequestrin is the main Ca2+ buffering
protein in this compartment and since calsequestrin behaves as a non-mobile protein
within the SR, because it is associated with the RyRs, therefore increasing the
concentration of calsequestrin in the SR should lower the diffusion of Ca2+ ions.
However, this is the opposite of what the model predicts to be happening in the
junctional SR because it was increased five-fold. Thus, it appears then that our
current picture of how calsequestrin is working would lead to a strong competition
for the free luminal Ca2+ between RyRs and calsequestrin and since this does
not seem to be happening in the Ca2+ release event, then there is still missing
information on how these proteins produce an efficient Ca2+ release process.

14.2 Contributions of Noriaki Ikemoto to the SR Ca2+
Release Model

14.2.1 The Activation of RyR1 Produces an Initial Increase
in the Free Luminal SR [Ca2+] Before the Opening
of this Release Channel

A very interesting observation made by Ikemoto’s group consists in finding that
stimulation of RyRs in skeletal muscle terminal cisterna SR vesicles produces an
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elevation of the free luminal [Ca2+] that occurs before any Ca2+ has come out from
the store to the cytoplasm, in other words, the free luminal [Ca2+] is increased in
response to the activation of RyRs but before the opening of these channels [77].
The implications of this observation are so profound and paradigm changing that
we are still in the process of incorporating them in our current models on how Ca2+
pools are working. The importance of this observation resides in the fact that current
mathematical models of Ca2+ release cannot generate an increase in the free luminal
[Ca2+] in response to the activation of RyRs. The current idea on how Ca2+ release
occurs requires the opening of RyRs to decrease the free luminal [Ca2+], as an initial
event, and this in turn would drive the dissociation of Ca2+ from calsequestrin to
further amplify the amount of Ca2+ that is released from the SR. This model means
that Ca2+ dissociation from calsequestrin is driven by a reduction of the free luminal
[Ca2+], which is the result of the opening of RyRs. This picture seems to coincide
with the results obtained by Ikemoto using high concentrations of polylysine to
activate RyRs [77]. However, using lower concentrations of polylysine resulted in
a clear increase of the free luminal [Ca2+], as measured with tetramethylmurexide,
before any reduction in the total amount of Ca2+ (as measured with 45Ca2+) stored
in the SR vesicles [77]. This work suggests that activation of RyRs, before the
opening of RyRs, results in the increase of the free luminal SR [Ca2+] as an initial
step followed then by the actual opening of these release channels.

14.2.2 Role of Calsequestrin in Producing a Transient
Increase of the Luminal SR [Ca2+]

Another crucial observation done by Ikemoto’s laboratory concerns the role played
by calsequestrin in generating an efficient Ca2+ release process [77]. They found
that activation of RyRs with polylysine did not produce any increase in the free
luminal [Ca2+] when the SR vesicles were devoid of calsequestrin. This indicates
that the Ca2+ bound to this protein is the one that is released by RyRs. However,
the rather radical observation is that calsequestrin inside the SR vesicles is not
enough to reconstitute the Ca2+ release event, but that calsequestrin needs to be
associated with the RyRs of the SR vesicle to recover the increase in the free luminal
[Ca2+] response [77]. This signifies that the Ca2+ buffering power provided by
calsequestrin is not enough to have a correct Ca2+ release event, but that RyRs and
calsequestrin have to interact, either directly or indirectly, in order to reconstitute an
efficient Ca2+ release event. Again the implications of this observation are so ample
that it has been difficult to incorporate in our current thinking. The same conclusion
was reached by a different group and their data was summarized in a model where
there were two different RyRs, whose main difference was to have or not attached
calsequestrin [78]. Those RyRs having attached calsequestrin respond very fast
and produced more than 50% of the Ca2+ release event, while those without
calsequestrin have a slower activation and provide less Ca2+ to the response [78]. It
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is important to bear in mind that the rate of Ca2+ release is a critical characteristic
to produce an increase in the [Ca2+]i because, there are Ca2+ buffering proteins
in the cytoplasm and Ca2+ pumps at the plasma membrane, that would reduce the
effect of release channels on the [Ca2+]i. Accordingly, this means that those RyRs
with calsequestrin bound would have a much higher effect on the [Ca2+]i than those
RyRs without calsequestrin, despite releasing similar amounts of Ca2+ from the
SR but, the main difference is that one is faster than the other. These data are also
suggesting that calsequestrin appears to be trapping Ca2+ next to the RyRs, meaning
that this entrapped Ca2+ is not in equilibrium with the free luminal SR [Ca2+]; if this
is the case, then it is easy to explain why the activation of RyRs, before the opening
of RyRs, produces an initial increase of the free luminal SR [Ca2+]. Additionally,
this situation also implies that the free luminal [Ca2+] is not a good predictor of
the amount of Ca2+ released by activation of RyRs because the Ca2+ trapped by
calsequestrin does not appear to be in equilibrium with the free luminal SR [Ca2+],
which is the one reported by the fluorescent Ca2+ indicators. Yet another important
consequence that can be derived from these works is that there will be a refractory
period in the Ca2+ release event that would depend on the time taken by RyRs
and calsequestrin to reconstitute the trapped Ca2+ complex. It appears that only
closed conformation of RyRs allows the reconstitution of this complex, a conclusion
that was derived from experiments using ryanodine in smooth muscle cells [79].
High concentrations of ryanodine lock RyRs in the open conformation but the Ca2+
flow is blocked because ryanodine binds to the open pore [45, 47]. In the cell, this
effect of ryanodine allows SERCA pump to recover the luminal SR [Ca2+] because
ryanodine has blocked the RyRs [79]. The most interesting observation is that in
the presence of ryanodine and with normal SR luminal [Ca2+], the application of
IP3-producing agonists results in a much smaller increase of the [Ca2+]i [79, 80].
Collectively, these data suggest that the SR Ca2+ store is still empty despite the
presence of a high luminal SR [Ca2+]. The interpretation for these data could be
that the complex (release channel-Ca2+ binding protein) cannot be reassembled
when the RyRs have been locked, by ryanodine, in the open conformation and
this condition reduces the ability of nearby IP3Rs to produce an efficient [Ca2+]i
response.

14.2.3 Evidence that There Is a Communication Between
SERCA Pump and RyR1

At the end of the Ca2+ release event, the combined reduction in the free luminal
SR/ER [Ca2+] and the associated increase of the [Ca2+]i should lead to SERCA
pump activation. At least that is the idea because high luminal [Ca2+] would
make harder for SERCA pump the exchange of H+ for Ca2+ in the lumen of
the SR [81]. However, work done by Ikemoto’s group has demonstrated that
activation of RyR1s affects the activity of SERCA pump suggesting some kind
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of communication between these two proteins [82–86]. The most interesting part
is that this communication occurs right after the activation of RyRs and before
any reduction in the free luminal SR [Ca2+]. Even more difficult to explain is
the observation that this activation of the SERCA pump occurs during the RyR-
triggered increase of the free luminal [Ca2+] [87]. This is quite paradoxical since
it is expected that the increase in the free luminal [Ca2+] should lead to further
inhibition of the SERCA pump activity [81]. It is still unknown how the activation
of RyRs, before their opening, results in SERCA pump activation; particularly
because SERCA pump and RyRs are not necessarily localized next to each other
in the SR; however, this communication could indirectly occur via luminal Ca2+
binding proteins [83]. Regardless how these two proteins communicate, it is easy
to argue that this communication between release channels and SERCA pump is an
important mechanism to avoid life-threatening situations such as ER-stress due to
depletion of the ER Ca2+ store.

14.3 Simultaneous Recording of the Redution in the Free
Luminal SR/ER [Ca2+] and the Associated Changes
in the [Ca2+]i

Since the 80’s, when the organic fluorescent Ca2+ indicators were synthesized, it
became customary to place cells in the absence of external [Ca2+] to look at the
[Ca2+]i response induced by different stimuli, and to take amplitude of this response
as an indirect measure of the amount of Ca2+ present in the SR/ER Ca2+ pools.
However, this type of approach can be deceiving because there are different factors
that shape the [Ca2+]i response. One example of this problem was the observation in
smooth muscle cells that two applications of saturating concentrations of caffeine,
which are separated by only 30 s, results in a second [Ca2+]i response that is 80%
smaller than the first response [88]. The initial and incorrect interpretation of these
data was that 30 s was not enough time to refill the SR Ca2+ pool, yet when using
Mag-fura-2 to see the free luminal SR [Ca2+], it became evident that the SR [Ca2+]
is fully recovered from caffeine-induced depletion after a time of only 30 s [89].
Therefore it is clear the importance of recording simultaneously the changes in the
[Ca2+]i and the luminal SR/ER [Ca2+] with sufficiently high time resolution to be
able to define an efficient Ca2+ release event. It is this approach what has made
evident that the changes in the luminal SR/ER [Ca2+] does not present a simple
correlation with the corresponding changes in the [Ca2+]i.

Initial attempts to look at the luminal ER [Ca2+] were carried out using Mag-
fura-2, a low affinity Ca2+ indicator that does not go easily into the ER, and
for this reason much of the work done with this indicator was carried out in
permeabilized cells [90]. It turned out that Mag-fluo-4, a tricarboxylic low affinity
Ca2+ indicator, goes into the ER more easily [91]. However, since Mag-fluo-4 lacks
ER retention mechanism, not all dye stays in the ER, some of it goes into the Golgi
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apparatus and from there goes into the vesicles of the secretory pathway [10]. The
advantage of organic dyes is that they are easy to be loaded and to calibrate, their
stoichiometry with Ca2+ is 1:1 and they are relatively insensitive to pH changes.
Nevertheless, the main limitation is that they lack a targeting mechanism and
this issue has been solved developing Genetically Encoded Ca Indicators (GECIs)
that are targeted to different organelles, the ER/SR among others [10, 92]. These
GECIs use EF-hand proteins as Ca2+ sensor moiety and the signal could be chemo-
luminescent or fluorescent in nature. The disadvantage of GECIs is that they are not
homogeneously expressed in cells, their stoichiometry is not 1:1, and aequorin is
irreversibly oxidized on Ca2+ binding, so it is a single shot Ca2+ indicator while
GFP fluorescence is sensitive to changes in the pH [10].

Initial studies on the luminal ER [Ca2+] using aequorin in HeLa cells, found
that the agonist-induced reduction in the free luminal ER [Ca2+] and the associated
[Ca2+]i response, were both of the same amplitude, whether the ER Ca2+ pool
was fully loaded or practically depleted [93]. These data suggest that the Ca2+
released by the agonist is not in equilibrium with the free luminal ER [Ca2+]. In
pancreatic acinar cells it has been shown that a small concentration of acetylcholine
(200 nM) increased the activity of Ca2+-dependent Cl− channels in the absence
of any reduction in the luminal ER [Ca2+], despite the activation of IP3R by
acetylcholine [19]. These data indicate that activation of a small number of IP3Rs
produces no reduction in the free luminal ER [Ca2+] despite Ca2+ has been released.
Again, these data suggest that the free luminal ER [Ca2+] is not in equilibrium with
the Ca2+ that is released to the cytoplasm by IP3Rs. A new cameleon targeted to the
ER known as D1ER, showed that agonist-induced elevation of the [Ca2+]i precedes
any significant reduction in the free luminal [Ca2+]. Actually, the majority of the
reduction in the free luminal ER [Ca2+] occurs during the reduction of the agonist-
induced [Ca2+]i response [94]. These data suggest that the Ca2+ buffering capacity
of the ER is extremely high, during the initial stages of Ca2+ release; later on, it
switches to a form of low capacity [95–97]. This lack of correlation between the
reduction in the free luminal ER [Ca2+] and the increase in the [Ca2+]i cannot be
explained by saturation of the luminal Ca2+ indicator. This is the case because in
single uterine smooth muscle cells that were loaded with both fura-2 and Mag-fluo-
4, the activation of SERCA pump increased the Mag-fluo-4 fluorescence implying
that Mag-fluo-4 cannot be saturated inside the SR [91, 98]. This lack of correlation
can be seen in different cell types and with activation of either RyRs or IP3Rs. For
instance, the addition of 1 mM ATP, to activate purinergic receptors in HeLa cells,
results in the activation of IP3Rs which produced a delayed reduction in the free
luminal ER [Ca2+] with respect to the time course of the [Ca2+]i response [99].
Another group studying HeLa cells that had been loaded with Indo-1 and an ER-
targeted cameleon, observed that the histamine-induced increase of the [Ca2+]i was
associated with a rather small reduction of the free luminal ER [Ca2+] [100]. This
was the case either in the presence or in the absence of external [Ca2+]; indicating
that the explanation for this lack of correlation is not due to the presence of Ca2+
entry at the plasma membrane. In heart cells, localized, fast, transient increases of
the [Ca2+]i known as Ca2+ sparks, which are due to the activation of a cluster
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of RyR2s, are associated with a transient decreased of the free luminal SR [Ca2+],
known as blinks [101]. Remarkably, the large majority of these blinks show a slower
Ca2+ decrease rate than the rate of Ca2+ increase seen with the corresponding spark
[101, 102]. In skeletal muscle, the reduction in the free luminal SR [Ca2+] that are
associated with a Ca2+ spark are known as skraps [97], which also have a much
slower time course when compared with their corresponding sparks [96, 97]. These
data indicate that even at the subcellular level the time course of the reduction in
the luminal SR [Ca2+] does not coincide with the corresponding increase in the
[Ca2+]i [96]. To complicate matters even further, it has been shown in heart cells
that activation of SERCA pump with isoproterenol produces an increase of the
luminal SR [Ca2+] while Ca2+ is simultaneously released to the cytoplasm [103,
104]. Moreover, an efficient Ca2+ wave propagation requires active SERCA pumps
[105]. All these data indicate that there is no correlation between the changes in the
free luminal SR/ER [Ca2+] and the increase in the [Ca2+]i despite the fact that the
SR/ER is the source for the Ca2+ that appears in the cytoplasm.

A more detailed analysis of the Ca2+ release process carried out by either RyRs
or IP3Rs, in smooth muscle cells from the urinary bladder, reveals the existence of
four different phases for a Ca2+ release event [95]. The first one involves the largest
increase in the [Ca2+]i with just a small reduction in the luminal SR [Ca2+] (we call
this an efficient Ca2+ release event); phase 2 is characterized by the largest reduction
in the luminal SR [Ca2+], without any effect on the [Ca2+]i; while phase three is
defined by the reduction in the [Ca2+]i but the luminal SR is still depleted because
the release channels stay open and the fourth phase, is when release channels have
been closed and the free luminal SR [Ca2+] recovers to their normally high levels
by the action of SERCA pumps [95]. Additionally, in the same work, it was used
a low concentration of heparin, to partially inhibit IP3Rs, and the application of
carbachol, to activate IP3Rs, results in both a transient elevation of the free luminal
SR [Ca2+] and a transient increase of the [Ca2+]i [95]. The elevation in the [Ca2+]SR
occurred at the same time that the increase in the [Ca2+]i. The implication of these
data is that activation of IP3Rs unleashes Ca2+ trapped in luminal proteins that
under normal conditions (fully activated IP3Rs) will gain immediate access to the
cytoplasm. However, with the use of heparin, to partially reduce the activity of
IP3Rs, the just liberated Ca2+ from luminal Ca2+ binding proteins, diffuses back
to the bulk of the SR and it is seen as an increase of the [Ca2+]SR. This lack of
correlation between the changes in the [Ca2+]i and the SR/ER [Ca2+] can also
be detected using GECIs in cells, that are either isolated or in the tissue [92]. A
newly developed GECI that uses apoaequorin to sense Ca2+ and GFP to have a
fluorescence signal has been used together with Fura-2. Simultaneous recording of
the luminal ER [Ca2+] and the [Ca2+]i show that the [Ca2+]i response precedes the
agonist-induced reduction in the luminal ER [Ca2+] both in HeLa cells and neurons
in hippocampal slices [92, 106]. Using a different set of GECIs, it was found that
the application of both bradykinin and CPA results in a nuclear [Ca2+] elevation,
detected with H2B-D3cpv probe, that peaks well before the nadir of the free luminal
ER [Ca2+] reduction [107]. All these data undermine the idea that SR/ER is a Ca2+
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pool where the physical state of Ca2+ ions is switching from free to protein bound,
but that this ion appears to be also trapped in protein complexes that release Ca2+
ions in response to the activation of RyRs or IP3Rs, a picture that was portrayed by
Ikemoto [77] and others [78].

The idea that Ca2+ does not seem to be in equilibrium inside the SR/ER has been
shown using microanalysis with electron microscopes. The activation of VGCC in
neurons, loads the ER with Ca2+ due to the activity of SERCA pump. However, the
increase in Ca2+ was not homogenous inside the ER. The same cisterna, can have
regions with high Ca2+ next to regions where the total amount of Ca2+ was not
changed at all by the activity of SERCA pumps [64, 65]. Again, these data indicate
that there are regions of the SR/ER where Ca2+ activity is reduced (meaning that
Ca2+ has been trapped) without changing the Ca2+ activity of contiguous regions
despite the absence of evident diffusion barriers. The easiest way to explain these
observations is that Ca2+ is trapped by proteins and that these ions are not in
equilibrium with the free luminal ER [Ca2+]. If this is the case on how the SR/ER
accumulates Ca2+ it might explain why there is a lack of correlation between the
Ca2+ supplied to the cytoplasm by the SR/ER and the associated changes in the free
luminal SR/ER [Ca2+].

A question that is still open is how luminal Ca2+ binding proteins are able
to trap Ca2+ inside the SR/ER. Nevertheless, there are some hints on how this
might be happening. It has been shown that calsequestrin is able to increase
the number of Ca2+ binding sites as the Ca2+ concentration is increased. The
underlying mechanism for the increase in Ca2+ binding sites depends on the ability
of calsequestrin to polymerize [62]. However, since calsequestrin is not expressed
by all cells and since an efficient Ca2+ release is a generalized cellular event, then
there should be other proteins doing the same function as calsequestrin. Actually,
knockout studies of both CSQ1 and CSQ2 have suggested that there must be other
proteins in the lumen of the SR/ER because RyRs were still able to release Ca2+
[58]. Thus either calreticulin, or maybe other Ca2+ binding proteins in the lumen of
the SR/ER, have also the property of increasing the number of Ca2+ binding sites
in response to an increase of the luminal [Ca2+].

Another very interesting situation to study involves the phenomenon known as
the refractory period of Ca2+ release that might reflect how the SR/ER is trapping
releasable Ca2+ [88, 89, 101, 102]. If it is true that the free SR [Ca2+] is in
equilibrium with the Ca2+ released by RyRs, then this time should be more than
enough to fully recover the caffeine-induced [Ca2+]i response. So the question
remains on how to explain the presence of a refractory period for caffeine even
when the free luminal SR [Ca2+] has reached normal levels. The same situation
is observed in heart cells, where the refractory period between Ca2+ sparks from
the same site is significantly longer than the time required for recovery of the free
luminal SR [Ca2+] [101, 102]. Moreover, keep in mind that the inactivation of the
RyRs cannot be the explanation for the presence of a refractory period because; it
has been shown that the reduction in the free luminal SR [Ca2+] is basically the
same for both Ca2+ release events. This observation implies that the same number
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of RyRs was activated during the two Ca2+ release events although the second
application of caffeine produced a five times smaller [Ca2+]i response. Thus, all
these data imply that the changes in the free luminal SR [Ca2+] does not reflect the
total amount of Ca2+ that is released from the SR to the cytoplasm. If this is the
case, then we think that the most likely explanation for the presence of a refractory
period is that an efficient Ca2+ release event involves the liberation by RyRs of
Ca2+ trapped by proteins, which are localized contiguous to the release channel
[108]; however, it appears that this complex (RyRs-Ca2+ trapping proteins) takes a
longer time to assemble than the time taken to recover the free luminal SR [Ca2+]
(see Sect. 14.4.2).

14.4 Current View on How the SR/ER Ca2+ Store Is
Working to Produce an Efficient Ca2+ Release Event

14.4.1 The Luminal Ca2+ Binding Proteins Compete for Ca2+
with the Open Release Channel

The picture depicted by Ikemoto in the ’90s, on how the SR releases Ca2+, appears
to be a generalized situation not only for the SR but also for the ER, that is, for
the IP3Rs. However, this picture is still sketchy because we do not have enough
spatial and temporal resolution to have all the elements involved in an efficient Ca2+
release event. For this reason, we have resorted on the use of mathematical models
to find the conditions necessary to generate phase one during Ca2+ release from
the ER/SR, as a reminder, phase one is characterized by an increase of the [Ca2+]i
without any reduction in the free luminal ER/SR [Ca2+] [95, 96]. The simplest
solution we were able to figure out was reducing the number of luminal Ca2+
binding sites in response to a reduction of the luminal SR [Ca2+] [109]. We called
this situation Kinetics on Demand (KonD) because the number of Ca2+ binding
sites increases as the result of an elevation of the [Ca2+] while they are diminished
by a reduction in the [Ca2+]. This type of kinetics is completely different to the
traditional one, where the number of Ca2+ binding sites is fixed and the reduction in
the free [Ca2+] increases the number of Ca2+ binding sites that are unoccupied by
Ca2+. The mathematical model reveals that these unoccupied Ca2+-binding sites,
which are increasing in number during the Ca2+ release process, become a strong
competitor for Ca2+ with the open release channels and naturally, this competition
would slow the Ca2+ release process. This kind of problem would not be presented
by KonD model because the number of Ca2+ binding sties is being reduced during
the Ca2+ release event. We want to stress that KonD model was proposed based
on the observation that the number of Ca2+ binding sites in calsequestrin increases
as a function of its polymerization [62]. Therefore, the changes in the paradigm
were based on understanding how calsequestrin is working and the main difference
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consisted on assuming that the total number of Ca2+ binding sites are not fixed but
varies depending on the presence of Ca2+ [62].

Phase one reflects a mechanism for an efficient Ca2+ release process and we
think that involves Ca2+ trapped in luminal Ca2+-binding proteins, next to release
channels. This situation implies that the Ca2+ that is released by RyRs or IP3Rs is
not in equilibrium with the free luminal SR/ER [Ca2+]. However, there could be
alternative explanations for phase one, the idea that phase one is due to saturation
of the luminal Ca2+ indicator has been discarded because there are different
experimental conditions that produce an increase of the free luminal [Ca2+], which
argue against the idea that the Ca2+ indicator inside the SR/ER is saturated [91,
95, 97, 110]. In skeletal muscle it has been suggested that high cooperativity of
Ca2+ binding to calsequestrin might explain phase one [58, 97, 111]. The main
limitation with this explanation is that the high cooperativity means a smaller range
of [Ca2+] before reaching saturation and the ability of SR/ER to buffer Ca2+ is
quite the opposite since it covers several orders of magnitude [64]. Mathematical
models have suggested that luminal Ca2+ binding proteins diffuse away from the
RyRs while Ca2+ would be diffusing towards the open release channels during the
release process [73, 74]. We think this seems to be unlikely because we do not see
what could be the driving force for Ca2+-binding proteins to diffuse away from the
RyRs. Another scenario might be a restricted diffusion of Mag-Fluo-4, which is kept
in the bulk of the SR away from the RyRs, so this dye will not be in rapid equilibrium
with calsequestrin, which is known to be associated with RyRs [112] and if Ca2+
slowly diffuses between these two compartments, then it is expected to see recovery
of the free luminal SR Ca2+ level (provided that SERCA pumps are located where
Mag-Fluo-4 is) even when the RyRs are still open. However, this scenario has not
been observed. Release channels need to be in the closed conformation for SERCA
pump being able to recover the free luminal SR/ER [Ca2+]. This observation implies
that there is no diffusion barrier for the Ca2+ indicator. The absence of diffusion
barriers for Ca2+ and Ca2+ indicators within the lumen of the SR/ER should make
it difficult to see the transition between phase one and phase two. Indeed, the fusion
of these two phases in a single phase has been observed but only in particular
conditions; for instance when SERCA pumps had been inhibited with thapsigargin
[95] or when it has not given enough time for stores to recover from a previous
release event [88, 109, 113]. These data add a new element of complexity since it
argues for the importance of having an active SERCA pump to be able to see phase
one separated from phase two. Additionally, our mathematical model has stressed
the importance that Ca2+ binding proteins rapidly switch from high to low Ca2+
buffering capacity during the Ca2+ release process, a scenario that we have called
Kinetics on Demand [109]. The importance of this switch is that the empty Ca2+-
binding sites of the luminal Ca2+-binding proteins will not compete with release
channels for free luminal Ca2+. The absence of this competition is reflected in
release channels having enough free luminal Ca2+ for an efficient release event even
when the free luminal SR/ER [Ca2+] is not decreasing. Obviously, it is important to
know the molecular nature of the proteins responsible for sequestering Ca2+ next to



354 A. Guerrero-Hernández et al.

release channels and the molecular mechanism involved to switch from sequestered
Ca2+ to free Ca2+ inside the SR/ER and how the activation of release channels gain
access to this trapped Ca2+. Based mainly, but not exclusively, on our own work
and the work done by Ikemoto’s group, we have developed a graphical model that
might explain the differences observed for the time courses of the [Ca2+]i and the
[Ca2+]SR/ER during a Ca2+ release event (Fig. 14.2).

14.4.2 Proposed Graphical Model on How Release Channels
in the SR/ER Produce an Efficient [Ca2+]i Response

The graphical model shown in Fig. 14.2 is a cartoon on how the activation of
Ca2+ release channels leads to an efficient increase of the [Ca2+]i. Initially (Fig.
14.2a), release channels are closed and the Ca2+ lattice represents the luminal Ca2+
binding proteins that are present in the form of polymers attached to the RyRs [114].
These have trapped Ca2+ inside the lattice and accordingly, this Ca2+ will not be

Fig. 14.2 Graphical model of an efficient Ca2+ release event by either RyRs or IP3Rs in the
SR/ER Ca2+ stores. This cartoon depicts those steps that are considered to be critical for generating
an efficient Ca2+ release event that is reflected in a transient increase of the [Ca2+]i. (a) Ca2+
source is in the form of a lattice that is attached to the release channels but disconnected from the
bulk of the free luminal SR/ER [Ca2+]. (b) The activation of the release channels would liberate
the Ca2+ trapped in the lattice. (c) The open conformation of release channels allow the movement
of Ca2+, down its electrochemical gradient, to the cytoplasm, without the need to reduce the bulk
luminal SR/ER [Ca2+] (phase one). (d) Phase two of Ca2+ release, which is the inefficient part of
the Ca2+ release event, mainly because the Ca2+ flux from the bulk of the SR/ER is rather slow
when compared with the cytoplasmic Ca2+ removal mechanisms. (e) Once the release channels
have been closed there will be a refractory period, because although the bulk of the free luminal
SR/ER [Ca2+] has returned to normal levels, probably the Ca2+ lattice has not recovered just yet.
(f) Once the Ca2+ lattice has reformed and reattached to the release channels, they are ready for
another efficient Ca2+ release event
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in equilibrium with the free luminal Ca2+ that is in the bulk of the SR/ER. This
scenario might explain why there is an elevation in the free luminal SR/ER [Ca2+]
in response to the activation of release channels; if this is the case then it is easy to
see why the free luminal SR/ER [Ca2+] is an inadequate predictor of the amount
of Ca2+ that the internal stores deliver to the cytoplasm. The activation of release
channels (Fig. 14.2b) leads to conformational changes that disassemble the Ca2+
lattice producing a local elevation of the free luminal [Ca2+] next to the release
channels. This elevation in the free luminal [Ca2+] might help release channels to
reach the open conformation. If the release channel is not open or is blocked then
this Ca2+ would start to diffuse to the bulk of the SR/ER, and this can be observed as
a transient elevation of the free luminal SR/ER [Ca2+]. This scenario might be the
explanation behind the ability of polylysine, a substance that is both an activator and
partial blocker of RyRs [115, 116], to reveal a transient elevation of the free luminal
[Ca2+] during the activation of RyRs. Following this reasoning, we have used a low
concentration of heparin to partially block IP3Rs that had been previously activated
in response to the application of carbachol in smooth muscle cells [117]. Actually,
the rate of rising of the [Ca2+]i when IP3Rs had been inhibited by heparin, was
strongly augmented [95]. The idea here is that Ca2+ would accumulate next to those
partially blocked release channels and this will increase the driving force resulting in
a higher Ca2+ exit via those few channels that were not blocked by heparin. Under
normal circumstances, the release channels will be fully open (Fig. 14.2c) and this
will allow free diffusion of Ca2+ from the SR/ER to the cytoplasm producing a
significant, transient [Ca2+]i response but with one very important characteristic,
there will be basically no reduction of the bulk free luminal SR/ER [Ca2+]. Since
most of the Ca2+ indicator is in the bulk of the SR/ER, this dye will not see any
reduction in the surrounding [Ca2+] because the Ca2+ next to the release channel
is in a higher concentration than in the bulk of the SR/ER, at least initially in the
release event. This is what we have called phase one of the Ca2+ release event [95],
which is an efficient Ca2+ release process because there is an increase in the [Ca2+]i
with minimal or no reduction in the free luminal SR/ER [Ca2+]. Phase one of the
Ca2+ release process has been seen in all kind of cells, during slow or fast Ca2+
release events, for RyRs or IP3Rs and using synthetic or genetically encoded Ca2+
indicators [96]. Phase two is observed when the Ca2+ supply that comes from the
Ca2+ lattice has been exhausted and the free luminal Ca2+ in the bulk of the SR/ER
starts to be drained via the still open release channels (Fig. 14.2d); however, in this
case the Ca2+ movement is so slow that there is a clear reduction in the bulk of the
SR/ER [Ca2+] but without any effect on the [Ca2+]i (this is the unproductive part of
the Ca2+ release event). Once the release channels are either closed or inactivated
(Fig. 14.2e), then SERCA pump can start accumulating Ca2+ by hydrolyzing ATP
until the high resting luminal SR/ER [Ca2+] has been reached, at least in the bulk
of the SR/ER. However, there would be a time period larger than the time it will
take to reach the normal free luminal [Ca2+], where it can be considered that the
Ca2+ store has been refilled (high free luminal [Ca2+]) but if the release channels
were to be exposed to an activator in this time, the result would be an unproductive
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Ca2+ release event [88, 95, 101, 102, 109]. We do not know the reason for this
situation, but it is feasible that even when the free luminal SR/ER [Ca2+] is high,
close to the normal levels, the Ca2+ lattice appears that it has neither reassembled
nor connected to the release channels yet. Thus, the characteristic of this stage is
a small time window where the free luminal [Ca2+] is basically normal but the
activation of the release channels produces a much smaller [Ca2+]i response [95,
101]. The implication of this situation is that Ca2+ buffering in the lumen of the
SR/ER does not appear to be a reversible process. Actually, this process shows
hysteresis [95, 96, 109], a situation that is not expected for proteins with a low
affinity Ca2+ binding sites.

Activation of all RyRs, for instance with high concentrations of caffeine, displays
this refractory phase in the order of tens of seconds [88, 95]. This implies that this
is the time taken by RyRs to recover an efficient Ca2+ release event. Nevertheless,
the frequency of Ca2+ release events in heart and skeletal muscle is much higher
than the time taken by RyRs to recover an efficient Ca2+ release event. Then we
think that muscles cope with this limitation by using only a fraction of all the RyRs
present in the SR. In summary, a picture is emerging where the Ca2+ released by
RyRs or IP3Rs is trapped in a lattice that is not in equilibrium with the bulk of the
SR/ER and it is essential for having an efficient [Ca2+]i response. Additionally, we
propose that the time it takes for this Ca2+ lattice to reconstitute itself and to attach
to release channels determines the refractory period. We think that a reduction in the
SERCA pump activity or the number of functional RyRs with an assembled Ca2+
lattice, or even worse, the presence of both conditions, lead to heart failure [118].
Under this condition, Ca2+ release via RyRs cannot be efficient since the Ca2+ flux
is not fast enough to produce a large increase of the [Ca2+]i. One important issue
here is that the formation of the Ca2+ lattice (Fig. 14.2f) requires both active SERCA
pumps and release channels being in the close conformation. These two conditions
are not met during heart failure and this might explain why the Ca2+ lattice would
not be formed equally well and the Ca2+ release process is not efficient enough in
this pathological condition. It is known that high concentrations of ryanodine lock
RyRs in the open conformation, but at the same time, their ion pore is blocked by
ryanodine [47]. This situation facilitates recovery of the high luminal [Ca2+]SR/ER
by the activity of SERCA pump after the application of caffeine, but it results in the
lack of IP3R-mediated [Ca2+]i response despite the normal free luminal SR [Ca2+]
[79, 89, 117]. Thus, the idea is that the Ca2+ lattice to be reformed and attach to the
release channels requires these channels to be in the closed conformation.

14.4.3 The Relevance of the Model Where Release Channels
Used Ca2+ Trapped in the Ca2+ Lattice

The importance of this proposed mechanism used by the SR/ER to release Ca2+ is
that these organelles can function as Ca2+ pools for cytoplasmic Ca2+ transients
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without running the risk of triggering ER stress response due to depletion of the
ER luminal [Ca2+] [40, 119–121]. There would be no Ca2+ depletion of the
SR/ER store when release channels stay open only for the period of time that
encompasses phase one of the Ca2+ release process. The reason would be that
release channels would not reach phase two of the release process and no depletion
of the SR/ER would occur. The time required to reach phase two of Ca2+ release
is much longer than the time involved in a Ca2+ spark or a Ca2+ puff. Therefore,
this model of Ca2+ release has the compelling advantage that it can release large
amounts of Ca2+ to the cytoplasm without eliciting depletion of the SR/ER and
accordingly, without triggering the ER stress response that might limit the role of
the SR/ER as Ca2+ pool. The price to pay for this type of Ca2+ release process is
the presence of a refractory period because of the time needed for reassembling the
Ca2+ lattice. However, this limitation can be overcome relatively easy by having a
reserve of release channels with a Ca2+ lattice. The dynamic of this reserve might
be compromised during the fatigue process [122].

This model of SR/ER Ca2+ release mechanism combines data obtained with
different cell types, different Ca2+ indicators and with activation of either RyRs
or IP3Rs, and the observation by Ikemoto’s group that activation of RyRs results
in an elevation of the free luminal [Ca2+]SR and that this effect requires calse-
questrin attached to RyRs. Additionally, this model also considers that calsequestrin
increases its Ca2+-binding capacity as a function of its Ca2+-induced polymeriza-
tion [62, 109]. Despite all these data that support this model; it is still incomplete
because the lack of information with sufficiently high temporal and spatial resolu-
tion to see the disassembling of the Ca2+ lattice induced by the activation of the
release channels. To achieve these resolutions is not trivial since the distance is too
short, a few nanometers, and the rate of this process is in the order of milliseconds.
Additionally, it is quite feasible that calsequestrin might be one of many different
proteins that can generate a Ca2+ lattice in association with RyRs and IP3Rs because
the double knockout of this protein was not lethal [58] and even worse, it resulted
in a much smaller reduction than expected of skeletal muscle luminal Ca2+ buffer
capacity [58]. The few attempts that have been done to see the disassembling of the
Ca2+ lattice in real time have failed because it was tried by reducing the free luminal
SR [Ca2+] with ionomycin, instead of directly activating RyRs with caffeine [60].
Interestingly, the time constant for calsequestrin depolymerization was extremely
slow when driven by a reduction in the luminal SR [Ca2+], which made authors
think that this mechanism cannot be operating in cardiac cells because systole has
a much higher frequency. However, our own interpretation is that the reduction in
the free luminal [Ca2+] is not the signal that drives the fast disassemble of the Ca2+
lattice, it is the opening of the RyRs. This scenario might explain why in the absence
of external Ca2+, that reduces the free luminal ER [Ca2+], IP3-inducing agonists
produce an [Ca2+]i response that was barely decreased in amplitude by the absence
of external Ca2+ [93]. In another study, it became clear that the spatial resolution
was not good enough to see the subtle changes associated with modifications in
the degree of calsequestrin polymerization during the reduction of the free luminal
[Ca2+] [123]. So these few attempts suggest that it will be more difficult than
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previously thought to show the dynamics of the Ca2+ lattice associated with release
channels during the Ca2+ release process.

14.5 Other Factors Involved in Having an Efficient Ca2+
Release Event

All these studies reviewed here clearly show that Ca2+ release from intracellular
Ca2+ pools, particularly the SR/ER driven by release channels, is more complex
than a simple analogy with a water tank (Fig. 14.1). The main difference appears to
be that Ca2+ is trapped by luminal proteins and accordingly, it is not in equilibrium
with the bulk of the SR/ER [Ca2+]. It is only the activation of release channels
(RyRs or IPRs) that liberates this Ca2+ from the lattice (Fig. 14.2). This situation
implies that the change in the free luminal [Ca2+] is not a good indicator of
how much Ca2+ has been released to the cytoplasm. Additionally, the activity of
release channels is under the control of both the luminal [Ca2+] and the interaction
with luminal proteins, as it is the case for RyRs and calsequestrin. Moreover, the
distribution of release channels and Ca2+ binding proteins is not homogenous in
the SR/ER and even when their lumen lack diffusion barriers, the tortuosity of
these internal Ca2+ stores contribute with geometrical issues that also need to be
considered. If all these factors are not adding enough complexity, there is still
another layer of complexity due to the fact that all the elements involved in the
Ca2+ release process work interconnected. In this regard, there is data showing that
an efficient Ca2+ release process requires an active SERCA pump [89]. This was
unexpected because these two activities, SERCA pump and release channels, should
be antagonistic between each other and instead it turns out that an active SERCA
pump is a critical element to achieve an efficient Ca2+ release event.

One example of this communication between SERCA pump and Ca2+ release
channels is observed in the effect of activation of β adrenergic receptor in heart
cells. In this case the phosphorylation of phospholamban by PKA dissociates this
protein from SERCA pump resulting in a higher pump activity. However, this effect
is reflected in a larger [Ca2+]i response that paradoxically, cannot be explained by
a higher free luminal SR [Ca2+] [20]. Moreover, the high speed of Ca2+ wave
propagation requires active SERCA pumps in heart cells [105], a condition that
is unexpected. It has been shown that induction of Ca2+ release due to activation
of RyR1 activates SERCA pump even during the initial phase of Ca2+ release
when the free luminal SR [Ca2+] is the highest [87], arguing against the idea
that changes in the free luminal SR [Ca2+] is the way that RyRs control the
activity of SERCA pump [81]. Additionally, rapid inhibition of SERCA pump with
thapsigargin decreases both the amplitude and the rate of rising of the cytoplasmic
Ca2+ response to caffeine or to acetylcholine in smooth muscle cells. This is
happening even when thapsigargin does not reduce immediately the free luminal
[Ca2+] [89]. All these data argue again for the need for active SERCA pumps to have
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an efficient Ca2+ release event. Efficient histamine-induced Ca2+ release in HeLa
cells also requires that SERCA pump is active [124]. Pancreatic acinar cells from
RGS2 knockout mice express a compensatory twofold-increase in the expression
of SERCA pump and this is associated with a larger and more sensitive [Ca2+]i
response to acetylcholine that cannot be explained by a larger production of IP3
[125]. Although this type of experiment does not explain why the elimination of
RGS2 has resulted in a compensatory two-fold increase in the expression of SERCA
pump, these results are in line with the idea that higher activity of SERCA pump
produces larger agonist-induced Ca2+ release events.

14.6 Ca2+ Signaling Between the SR/ER and Other
Organelles

14.6.1 The Connection Between the ER and Mitochondria

It has been shown that close association between the ER and mitochondria plays
an important role in ATP production, lipids synthesis, mitochondria dynamics and
Ca2+ signaling [126, 127]. One of the first studies about this association showed that
the majority of mitochondria, around 80%, was forming contacts sites with the ER
[128]. However, using a high resolution microscope in the 90s, it was found that the
mitochondrial surface in contact with the ER was estimated to be around 10% of the
total mitochondrial network [129]. Subsequent works have found that the percentage
of mitochondria in contact with the ER was close to 20%, and that these values
can vary when cells are challenged with different experimental conditions, although
this interaction has never reached 80% [130–133]. Interestingly, Scorrano’s group
has observed that the fraction of mitochondria interacting with the ER is near 80%
[134], as it was initially described by Montisano et al. [128]. Recently, using super-
resolution microscopes, it has been shown that mitochondria are the main organelle
in association with the ER, although these studies did not quantify the degree of
this interaction [23, 24, 135]. Collectively, these data show an uncertain scenario
regarding the fraction of the mitochondrial network that is associated with the ER,
since these numbers vary so widely. At the present time it is not clear the reason
behind this variability among the different studies.

14.6.2 The Association Between Mitochondria and the ER Is
Stabilized by a Large Assortment of Protein Tethers

At the biochemical level, it has been shown that the ER-mitochondria interaction is
involved in phospholipids synthesis, this process involves the bidirectional exchange
of phospholipids between the ER and mitochondria [136]. It has been shown that
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this exchange occurs in specific contact sites called Mitochondria-associated ER
membranes (MAMs). These structures facilitate different signaling transduction
processes [137] and probably, Ca2+ transfer from the ER to mitochondria. Actually,
it has been described several different protein tethers that modulate Ca2+ transfer
from the ER to mitochondria [138].

It has been reported that the Voltage Dependent Anion Channel (VDAC), a
resident protein in the outer mitochondrial membrane (OMM) connects with the
IP3R in the ER by interacting with the cytosolic chaperone glucose-regulated
protein 75 (Grp75). This tether enhances the Ca2+ uptake by mitochondria [139].
Additionally, Cyclophilin D, a mitochondrial protein that modulates the opening of
the permeability transition pore, interacts with the VDAC-Grp75-IP3R complex; the
loss of this protein decreases both ER-mitochondria interactions and Ca2+ transfer
to mitochondria. This situation leads to insulin resistance in hepatic cells, suggesting
that this tether might be controlling glucose homeostasis [140]. Moreover, the
overexpression of α-synuclein (a central protein in Parkinson disease) in HeLa
cells has promoted an increase in mitochondrial Ca2+ uptake by enhancing ER-
mitochondria interactions. These data suggest that α-synuclein has an important
role in mitochondrial Ca2+ homeostasis [141]. It is clear then, from these examples,
that protein tethers are involved in Ca2+ signaling. Indeed, mitofusin 2 (Mfn-2)
a GTPase that is located both in the OMM and the ER membrane, is involved in
the formation of ER-mitochondria tethers. Mfn-2 ablation increases the distance
between the ER and mitochondria, and this results in a reduced Ca2+ influx into
mitochondria in response to IP3 in both HeLa cells and mouse embryonic fibroblasts
[134, 142]. Moreover, ablation of Mfn-2 leads to metabolic disorders such as
glucose intolerance and impaired insulin signaling in both liver and muscle [143].
Conversely, Pozzan’s group has demonstrated that silencing of Mfn-2 increases
contact sites between the ER and mitochondria and augments mitochondria Ca2+
uptake. These data suggest that Mfn-2 appears to have a protective role because it
forms a tether that prevents Ca2+ overload into the mitochondria [130]. Although
both groups have shown that Mfn-2 is a molecular tether in the ER-mitochondria
contact site, silencing this protein produces the opposite effects on Ca2+ signaling.
Interestingly, a picture is emerging where Mfn-2 is able to increase the number of
contact sites between the ER and mitochondria when they are low and it does the
opposite when these sites are high. Further work is needed to understand the role
played by Mfn-2 in Ca2+ transfer from the ER to mitochondria.

14.6.3 Mitocondrial Calcium Uniporter (MCU) Is a Finely
Regulated Inner Mitochondrial Membrane Ion Channel

Ca2+ transfer from the ER to mitochondria is an essential event that regulates cell
bioenergetics by increasing the activity of different Krebs cycle dehydrogenase;
such as pyruvate dehydrogenase, isocitrate dehydrogenase and α-ketoglutarate
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dehydrogenase [144]. This Ca2+ entry in the mitochondria matrix involves the
activation of Ca2+ release channels from the ER, mainly the IP3R [129]. Although
the closeness between the ER and mitochondria should lead to mitochondria Ca2+
transient before that in the cytoplasm, it turns out that this is not the case. Indeed,
GECIs targeted to mitochondria and the ER in combination with fura-2 to detect
changes in cytoplasmic [Ca2+] have shown that despite mitochondria being close
to the ER, the cytosolic Ca2+ increases well before it does in mitochondria [110],
suggesting that closeness between these two organelles is not enough to elevate
Ca2+ in mitochondria. Alternatively, mitochondria might have mechanisms that
prevent an immediate Ca2+ entry in the mitochondrial matrix. The molecular
identification of the Mitochondrial Ca2+ Uniporter or MCU [145, 146] as the
mitochondria Ca2+ permeable channel for Ca2+ entry to the mitochondria matrix,
has demonstrated that this channel is indeed a protein complex formed by different
types of proteins, such as EMRE, MCUb and members of the MICU family [147].
MICU1, MICU2 and MICU3 are EF-hand proteins that inhibit MCU activity at
low [Ca2+]i (around 500 nM), thus acting as a channel gatekeeper that prevents
mitochondria Ca2+ overload. Remarkably, MICU1 silencing leads to neurologic and
muscular problems during development [148]. That is, these proteins act as natural
inhibitors of MCU that block Ca2+ entry into the mitochondria. This might explain
the mitochondria delayed Ca2+ increase after activation of IP3R and increase of
cytoplasm [Ca2+]. In this regard, it has been shown that histamine, which produces a
sustained Ca2+ release event, leads to a robust Ca2+ entry in mitochondria; however,
glutamate, which produces a transient Ca2+ release event due to deactivation of
IP3Rs, produces a much smaller Ca2+ increase in mitochondria matrix [149]. These
data suggest that Ca2+ entry in mitochondria requires more a sustained Ca2+
release from the ER than a localized elevation of cytoplasmic [Ca2+]. Collectively,
a picture is emerging showing that closeness between the ER and mitochondria is
necessary but not sufficient for an elevation of the mitochondria [Ca2+]. Moreover,
an elevation of the mitochondrial [Ca2+] can trigger apoptosis [150]. In conclusion,
the Ca2+ transfer from the ER to the mitochondria is important for cell respiration
and for tuning ATP production while at the same time could lead to an apoptotic
event. It is extremely complex how the same signal, i.e. Ca2+ ions, results in so
divergent cell responses. Thus, essential pieces of the puzzle are still missing to
fully unravel the role of Ca2+ in the interaction between the ER and mitochondria.

14.6.4 The Connection Between the ER and Lysosomes

The lysosome is another organelle that associates with the ER [23]. This organelle is
vesicular in nature, it is filled with hydrolytic enzymes and characterized by having
an extremely acidic luminal pH, around 5.0 [151]. This acidic pH is generated
by the activity of a V-type proton ATPase [152, 153] and it has been considered
that the activity of this pump is essential for the Ca2+ accumulating activity of
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lysosomes [154, 155]. However, studies using Ca2+ indicators targeted directly
to lysosomes and agonists for TRPML1 channel in lysosomes, have found that
the acidic luminal pH is not essential for lysosomes to accumulate Ca2+ but that
a still undefined mechanism allows lysosomes to accumulate Ca2+ that has been
released by IP3Rs from the ER [11, 156]. The dynamics of the ER and lysosomes
has been recently observed with high spatial and temporal resolutions and it appears
that lysosomes are able to reshape the ER [23]. However, it is still a long way
to understand the regulation of Ca2+ transfer from the ER to lysosomes in the
autophagic process [157]; although the presence of high spatial and temporal super-
resolution microscopes, as GI-SIM [23], would make easier to unravel the role
played by Ca2+ both in the lysosomes and in the ER in the activity of these acidic
organelles.

14.7 Concluding Remarks

All these studies reviewed here allow us to depict a picture where an efficient Ca2+
release event from the SR/ER requires the activity not only of release channels, but
also of SERCA pumps and the luminal Ca2+ binding proteins. Additionally, it is
clear that the free luminal SR/ER [Ca2+] cannot predict the amount of Ca2+ that will
be released to the cytoplasm, the most likely explanation is that the Ca2+ released
during the activation of release channels involve the participation of luminal Ca2+
binding proteins that trap Ca2+ next to the release channels and that the formation
of this complex requires active SERCA pumps. This scenario could explain several
situations of the Ca2+ release event; for instance, why the amplitude of the Ca2+
release event in the cytoplasm does not show any correlation with the reduction
in the free luminal SR/ER [Ca2+]? Why the increase in the [Ca2+]i during Ca2+
release is associated with a minimal reduction in the bulk free luminal SR/ER
[Ca2+]? Why is the refractory period for Ca2+ release longer than the recovery of
the free luminal SR/ER [Ca2+]? It is clear that we are still far from understanding
how release channels produce an efficient Ca2+ release event but the development
of the GI-SIM superresolution microscope should help [23]. This microscope has
both enhanced spatial and temporal resolutions and can be used with the current
Ca2+ indicators, so it should be easier to follow changes in the [Ca2+] of both the
lumen of the ER and the cytoplasm to gather a better picture on how the Ca2+
lattice produces an efficient Ca2+ release event. Additionally, it is clear that the
SR/ER is the main Ca2+ source, not only for the cytoplasm, but also for other
organelles as mitochondria and lysosomes. In conclusion, it appears that an efficient
Ca2+ release event occurs only during the initial Ca2+ release process and that this
requires the participation of release channels, luminal Ca2+ binding proteins and
the SERCA pump. This means that the communication among all these elements
makes the Ca2+ release event more complex than previously envisioned but very
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robust because it can successfully fulfill the role of SR/ER as Ca2+ source without
interfering with the need of having a high luminal SR/ER [Ca2+].
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Chapter 15
Pyridine Nucleotide Metabolites
and Calcium Release from Intracellular
Stores

Antony Galione and Kai-Ting Chuang

Abstract Ca2+ signals are probably the most common intracellular signaling
cellular events, controlling an extensive range of responses in virtually all cells.
Many cellular stimuli, often acting at cell surface receptors, evoke Ca2+ signals
by mobilizing Ca2+ from intracellular stores. Inositol trisphosphate (IP3) was the
first messenger shown to link events at the plasma membrane to release Ca2+
from the endoplasmic reticulum (ER), through the activation of IP3-gated Ca2+
release channels (IP3 receptors). Subsequently, two additional Ca2+ mobilizing
messengers were discovered, cADPR and NAADP. Both are metabolites of pyridine
nucleotides, and may be produced by the same class of enzymes, ADP-ribosyl
cyclases, such as CD38. Whilst cADPR mobilizes Ca2+ from the ER by activation
of ryanodine receptors (RyRs), NAADP releases Ca2+ from acidic stores by a
mechanism involving the activation of two pore channels (TPCs). In addition, other
pyridine nucleotides have emerged as intracellular messengers. ADP-ribose and 2′-
deoxy-ADPR both activate TRPM2 channels which are expressed at the plasma
membrane and in lysosomes.

Keywords Calcium · Cyclic ADP-ribose · NAADP · CD38 · Ryanodine ·
Two-pore channels · Inositol trisphosphate · ADP-ribose · TRPM2 channel ·
Lysosome · Endoplasmic reticulum · Calcium microdomain

15.1 Introduction

Studies of cardiac contractility at the close of the nineteenth century by Sidney
Ringer showed a requirement for Ca2+ ions in perfusion solutions [1]. Use
of jellyfish photoproteins, such as aequorin, provided the first measurements of
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cytosolic Ca2+ in muscle cells. Importantly, Ca2+ transients were found to precede
contractions and this realization was important in generating the concept of a
messenger role for Ca2+ ions in cell contractility [2].

Work studying transmitter release from neurons and hormone secretion [3], also
led to a growing appreciation of the role of Ca2+ ions in stimulus-response coupling.
An important source of Ca2+ was that which could be mobilized from internal stores
in response to hormones and neurotransmitters acting at cell surface receptors [4].
In the mid-1970s it was hypothesized that receptors could stimulate cellular Ca2+
signals by stimulating the hydrolysis of inositol lipids [5]. Importantly, the initial
inositol lipid hydrolysed was found to be phosphatidylinositol 4,5 bisphosphate
[6]. The enzyme involved, phospholipase C thus generated diacylglycerol which
activates protein kinase C, and inositol 1,4,5 trisphosphate (IP3). A pivotal finding
was that IP3 added to permeabilized pancreatic acinar cells released Ca2+ from
a non-mitochondrial store in a way that was mimicked by activating plasma
membrane muscarinic acetylcholine receptors [7]. Thus IP3 was proposed as a
Ca2+ mobilizing messenger linking the activation of cell surface receptors to
mobilization of Ca2+ from intracellular stores. Biochemical purification studies
[8, 9] and molecular cloning experiments [10, 11] defined the principal targets for
IP3 on intracellular stores as homo/heterotetrameric Ca2+ release channels termed
IP3 receptors (IP3Rs). An understanding of how IP3 regulates IP3Rs has emerged
from recent IP3R structural studies [12]. The IP3 signaling pathway is now well
established, ubiquitous, and plays key roles in mediating many of the actions of
a variety of cellular stimuli [13]. The first intact cell in which IP3 was shown to
evoke a cellular response was the sea urchin egg [14]. IP3 microinjection induced
exocytosis of cortical granules resulting in the raising of the fertilization envelope
which acts as a barrier to polyspermy. At around the same time, sea urchin egg
homogenates containing Ca2+ sequestering vesicles were found to be sensitive to
IP3 which discharged Ca2+ from non-mitochondrial stores [15] . Following the
establishment of egg homogenates to study Ca2+ release mechanisms, Lee and
colleagues found that in addition to IP3, the pyridine nucleotides, NAD+ and NADP,
at micromolar concentrations, were also found to release Ca2+ by mechanisms
independent from those regulated by IP3 [16]. NAD+ released Ca2+ from a
subcellular fraction which was also sensitive to IP3, but after a delay of several
seconds. In contrast, NADP rapidly released Ca2+ from a denser fraction of vesicles.
Subsequent analysis revealed that the Ca2+ mobilizing properties of NAD+ was
due to an enzyme-produced metabolite identified as cyclic ADP-ribose (cADPR)
[17], and Ca2+ release evoked by NADP was due to a contaminant, nicotinic acid
adenine dinucleotide phosphate (NAADP) [18]. An abbreviated summary of our
current understanding of Ca2+ homeostasis in animal cells is shown in Fig. 15.1.
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15.2 Enzymology of cADPR and NAADP Synthesis
and Metabolism

A family of multifunctional enzymes, termed ADP-ribosyl cyclases, has been
characterized that are capable of both the synthesis and metabolism of both cADPR
and NAADP. An enzyme activity responsible for the synthesis of cADPR was first
indicated by the finding that NAD+ mobilized Ca2+ with a delay from sea urchin
egg homogenates but not from purified microsomes, indicating that egg homogenate
supernatant contained an activity responsible for the conversion of NAD+ to an
active metabolite [16], later identified as cADPR [17]. This enzyme activity was also
widespread in rat tissues and shown to be an enzyme showing stereo-specificity for
substrate, pH and temperature-dependence, as well as protease-sensitivity [19]. The
first ADP-ribosyl cyclase that was purified and characterized at the molecular level
was that from Aplysia ovotestis [20–22]. The rationale for this was that during the
study of ADP-ribosylation of G proteins by endotoxins in this tissue, a protein factor
from ovotestis was uncovered that inhibited this reaction by competing for NAD+
as a substrate. This protein factor, which was localized to ovotestis granules, was
subsequently purified and cloned and found to catalyse the cyclization of NAD+
to cADPR (Fig. 15.2). Aplysia ADP-ribosyl cyclase was the founding member of a
class of enzymes that by sequence homology was found to include the mammalian
proteins CD38 and CD157 [23]. In contrast to Aplysia ADP-ribosyl cyclase, CD38
is a multi- functional enzyme. It is an NAD glycohydrolase (NADase), producing
ADP-ribose from NAD+ [24]. But in addition, not only does it cyclize NAD to

O

OHOH

N
+

O

NH2

OPO

N

NN

N

NH2

O

OHOH

OPO

O

O-

O-

NAD+

Nicotinamide

Cyclization

cADPR

NH

O

OHOH

OPO

O

OHOH

OPO

O

N

N

N

OH

OH

N

N

O

NH2

Fig. 15.2 cADPR synthesis. Synthesis of cADPR by cyclization of NAD+ catalyzed by ADP-
ribosyl cyclases



15 Pyridine Nucleotide Metabolites and Calcium Release from Intracellular Stores 375

NADP+ NAADP

Nicotinic acid

Base-exchange
at acidic pH

O

OHOH

N
+

O

OH
OPO

N

NN

N

NH2

O

OH

OH

OPO

O

OH

OH

PO

O

OH

N

O

OH

O

OHOH

N
+

O

NH2

OPO

N

NN

N

NH2

O

OH

OH

OPO

O

OH

OH

PO

O

OH

N

O

NH2

Nicotinamide

Fig. 15.3 NAADP synthesis. Synthesis of NAADP from NADP by base-exchange of the nicoti-
namide moiety for nicotinic acid at acidic pH catalyzed by ADP-ribosyl cyclases

cADPR, it also has an appreciable hydrolase activity that converts cADPR to ADP-
ribose [25]. Furthermore, CD38 may also use the alternate substrate NADP, and in
the presence of nicotinic acid may catalyse a base- exchange reaction generating
NAADP too (Fig. 15.3) [26]. Evidence has also emerged that CD38 may also
hydrolyse NAADP to ADP-ribose 2-phosphate [27], although cellular phosphatases
may also convert NAADP to inactive NAAD [28]. Thus CD38 is responsible for
both the synthesis of a number of Ca2+ signaling regulators, and may also catalyse
their metabolism.

Detailed mechanistic studies following the crystallization of both Aplysia ADP-
ribosyl cyclase and CD38 have emerged in recent years to explain the various
activities of these proteins (reviewed in [29]). As also mentioned below, an expanded
family of ADP-ribosyl cyclases have been cloned from sea urchins, and various
forms are localized inside intracellular vesicles or expressed as ecto-enzymes at the
cell surface [30–33].

15.3 cADPR-Mediated Ca2+ Release

Initial studies showed that IP3, cADPR and NAADP likely released Ca2+ by
activating distinct mechanisms in sea urchin eggs, since all three compounds
independently self-desensitized their respective Ca2+ release mechanisms to a
second challenge [18]. Pharmacological analysis of cADPR-evoked Ca2+ release in
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sea urchin egg homogenates and intact eggs showed that the pathway for cADPR-
evoked Ca2+ release was likely ryanodine receptors (RyRs) [34]. This is also
the case in mammalian cells, where cADPR is now recognized as a widespread
Ca2+ mobilizing messenger [35]. RyRs along with IP3Rs, with which they share
degrees of homology in both primary sequence and structure, were discovered as
the principal Ca2+ release channels of the sarcoplasmic reticulum of striated muscle
[36]. However, in common with IP3Rs, they are also widely expressed in most cell
types, including sea urchin eggs [37–39], where they are often both present together
in the membranes of the endoplasmic reticulum (ER).

A key property of RyRs and indeed IP3Rs are that they are also regulated by
Ca2+ itself in a complex manner [40]. This may lead to Ca2+-induced Ca2+ release
(CICR), a phenomenon responsible for the globalization of local Ca2+ signals as
propagating Ca2+ waves or repetitive Ca2+ spikes, hallmarks of Ca2+ signaling
in all cells [41]. Increases in cytoplasmic Ca2+ were found to potentiate cADPR-
evoked Ca2+ release both in cell free systems, and also in intact cells [42]. Thus
it has been proposed that cADPR sensitizes RyRs to activation by Ca2+. This
hypothesis has a pleasing symmetry with the way in which IP3 is thought to regulate
IP3R gating by also by modulating Ca2+ sensitivity of a Ca2+ release channel [43].

The exact mechanism by which cADPR regulates RyRs is currently unclear.
However, pivotal roles for additional accessory proteins which interact with the
large cytoplasmic domains of RyR subunits have been suggested. The radiola-
belled photoaffinity cADPR derivative, [32P]8-azido-cADPR, labels a 100 kDa and
a140 kDa protein in sea urchin egg extracts, too small for RyRs, but these have not
been identified. A key finding was that in the sea urchin egg microsomal system
a soluble protein factor was required to confer cADPR-sensitivity of RyRs [44].
This was found to be calmodulin, a well-known component of RyR macromolecular
complexes [45]. Furthermore, it was found that cycles of dissociation and re-
association of calmodulin could account for the desensitization and resensitization
of cADPR- evoked Ca2+ release from sea urchin egg homogenates [46]. In
mammalian systems a role for FKBP12.6, an immunophilin with prolyl isomerase
activity, has been proposed as important for RyR cADPR sensitivity [47–52].
cADPR has been suggested to induce the dissociation of FKBP12.6 from RyRs
which destabilizes the channel causing an increased probability in their openings.
The dependence of accessory proteins on the cADPR-sensitivity of RyRs may
explain in part the variations in cADPR sensitivity of purified RyRs reconstituted in
planar lipid bilayers [53]. More recently GADPH has been proposed to be a cADPR
binding protein with a micromolar affinity for cADPR, and apparently required for
cADPR-evoked Ca2+ release [54]. The development of 8-substituted analogues of
cADPR as highly selective cADPR antagonists have been invaluable in dissecting
cADPR-dependent signaling pathways [55, 56]. There is also some evidence that
cADPR may activate SERCA pumps in some cells and thus increasing the Ca2+
loading of stores which could lead to increased Ca2+ release by a Ca2+ overload
mechanism [57, 58].
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15.4 NAADP-Mediated Ca2+ Release

Of the three major Ca2+ releasing messengers, NAADP is the most potent, often
effective in cells at concentrations as low as 1–10 nM [59, 60]. Its mode of
action intrigued researchers from its very discovery, since it appeared not to
target the two principal Ca2+ release channels, IP3Rs/RyRs, but rather a novel
Ca2+ release channel. In sea urchin eggs and homogenates, NAADP-evoked Ca2+
release, which is rapid and likely mediated by a channel [61], is not affected by
IP3Rs/RyRs or cADPR inhibitors such as heparin, ryanodine or 8-amino-cADPR
[18], but is selectively antagonized by voltage-gated cation channel blockers such
as certain dihydropyridines [62]. In addition, in contrast to IP3Rs or RyRs, the
NAADP-sensitive Ca2+ release mechanism is not potentiated by divalent cations
leading to the proposal that it does not function as a CICR channel [63, 64].
Furthermore, the NAADP- sensitive channel appeared not to reside on the ER
[64, 65]. Fractionation of sea urchin egg homogenates showed that the NAADP-
sensitive store was generally denser than IP3 or cADPR-sensitive microsomes
[16]. Treatment of homogenates with the SERCA pump inhibitor, thapsigargin,
whilst completely abolishing Ca2+ release to either IP3 or cADPR, did not prevent
NAADP-evoked Ca2+ release. In studies in stratified eggs where ER accumulates
near the nucleus, IP3 and cADPR were found to mobilize Ca2+ from this region,
whilst NAADP released Ca2+ from structures at the opposite pole. In detailed
studies of NAADP-evoked Ca2+ release from sea urchin eggs, NAADP was found
to induce an initial Ca2+ release which was followed by a series of further
Ca2+ spikes [66, 67]. The initial Ca2+ release was insensitive to thapsigargin,
whereas subsequent Ca2+ spikes were abolished by thapsigargin or IP3 and RyR
inhibitors [67]. It was therefore proposed that NAADP was initially releasing Ca2+
from a distinct organelle which then triggered further rounds of Ca2+ signals by
stimulating Ca2+ release from the ER [67]. Further purification of the sea urchin
egg NAADP- sensitive stores revealed them as rich in lysosomal markers and
acidic in nature, since they stained with lysotracker red [68]. Furthermore, Ca2+
uptake whilst insensitive to thapsigargin, was dependent on proton gradients created
by the action of bafilomycin-sensitive vacuolar proton pumps. In intact eggs, the
lysomolytic agent, glycyl-L- phenylalanine 2-naphthylamide (GPN) was found to
lyse lysotracker stained vesicles, which also caused bursts of localized Ca2+ release.
Treatment with GPN also selectively abolished NAADP-evoked Ca2+ release whilst
having no effect on either IP3 or cADPR-induced Ca2+ signals. From this study it
was proposed that NAADP selectively targets lysosome-like organelles in the sea
urchin egg [68–70].

Building on these results from sea urchin eggs, the action of NAADP as a
Ca2+ mobilizing molecule was investigated in a variety of mammalian cells. In
the first study, pancreatic acinar cells were found to be exquisitely sensitive to
NAADP which produced effects at considerably lower concentrations than either
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IP3 or cADPR [71]. Several important principles for mammalian NAADP signaling
were proposed from this study. First the concentration-response curve for NAADP-
evoked Ca2+ release (assessed by activation of Ca2+-activated currents) is bell-
shaped, with high concentrations of NAADP causing no effect on account of
induction of rapid desensitization of NAADP receptors. Secondly, the response
to NAADP required functional IP3 Rs/RyRs, and thirdly, Ca2+ release by the
secretagogue, cholecystokinin (CCK) required functional NAADP receptors. Until
the development of selective NAADP antagonists such as Ned-19 [72], use of high,
desensitizing, NAADP concentrations was the major way in which to implicate
NAADP in Ca2+ signaling processes such as CCK signal transduction here [71].
The finding that NAADP required functional IP3Rs/RyRs indicated that as in the
sea urchin egg, one major action of NAADP-evoked Ca2+ release in mammalian
cells is to trigger further Ca2+ release by recruiting ER-based CICR channels [73].
Similarly, activation of the lysosomal channel, TRPML1 causes similar recruitment
of ER Ca2+ stores [74].

NAADP has now been shown to have a widespread if not universal action in cells
as a mobilizer of Ca2+ from acidic stores such as lysosomes [60, 75] and endosomes
[76]. Although these organelles contain considerably smaller amounts of Ca2+ than
the ER, they nevertheless may play an important role in Ca2+ signaling by locally
targeting Ca2+ to specific effectors. Questions still remain about the precise way
in which Ca2+ is sequestered into lysosomes and related organelles. The proton
gradient across organellar membranes is required and direct or indirect Ca2+/H+
exchange has been proposed [68]. However, such exchangers are only expressed in
lower vertebrates and invertebrates so additional mechanisms may operate [77]. In
addition, SERCA3 has been proposed to mediate Ca2+ uptake in part, in NAADP-
sensitive acidic Ca2+ stores of platelets [78]. Others have suggested that filling
of Ca2+ occurs by privileged communication with the ER by a pH-independent
mechanism [79]. Interestingly, in cells from patients with the lysosomal storage
disease, Niemann Pick C, lysosomes have defects in Ca2+ sequestration, have a
low intralysosomal Ca2+ concentration, and show a much reduced response to
NAADP [80]. Whilst reduced calcium uptake was suggested to account for reduced
lysosomal calcium and NAADP action, subsequent studies suggested that this may
due to enhanced calcium release [81]

In sea urchin egg membranes, [32P]NAADP binds with very high affinity [66,
82, 83]. Intriguingly, NAADP binding becomes essentially irreversible and it has
been proposed that it becomes occluded due to a conformational change of the
receptor, a phenomenon that requires the presence of K+ ions [84] and phospholipid
[85]. Binding may stabilize protein complexes of solubilized proteins [86, 87].
These unusual binding phenomena have been linked with the equally unusual
desensitization properties of the NAADP-sensitive Ca2+ release mechanism. Prior
exposure with concentrations of NAADP which are subthreshold for evoking
Ca2+ release can desensitize the mechanism to subsequent suprathreshold NAADP
concentrations in a concentration and time-dependent manner [66, 88, 89].
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15.5 Two Pore Channels as NAADP Targets

Two principles for NAADP-mediated Ca2+ release have emerged in recent years.
The first was that NAADP-gated channels have distinct properties from known
Ca2+ release channels such as IP3Rs and RyRs, and their pharmacology more
closely resembled that of voltage-gated cation and TRP channels [62]. Secondly,
the NAADP-sensitive release mechanism principally resides on acidic stores such
as lysosomes and lysosome-related organelles [68].

Inspection of genomic sequences emerging from a variety of organisms including
that of sea urchins, pointed to two families of channels as possible targets. The
first was mucolipin-1, a lysosomal TRP channel whose mutations may lead to
the lysosomal storage disease, mucolipidosis IV [90–92], and second, a poorly
characterized family of channels termed Two-pore channels (TPCs) [93]. TPCs are
members of the superfamily of voltage-gated channels which comprise of around
150 members with predicted molecular weights ranging between 80 and 100 kDa.
TPCs are predicted to have two domains each containing six transmembrane
segments and a single pore loop for each domain. As such they represent a proposed
evolutionary intermediate between single domain a subunits which tetramerise
to form shaker-like K+ channels, and the single pore-forming four homologous
domain a subunits of voltage-gated Ca2+ and Na+ channels. These channels are
thought to have evolved by successive rounds of gene duplication [94–96].

A two pore channel (TPC1) had first been identified from sequences homologous
to voltage-gated ion Ca2+ channels from rat kidney cDNA [97]. This was followed
by the identification of a TPC1 from the genome of the plant Arabidopsis [98]. Thus
it was the plant channel that was most intensively investigated initially. Importantly,
it was shown to be localized to the plant vacuole, the principal acidic organelle
in plants, and to act as a Ca2+ release channel [99]. On account of a pair of EF
hands in the region between the two 6 transmembrane domain (TMD) repeats, not
seen in mammalian TPCs, it was also proposed to function as a CICR channel.
Electrophysiological analysis of AtTPC1 showed that it likely accounts for the slow
vacuolar current and likely to play a key role in plant physiology [100].

At this time Michael Zhu cloned a novel mammalian TPC sequence termed
TPC2, and heterologous expression showed that it largely localized to lysosomes,
and thus TPCs emerged as plausible candidates as NAADP-gated channels. These
data were finally reported in 2009 [101], as described below. Both mucoplin-1
and TPCs have now been proposed as NAADP-gated channels. Although there
has been some evidence presented for mucoplin-1 as an NAADP-gated channel
[102], this has not been seen by others [103, 104]. In contrast, a number of
papers have emerged over the last few years firmly implicating TPCs as central
components of NAADP-sensitive Ca2+ release channels [105, 106]. Heterologous
expression of HsTPC2 in HEK293 cells greatly increased the responsiveness of
these cells to NAADP so that now NAADP evoked biphasic Ca2+ signals [101].
Pharmacological analysis revealed that the initial Ca2+ release is due to Ca2+
release from acidic stores whilst the second larger release is mediated by activation
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of IP3Rs. This coupling between lysosomes and ER nicely mirrors previous studies
of NAADP mediated Ca2+ release through organellar cross-talk with NAADP
acting in a triggering role [67, 71]. Indeed in pulmonary arteriolar smooth muscle
cells, both endothelin-1 and NAADP mediated Ca2+ signals initiate in a subcellular
region where lysosomes and ER are closely apposed [107, 108]. In contrast,
expression of TPC1, which localizes to endosomal vesicles, when activated by
NAADP, mediates localized Ca2+ signals apparently uncoupled from ER-based
Ca2+ release mechanisms [101, 109]}. Importantly, sea urchins also express TPC
isoforms, and expression of both TPC1 and TPC2 also enhance the responsiveness
of cells to NAADP generating characteristic biphasic Ca2+ signals [110, 111]. Sea
urchins, in common with many animals, express three isoforms, although TPC3
is not expressed in man, mouse or rats. In one report, TPC3 appeared to act as a
dominant negative suppressing the effects of NAADP on both small endogenous
Ca2+ release or enhanced release due to TPC2 overexpression [110]. Another
important finding is that immunopurified endogenous TPCs bind [32P]NAADP with
nanomolar affinity and recapitulates key properties of NAADP binding to native
egg membrane fractions [110]. Electrophysiological studies either from isolated
lysosomes [112, 113], immunopurified TPC2 reconstituted into lipid bilayers [114]
or channels redirected to the plasma membrane by mutating lysosomal targeting
sequences [115] have shown that TPCs are indeed NAADP-gated cation channels
which can pass Ca2+ ions.

Interestingly, TPC2 channel activity is modulated by luminal pH, and increased
luminal Ca2+ greatly increases their sensitivity to activation by NAADP [114].

Evidence from cells derived from TPC2 knockout mice also supports a key
role for TPC2 in mediating NAADP-evoked Ca2+ release. In pancreatic beta cells,
NAADP evokes Ca2+ activated plasma membrane currents which are absent in
those from Tpcn2−/− mice [101] and may be important in regulating insulin
secretion [116]. Furthermore, application of exogenous NAADP to diabetic mice
restores insulin secretion [117]. In bladder smooth muscle, whilst NAADP contracts
permeabilised myocytes, it fails to do so in cells from Tpcn2−/− mice, and now
agonist- mediated contractions are due entirely to SR-mediated Ca2+ release since
agonist-coupling to Ca2+ release from acidic stores is now abolished [118]. RNA
interference approaches are now emerging. For example, knockdown of TPC2 with
siRNA has revealed important specific roles for the NAADP/TPC signaling path-
way in striated muscle differentiation [119] Importantly, this effect is phenocopied
by use of the membrane-permeant NAADP antagonist, Ned-19 or disruption of
Ca2+ storage by lysosomes/acidic stores by bafilomycin [119]. Importantly, cells
from Tpcn1–/–/Tpcn2–/– mice do not mobilize Ca2+ in response to NAADP, but do
so on expression of either TPC1 or TPC2 proteins, but not TRPML1 [120].

Taken together, there is now compelling evidence that TPCs are key components
of the NAADP-sensitive Ca2+ release mechanism. A study comparing cADPR
and NAADP actions shows clearly that in HEK293 cells, that expression of RyRs
confers cADPR-sensitivity, but TPC expression is needed for NAADP-evoked
Ca2+ release [109] crystallizing the hypotheses that cADPR targets RyRs whilst
NAADP targets TPCs. Direct patch-clamping of lysosomes has given further
insight into the biophysical properties of TPCs. TPCs are likely non-selective
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cation channels with substantial Na+ conductances [121]. However, even a minimal
Ca2+ conductance may be sufficient to generate physiologically important Ca2+
microdomains particularly at lysosomal-ER contact sites [120].

Molecular structures of TPCs have recently been reported by X-ray crystallogra-
phy or cryo-EM [122–126]. The role of TPCs is disease is a new and growing field
[127, 128].

RyRs themselves have been proposed as direct targets for NAADP in some cell
types [129, 130] although indirect activation of RyRs by local Ca2+ release from
acidic stores is not trivial to discount. However, since it is likely that NAADP may
bind to a channel accessory protein rather than a channel itself [131, 132], it is
possible that NAADP may regulate multiple Ca2+ release channels under certain
conditions [133, 134]. The requirement for an elusive NAADP-binding protein may
explain why there is variability in responsiveness of TPC channel currents recorded
under conditions of whole-lysosome patch clamp [112, 113, 121]. A similar case
may operate for cADPR modulation of RyRs [54].

NAADP-evoked Ca2+ release from acidic stores has been proposed to work in
three major ways to regulate cellular processes (Fig. 15.4) [135]. The first is to
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Fig. 15.4 Local to global Ca2+ responses mediated by NAADP. Locally, the Ca2+ release from
acidic stores is likely to be important for normal functions of the endo-lysosomal system such as
vesicle fusion or fission in lysosomal biogenesis. Small local Ca2+ release evoked by NAADP from
lysosomes may also act as a trigger to initiate CICR from the SR/ER and generate global signals.
NAADP-mediated Ca2+ release near the plasma membrane modulates membrane excitability
(excitable cells), or ion fluxes (non-excitable cells) by opening Ca2+ activated channels. Changes
in the membrane potential could further activate, for example, voltage-gated Ca2+ channels, to
allow Ca2+ influx and initiate a global response via CICR
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coordinate Ca2+ release by organelle cross-talk at junctions between lysosomes and
the ER [136–138]. The second is to produce local Ca2+ signals in the sub-plasma
membrane space to control Ca2+-activated plasma membrane channels and thus
regulate processes such as fluid secretion in non-excitable cells such as exocrine
gland cells [71], or membrane excitability in excitable cells. Examples of the latter
are the polyspermy blocking cortical flash in sea urchin eggs [139] or activation of
membrane currents in starfish oocytes [140], and depolarization of pancreatic beta
cells [101] or neurones [141]. Thirdly, local Ca2+ release via TPCs may regulate
endolysosomal trafficking and organelle biogenesis by regulating membrane fission
and fusion processes. Overexpression of TPCs or their block by the NAADP
antagonist Ned-19 induces deregulation of endocytosis, lysosome biogenesis and
trafficking mimicking features of lysosomal storage diseases [110, 142, 143] which
may be relevant to disease [60, 128].

15.6 ADP-Ribose and Other Metabolites

As mentioned above, cADPR is metabolized to ADPR by CD38’s intrinsic hydro-
lase activity. Other NADases may directly catalyse the formation of ADPR. ADPR
although inactive at releasing Ca2+ from the ER, was found to stimulate Ca2+
influx. This was first observed in ascidian oocytes where low ADPR concentrations
may activate plasma membrane currents [144]. An important target for ADPR is
TRPM2. TRPM2 channels are polymodal-gated channels responding to not only
pyridine nucleotides but also to calcium, oxidants and raised temperature [145].
They have been proposed as chanzymes in that they express an intrinsic enzyme
activity, ADPR pyrophosphate conferred by a nudix box containing domain at
their C-terminus [146], although this has been challenged [147]. Both cADPR
and NAADP have also been reported to activate TRPM2, but at high micromolar
concentrations, substantially higher than reported concentrations of these molecules
in cells and tissues [148], although this has also been questioned [149]. In a T
cell line, a second messenger role for ADP-ribose in mediating concanavalin A-
activated Ca2+ influx via TRPM2 channels has been proposed [150]. Interestingly,
although TRPM2 channels are mainly found in the plasma membrane, they have
also been reported in lysosomes [151]. In addition to ADPR, ADP-ribosyl cyclases
may also generate additional nucleotides including cADPR-phosphate, and adenine
dinucleotides [152] which may also be active in some cells at generating Ca2+
signals. A recent report has suggested that 2′-deoxyadenosine 5′-diphosphoribose is
an endogenous TRPM2 superagonist [153]. The recent description of the molecular
structure of TRPM2 from cryo-EM studies will shed more light on the molecular
architecture of the pyridine nucleotide binding site [154].
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15.7 Receptor-Mediated NAADP and cADPR-Mediated
Ca2+ Signaling

Both cADPR and NAADP have satisfied all the criteria originally mandated by
Sutherland, to be unambiguously assigned as second or intracellular messengers
[155].

Endogenous levels of both cADPR and NAADP are found in a wide range of
tissues and cells from across the phyla. Similarly, increases in levels of cADPR
[35] and NAADP [75] have been reported in response to cell activation by a variety
of stimuli and cell surface receptor families. There have been two principal ways
in which cADPR and NAADP levels have been measured [156]. The first are
radioreceptor assays based on the high affinity binding sites for these molecules
on sea urchin egg membranes [157, 158], and the second is a cycling assay using
ADP-ribosyl cyclase in reverse to generate NAD which is then coupled to the
generation of a fluorescent product [159, 160]. The latter requires initial treatment
with enzymes to completely remove endogenous NAD before proceeding. An
additional important development was the use of NGD as an alternative substrate
to NAD. True ADP- ribosyl cyclase as opposed to most ADP glycohydrolases tend
to cyclise NGD to cGDPR which is fluorescent [161]], and this assay has been
extensively used to demonstrate ADP-ribosyl cylase activities in many preparations,
and in some cases regulation of activities by various stimuli.

The first indication that cADPR levels could be regulated by phosphorylation
processes was the finding that cGMP via G kinase stimulates Ca2+ release via
cADPR synthesis in sea urchin eggs [162, 163]. cAMP on the other hand may
selectively enhance NAADP forming base-exchange activity by PKA or EPAC
[164], thus differential phosphorylation or regulation by cGMP or cAMP may
dictate which messenger is generated on enzyme stimulation [165].

As a general principle, NAADP increases rapidly and transiently on cell stim-
ulation, whilst cADPR remains elevated for many minutes [166, 167]. From this
it has been proposed that NAADP plays a major role in triggering Ca2+ signals,
whilst cADPR may have a longer term role in producing a long lasting increase
in sensitivity of RyRs to CICR. Indeed prolonged elevations of cADPR have been
associated with the circadian clock in plants as well as increased proliferative state
of cells in culture [168].

CD38 knockout mice are providing important insights into the role of CD38 in
agonist-mediated Ca2+ signaling mediated by both cADPR and NAADP. Several
studies have indicated that various tissues from Cd38−/− mice have substantially
reduced endogenous cADPR levels. In addition, the ability of a number of stimuli
to elevate cADPR levels is impaired. Concomitantly, a number of important physio-
logical processes are abrogated [23]. Defects include reduced insulin secretion from
pancreatic beta cells [169], abolition of Ca2+ mobilization in pancreatic acinar cells
[170, 171], cardiac hypertrophy [172], changes in airway [173] and vascular smooth
muscle pharmaco-mechanical coupling [174], defects in neutrophil chemotaxis with
increased susceptibility to bacterial infection [175], impaired oxytocin signaling
with associated behavioral correlates [176].
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A recent report has suggested a novel way in which cADPR signaling is regulated
in sperm. These cells with minimal signaling machineries apparently acquire CD38
and RyRs from secreted prostasomes from prostate gland cells and competence in
cADPR signaling is required for sperm motility and thus ability to fertilize ova
[177].

The finding that, at least in vitro, CD38 can synthesise NAADP [27], has also led
to the investigation of this enzyme in receptor-mediated NAADP production. Using
cells from Cd38−/− mice it was found that in pancreatic acinar cells, NAADP
production stimulated by physiological concentrations of CCK was abolished [171],
as was that produced by angiotensin II in hepatic stellate cells [178], and by IL8 in
lymphokine-activated killer cells [179]. Recent evidence has been presented to show
that NAADP synthesis is also linked to beta- adrenergic signalling mechanisms in
cardiac myocytes [180]. However, agonist-induced NAADP production has been
reported in tissues from Cd38−/− mouse tissues, raising the possibility of alternate
synthetic pathways [181]. CD157, also known as BST1, shows ADP-ribosyl cyclase
activity, but apparently is poor at catalysing NAADP synthesis by base exchange
[182].

The great plasticity of Ca2+ signaling pathways is exemplified by the ability of
high affinity CCK receptors in Cd38−/− pancreatic acinar cells now to switch from
NAADP production to IP -mediated Ca2+ signaling [171]. Conversely, CCK evoked
Ca2+ signals in the ADP-ribosyl cyclase-deficient AR42J rat pancreatic cell line
switch from IP -mediated Ca2+ signaling to NAADP signaling and Ca2+ release
from acidic stores on transfection with CD38 cDNA [171].

A major question concerning the notion that CD38 is the major synthetic enzyme
for cADPR and NAADP synthesis is the membrane topology of this protein [183].
It was originally noted as a plasma membrane ectoenzyme with its active site facing
the extracellular space. De Flora and colleagues presented evidence that NAD may
leak from the cell via connexins which is acted upon by extracellular CD38 to yield
extracellular cADPR. cADPR may be transported back into the cell via nucleoside
transporters [183]. However, an appreciable amount of CD38 is intracellular and
associated with organelles such as secretory granules or endosomes, and this may
increase on cell stimulation. This appears to be the case in sea urchin eggs, and
evidence has been provided that NAD may be transported into organelles, converted
to cADPR, which is transported into the cytoplasm to its site of action [30, 31].
This also raises the possibility that cADPR and NAADP may also be stored in
intracellular compartments, and cell stimuli may act to regulate the egress of these
molecules into the cytoplasm as for Ca2+ mobilization from intracellular stores.
Another possibility, recently proposed, is that CD38 may exist in two topologies
with the active site of one form, termed type III, actually facing the cytoplasm,
[184, 185, 186]. The cytosolic facing form has been shown to interact with the
Ca2+ binding CIB1 protein which may enhance its activity [186]. Whatever the
situation, more clarification is needed to understand how cellular stimuli are coupled
to increases in ADP-ribosyl cyclase activities.
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15.8 Conclusions

The emergence of cADPR and NAADP as Ca2+ mobilizing messengers and the
elucidation of their place in signaling pathways and the identification of their
molecular targets over the last two decades has provided many surprises and
advances in our understanding of cellular regulatory processes. The field has
moved on from the role of these molecules at fertilization of invertebrate eggs to
central players in mammalian Ca2+ homeostasis and signaling. We can expect more
surprises and answers in the years to come, but the next key development will be
to identify cADPR and NAADP binding proteins and ascertain how they modulate
their respective targets.
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Chapter 16
Calcium Signaling in the Heart

Derek A. Terrar

Abstract The aim of this chapter is to discuss evidence concerning the many
roles of calcium ions, Ca2+, in cell signaling pathways that control heart function.
Before considering details of these signaling pathways, the control of contraction in
ventricular muscle by Ca2+ transients accompanying cardiac action potentials is first
summarized, together with a discussion of how myocytes from the atrial and pace-
maker regions of the heart diverge from this basic scheme. Cell signaling pathways
regulate the size and timing of the Ca2+ transients in the different heart regions to
influence function. The simplest Ca2+ signaling elements involve enzymes that are
regulated by cytosolic Ca2+. Particularly important examples to be discussed are
those that are stimulated by Ca2+, including Ca2+-calmodulin-dependent kinase
(CaMKII), Ca2+ stimulated adenylyl cyclases, Ca2+ stimulated phosphatase and
NO synthases. Another major aspect of Ca2+ signaling in the heart concerns actions
of the Ca2+ mobilizing agents, inositol trisphosphate (IP3), cADP-ribose (cADPR)
and nicotinic acid adenine dinucleotide phosphate, (NAADP). Evidence concerning
roles of these Ca2+ mobilizing agents in different regions of the heart is discussed
in detail. The focus of the review will be on short term regulation of Ca2+ transients
and contractile function, although it is recognized that Ca2+ regulation of gene
expression has important long term functional consequences which will also be
briefly discussed.
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16.1 Introduction

Readers of this volume will be well aware of the importance of calcium in all plant
and animal species arising from the many roles of calcium ions in all biological
processes. The statement that calcium is everything (generally attributed to Loewi)
might be regarded as inspiring awe or exasperation in relation to the design of
experiments to explore the functions of calcium. The focus of this chapter concerns
the many roles of calcium ions, Ca2+, in the heart.

The primary function of the heart is to provide a co-ordinated muscle contraction
system to pump blood to the lungs and body, enabling the body tissues to receive
oxygen and nutrients. The elements of the process that couples electrical activity
to contraction of cardiac muscle will be outlined briefly to set the scene for
how this relatively simple process might be regulated by many calcium-dependent
systems. These calcium-dependent regulatory pathways will make up the bulk
of the chapter. They include calcium-dependent enzymes (including the Ca2+-
calmodulin-dependent protein kinase, CaMKII, and other enzymes influenced by
Ca2+, particularly those that regulate cAMP and cGMP signaling systems), as
well as the pathways involving the Ca2+ mobilizing agents inositol trisphosphate
(IP3), cADP-ribose (cADPR) and nicotinic acid adenine-dinucleotide phosphate
(NAADP). In the case of cADPR and NAADP, evidence concerning the actions
of these substances will be reviewed separately, but a brief summary will discuss
the possibility of synergistic actions of these two substance in the heart, since their
actions appear to be complementary and it has recently been suggested that the
synthesis of both is catalyzed by the same enzyme, CD38, in the heart [1].

Although the headlines of the process coupling the electric signal of the action
potential to contraction (EC coupling) are simple and generally agreed (see reviews
[2]; [3]), there are details of the underlying mechanisms that remain open to debate.
The outstanding questions are difficult to address experimentally precisely because
of the many overlapping roles of calcium. These experimental problems are further
compounded by the nature of different compartments inside cardiac cells, not just
different membrane delimited compartments (such as the sarcoplasmic reticulum,
mitochondria and lysosomes) but also the presence of microdomains in the cytosol
where the concentration of Ca2+ might differ for functionally important periods
of time from that in the bulk cytosol, for example in the subsarcolemmal space
beneath the plasma membrane, or spaces between intracellular organelles. Although
the poorly understood aspects of EC coupling are functionally important, most of
the discussion of the calcium-dependent signaling pathways that form the bulk of
this chapter can be followed with just a knowledge of the agreed simple framework.

In addition to the rapid processes controlling contraction, many of the roles of
Ca2+ in the heart concern long term processes involving turning genes on or off
to change protein expression, and are important not only in development but in
adaptive processes such as hypertrophy that might be either beneficial or harmful.
These roles of Ca2+ over periods of days or longer will be covered here only in
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summary, and such long-term calcium signaling mechanisms are described in detail
in: [4]; [5].

Before addressing our knowledge of calcium signaling in the heart, it should be
emphasized that although all of the points raised above relate to cardiac muscle in
general, there are important differences between cell types in different regions of
the heart with particular functions. Much of the discussion will concern ventricular
muscle that has generally received most extensive experimental study, but it is clear
that cells from the upper atrial chambers of the heart show important variations in
the control of their Ca2+ signals that are related to their different functions, and an
even greater divergence from the ventricular pattern is shown in the pacemaker cells
from the SA node. These differences are addressed in particular sections below,
after first outlining a basic scheme for ventricular myocytes. The atrioventricular
node and conduction systems also show particular specialisations but will not be
discussed in detail here (see [6]).

16.2 Simple Scheme of EC Coupling in Ventricular Myocytes

Excitation-contraction (EC) coupling in the heart has been extensively reviewed, for
example in [2], [7], as well as in an excellent recent paper from [3], from which Fig.
16.1a is taken. EC coupling links electrical activity in the form of a cardiac action
potential, generally lasting hundreds of ms, to a rise in free Ca2+ in the cytosol,
which in turn activates the contractile machinery of the actin and myosin filaments.
Ventricular myocytes show a striated appearance arising from overlap of the thick
myosin and thin actin filaments, but also reflecting the division of the length of
the myocyte into sarcomeres, which are slightly less than 2 μm long and act as
functional units. Each end of a sarcomere in ventricular muscle is bounded by a
transverse tubule, which is an invagination of the surface membrane running deep
into the myocyte, as shown schematically in Fig. 16.1a (from [3]), together with a
confocal image in Fig. 16.1b illustrating an example of this arrangement in a rabbit
ventricular myocyte (from [8]). An important membrane system within the myocyte
is the endoplasmic reticulum (termed sarcoplasmic reticulum, SR, in myocytes),
and this functions as a Ca2+ store in which the luminal Ca2+ concentration far
exceeds that in the cytoplasm. The regions where the SR approaches the transverse
tubules are referred to as terminal cisternae, and these two membrane components,
together with the restricted space between them, form an important unit for EC
coupling, as shown in Figs. 16.1a and 16.1b. This unit of transverse tubule and SR
in cardiac muscle is generally referred to as a dyad. The headline of EC coupling
is that Ca2+ enters the cytosol from the extracellular space to trigger further release
of Ca2+ ions from the SR by a process termed Ca2+-induced-Ca2+-release (CICR).
The Ca2+ enters via voltage-gated L-type Ca2+ channels located predominantly in
the transverse tubules, and the release of Ca2+ is via ryanodine receptors (RyR2)
in the terminal cisternae of the SR. At body temperature the L-type Ca2+ channels
are rapidly activated by the depolarization of the action potential, reaching a peak



398 D. A. Terrar

Fig. 16.1a Schematic diagram of the main proteins involved in EC coupling in a ventricular
myocyte and the main mechanisms for their phosphorylation or nitrosylation. LTCC = L-type
Ca channel, Cav1.2; Nav1.5 = cardiac isoform of the Na channel; NCX = Na/Ca exchange;
RyR2 = ryanodine receptor; PLB = phospholamban; AC = adenylyl cyclase; sGC = soluble
guanylyl cyclase; EPAC = exchange protein activated by cAMP; PKA = protein kinase A;
PKG = protein kinase G. The transverse tubule (T tubule) is shown as an invagination of the
surface membrane forming a dyad with the adjacent terminal cisterna of the SR. CICR occurs in
the microdomain of the dyad between these two structures. (Reproduced from [3])

of activation in about 3 ms, and this leads to CICR via RyR2 within the dyad
followed by a rise in bulk cytosolic Ca2+ concentration to activate the myofilaments.
The RyR2 is key to this process and is a large protein with multiple regulatory
sites (see: [9–12]). The brief rise in Ca2+ in the bulk cytosol associated with
this process of CICR is termed the Ca2+ transient, CaT. Restoration of cytosolic
Ca2+ concentration back to the resting level (resulting in the decline of the CaT)
is largely achieved by pumping of Ca2+ back into the SR by a sarcoplasmic-
endoplasmic reticulum Ca2+ ATP-ase, SERCA, and by extrusion of Ca2+ back into
the extracellular space, predominantly by the secondarily active and electrogenic
Na+/Ca2+ exchange, NCX. There is a minor role in most circumstances of a Ca2+
ATP-ase in the surface membrane.

It is worth briefly mentioning mitochondria which occupy about a third of the
cellular volume of ventricular myocytes and are essential for supplying ATP to meet
the energy demands associated with ion transport and contraction. In the context of
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Fig. 16.1b 3D Electron Tomography reconstruction of lysosomes, SR, t-tubules and mitochondria.
Representative electron tomography (ET) image of lysosomes near calcium signalling organelles,
showing reconstructed organelles in 3D of sarcoplasmic reticulum, mitochondria and t-tubule in
rabbit left ventricular tissue. Dual-axis ET and IMOD software were used to image, reconstruct
and model lysosomes (L, red), sarcoplasmic reticulum (SR, blue), mitochondria (M, yellow),
and t-tubules (T, green) in 3D. Isovolumetric voxel size = 1.206 nm, Z-depth = 275 nm. Scale
bar = 200 nm. See original paper for Supplementary Video 1 for 3D animation of tomographic
reconstruction of cell. The structural element formed by the t-tubule and SR is important for CICR,
while the microdomains between the lysosome and the SR, and between the lysosome and the
mitochondria, will be discussed in the section concerning cardiac actions of the Ca2+ mobilising
agent, NAADP. (Reproduced from [8])

Ca2+ signaling, mitochondria may influence changes in cytosolic Ca2+ during EC
coupling [13], and in turn Ca2+ within the mitochondria regulates ATP production
[14]. Mitochondria may play a particular role in shaping cytosolic Ca2+ signals in
atrial myocytes [15].

The potentially explosive process of CICR is subject to local control, and clusters
of RyR2 act as release units, giving rise to Ca2+ ‘sparks’ [16]. These are transient
localized increases in cytosolic Ca2+ arising from Ca2+ release from the SR, and
it is generally believed the CaT is made of many Ca2+ spark-like events; see:
[17–19]. These Ca2+ sparks are approximately elliptical when viewed in 2D and
cover a distance comparable to the sarcomere spacing. The occurrence of sparks is
influenced by Ca2+ close to RyR2 both in the cytosol and in the lumen of the SR.
Recent discussions of the influences of cytosolic and luminal SR Ca2+ on RyR2
function can be found in: [20]; [21]; and [19] (and see [22]).

A key aspect of the EC coupling process described above concerns the timing
of the CaT relative to the time course of the action potential. It is important to
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note that all the processes of CICR are very temperature dependent. Temperature is
particularly influential for Ca2+ entry via L-type Ca2+ channels [23] and for Ca2+
release from the SR via RyR2 [24]. The transport processes that are responsible for
Ca2+ extrusion from the cell (principally Na+/Ca2+ exchange) and for Ca2+ uptake
into the SR (by the sarcoplasmic/endoplasmic reticulum ATP-ase, SERCA) are also
very temperature dependent. In the ventricular muscle of most mammalian species,
including human (although not adult rat or mouse), the action potential that controls
contraction has a prolonged plateau at a potential that is much more depolarized
than the resting level of approximately −85 mV. This plateau lasts hundreds of ms
and is often close to 0 mV. At body temperature the peak and a substantial part of
the decline of the CaT occurs while the plateau is still elevated. This is illustrated in
Fig. 16.2 (from [25]; see also [26]).

One aspect of the importance of temperature and the timing of CaT relative to
the AP plateau concerns the balance between Ca2+ extrusion from the cytosol to the
extracellular space (predominantly by NCX) and uptake of Ca2+ from the cytosol
into the SR. These two Ca2+ removal processes are essentially in competition.
Extrusion of Ca2+ via NCX depends on the cytosolic concentration of Ca2+ ions
(which changes rapidly in the subsarcolemmal space from the resting level of
100 nM to a peak concentration at least 100 times greater, though still much
smaller than the free extracellular Ca2+ concentration of 1–2 mM), and on the
concentrations of sodium ions on either side of the membrane (which are likely
to be relatively stable during a single action potential at over 100 mM on the
extracellular side and approximately 5 mM in the cytosol, since the influx of Na+
is too small on this time scale to have any substantial effect on these relatively large
Na+ concentrations). The other determinant of NCX is the membrane potential
since Ca2+ extrusion normally depends primarily on the driving force for Na+
entry (though the Ca2+ gradient is also important). The precise reversal potential

Fig. 16.2 Simultaneous
recording of AP and CaT
measured using optical
methods in whole guinea-pig
heart at body temperature.
The AP waveform is shown
as optical signal in which
depolarization is represented
as a downward deflection,
inverting the normal AP
appearance. The CaT is
shown below the AP. It is
clear that the peak and a
major component of the
decay of CaT occurred during
the AP plateau (see text).
(Reproduced from [25])
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(in other words the potential for zero net current) for NCX is controversial, and
will change as the subsarcolemmal Ca2+ changes, but it is clear that the extrusion
of Ca2+ at a plateau potential close to 0 mV will be much less than that at the
resting potential of approximately −85 mV because the driving force for Na+ entry
will be much greater at the resting potential. It could be argued that one factor
underlying the evolution of action potentials with a prolonged plateau results from
the above arguments concerning Ca2+ balance: while the action potential remains
at the plateau potential the balance between Ca2+ extrusion via NCX and Ca2+
uptake into the SR by SERCA greatly favours Ca2+ uptake. This might be seen
as an efficient mechanism so that the large fraction of Ca2+ release from the SR
(contributing perhaps 75% of the amplitude of the CaT, depending on species) can
be taken back into the SR with minimal opposition from NCX at plateau potentials.

Note that at room temperature (which is often used even for experiments on
mammalian ventricular myocytes) the time course of the CaT is greatly prolonged
relative to the timing of the action potential so that even the peak but also generally
all of the decay of the CaT occur at or close to the resting potential, which favours
Ca2+ extrusion from the cytosol via NCX over uptake of Ca2+ back into the SR
by SERCA. This situation departs from the physiological and can give rise to
difficulties in the interpretation of some experimental observations.

One area where these difficulties are particularly important in the context of
Ca2+ signaling in the heart concerns the effect of an agent that increases the
Ca2+ sensitivity of RyR2 to cytosolic Ca2+, as appears to be the case for caffeine.
Some have argued that both on theoretical and experimental grounds such an agent
will have only a transient effect since although there is an initial increase in CaT
amplitude, the increase is not sustained because the amount of Ca2+ loaded in
the SR declines until there is an exact compensation of SR Ca2+ load to restore
the original CaT amplitude. When caffeine or similar agent is removed there is an
initial decline in CaT amplitude followed by restoration of CaT amplitude as the SR
Ca2+ load re-adjusts [27]. It is stressed that in the steady state Ca2+ influx equals
Ca2+ efflux during every beat. The experiments to investigate this compensation
have generally been done under conditions in which the peak of the CaT occurs
after repolarization of the initiating AP or voltage-clamp pulse (mostly at room
temperature). We have found that in guinea-pig ventricular myocytes maintained
close to body temperature (36 ◦C), a low concentration of caffeine (250 μM) caused
an increase in CaT amplitude, and although there was some decline after the initial
effect presumably reflecting partial compensation, the CaT remained elevated for the
30 s of caffeine exposure (unpublished observations of Rakovic & Terrar, presented
to the 2006 meeting of Biophysical Society). However, at room temperature (after
the heater for the cell superfusion system was turned off) the full compensation
described by Eisner et al. was observed. One interpretation of these apparently
conflicting observations is that full compensation occurs when there is a clear
separation between the timing of the initiating Ca2+ influx via L-type Ca2+ channels
and Ca2+ removal from the cytosol by SERCA and NCX (particularly when NCX
dominates over SERCA at potentials close to the resting level), as is the case when
the timing of the CaT is clearly slower than the action potential at room temperature.
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However, at body temperature when the bulk of the CaT occurs at plateau potentials,
additional Ca2+ released from the SR can be taken back up by SERCA with little or
no opposition from NCX, and therefore without contravening the need to maintain
equal Ca2+ influx and efflux during every beat at the steady state.

Measuring the amount and timing of Ca2+ entry via voltage-activated L-type
Ca2+ channels during an action potential with a long positive plateau is also difficult,
if not impossible, to measure with currently available methods. It might be thought
that the availability of very selective blockers for L-type Ca2+ channels, such as
nisoldipine, would allow estimation of this current by difference methods. However,
if the action potential waveform is applied under voltage clamp conditions, and
nisoldipine is added this will block not only the current through L-type Ca2+
channels but also any effects of the Ca2+ entering the cell on other processes
that could affect other currents (such as Ca2+-dependent changes in K+, or Ca2+-
activated Cl− currents), but in particular the current associated with extrusion of
Ca2+ by electrogenic NCX. The best experiments (e.g [28]) have tried to take
account of NCX with the use of cytosolic Ca2+ buffers such as BAPTA, but the
difficulty here is that such buffers may also have effects in addition to suppressing
NCX (such as a reduced inactivation of L-type Ca2+ channels). Often modeling of
ventricular APs includes a significant amount of L-type Ca2+ current towards the
end of the plateau (e.g [29]), although this does not seem to fit with the substantial
inactivation of L-type Ca2+ channels towards the end of the plateau, as reported by
[30] and [31].

It should be also noted that many aspects of the structure and function of
ventricular myocytes are altered in the failing heart, as summarized in [3].

16.3 Atria

The purpose of this section is to outline major differences between atrial and
ventricular myocytes that are relevant for understanding of calcium-signaling
pathways described below. Recent reviews of the mechanism of EC coupling in
atrial myocytes can be found in [32].

The most important feature of atrial myocytes is that transverse tubules are either
absent, or present at a much lower density, than is the case in ventricular cells,
with the consequence that CICR operates with major differences from the scheme
outlined above. Fig. 16.3a-e shows a confocal image of an atrial myocyte stained
with an antibody recognizing RyR2. It can be seen that there is a line of RyR2 at the
periphery, consistent with a location just beneath the sarcolemma. This is referred to
as the junctional SR. There are additional bands of SR with a separation consistent
with sarcomere spacing of slightly less than 2 μm and this is referred to as non-
junctional SR. In terms of EC coupling, the simplest scheme is that Ca2+ enters
through L-type Ca2+ channels in the surface membrane and activates Ca2+ release
via RyR in the junctional SR.
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Fig. 16.3(a-e) Organisation of RyR2 and related elements in atrial myocytes. (a). Labelling of
RyR2 (green) to show junctional and non-junctional SR (observation by T.P. Collins in the Terrar
lab). (b–e) (Reproduced from [33]). Immunolocalisation of RyRs and Ca2+-stimulated adenylyl
cyclases B, RyR2 (green) and AC1 (red). C, enlarged section of panel A identified by white box.
D, RyR2 (green) and AC8 (red). (e), enlarged section of panel C identified by white box

The way in which the rise in Ca2+ at the surface propagates to regions deeper
within the atrial myocyte is the subject of intense recent research. It is clear that
the spread of Ca2+ from periphery to centre is normally slow relative to that in
a ventricular myocytes (in which transverse tubules greatly speed the spread of
Ca2+ release). To gain insight into the underlying mechanisms in atrial myocytes,
confocal microscopy has been used to make simultaneous measurements of Ca2+
in the cytosol (using rhod-2) and SR (using fluo-5N) [34]. The magnitude of the
cytosolic CaT close to junctional SR was higher than that in the vicinity of non-
junctional SR. As might be expected the fall in junctional SR Ca2+ was well
synchronised with the local rise in cytosolic Ca2+, but in the non-junctional SR
there was a small rise in SR Ca2+ as the Ca2+ wavefront progressed deeper into the
cell, presumably resulting from Ca2+ uptake by SERCA, with the additional luminal
Ca2+ leading to sensitization of RyR2 to the Ca2+ signal in the cytosol. The rise of
cytosolic Ca2+ at individual release sites of the non-junctional SR thus preceded the
depletion of SR Ca2+ accompanying Ca2+ release in this region. It was proposed
that Ca2+ release from non-junctional SR is activated by both cytosolic and luminal
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Fig. 16.3f Atrial ECC: tandem RyR activation and FDUF mechanism. AP-induced Ca2+ release
from junctional-SR (jSR) by L-type Ca2+ channel activation [1], followed by propagation through
mitochondria-free transition zone (TZ; 2) and activation of centripetal propagating CICR [3]
from central (CT) non-junctional (nj-SR) CRUs (CT1 → CT2 → CT3 → . . . ). Inset: FDUF
mechanism. Tandem RyR activation by cytosolic CICR (a) and luminal RyR sensitization (b) by
elevated [Ca]SR (SR Ca2+ sensitization signal) resulting in Ca2+ release (c). SR Ca2+ sensitization
signal is generated by Ca uptake at the activation front by SERCA. (Reproduced from [32])

Ca2+. This was described as tandem RyR activation and was thought to occur via
a novel ‘fire-diffuse-uptake-fire’ or FDUF mechanism, in which Ca2+ uptake by
SERCA at the propagation front elevates local SR Ca2+, which in turn causes RyR
sensitization, lowering the threshold for activation of CICR by cytosolic Ca2+ [34].
This is shown schematically in Fig. 16.3f. Recent discussion of these mechanisms
can be found in: [20] and [19].

The above evidence is both intriguing and convincing, but there may also be
some functions of sparse transverse tubules in atrial myocytes, as described in an
interesting rapid signaling mechanism involving axial tubule junctions [35].

Particular roles of Ca2+ stimulated adenylyl cyclases and of CaMKII in atrial
myocytes are discussed below.

16.4 SA Node

The mechanisms underlying pacemaker activity in the SA node remain poorly
understood and are the subject of extensive discussion. It could be argued that since
pacemaker activity initiates the heartbeat that is essential for life, evolution has led
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to the development of a system of several potentially redundant mechanisms that
combine to create a secure system in which if one component should fail another
can step forward to ensure that the heart never stops beating. Two major lines of
argument in this field in recent years concern whether the primary mechanism for
controlling the timing of pacemaker activity in the SA node is a ‘membrane’ clock
or a ‘calcium’ clock, but it seems most likely that under normal physiological
conditions both these timing mechanisms play important roles in an integrated
system, as reviewed in [36] and [37]. It will be argued that both membrane and
calcium clock components are subject to modification by Ca2+ signaling processes.

For the membrane clock the timing is controlled by the ebb and flow of
ionic currents, determined predominantly by the sequential opening and closing of
different ion channels (see [38] and [39] for recent work in this area).

For the calcium clock the cyclic nature of uptake and release of Ca2+ by the
SR provides another timing mechanism. Some proponents of the calcium clock
give prominence to ‘local Ca2+ release events’ which are similar to Ca2+ sparks
in SA node cells [36], although others argue that these events are not essential
for pacemaker activity [37]. Although there is an excellent correlation between the
timing of local release events and the rate of firing of spontaneous action potentials
in the SA node, this relationship need not be causal. The timing of the repetitive
cyclic activity of uptake and release of Ca2+ from the SR might perhaps depend
on a mechanism to sense the level of Ca2+ in the SR (as appears to be the case in
ventricular myocytes under ‘overload’ conditions [40]).

Some proponents of a membrane clock give prominence to the ‘funny’ current
(If, or in neurons Ih) which is activated by hyperpolarization, or repolarization of
the action potential under physiological conditions. This current usually exerts a
depolarizing influence, and is sometimes referred to as ‘the’ pacemaker current, but
while it often exerts a modulatory influence on heart rate, some authors argue that it
is not essential for pacemaker activity. The cardiac channels supporting this current
are located primarily in the SA node, and are referred to as HCN since they are
activated by hyperpolarization and regulated by cyclic nucleotides. Another very
important specific characteristic of the SA node concerns the lack of IK1 channels
that set the ‘resting’ potential in atria and ventricular muscle. In the absence of IK1
channels, de-activation of voltage-activated K channels (such as IKr and IKs) can
make an important contribution to pacemaker depolarization. Two other channel
types contributing to this slow depolarization provide ‘background’ current and
sustained inward current, both carried at least in part by Na+. Recent evidence
shows that the sustained inward current channels are related to CaV 1.3, a voltage-
gated Ca2+ channel [41]. CaV 1.3 channels can in their own right also exert a slow
depolarizing influence, in addition to supplementing opening of CaV 1.2 channels
during the upstroke of the action potential [38]. Other ion channels must also be
taken into account, including the IKACh channel that is activated by ACh, but can
be open to conduct ions even in the absence of this neurotransmitter. (See [37] for
detailed discussion).

In addition to currents through ion channels, ionic currents through the
Na+/Ca2+ exchange mechanism (NCX) contribute to both membrane and Ca2+
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clock mechanisms (and may provide a link between the two). Some argue that NCX
plays a role throughout the cardiac cycle [42]. Interesting new insights concerning
the role of NCX during pacemaker activity can be found in [43].

It is interesting to consider whether the wave like spread of Ca2+ described in
atrial myocytes based on the work of [34] might have a parallel in SA node cells.
Labelling of RyR2 in SA node cells shows what appear to be junctional and non-
junctional components (see Fig. 1 in [44]), though these possible compartments
were not described in this way at the time of publication. This topic deserves further
experimental investigation.

Clinical observations and results of genetic manipulation show that heart rate
is disturbed when there are abnormalities in components of either the membrane
or Ca2+ clock mechanisms. It seems likely that pacemaker activity is a complex
summation of a variety of the above mechanisms, although it seems clear that Ca2+
ions play essential and diverse roles in the initiation and regulation of the pacemaker
activity controlling the heartbeat.

16.5 CaMKII

Perhaps the most important Ca2+-stimulated enzyme in cardiac myocytes is the
Ca2+ and calmodulin dependent protein kinase, CaMKII, which is central to Ca2+-
dependent regulation of cardiac function and has been the subject of many reviews
(e.g [45–54]. Since this enzyme has been so extensively discussed, only a summary
of its contributions will be presented here.

Two targets of CaMKII, L-type Ca2+ channels and RyR2 are shown in Fig. 16.1.
One function of CaMKII concerns facilitation of ICaL during repetitive stimulation.
This arises because during repetitive electrical stimulation, extra Ca2+ enters
through L-type Ca2+ channel as the heart rate increases, and this additional Ca2+
stimulates CaMKII leading to phosphorylation of the same channels to enhance
their activity [55]; [56]. A second function of CaMKII concerns phosphorylation
of RyR2 to modulate its sensitivity to Ca2+, particularly following β-adrenoceptor
stimulation [57]. There is also a frequency-dependent acceleration of relaxation,
which is thought to arise from an effect of CaMKII to increase SERCA activity,
although this was not thought to require phosphorylation of phospholamban [58].
In addition to the link between PKA and CaMKII, a parallel activation pathway
involving EPAC. exchange protein activated by cAMP, needs to be taken into
account [59].

In addition to effects of CaMKII on L-type Ca2+ channels and RyR2, there are
also regulatory effects on voltage-gated K+ and Na+ channels (e.g [60–63]).

CaMKII makes particularly important contributions to the pacemaker function of
the SA node [49]. Additional discussion of CaMKII in atria is included below.
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16.6 AC1 and AC8

Work in neurons first established a role for Ca2+-stimulated adenylyl cyclases to
control neural activity, predominantly via HCN ion channels that are activated by
hyperpolarization and directly regulated by cAMP (e.g [64]; and see [65]; [66].
The first work in heart on this topic showed the presence of AC1 and AC8 in
SA node and atrial myocytes but not ventricular myocytes [67]. One function
of these Ca2+-stimulated adenylyl cyclases appeared to be regulation of HCN in
guinea pig SA node cells. Activation of HCN currents by hyperpolarization was
reduced (shifted in the hyperpolarizing direction) following application of mem-
brane permeant BAPTA-AM to load the cells with Ca2+ chelator or by the adenylyl
cyclase inhibitor, MDL12330A, but the effects of MDL12330 were reduced or
abolished in cells pre-treated with BAPTA-AM. Immunohistochemistry showed
an intracellular location of AC1 and AC8 in atrial and SA node cells primarily
close to the cell surface [67]. Additional work on spontaneous CaT accompanying
action potentials in SA node also supports the functional importance of AC1 and
AC8 in pacemaker cells, as well as a location of these enzymes at or close to the
surface membrane [68]. Interestingly in dogs that have had pacemaker function
suppressed by blockade of the atrio-ventricular node, introduction of AC1/HCN2
constructs into left bundle branches provided a highly efficient biological pacing
mechanism [69], demonstrating the ability of this Ca2+ stimulated enzyme pathway
to determine pacemaker function under these conditions.

The functional importance of Ca2+-stimulated adenylyl cyclases has also been
demonstrated in atrial myocytes. The presence and activity of these enzymes in
the absence of hormonal or neurotransmitter stimulation, probably accounts for
the ability of muscarinic acetylcholine antagonists or NO to reduce CaT and L-
type Ca2+ currents in atrial myocytes, in contrast to ventricular myocytes which
lack resting adenylyl cyclase activity, with the major adenylyl cyclases being AC5
and AC6 [70]. Ventricular myocytes do, however, respond to agents that inhibit
adenylyl cyclase once this has been activated for example by isoproterenol. In
guinea pig atrial myocytes, MDL12,330A reduced the amplitudes of CaT and L-
type Ca2+ currents, as did application of BAPTA-AM. However, BAPTA-AM was
without effect on the amplitude of L-type Ca2+ currents in cells loaded with a high
concentration of cAMP (100 micro M) from a patch pipette. Immunohistochemistry
showed that AC8 appeared to be localized together with RyR2 in the junctional
SR just beneath the membrane (although it is difficult to exclude some location
in nearby caveolae of the plasmalemma), while AC1 appeared to be in the space
between junctional and non-junctional SR [33], and see Fig. 16.3b–e.

An interesting additional conclusion from the above experiments was that the
location and function of CaMKII appeared to differ in atrial and ventricular
myocytes. In guinea-pig atrial myocytes, the CaMKII appeared to be present with
RyR2 in the non-junctional SR, but the junctional SR showed RyR with little or
no CaMKII. In other words the CaMKII seemed to be quite distant from L-type
Ca2+ channels, though close to non-junctional RyR in atrial myocytes. In contrast,
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ventricular cells showed the usual striated pattern of RyR2 presumably close to
L-type Ca2+ channels in dyads formed by SR and transverse tubules (which are
rare or absent in guinea-pig atrial myocytes), and there was a reasonable amount
of colocalization with CaMKII. It therefore appears that in ventricular myocytes,
CaMKII is located close to L-type Ca2+ channels in transverse tubules as expected
from its important role in determining the rate-dependence of this current.

L-type Ca2+ currents in guinea pig ventricular myocytes were reduced by the
CaMKII kinase inhibitor, KN93, with little effect of the inactive analogue KN92,
while BAPTA-AM was without effect in the presence of KN93. In other words all
of the effects of BAPTA-AM in ventricular myocytes can be attributed to inhibition
of CaMKII rather than adenylyl cyclase. In the case of guinea pig atrial myocytes,
KN93 again reduced L-type Ca2+ currents, and there was no effect of KN92, but
addition of BAPTA-AM in the presence of KN93 caused a further reduction of L-
type Ca2+ current amplitude. Nevertheless, as mentioned above, BAPTA-AM was
without effect in atrial myocytes under conditions in which the cytosolic cAMP
concentrations were maintained at a high level from a patch pipette. If the actions of
BAPTA-AM in atrial myocytes result entirely from inhibition of Ca2+-stimulated
adenylyl cyclase, how might the effects of KN-93 on L-type Ca2+ current arise? It
was suggested that in atrial myocytes, the primary effect of inhibition of CaMKII
is on SR proteins leading to a reduction in the Ca2+ released from the SR, as a
consequence of effects on uptake and or release, leading to partial inhibition of
adenylyl cyclase activity. In support of this view, inhibition of SR function with
a combination of ryanodine and thapsigargin reduced L-type Ca2+ current, but
under these conditions inhibition of CaMKII with KN-93 had no further effect. In
summary, CaMKII influences SR proteins and L-type Ca2+ channels in ventricular
myocytes, while in atrial myocytes CaMKII only affects SR proteins. The effects
of Ca2+ chelation in atrial myocytes can be entirely accounted for by suppression
of Ca2+-stimulated adenylyl cyclase activity, but some activation of these adenylyl
cyclases results from Ca2+ release from the SR [33].

Possible activation of AC8 or AC1 by Ca2+ release from the SR via the action
of the IP3-dependent Ca2+ signaling system in atrial myocytes will be considered
later.

16.7 Other Calcium-Sensitive Enzymes

An interesting early discussion of Ca2+ regulation of enzymes can be found in
[71]. This includes an account of how Ca2+ stimulation of phosphodiesterase was
discovered by Cheung in 1970. In more recent experiments on cardiac muscle,
expression of the Ca2+ stimulated phosphodiesterase, PDE1A, was found to be
fivefold greater in SA node tissues than ventricle. Interestingly nimodipine was
thought to act as a selective PDE1 inhibitor, and this compound suppressed total
PDE activity by approximately 40% in SA node cell lysates but by only 4% in
ventricular cell lysates. In SA node cells that had been permeabilised to avoid effects
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of nimodipine on L-type Ca2+ channels, the PDE1 inhibitor increased the activity
of local Ca2+ release events. In spontaneously beating HL-1 cells, suppression of
PDE1 protein with a selective siRNA increased spontaneous beating frequency.
Immunohistochemistry in rabbit SA node cells showed that PDE1A was located
on the cytosolic side of the HCN protein in the surface membrane, and separated by
approximately 150 nm [72].

It is interesting to note here that Ca2+ signaling pathways have been implicated
in the cardiac hypertrophy that arises as a maladaptive response to increased
workload and excessive cardiac stimulation by hormones including Angiotensin II
and β-adrenoceptor agonists; calcineurin and CaMKII are among calcium signaling
molecules that have been proposed to play key roles in the development of cardiac
hypertrophy [73]. This is a topic that will be revisited in discussion below of the
actions of IP3, cADPR and NAADP. In the case of PDE1C, this enzyme has also
been proposed to be involved in cardiac hypertrophy [74]. When hypertrophy was
induced by aortic constriction, PDE1C expression was increased. In addition mice
that were deficient in PDE1C showed reduced hypertrophy compared to WT in
response to aortic constriction. Ventricular myocytes grown in culture for 72 h after
isolation from mice that were deficient in PDE1C showed a reduced hypertrophic
response to Angiotensin II compared with myocytes from WT mice [74].

NO synthase enzymes have calmodulin containing domains allowing regulation
by cytosolic Ca2+ [75]. The roles of endothelial NO synthase (eNOS) and neuronal
NO synthase (nNOS) have been reviewed by [76] [10] and [77]. Despite the names
of these enzymes, which are based on tissues in which they were first discovered,
eNOS and nNOS are present in cardiac muscle and eNOS is located predominantly
in caveolae, which are invaginations of the surface membrane, while nNOS is
associated with SR, at least under normal physiological conditions in healthy heart.
Regulation of eNOS by Ca2+ released from the SR by IP3 will be discussed later.

The above summary of Ca2+-regulated enzymes is not an exhaustive list, and it
seems likely that there will be many additions to this family.

16.8 IP3 Signaling

Effects of inositol-(1,4,5)- trisphosphate (IP3) on CICR in the heart can be traced
back at least to observations from Fabiato [78]. However, interest in IP3-dependent
Ca2+ signaling as a physiological mechanism for short term effects on CaT
associated with action potentials was established by the work of Lipp et al. [79].
These observations showed that the relative importance of IP3 dependent signaling
for short term effects on CaT was much greater in atrial than ventricular muscle,
and atrial actions of IP3 will be discussed first, though in ventricular myocytes
there are functionally import long term changes resulting from modification of gene
expression following activation of IP3 receptors in perinuclear membranes [4], and
perhaps other effects of IP3 receptors in the cardiac cell periphery. The functional
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importance of junctional SR beneath the plasmalemma in atrial myocytes was
discussed above, and it was noted that Ca2+ entry through L-type Ca2+ channels
triggers CICR directly in these membranes. Type II IP3 receptors (IP3R) are present
in atrial myocytes, and interestingly show a precise location in the juntional SR, but
not the non-junctional SR that runs deep within the cell with the usual sarcomere
spacing. The location of IP3R in junctional but not non-junctional SR (in contrast
to RyR2 which were present in all SR membranes) was shown in both 2D and 3D
images from the immunohistochemical observations. To test for functional effects of
IP3, Lipp et al. [79] applied a membrane permeant ester, IP3-BM, to atrial myocytes
leading to cytosolic release of IP3 following the action of intracellular esterases.
Using these methods, cytosolic IP3 was shown to increase the amplitude of CaT
accompanying action potentials in electrically stimulated cells. Application of IP3-
BM also increased Ca2+ spark frequency in atrial myocytes. Long exposures to
IP3-BM, presumably achieving higher concentrations of cytosolic IP3 led to the
development of arrhythmogenic Ca2+ waves [79].

One cell surface receptor in cat atrial myocytes that appears to be linked
to the IP3-dependent Ca2+ signaling pathway is that activated by endothelin-1,
which caused an increase in the amplitude of CaT accompanying action potentials
initiated by electrical stimulation. Endothelin-1 also caused the appearance of
spontaneous arrhythmogenic Ca2+ events. In atrial cells that were not electrically
stimulated, endothelin-1 increased the frequency and amplitude of Ca2+ sparks.
All these effects of endothelin-1 were blocked by 2-aminoethoxydiphenylborane,
2-APB, at 2 μM, a concentration which appears to be reasonably selective for
IP3R. In permeabilised atrial myocytes, direct application of IP3 increased Ca2+
spark frequency, as did the IP3R activator, adenophostin. The effects of IP3 in
permeabilized cells were blocked by the IP3 antagonists, heparin and 2-APB. These
effects are all consistent with the importance of the IP3 signaling pathway and atrial
myocytes and the effectiveness of endothelin-1 in activating this pathway [80].

Ca2+ release events via RyRs are generally referred to as Ca2+ sparks, while
those through IP3Rs are referred to as Ca2+ ‘puffs’ [81]. These Ca2+ puffs are
smaller in amplitude and slower to rise and decay than Ca2+ sparks, and in the
presence of tetracaine to block Ca2+ sparks via RyR, both IP3 and adenophostin
were observed to cause the appearance of Ca2+ puffs with appropriate amplitude
and time characteristics [80].

Further evidence in support of the importance of an IP3-dependent signaling
pathway for effects of endothelin-1 in atria was provided in experiments using
transgenic mice, in which atrial myocytes from mice lacking Type II IP3R failed
to show an increase in CaT amplitude following endothelin-1 application, while
myocytes from WT mice showed the usual enhancement, and this was blocked by
2-APB [82].

Another surface receptor pathway that appears to be linked to IP3-dependent
Ca2+ signaling is the α1-adrenoceptor. Phenylephrine caused an approximate
doubling of L-type Ca2+ current in cat atrial myocytes, and these effects were
blocked by the α1-adrenoceptor antagonist, prazosin. The effects of phenylephrine
on Ca2+ currents were blocked by cytosolic heparin, 2-APB and the IP3 inhibitor
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xestospongin, all of which would be expected to reduce IP3 cellular actions.
Interestingly, the effects were also suppressed by L-N5–1-iminoethylornithine, an
inhibitor of NO synthase, by oxadiazolo [4,3-alpha] quinoxaline-1-one (ODQ),
an inhibitor of guanylate cyclase, and by H89, a PKA inhibitor. Taken together
these observations are consistent with an α-adrenoceptor mediated increase in
IP3 causing Ca2+ release from junctional SR where the IP3 receptors are located
which activates NO synthase (eNOS) in nearby caveolae in the plasmalemma, and
the resultant NO activates guanylyl cyclase leading in turn to cGMP-dependent
inhibition of phosphodiesterase thus causing an increase in cAMP and PKA
dependent enhancement of L-type Ca2+ channel activity [83]. Further evidence in
support of this mechanism was provided by direct measurements of NO production
in atrial myocytes in response to phenylephrine, and the observations that NO
production was suppressed by 2-APB and by ryanodine [83].

The evidence for the dominance of the NO mediated pathway involving IP3-
dependent Ca2+ release is convincing for cat atrial myocytes, although another
simpler pathway deserves consideration, perhaps more important in other species.
In guinea pig atrial myocytes, the Type II IP3R again seem to be preferentially
located in junctional SR, and phenylephrine caused an increase in the amplitude
of CaT accompanying action potential. These effects were suppressed by prazosin
and by 2-APB, consistent with α-adrenoceptor activation of the IP3-dependent
pathway to bring about the increase in CaT [84]. The importance of Ca2+-stimulated
adenylyl cyclases, AC8 and AC1, in atrial myocytes was reported above, and these
enzymes were thought to be located either in junctional SR (for AC8) or in the
space between junctional and non-junctional SR (for AC1). IP3-mediated Ca2+
release could therefore directly activate nearby AC8, and perhaps even AC1, without
the intervention of the NO-dependent pathway. Recent observations show that
photoreleased IP3 increased CaT and that these effects were reduced by the adenylyl
cyclase inhibitor, MDL-12,330, and by 2-APB [85], but the possible involvement of
eNOS and cGMP-dependent pathways in these effects has yet to be tested.

Additional detailed reviews of IP3-dependent Ca2+ signaling in atrial myocytes
can be found in [86–89]; [32].

It was mentioned above that in ventricular myocytes IP3 receptors in the
perinuclear membrane may be important for local Ca2+ signals that may function
to regulate gene expression [4].

Although IP3 receptors are thought to play less of a role in controlling CaT
in ventricular myocytes, effects of stimulation of enothelin-1 receptors have been
shown to increase the amplitude of CaT accompanying action potentials in rabbit
ventricular myocytes, and the effects were suppressed by low concentrations of 2-
APB, supporting a role for the IP3-dependent signaling mechanism [90]. Recent
evidence also supports a role for IP3 and stimulation of CaMKII in the hypertrophic
effects of both endothelin and the α-adrenoceptor agonist phenylephrine in rat
ventricular myocytes [91].

Effects of phenylephrine on Ca2+ spark-like events with increased width, perhaps
involving IP3 actions at Type I IP3R in the perinuclear region have been described by
[92]. Evidence concerning IP3-dependent nuclear Ca2+ signaling in the mammalian
heart has been presented by [93]
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In view of the major effects of IP3 in atrial myocyes described above, it is perhaps
unsurprising that IP3 also appears to play a prominent role in SA node. Application
of the membrane permeant form of IP3 (IP3-BM) was shown to exert a positive
chronotropic effect [94] in mouse SA node cells. In these experiments, Type II
IP3R appeared to be located close to the surface membrane, but also deeper in the
cells perhaps associated with both junctional and non-junctional SR, although IP3R
were said to be predominantly close to the plasmalemma. In these cells, application
of IP3-BM increased the frequency of Ca2+ sparks particularly close to the cell
surface. IP3-BM also increased both the spontaneous frequency and the amplitude
of CaT accompanying action potentials in mouse SA node cells. In mice lacking
Type II IP3R, the effect of endothelin-1 on the amplitude and frequency of CaT
was prevented as expected, while the effects of isoproterenol acting through β-
adrenoceptor pathways appeared to be unchanged [94]. A summary of these effects,
with new observations, was presented in a review again showing that IP3-BM
increased Ca2+ spark activity, particularly at the periphery of SA node cells, and
that endothelin-1 increased the frequency and amplitude of whole cell CaT [95].

Interesting new observations, broadly supporting the above hypotheses have
recently been presented comparing effects of 2-APB (a membrane permeant IP3
receptor antagonist) in SA node myocytes from WT mice and KO mice lacking
NCX. SA node myocytes from WT mice showed spontaneous whole cell CaT
that were synchronized across the cell by the accompanying action potentials,
while those from mice lacking NCX showed spontaneous Ca2+ transients that
were ‘uncoupled’ from the surface membrane in that these events were not able to
initiate action potentials to accompany the Ca2+ transients [43]. These spontaneous
Ca2+ transients in cells lacking NCX were nevertheless surprisingly regular in their
frequency, but very irregular in their spatial characteristics, presumably because of
the lack of synchronizing influence of the action potential. 2-APB at a concentration
of 2 μM had a surprisingly large effect to reduce the frequency of CaT in SA
node from WT mice, and it was argued that the effects might result from blockade
of IP3R, but perhaps also from non-specific effects, for example on L-type Ca2+
currents. In the case of the spontaneous activity of SA node cells from mice lacking
NCX, 2-APB also greatly reduced the frequency of spontaneous activity, which
could not be attributed to effects of 2-APB on surface membrane channels, but was
interpreted again to reflect the importance of IP3-signaling to influence spontaneous
rate [43]. In addition, blockade of phospholipase C (which is essential for IP3
production from PIP2) abolished spontaneous activity in both WT SA node cells
and those lacking NCX, while an inactive structural analogue was without effect.
Phenylephrine increased the spontaneous frequency of whole cell Ca2+ transients
in both WT and pacemaker cells lacking NCX, and in both types of cell the effects
were greatly suppressed by 2-APB. Interestingly, a high concentration of ryanodine
(100 μM) completely suppressed spontaneous CaT activity in WT SA node cells,
and under these conditions phenylephrine was unable to restore activity, while there
still seemed to be Ca2+ in the SR that could be released with a high concentration
of caffeine [43].
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Overall the observations provide a convincing case for a contribution of IP3-
dependent Ca2+ signaling both at rest and after stimulation by endothelin-1 or the
alpha-adrenoceptor agonist, phenylephrine.

Before moving on to other Ca2+ mobilization agents, two other points should be
mentioned. First, IP3-dependent Ca2+ signaling may make an increased contribu-
tion under conditions of heart failure, and this has been shown to be functionally
important in atrial myocytes [96]. In addition to activation of IP3-dependent
mechanisms by coupling to hormones and neurotransmitter receptors, the possible
influence of mechanical stimuli must also be considered, since another interesting
activator of IP3-dependent mechanisms in atrial myocytes is shear stress [97], [98].

16.9 cADPR/NAADP Signaling

The Ca2+ mobilizing agents cADP-ribose and NAADP are now widely recognized
as playing major roles in a wide variety of plant and animal cells, and influence
the function in processes as diverse as egg fertilization, neuronal processing and the
closing of stomata on leaves. General reviews of the actions of these substances can
be found in [99–103].

These two signaling molecules are included under a single heading here since
it is becoming clearer that in the heart they play a co-operative and perhaps
synergistic role. Cardiac actions of cADP-ribose (reviewed in [104] and [9]) will
be discussed first, before going on to NAADP actions, which have been reviewed
more recently [105], and finally the possible parallel combined actions of these
two signaling molecules will be considered. The general view presented here is
that cADPR actions primarily increase Ca2+ release from the SR, while NAADP
actions primarily increase Ca2+ uptake into the SR, though qualifications of this
broad statement will be necessary. An important recent observation is that the CD38
enzyme (an ADP-ribosyl cyclase) in the heart appears to be located at the SR and
can catalyse the synthesis of both cADPR and NAADP [1], as discussed in more
detail below. A scheme to represent current hypotheses is shown in Fig. 16.6.

16.10 cADP-Ribose

The first observations concerning cADPR in cardiac tissue showed increased
Ca2+ release from cardiac microsomes, and enhanced opening of Ca2+ release
channels (RyR2) incorporated into artificial membranes [106]. Some of the these
early observed effects on RyR2 channel opening were difficult to reconcile with
observations that cADPR competed with ATP for sites on RyR2 [107]. More
recently, evidence concerning how cADP might increase Ca2+ release from SR
via RyR2 in cardiac myocytes has been reviewed in [9], and this question will be
considered in more detail below.
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16.10.1 Detection of cADPR in Cardiac Muscle and Possible
Synthetic Mechanisms

Synthesis of cADPR by cardiac tissue was first shown by [108]. A variety of
tissue extracts, including heart, were shown to support cADPR synthesis when
incubated with NAD. Endogenous cADPR was detected by Walseth et al. [109],
at approximately 1 pmol/mg protein, and the cytosolic concentration was estimated
to be about 200 nM. The kinetics of cADPR synthesis from NAD by heart muscle
were investigated by [110].

An important observation concerning the regulation of cADPR synthesis showed
that this was enhanced by exposure of rat cardiac myocytes to a beta-agonist [111].
This was studied either as [3H]cADPR from [3HJ]NAD, or in a fluorescent assay
in which the βNGD, a fluorescent analogue of NAD, was converted to cGDPR.
Isoproterenol increased the synthesis in a concentration dependent manner, and the
effects were inhibited by the β-adrenoceptor antagonist, propranolol. The ability
of isoproterenol to stimulate cADPR synthesis was blocked by cholera toxin,
supporting a role for the stimulatory G protein, Gs, in the pathway coupling the
β-adrenoceptor to enhancement of the activity of the synthetic enzyme [111].

Using the NGD assay, synthesis of cADPR by guinea-pig cardiac ventricular
membranes was shown to be enhanced following application of the catalytic subunit
of PKA. In whole guinea pig hearts, exposure to isoprenaline increased cADPR
levels, and these effects were blocked by both propranolol and H89, consistent with
involvement of PKA in these effects [104]. More recent observations supporting an
increase in cADPR levels following exposure to isoproterenol is provided by [113].

Another signalling pathway that leads to increased cADPR synthesis is that
linked to Angiotensin II receptors [114].

16.10.2 Role of CD38 in Cardiac cADPR Synthesis

Several ADP-ribosyl cyclase enzymes have been identified that can synthesise
cADPR from betaNAD [115].

Gul et al. [116], [117] have presented evidence for such a synthetic enzyme in the
heart with activity increased by Angiotensin II, but this enzyme was not thought to
be CD38 since synthetic activity was still observed in cardiac muscle from CD38−/−
mice lacking the ability to express CD38.

However, CD38 in endosomes was thought to be responsible for an increase in
cADPR synthesis following beta-adrenoceptor stimulation by isoproterenol, since
this increase was no longer observed in cardiac tissue from CD38−/− mice [118].
As expected from information above concerning PKA, the effects of isoproterenol
on cADPR synthesis were blocked by H89 [118].

In our experiments on mixed membrane preparations from mouse heart, a resting
synthesis of cADPR was present in WT but not CD38−/− mice [1], consistent with
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CD38 as the major synthesizing enzyme under these conditions. A sheep heart
SR preparation that is commonly used for the study of cardiac SR proteins also
supported cADPR synthesis [1].

SAN4825 is a drug developed to inhibit cardiac ADP-ribosyl cyclases, and was
shown to suppress the ability of a rat SR membrane preparation to synthesize
fluorescent cGDPR from NGD [119]. SAN4825 also inhibited cGDPR synthesis
in the mixed membrane preparation from mouse heart in which CD38 was thought
to be the major synthetic enzyme [1].

16.10.3 cADPR Actions on Ca2+ Transients Associated
with Contraction

The first evidence that cADPR exerts a functional effect in intact cardiac myocytes
came from the use of the 8-amino-cADPR, which had been shown to suppress
cADPR-induced Ca2+ release through RyR in sea urchin egg preparations [120].
Ca2+ transients (CaT) accompanying action potentials were recorded in guinea pig
ventricular myocytes. These were investigated both using the fluorescent probe,
fura-2 and by a less direct method involving measurement of ‘Ca2+-activated’
currents predominantly carried by NCX. Both methods of measurement showed
a reduction in the amplitude of CaT following cytosolic application of 8-amino-
cADPR. The less direct method based on measurements ‘Ca2+-activated’ currents
was thought to provide a more accurate indication of the timing of the CaT since
it avoids the inevitable buffering caused by fluorescent probes (which increases as
the affinity of the probe for Ca2+ increases). Myocyte contractions accompanying
action potentials were recorded in the same myocytes. All experiments were
carried out close to body temperature (36 ◦C). In these experiments, 8-amino-
cADPR caused an approximately 40% reduction of the amplitude of both CaT and
contraction [121]. Under voltage-clamp conditions, 8-amino-cADPR did not cause
any reduction of L-type Ca2+ currents. In additional experiments using fura-2, 8-
amino-cADPR was again found to reduce the amplitude of CaT. When SR function
was inhibited with ryanodine, the CaT constructed from ‘Ca2+-activated’ currents
was greatly reduced (particularly the early peak that occurred approximately 50 ms
after the upstroke of the action potential that appears to be associated with CICR),
as was the accompanying contraction, and under these conditions 8-amino-cADPR
did not cause any further reductions in CaT or contraction [121]. The observations
were thought to be consistent with a role for cADPR to promote Ca2+ release from
the SR, as proposed for sea urchin egg and many other tissues, in response to Ca2+
entry via L-type Ca2+ currents during the action potential.

In the above experiments, the amount of Ca2+ stored in the SR under these
conditions was estimated from the size of the contraction associated with a rapid
application of a high concentration of caffeine. Under the conditions in which 8-
amino-cADPR reduced the amplitudes of CaT and contractions, in the same cells
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8-amino-cADPR did not reduce the amount of Ca2+ stored in the SR, and indeed
there appeared to be a small but significant increase in SR Ca2+ load under these
conditions [121].

The first experiments to detect an effect cADPR applied from a patch pipette in
intact myocytes showed an increase in the amplitude of contractions associated with
action potentials (1 Hz), and the increase in contraction showed a concentration-
dependence with an EC50 of 2–3 μM. CaT amplitude measured with fura-2 was also
increased by patch-applied cADPR. These enhancing effects of exogenous cADPR
were blocked by 8-amino-cADPR. Pretreatment of these guinea pig ventricular
myocytes with ryanodine and thapsigargin to suppress SR function also prevented
the effects of exogenous cADPR [122].

Another convincing demonstration of cADPR actions to increase the amplitude
of CaT in intact guinea-pig ventricular myocytes was provided by experiments in
which cADPR was photoreleased from a caged compound. In these experiments
CaT was measured with fluo-3 (a probe with lower Ca2+ affinity than fura-2). The
cells were stimulated to fire action potentials once every 2 s, and following a single
photorelease of cADPR there was a progressive increase in the amplitudes of CaT
over a period of about 15 s. Accompanying the change in amplitude of CaT, there
was a change in its time course, so that the peak appeared slightly earlier in the
action potential [123]. Further observations supported an increase in the amplitude
of CaT and contractions accompanying action potentials following cADPR applied
either by photorelease or directly from a patch pipette, and in both cases there was
no change in SR Ca2+ load [124]. As above SR load was judged from the response
to rapid application of a high concentration of caffeine, but in these experiments
two different methods were used to assess SR Ca2+. In one SR Ca2+ was estimated
from the amplitude of the cytosolic Ca2+ change measured using fluo4 following
rapid caffeine exposure, and in the other the amount of SR Ca2+ was assessed
from the time integral of caffeine-induced current under voltage-clamp conditions
(predominantly NCX while extruding the Ca2+ released from the SR). With both
assessment methods, SR Ca2+ appeared unchanged while the CaT or contraction
accompanying action potentials was clearly enhanced by the cADPR application
[124]. In another series of experiments, CaT were evoked by repeating voltage-
clamp pulses (from −40 to 0 mV for 200 ms; 0.33 Hz) rather than action potentials,
and photoreleased cADPR increased the amplitude of CaT without changing the
decay time, and without changing the amplitude of the L-type Ca2+ current that
evoked the CaT, again consistent with an increase in the gain of CICR [124].

16.10.4 cADPR Actions on the Frequency and Amplitude
of Ca2+ Sparks

Guinea pig ventricular myocytes are unusual in showing few if any Ca2+ sparks,
while rat ventricular myocytes regularly show Ca2+ spark activity. Before measur-
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ing this Ca2+ spark activity, photorelease of cADPR in rat myocytes was again
shown to increase the amplitude of CaT measured with fluo-3. In rat myocytes
at rest (not stimulated to fire action potentials) photorelease of cADPR caused
an increase in Ca2+ spark frequency by approximately two to threefold. Prior
application of 8-amino-cADPR prevented the effect of photoreleased cADPR on
Ca2+ spark frequency. It is important to note that spark characteristics, in particular
spark amplitude were not changed, as would have been the case if SR Ca2+ load
had been increased [123]. Further observations in support of this hypothesis, with
effects of cADPR to increase CaT amplitude, and at high doses to provoke Ca2+
waves have been made in rat ventricular myocytes [125].

Taken together the observations so far described above are consistent with the
hypothesis that cytosolic cADPR in some way increases the gain of CICR via RyR2,
though this should not be taken to imply that a direct effect of cADPR on RyR2 is
necessarily involved.

It is important to recognize that not all reports show observations consistent
with the above hypothesis, and some have failed to detect effects of cADPR and
8-amino-cADPR on CaT in rat ventricular myocytes [126]. However, these negative
observations were made at room temperature, and it was later shown that the effects
of cADPR, and of the antagonists, 8-amino-cADPR and 8-Br-cADPR, were all
temperature dependent, showing clear agonist or antagonist effects at 36 ◦C, but
not having detectable effects on CaT when the cell superfusion heater was switched
off [122].

The above observations on Ca2+ sparks in rat ventricular myocytes were from
intact cells. Different conclusions were made on the basis of later observations on
saponin permeabilised rat ventricular myocytes, and on rat heart microsomes, all at
room temperature, and it has been claimed that the primary target for cADPR in the
heart is SERCA-dependent Ca2+ uptake into the SR [127]. Under the conditions of
these experiments in permeabilised myocytes, unlike all the observations reported
above, there was a change in the amount of Ca2+ loaded into the SR following
exposure to cADPR, tested by rapid application of caffeine. The measurements
of SR content were made 5 min after application of cADPR in permeabilized
myocytes. The observations also showed that when rat heart microsomes had been
exposed to cADPR (in the presence of ruthenium red to block Ca2+ release via
RyR2), the Ca2+ uptake by the microsomes was faster in the presence than in
the absence of cADPR, consistent with an enhanced activity of SERCA [127].
These observations provoked a re-investigation of cADPR actions, and it was found
that in rat saponin permeabilised ventricular myocytes at 36 ◦C application of
10 μM cADPR caused an approximate doubling in Ca2+ spark frequency after 30 s,
while the SR Ca2+ load tested with rapid caffeine application was not increased
at this time [124]. The increase in spark frequency caused by cADPR after 30 s
was prevented by prior exposure to the antagonist, 8-amino-cADPR. However, if
the exposure to cADPR was prolonged to 10 min, the increase in Ca2+ spark
frequency was maintained but under these conditions there was indeed an increase
in SR Ca2+ load as assessed from the response to rapid caffeine application [124].
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Furthermore, while the increase in Ca2+ spark frequency at 30s occurred without
a change in spark amplitude or decay time (consistent with no change in SR load
or uptake by SERCA), in contrast after 10 min exposure to cADPR under these
conditions Ca2+ spark amplitude was increased and Ca2+ spark decay time was
quickened [124]. These changes in spark characteristics after 10 min exposure to
cADPR are consistent with an increase in SERCA activity, since it has been shown
that even at room temperature SERCA contributes significantly to spark decay,
and isoproterenol was observed to shorten Ca2+ spark decay time [128]. In these
experiments the protocol was designed to maintain a comparable SR Ca2+ load in
the presence and absence of isoproterenol, and therefore to avoid an increase in
Ca2+ spark amplitude that might otherwise have occurred.

The main conclusion from the above experiments is that there is a clear effect of
cADPR on Ca2+ release from the SR at short exposure times that does not depend
on an increased loading of the SR with Ca2+. The effect of cADPR on Ca2+ uptake
by SERCA at very long exposure times has been observed in particular conditions
(permeabilization of the cell membrane with saponin, or isolated microsomal
preparations). It is not yet clear how the slow increase in SERCA activity arises,
and whether it might be a secondary consequence of the cytosolic Ca2+ changes
associated with the rapid effects of cADPR. The mechanism involving an increase
in SERCA activity may represent an additional slow pathway for effects of cADPR
on CaT (perhaps involving activation of CaMKII by the additional Ca2+ associated
with a prolonged increase in Ca2+ spark frequency), and it remains for future
study whether this pathway also operates under physiological conditions in intact
myocytes. However, it is clear that cADPR has important effects apparently to
increase the gain of CICR under conditions in which there is little or no change
in SR Ca2+ load, and that these effects are associated with an increase in the CaT
accompanying action potentials.

16.10.5 Possible Mechanisms for the Increase in Release
of Ca2+ from the SR Mediated by cADPR

Although the observations summarized above provide strong support for an effect
of an increase in cytosolic cADPR (whether from patch applied or photoreleased
cADPR) to increase CICR without a change in SR Ca2+ load, the underlying
mechanism of action of cADPR remains unclear. It should first be acknowledged
that these methods of application of cADPR to the bulk cytosol are unlikely to
simulate the precise consequences of synthesis of cADPR, perhaps by CD38 in a
signaling microdomain close to ryanodine receptors. It has already been mentioned
that a direct effect of cADPR on RyR seems difficult to reconcile with observations
on RyR2 activity under well controlled conditions [9]. It remains possible that
a binding protein for cADPR (or another intermediary step) may be interposed
between synthesis of cADPR and the consequential change in CICR in intact
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myocytes. It was mentioned in the EC coupling section that some have argued that
an agent acting to increase the amount of Ca2+ released via RyRs cannot have
a lasting effect, since the SR Ca2+ load will adjust to compensate [27]. It was,
however, argued above that at body temperature when a substantial fraction of the
CaT occurs while the AP is at elevated plateau potentials, additional Ca2+ can be
released from the SR and taken back up with little or no opposition from NCX
and therefore without contravening the need for balance between Ca2+ influx and
efflux for a single beat. Whatever the merits of the theoretical arguments, repeated
observations described in this section show increases in CaT amplitude which follow
cADPR application to the cytosol by different methods in both atrial and ventricular
myocytes without a change in the measured SR Ca2+ load. Additional information
relating to possible mechanisms is listed below.

16.10.6 Possible Influence of Calmodulin (and CaMKII)

In sea urchin egg homogenates, it has been shown that calmodulin is a neces-
sary requirement for cADPR mediated Ca2+ release [129–131], and it appears
that CaMKII is required for cADPR effects in pancreatic islets [132]. More
recently calmodulin dissociation from RyR has been shown to underlie the specific
‘densensitization’ of the cADPR-induced Ca2+ release mechanism in sea urchin
homogenates, so that binding of calmodulin to RyR appears to be essential for
the cADPR mediated Ca2+ release [133]. In guinea pig ventricular myocytes,
effects of patch applied cADPR on the amplitude of CaT accompanying action
potentials were prevented by the calmodulin antagonists, calmidazolium and W7,
while calmidazolium also prevented the effect of photoreleased cADPR on the
amplitude of CaT. Effects of photoreleased cADPR on CaT were also prevented by
the CaMKII antagonist KN93 [104]. The underlying mechanisms deserve further
study.

16.10.7 Possible Influence of FKBP

FKB12.6 is a protein that associates with RyR2, although its functions are contro-
versial [9]. Evidence for an involvement of this protein in the actions of cADPR has
been provided by experiments in which cADPR increased Ca2+ spark frequency in
permeabilized myocytes from WT mice, but not those lacking FKB12.6 [134]. The
possible significance of these observations is discussed in more detail in [9].
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16.10.8 Contributions of cADPR Signaling to Cardiac
Arrhythmia and Hypertrophy

The ability of beta-adrenoceptor agonists to increase cADPR synthesis in heart
muscle has been described in detail above. High concentrations of beta-adrenoceptor
agonist are known to provoke arrhythmias, and it is interesting to investigate
whether cADPR-dependent mechanisms might contribute to the arrhythmogenic
effects in addition to the well known involvement of other proteins including L-type
Ca2+ channels, phospholamban in conjunction with SERCA, and perhaps RyR2
(as reviewed in [7]). High concentrations of isoproterenol (50 nM) gave rise to
spontaneous action potentials and Ca2+ waves associated with SR Ca2+ overload
in guinea pig ventricular myocytes, and these spontaneous events were suppressed
by application of the cADPR antagonist, 8-amino-cADPR [135].

Gul et al. have shown that the hypertrophy that is normally seen following
chronic exposure to isoproterenol is reduced in mice lacking CD38 as compared to
WT, and propose that this results at least in part from reduction in cADPR synthesis
[118]. It has been shown that the acute arrhythmogenic response of isolated hearts
to high concentrations of isoproterenol is reduced in hearts from CD38−/− mice as
compared to WT, and that the ADP-ribosyl cyclase inhibitor, SAN4825 also reduced
isoproterenol-induced arrhythmias in WT hearts, consistent with a contribution of
the cADPR signaling pathway to arrhythmogenic mechanisms [1], although the
possible combined actions of cADPR and NAADP acting in concert on different
aspects of the control of CaT amplitude in heart will be discussed later.

It was mentioned above that Angiotensin II can increase cADPR formation
in neonatal rat cardiac myocytes [114], and chronic stimulation of this pathway
is thought to lead to cardiac hypertrophy since the cADPR antagonist, 8-Br-
cADPR, suppressed cardiac hypertrophy caused by AngII [117]. More recently it
has been shown that ROS and AngII mechanisms co-operate to bring about cardiac
hypertrophy [136].

16.11 NAADP

The first observations of actions of NAADP in heart showed the presence of binding
sites for NAADP and the ability of NAADP to release Ca2+ from rabbit heart
microsomes [137].
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16.11.1 Detection of NAADP in Cardiac Muscle and Possible
Synthetic Mechanisms

The ability of rat heart tissue to synthesise NAADP was shown by [138], and
endogenous levels of NAADP in mammalian hearts were reported by [139]. It is
important to note that the levels of NAADP that are necessary for activation of
this signaling system in a variety of cell types seem to be in the submicromolar
range (generally less than 100 nM), and indeed higher levels of NAADP can
cause a self-inactivation or desensitization of the pathway [103]. The physiological
levels are therefore likely to be very low and consequently difficult to measure.
Synthetic mechanisms for NAADP remain controversial. Evidence was presented
in the preceding section that ADP-ribosyl cyclases can catalyse cADPR formation,
and that CD38 is the most likely candidate enzyme in the heart [1]. At least under in
vitro conditions, CD38 can also catalyse the formation of NAADP from NADP
and nicotinic acid by a base exchange mechanism in a variety of cell systems
[103]. Support for the action of CD38 to underlie NAADP synthesis in mouse heart
is provided by the observation that a cardiac membrane fraction from WT mice
was able to catalyse the formation of NAADP from NADP and nicotinic acid, but
this synthesis was not observed with cardiac membrane from CD38−/− mice. The
base exchange reaction for formation of NAADP occurs most readily at acidic pH
[140] [103], but NAADP synthesis from NADP and nicotinic acid was observed
at a cytosolic pH of 7.2 in both in mouse cardiac mixed membranes and in a
sheep cardiac SR preparation [1] that has been used to study SR proteins including
RyR2 [141]. When mouse cardiac myocytes were permeabilised with saponin to
allow access of NADP and nicotinic acid to the cytoplasm, NAADP synthesis was
detected, but little or no synthesis was detected in the absence of saponin. This
substance primarily permeabilises the cholesterol-containing membranes such as
the plasmalemma, while Triton-X-100 permeabilises all cell membranes including
the SR, and might potentially expose additional enzymes (including those with
lumen-facing active sites in various organelles). However, there was little or no
difference between saponin and Triton-X-100, applied alone or in combination, to
permit NAADP synthesis, consistent with NAADP synthesis by an enzyme with an
active site facing the cytosol [1].

It should be noted that another paper takes a different view, agreeing that CD38
promotes cADPR synthesis in the heart, but proposing that an additional enzyme is
responsible for NAADP synthesis [118]. In these experiments CaTs accompanying
action potentials were not recorded (see [1] for more detailed discussion).

An enzyme inhibitor, SAN4825, was developed to suppress cADPR synthesis
[119], and in our experiments mentioned above, SAN4825 was found to inhibit
cADPR production by cardiac membrane preparations. In addition, NAADP pro-
duction by cardiac membrane preparations was also inhibited by SAN4825, and in
silico modeling studies supported binding of SAN4825 at a single site on CD38 to
inhibit both cADPR and NAADP synthesis [1].
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Evidence was presented above that the amounts of cADPR synthesised in cardiac
preparations, and the functional effects of cADPR in intact myocytes and whole
hearts were increased following beta-adrenoceptor stimulation. Exposure of guinea-
pig hearts to beta-adrenoceptor stimulation also increased NAADP synthesis, as
detected by two different methods [142], [113]. This seems unsurprising if the same
enzyme, CD38, is responsible for synthesis of cADPR and NAADP, although more
work is needed to show how modification of CD38, perhaps by PKA dependent
mechanisms, increases synthesis of cADPR and NAADP by two very different
chemical reactions.

16.11.2 Location of CD38 in Cardiac Myocytes

The location of CD38 in heart is of particular interest in view of its possible func-
tions supporting synthesis of both cADPR and NAADP. Observations in mouse WT
cardiac myocytes showed that an antibody against CD38 appeared to be predomi-
nantly localized at the SR (although there was also a small subfraction associated
with the plasmalemma). Labelling showed a banded appearance corresponding to
the striations of the SR (separation slightly less than 2 μm). However, cardiac
myocytes lacking CD38 showed minimal labeling without striations, supporting the
selectivity of the antibody for CD38 in the mouse WT myocytes. Experiments were
also performed on rabbit ventricular and atrial myocytes, and again the pattern and
spacing of immunolabeling of CD38 was consistent with a location of this enzyme
at or close to the SR. When antibodies to RyR2 and CD38 were applied to the
same rabbit ventricular myocytes, there was a close correspondence between the
two labeling patterns, again supporting an SR location for CD38 [1]. The location
of CD38 in cardiac myocytes is illustrated in Fig. 16.4.

16.11.3 Orientation of CD38

CD38 is generally thought of as a type II transmembrane protein with its catalytic
domain located on the outside of the cell, or pointing away from the cytosol in
intracellular organelles, but recent evidence shows that this is not always the case
[143–145] and the possible cytosolic synthesis of cADPR and NAADP by CD38
associated with SR in cardiac myocytes is discussed in detail in [1]. Future research
will be necessary to provide clear information on the orientation of CD38 in cardiac
membranes, but the suggestion that NAADP production can occur in the cytosol is
consistent with the observations mentioned above that NAADP production occurs
in media at pH7.2 after permeabilisation of cardiac myocytes with saponin, and is
similar when Triton X100 is used as the permeabilisation agent.
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Fig. 16.4 Permeabilization of cardiac myocytes with Triton X-100 and/or saponin enhanced
NAADP production and permitted immunolabeling of CD38. (a), the rate of NAADP synthesis
was higher after permeabilization of the cell membranes with saponin alone, and permeabilization
with Triton X-100 in addition to saponin did not further increase the rate of NAADP synthesis
(n = 3 in each group). (b), this point is further illustrated in the bar graph, which also shows that
the ability to synthesize NAADP was lost in myocytes from CD38−/− mice (n = 4). Omission
of NA also abolished synthesis of NAADP in intact cells (n = 5). (c), immunolabeling of CD38
using rabbit anti-human CD38 antibody without Triton X-100 showed little staining, although
there were surface patches with higher fluorescence intensity (top panels). Following membrane
permeabilization with Triton X-100 to allow access of the antibody to the cell interior, there was
clear staining with a striated pattern in WT (center panels) but not in permeabilized CD38−/−
cardiac myocytes (bottom panels). (d), the representative intensity-distance plot (bottom panel)
shows that, in permeabilized cells, the staining observed in the WT myocyte had a much higher
intensity than in the CD38−/− myocyte and showed multiple peaks with a repeating distance
interval that resembled the sarcomere spacing. (e), similar observations in rabbit ventricular
myocytes. The fluorescent images of myocytes permeabilized with Triton X-100 showed clear
labeling with CD38 antibody. There was a striated pattern with a similar spacing as that shown
by immunolabeling of RyR2. (f), no labeling with a striated pattern was observed when Triton
X-100 or primary antibodies were omitted. The images show representative staining of the major
observation (> 75%) in each group (n > 20). Scale bars 10 mm, n = number of cells. Data are
expressed as mean % S.E. *, p < 0.05; ***, p < 0.001; n.s., not significant. (Reproduced from [1])
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16.11.4 Importance of Lysosomes for Cardiac Actions
of NAADP

In a variety of cell types the actions of NAADP appear to depend on the presence
and function of acidic organelles, such as lysosomes or similar structures [146],
[103]. An important experimental tool to investigate these pathways is bafilomycin
A which blocks a V-type H+ ATP-ase that sets up the proton gradient that is
necessary for the functions of acidic organelles, including uptake of Ca2+ by
a Ca2+/H+ exchange mechanism. Ca2+ release from acidic organelles has been
shown to be a key component of the actions of NAADP in many cell types, and
bafilomycin A is well established as useful experimental tool to suppress these
NAADP effects [103]. The term lysosome will be used here to describe the acidic
organelle involved in NAADP actions in the heart, although it is recognized that
it is difficult to distinguish between lysosomes and other related organelles such
as endosomes [147]. In our experiments described below on the functional effects
of NAADP on Ca2+ transients and contraction of cardiac myocytes, bafilomycin
A consistently suppressed NAADP actions, supporting the key role of acidic
lysosomes for NAADP actions in the heart.

Given the proposed location of CD38 at or close to SR membranes and the
proposed role of CD38 for NAADP synthesis, it is of special interest that lysosomes
in the heart are localized close to the SR. This was shown by immunohistochemistry
with conventional microscopy, labeling microsomes with lysotracker, and with EM
methods [8]; see Figs. 16.1b and 16.5. Conventional 2D EM studies showed a close
association of approximately 20 nm between lysosomes and SR. In the case of
studies using 3D electron tomography the separation between SR and lysosomes
appeared to be 3.3 nm. These separations are clearly consistent with microdomains
between lysosomes and SR that may be important for proposed actions of NAADP
to release Ca2+ from lysosomes, with actions of the released Ca2+ in the interposed
microdomains to influence SR function. It is interesting to note that in addition
to the positioning of lysosomes close to the SR it was found that lysosomes also
form close associations with mitochondria. In this case 3D electron tomography
showed a median separation of 6.2 nm [8]. This additional possible signaling
microdomain will be important for some of the functional effects of NAADP that
involve mitochondria and these are described in more detail below.

16.11.5 Importance of TPC2 and TPC1 Proteins for Cardiac
Actions of NAADP

Generally actions of NAADP in heart are consistent with reported actions of this
Ca2+ signaling molecule in many other tissues. The target of NAADP action,
whether directly or after the intervention of an associated binding protein, is thought
to be two-pore cation channels (TPCs) in a variety of tissues [148], [149]. There are



16 Calcium Signaling in the Heart 425

Fig. 16.5 Lysosomes are localised in a periodic pattern with sarcomeric distribution, similar to
RyR and PLB, in fixed, isolated rabbit ventricular myocytes. (Top line) Representative example
of LAMP-2 and RyR2 co-labelling experiment. Immunolabelling of LAMP-2 (a) and RyR2 (b)
co-stained in the same, fixed, myocyte. (c) Intensity plot illustrating total pixel intensity for each
column of pixels, for the two stains. Results of Fourier analyses (d) indicate a dominant frequency
of 0.56 striations μm − 1, or a signal peak every 1.79 μm, for RyR2 and LAMP-2. (Middle
line) Representative example of LAMP-2 and PLB co-labelling experiment. Confocal images of
LAMP-2 (e) and PLB (f) with merged column intensity plot of both stains (g). Fourier analysis
(h) of each signal indicate a dominant frequency of 0.57 signal peaks μm − 1 for both PLB and
LAMP-2, equivalent to a peak every 1.74 μm. A correlation plot of dominant frequencies for
LAMP-2 against either RyR2 or PLB in co-labelling experiments (not shown; see original paper)
revealed strong correlation (Pearson product-moment correlation co-efficient (r) = 0.72, n = 22
cells (n = 18 for RyR2 vs LAMP-2 and n = 4 for PLB vs LAMP-2). (Reproduced from [8])

at least three types of these channels, although TPC1 and TPC2 are thought to be
most important in mammalian tissues. There is some controversy over the major
cations that flow to support the functional effects of NAADP, and some propose
that TPCs are channels activated by PI(3,5)P2 and that the primary cation flowing
through the channels is Na+ [150], although at least under some conditions NAADP
activates Ca2+ flux through lysosomal TPC2 [149], [151]. Our evidence in the
heart also supports the hypothesis of NAADP activated Ca2+ flux, and experiments
comparing NAADP actions in cardiac muscle from WT mice or those lacking TPC2
proteins show that NAADP effects require TPC2. This was true both for isolated
ventricular myocytes and for intact hearts [152], and the involvement of TPC2
proteins in the effects of NAADP on calcium transients, contraction and related
processes are discussed in more detail below.

A useful chemical tool for the study of NAADP mechanisms is Ned-19, which
acts as an antagonist of NAADP [153]. When used in conjunction with genetic
methods to suppress the expression of TPC2, Ned-19 would be predicted to have
effects in WT mice but to have little or no effect KO mice lacking TPC2, as was
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found to be the case in [152], for NAADP actions concerning effects on Ca2+
transients, hypertrophy and arrhythmias that are described in detail below.

It appears that TPC1 proteins may be involved in a quite separate set of actions
of NAADP in heart. When the heart is subject to a restricted blood flow, and then
reperfused with oxygenated solution, the cardiac myocytes show substantial damage
and sometimes cell death. The damage caused by such exposures to ischaemia
and reperfusion is associated with Ca2+ oscillations. Cell death associated with
ischaemia and subsequent perfusion was reduced by an antagonist of NAADP
termed Ned-K (a structural analogue of the Ned-19 described above), supporting a
role for NAADP in the underlying mechanisms of these effects [154]. It seems likely
that mitochondria are involved in these actions of NAADP, and the observation
described above that lysosomes are located close to mitochondria [8] is consistent
with a signaling microdomain between these two organelles for actions of Ca2+
released from the lysosomes. Interestingly, transgenic mice lacking TPC1 proteins
showed reduced injury following ischaemia and reperfusion, consistent with the
importance of TPC1 proteins in this particular aspect of NAADP dependent Ca2+
signaling [154].

Most of the actions of NAADP described in this chapter concern involvement of
cytosolic NAADP on intracellular signaling pathways, but there are some additional
reported extracellular effects that appear to be related to the observations concerning
ischaemia and reperfusion. Extracellular NAADP can increase intracellular levels
of cADPR and NAADP by activating a signaling pathway that is thought to be
mediated by a P2Y11 GPCR receptor on the surface membrane that is antagonised
by NF157 [155]. Production of cADPR and NAADP in neonatal rat cardiomyocyte
cultures was also enhanced by the selective P2Y11 agonist, NF456 [155]. The
possible link with the observations above on TPC1 proteins involved in ischaemia-
reperfusion injury is that 1 μM extracellular NAADP was observed to have a
significant protective effect, and P2Y11 antagonist, NF157 suppressed this protec-
tion [156].

16.11.6 NAADP Actions on Ca2+ Transients Associated
with Contraction

The discussion above alludes to a key signaling role of NAADP in cardiac muscle
involving modulation of the Ca2+ transients, CaT, and contractions associated with
action potentials that are essential for the normal physiology of the heart. Effects
of cytosolic NAADP on CaT associated with action potentials were first shown in
experiments in which NAADP was photoreleased from a caged compound that was
applied to the cytosol of guinea-pig ventricular myocytes via a patch pipette [142].
CaTs were measured in cells in which action potentials were stimulated every 2 s,
and a single pulse of UV light to photorelease NAADP caused a progressive increase
in CaT amplitude accompanying successive action potentials. The effects on CaT
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amplitude continued to develop for at least a minute after a single photorelease, and
were dependent on concentration of caged compound over the range 0.5–5 μM. It
is difficult to be sure of the cytosolic concentration of free NAADP corresponding
to these concentrations of caged compound, but this is likely to have been less than
100 nM, perhaps between 10 and 100 nM if the efficiency of release from the caged
compound at the above concentrations were approximately 2%.

It is difficult to record similar effects of NAADP applied directly to the cytosol
from a patch pipette because it seems likely that there will be overlap between the
possibly enhancing effects of low concentrations NAADP and the self-inactivating
or desensitizing effects of higher concentrations of this messenger [157], as
mentioned at the start of this section on NAADP. However, high concentrations
of 0.1 or 1 mM NAADP predominantly cause self-inactivation of the NAADP
signaling mechanism, and as expected prior application of NAADP from a patch
pipette reduced (0.1 mM) or abolished (1 mM) the effects of photoreleased NAADP
on the amplitude of CaT [142].

The effects of photoreleased NAADP on CaT amplitude were also suppressed by
prior application of bafilomycin A, consistent with the involvement of lysosomes
[142].

There were no detectable effects of photoreleased NAADP on the amplitude of
L-type Ca2+ currents and it therefore seems likely that the actions of NAADP on
CaT amplitude involve the SR, and perhaps the signaling microdomain proposed
above between lysosomes and SR. As expected pretreatment of myocytes with
thapsigargin and ryanodine (to inhibit both uptake and release of Ca2+ by the SR)
prevented the effects of photoreleased NAADP on CaT. The effects of photoreleased
NAADP were accompanied by an increased amount of Ca2+ loaded into the SR
(as tested by a rapid caffeine application to release SR Ca2+), and taken together
the observations are consistent with an effect of NAADP to release Ca2+ from the
lysosome leading to an increase in SR Ca2+ and therefore the amplitude of the CaT
[142]. The possibility of an amplification mechanism so that the amount of extra
Ca2+ loaded into the SR may be greater than that released from the lysosome will
be described later.

Another method for application of NAADP is to apply a membrane permeant
ester (NAADP-AM) to the extracellular solution, allowing intracellular accumula-
tion of NAADP-AM followed by release of free NAADP resulting from the action of
cytosolic esterases [158]. Applying this approach to guinea pig cardiac ventricular
cells, rapid application of 60 nM NAADP-AM (to favour the enhancing effects of
low concentrations of NAADP before the development of high self-inactivating
cytosolic concentrations of NAADP) increased the amplitude of contractions in
cells stimulated to fire action potentials. In rat ventricular cells, which show Ca2+
sparks, application of 60 nM NAADP increased both the frequency and amplitude
of Ca2+ sparks (effects which are both consistent with the proposed increase in
amount of Ca2+ loaded into the SR). The effects NAADP-AM on contractions in
guinea pig ventricular myocytes and on Ca2+ spark characteristics in rat myocytes
were suppressed by bafilomycin A, again consistent with the involvement of the
proposed lysosomal pathway in these effects [142].
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Some have argued that the predominant effect of NAADP is to have a direct
influence on sensitivity of RyR2 to increase Ca2+ release (e.g [159], [160]). This
would be consistent with the increase in Ca2+ spark frequency mentioned above,
but not the increase in amplitude. Interesting effects of patch applied NAADP have
been observed in mouse ventricular myocyte, which unlike those from guinea pig,
retain Ca2+ in the SR even when the myocytes are not electrically stimulated to
fire action potentials. Under these conditions, NAADP applied from a patch pipette
cause a slow wave of Ca2+ release from the SR. The concentration dependence of
this effect showed a bell shaped curve, in which the response to 375 nM NAADP
was substantially smaller than that to 37.5 nM, consistent with the desensitizing
or self-inactivating effects of NAADP described above. The response to 37.5 nM
NAADP was suppressed by a selective NAADP antagonist (BZ194, 10 microM), as
well as by ruthenium red (which prevents Ca2+ release from SR) and bafilomycin
A (consistent with the involvement of lysosomes as described above).

Observations described above in this section have all been made in ventricular
myocytes, though it seems likely that the NAADP signaling system may be present
throughout the heart. In atrial myocytes, effects of NAADP on CaT accompanying
action potentials have been found to be broadly similar to those in ventricular cells.
This was shown again using photorelease of NAADP from a caged compound,
with a single release of cytosolic NAADP causing a progressive increase in the
amplitude of successive CaT over a 2 min period [161]. As with the observations
in ventricular cells there was no effect of NAADP on L-type Ca2+ currents, but the
actions of NAADP were prevented when SR release of Ca2+ was suppressed with a
combination of thapsigargin and ryanodine. Once again, the effects appeared to be
dependent on lysosomes since the effects of photoreleased NAADP were prevented
by prior exposure to bafilomycin A [161].

Guinea pig atrial myocytes (surprisingly unlike ventricular myocytes from the
same species) show Ca2+ sparks in perhaps 30–50% of cells, and it is interest-
ing that, as had been observed in rat ventricular myocytes, membrane-permeant
NAADP-AM caused an increase in Ca2+ spark amplitude. This was consistent with
an increase in the amount of Ca2+ loaded into the SR following the intracellular
actions of NAADP, and this interpretation was further reinforced by the observation
that Ca2+ release from the SR caused by rapid application of a high concentration
of caffeine was also increased following NAADP-AM application. Broadly the
increase in SR Ca2+ in atrial myocytes following the increased levels of cytosolic
NAADP under these conditions appeared to be approximately 30% [161].

16.11.7 An Amplification Mechanism Linking Lysosomal Ca2+
Release and Increased Ca2+ Uptake by the SR in the
Heart

Given the relatively small size of lysosomes compared with the extensive SR system,
it seems unlikely that lysosomes could release sufficient Ca2+ to account directly
for the substantial observed increase in SR Ca2+ content. One obvious potential
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amplification mechanism is CaMKII, particularly taking into account the evidence
for a signaling microdomain between lysosomes and SR [8] that was described
above.

This was tested in a series of experiments using two inhibitors of CaMKII, KN93
and the peptide AIP (autocamtide inhibitor peptide). The observations were made in
guinea pig ventricular myocytes, mouse ventricular myocytes and guinea pig atrial
myocytes. In all cases inhibition of CaMKII suppressed the ability of photoreleased
NAADP to increase the amplitude of CaT accompanying action potentials. The
interpretation that the observed effects of KN93 arose from inhibition of CaMKII
was further supported by the failure of KN92, a structural analogue of KN93 without
effects on CaMKII, to prevent actions of NAADP on CaT [152].

16.11.8 Extent of Ongoing Activity in NAADP Signaling
Pathway Under Resting Conditions in Cardiac Muscle

The evidence presented above using photorelease of NAADP from a caged com-
pound or application of the membrane permeant NAADP-AM make a convincing
case for cytosolic actions of NAADP, predominantly to increase Ca2+ content of
the SR and therefore the amplitude of CaT. It seems reasonable to ask whether
there might be ongoing activity of this signaling system at rest and whether
resting activity might be enhanced, for example following actions of hormones
or neurotransmitters. Early evidence for a resting role for NAADP in guinea-pig
ventricular cells came from the observation that the amplitude of CaT accompanying
action potentials was reduced both by a high concentration of NAADP (presumably
by the desensitizing or self inactivation mechanism) and by bafilomycin A (to
suppress lysosomal function), and this reduction was approximately 20–25% [142].

An ongoing activity of the NAADP signaling system also seemed to operate
in atrial myocytes, since bafilomycin A again caused a reduction in the amplitude
of CaT accompanying action potentials. Interestingly the resting activity of the
NAADP system seemed to be greater in atrial than in ventricular myocytes, since the
reduction in CaT amplitude following bafilomycin was approximately 50% [161].
Whether this apparent difference between ventricular and atrial myocytes is real
deserves further study in other species, but it is interesting to note in this context that
atrial cells show an ongoing activity of adenyl cyclases (thought to be AC1 and AC8)
as described above in the section on Ca2+ stimulated adenylyl cyclases, and ongoing
activity of adenylyl cyclases is not observed in resting ventricular myocytes. One
possibility is that the ongoing activity of adenylyl cyclases in atrial myocytes acts
via a cAMP dependent pathway to increase NAADP synthesis by CD38, which in
turn increases the contribution of the NAADP signaling pathway to the control of
the amplitude of the CaT. The ability of beta-adrenoceptor stimulation to increase
levels of NAADP in myocytes and whole hearts was described above, and the
importance of cAMP dependent mechanisms to regulate functionally important
aspects of NAADP signaling will be discussed in more detail in the next section.
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16.11.9 Enhanced NAADP Effects Following
Beta-Adrenoceptor Stimulation in Heart

Early evidence showing the influence of β-adrenoceptor stimulation on the function
of NAADP signaling pathway in controlling CaT amplitude was provided in
experiments taking advantage of the desensitizing or self inactivating effect of
high concentrations of NAADP. It was found that high concentrations (1 mM) of
NAADP applied via a patch pipette in guinea pig ventricular myocytes caused
a larger reduction in CaT amplitude in the presence than in the absence of β-
adrenoceptor stimulation, consistent with a greater role of this pathway when cAMP
levels are elevated. If NAADP concentrations are substantially increased following
beta-adrenoceptor signalling, it might be expected that further addition of NAADP
would have less effect than would be the case when NAADP levels are at their
resting level, and consistent with this line of argument photoreleased NAADP had
a smaller effect on CaT amplitude after beta-adrenoceptor stimulation than under
resting conditions [142].

In guinea pig atrial myocytes, the effects of beta-adrenoceptor stimulation to
increase the amplitude of CaT were less when lysosomal function was inhibited
by bafilomycin A. Another experimental procedure to suppress lysosomal function
is to apply GPN to disrupt these organelles. As expected, pretreatment with GPN
also reduced the increase in CaT caused by beta-adrenoceptor stimulation [161].
It should be noted even if there were a functionally important contribution of the
NAADP signaling pathway to the effects of beta-adrenoceptor stimulation, this
would be expected to be additional to the well known effects of β-adrenoceptor
stimulation to increase the amplitude of Ca2+ currents (e.g [23]. and review by
[7]) and to increase Ca2+ uptake by SERCA into the SR following phosphorylation
of phospholamban [7]. Based on the observations with bafilomycin and GPN it
appears that in guinea-pig atrial myocytes the NAADP Ca2+ signaling mechanism
involving lysosomes contributes over 30% to the total increase in CaT caused by
beta-adrenoceptor stimulation.

A separate piece of evidence supporting an involvement of lysosomes in the
effects of β-adrenoceptor stimulation comes from observations in which the pH of
the normally acidic lysosomes was measured. Isoproterenol caused an alkalinisation
of lysosomes in atrial myocytes similar to that caused by NAADP-AM [161]. The
maintenance of a relatively high concentration of Ca2+ within the lysosome is
thought to depend on Ca2+/H+ exchange, and alkalinisation may occur following
Ca2+ release from the lysosome, potentially by a change in the lysosomal buffering
capacity or in the direction of Ca2+/H+ exchange.

Two further tests of the ability of β-adrenoceptor stimulation to increase the
functional effects of NAADP signaling are to use the NAADP-antagonist, Ned-19 or
to use myocytes lacking TPC2 receptors. In guinea pig ventricular myocytes Ned-19
pretreatment reduced the effects of β-adrenoceptor stimulation to a similar extent as
that observed in separate experiments in which lysosomal function was suppressed
by bafilomycin A. As expected, the effects of beta-adrenoceptor stimulation on the
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amplitude of L-type Ca2+ currents was unaffected by Ned-19. Mouse ventricular
myocytes from WT and those lacking TPC2 proteins were compared, and the effects
of β-adrenoceptor stimulation on CaT and contraction were less in myocytes lacking
TPC2 proteins. However, the effects of β-adrenoceptor stimulation on the amplitude
of L-type Ca2+ currents were similar in WT myocytes and those lacking TPC2
proteins [152].

Another important piece of evidence concerns the synthetic pathway for NAADP,
and observations described above support the key role of CD38. While bafilomycin
A reduced the increase in CaT in response to β-adrenoceptor stimulation in WT
mice, there was no such effect of bafilomycin A in mice lacking CD38 [1].

Taken together, the observations above are consistent with the hypothesis that
β-adrenoceptor stimulation increases NAADP synthesis, and that NAADP causes
Ca2+ release from lysosomes via TPC2 proteins into a signaling domain between
lysosomes and SR, and this leads to increased Ca2+ uptake by the SR by a CaMKII
dependent mechanism. The contribution of the NAADP signaling pathway to the
effects of β-adrenoceptor stimulation in atrial and ventricular myocytes appeared to
be about 30%.

16.11.10 Involvement of NAADP Signaling in Cardiac
Arrhythmia and Hypertrophy

Cardiac arrhythmias associated with NAADP actions following high concentrations
of beta-adrenoceptor agonist have been described by Guse and colleagues. In
these experiments on mouse ventricular myocytes, high concentrations of beta
adrenoceptor agonist increased the amplitude of CaT associated action potentials,
but also led to additional spontaneous Ca2+ transients that were taken to indicate
arrhythmias. The spontaneous events were suppressed by bafilomycin A and by
an NAADP antagonist, BZ194 [159]. In a subsequent paper, measurements of
cytosolic Ca2+ were supplemented by additional detection of changes in SR luminal
Ca2+ using the low affinity Ca2+ probe, mag-fura-2. High concentrations of beta-
adrenoceptor agonist again caused spontaneous arrhythmogenic activity, and in
the spontaneous activity was suppressed by SAN4825, which as described above
inhibits synthesis of both cADPR and NAADP [160].

Cardiac arrhythmias measured in an in vivo mouse model when exposed to
high concentrations of β-adrenoceptor agonist were suppressed by the NAADP
antagonist, BZ194, supporting a role for the NAADP pathway in arrhythmias at
the whole animal level [159].

Another approach supporting a role for NAADP in arrhythmogenic properties
is to compare the effects of a high concentration of beta-adrenoceptor agonist
in WT mice and those lacking TPC2 proteins that were shown to be essential
for the arrhythmogenic response, as described above. Isolated whole hearts from
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Tpcn2−/− mice were resistant to arrhythmias caused by high concentrations of beta-
adrenoceptor agonist as compared to hearts from WT animals [152].

Hearts from CD38−/− mice lacking CD38, the key enzyme for synthesis of
NAADP, were also resistant to arrhythmias caused by high concentrations of beta
adrenoceptor agonist as compared to WT hearts. A similar suppression of the
arrhythmogenic effects of beta-adrenoceptor stimulation was seen following expo-
sure of WT hearts to SAN4825, the inhibitor of cADPR and NAADP synthesis [1].

Prolonged exposure of animals to beta-agonist also causes cardiac hypertrophy.
The involvement of the NAADP signaling mechanism in the stress pathway
linking β-adrenoceptor stimulation to cardiac hypertrophy was demonstrated by
the observation that following chronic exposure to β-adrenoceptor agonist hearts
from Tpcn2−/− mice showed less cardiac hypertrophy and an increased threshold
for arrhythmogenesis compared to WT controls [152]. In addition, hearts from
CD38−/− mice were also resistant to cardiac hypertrophy and associated arrhyth-
mias following chronic β-adrenoceptor stimulation compared to WT [118].

16.11.11 Trigger Hypothesis

The trigger hypothesis in which a transient change in NAADP concentration leads
to important functional effects is well supported by very convincing evidence in a
wide variety of cell types [162], [163], but this may not necessarily be the case in
heart. As discussed above the evidence in heart seems to support an ongoing activity
of the NAADP pathway under resting conditions (in the sense that cells were not
exposed to hormones or neurotransmitters), so that suppression of the pathway, for
example by bafilomycin A, reduces CaT accompanying action potentials by 20–25%
in ventricular myocytes, and by approximately 50% in atrial myocytes. Although in
whole hearts following beta-adrenoceptor stimulation with isoproterenol the rise in
NAADP levels appeared to be transient in comparison with the changes in cADPR
concentrations, the effects of isoproterenol on contraction were also transient [113].
The reason for the transience of the effect of isoproterenol on contraction are
unknown, but might perhaps result from the difficulty of maintaining oxygen supply
and cytosolic pH when contraction is substantially increased in hearts perfused
with physiological solution rather than blood. Oxygen supply and pH can be more
easily maintained in isolated myocytes, but changes in NAADP levels have not yet
been measured in myocytes exposed to isoproterenol in the superfusing solution.
However, the component of the effects of isoproterenol on CaT and contraction
that involves NAADP (blocked by bafilomycin A and absent in myocytes lacking
TPC2) appears to be well maintained at least over the several minutes that effects
were measured [152]. Further experiments are required to shed more light on the
question of whether NAADP acts as a trigger or an ongoing influence in cardiac
muscle, both at rest and following β-adrenoceptor stimulation.
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16.12 Combined Actions of cADPR and NAADP

It is argued above that there are maintained concentrations of both cADPR and
NAADP for their effects in heart muscle on CaT and associated contractions
accompanying action potentials under physiological conditions. Both agents are
produced by CD38, which in mouse heart appeared to be the major synthetic enzyme
for these two Ca2+ mobilizing messengers. Evidence was presented that CD38 in
heart is predominantly associated with SR, and there appears to be an important
Ca2+ signaling domain between lysosomes and the SR. TPC2 proteins appear to
be essential for NAADP actions on CaT and contractions (while TPC1 proteins are
important for ischaemia-reperfusion effects, perhaps involving a separate signaling
microdomain between lysosomes and mitochondria). β-adrenoceptor stimulation
increased the levels of both substances, and in ventricular myocytes both cADPR
and NAADP pathways seemed to contribute to the β-adrenoceptor mediated effects
on the amplitudes of CaT and contractions accompanying action potentials.

The evidence also supports the contention that at least for short periods (perhaps
less than 3 min) the predominant effect of cADPR alone is on Ca2+ release from the
SR (though this should not be taken to indicate that this necessarily results from a
direct effect on RyR2) without a change in the amount of Ca2+ loaded into the SR,
while NAADP actions primarily result from increased Ca2+ loading into the SR. It
is the author’s belief that any additional effects of cADPR alone on Ca2+ uptake
into the SR after prolonged exposure to cADPR in permeabilised myocytes are less
important than those on the Ca2+ release process (and have yet to be established
under more physiological conditions), but this seems a fruitless argument if cADPR
and NAADP normally act in concert as a result of their synthesis by the same
enzyme, CD38, associated with the SR, and their complementary actions on CICR.
In a similar way, the argument discussed above about whether cADPR could have a
sustained effect on the amplitude of CaT and contractions if its only action were to
influence Ca2+ release via RyR seems unlikely to be productive for a physiological
situation in which cADPR and NAADP act together. The dual effects of NAADP on
Ca2+ load and cADPR on Ca2+ release are expected to combine to create a powerful
effect on CaT and contractions accompanying action potentials. One reservation
arises from the presumed location of SERCA and RyR2 in various schemes of EC
coupling in which these two proteins are normally shown far apart with the RyR2
at the terminal cisternae, and the SERCA closer to the middle of the sarcomere, as
might be expected if Ca2+ is taken up after contraction in one part of the SR before
transport of Ca2+ to the terminal cisternae for release via RyR2. However, recent
evidence supports the presence of both SERCA and RyR2 in the terminal cisternae
[112] (See also [19] for discussion of JSR and NSR)

A scheme summarizing the actions of cADPR and NAADP is shown in Fig. 16.6.
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Fig. 16.6 ADP-ribosyl cyclase (ARC) is thought to be equivalent to CD38 and appears to be
located on (or close to) the SR (see text). Cardiac ARC catalyses formation of both cADPR (with
NAD as substrate) and NAADP (from NADP and nicotinic acid (NA)). cADPR appears to act
primarily on RyRs, although there may be an intermediary step possibly involving a binding
protein, and additional slow effects of cADPR on Ca2+ uptake by the SR cannot be excluded.
NAADP causes Ca2+ to be released from endolysosomes via TPC2 proteins (perhaps with
mediation of an additional NAADP receptor protein). The Ca2+ released from the endolysosome
leads to additional Ca2+ uptake by the SR (an effect that appears to involve CaMKII, perhaps by
phosphorylation of phospholamban to increase SERCA activity). Additional Ca2+ loaded into the
SR will increase CICR both by providing a greater gradient for Ca2+ release and by increasing
opening probability of RyRs. Additional effects of NAADP on RyRs cannot be excluded. cADPR
and NAADP may function together in a cooperative or synergistic way in ventricular myocytes
(perhaps also interacting with IP3-dependent Ca2+ signaling in atrial myocytes). Stimulation of
beta-adrenoceptors increases synthesis of both cADPR and NAADP, by mechanism that remains
to be fully determined, but may involve an action of PKA on ARC

16.13 Summary

It was recognized at the outset of this article that Ca2+ is involved in all aspects
of biology, and evidence presented here shows that Ca2+ in the heart not only
controls its primary function to provide rhythmic contractions to pump blood to
the lungs and tissues, but also that diverse Ca2+ signaling pathways regulate this
basic function. The simplest regulatory elements are Ca2+ stimulated enzymes.
In addition Ca2+ mobilizing agents play important roles in stimulating Ca2+
release from the intracellular organelles of the SR and lysosomes. These Ca2+
regulated processes form an interconnecting network that determines function, and
not surprisingly there are variations in the contributions and relative importance of
components of this network in different regions of the heart with different functions.
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IP3 is particularly important for the short term control of Ca2+ transients in atria
and pacemaker tissue of the SA node, although long term effects on gene expression
occur throughout the heart. It is suggested that cADPR and NAADP are synthesized
in heart by the same enzyme, CD38, located at or close to the SR, where these two
substances act in a complementary way to regulate Ca2+ release by increasing the
gain of CICR and increasing the amount of Ca2+ stored in the SR. Although the
relationship between cADPR and NAADP actions is argued to be particularly close,
it is recognized that overall function is determined by complex interactions with IP3
and Ca2+ stimulated enzymes. Actions of hormones and neurotransmitters provide
a regulatory influence on these complex pathways. The contributions of Ca2+
signaling pathways to the overall effect of receptor stimulation on Ca2+ transients
are often surprisingly large. Although disentangling the complex interacting Ca2+-
dependent processes provides a challenge for the design of experiments, it is clear
that Ca2+ signaling in the heart is a major determinant of function.
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Chapter 17
Molecular Basis and Regulation
of Store-Operated Calcium Entry

Jose J. Lopez, Isaac Jardin, Letizia Albarrán, Jose Sanchez-Collado,
Carlos Cantonero, Gines M. Salido, Tarik Smani, and Juan A. Rosado

Abstract Store-operated Ca2+ entry (SOCE) is a ubiquitous mechanism for Ca2+
influx in mammalian cells with important physiological implications. Since the
discovery of SOCE more than three decades ago, the mechanism that communicates
the information about the amount of Ca2+ accumulated in the intracellular Ca2+
stores to the plasma membrane channels and the nature of these channels have
been matters of intense investigation and debate. The stromal interaction molecule-
1 (STIM1) has been identified as the Ca2+ sensor of the intracellular Ca2+
compartments that activates the store-operated channels. STIM1 regulates two types
of store-dependent channels: the Ca2+ release-activated Ca2+ (CRAC) channels,
formed by Orai1 subunits, that conduct the highly Ca2+ selective current ICRAC and
the cation permeable store-operated Ca2+ (SOC) channels, which consist of Orai1
and TRPC1 proteins and conduct the non-selective current ISOC. While the crystal
structure of Drosophila CRAC channel has already been solved, the architecture of
the SOC channels still remains unclear. The dynamic interaction of STIM1 with the
store-operated channels is modulated by a number of proteins that either support
the formation of the functional STIM1-channel complex or protect the cell against
Ca2+ overload.
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Abbreviations

[Ca2+]c cytosolic free Ca2+ concentration
AMPA alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate
CRAC channels Ca2+-release activated Ca2+ channels
CTID C-terminal inhibitory domain
ER endoplasmic reticulum
IP3 inositol 1,4,5-trisphosphate
NAADP nicotinic acid adenine dinucleotide phosphate
NMDA N-methyl-D-aspartate
OAG 1-oleoyl-2-acetyl-sn-glycerol
PM plasma membrane
ROC receptor-operated channels
ROS reactive oxygen species
SERCA sarco/endoplasmic reticulum Ca2+ ATPase
SMOC second messenger-operated channels
SOAP STIM1-Orai1 Association Pocket
SOC channels store-operated Ca2+ channels
SOCE store-operated Ca2+ entry

17.1 Receptor-Operated Calcium Entry

Among the second messengers that mediate the function of cellular agonists, cytoso-
lic free-Ca2+ stands out both for its versatility and ubiquity. In contrast to other
intracellular messengers, Ca2+ signals do not depend on the reversible generation
or covalent modification of signalling molecules but on the transport of Ca2+
across membranes. Cellular agonists increase cytosolic free-Ca2+ concentration
([Ca2+]c) either by releasing compartmentalized Ca2+ and/or by promoting Ca2+
influx from the extracellular medium through plasma membrane (PM) channels [1].
Both mechanisms occur in favour of an electrochemical gradient and, therefore,
do not consume energy. Once cellular stimulation is terminated a number of
mechanisms, involved in the recovery and maintenance of low resting [Ca2+]c,
activate in order to allow further Ca2+ signals and to prevent cytosolic Ca2+
overload. Ca2+ removal from the cytosol is mediated by different mechanisms
that includes Ca2+ reuptake by the sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) into intracellular organelles, especially the sarcoplasmic/endoplasmic
reticulum [2, 3] and a variety of acidic, lysosome-related, organelles [4, 5]. SERCA
pumps are also responsible to maintain a low resting [Ca2+]c by opposing Ca2+ leak
into the cytosol from the intracellular stores [6]. Further mechanisms for cytosolic
Ca2+ clearance includes Ca2+ extrusion across the PM through the collaborative
actions of the plasma membrane Ca2+-ATPase and the Na+/Ca2+ exchangers [7]
(Fig. 17.1), as well as mitochondrial Ca2+ uptake, which also shapes the responses
to agonists.



17 Store-operated Ca2+ Entry 447

Fig. 17.1 Schematic representation of the main cellular Ca2+ entry mechanims. Cell stimulation
with physiological agonists results in the activation of phospholipase C (PLC), which, in turn,
leads to the generation of inositol 1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). IP3
releases Ca2+ from intracellular stores, which results in the activation of store-operated Ca2+
entry (SOCE)via CRAC and SOC channels through the participation of STIM1 and STIM2.2
isoforms and the modulator STIM2.1. On the other hand, DAG is the endogenous activator of
certain TRP channels that participate in second messenger-operated Ca2+ influx. PLA2-generated
arachidonate activates a Ca2+ selective channel formed by Orai1 and Orai3 subunits named
arachidonate-regulated channels (ARC). Agonists might also induce direct receptor-operated
Ca2+ entry gating ionotropic receptors such as purinergic P2X and AMPA o NMDA glutamate
receptors. Finally, voltage-operated Ca2+ channels play a major role in Ca2+ entry in electrically
excitable cells. Calcium removal from the cytosol is mediated by ATPases and transporters, such
as the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), the plasma membrane Ca2+ ATPase
(PMCA) and the Na+/Ca2+ exchangers

Physiological agonists induce Ca2+ release from intracellular compartments
through the generation of a variety of signalling molecules that gate Ca2+ channels
located in the membrane of the internal Ca2+ stores, i.e. the ER, secretory granules
and lysosome-related organelles. Ca2+-releasing molecules include the inositol
1,4,5-trisphosphate (IP3), nicotinic acid adenine dinucleotide phosphate (NAADP),
cyclic ADP ribose or sphingosine 1-phosphate [8, 9]. Given the negligible electrical
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potential across the ER membrane [10], Ca2+ efflux from this organelles is only
driven by a chemical gradient generated by SERCA pumps. This is most likely the
mechanism involved in Ca2+ efflux from secretory vesicles and lysosome-related
organelles, where a slightly positive membrane potential (lumen positive) has been
reported [11, 12].

Ca2+ efflux from finite intracellular compartments is transient and sometimes
insufficient for the activation of certain cellular processes that require higher or more
sustained rises in [Ca2+]c. In this context Ca2+ entry through PM Ca2+-permeable
channels plays an essential functional role. Ca2+ influx leads to more sustained
and/or greater increase in [Ca2+]c, which is required for intracellular Ca2+ store
refilling and full activation of certain cellular processes. Extracellular Ca2+ might
enter the cell by different mechanisms including voltage-operated Ca2+ entry and
receptor-operated Ca2+ entry.

Voltage-operated Ca2+ entry takes place in electrically excitable cells where
membrane depolarization leads to the opening of Ca2+ channels, which, in turn,
results in Ca2+ transients that initiate different physiological events (Fig.17.1).
Voltage-operated Ca2+ channels are heteromeric complexes where the pore-forming
α1 subunits consists of four repeated domains, each containing six transmembrane
domains (S1–S6) and a loop between transmembrane segments S5 and S6. The
channel also contains an intracellular β subunit, a disulphide-linked α2δ dimer and a
transmembrane γ subunit [13]. Voltage-operated Ca2+ channels are named accord-
ing to the principal permeation ion (Ca) followed by the principal physiological
modulator, i.e. voltage (v) as a subscript (Cav), then the numerical order corresponds
to the nomenclature of the α1 subunit [14]. According to this nomenclature, three
subfamilies have been described: Cav1, which mediate L-type Ca2+ currents, Cav2,
responsible of the P/Q-type, N-type and R-type currents, and Cav3, which mediate
T-type Ca2+ currents [15].

Despite a functional expression of voltage-gated Ca2+ channels has been
reported in a variety of electrically nonexcitable cells, such as T and B lymphocytes
and mast cells [16–19], their role in cell biology is not as relevant as in excitable
cells. In non-excitable cells, Ca2+ influx is mostly mediated by receptor-operated
pathways. Heterologous regulation of voltage-operated channels upon activation
of certain receptor-operated pathways has been described, where STIM1, the ER
Ca2+ sensor for the activation of SOCE, induces inactivation of voltage-gated Ca2+
channels [20, 21] (Fig. 17.1). Receptor-operated Ca2+ entry groups the pathways
for Ca2+ influx activated by membrane receptor occupation. This includes the
Ca2+ currents that occurs by gating the receptor-channel itself, the properly named
receptor-operated Ca2+ channels (ROC) and the currents via second messenger-
operated channels (SMOC) or store-operated channels [22].

Receptor-operated Ca2+ entry occurs through a number of Ca2+ permeable
ionotropic receptors activated by different ligands, such as the purinergic P2X
receptors [23] or the N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-
5-methylisoxazole-4-propionate (AMPA) receptors activated by glutamate [24–26]
(Fig. 17.1). On the other hand, second messenger-operated Ca2+ entry is medi-
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ated by Ca2+-permeable SMOCs activated by diffusible messengers, which are
generated by receptor occupation. Among the second messengers that have been
reported to gate SMOCs are the phospholipase C product diacylglycerol, or its
membrane permeant analogue 1-oleoyl-2-acetyl-sn-glycerol (OAG) [27–30], cyclic
ADP ribose [31] or arachidonate [32–35]. The function of different SMOCs is
modulated by phosphoinositides, such as phosphatidylinositol 4,5-bisphosphate [36,
37]. The third major pathway for Ca2+ influx activated by receptor occupation is
store-operated Ca2+ entry (SOCE), a route regulated by the Ca2+ concentration
into the agonist-sensitive stores [38].

17.2 Store-Operated Ca2+ Entry

Probably the most ubiquitous mechanism for receptor-operated Ca2+ influx is store-
operated Ca2+ entry (SOCE), a mechanism for the entry of Ca2+ across PM-resident
channels that is activated when the Ca2+ concentration decreases in the intracellular
Ca2+ stores [39]. SOCE has been demonstrated upon discharge of different
agonist-sensitive intracellular Ca2+ pools, including the ER [40] and bafilomycin
A1-sensitive acidic compartments [41]. Store-operated or “capacitative” Ca2+ entry
was initially proposed by Putney in 1986 [40] as a mechanism for Ca2+ influx
regulated by the filling state of the intracellular Ca2+ stores. A previous study by
Casteels and Droogmans reported similar observations in vascular smooth muscle
cells, suggesting two pathways for the transport of Ca2+ from the extracellular
medium to the noradrenalin-sensitive intracellular store including a direct route into
the store [42]. This hypothesis, which limited the role of SOCE to the refilling of
the intracellular Ca2+ compartments during or after agonist stimulation, was later
on demonstrated to be imprecise as reported by Kwan and co-workers in 1990
[43]. In this study the authors used lanthanum to prevent Ca2+ entry and extrusion
and demonstrated that Ca2+ released into the cytoplasm could replenish the stores.
These findings provide initial evidence that the refilling process does not involve
a direct route into the intracellular stores but rather is the result of a sequential
Ca2+ transport into the cytoplasm and subsequent uptake from the stores by
SERCA pumps [43, 44]. Therefore, SOCE is a relevant mechanism for Ca2+ store
refilling and is also essential to sustain a number of cellular functions, including
cell proliferation, differentiation, platelet aggregation and secretion, contraction
or migration [45–52]. The study by Kwan and co-workers also provided a key
conceptual characteristic of SOCE, by demonstrating that SOCE does not require
the synthesis of IP3 since Ca2+ influx mediated by methacholine and thapsigargin,
an inhibitor of SERCA that is unable to increase the cellular level of IP3, was
mediated by the same mechanism activated by the discharge of the intracellular
Ca2+ stores [43].

Since the identification of SOCE both the nature of the channels in the PM
and the mechanism of activation of Ca2+ influx have been widely investigated.
Early studies on the activation mechanism led to a variety of mutually exclusive
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hypotheses that can be grouped into (1) those suggesting a constitutive conforma-
tional coupling between elements in the ER and the PM, (2) the indirect coupling
between the ER and the PM via diffusible messengers, (3) the insertion in the PM
of preformed channels located in internal vesicles and (4) a reversible de novo
conformational coupling between a Ca2+ sensor in the ER and the Ca2+ channels in
the PM [53]. In 2005, the STromal Interaction Molecule-1 (STIM1) was identified
as the ER Ca2+ sensor, using an RNA interference-based screen to identify genes
involved in thapsigargin-evoked Ca2+ entry [54]. Furthermore, it was found that
STIM1 communicates the information about the filling state of the ER to the SOC
channels, as demonstrated by immunofluorescence, electron microscopy and EF-
hand mutants of STIM1 that result in store-independent SOCE activation [55]
(Fig. 17.1).

17.3 STIM1

Human STIM1 is a type-1 transmembrane protein of 685 amino acids that was
initially reported to be involved in cell-to-cell interaction [56] and cell growth
suppression with a relevant role in tumoral progression [57, 58]. STIM1 has been
presented as a 90-kDa phosphoprotein ubiquitously expressed in the PM as well as
in intracellular membranes of a number of human primary and tumoral cells [59].
The C-terminal region of STIM1 is cytosolic whatever its location (ER or PM),
while the N-terminal region is located either in the ER lumen (for STIM1 located
in the ER membrane) or the extracellular medium (for PM-resident STIM1) [60–
62]. Structural studies revealed several functional domains in the STIM1 N-terminal
region, including an ER signal peptide (aa 1–22), a canonical EF-hand Ca2+-binding
motif (aa 63–96) as well as a hidden EF-hand (aa 97–128), and a sterile alpha
motif (SAM; aa 132–200) that plays an important role in protein-protein interaction
[63–65]. STIM1 transmembrane domain (aa 214–234) is followed by the cytosolic
region, which contains an ezrin/radixin/moesin domain, highly conserved among
the STIM proteins. This region includes three coiled-coil domains, named CC1 (aa
238–342), CC2 (aa 364–389) and CC3 (aa 399–423), a CRAC-modulatory domain
(aa 470–491), a proline/serine-rich region (aa 600–629), and a polybasic lysine-rich
region (aa 671–685) [66–70].

The key region of STIM1 for the interaction with the store-operated channels
was identified almost at the same time by four research groups. This region
overlaps with the coiled-coil domains present in the cytosolic region of STIM1 and
received different names: SOAR (STIM1 Orai-activating region, aa 344–442) [68],
OASF (Orai-activating small fragment, 233–450; an extended version of OASF
encompasses aa 234–491) [71, 72], CAD (CRAC-activating domain, aa 342–448)
[73] and CCb9 (for coiled-coil domain containing region b9 encompassing aa 339–
444) [74]. The crystal structure of the SOAR domain has revealed that SOAR
appears as a dimer. Each subunit comprises four α-helical regions (α1, α2, α3, α4)
[75], where the proposed strong Orai1 activation site is located between helixes α1



17 Store-operated Ca2+ Entry 451

and α3, with the F394 residue playing a predominant role, and the α4 helix plays a
relevant role in the maintenance of the SOAR dimer [76].

Overlapping with the CRAC-modulatory domain, a C-terminal inhibitory
domain (CTID) has been described to modulate STIM1 function through the
interaction with the modulator SARAF (see below). Deletion of the CTID region
has been reported to induce spontaneous clustering of STIM1 and activation of
Orai1 independently of the filling state of the Ca2+ stores [77]. STIM1 is subjected
to a variety of post-translational modifications, including phosphorylation on serine
[78] and tyrosine residues [79], and N-linked glycosylation at N131 and N171 located
within in the SAM domain [80].

An alternative spliced long variant, STIM1L, has been found to be expressed in
human skeletal muscle [81, 82], neonatal rat cardiomyocytes [83] and differentiated
myotubes [82]. STIM1L is generated by alternative splicing and extension of exon
11 leading to a variant that contains an extra 106 amino acids (aa 515-620) insert in
the cytosolic region. This region has been reported to provide STIM1 the ability to
interact with Orai1 channels leading to the formation of permanent STIM1-Orai1
clusters that is associated with the rapid (< 1 s) activation of SOCE in skeletal
muscle cells in comparison with other cells [84].

17.4 STIM2

The STIM1 homologue, STIM2, was identified in 2001 as a ubiquitously expressed
protein that in vivo forms oligomers with STIM1 indicating a possible functional
interaction between both proteins [78]. STIM2 is a type-1 transmembrane protein
with similar structure to STIM1. The N-terminal region contains the functional
Ca2+-binding EF-hand motif (aa 67–100) and SAM domain (aa 136–204). The
cytosolic C-terminal region contains the ezrin/radixin/moesin domain with three
coiled-coil domains [85]. The SOAR overlaps with this domain [86], and, as for
STIM1, is involved in the activation of Orai [87]. Adjacent to the SOAR domain
there is a proline- and histidine-rich region whose function is still unclear [78, 88].
Close to the end of the C-terminal region there is a calmodulin-binding region and
a polybasic lysine-rich region [88, 89].

STIM2 is expressed in human and mouse tissues [78, 90], and it is the dominant
STIM isoform in mouse brain, pancreas, placenta and heart; however, STIM2 is
almost absent in skeletal muscle, kidney, liver and lung. It has been found co-
expressed together with STIM1 in many human cell lines [78] and cell types
[91–93], which indicates that both STIM isoforms co-exist and suggesting that they
might interact functionally. STIM2 has been observed located in the ER membrane
and in acidic intracellular stores [41, 85, 94], but, at present, no description of its
location in the plasma membrane has been reported, in contrast to STIM1 [61, 67,
95, 96].

Three STIM2 splice variants have been described to date STIM2.1 (STIM2β),
STIM2.2 (STIM2α) and STIM2.3. The best known and characterized variant is
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STIM2.2 [97] and most of the previously published studies on STIM2 refer to
STIM2.2 [98]. The STIM2 gene comprises 13 exons, but the STIM2.2 mRNA is
encoded by 12 exons (excluding exon 9) leading to a protein of 833 amino acids
[87]. The STIM2.1 variant contains an eight-residue insert (383-VAASYLIQ-392)
within the SOAR domain encoded by exon 9 that was initially found to impair
the interaction with Orai1 and its activation [87]. However, more recent studies
have revealed that the heterodimer consisting of the SOAR regions of STIM1
and STIM2.1 is able to induce full activation of Orai1 while preventing cross-
linking and clustering of this channel [99]. STIM2.1 is ubiquitously expressed
and might heterodimerize with STIM1 and STIM2.2 leading to the attenuation of
Ca2+ influx through SOCE [87]. The third STIM2 variant, STIM2.3, expresses an
alternative exon 13 that results in an upstream end of translation leading to a protein
approximately 17 kDa smaller [97]. The expression of STIM2.3 is limited and its
function is still uncertain [97].

The EF-hand motif of STIM1 and STIM2 binds Ca2+ and provide STIM proteins
the ability to sense the ER Ca2+ concentration ([Ca2+]ER). STIM2 EF-hand exhibits
a greater affinity for Ca2+ than that of STIM1 (STIM2 EF-hand motif Kd∼0.5 mM,
STIM1 EF-hand motif Kd∼0.6 mM) [64, 100]. As a result, STIM2 is expected to
show a greater sensitivity to minor changes in [Ca2+]ER than STIM1. Consequently,
STIM2 has been reported to be partially active at resting [Ca2+]ER and is further
activated by small reductions in [Ca2+]ER; on the other hand, STIM1 requires larger
reductions in [Ca2+]ER to become active [101]. The greater sensitivity for free-Ca2+
confers STIM2 the ability to sense [Ca2+]ER fluctuations, stabilizing both basal
cytosolic and endoplasmic reticulum Ca2+ levels, as well as to activate earlier than
STIM1 upon agonist stimulation [101]. Furthermore, STIM2 has been reported to
trigger a conformational remodeling of STIM1 C-terminus, leading to STIM1-Orai1
interaction at relatively high [Ca2+]ER [102].

The characterization of STIM1 as the Ca2+ sensor facilitated the identification
of the channels involved in SOCE. After intense research and debate two types
of STIM1-modulated SOC channels have been described so far: the Ca2+-release
activated Ca2+ (CRAC) channels, which involves Orai1 subunits, and store-operated
Ca2+ (SOC) channels, involving subunits of Orai1 and the canonical transient
receptor potential (TRPC) family member TRPC1 [103–106].

17.5 STIM and Orai: CRAC Channels

Soon after the identification of SOCE, a highly Ca2+-selective current activated
by discharge of the intracellular Ca2+ stores was identified in mast cells and
named Calcium-Release Activated Current (ICRAC). This current was described as
a voltage-insensitive current with a characteristic inward rectification [107]. More
than a decade after the identification of ICRAC, in 2006, the channel conducting this
current was identified, through whole-genome screening of Drosophila S2 cells and
gene mapping in patients with the hereditary severe combined immune deficiency
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(SCID) syndrome induced by ICRAC deficiency, as the protein Orai1 [108–110].
In Greek mythology the Orai is the keeper of the heaven´s gate [111]. Orai1 is a
protein that shares no homology with other known ion channels. It is a protein of
301 amino acids that shows four transmembrane domains (TM1-TM4) and cytosolic
N- and C-terminal tails [112–115], which are both required for STIM1 interaction
and regulation [68, 71, 73, 116–118].

Despite the initial studies pointed out to a tetramer as the most likely Orai1
subunit stoichiometry of the mammalian CRAC channels [119–121], crystallization
of Drosophila Orai has revealed that the channel consists of an hexameric assembly
of Orai subunits [122]. Although the crystal structure of mammalian Orai1 is not
available the analysis of the biophysical properties of concatenated hexameric and
tetrameric human Orai1 channels has shown that a tetrameric architecture displays
the highly Ca2+-selective conductance characteristic of ICRAC and endogenous
CRAC channels, while the hexameric structure forms a non-selective cation channel
[123].

Concerning the hexameric CRAC channel, the pore is located amid the hexamer
formed by the six TM1 domains and also including the residues 74–90 (named
ETON region) within the N-terminus, which is essential for the interaction with
STIM1 [116]. The channel pore has been reported to acts as a funnel formed by an
external vestibule, which consist of negatively charged residues (D110, D112 and
D114) that attract Ca2+ to the immediacies to the pore, followed by the selectivity
filter (aa E106), which is required for the CRAC channel high Ca2+ selectivity [124,
125], a hydrophobic region (aa V102, F99 and L95) and a basic region (aa R91, K87
and R83). The channel pore is surrounded by three rings comprised by TM2, TM3
and TM4 [122]. A number of residues within TM2-TM4 have been reported to be
key regulators of CRAC channel function. The Orai1 mutations L138F and P245L,
located in TM2 and TM4, have been shown to trigger constitutive currents that
underlie the pathogenesis of different disorders, such as tubular aggregate myopathy
(TAM) [126] and Stormorken disease [127], respectively.

The Orai family includes three human homologs, Orai1, Orai2 and Orai3. All
three Orai isoforms are activated by Ca2+ store depletion when co-expressed with
STIM1 [128, 129]; however, the Orai isoforms show different sensitivity to 2-
aminoethoxydiphenyl borate (2-APB), an IP3 receptor antagonist and Ca2+ channel
blocker [130, 131]. While 2-APB has been reported to act as a direct Orai3 activator,
its effect on Orai1 and Orai2 function is concentration-dependent. Low 2-APB con-
centrations (5–10 μM) activate Orai1 and Orai2 currents when co-expressed with
STIM1; by contrast, at high concentrations (50 μM), 2-APB is a potent inhibitor of
Orai1 currents [124, 132, 133]. In addition to the inhibitory role on Orai1 channels,
2-APB can also directly inhibit STIM1 function by promoting intramolecular
interaction between the CC1 and SOAR regions of STIM1 [134]. Orai3 expression
has recently been reported to be regulated by the protein stanniocalcin-2 in mouse
platelets, so that platelets from mice lacking stanniocalcin-2 exhibit a significantly
greater Orai3 expression, leading to enhanced agonist-induced Ca2+ mobilization
and platelet aggregation [135].
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The mechanism of activation of CRAC channels by STIM1 has long been
investigated. In its resting state the canonical EF-hand domain is occupied by Ca2+,
STIM1 appears as a dimer and the SOAR region is hidden from the channel due to
an autoinhibitory electrostatic interaction between an acidic segment within the CC1
and a polybasic region (aa 382–386) within the SOAR domain [136, 137]. Discharge
of the ER upon agonist stimulation leads to Ca2+ dissociation from the EF-hand,
which, in turn, changes the EF-hand-SAM conformation facilitating the formation
of STIM1 oligomers [100, 138]. This conformational change lessens the angle
of interaction of the TM region within the ER membrane bringing the C-termini
together [139] and inducing the release of the SOAR domain from the autoinhibitory
interaction with the CC1 region [116, 140–142]. STIM1 interacts with the N-
and C-termini of Orai1. The interaction between STIM1 and Orai1 C-terminus
was solved by NMR and involves the positively charged residues that interact
with the CC1 autoinhibitory domain (K382, K384, K385 and K386), two aromatic
residues Y361 and Y362 and four hydrophobic amino acids (L347, L351, L373 and
A376) within STIM1 as well as Orai1 residues L273, L276, R281, L286 and R289
from its C-terminus, forming altogether the so called STIM1-Orai1 Association
Pocket (SOAP) [141]. It has been reported that STIM binding to the Orai C-
terminus orients STIM for effective interaction with the N-terminus [143]. The
interaction between STIM1 and Orai1 N-terminus is essential for channel gating
[144]; however, the sequence in STIM1 and in Orai1 N-terminus is not completely
solved yet, although it has been proposed that Orai1 N-terminus might interact
with a sequence adjacent to the SOAP previously described [145]. Furthermore,
the STIM1-Orai1 stoichiometry in an efficient interaction has not been determined
yet and further studies are still required to define these aspects.

17.6 STIM1, Orai1 and TRPC1: SOC Channels

In addition to ICRAC, a number of store-operated currents with different biophysical
properties have been described in a variety of cell types, including A431 epidermal
cells, messangial cells, endothelial cells as well as aortic, portal vein and pulmonary
artery myocytes, which have been named ISOC. ISOC currents are not selective for
Ca2+ and exhibit a greater conductance than ICRAC [146]. The activation of ISOC
involves the interaction among STIM1, Orai1 and TRPC1 [103, 104, 106, 147–150].

The TRP proteins form non-selective cation channels identified in the trp
mutant of Drosophila. In 1969, Cosens and Manning reported a Drosophila mutant
with altered electroretinogram [151]. In Drosophila photoreceptors, the sustained
light-sensitive ionic current due to Na+ and Ca2+ influx is conducted by two Ca2+-
permeable channels encoded by the trp and trpl genes [152, 153]. By contrast,
the trp mutant exhibited transient, rather than sustained, light-sensitive receptor
potential, which gave the name to transient receptor potential (TRP) channels [154].
Soon after the identification of Drosophila TRP proteins, the first mammalian TRP
was identified, TRPC1, both in human [155, 156] and in mouse [157]. Since the
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identification of TRPC1 several TRP proteins have been identified in vertebrates,
which have been grouped into seven subfamilies: four are closely related to
Drosophila TRP (TRPC, TRPV, TRPA and TRPM), two are more distantly related
subfamilies (TRPP and TRPML), and, finally, the TRPN group, which is expressed
in fish, flies and worms [158]. Each subfamily includes different members, i.e. the
TRPC subfamily comprises seven members (TRPC1-TRPC7), the vanilloid TRP
subfamily (TRPV) includes six members (TRPV1–TRPV6), the TRPA (ankyrin)
subfamily includes only one protein, TRPA1, the melastatin TRP subfamily (TRPM)
comprises eight members (TRPM1-TRPM8) and both the TRPP (polycystin) and
the TRPML (mucolipin) subfamilies include three members each [159, 160].

TRP channels are permeable to monovalent and divalent cations and exhibit a
Ca2+/Na+ permeability ratio <10 [156], with some exceptions such as TRPM4
and TRPM5, which are selective for monovalent cations, and the highly Ca2+
selective TRPV5 and TRPV6 [161, 162]. The lack of Ca2+ selectivity for TRP
channels raises the possibility that these channels are involved in the SOC channels
[104]. TRP proteins share a common architecture, which resembles other ionic
channels, including six transmembrane domains (TM1-TM6), with cytosolic N-
and C-termini and a pore loop region between TM5 and TM6 [156, 163]. The C-
terminal region includes a characteristic TRP signature motif (EWKFAR), involved
in allosteric channel activation [164] and a CIRB (calmodulin/IP3 receptor-binding)
region, involved in the regulation of TRP channel gating [165, 166]. The N- and
C-termini of TRP channels included coiled-coil domains that play a relevant role in
the interaction with STIM1 [167].

Despite Drosophila TRP channels were described as receptor-operated channels
activated by second messengers [168], the involvement of TRP channels in SOCE
has been widely investigated and debated. Particular attention has been focused
on the TRPC subfamily members, which have been found to be gated by Ca2+
store depletion in a number of cell types by using different approaches, from
overexpression of specific TRPC proteins to knockdown of endogenous TRPs and
knockout models [169–172]. There is now a consensus that TRPC1 forms a complex
with STIM1 and Orai1, which is responsible of the less selective ISOC current. There
are two hypotheses concerning the molecular basis of ISOC. One such hypothesis
supports that the ISOC current represents the sum of ICRAC and a less selective
current through TRPC channels [173], whereas another model suggests that ISOC
involves channels, of still unknown composition, but including both TRPC1 and
Orai1 subunits [174].

STIM1 has been reported to interact with TRPC channels by direct association of
the STIM1 SOAR domain with the N- and C-terminal coiled-coil domains of TRPC,
as single mutations in these domains has been shown to reduce the interaction and
activation of TRPC1 by STIM1 [167]. Apparently, STIM1 directly associates with
certain TRPC proteins, such as TRPC1, TRPC4 and TRPC5, but the regulation of
other TRPC channels, such as TRPC3 or TRPC6, is indirect and depends on TRPC1
and TRPC4, respectively. According to this model, at the resting state, TRPC3
N- and C-terminal coiled-coil domains interact with each other to prevent the
interaction of the C-terminal coiled-coil domain with STIM1. Upon store depletion,
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the TRPC1 C-terminal coiled-coil domain dissociates this interaction to allow the
association between the SOAR region within STIM1 and the TRPC3 C-terminal
coiled-coil domain, and, thus, the regulation of TRPC3 channel by STIM1 [167].
In addition to the interaction between STIM1 and TRPCs described above, the
activation of these channels by STIM1 require the electrostatic interaction between
two positively charged residues located in the polybasic lysine-rich domain of
STIM1 (K684 and K685) and two negatively charged aspartates in TRPC1 (D639

and D640), with a similar sequence described in TRPC3 [175].

17.7 Regulation of SOCE

Given the functional relevance of SOCE in cell biology, this mechanism is finely
regulated by a number of biochemical interactions involving signalling molecules,
physico-chemical conditions or Ca2+ itself. Soon after the identification of ICRAC it
was reported that an elevated [Ca2+]c was able to inactivate the channel function in
two different ways termed fast Ca2+-dependent inactivation (FCDI), which occurs
within milliseconds, and slow Ca2+-dependent inactivation (SCDI) that initiates
tens of seconds after CRAC channel activation [176–179].The rapid activation of
FCDI, together with the fact that it does not depend on the ICRAC amplitude led
to the proposal that the inactivation is driven by Ca2+ binding to nearby cytosolic
inactivating sites in close proximity to the channel pore [176, 180]. Different regions
of Orai1 have been analysed and the two most prominent residues were identified
as W76 and Y80 [181], located in the proposed Orai1 calmodulin-binding domain.
However, the more recent publication of the crystal architecture of the pore-forming
region of Orai1 revealed that residues W76 and Y80 face the pore lumen and,
therefore, they are not freely accessible to calmodulin, as predicted [122]. Further
studies using calmodulin dominant negative mutants have confirmed that FCDI
might occur independently of calmodulin and suggest that W76 and Y80 might
participate in a conformational change within the pore region leading to FCDI [182].

In contrast to FCDI, SCDI depends on global rises in [Ca2+]c [177, 179].
Mitochondria have been reported to play a role in the modulation of SCDI. Ca2+
uptake by mitochondria upon rises in [Ca2+]c due to the opening of CRAC channels
slows down store refilling and attenuates the rate and extent of SCDI [183].
Current evidence supports a role of the protein SARAF (store-operated Ca2+ entry
associated regulatory factor) in the activation of SCDI. SARAF is a 339-amino acid
type I transmembrane protein that has been found to be located in the ER [184],
as well as in the PM [35], location where its expression is regulated by STIM1
[185]. SARAF has been reported to interact with STIM1 modulating the Ca2+ fluxes
and protecting the cell against Ca2+ overload [184]. Despite no functional domains
have been identified yet, studies using SARAF constructs have revealed that the
N-terminal region is essential for SARAF activity, while the C-terminal region is
responsible for the interaction with STIM1 and the migration to ER-PM junctions
in a STIM1-dependent manner [184]. SARAF interacts with the STIM1 SOAR
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region at rest to prevent spontaneous activation of STIM1 [184]. The interaction
of SARAF with the SOAR region is modulated by an adjacent region termed CTID
(aa 448–530), so that, in the resting state, the STIM1 SOAR-CTID region facilitates
access of SARAF to SOAR to prevent spontaneous activation of SOCE, while store
depletion, leading to a conformational change in STIM1, induces the dissociation of
SARAF from the SOAR domain that facilitates the activation of SOCE. This process
is followed by a more sustained reinteraction of SARAF with STIM1 (Fig. 17.2),
which has been proposed as the mechanism underlying SCDI [77]. Analysis of the
SARAF-STIM1 interaction has revealed that this association reaches a minimum
30s after store depletion by thapsigargin and then rises [186], a time-course that is
compatible with the activation of SCDI [177, 179]. In addition to STIM1, we have
recently reported that SARAF interacts with and modulates the function of Orai1
and TRPC1 channels. Studies in cells with low STIM1 expression have revealed
that SARAF enhances Orai1-mediated Ca2+ entry and, conversely, attenuates Ca2+
influx mediated by TRPC1 channels [186, 187]. Altogether, the role of SARAF in
the regulation of Orai1 and TRPC1 function strongly depends on STIM1 expression.
In STIM1-expressing cells, SARAF negatively regulates Ca2+ influx through the

Fig. 17.2 Interaction of SARAF with STIM1. In the resting state, the canonical EF-hand motif
is occupied by Ca2+ and STIM1 appears as a dimer in a autoinhibited configuration mediated by
electrostatic interaction between an acidic segment within the CC1 and a polybasic region within
the SOAR domain [136, 137]. In this configuration, SARAF is associated with the SOAR region.
Discharge of the intracellular Ca2+ stores is followed by Ca2+ dissociation from the EF-hand
motif, which leads to the beginning of the conformational change of STIM1 towards an extended
state and the dissociation of SARAF. STIM1, in the extended state, interacts with Orai1 channels
in the plasma membrane and a few seconds after the discharge of the Ca2+ stores SARAF re-
associates with STIM1, which might lead to SCDI [77]. The Ca2+ that enters the cytoplasm
through the Orai1 channels is pumped into the ER by the sarco/endoplasmic reticulum Ca2+
ATPase (SERCA)
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channels modulated by STIM1, including the store-operated CRAC and SOC
channels [77, 184, 186], and the store-independent arachidonate-regulated Ca2+
(ARC) channel [35], probably as a mechanism to prevent Ca2+ overload. On the
other hand, in the absence of STIM1, SARAF enhances Orai1 function while
attenuating TRPC1 activation [186, 187], probably as a mechanism to prevent cation
influx through a channel with greater conductance and facilitate Ca2+ entry through
a more selective low-conductance channel. The role of SARAF in SCDI is observed
only when the STIM1-Orai1 complex is located within PI(4,5)P2-rich microdomain
[188], which indicates that plasma membrane nanodomains play an important role
in STIM1-Orai1 function [145].

In addition to SARAF, other molecular modulators have been proposed to
regulate SOCE to prevent excessive Ca2+ influx. Among them, Golli, a member
of the family of myelin basic proteins, has been reported to attenuate SOCE in
Jurkat T cells, while T cells from Golli-deficient mice exhibits enhanced Ca2+ influx
evoked by T cell receptor activation [189]. Although the mechanism of regulation
is still uncertain, Golli has been found to interact with the C-terminal domain of
STIM1 following store depletion and modulated by [Ca2+]c [190]. Furthermore, the
protein orosomucoid-like 3 (ORMDL3) has also been reported to act as a negative
modulator of ICRAC and SOCE in T cells. ORMDL3 attenuates Ca2+ uptake by
mitochondria, thus resulting in inhibition of ICRAC and SOCE by SCDI [191].
More recently, filamin A has been shown as a modulator of the interaction of
STIM1 with the actin cytoskeleton and Orai1. Thus, in cells lacking filamin A, as
well as in cells where filamin A expression had been attenuated using siRNA, it
has been reported enhancement of the STIM1-Orai1 interaction and SOCE [192].
Other SOCE modulators includes CRACR2A, a cytosolic Ca2+-binding protein that
modulates STIM1–Orai1 complexes [193], and STIMATE, an ER-resident protein
and facilitates STIM1 puncta formation and the activation of CRAC channels [194]
(Table 17.1).

SOCE is further subjected to a variety of physico-chemical conditions. For
instance, Ca2+ influx through SOCE is subjected to the electrochemical gradient
across the cell membrane, which, at physiological conditions, favours Ca2+ entry
into the cytoplasm. However, the opening of non-selective cation channels or closure
of K+ channels might significantly alter the membrane potential and, thus, the
driving force for Ca2+ influx. Similarly, Orai1 has been found to be sensitive to pH,

Table 17.1 Biochemical components of the STIM1-regulated Ca2+ channels

Channel Components Regulators Refs.

CRAC Orai1α/Orai1β,
Orai2, Orai3

STIM1, STIM2.1, STIM2.2,
SARAF, CRACR2A, Golli,
ORMDL3, STIMATE, filamin A.

[87, 97, 103, 128, 129, 189,
191–194]

SOC Orai1α/Orai1β,
TRPC1

STIM1, STIM2.1, STIM2.2,
CRACR2A, Golli, ORMDL3,
SARAF, filamin A.

[87, 97, 103, 190, 191, 193]

ARC Orai1α, Orai3 STIM1, SARAF [32, 33, 103]
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with a decrease in Orai1 function at mildly acidic pH and opposite effects observed
upon mild alkalinisation [145, 195]. The expression of STIM and Orai proteins has
also been found to be sensitive to hypoxia, which has been reported to upregulate the
expression of STIM1, STIM2, Orai1, Orai2 and TRPC6 at the protein level [196].
Finally, reactive oxygen species (ROS) have also been reported to alter STIM1-
Orai1 function. For instance, ROS have been reported to activate SOCE in human
platelets [197]. Furthermore, oxidative stress in DT40 cells has been found to induce
STIM1 S-glutathionylation at C56, an event that has been associated to a decrease in
the affinity of STIM1 for [Ca2+]ER, thus mimicking the effect of store depletion and
enhancing SOCE [198]. In sum, these mechanisms, together with different covalent
modifications of the key players, such as phosphorylation of STIM1 [79, 199, 200]
and Orai1 [201], fine tune SOCE in order to provide functional Ca2+ signals.
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Chapter 18
Canonical Transient Potential Receptor-3
Channels in Normal and Diseased
Airway Smooth Muscle Cells

Yong-Xiao Wang, Lan Wang, and Yun-Min Zheng

Abstract All seven canonical transient potential receptor (TRPC1–7) channel
members are expressed in mammalian airway smooth muscle cells (ASMCs).
Among this family, TRPC3 channel plays an important role in the control of
the resting [Ca2+]i and agonist-induced increase in [Ca2+]i. This channel is
significantly upregulated in molecular expression and functional activity in airway
diseases. The upregulated channel significantly augments the resting [Ca2+]i and
agonist-induced increase in [Ca2+]i, thereby exerting a direct and essential effect in
airway hyperresponsiveness. The increased TRPC3 channel-mediated Ca2+ signal-
ing also results in the transcription factor nuclear factor-κB (NF-κB) activation via
protein kinase C-α (PKCα)-dependent inhibitor of NFκB-α (IκBα) and calcineurin-
dependent IκBβ signaling pathways, which upregulates cyclin-D1 expression and
causes cell proliferation, leading to airway remodeling. TRPC3 channel may further
interact with intracellular release Ca2+ channels, Orai channels and Ca2+-sensing
stromal interaction molecules, mediating important cellular responses in ASMCs
and the development of airway diseases.
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Airway hyperresponsiveness · Airway remodeling · Airway diseases

Authors “Yong-Xiao Wang and Lan Wang” have contributed equally for this chapter

Y.-X. Wang · Y.-M. Zheng (�)
Department of Molecular and Cellular Physiology, Albany Medical College, Albany, NY, USA

L. Wang
Department of Molecular and Cellular Physiology, Albany Medical College, Albany, NY, USA

Department of Cardiopulmonary Circulation, Shanghai Pulmonary Hospital, Tongji University
School of Medicine, Shanghai, China
e-mail: zhengy@amc.edu

© Springer Nature Switzerland AG 2020
M. S. Islam (ed.), Calcium Signaling, Advances in Experimental Medicine
and Biology 1131, https://doi.org/10.1007/978-3-030-12457-1_18

471

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12457-1_18&domain=pdf
mailto:zhengy@amc.edu
https://doi.org/10.1007/978-3-030-12457-1_18


472 Y.-X. Wang et al.

Abbreviations

[Ca2+]i Intracellular Ca2+ concentration
ASMCs Airway smooth muscle cells
COPD chronic obstructive pulmonary disease
DAG Diacylglycerol
GPCR G protein-coupled receptor
IP3 Inositol 1,4,5-trisphosphate
IP3R IP3 receptor
IκB Nuclear factor κB inhibitor
JNK Jun amino-terminal kinase
mAch Methacholine
NF-κB Nuclear factor κB
NPo Open probability
NSCC Non-selective cation channel
OAG 1-oleoyl-2-acetyl-sn-glycerol
PIP2 Phosphatidylinositol 4,5-bisphosphate
PKCα Protein kinase C-α
PLC Phospholipase C
RyR Ryanodine receptor
SOCE Store-operated Ca2+ entry
SR Sarcoplasmic reticulum
STIM Stromal interaction molecule
TNFα Tumor necrosis factor-α
TRPC Canonical transient potential receptor
Vm Membrane potential

18.1 Introduction

The canonical transient potential receptor (TRP) channels are encoded by genes
that most closely related resemble the trp gene, which was originally identified
in Drosophila [1]. Photoreceptor cells in Drosophila produce a transient receptor
potential in response to light. This potential is comprised of an initial rapid spike
followed by a sustained phase. Both phases are mediated by TRP encoded and
TRP-like channels. The first mammalian TRP gene was cloned from the human
brain using an expressed sequence tag, categorized into the TRPC channel family
based on its primary amino acid sequence, and thus termed TRPC1 channel [2]. The
TRPC channel family is known to consist of seven members designated TRPC1–7
channels.

TRPC channels have been well investigated in a number of cell types; however,
their functional roles and underlying signaling mechanisms are not well known in
airway smooth muscle cells (ASMCs). A series of our recent studies using the patch
clamp technique, genetically-manipulated approach and other methods have started

https://www.sciencedirect.com/topics/medicine-and-dentistry/smooth-muscle-cell
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to meticulously address whether, which and how TRPC channels play an important
role in physiological and pathological cellular responses in ASMCs. In this article,
we intend to provide a comprehensive overview of the major exciting findings from
our research works and others, with particularly focus on the molecular expression,
functional roles and underlying signaling mechanisms of TRPC3 channels in
physiological cellular responses in ASMCs and airway diseases.

18.2 Multiple TRPC Channel Members Are Expressed,
but TRPC3 Channel Is the Predominant Member
in ASMCs

Ong HL et al. reported that TRPC1, TRPC2, TRPC3, TRPC4, TRPC5 and TRPC6
channel mRNAs are detected in primary isolated guinea-pig airway SMCs [3].
It has also been reported that TRPC1, TRPC3, TRPC4 and TRPC6, but not
TRPC2 and TRPC5 channel mRNAs are present in cultured human ASMCs [4].
In cultured human ASMCs, TRPC1, TRPC3, TRPC4, TRPC5 and TRPC6, but not
TRPC2 channel mRNAs have been found [5]. Prior studies detected expression of
TRPC1,TRPC3 and TRPC6 channel proteins in primary isolated guinea pig airway
SM cells and tissues [3, 6], TRPC1, TRPC3/6/7 and TRPC4 channel proteins in
freshly isolated porcine airway SM tissues [7], TRPC6 channel protein in primary
isolated guinea pig and cultured human airway SMCs [4, 8], and TRPC1, TRPC3,
TRPC4, TRPC5 and TRPC6 channel proteins in cultured human ASMCs [5]. Our
studies reveal that TRPC1 and TRPC3 channel mRNAs and proteins are expressed
in freshly isolated mouse ASMCs [9].

Researchers have found that non-selective cation channels (NSCCs), which are
permeable to both Na+ and Ca2+, with higher permeability to Na+, are present in
freshly isolated bovine and human ASMCs [10–13]. We have further characterized
NSCCs in freshly isolated mouse ASMCs using the excised inside-out single chan-
nel recording [9]. The channel open probability in freshly isolated mouse ASMCs is
significantly higher at positive than negative potentials, suggesting that the native
NSCCs exhibit outward rectification in ASMCs. A diacylglycerol analogue, 1-
oleoyl-2-acetyl-sn-glycerol (OAG), significantly increases the channel activity. The
channel activity is augmented by elevating extracellular Ca2+ concentration and
inhibited by reducing extracellular Ca2+ concentration. Thus, constitutively-active
NSCCs in ASMCs possess diacylglycerol- and Ca2+-gated properties, which are
very similar to native constitutively-active NSCCs in vascular SMCs [14].

Our study also reveals that application of specific TRPC3 channel antibodies
blocks the activity of native single NSCCs by ∼80% in freshly isolated ASMCs
[9]. TRPC3 channel gene silencing by specific siRNAs inhibits the single channel
activity to a very similar extent in primary isolated cells. These patch clamp
and genetic studies for the first time provide compelling evidence that native
constitutively-active NSCCs are mainly encoded by TRPC3 channel in ASMCs
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Fig. 18.1 TRPC3 channel is a predominant member of the TRPC channel family showing
functional activity in ASMCs. (a) Specific TRPC3 channel antibodies inhibit the activity of single
native constitutively active NSCCs in freshly isolated ASMCs (adopted from Xiao et al, Am J
Respir Cell Mol Biol, 43: 17–25, 2010). An original recording of single NSCCs in an inside-out
patch at −50 mV before and after bath application of specific TRPC3 channel antibodies (1:200
dilution). The inserts exhibit the channel recording at an extended time scale. (b) Summary of
the effect of TRPC1 – TRPC6 antibodies on the activity of single NSCCs (unpublished data).
The relative open probability (NPo) is presented as the difference in the channel activity recorded
before and after application of individual TRPC antibodies (Ab). Numbers in parentheses indicate
the numbers of cells from different mice examined. *P < 0.05 compared with control cells (without
application of TRPC antibodies). (c) TRPC3 channel activity in ASMCs isolated from noninfected
mice and mice receiving intravenous injection of NS and TRPC3 shRNAs (adopted from Song
et al, FASEB J, 30: 214–29, 2016). TRPC3 channel activity in ASMCs isolated from noninfected
mice (not receiving lentiviral SM22-driven shRANs) and mice receiving intravenous injection of
lentiviral SM22-driven non-silencing (NS) and TRPC3 channel shRNAs. The channel activity was
recorded in excised membrane patches from ASMCs using the inside-out single-channel recording.
*P < 0.05 compared with cells from control (noninfected) mice

(Fig. 18.1), These findings also suggest that TRPC3 channel may form homomeric
and/or heteromeric NSCCs with different conductance states.

18.3 TRPC3 Channel Is Important for Controlling Resting
Membrane Potential and [Ca2+]i in ASMCs

The resting membrane potential (Vm) in ASMCs is between −40 and − 50 mV,
similar to other types of SMCs, and significantly less negative than a K+ equilibrium
potential of ∼ − 85 mV [15, 16]. Consistent with these prior reports, we have
also found that the resting Vm is −44 mV in freshly isolated ASMCs [9]. More
importantly, our data reveal that specific TRPC3 channel antibodies and gene



18 Canonical Transient Potential Receptor-3 Channels in Normal. . . 475

silencing both result in a pronounced hyperpolarization of the resting membrane
potential by approximately 14 mV. Conversely, TRPC1 channel antibodies and
gene silencing have no obvious effect on the resting Vm. Thus, TRPC3 channel
predominates the control of resting Vm in ASMCs, consistent with the vital role of
TRPC3 channel in mediating the activity of constitutively-active NSCCs.

Comparable to the effect on the resting membrane potential, we have found that
siRNA-mediated TRPC3 channel gene silencing significantly lowers the resting
[Ca2+]i in primary isolated ASMCs [9]. However, TRPC1 channel gene silencing
does not alter the resting [Ca2+]i. These findings provide evidence that TRPC3, but
not TRPC1 channel, play an important role in the control of the resting [Ca2+]i in
ASMCs. We have also shown that IP3, an important intracellular second messenger,
can activate TRPC3 channel to cause extracellular Ca2+ influx [17]. This novel
extracellular Ca2+ entry route may play a significant role in mediating IP3-mediated
numerous cellular response in ASMCs.

18.4 TRPC3 Channel Is Involved in Agonist-Induced
Increase in [Ca2+]i in ASMCs

Using the patch clamp recording technique, we and other investigators have shown
that muscarinic agonists acetylcholine and methacholine (mAch) activate NSCCs
in freshly isolated canine, equine, guinea-pig and swine ASMCs [18–22]. Simul-
taneous measurements of membrane currents and [Ca2+]i reveal that activation
of NSCCs during muscarinic stimulation is always accompanied by a sustained
increase in [Ca2+]i due to extracellular Ca2+ influx [19–22]. The sustained increase
in [Ca2+]i induced by mACH and other agonists are largely inhibited or abolished
by the general NSCC blockers Ni2+, Cd2+, La3+, Gd3+ and SKF-96365 [12,
15, 20, 22–28]. Thus, functional NSCCs mediate agonist-induced Ca2+ influx and
associated increase in [Ca2+]i in ASMCs.

We have started to identify which of the TRPC channels are responsible for
agonist-induced increase in [Ca2+]i. Our recent study reveals that TRPC3 channel
gene silencing inhibits mACH-evoked increase in [Ca2+]i in primary isolated
ASMCs. Similarly, a previous report has shown that TRPC3 channel gene silencing
blocks acetylcholine- and tumor necrosis factor-α (TNFα)-induced increase in
[Ca2+]i and cultured human ASMCs [5]. Moreover, OAG, a putative activator for
TRPC channels [29, 30], causes a significant increase in [Ca2+]i in primary isolated
guinea pig ASMCs. Collectively, TRPC3 channel is vital for agonist-induced Ca2+
responses in airway myocytes. Relative to Ca2+ release from the sarcoplasmic
reticulum (SR), extracellular Ca2+ influx through TRPC3 channel makes a smaller
contribution to agonist-induced initial increase in [Ca2+]i, whereas TRPC3 channel-
mediated Ca2+ signaling is persistent during agonist stimulation. This persistent
Ca2+ signaling may be essential for maintaining cell contraction and other cellular
responses, as well as refilling intracellular Ca2+ stores to start a new response.

Activation of muscarinic receptors or other G protein-coupled receptors can
result in production of IP3, which causes the opening of TRPC3 channel, serving
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as a novel mechanism for Ca2+ signaling to mediate cellular responses in ASMCs.
In support, we have found that TRPC3 channel knockdown significantly decreases
mACH-induced Ca2+ influx in ASMCs. The mACH-evoked contraction (cell
shortening) is also inhibited by TRPC3 channel knockdown.

18.5 TRPC3 Channel Is Increased in Expression
and Activity in ASMCs from Airway Diseases

TRPC3 channel in ASMCs has been shown to make an important contribution to
the pathogenesis of asthma. TRPC3 channel is up-regulated in ASMCs isolated
from asthma model mice [9, 31, 32] and human ASM [33], and has the ability
to regulate cell proliferation of asthmatic mouse and human ASMCs in vivo and
in vitro [32, 33]. In cultured human ASMCs, TRPC3 channel mRNA and protein
expression is significantly increased following treatment with TNFα. Furthermore,
TRPC3 channel gene silencing inhibits TNFα-induced Ca2+ influx, the associated
increase in [Ca2+]i, and TNFα-mediated augmentation of acetylcholine-evoked
increase in [Ca2+]i [5]. In ovalbumin-sensitized/challenged asthmatic mice, TRPC1
channel protein expression level is not changed in freshly isolated asthmatic
ASM tissue, but TRPC3 channel protein expression level is increased significantly
[5, 9]. The asthmatic membrane depolarization is blocked by specific TRPC3
channel antibodies. We have also revealed that the asthmatic ASMCs increase in
the activity of constitutively active NSCCs and depolarization in the membrane
potential are both blocked by TRPC3 channel antibodies. Thus, TRPC3 channel
is upregulated in its molecular expression and functional activity, which contributes
to membrane depolarization and increased [Ca2+]i in ASMCs, leading to airway
hyperresponsiveness, remodeling and asthma [32, 34].

In a recent study, we have demonstrated that intravenous injection of lentiviral
SM-specific promoter-driven TRPC3 channel shRNAs can sufficiently knockdown
TRPC3 channel expression and activity in ASMC of mice in vivo and can block
allergen-induced airway hyperresponsiveness and remodeling [32] (Fig. 18.2). It
is interesting to point out that in-vivo administration of specific pharmacological

�
Fig. 18.2 (continued) normal and asthmatic mice following intranasal inhalation of vehicle (con-
trol) or the specific pharmacological inhibitor of TRPC3 channel Pyr3. (c) In-vitro airway muscle
contractile responses to mAch were recorded in freshly sliced lung tissues from normal, AIAD
(asthmatic), and asthmatic mice treated with NS or TRPC3 shRNAs. Scale bars represent 25 μm in
length. Graph shows the quantification of airway lumen changes. (d) Immunohistochemistrical co-
stains of α-smooth muscle actin (pink) and Ki67 (brown) in airways in normal, AIAD (asthmatic),
asthmatic mice treated with lentiviral SM22-driven NS or TRPC3 shRNAs in vivo. Scale bars
indicate 20 μm in length. Green arrows indicate colocalization of α-SM actin and Ki67. The insert
shows an enlarged part of ASM layers, illustrating the colocalization of Ki67 and α-SM actin. Bar
graph displays the quantification of ASM areas and summary of Ki67-positive cells in ASM layers
in each group. Numbers in parentheses indicate the numbers of airways/mice examined. *P < 0.05
compared with noninfected ASMCs or normal mice. #P < 0.05 compared with asthmatic mice
treated with NS. The figure is adopted from Song et al, FASEB J, 30: 214–29, 2016



Fig. 18.2 Role of TRPC3 channel in airway smooth muscle hyperresponsiveness and remod-
eling in mice with allergen (ovalbumin)-induced airway disease (AIAD, asthma). (a) Inhibitory
effect of SMC-specific TRPC3 channel knockdown on in-vivo airway muscle contractile responses
to the muscarinic agonist methacholine (mAch) in mice with asthma (AIAD). The in-vivo airway
muscle contractile responses in non-asthmatic (normal) mice, asthmatic mice, and asthmatic mice
following intravenous injection of lentiviral SM22 (SMC promoter)-driven non-silencing (NS) or
TRPC3 channel shRNAs were determined by assessing conducting airway (Newtonian) resistance
(Rn) using an invasive FlexiVent device. (b) In-vivo airway muscle contractile responses (Rn) in



478 Y.-X. Wang et al.

inhibitors of TRPC3 channel produce similar effects. These results are consistent
with reports from our group and others, in which among all 7 members, only
TRPC3 channel exhibits a predominant functional activity in normal ASMCs and
an increase in the activity and expression in asthmatic ASMCs [5, 9, 31].

18.6 Upregulated TRPC3 Channel Can Activate NF-κB
to Mediate Asthma and Other Airway Diseases Via
PKCα–Dependent IκBα and Calcineurin-Reliant IκBβ

Signaling Pathways in ASMCs

The recent studies have revealed that expression of protein kinase C-α (PKCα),
a Ca2+-sensitive PKC isoform that may activate nuclear factor-κB (NF-κB) by
decreasing its inhibitor-α (IκBα) activity in cancer cells and ASMCs [32, 35]
and induce cyclin D1 expression to promote proliferation in ASMCs, is increased
in ASMCs from asthmatic subjects [32]. More importantly, TRPC3 channel-over
expression increases PKCα expression in asthmatic and normal ASMCs, whereas
TRPC3 channel knockdown blocks the increased PKC-α expression in asthmatic
ASMCs with no effect in normal cells [32]. NF-κB activity in asthmatic ASMCs
can also be inhibited by a PKCα antagonist. This information supports that up-
regulated TRPC3 channel induces an increased Ca2+ influx, which stimulates
PKCα, inactivates IκBα, and increase NF-κB activity, leading to cyclin expression,
cell proliferation, airway hyperresponsiveness and remodeling, and ultimately
asthma. However, this PKCα–dependent signaling pathway may not be functional
in normal ASMCs.

We and others have found that calcineurin expression is increased in asthmatic
ASMCs [32, 36–38]. The increased calcineurin expression is inhibited by TRPC3
channel knockdown, but augmented by TRPC3 channel overexpression. Similarly,
specific calcineurin inhibition blocks, while its activation enhances, NF-κB activity.
These findings unveil that in addition to PKCα/IκBα signaling pathway, TRPC3
channel can also stimulate calcineurin and inhibit IκBβ, leading to the activation of
NF-κB and induction of cyclin D1 in asthmatic ASMCs [32]. It has been proven that
calcineurin plays an important role in TRPC3 channel-mediated activation of NF-
κB in neurons and myocardiocytes [39–41]. Perceptibly, PKCα–dependent IκBα

and calcineurin-reliant IκBβ inhibition, the two distinct signaling pathways, are
critical for TRPC3 channel-mediated increased activity of NF-κB (Fig. 18.3), which
plays a vital role in the development of airway hyperresponsiveness and remodeling,
eventually leading to asthma and possibly other airway diseases [32].

The upregulated TRPC3 channel has also been found to induce p-p38, p-Jun
amino-terminal kinase (JNK), cleaved caspase-3, and Bcl-2 expression, as well as
promote cell cycle in asthmatic mouse ASMCs. Moreover, the Ca2+ chelator EGTA
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Fig. 18.3 A schematic diagram for signaling mechanisms underlying the role of TRPC3
channel in asthma. The asthmatic stimuli increase TRPC3 channel expression and activity
leading to an increase in [Ca2+]i in ASMCs. In addition to the direct role in mediating airway
hyperresponsiveness, the increased [Ca2+]i not only stimulates PKCα and then inhibits IκBα,
but also stimulates calcineurin and inhibits IκBβ. The inhibited IκBα and IκBβ together result in
NF-κB activation, cyclin induction, and cell proliferation, ultimately airway hyperresponsiveness,
airway remodeling, and asthma. Stimulation of muscarinic receptors or other GPCRs activates
PLC to produce DAG and IP3. DAG causes a direct opening of TRPC3 channel. In a traditional
view, IP3 opens its receptors and induces Ca2+ release from the SR to mediate cellular responses.
Notably, there is a new paradigm for the molecular functions of IP3 at least in ASMCs, in which
IP3-induced Ca2+ release through IP3R is significantly amplified by RyR2 due to their local
interaction. In addition to Ca2+ release, IP may activate TRPC3 channel and cause extracellular
Ca2+ influx to mediate cell contraction and proliferation, playing an important role in airway
hyperresponsiveness, remodeling and diseases

or BAPTA significantly diminishes the effects of TRPC3 channel knockdown on the
cell viability, cell cycle and the increased protein expression levels of p-p38, p-JNK,
cleaved caspase-3 and Bcl-2 in asthmatic mouse ASMCs [42], which is consistent
with the functional role of Ca2+ influx through TRPC3 channel.
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18.7 TRPC3 Channel Is Regulated by Orai Channel
and Ca2+-Sensing Stromal Interaction Molecule

Store-operated Ca2+ entry (SOCE) is a vital route in controlling [Ca2+]i in
various types of cells including ASMCs [43, 44]. Ca2+ store depletion may result
in activation of stromal interaction molecule 1 (STIM1) that is located on the
sarco/endoplasmic reticulum [45]. The activated STIM1 is translocated from the
ER to the ER-PM junctions, where it interacts with Orai1 channel that permits
Ca2+ from the extracellular space to the cytosol [46–50]. STIM1 and Orai1 work
together as mediators of SOCE in ASMCs, and SOCE has been shown to be
increased in proliferative ASMCs accompanied by a modest increase in STIM1
mRNA expression and significant increase in Orai1 channel mRNA expression [47].
Gene knockdown of STIM1 or Orai1 channel by shRNAs significantly attenuates
proliferation of ASMCs [47]. Moreover, STIM1 and Orai1 are involved in PDGF-
mediated SOCE [51]. Overall, STIM1 and Orai1 are important contributors to
SOCE in ASMCs that exhibit hyperplasia [52, 53].

It has been shown that Orail1 channel physically interacts with the N and C
terminus of TRPC3 channel, and overexpressing TRPC3 channel only becomes
sensitive to the store depletion in cells that also express exogenous Orai channel;
thus, Orai channel interacts with TRPC3 channel to form a functional integrative
unit that confers STIM1-mediated store depletion sensitivity to these two channels
[54].

Interestingly, an elegant study has found that under the resting state, the N
and C terminus coiled-coil domains of both TRPC3 and TRPC1 channel interact
with each other to shield the STIM1 binding site, thereby preventing the role of
STIM1 in regulating the activity of TRPC3 and TRPC1 channel [55]. However, cell
stimulation can facilitate the formation of TRPC3/TRPC1 channel heteromultimers,
enhance both interaction, and also dissociate between the TRPC1 channel N and C
terminus coiled-coil domains. As such, the free TRPC1 channel C terminus coiled-
coil domain interacts with the TRPC3 channel coiled-coil domains to dissociate
them, making the TRPC3 channel C terminus coiled-coil domain available for
interaction with STIM1, thereby allowing STIM1 to activate TRPC3 channel [55].
These novel results provide an important molecular mechanism for the regulatory
interaction of STIM1 with TRPC3 channel and also potentially other TRPC channel
members.

18.8 TRPC3 Channel May Interact with Ca2+ Release
Channels

TRPC3 channel can be regulated by muscarinic receptors and other G protein-
coupled receptors (GPCRs) in ASMCs [43, 56]. Stimulation of GPCRs causes
activation of phospholipase C (PLC), which hydrolyzes phosphatidylinositol
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4,5-bisphosphate (PIP2) to produce diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). These two-important intracellular second messengers will
possibly mediate the role of GPCRs in controlling the activity of TRPC3 channel.
Indeed, we have demonstrated that the DAG analog 1-oleyl-2-acetyl-sn-glycerol
(OAG) activates TRPC3 channel in ASMCs [9]. A similar effect of OAG on TRPC3
channel has also been observed in ear artery SMCs [57, 58].

IP3 is generally considered to elevate [Ca2+]i by activating IP3 receptor/Ca2+
release channel (IP3R) to induce intracellular Ca2+ release from the SR [59].
Interestingly, we have discovered that Ca2+ release through IP3R can activate
adjacent ryanodine receptor-2/Ca2+ reelase channel (RyR2) to induce further Ca2+
release from the SR, termed a local IP3R/RyR2 interaction-meidated Ca2+-induced
Ca2+ release process [59–61]. Equally importantly, our more recent investigations
have found that IP3, can notably increase the activity of single NSCCs [17]. The
effects of IP3 can be fully blocked by shRNA-mediated TRPC3 channel knockdown.
The stimulatory effect of IP3 is also abolished by heparin, an IP3R antagonist that
blocks the IP3-binding site, but not by xestospongin C, an IP3R antagonist that
has no effect on the IP3-binding site. In contrast, shRNA-mediated knockdown of
IP3R1, IP3R2, or IP3R3 does not change the excitatory effect of IP3 on the activity of
TRPC channel. Furthermore, TRPC3 channel knockdown significantly diminishes
IP3-induced increase in [Ca2+]i. IP3R1 knockdown produces a similar inhibitory
effect. TRPC3 channel and IP3R1 knockdown both diminish the muscarinic receptor
agonist methacholine-evoked Ca2+ responses. IP3 may also produce a stimulatory
effect on the activity of TRPC3 channel in the absence of OAG in vascular SMCs
[62, 63]. Taken together, IP3 can not only open IP3Rs to induce intracellular Ca2+
release, but also activate TRPC3 channel to cause extracellular Ca2+ influx.

It should be noted there are limited studies on the interaction of TRPC3
channel with Ca2+ release channels in ASMC. Further studies to determine how
TRPC3 channels are regulated in normal and diseased (e.g., asthmatic) ASMCs are
necessary.

18.9 TRPC3 Channel May Become a Novel and Effective
Drug Target in Lung Diseases

It is well established that airway hyperresponsiveness and remodeling are the two
major cellular responses in asthma [43, 45, 64–67]. We have recently demonstrated
that lentivirus-based, shRNA-mediated, SMC-specific TRPC3 channel gene knock-
down in vivo blocks the development of hyperresponsiveness and remodeling in
mice with allergic asthma [32]. As lentivirus- and/or shRNA-mediated loss and gain
of gene function embody a promising human gene therapy [68], our findings may
provide a new, specific and effective therapeutic avenue in the treatment of asthma.
Consistent with this view, we have further revealed that intranasal administration of
the TRPC3 channel blocker Pyr3 also abolishes allergen-induced asthma in animals
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[32]. It is interesting to point out that a number of TRP channels have been identified
as the novel ‘druggable’ targets in numerous diseases; some of pharmacological
blockers of these channels, although not the TRPC3 channel, have been in clinical
trials [68–70]. Convincingly, the TRPC3 channel is an advantageous drug target in
the therapy of asthma.

Similar to asthma, chronic obstructive pulmonary disease (COPD) is a common
devastating airway disease. Indeed, this disease is the fifth leading cause of
death worldwide and expected to be the third cause of mortality by 2020 [71].
Airway hyperresponsiveness develops in COPD, and thus is the rationale for using
bronchodilators as the first-line therapy for COPD [72–77]. Airway remodeling has
been increasingly recognized in COPD [45, 64, 67, 78–83]. Cigarette smoke is a
primary factor in 80% to 90% of COPD [84–86]. Interestingly, cigarette smoking
increases TRPC3 channel expression and associated Ca2+ influx, altering airway
structure and function [87]. Presumably, lentivirus-based shRNA-mediated genetic
inhibition and pharmacological inhibitors of TRPC3 channel may also become
valuable therapeutics for COPD.

It has been reported that TRPC3 channel expression levels are correlated with
differentiation of non-small cell lung cancer, regulate cancer cell differentiation
and proliferation, and mediate the inhibitory effect of all-trans-retinoic acid [88].
In support, a recent study has found that TRPC3 methylation variation is prominent
in lung cancer tissues [89]. These data suggest that in addition to asthma and COPD,
TRPC3 channel may also serve as a valuable drug target in lung cancer.

18.10 Conclusion

Multiple TRPC channels are expressed in animal and human ASMCs; however,
TRPC3 channel is a major functional member of the TRPC family. This channel
plays an important role in controlling the resting [Ca2+]i and mediating agonist-
evoked increase in [Ca2+]i in ASMCs. TRPC3 channel is significantly increased
in expression and activity in ASMCs from subjects with asthma or other airway
diseases. The increased TRPC3 channel causes excessive extracellular Ca2+ influx,
which serves as a very important player in mediating airway hyperresponsiveness in
asthma and other relevant airway disorders. In addition to this direct imperative role,
the excessive extracellular Ca2+ influx through the upregulated TRPC3 channel can
also cause the suppression of PKCα–dependent IκBα and calcineurin-reliant IκBβ

signaling pathways, activation of NF-κB, induction of cyclin expression, and cell
proliferation in ASMCs, which may not only lead to airway remodeling, but can
also contribute to airway hyperresponsiveness, thereby mediating the development
of asthma and other airway diseases.

In-vivo administration of lentiviral SMC-specific TRPC3 channel shRNAs or
specific TRPC3 channel blockers blocks airway hyperresponsiveness and remod-
eling, thus preventing the development of asthma. These findings promote the
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potential use of gene therapies or pharmacological interventions specifically target-
ing at TRPC3 channel in the clinical treatment of asthma and other airway diseases.

Studies suggest that the plasmalemmal TRPC3 channel well interacts with
the plasmalemmal Orai channel, cytosolic STIM, and sarcolemmal Ca2+ release
channels in ASMCs. This coordinative network may provide a unique system
in precisely controlling and regulating [Ca2+]i to meet adequate physiological
cellular responses, further indicating the functional significance of TRPC3 channel
in ASMCs. Clearly, further investigations to determine whether, which, and how
TRPC3 channel is involved in cellular responses in normal and diseased (e.g.,
asthmatic) ASMCs are needed, with hopes of yielding novel and important findings
to enhance our understanding of the functional roles, regulatory mechanisms and
signaling processes of TRPC3, as well as aid in the creation of effective therapeutic
targets for the treatment of asthma and other respiratory diseases.
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Chapter 19
Pathophysiological Significance
of Store-Operated Calcium Entry
in Cardiovascular and Skeletal Muscle
Disorders and Angiogenesis

Javier Avila-Medina, Isabel Mayoral-González, Isabel Galeano-Otero,
Pedro C. Redondo, Juan A. Rosado, and Tarik Smani

Abstract Store-Operated Ca2+ Entry (SOCE) is an important Ca2+ influx pathway
expressed by several excitable and non-excitable cell types. SOCE is recognized
as relevant signaling pathway not only for physiological process, but also for its
involvement in different pathologies. In fact, independent studies demonstrated the
implication of essential protein regulating SOCE, such as STIM, Orai and TRPCs, in
different pathogenesis and cell disorders, including cardiovascular disease, muscular
dystrophies and angiogenesis. Compelling evidence showed that dysregulation in
the function and/or expression of isoforms of STIM, Orai or TRPC play pivotal roles
in cardiac hypertrophy and heart failure, vascular remodeling and hypertension,
skeletal myopathies, and angiogenesis. In this chapter, we summarized the current
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knowledge concerning the mechanisms underlying abnormal SOCE and its involve-
ment in some diseases, as well as, we discussed the significance of STIM, Orai and
TRPC isoforms as possible therapeutic targets for the treatment of angiogenesis,
cardiovascular and skeletal muscle diseases.

Keywords Cardiac disease · Vascular disorders · Skeletal muscle ·
Angiogenesis

Abbreviations

CRAC Ca2+-Release Activated Ca2+ Channels
CREB cAMP Response Element-Binding
DMD Duchenne Muscular Dystrophy
EC Endothelial Cell
EPC Endothelial Progenitor Cell
ER/SR Endoplasmic/Sarcoplasmic Reticulum
HF Heart Failure
MD Muscular Dystrophy
NFAT Nuclear Factor of Activated T-cell
PAH Pulmonary Arterial Hypertension
PASMC Pulmonary Artery Smooth Muscle Cell
PDGF Platelet-Derived Growth Factor
SERCA Sarco/Endoplasmic Reticulum Ca2+ ATPase
siRNA small interfering RNA
SOCC Store-Operated Ca2+ Channel
SOCE Store-Operated Ca2+ Entry
STIM1/2/1L Stromal Interaction Molecule 1/2/1Large
TAC Transverse Aortic Constriction
TRPC Transient Receptor Potential-Canonical
VEGF Vascular Endothelial Growth Factor
VSMC Vascular Smooth Muscle Cell

19.1 General Overview of Store-Operated Ca2+ Entry

Store-Operated Ca2+ Entry (SOCE) is a ubiquitous mechanism for the entry of
Ca2+ across ion channels located in the plasma membrane as illustrated in Fig.
19.1. SOCE is activated when the luminal Ca2+ concentration decreases in the
intracellular Endoplasmic Reticulum (ER) Ca2+ stores [1]. More than a decade ago,
Stromal Interacting Molecules 1 (STIM1) and Orai1 proteins were identified as the
most relevant molecular components of SOCE [2, 3]. STIM1 was characterized as
the ER luminal Ca2+ sensor that can interact and activates Orai channels upon ER
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Fig. 19.1 Consensus model and standard molecular components of SOCE. Agonist binding
to G-protein coupled receptor (GPCR), induces Ca2+ release from intracellular stores, STIM1/2
oligomerization in puncta and translocation to the plasma membrane, activation of Ca2+ entry
through Orai1 and/or TRPCs. Agonists might also stimulate store-independent Ca2+ entry
through others TRPCs activated by diacylglycerol (DAG). Several reports demonstrated that
dysregulation in the expression and/or activation of STIM, Orai or TRPCs is associated with
pathogenesis of different diseases such as cardiac hypertrophy and heart failure, muscle generation,
tubular aggregation and dystrophies, angiogenesis, vascular remodeling, systemic and pulmonary
hypertension

depletion [2]. Another isoform of STIM, STIM2, also senses the Ca2+ concentration
in ER. This isoform apparently has a greater sensitivity for free intraluminal Ca2+
than STIM1 [4]. STIM2 can be partially active by resting ER Ca2+ concentration
and it is further activated by small Ca2+ concentrations reductions in ER [4]. Along
with STIM1, an alternative spliced long variant, STIM1L, has been related to SOCE
especially in skeletal and cardiac muscle [5]. STIM1L is colocalized with Orai1 as
well as others channels, such as Transient Receptor Potential-Canonical (TRPC)
channels: TRPC1, TRPC3, TRPC4 and TRPC6 [6–8]. STIM1L is thought to form
permanent clusters with Orai1 that are responsible for the rapid (<1 s) activation of
SOCE in skeletal muscle cells in comparison to other cells [5].

Soon after the identification of STIM1, Orai1 was identified as the pore-
forming subunit of Store-Operated Ca2+ Channels (SOCCs) [9, 10]. SOCE is
generally mediated by the highly Ca2+-selective channel, known as Ca2+ Release-
Activated Ca2+ channel (CRAC) formed by homo- or hetero-multimeric Orai
subunits (Orai1/2) [11, 12]. Along with Orai1, Ca2+ store depletion also activates
other isoforms of Orai, Orai2 and Orai3 [13]. Although, Orai3 also contributes
to store-independent Ca2+ channels, such as the Arachidonate Regulated Ca2+
(ARC) channels [14] and Leukotriene C4-Regulated Ca2+ (LRC) channels [15].
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In addition to the highly selective CRAC channel, independent studies showed that
SOCE can be also mediated by a non-selective SOCCs, involving Orai subunits
interacting with members of TRPC channels, which are permeable to monovalent
and divalent cations [16, 17]. This non-selective SOCCs has been largely described
in excitable cells such as cardiac myocytes [18], Vascular Smooth Muscle Cells
(VSMCs) [19] and skeletal muscle cells [20, 21]. Like Orai proteins, different
members of the TRPC family can be activated by store depletion or by a variety
of extracellular signals leading to changes in the Ca2+ concentration in spatially
restricted microdomains underneath the plasma membrane, which support various
Ca2+ dependent intracellular pathways [22].

Ca2+ influx via SOCE has been reported to be necessary for numerous cellular
functions as VSMCs contraction and proliferation [19, 23, 24]; the contractile
function in the skeletal and cardiac muscle [25, 26]; the insulin secretion [27, 28],
etc. Given the physiological importance of SOCE, compelling evidences confirmed
that alterations in the mechanism of activation, maintenance or inactivation of
SOCE might lead to a pathophysiological phenotype. Loss- or gain-of-function gene
mutations in the key components of SOCE have been reported to underlie a number
of human diseases [29]. Actually, as resumed in Fig. 19.1 activation of SOCE as well
as the level of expression of its molecular determinant, STIM1, Orai1 and TRPCs,
have been implicated in the development of angiogenesis and several types of
cancer [22], in the alteration of cardiac conduction and ventricle adverse remodeling
[30], in skeletal muscle myopathy and tubular aggregation [31], and in vascular
disorders [32].

In this chapter we will describe direct or indirect observations supporting
the critical role of SOCE in cardiovascular and skeletal muscle disorders and
angiogenesis.

19.2 SOCE in Cardiac Hypertrophy and Heart Failure

Most of the described molecular determinants of SOCE are also expressed in
both excitable and non-excitable cardiac cells, such as fibroblasts, although the
contribution of SOCE to normal cardiac physiology is still under debate [17,
26]. Growing set of experiments showed that stimulation of cardiomyocytes with
agonists that activated G-protein coupled receptors or treatment with inhibitors of
SERCA evokes persistent Ca2+ influx sensitive to classical blockers of SOCE.
Whereas, they are insensitive to the inhibition of L-type Ca2+ channel [18, 33–
35]. Interestingly, SOCE emerged as potential key player in Ca2+ dysregulation
in cardiomyocytes. Therefore, most reports focused on its role in cardiac disease
such as cardiac adverse remodeling, hypertrophy and consequent heart failure (HF),
arrhythmia or cardiac conduction disorders [36–38]. In this chapter we will focus on
the role of SOCE in cardiac hypertrophy and consequent HF. Cardiac hypertrophy
can be reversible, nevertheless prolonged stress on the heart promotes deleterious
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remodeling of cardiomyocytes, leading to a weaker dilated heart and potentially HF
[36, 39].

Cardiac hypertrophy occurs to preserve the pump function in response to a
greater hemodynamic demand or to different stress such as myocardial infarction
or hypertension-induced pressure overload [40, 41]. It is well known that the
calcineurin-Nuclear Factor of Activated T-cells (NFAT) complex, which requires
cytosolic Ca2+ increase, is one of the key mechanisms that switches on the
fetal genes causing cardiac hypertrophy [36]. Growing evidences suggest that
STIM1/Orai1-mediated SOCE provide Ca2+ signals necessary to initiate cardiac
hypertrophy, mainly through the calcineurin/NFAT signaling [42]. Actually, the
overexpression of STIM1 is associated with an increase in neonatal cardiomyocytes
size and an enhanced NFAT activity, which are abolished in the presence of SOCC
inhibitors [43]. Furthermore, silencing of STIM1 and Orai1 prevents phenylephrine-
mediated hypertrophic neonatal cardiomyocyte growth [44]. Likewise, a more
recent report found that STIM1 deletion protects the heart from pressure over-
load induced cardiac hypertrophy [45]. Previously, Luo et al. [46] demonstrated
that STIM1L is barely expressed in adult cardiomyocytes but it reemerges with
hypertrophic agonists or in mice subjected to transverse aortic constriction during
3 weeks to trigger cardiac hypertrophy. Conversely, STIM1L levels correlate with
exacerbated SOCE, and the expression of STIM1L is induced in isolated adult
cardiomyocytes stimulated with phenylephrine [46].

On the other hand, independent studies demonstrated significant upregulation
of TRPCs in several animal models of cardiac hypertrophy and heart failure [22,
37, 38]. In fact, experiments using pharmacological and molecular silencing or
overexpression demonstrated that essential proteins of SOCE (STIM1, Orai1 and
TRPC1/3/4 and 6) are involved in hypertrophy mainly through calcineurin/NFAT
signaling [22, 38, 47]. Seth et al. [48] demonstrated in TRPC1 knockout mice that
the calcineurin/NFAT pathway is inhibited, which reduces the hypertrophic response
related to a better survival after Transverse Aortic Constriction (TAC) treatment. In
this way, another study further confirmed that TRPC1/4 double knockout prevents
cardiac hypertrophy and fibrotic infiltration after TAC and chronic neurohumoral
stimulation [47].

Recent studies tried to demonstrate the involvement of SOCE in the transition
from cardiac hypertrophy to HF. An early study demonstrated that TRPC3 protein
levels are elevated in failing hearts of 20-months-old rats. This study also deter-
mined, specific increase in the expression of mRNA and protein levels of TRPC5 in
heart failure patients comparing to non-failing heart [49]. Whereas, other research
showed that TRPC6 is also significantly upregulated in human failing heart and
HF was observed in transgenic mice overexpressing TRPC6 [50]. Horton et al.
[51] showed that Orai1-knock out mice submitted to TAC develop earlier loss of
cardiac function and greater dilatation of the left ventricle comparing to WT mice.
However, Orai1 role in HF is still unclear. Recently, Correll et al. [52] showed
that STIM1 overexpression increases SOCE in heart and enhances sudden death
in transgenic mice at 6 weeks of age. Authors observed that when these mice
reached 12 weeks, they develop HF with prominent hypertrophy, loss of ventricular
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function, and pulmonary edema. Moreover, when submitted to pressure overload or
neurohormonal stimulation these transgenic mice display accelerated hypertrophic
[52]. In contrast, other study showed that specific STIM1 silencing in heart promotes
the rapid transition from cardiac hypertrophy to HF [53]. Therefore, the presence of
STIM1 is likely required for the persistence of adaptive cardiac hypertrophy.

Altogether, these studies suggest that different SOCE components play pivotal
roles in the pathogenesis of heart disease, although many questions remain unan-
swered and require more detailed investigations.

19.3 SOCE in Vascular Disorder

Considerable interest has been focused towards the influence of ion channels plas-
ticity and gene expression in VSMCs, which are normally quiescent and contractile.
However, they can change to a proliferative and migratory state in certain conditions
as arterial injury or inflammation [54]. This change is considered a characteristic
step in the pathogenesis of multiple vascular diseases. Compelling evidence indicate
that changes in the handling of SOCE originated by an alteration of STIM and
Orai proteins is a significant contributor to the development of numerous vascular
diseases [32], such as occlusive diseases, atherosclerosis or restenosis following
angioplasty or those involving arterial remodeling like hypertension [15, 55–57].

Earlier studies demonstrated that vasoactive agonists and growth factors stim-
ulate VSMCs growth, proliferation or migration through SOCE activation. In
fact, angiotensin-II activates STIM1 and Orai1- dependent SOCE to stimulate
aortic VSMCs growth and proliferation [58, 59]. Also, the addition of urotensin-
II to aortic VSMCs activates ICRAC and SOCE, stimulates Ca2+/cAMP Response
Element-Binding (CREB) transcription factor and promotes cells proliferation
[24]. Urotensin-II mechanism requires a complex signaling pathway that involves
STIM1, Orai1, and TRPC1 activation. On the other hand, Platelet-Derived Growth
Factor (PDGF) activates Ca2+ entry and VSMCs migration involving STIM1 and
Orai1 pathway, but not TRPC1/4/6 and Orai2/3 proteins [55]. Conversely, another
study demonstrated that PDGF-induced proliferation VSMCs is strongly reduced
in smooth muscle-specific STIM1 Knockout (sm-STIM1KO) mice, due to the
diminution of NFAT activation dependent of Ca2+ entry through SOCE [60].

Interestingly, the use of in vivo animal model of angioplasty, performed generally
by mechanical injury procedure of rat carotid arteries, helped to confirm that
SOCE play a critical role in migration and proliferation of VSMCs on luminal
side of injured vessels to form neointima [61]. Actually, inhibition of STIM1 and
Orai1 with lentivirus attenuates neointima formation and prevents the increase of
both proteins 14 days post-injury in the medial and neointimal layer. Moreover,
STIM1 and Orai1 knockdown inhibits NFAT activation, which correlates with
decreasing VSMCs proliferation compared to control [62]. In the same way, Guo
et al. [59, 63] showed that angiotensin-II increases significantly the expression of
STIM1 and Orai1 in the neointima layer. They also demonstrated that silencing
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of Orai1 and STIM1 reduces VSMCs proliferation and inhibits the accelerated
neointimal growth induced by angiotensin-II in balloon-injured rat carotid arteries.
Consistent with these data, Mancarella et al. described a significantly attenuation of
neointima formation after carotid artery ligation in sm-STIM1KO mice compared
to control mice [60]. Recently, a role of Homer1, a scaffolding protein that bind
to several Ca2+-signaling proteins [64], was characterized in VSMCs proliferation
and neointima formation [65]. This study showed that Homer1 is upregulated
in neointimal VSMCs after balloon-injured rat carotid arteries, interacting with
TRPC1/3/4/6 channels and Orai1. Furthermore, knockdown of Homer 1 in vivo
by AAV virus expressing a short hairpin RNA against Homer1, and in vitro by
transfection with siRNAs, evokes a significant reduction of neointimal area and
SOCE, which attenuate VSMCs proliferation and migration [65].

SOCE has also been implicated in the pathogenesis of systemic and pulmonary
hypertension in different animal models. SOCE activation, associated with aug-
mented levels of Orai1 and STIM1, is increased in aorta from spontaneously
hypertensive rats compared to wild-type rats [56]. In mesenteric artery from
ouabain-induced hypertensive rats compared to normotensive rats, SOCE is also
increased and correlates with an enhanced expression of TRPC1, but not of
TRPC4/5 [66]. Meanwhile, STIM1 upregulation was observed after hyperten-
sion development by ethanol consumption in rats [67]. Similarly, an augmented
SOCE associated with an increase in TRPC channels expression was observed in
Pulmonary Artery Smooth Muscle Cells (PASMCs) isolated from patients with
idiopathic or hypoxic Pulmonary Arterial Hypertension (PAH) patients compared
to normotensive patients [68, 69]. Likewise, others reported the participation of
Orai1, STIM1 and/or STIM2 in SOCE and PASMCs proliferation in patients with
idiopathic PAH [70–72]. Recently, it has been described that hypoxic conditions
in PASMCs upregulated expression of STIM1/2 and Orai1/2/3 disturbing resting
Ca2+ and SOCE, which could explain why hypoxic PAH causes pulmonary arterial
vasoconstriction [73, 74].

Therefore, several players of SOCE play critical roles in VSMCs proliferation
and migration making them fair therapeutic targets to mitigate vascular remodeling.

19.4 SOCE in Skeletal Muscle: Differentiation
and Myopathies

The role of SOCE in the skeletal muscle contraction was neglected for a long time,
however it is now commonly accepted that Ca2+ entry via SOCE is essential to
sustain muscle contraction [25, 75, 76]. In the skeletal muscle, SOCE machinery
involves a signaling complex located at the triad, the structure formed by a T-tubule
with a sarcoplasmic reticulum (SR) known as the terminal cisterna, containing
STIM1, STIM1L, Orai1, TRPCs and ryanodine receptors [17, 31]. These proteins
control Ca2+ influx to refill sarcoplasmic reticulum Ca2+ store. This occurs not
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only in repetitive tetanic stimulation, but also in an immediate basis [77]. SOCE
has a specific feature in the skeletal muscle related to its very fast kinetics of
activation. In fact, the process leading to SOCE involving STIM1 aggregation
and ER translocation to the plasma membrane and Orai1 opening takes place in
less than a second [78, 79]. This feature is apparently due to the architecture of
the sarcoplasmic reticulum. It is located permanently close to T-tubules at the
triad allowing the proximity of STIM1 and Orai1 even before store depletion.
SOCE seems also involved in the muscle contractions during tetanic stimulations
in vigorous exercise and fatigue [80]. Actually, the absence of SOCE in the skeletal
muscle results in mice more prone to fatigue, displaying a reduced muscle mass and
force [25, 81].

SOCE also plays a role for muscle regeneration process to repair everyday
life injuries or in case of myopathies partially the damage [8]. In fact, in human
skeletal muscle the first event described during the differentiation process is an
influx of Ca2+ caused by the activation of SOCE where STIM1, STIM2 and Orai1
proteins seem strongly involved [82]. Moreover, silencing of STIM1, Orai1 and
Orai3 reduces the amplitude of SOCE and affects to myoblast differentiation. In
contrast, the overexpression of STIM1 together with Orai1 increases SOCE and
accelerates muscle differentiation [82].

An early study by Olah et al. [83] suggested that the overexpression of TRPC1
enhances SOCE in myotubes but it delays muscle differentiation leading to the
formation of small myotubes. In contrast, TRPC1 overexpression enhances SOCE
and accelerates the process of myogenesis in human muscle [84]. This finding was
supported by recent data by Xia et al. [85] where they determined that TRPC1
downregulation by siRNA delays significantly the muscle regeneration. Similarly, a
recent study demonstrated that TRPC1/4 and STIM1L are necessary for SOCE and
are required for a proper skeletal muscle differentiation [6]. So far TRPC1, which is
likely accepted as a channel necessary for the proper muscle differentiation both in
human and murine models, can be activated by store depletion as well as stretch.

In addition to its role in muscle differentiation the alteration of the Ca2+ influx
through SOCCs is related to different myopathies. Patients with the hereditary
Severe Combined Immunodeficiency (SCID) syndrome have depressed SOCE
because of loss-of-function associated to mutations of STIM1 and Orai1 genes.
They manifest atrophy in skeletal-muscle fibers, hypotonia and a severe chronic
pulmonary problem due to respiratory muscle weakness [29]. Interestingly, gain-of-
function mutations in STIM1 or Orai1 genes results as well in muscular weakness,
mainly associated with tubular aggregate myopathy syndrome [86]. Moreover,
several reports suggested an important role of SOCE in Muscular Dystrophies
(MD), which developed progressively accompanied with an increase of muscular
weakness, atrophy and fatigue. SOCE is proposed to be a cause of Ca2+ overload
which could initiate the characteristic cell necrosis in MD [78, 87]. Duchenne
Muscular Dystrophy (DMD) is the most common form of MD in children and it
is characterized by a progressive muscle degeneration and weakness [88]. DMD
is caused by the absence of dystrophin, a cohesive protein located between the
sarcolemma and the myofilaments in skeletal muscle cells. When the myofilaments
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lack of dystrophin occurs a pathological Ca2+ dynamic where SOCE is exacerbated
[89]. Significant increase in the expression of STIM1, Orai1 and TRPC1 is
associated with Ca2+ overload in fiber of a mouse model of DMD (mdx) [78, 89,
90]. Moreover, STIM1L isoform is upregulated in mdx fiber, meanwhile STIM2
does not participate [91, 92]. Furthermore, the inhibition of TRPC1 and TRPC4
in mdx recovered Ca2+ homeostasis suggesting a role of these TRPCs [8, 90]. On
the other hand, TRPC3 is also overexpressed in MD although its function seems
independent of SOCE [93, 94].

Taking everything into account, it is confirmed that STIM1/1L, Orai1 and
different isoforms of TRPCs are relevant for Ca2+ influx and for the progression
of skeletal muscle disease such as DMD. Hence, molecular determinants of
SOCE could be potential therapeutic targets to attenuate the impact of different
myopathies.

19.5 SOCE and Angiogenesis

Angiogenesis is understood as the growth of new blood vessels from existing
vasculature [95, 96]. This process is tightly regulated and may occur in a number
of situations including prolonged exercise [97], reproduction [98], physiological
repair (e.g. regeneration of heart after a myocardial infarction [99–101], and
different pathologies such as diabetes, endometriosis [102] and cancer [103]).
Basically, angiogenesis is initiated in hypoxic environment because a variety of
growth factors, including vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and epidermal growth factor (EGF). The last one stimulates
proliferation, migration and tube formation of endothelial cells (ECs), resulting
in the generation of new capillary tubes [104]. Increasing evidences confirmed
an expression of different SOCE proteins in ECs, which are intimately related to
tumor progression and angiogenesis [105–108]. Chen et al. [106] demonstrated
that STIM1 overexpression remarkably enhances tumor growth, local spread and
angiogenesis; whereas, knockdown of STIM1 significantly decreases tumor growth
and tumor vessels number. Independent studies showed that VEGF increases
cytosolic Ca2+ due to SOCE in ECs [102, 105, 109]. Li et al. [102] demonstrated
that specific inhibition of CRAC channels prevented VEGF-induced Ca2+ influx and
tube formation. Using siRNAs, a dominant negative or neutralizing antibodies, they
also demonstrated that Orai1 instead of TRPC1 is involved in VEGF-induced Ca2+
increase and angiogenesis [102]. Moreover, beside the implication of Orai1/STIM1,
a recent study suggested a role for Orai3 in VEGF-induced ECs tube formation both
in vitro and in vivo [110].

Although there is a consensus in the role of STIM1 and Orai1 in angiogenesis,
TRPCs involvement is still under debate [111]. Indeed, knockdown of TRPC1 did
not have a significant effect on the in vitro formation of human umbilical vein-
derived endothelial tubes [112]. Besides, TRPC1 knockout mice developed the
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vasculature normally [113]. Furthermore, Antigny et al. [112] reported that silencing
of TRPC3, TRPC4, or TRPC5 expression inhibited endothelial tube formation in
vitro, suggesting a possible role of these TRPC channels in angiogenesis. Therefore,
additional studies about the role of TRPCs in angiogenesis will be welcomed.

SOCE proteins are also expressed in Endothelial Progenitor Cells (EPCs) [114],
and they are significantly enhanced in EPCs isolated from patients with renal
cellular carcinoma [115]. The exacerbated SOCE correlates with an upregulation of
STIM1, Orai1 and TRPC1, which controls proliferation and in vitro tubulogenesis
both in normal EPCs and in their malignant counterparts [116].

Taken together, these studies suggest that STIM1, Orai1 and some TRPCs
stand out as promising molecular target of anti-angiogenic therapies to prevent
tumor neovascularization. Therefore, SOCE signaling pathway is worth to take in
consideration as alternative strategy to hit highly vasculogenic tumors.

19.6 Conclusion and Perspectives

Over the last decades, the rapid progress in SOCE research has revealed that
different proteins of the SOCE mechanism play pivotal roles not only in the
regulation of basal Ca2+ homeostasis but also in several pathogenesis related to
heart and vascular diseases, skeletal myopathies and angiogenesis. Nevertheless,
many questions remain unanswered and require future investigations to decipher
the physiological and pathological roles of SOCE in different systems. Given
that STIM, Orai and TRPC isoforms are widely expressed in different cell types,
using transgenic mouse models or tissue specific knockout of these genes will
undoubtedly provide more precise information about the causative role of these
proteins in the development of each disease. For this reason, many studies are now
focusing on such proteins as therapeutic targets to consider for pharmacological
intervention in the treatment of these pathologies.
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Abstract Cancer cells acquire the ability to modify the calcium signaling network
by altering the expression and functions of cation channels, pumps or transporters.
Calcium signaling pathways are involved in proliferation, angiogenesis, invasion,
immune evasion, disruption of cell death pathways, ECM remodelling, epithelial-
mesenchymal transition (EMT) and drug resistance. Among cation channels, a
pivotal role is played by the Transient Receptor Potential non-selective cation-
permeable receptors localized in plasma membrane, endoplasmic reticulum, mito-
chondria and lysosomes. Several findings indicate that the dysregulation in calcium
signaling induced by TRP channels is responsible for cancer growth, metastasis and
chemoresistance. Drug resistance represents a major limitation in the application of
current therapeutic regimens and several efforts are spent to overcome it. Here we
describe the ability of Transient Receptor Potential Channels to modify, by altering
the intracellular calcium influx, the cancer cell sensitivity to chemotherapeutic
drugs.
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20.1 Calcium Signaling in Cancer

Intracellular calcium ions (Ca2+), the most abundant and important second messen-
ger, play a pivotal role in controlling cell proliferation, differentiation, migration and
death [1–4]. Thus, it is essential to keep under tight control the Ca2+ signals in the
form of oscillations, wave or spikes [2]. The disruption of normal Ca2+ signaling
contributes to the development of the malignant phenotypes; in fact, cancer cells
are able to modify the Ca2+ signaling network in order to increase proliferation,
immortalization, angiogenesis, invasion, immune evasion, disruption of cell death
pathways, ECM remodelling, epithelial-mesenchymal transition (EMT) and drug
resistance [5, 6]. Several Ca2+ channels, transporters and Ca2+-ATPases, as voltage-
gated Ca2+ channel (VGCC), Transient Receptor Potential (TRP), Ca2+ release
activated Ca2+ channel (CRAC), inositol 1,4,5-triphosphate receptor (IP3R) and
mitochondrial Ca2+ uniporter (MCU) are altered in cancer. Moreover, their impair-
ment has been found to be involved in the tumorigenesis [2] (Fig. 20.1). The aim
of this chapter is to address the role of TRP channels in modulating sensitivity to
chemotherapeutic drugs in different cancer types.

Fig. 20.1 Alterations in expression and functions of Ca2+ channels/pumps/transporters lead to
dysregulation in calcium signaling promoting malignant phenotype and chemoresistance
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20.1.1 Cation Disruption in Cancer: The Transient Receptor
Potential Family

The TRP channels are non-selective cation permeable receptors localized in plasma
membrane, endoplasmic reticulum, mitochondria and lysosomes [7]. They play a
key role in regulating cellular Ca2+ concentration and membrane voltage. To date,
about 30 TRPs have been identified and, on the basis of their structural homology,
they are classified in: TRPC1-7, TRPV1-6, TRPM1-8, TRPP2,3,5, TRPML1-3 and
TRPA1 [8]. Several findings indicate that alterations in expression and functions of
TRP channels are responsible for cancer growth, metastasis and chemoresistance
[9]. In particular, dysregulation of TRPC, TRPM or TRPV members has been
mainly correlated with malignant growth and progression [10], so that cancer can
now be considered like a “channellopathy” [11]. The central role of TRPs in
cancer is to impair the Ca2+ homeostasis by stimulating Ca2+ entry or altering
membrane potential. For this reason, in the recent years an increased interest in
discovering agents targeting TRP channels in cancer, has been emerged and several
pharmacological modulators are now used to characterize the implications of TRP
channels in whole-cell membrane currents, resting membrane potential regulation
or intracellular Ca2+ signaling [12, 13].

20.2 Drug Resistance in Cancer

Initially, cancers are susceptible to chemotherapy but over time they develop
resistance by activating different strategies to limit drug efficacy eluding cell
death. Thus, cancer cells become tolerant to pharmacological treatments [14]. Drug
resistance can be achieved through several mechanisms involving Ca2+ signaling as
drug inactivation, drug efflux, drug target alterations, acquisition of EMT, evasion
from cell death pathways, increased DNA damage tolerance and dysregulation
of critical genes (Fig. 20.2). Many chemotherapeutic agents require metabolic

Fig. 20.2 Mechanisms promoting the acquisition of chemoresistance in cancer
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conversion to be active; mutations or down-regulation of the enzymes responsible
for the drug activation, as cytochrome P 450 system, glutathione-S-transferase
(GST) and uridine diphospho-glucuronosyltransferase (UGT) super-families, are
often present in cancer cells [15]. In addition, changes in the expression or functions
of drug targets such as topoisomerase II, epidermal growth factor receptor family,
Ras, Src, Raf, MEK, AKT and PTEN, lead to resistance. One of the most studied
mechanisms of cancer drug resistance involves the increasing drug efflux with
subsequent reduction in cellular drug concentration. ATP-binding cassette (ABC)
members, multidrug resistance protein 1 (MDR1), known as P glycoprotein (P-
gp), multidrug resistance-associated protein 1 (MRP1), and breast cancer resistance
protein (BCRP), represent the main transporters involved in the efflux mechanism
causing the non-accumulation of anti-tumoral agents in cancer cells [16].

20.2.1 TRPC5 and TRPC6 in Multidrug Resistance

TRPC5 forms homo and hetero-oligomeric complex with other TRPs and it
stimulates Ca2+ flux in response to different stimuli as stress, growth factors,
lysophospholipids, nitric oxide or thioredoxin [17]. Abnormal expression of this
channel has been found to be associated with several diseases. In addition, it is well
known that TRPC5 alterations, interfering with the normal Ca2+ homeostasis, are
involved in the development of cancer progression and acquisition of chemoresis-
tance. During therapy, the majority of cancer cell types starts to over-express P-gp,
a well-known membrane efflux pump [18]. Recently [19], TRPC5 channel has been
found to be overexpressed together with P-gp in adriamycin-resistant breast cancer
cell line (MCF-7/ADM). As demonstrated by patch clamp, the TRPC5-dependent
calcium current was higher in MCF-7/ADM cells compared to wild type indicating
that the over-expressed TRPC5 is functional.

By using the TRPC5-specific blocking antibody T5E3, authors showed that
the TRPC5 inhibition is associated with both marked down-regulation of P-gp
expression and increase of adriamycin accumulation, demonstrating that TRPC5 is
crucial for P-gp expression and chemoresistance in MCF-7/ADM cells. Moreover,
the high Ca2+ current generated by TRPC5 activation was able to activate the
nuclear factor of activated T cells cytoplasmic 3 (NFATC3) that, stimulating the
transcription, promotes P-gp over-expression. In vivo studies using athymic nude
mouse model of ADM-human breast tumor, showed an evident decrease of cancer
growth induced by the suppression of TRPC5 channel. Thus, the TRPC5-NFATc3-
P-gp signaling cascade plays an important role in promoting drug-resistance in
breast cancer cells [19].

Micro RNAs (miRNAs) are single-stranded 19–25 nucleotide short RNAs that
modulate gene expression at post-transcriptional stage by targeting mRNAs. It
is now well accepted that they can regulate several processes closely associated
with tumor progression as chemoresistance, apoptosis, cell cycle or stemness
transition. In the recent years, the attention was mainly focused on miR-230a
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since its expression has been found to be strongly down-regulated in MCF-7/ADM
cells compared to MCF-7 cells, suggesting that it is involved in the development
of chemoresistance [20]. Moreover, low miR-320a expression is associated with
clinical chemoresistance and poor patient outcome. As showed by Targescan and
miRDB software analysis, this miRNA specifically targets TRPC5 and NFATC3
mRNAs. Therefore, its down-regulation has been found to be responsible for TRPC5
over-expression and related drug resistance in breast cancer [20].

For cancer progression, cell-cell communication in the tumor microenvironment
is fundamental [21]. To this aim, cancer cells produce soluble factors and secrete
membrane-encapsulated vesicles containing regulatory signals. These membrane-
limited vesicles are known as Extracellular Vesicles (EVs) and they include exo-
somes, microvesicles and apoptotic bodies [21]. It has been recently demonstrated
[22] that TRPC5, involved in growth factor-regulated local vesicular trafficking,
by mediating Ca2+ flux, plays a role in the EVs formation and secretion in MCF-
7/ADM. Since EVs membrane phospholipid bilayer is composed by the plasma
membrane of the donor cells, TRPC5 channel is packaged in the developing vesicles
and, in this way, transported into recipient cells where it promotes P-gp expression
by increasing Ca2+ flux. Thus, the TRPC5-containing EVs represent a mechanism
used by cancer cells to disseminate the acquisition of chemoresistance. Furthermore,
immunohistochemistry analysis performed on breast cancer tissues, collected before
and after the chemotherapy, showed a marked increase in the TRPC5 expression
mainly in samples from not responsive patients indicating the close association
between TRPC5 and chemoresistance [22]. Since TRPC5-containing EV levels
correlate with acquired chemoresistance and EVs can be easily monitored in the
blood of breast cancer patients [23], TRPC5-containing EVs represent a new
potential diagnostic biomarker for real time measurement of chemoresistance in
breast cancer.

In addition, it has been demonstrated that endothelial cells of the tumor
microenvironment acquire resistance thanks to TRPC5-containing EVs released
by ADM/MCF-7 [24]. As already described, the transmitted TRPC5, by activating
NFATC3 in a Ca2+ dependent manner, stimulates the expression of P-gp.

Autophagy, an evolutionarily conserved lysosomal pathway, has been reported
to show paradoxical roles in cancer: it can inhibit or promote tumorigenesis by
inducing cell death or survival, respectively [25]. Since intracellular Ca2+ plays
an important role in both basal and induced autophagy, TRP channels are now
recognized as autophagy regulators [26].

Zhang and co-workers demonstrated that TRPC5 regulates the chemotherapy-
induced autophagy in breast cancer cells. In fact, TRPC5, by inducing Ca2+
flux, initiates the autophagy via CaMKKβ/AMPKα/mTOR pathway in response to
chemotherapy. Authors also showed that the TRPC5-induced autophagy functions
as pro-survival mechanism promoting chemoresistance, as demonstrated by the
reduction in autophagy and enhancement in ADM sensitivity in TRPC5 silenced
MCF-7 cells [27].

Over-expression of TRPC5 was also found to be involved in the development of
5-Fluorouracil (5-Fu) resistance in colon rectal cancer [28]. TRPC5 is up-regulated



510 G. Santoni et al.

together with the efflux pump ABC subfamily B, both at mRNA and protein levels,
in resistant human HCT-8 and LoVo colon rectal cancer cells. TRPC5, by inducing
intracellular Ca2+ flux, promotes β-catenin translocation in the nucleus, increases
glycolysis and provides ATP production to avoid Ca2+ influx overload. Moreover it
stimulates ACB and cyclin D1 expression contributing to the development of 5-Fu
resistance. In fact, its suppression markedly inhibits the canonical Wnt/β-catenin
signal pathway and reduces efflux pump activity reverting the chemoresistance.
By contrast, the forced expression of TRPC5 results in an activated Wnt/β-catenin
signal pathway and up-regulation of ABC. High expression of TRPC5 has also been
found to be associated with glucose transporter 1 (GLUT1) up-regulation in colon
rectal cancer cells and increased glycolysis often occurs in chemoresistance cells
[29]. Taken together, these findings demonstrate in human colon rectal cancer cells
an important role of TRPC5 in drug resistance via stimulating nuclear β-catenin,
ABC and GLUT1 over-expression [28–30].

Cancer cells become more resistant to drugs also thanks to the EMT, a process
involved in the acquisition of invasive and migratory phenotype [31]. In hepato-
cellular carcinoma (HCC), it has been recently demonstrated that chemoresistance
to doxorubicin occurs through up-regulation of Vimentin and down-regulation of
E-cadherin and Claudin1, typical EMT markers. In fact, prolonged treatment with
doxorubicin, by enhancing Ca2+ influx, induces EMT promoting chemoresistance.
The channel involved in this process is TRPC6 that, via calcium signaling,
stimulates STAT3 activation inducing the EMT [32]. The role of TRPC6 in
chemoresistance was also explored in xenograft models of HCC using TRPC6-
silenced and wild type Huh-7 HCC cells. Results showed that tumors, derived from
the injection of TRPC6-silenced cells, grow slower than normal cells and they are
more sensitive to doxorubicin [32].

20.2.2 TRPM Channels in Chemoresistance

TRPM7 is a highly Ca2+ and Mg2+ permeable member of the TRPM family
activated by ATP and characterized in the C-terminal region by the presence of a
kinase domain. Recent findings showed that Vacquinol-1 (Vac) promotes in glioma
cells the methuosis cell death based on cell blebbing followed by rupture of the
plasma membrane. This new type of cell death, caused by inefficient vacuole-
lysosome fusion, is caspase-dependent and it is reverted by exogenous ATP [33].
The ATP-mediated inhibitory effect on Vac-induced cell death is due to TRPM7
activation that, by a marked Ca2+ influx, stimulates the phosphoinositide 3-kinase
(PI3K) restoring the vacuole-lysosome fusion. Thus, the Ca2+ current induced
by TRPM7, often found to be overexpressed in cancer cells, is responsible for
the development of Vac-resistance in glioma cell lines (Fig. 20.3). It has also
been demonstrated that the expression of TRPM7 is required to prevent apoptotic
cell death in pancreatic adenocarcinoma [34]. The targeted silencing of TRPM7
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Fig. 20.3 TRPM7 activation induced by exogenous ATP stimulates Ca2+ influx that promotes
PI3K activation increasing vesicle fusion (V) with lysosomes (L). [From reference 33]

increases the expression of senescence-associated genes inducing the replicative
senescence in pancreatic cancer cells. The down-regulation of TRPM7 expression
also enhances the cytotoxicity mediated by gemcitabine treatment in pancreatic
cancer suggesting that its expression is strongly associated with resistance to
apoptosis induction [34].

Moreover, in Lewis lung cancer cells (LLC-2), TRPM8, showing a plasma mem-
brane and a membrane rafts localisation, is involved in the induction of proliferation,
invasion and migration [35]. In addition, TRPM8, by activating Uncoupling Protein
2, contributes to the acquisition of resistance against both activated spleen CD8
T lymphocytes and doxorubicin contributing to the development of the malignant
phenotype. The ability of TRPM8 to promote the acquisition of chemoresistance
is also supported by data obtained in in vitro studies on prostate cancer cells [36].
By enhancing the HIF-1α protein levels, the cold-sensitive Ca2+ channel protein
TRPM8 promotes hypoxic growth capacities and drug resistance. In particular, the
TRPM8 activation induces the suppression of HIF-1α ubiquitination and enhances
HIF-1 transactivation both in hypoxia- and normoxia-exposed prostate cancer
cells. The potential involvement of TRPM8 channel in chemosensitivity has been
also shown in osteosarcoma cells [37]. Knockdown of TRPM8 by siRNA in
osteosarcoma cells leads to alterations in intracellular Ca2+ concentration. This
Ca2+ imbalance induces the inhibition of several pathways as Akt-GSK-3β, ERK1/2
and FAK, promoting strong decrease in proliferation, invasion and migration.
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Moreover, although TRPM8 silencing alone does not increase apoptotic cell death,
it enhances the epirubicin-induced apoptosis indicating that the over expression
of TRPM8 in osteosarcoma cells is associated with impaired Ca2+ signaling and
induction of drug resistance [37].

20.2.3 Chemosensitivity and TRPV-Mediated Calcium
Signaling

Calcium signaling is also required for the development of the neoplastic features
in Retinoblastoma, a common intraocular pediatric cancer arising from imma-
ture cells of the retina [38]. TRPs and cannabinoid receptors are expressed in
retinoblastoma cells. Their expression levels are considered useful as prognostic
factors, since they correlate with tumor progression and are associated with the
acquisition of etoposide-resistance. Interestingly, capsaicin, the specific agonist of
TRPV1 receptor, is able to evoke Ca2+ influx in etoposide-resistant but not in
etoposide-sensitive WERI-Rb1 retinoblastoma cells, suggesting the key role played
by TRPV1-mediated calcium signaling in the acquisition of drug chemoresistance
[38].

TRPV1 is also involved in the enhancement of chemosentitivity to cisplatin
induced by Alpha-lipoic acid (ALA) in breast cancer cells. ALA administration,
through TRPV1 activation, increases the apoptosis induced by cisplatin stimulating
mitochondrial membrane depolarization, reactive oxygen species (ROS) production,
lipid peroxidation, PARP1, caspase 3 and 9 expression. The ALA-dependent
stimulation of TRPV1, via calcium signaling, enhances the oxidative stress mak-
ing breast cancer cells more sensitive to the action of the chemotherapeutic
drug [39].

Among TRPV family members, the role of TRPV2, with Ca2+ permeation
properties, in the regulation of glioblastoma cell growth and progression, has
been addressed. The aggressive behaviour of glioblastoma is mainly due to high
resistance to the standard chemotherapy as Temozolomide (TMZ), Carmustine
(BCNU) or Doxorubicin characterized by limited efficacy. The over-expression
of TRPV2 by gene transfection in glioma cells increases the sensitivity to FAS-
and BCNU-induced cytotoxicity [40, 41]. Moreover, the activation of the TRPV2
channel, induced by treatment with cannabidiol (CBD), strongly reduced the BCNU
resistance in glioma cells. In fact, CBD, by generating a TRPV2-dependent Ca2+
influx, inhibits the Ras/Raf/MEK/ERK pathway and promotes the drug retention in
glioma cells, reverting the chemoresistant phenotype and improving the apoptosis
induced by TMZ, BCNU and doxorubicin [40, 41]. Mutations of the TRPV2 pore
completely cancel the CBD-induced Ca2+ signaling demonstrating the essential role
of the TRPV2 permeant cation region in chemoresistance. In addition, glioma stem-
like cells represent a major problem in the treatment of glioblastoma because they
maintain stem cell properties and show marked resistance to radiation and conven-
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tional drugs. Reduce their drug resistance is fundamental to increase the patient
survival. At this regard, CBD, through TRPV2 activation, stimulates autophagy in
glioma stem-like cells promoting cell differentiation and increasing the sensitivity
to the apoptosis induced by BCNU and TMZ [42].

Furthermore, TRPV2 is expressed in multiple myeloma cells, a malignancy
characterised by clonal proliferation of plasma cells and subsequent accumulation
in the bone marrow [43]. Recent data demonstrated that CBD treatment induces
in myeloma cells up-regulation of TRPV2 expression enhancing the sensitivity
to Bortezomib, a specific proteosome inhibitor. The specific TRPV2 activation,
induced by CBD, strongly reduces proliferation and improves cytotoxic effects
of bortezomib by enhancing cell growth inhibition, cell cycle arrest at the G1
phase, mitochondrial and ROS-dependent necrosis mainly in TRPV2-transfected
RPMI8226 and U266 multiple myeloma cells. The cell death induced by the co-
administration of CBD and Bortezomib is also characterized by down-regulation of
the ERK, AKT and NF-κB pathways. These findings provide a rationale for the use
of TRPV2 activators (e.g., CBD) to increase the activity of proteasome inhibitors in
myeloma multiple patients [43].

The TRPV6 channel, which is highly selective for Ca2+, is upregulated, by a
gene amplification mechanism, in breast cancer cell lines and in breast carcinoma
samples compared with normal mammary gland tissue. By microarray analysis, it
has been shown that the TRPV6 over-expression, associated with reduced patient
overall survival, is a feature of estrogen receptor-negative breast tumors as well as
HER2-positive tumors. Down-regulation of TRPV6 expression reduces the basal
Ca2+ influx leading to decrease in cellular proliferation and DNA synthesis [44].
It has been showed, using TRPV6-transfected Xenopus oocytes, that tamoxifen, the
most common therapy used in breast cancer treatment, inhibits the Ca2+ uptake
regulated by this channel. In addition, tamoxifen treatment markedly reduces the
expression of TRPC6 at mRNA levels in breast cancer cell lines [45]. Silencing
of TRPV6 enhances the pro-apoptotic activity of tamoxifen suggesting that the
increase of Ca2+ influx, mediated by TRPV6 over-expression in breast cancer cells,
is responsible for the reduced sensitivity to tamoxifen treatment. These findings
support the hypothesis that a combination therapy using tamoxifen and TRPV6
inhibitor could represent a promising strategy to improve the treatment of breast
cancer [44, 46].

20.3 Conclusion

It is becoming evident that dysregulation in Ca2+ homeostasis plays a pivotal
role in tumor progression, functioning as a driving signal in the acquisition of
the aggressive phenotype. In fact, cancer cells, by changing the expression of
ion channels/transporters/pumps acquire the ability to modulate Ca2+ intracel-
lular concentration creating pro-survival conditions. Several evidences support
the idea that Ca2+ signaling pathways are also involved in regulating sensitiv-
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Table 20.1 Chemosensitivity and TRP roles in cancer cells

TRPs activation
Pathway mediated by Ca2+
dysregulation Drug

Cancer cell
line References

TRPCS NFATc3 activation
promoting P-gp
over-expression

↑Adryamycin MCF-7 [19]

Prosurvival autophagy via
CaMKKβ/AMPKα/mTOR

↑Adryamycin MCF-7 [27]

ACB and cyclin D1
over-expression via
β-catenin

↑5-Fluorouracil HCT8 and
LoVo

[28–30]

TRPC6 STAT3 activation
inducing EMT

↑Doxorubicin Huh-7 [32]

TRPM7 PI3K activation restoring
vacuole/lysosome fusion

↑Vaquinol-1 U-87 and
#12537-GB

[33]

Prevention of non
apoptotic cell death

↑Gemcitabine BxPC3 and
PANIC-1

[34]

TRPM8 Uncoupling Protein 2
activation

↑Doxorubicin LLC-2 [35]

Akt-GSK-3β, ERK1/2
and FAK activation

↑Epirubicin MG-63,
U2OS,
SaOS2 and
HOS

[37]

TRPV1 Oxidative stress ↓Cisplatin MCF-7 [39]
TRPV2 ↓Temozolomide

Ras/Raf/MEK/ERK
activation

↓Carmustine U-37, MZC,
GSC,

[40–42]

↓Doxorubicine
Inhibition of NF-kB ↓Bortezomib RPMI3226

and U266
[43]

TRPV6 Promotes cell
proliferation

↑Tamoxifen T47D [46]

ity to chemotherapeutic drugs. Drug resistance represents a major limitation in
the application of current therapeutic regimens and several efforts are spent to
overcome it. The targeting of the Ca2+ channels, by altering their expression
and functions, has been demonstrated be effective in improving of cytotoxicity
induced by the most common chemotherapeutic agents. Among Ca2+ channels,
TRPs influence the expression and function of many drug resistance-related proteins
and pathways contributing to the development of pharmacological tolerance in
cancer (Table 20.1). Therefore, targeting the TRP expression and activity, can be
now considered a promising and fascinating strategy to inhibit cancer growth and
progression and restore/improve the sensitivity of cancer cells to chemotherapeutic
drugs [10].
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Chapter 21
Widespread Roles of CaMK-II
in Developmental Pathways

Sarah C. Rothschild and Robert M. Tombes

Abstract The multifunctional Ca2+/calmodulin-dependent protein kinase type 2
(CaMK-II) was first discovered in brain tissue and shown to have a central role in
long term potentiation, responding to Ca2+ elevations through voltage dependent
channels. CaMK-II has a unique molecular mechanism that enables it to remain
active in proportion to the degree (frequency and amplitude) of Ca2+ elevations,
long after such elevations have subsided. Ca2+ is also a rapid activator of early
development and CaMK-II is expressed and activated in early development. Using
biochemical, pharmacological and genetic approaches, the functions of CaMK-
II overlap remarkably well with those for Ca2+ elevations, post-fertilization.
Conclusion. Activated CaMK-II plays a central role in decoding Ca2+ signals to
activate specific events during early development; a majority of the known functions
of elevated Ca2+ act though CaMK-II.

Keywords CaMK-II · Calcium · Calmodulin · Development · Gastrulation ·
Kidney · Cilia · Cardiac · Laterality · Ear · Phosphorylation

21.1 Introduction

21.1.1 Calcium Signaling During Early Development

Ca2+ at Fertilization Ca2+ elevations in living cells were first visualized in fertil-
ized eggs from vertebrate and invertebrate species. These studies used luminescent
(aequorin) or fluorescent (fura-2) indicators on species as varied as sea urchin,
medaka and mice [1–4]. Multiple studies demonstrated a role for Ca2+ in promoting
the exocytosis of cortical granules, leading to fertilization envelope elevation and the
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activation of early development. These studies have been summarized in excellent
and comprehensive reviews [5, 6].

Ca2+ During Early Development Ca2+ signaling also influences oocyte matura-
tion and other early developmental events [7]. The multi-functionality of Ca2+ in
post-fertilization events may be reflected by the frequency, amplitude and location
of its modulation [8] and supports its importance as a developmental controller,
but also makes it challenging to identify specific roles. For instance, injection of
the Ca2+ chelator, BAPTA, just after fertilization in mouse and zebrafish embryos,
blocks all subsequent cleavages and development [9, 10], even though Ca2+ signals
continue throughout early zebrafish development. Zebrafish Ca2+ elevations were
observed during three stages: (1) the early rapid cleavages, (2) gastrulation and
dorsal-ventral specification and (3) segmentation [10]. With enhanced spatial and
temporal sensitivity, transient elevations of Ca2+ have been more specifically
attributed to cells of the outer enveloping layer of zebrafish embryos at the
blastoderm margin [11, 12], primarily on the dorsal [10] or ventral aspect [5]. In
zebrafish, it was concluded [10] that Ca2+ signals during the discrete developmental
window (6-8hpf) that corresponds to gastrulation are not necessary for specification
but are important for convergent extension, through cell motility and migration [5].

Ca2+ at Gastrulation Coordinated inductive and morphogenetic processes gen-
erate the three germ layers and shape the embryonic body during vertebrate
gastrulation. Three modes of cell migration enable these rearrangements and
include (a) epiboly, (b) internalization of the presumptive mesendoderm and (c)
convergent extension (CE). CE movements narrow the germ layers mediolater-
ally (convergence) and elongate them anteroposteriorly (extension) to define the
embryonic axis. The non-canonical Wnt (ncWnt) pathway has been identified as
an evolutionarily conserved signaling pathway that regulates CE cell movements
during vertebrate gastrulation [13]. During development, suppression of the ncWnts,
Wnt5 [14–17] and Wnt11 [18–21], leads to a shortened anterior-posterior body axis,
wider dorsal structures and defects in segmentation, which are stereotypical of CE
defects [22, 23]. Wnt5 and Wnt11 have been identified as essential modulators of
these cellular movements and are known to cause intracellular Ca2+ release [24–26],
whereas mutations in Wnt5 and Wnt11, reduce Ca2+ levels [26]. Wnt5a is known
to induce prolonged Ca2+ elevations when injected into zebrafish embryos [24].
The zebrafish wnt5 mutant is known as pipetail (ppt). Ppt mutant (−/−) embryos
exhibit altered Ca2+ modulation, widened somites and in some cases, split axes,
indicative of defects in convergent extension [27]. Wnt11 appears responsible for
the Ca2+ elevation that leads to directed rapid cell migration [28], whereas Wnt5/ppt
acts later to influence cell intercalation. Wnt11 appears to be more important for
the morphological changes associated with CE and not specification [16]. This is
consistent with a cytosolic, not a nuclear role for Wnt11 in CE. CE movements in
mouse embryos are also dependent on Wnt5 and Wnt11 [23].

Ca2+ in LR Asymmetry Laterality disorders are characterized by the misplace-
ment of one or more organs across the left-right (LR) axis and occur as often as once
in every 6000 newborn humans [29]. The positioning of internal organs in diverse
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vertebrate organisms is initiated by signals originating from a transient posterior
structure, known as the mouse embryonic node or zebrafish Kupffer’s vesicle (KV)
[30]. The KV is a fluid-filled organ that forms at the posterior end of the notochord at
the early somite stages of teleosts [31]. The KV, like the mouse ventral node, is lined
by epithelial cells that contain motile cilia whose resultant fluid flow is necessary to
establish left-right asymmetry [32, 33].

Fluid flow is believed to yield asymmetric Ca2+ elevations through the TRP
channel, PKD2 (polycystin-2) [34, 35] and may be the earliest asymmetric event
[36] responsible for developing normal laterality. Ca2+ elevations on the left side of
the embryonic node have been detected in mice [37, 38], chick [39, 40] and zebrafish
[41, 42]. Disruption of Ca2+ signaling causes randomization of heart and visceral
organs [41].

In addition to PKD2, Ca2+ release has also been linked to ryanodine receptors
[40, 42] and inositol phosphate dependent signals [41]. Gap junctions may enable
Ca2+ to spread through target cells on the left side of the embryonic node [43,
44] and the H+K+ATPase may help maintain the driving force for Ca2+ elevations
[40]. PKD2 targeted to endomembranes in KV cells may be more important than
plasma membrane PKD2 for left-right asymmetry in zebrafish [45]. The importance
of PKD2 is further supported by observations that pkd2 morphants and mutants
randomize organ placement and mis-express spaw (Southpaw) [34, 35]. PKD2-
deficient mouse embryos also lack the normal Ca2+ elevation on the left side of
the ventral node, fail to express nodal and have randomized organs [37, 46].

Ca2+ in Somitogenesis Zebrafish somitogenesis is accompanied by transient
elevations in Ca2+ at the posterior end of forming somites [10, 47]. Ca2+ signals
have also been observed in developing Xenopus myotome [48]. Pharmacological
studies support a role for GPCR coupled PL-C activation leading to the Ca2+ release
necessary for the formation of somites and notochord [26]. L690330, an inhibitor of
Inositol monophosphatase, causes widening of somites [26] which is also observed
in Wnt5 and Wnt 11 morphants [21]. These effects on somitogenesis could be due
to effects on convergence and extension, as described above.

Ca2+ in Heart Development Ca2+ signals have also been implicated in the
morphogenic process by which the heart tube transforms into a chambered heart. In
zebrafish and mouse embryos, Ca2+ channel blockers, Ca2+ chelators, disruption
of either the Na+/Ca2+ exchanger, NCX, or SERCA2, the sarcoplasmic reticulum
(SR) Ca2+ ATPase, all interfere with cardiac looping [10, 49, 50].

Ca2+ in Kidney Development Kidney tubules form in Xenopus animal caps
treated with activin and retinoic acid and this is accompanied by an elevation in
Ca2+ [51]. Activin/retinoic acid-treated animal caps do not form tubules when
treated with the Ca2+ chelator BAPTA; the Ca2+ ionophore A23187 and ammonium
chloride, two agents that elevate Ca2+ in activin-treated caps, can substitute for
retinoic acid in stimulating the appearance of kidney tubules. Ca2+ released from
IP3 receptors during a specific time is important for the cell movements necessary
to properly position zebrafish pronephric tissue [52].
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Ca2+ in Ear Development Embryonic tissues that require motile cilia for devel-
opment [32] are also sites of Ca2+ signaling. In addition to the KV and the kidney,
the embryonic ear is also a member of this tissue category. The zebrafish inner ear
contains both motile and immotile cilia; the immotile cilia, also known as kinocilia,
emanate from “hair cells” and are hypothesized to contain an otolith precursor-
binding factor [53]. Beating cilia appear transiently, adjacent to the kinocilia, in
order to create a steady fluid flow that ensures the uniform formation of otoliths [54].
Ca2+ channels, such as TRP family members, have been implicated as the sensory
transduction channel in hair cells [55–58]. However, well before the ear becomes a
sensory organ, free Ca2+ is elevated in otic placode cells [10], suggesting its role in
the differentiation of the ear.

21.1.2 CaMK-II Activation During Early Development

CaMK-II as a Ca2+ Sensor The “multifunctional” Ca2+/calmodulin-dependent
protein kinase, type 2 (CaMK-II) is often linked to central nervous system function,
where it functions in long term potentiation (LTP) and comprises as much as 1%
of the total protein in the hippocampus [59]. However, CaMK-II is evolutionarily
conserved, has been found during development and in every adult mammalian
tissue [60] and is expressed across all metazoan species [61]. CaMK-II is activated
by Ca2+-calmodulin that forms upon intracellular release of Ca2+ to phosphory-
late protein substrates involved in functions that include transcription, secretion,
cytoskeletal re-organization and ion channel regulation [59].

CaMK-II has a unique ability to oligomerize and autophosphorylate (at T287)
upon Ca2+/CaM stimulation, distinguishing it from other CaM-dependent kinases
and leading to its depiction as a “memory molecule” [62]. T287 autophosphorylation
converts the enzyme into an “autonomous” or Ca2+-independent active state where
it “remembers” its activation by Ca2+. Activated (P-T287) CaMK-II can be localized
in fixed tissue as described [63] and its level has been shown to be proportional to
autonomous CaMK-II enzymatic activity, including in zebrafish embryonic extracts
[64]. This method can be used to provide a snapshot of Ca2+ signaling in zebrafish
embryos as early as the 10 somite stage [64] and in locations that include the
olfactory placode, apical pronephric duct and cloaca, and at the base of inner ear hair
cell kinocilia [65]. These locations represent a subset of the locations where total
CaMK-II is expressed such as the embryonic forebrain, olfactory placode, spinal
cord, somites, ear and pronephric kidney, which are consistent with the locations
of CaMK-II mRNA expression [66]. By 60hpf, CaMK-II becomes activated and
located (P-T287) in retina, fins, anterior pituitary, neuromasts of the lateral line,
with continued activation in the ear, somites, and kidney [65]. There is significant
potential for using this method to define subcellular locations of Ca2+ signaling that
act via CaMK-II in a wide variety of tissues, species and even disease states.
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Two other potentially relevant and regulatory CaMK-II phosphorylation sites
exist at T253 and T307. Both of these sites are conserved across all metazoans [61].
T307 is an autophosphorylation site [67] that fine-tunes synaptic signaling, while
T253 phosphorylation has been linked to G2-M progression [68]. The prevalence,
overlap with P-T287 location and the function of these phosphorylation sites during
embryogenesis has not yet been evaluated.

CaMK-II activity can be reversibly inhibited with the CaM-binding antagonist,
KN-93, in mammalian cells [69, 70] and in zebrafish embryos [71]. Dominant
negative CaMK-II constructs have also been used to interfere with the normal
activation of CaMK-II [65].

Importance of CaMK-II at Fertilization and Resumption of Meiosis CaMK-
II does not play a central role in cortical granule exocytosis or the activation of
protein synthesis at fertilization, but may participate in the block to polyspermy
[72]. However, in species, like humans and mice, where fertilization causes the
resumption of meiosis II, CaMK-II has been strongly implicated in the release from
metaphase II arrest. Such a role for CaMK-II was first proposed over 20 years ago
using Xenopus oocyte extracts [73] and was supported by mathematical models
[74]. Empirical support was also obtained in intact mouse oocytes that were pre-
treated with KN-93 and then activated in vitro by ethanol [75], a treatment known
to release Ca2+ from internal stores. Knockout or knockdown of γ CaMK-II [76,
77], but not other CaMK-IIs [78–81], interferes with mouse meiotic resumption
at egg activation. Subsequent dissection of this pathway revealed a collaboration
with a polo-like kinase [82, 83] in releasing spindles from metaphase II arrest. In
embryos where fertilization occurs after the completion of meiosis at the pronuclear
stage (sea urchins), a role for CaMK-II at fertilization has not been reported. This
further supports the concept that CaMK-II is involved in meiotic resumption, not
the specific Ca2+-dependent activation events that accompany fertilization.

Role of CaMK-II in Cell Migration During Early Development CaMK-II is
detected early in development at the time [66, 84] when important Ca2+ transients
occur [5, 12, 85]. CaMK-II is activated by ncWnt family members [25] and can
rescue mutant phenotypes of certain non-canonical Wnts (ncWnts), whose roles are
to promote morphogenic cell movements [86]. CaMK-II is known to mediate cell
migration [87–91] by enabling focal adhesion turnover. A reported role for CaMK-
II on the ventral side of the embryo [25] is consistent with the ventral expression of
zebrafish CaMK-IIs during early development [66, 92].

In zebrafish, CaMK-II is encoded by seven genes that give rise to at least two
dozen splice variants in early embryos [66, 92]. CaMK-II morphants exhibit a
similar phenotype to morphants and mutants of the non-canonical Wnts, Wnt11 and
Wnt5. In fact, at first glance, the camk2b1 morphant has an undulated notochord
[92], exactly like the Wnt5/ppt morphant/mutant [21], while the camk2g1 morphant
[65] has segmentation defects similar to the Wnt11/slb mutant [21]. The expression
patterns of camk2b1 and camk2g1 are consistent with tissues that exhibit CE cell
movements. Previous studies have shown that camk2b1 and camk2g1 are expressed
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during gastrulation in both the mesendoderm and neuroectoderm layers where
CE cell movements occur [66]. The non-variable regions encoded by camk2b1
and camk2g1 are 92% identical at the amino acid level, with their splice variants
exhibiting different exon utilization and thus potential subcellular targeting [66].
Of the two dozen splice variants expressed from zebrafish CaMK-II genes during
early development [65, 66, 92], all four that are expressed from camk2g1 encode
putative cytosolic targeting domains while two of the three that are expressed
from camk2b1 encode nuclear targeting domains. It is known that CaMK-IIs freely
hetero-oligomerize [93] to form their stereotypical dodecameric structures yielding
even further potential variations. Consequently, it is possible that camk2b1 or
camk2g1 could hetero-oligomerize and target the entire complex to a location that
might not be predicted based on the variants encoded by each gene.

During gastrulation, it is likely that CaMK-IIs encoded by camk2b1 and camk2g1
are activated by ncWnt-mediated Ca2+ elevations to directly enable cell migration.
Oscillations of Ca2+ are known to occur during gastrulation [7, 94], which would
activate CaMK-II to enable cell migration [91]. Interestingly, the migration of cells
in culture and in embryos is compromised when CaMK-II is either hyperactivated,
inhibited or eliminated [91]. A model in which ncWnts cause Ca2+ oscillations
to transiently activate CaMK-II and enable focal adhesion turnover and thus
cell migration is also consistent with findings that were described as apparently
contradictory in which both Wnt5/Wnt11 gain of function and loss of function
mutants inhibit convergent extension [95]. No specific focal adhesion protein has
yet been identified as the target of CaMK-II phosphorylation that would enable focal
adhesion turnover.

Role of CaMK-II in Cell Proliferation During Early Development CaMK-II
has previously been strongly implicated in the early cell cycles of frog, sea urchin
and mouse cell divisions [84, 96–100] and in cell cycle progression through cyclin
D1 and cyclin dependent kinase inhibitors like p27kip1 in cells in culture [69, 70, 84,
101]. In early sea urchin embryos, CaMK-II activity cycles with the cell cycle, like
CDK1, and may actually interact with CDK1 [84]. An additional role for P-T253

CaMK-II has also been implicated at the G2-M boundary [68].

Importance of CaMK-II in Cardiac Development CaMK-II has been exten-
sively implicated in cardiovascular disease [102–104] and has been proposed as
a therapeutic target to minimize remodeling, arrhythmias and hypertrophy [105–
107]. Substrates or binding partners of CaMK-II known to influence cardiac
function include phospholamban [108], L-type Ca2+ channels [109–111], ryanodine
receptors [112] and histone deacetylases [113, 114]. Even in embryos, KN-93
reversibly slows heart rates, supporting a role for CaMK-II phosphorylation in
excitation-contraction coupling [115].

During morphogenesis, the ncWnts, Wnt11 and Wnt11-R, have been implicated
in cardiac specification and/or morphogenesis [116–118]. In addition, the T-box
protein, Tbx5, promotes CaMK-II expression (camk2b2) during zebrafish cardiac
development [92]. CaMK-II binding proteins or substrates, which may influence



21 CaMK-II During Development 525

cardiac morphogenesis through cell polarity, cell migration or cell cycle control,
have been identified and include Tiam1 and Flightless-I [91, 119, 120].

Importance of CaMK-II in Somitogenesis Somite broadening, notochord thick-
ening and axis duplication were observed in Wnt5 and Wnt11 mutant embryos
[21, 27] and in embryos expressing dominant negative CaMK-II [25]. While total
CaMK-II is found throughout somites, activated CaMK-II is found in sarcomeres
and somite boundaries [65].

Role of CaMK-II in Laterality and Kidney Development CaMK-II is a known
target of polycystin2 (PKD2)-dependent Ca2+ signals necessary for left-right
patterning but also kidney development [64, 65]. PKD2, also known as TRPP2, is a
member of the TRP family of Ca2+ conducting channels and is mutated in patients
with autosomal dominant polycystic kidney disease (ADPKD) [121]. Suppression
of zebrafish PKD2 or CaMK-II causes pronephric kidney cysts and the loss of
normal organ asymmetry [64, 65, 122].

A potential target of CaMK-II in this role is the histone deacetylase, HDAC4
[115]. In muscle tissue, CaMK-II directly phosphorylates HDAC4, retaining it in
the cytosol to upregulate MEF2C target genes [114, 123, 124]. HDAC4 is the only
class II HDAC that bears a specific CaMK-II docking site [125]. However, HDAC4
and HDAC5 can form hetero-dimers, rendering HDAC5 responsive to CaMK-II and
enabling export and retention of HDAC5 in the cytosol [123].

HDAC4 and HDAC5 are known to influence MEF2C-dependent gene transcrip-
tion [114, 123, 126]. MEF2C is a Ca2+-dependent mediator of differentiation
and development that is known to couple signaling to transcription [127]. When
HDACs are exported from the nucleus, p300/CBP can then transcriptionally activate
MEF2C-dependent genes through histone acetylation [127]. MEF2C target genes
are not just involved in myogenesis and include MTSS1 (MIM), which is necessary
for ciliogenesis and actin cytoskeletal organization [128, 129]. MEF2C, and MIM
are also important signaling molecules in kidney disease; loss of MEF2C or MIM
leads to polycystic kidneys [130]. In addition, HDAC5 suppression or treatment
with the pan-specific HDAC inhibitor, TSA, partially reverses cystogenesis in PKD2
mutants [130].

It stands to reason that CaMK-II provides a previously unknown linkage between
Ca2+ signals and HDAC family members in ciliated embryonic tissues such as
the kidney. CaMK-II may serve to refine the action of HDACs in cells where
Ca2+ is elevated. Activated CaMK-II sequesters HDAC4 in the cytosol, presumably
enabling transcription of target genes that are necessary for kidney morphogenesis
and cilia stability.

Role for CaMK-II in Ear Development While the location of activated CaMK-
II (P-T287 CaMK-II) provided insight into many of the potential roles of CaMK-II
during early development, the intensity and location of P-T287 CaMK-II in the inner
ear [65] suggested that CaMK-II could be essential for translating external stimuli
into an intracellular response.
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The organization of sensory epithelial cells must occur at the appropriate time
and place during development to ensure normal otolith biomineralization. Alter-
ations in this process lead to malformed otoliths and therefore impaired hearing.
Signaling molecules necessary for inner ear sensory epithelial cell patterning
include Delta-Notch family members, as demonstrated by the mindbomb (mib)
mutant, which leads to supernumerary hair cells [131]. The mib locus encodes an
E3 ubiquitin ligase, which ubiquitylates and then internalizes Delta ligands [132,
133]. CaMK-II (camk2g1) is responsible for the patterning of inner ear sensory
cells through the Delta-Notch pathway. Like mib mutants, suppression of camk2g1
also leads to supernumerary hair cells, which may contribute directly or indirectly
to ectopic or malformed otoliths.

The enrichment of CaMK-II in the hair cells, but not in the surrounding support
cells is consistent with CaMK-II influencing the Delta ligand and not the Notch
receptor. Upon Delta binding to Notch, the Delta-Notch extracellular domain
undergoes transendocytosis causing the Notch receptor to be proteolytically cleaved
and the Notch intracellular domain (NICD) to enter the nucleus and activate gene
expression [134]. Delta ligands are ubiquitylated, internalized, and degraded, but in
the mib mutant, DeltaD is not endocytosed and degraded, causing an upregulation
of DeltaD mRNA expression and increased DeltaD protein localization to the
membrane with retention in endocytic vesicles [133, 135]. Suppression of camk2g1
also causes an increase of DeltaD in particles that appeared to represent intracellular
vesicles, but do not accumulate at the cell surface. These results suggest that
the DeltaD protein is being synthesized in camk2g1 morphants, but is not being
transported to the membrane, therefore accumulating in secretory vesicles in the
cytosol.

CaMK-II is known to phosphorylate proteins important in trafficking, docking
and fusion of secretory vesicles. Substrates include synapsin I [136], synaptotagmin
[137] and synaptobrevin, a vesicle associated membrane protein [138]. Although
these proteins are essential in the secretion of neurotransmitters, they also function
in non-neuronal tissues [139]. In the zebrafish KV, CaMK-II may be necessary
for the secretion of Southpaw (Spaw) to the left lateral plate mesoderm, enabling
the expression of left sided genes and therefore left-right organ asymmetry [64].
Likewise, a role for CaMK-II in promoting recycling and trafficking of the Delta
ligand would explain its role in enabling Delta signaling to Notch expressing cells.
In the absence or reduction of Delta ligands at the plasma membrane, expression
of key genes would be inhibited, causing alterations in sensory epithelial cell
patterning. Delta-Notch signaling has been linked to the differentiation of ciliated
embryonic cells in other organisms as well [140]. While CaMK-II has previously
been shown to activate Notch signaling in Notch expressing cells [141, 142],
this role for CaMK-II in Delta ligand processing is distinct and acts through an
undetermined protein target.

Protein Targets of CaMK-II During Development For a multifunctional protein
kinase like CaMK-II, it stands to reason that there are many different potential sub-
strates of phosphorylation during early development. However, histone deacetylase,
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HDAC4, is a known substrate of CaMK-II and may be responsible for many of these
developmental processes through epigenetics [115]. Nonetheless, there are other
potential substrates that have also been identified. For Wnt signaling, Flightless-I
may be a protein that is not itself phosphorylated, but binds to autophosphorylated
CaMK-II and thus impacts downstream pathways, such as cell migration and gene
expression [120]. While phospholamban has not been explicitly evaluated in the
embryonic heart, its role as a target of cyclical phosphorylation by CaMK-II during
excitation-contraction coupling [108] makes it an ideal candidate to explain the
effect of reversible CaMK-II inhibition on heart rates. As described above, there
are multiple CaMK-II substrates, including synapsin, that could mediate the effect
of CaMK-II on secretion and thereby explain both its role in Delta-Notch signaling
in the ear and in Southpaw secretion in the embryonic node. A characterization of
these substrates in early development would be justified.

Other Protein Targets of Calcium During Development Among alternative
Ca2+ targets including PK-C, calcineurin and CaM kinases, only CaMK-II has
the molecular capability of decoding Ca2+ of different amplitude, duration and
frequency [74, 143, 144]. In addition, it is represented by a family of genes
whose alternatively spliced products are differentially targeted to membranes and
subcellular compartments [61]. While PKC-delta has been implicated in convergent
extension in Xenopus [145] and PK-C lambda in cell polarity [146], neither PK-C
or calcineurin have been implicated as targets of the asymmetric Ca2+ signal [5].

21.2 Conclusion

Ca2+ signals have long been known to play an important role during early devel-
opment. CaMK-II is a multifunctional, ubiquitously expressed protein kinase that
built its reputation as regulating long-term potentiation (LTP) in the central nervous
system. The features of CaMK-II that make it structurally and enzymatically
attractive in the CNS are also advantageous for frequency decoding and sustained
activation in a variety of cellular and tissue settings during early development.

So far, evidence is strong for a role for camk2b1 in gastrulation and the nervous
system [66], while camk2g1 is pleiotropic and has been linked to functions found
primarily in ciliated cells, such as the development and function of the ear, kidney
and KV, all of which rely on cilia [64, 65, 71]. Interestingly, investigators have
been stymied in their quest to prepare a knockout camk2g1 CRISPR mutant to
this clearly important early developmental gene due to a poorly understood, but
gene-specific repair mechanism, which appears to act on a limited number of
critical genes, including camk2g1 [147]. While this suggests an important role
for camk2g1 in early zebrafish development, it has made it difficult to prepare
camk2g1 mutants. Activated CaMK-II plays a central role in decoding Ca2+ signals
to activate specific events during early development. A majority of the known Ca2+
elevations act though CaMK-II and not other known Ca2+ targets (Table 21.1). Not
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Table 21.1 Roles for calcium and calcium targets during development

Event Calcium PK-C Calcineurin CaMK-II

Meiotic
resumption

Essential NO NO YES via PLK

Gastrulation Elevates ventrally YES, PK-C delta YES Wnt/Ca pathway
Somitogenesis Preceding somites NO NO YES, compression
Heart
Development

Elevates at looping YES, “Heart and Soul”
zebrafish mutant

NO YES, by Tbx5

Kidney
Development

Ventrally high NO NO YES, with PKD2

LR
Asymmetry

Transient on left side NO NO YES, on left

Ears TRP channel dependent NO NO YES, Delta-Notch

only do Ca2+ signals and CaMK-II functionally overlap during meiotic resumption,
gastrulation, somitogenesis, heart morphogenesis and function, kidney development
and laterality and ear development, but the localization of Ca2+ signals, whether
they be transient or sustained coincides with the location and sometimes intensity
of activated CaMK-II. Linkages of CaMK-II with upstream (Tbx5, PKD2) and
downstream (HDAC4) partners that are associated with human disease further
supports these relationships.
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Chapter 22
Calcium Signaling and Gene Expression

Basant K. Puri

Abstract Calcium signaling plays an important role in gene expression. At the tran-
scriptional level, this may underpin mammalian neuronal synaptic plasticity. Cal-
cium influx into the postsynaptic neuron via: N-methyl-D-aspartate (NMDA) recep-
tors activates small GTPase Rac1 and other Rac guanine nucleotide exchange fac-
tors, and stimulates calmodulin-dependent kinase kinase (CaMKK) and CaMKI; α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors that are not imper-
meable to calcium ions, that is, those lacking the glutamate receptor-2 subunits,
leads to activation of Ras guanine nucleotide-releasing factor proteins, which
is coupled with activation of the mitogen-activated protein kinases/extracellular
signal-regulated kinases signaling cascade; L-type voltage-gated calcium channels
activates signaling pathways involving CaMKII, downstream responsive element
antagonist modulator and distinct microdomains. Key members of these signaling
cascades then translocate into the nucleus, where they alter the expression of
genes involved in neuronal synaptic plasticity. At the post-transcriptional level,
intracellular calcium level changes can change alternative splicing patterns; in
the mammalian brain, alterations in calcium signaling via NMDA receptors is
associated with exon silencing of the CI cassette of the NMDA R1 receptor (GRIN1)
transcript by UAGG motifs in response to neuronal excitation. Regulation also
occurs at the translational level; transglutaminase-2 (TG2) mediates calcium ion-
regulated crosslinking of Y-box binding protein-1 (YB-1) translation-regulatory
protein in TGFβ1-activated myofibroblasts; YB-1 binds smooth muscle α-actin
mRNA and regulates its translational activity. Calcium signaling is also important in
epigenetic regulation, for example in respect of changes in cytosine bases. Targeting
calcium signaling may provide therapeutically useful options, for example to induce
epigenetic reactivation of tumor suppressor genes in cancer patients.
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22.1 Introduction

Gene expression is the process by which the information in a DNA sequence in
a gene is used to biosynthesize an RNA or polypeptide [1]. In turn, this involves
transcription, that is, the synthesis of an RNA copy from a DNA template, and, in
the case of polypeptides, translation, that is, protein synthesis on a messenger RNA
(mRNA) template [1]. It has recently become increasingly apparent that calcium
signaling is relevant to the regulation of eukaryotic transcription, alternative splicing
patterns, and translation. In this chapter, the roles of calcium ion signaling in these
processes and in the regulation of epigenetic mechanisms will be discussed.

Calcium ion binding, and associated phosphorylation, are associated with
changes in protein electrical charge, conformation and interactions; phosphate
moieties can be removed by protein kinases from adenosine-5′-triphosphate (ATP)
and attached covalently to the three common amino acid residues which have free
hydroxyl groups, namely the polar amino acids serine, threonine and tyrosine [2,
3]. Thus, calcium ions and phosphate ions can effect signal transduction [2, 3].
Aside from its role in gene expression, calcium ion signaling, both intercellular and
intracellular, has numerous other important functions, ranging from mitochondrial
functioning and innate immunity to apoptosis and cell death pathways [2, 4, 5].
Other chapters of this work deal with many of these. An excellent review from the
year 2000 which considers the versatility and universality of calcium signaling is
that of Berridge, Lipp and Bootman [6], while Putney and Tomita review the role
of phospholipase C signaling and calcium influx [7]; in this chapter, the focus is on
the role of calcium ion signaling in respect of gene expression.

22.2 Pre-translation

22.2.1 Eukaryotic Transcription

Eukaryotic transcription occurs on a chromatin template (unlike the case for
prokaryotes, in which a DNA template is used for transcription); the following three
classes of RNA polymerase are involved: RNA polymerase I, which transcribes
18S/28S ribosomal RNA (rRNA); RNA polymerase II, which transcribes mRNA
and certain small RNAs; and RNA polymerase III, which transcribes transfer RNA
(tRNA), 5S rRNA and certain small RNAs [1].
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22.2.2 Calcium-Related Transcriptional Regulation

Calcium-dependent gene expression regulation at the transcriptional level is thought
to underlie animal neuronal synaptic plasticity and thereby mediate learning and
adaptation to the environment [8]. In mammalian neurons, such regulation involves
a complex cascade of signaling molecules, beginning with influx of calcium
ions into the postsynaptic neuron via N-methyl-D-aspartate (NMDA) receptors
(for glutamate), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors (also for glutamate), or L-type voltage-gated calcium channels (VGCCs)
[9–11]. Each of these three possibilities will be briefly considered in turn.

Calcium ion influx through NMDA receptors activates small GTPase Rac1
(also known as Ras-related C3 botulinum toxin substrate 1), which acts as a
pleiotropic activator of actin, and also activates other Rac guanine nucleotide
exchange factors (GEFs) such as kalirin-7 and betaPIX (βPIX) [12, 13]. It also
stimulates calmodulin-dependent kinase kinase (CaMKK) and CaMKI, which in
turn phosphorylates βPIX [13]. Kalirin-7 interacts with AMPA receptors, con-
trolling their synaptic expression [12]. While most AMPA receptors are calcium
impermeable, those lacking the glutamate receptor-2 (GluR2) subunits do allow
calcium ion flow. Calcium ion influx through such calcium-permeable AMPA
receptors leads to activation of Ras guanine nucleotide-releasing factor (RasGRF)
proteins, which in turn is coupled with activation of the mitogen-activated protein
kinases/extracellular signal-regulated kinases (MAPK/ERK; also known as the
Ras-ERK or Ras-Raf-MEK-ERK) signaling cascade [14]. Finally, calcium ion
influx through L-type VGCCs appears to activate signaling pathways involving
CaMKII, downstream responsive element antagonist modulator (DREAM), dis-
tinct microdomains (MD-I and MD-II), and possibly the distal C-terminal (dCT)
fragment of the L-type receptor and beta subunits [15]. These consequences of
calcium ion influx through NMDA, AMPA receptors and VGCCs are summarized in
Table 22.1.

In turn, key members of the above signaling cascades, such as CAMKII, nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB), MAPK/ERK, GTP-
Rac, DREAM, MD-I, MD-II, and possibly dCT and β4c, cross from the cytoplasm
into the nucleus [8, 15]. Here, they alter the expression of, amongst others, the non-

Table 22.1 Primary activated molecules following calcium ion influx through NMDA and AMPA
receptors and VGCCs

Type of calcium ion receptor or channel NMDA receptors AMPA receptors VGCCs

Primary activated molecules Small GTPase Rac1 RasGRF CaMKII
Kalirin-7 DREAM
βPIX MD-I
CaMKK MD-II
CaMKI dCT

β subunits
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coding RNA (ncRNA) miR-132 (which is a microRNA), CREM (which encodes the
protein cyclic adenosine monophosphate (cAMP) responsive element modulator),
BDNF (which encodes brain-derived neurotrophic factor), the proto-oncogene c-
Fos, PDYN (which encodes a preproprotein which, following proteolysis, gives rise
to several opioid peptides), WNT2 (wingless-type MMTV integration site family,
member 2; encoding signaling proteins relating to the Wnt signal transduction
pathways), BCL2 (encoding B-cell lymphoma 2 or Bcl-2), SOD2 or MnSOD
(encoding superoxide dismutase 2, mitochondrial), XIAP (X-linked inhibitor of
apoptosis family of proteins), NR4A1 or Nur77 (nuclear receptor subfamily 4
group A member 1 or nerve growth factor IB), ARC (which encodes activity-
regulated cytoskeleton-associated protein), HOMER1 (Homer scaffold protein 1 or
Homer1a), SLC8A1 or NCX1 (solute carrier family 8 member A1 or sodium/calcium
exchanger), and SLC8A3 or NCX3. These are involved in synaptic development,
dendritic growth, and neuronal plasticity; changes in their expression, as well as
mutations in some of these loci, may be associated with neurocognitive disorders [8,
15]. Furthermore, EphB receptor tyrosine kinases, localized at excitatory synapses,
cluster with NMDA receptors and modulate the function of the latter during early
synaptogenesis [16].

A similar picture exists in respect of the mammalian heart, from which efflux
of calcium ions normally takes place via plasma membrane calcium ATPases
(PMCAs). Sustained increase in intracellular calcium ion concentration in cardiac
cells activates the calcineurin moiety of PMCA4, which in turn dephosphorylates
nuclear factor of activated T-cells (NFAT), which then translocates to the nucleus
where it activates genes involved in cardiac hypertrophy [17].

The above examples have been drawn from animal cells. Calcium-related
transcriptional regulation has also been shown to be important in plants. This has
been studied in the unicellular green alga Chlamydomonas reinhardtii, which has a
relatively short life-cycle and a fully sequenced genome [18–20]. In chloroplasts of
this alga, calcium ion signaling and the calcium ion-binding protein CAS, acting in
response to cues such as biotic and abiotic stress and carbon dioxide concentrating
mechanisms, ultimately act upon a number of nuclear targets, including: APX
(encoding ascorbate peroxidase); flg22 (flagellin 22); HSFs (heat shock transcrip-
tion factors); HSPs (heat shock proteins); and LHCRS3 (light-harvesting complex
stress-related protein 3) [21]. These result in changes in basal defense responses
and carbon dioxide concentration mechanisms [21].

22.2.3 Changes in Alternative Splicing Patterns

At the post-transcriptional, but pre-translational, level, intracellular calcium ion
level changes can also alter gene expression by causing changes in alternative
splicing patterns, whereby the same pre-mRNA generates mRNAs (post-splicing)
which have different exon combinations [1].
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In the mammalian brain, it has been shown that alterations in calcium ion
signaling via NMDA receptors is associated with exon silencing of the CI cassette
(exon 19) of the NMDA R1 receptor (GRIN1) transcript by UAGG motifs in
response to neuronal excitation [22]. CI mediates targeting of NMDA R1 to the
plasma membrane, has an endoplasmic reticulum retention signal, and contains a
binding site for calcium/calmodulin [23, 24]. This may offer a powerful strategy for
neuronal adaptation to hyperstimulation and may explain the diverse properties of
NMDA receptors in different groups of neurons [22, 24].

Mechanical stimulation of hair cells of the basilar papilla of the avian inner
ear, which is homologous to the organ of Corti, or spiral organ, of mammals, is
associated with changes in intracellular calcium ion concentration via changes in the
kinetic properties of calcium-ion-activated potassium ion channels; in turn, changes
in calcium concentration have been found to be associated with alternative mRNA
splicing patterns which tune individual hair cells to specific auditory frequencies
[25–27].

In a similar vein, it is also noteworthy that GH3 pituitary cell depolarization has
been shown to repress KCNMA1 or STREX (potassium calcium-activated channel
subfamily M alpha 1, previously stress-axis regulated exon) exon splicing in BK (big
potassium, also known as Maxi-K, Kcal.1 or slo1) potassium ion channel transcripts
via CaMKs [28].

Mammalian VGCCs are able to be activated over a relatively wide range
of electrical potential differences, whereas the activation voltage dependence of
calcium channel isoforms found in different tissues are tuned to their specific
corresponding physiological functions. For example, the type known as 1.1 is the
VGCC least responsive to depolarization and it has been found to achieve this
electrical property through alternative splicing [29]. It acts both as a calcium ion
channel in embryonic muscle and as a sensor of electrical potential difference in
mature skeletal muscle for excitation-contraction coupling, and its relative lack of
responsiveness to depolarization serves these functions well [29, 30]. On the other
hand, the type of VGCC known as 1.2, which is the main type found in the brain and
the cardiovascular system, is more responsive to depolarization; interestingly, the
adjustment of its optimum activation voltage-dependency has recently been shown
not to result from alternative splicing, showing that more than one mechanism is
involved in fine tuning VGCCs [30].

22.3 Translation

Calcium regulation of gene expression at the translational level has been demon-
strated in human cultured cells. The peptide transforming growth factor beta (TGFβ)
controls cell proliferation in many tissues, including connective tissue [31]. In
particular, repair of mammalian tissue injury can be initiated by TGFβ1 receptor
signaling [32–35]. Indeed, poor regulation of this process may lead to dysfunctional
cardiopulmonary fibrosis and chronic myofibroblast differentiation [36–38]. In
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2013, it was shown, by Willis and colleagues, that the protein cross-linking
enzyme transglutaminase-2 (TG2) mediates calcium ion-regulated crosslinking of
Y-box binding protein-1 (YB-1) translation-regulatory protein in TGFβ1-activated
myofibroblasts; YB-1 binds smooth muscle α-actin (SMαA) mRNA and regulates
its translational activity [39].

22.4 Epigenetics

22.4.1 Epigenetic Mechanisms

Tollefsbol has defined epigenetic processes as ‘changes of a biochemical nature to
the DNA or its associated proteins or RNA that do not change the DNA sequence
itself but do impact the level of gene expression’ [40]. These biochemical changes
are reversible and include DNA methylation, modifications in chromatin, nucle-
osome positioning, and ncRNA profile alterations [41]. The study of epigenetics
is a rapidly developing field of research, which is of relevance to the study of
diseases and, at a fundamental level, to a deeper understanding of intracellular
communication [40–42]. It has recently become increasingly clear that calcium ion
signaling plays an important role in epigenetic regulation.

22.4.2 Calcium-Related Epigenetic Regulation

A few recent examples are given to illustrate the important role of calcium signaling
in epigenetic regulation.

Regarding DNA methylation, it has been shown that changes in the calcium
content of murine diets can induce methylation changes in DNA cytosine bases.
For example, a calcium-deficient diet in pregnant and nursing rats is associated with
hypomethylation of the pup hepatic HSD11B2 promoter region; this gene encodes
the NAD+-dependent enzyme corticosteroid 11-β-dehydrogenase isozyme 2 (also
known as 11-β-hydroxysteroid dehydrogenase 2), and such pups have higher serum
corticosterone levels than matched control pups from mothers fed a normal diet [43].

Raynal and colleagues tested a number of drugs which re-activate silenced
gene expression in human cancer cells [44]. They found 11 newly identified
pharmacological agents, such as cardiac glycosides, which induce methylated and
silenced CpG island promoters which drive GFP, the gene for green fluorescent
protein, and endogenous tumor suppressor genes in cancer cell lines. Surprisingly,
rather than causing local DNA methylation changes or global histone changes, all
11 agents were found to alter calcium ion signaling and trigger CaMK activity;
in turn, this released methyl CpG binding protein 2 (MeCP2), a methyl-binding
protein, from silenced promoters, thus causing gene activation [44–46]. Given
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that epigenetic changes are, in principle, reversible, this suggests that a potential
therapeutic approach to the treatment of cancer might involve targeting calcium
signaling in order to induce epigenetic reactivation of tumor suppressor genes [44].

It has been pointed out that the calcium ion influx through postsynaptic NMDA
receptors and VGCCs mentioned above, which can lead to changes in BDNF
expression, for example, also cause epigenetic changes such DNA hypomethylation
(unmethylated cytosines) and histone acetylation; indeed, histone modification and
changes in DNA methylation appear to be important features of the mediation of the
risk of the development of major depressive disorder [47].

It should also be noted that epigenetic changes can also regulate calcium
ion homeostasis. For example, epigenetic modification of the promoter region of
SERCA2a, which encodes sarcoplasmic reticulum Ca2+-ATPase and which is rich
in CpG islands, changes the expression of this gene and is associated with alterations
in calcium ion homeostasis; indeed, it has been suggested that demethylation
in this promoter region, induced by the hydrazinophthalazine antihypertensive
pharmacological agent hydralazine, may lead to modulated cardiomyocytic calcium
homeostasis and consequent improved cardiac functioning [48].

22.5 Discussion

The examples given above have shown that calcium signaling has an important role
in gene expression. This may involve regulation at the level of gene transcription; it
may involve the regulation of alternative splicing; it may occur at the level of gene
translation; and it may entail epigenetic mechanisms. Furthermore, these regulatory
processes are bidirectional, in that changes in gene expression can themselves affect
calcium ion homeostasis and calcium ion signaling. These findings offer important
potential therapeutic avenues for the treatment of numerous diseases.
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Chapter 23
Review: Structure and Activation
Mechanisms of CRAC Channels

Carmen Butorac, Adéla Krizova, and Isabella Derler

Abstract Ca2+ release activated Ca2+ (CRAC) channels represent a primary
pathway for Ca2+ to enter non-excitable cells. The two key players in this
process are the stromal interaction molecule (STIM), a Ca2+ sensor embedded in
the membrane of the endoplasmic reticulum, and Orai, a highly Ca2+ selective
ion channel located in the plasma membrane. Upon depletion of the internal
Ca2+ stores, STIM is activated, oligomerizes, couples to and activates Orai. This
review provides an overview of novel findings about the CRAC channel activation
mechanisms, structure and gating. In addition, it highlights, among diverse STIM
and Orai mutants, also the disease-related mutants and their implications.

Keywords Calcium · CRAC channel · STIM1 · Orai1 · STIM-Orai
interaction · Orai gating · Gain-of-function mutants · Electrophysiology ·
FRET · Structural resolution
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Ca2+ calcium ion
CAD Ca2+ Release-Activated Ca2+ activating domain
CaM calmodulin
CAR Ca2+ accumulating region
CC coiled-coil
Ccb9 coiled-coil domain containing region b9
cEF canonical EF hand
CFP cyan fluorescent protein
CRAC Ca2+ release-activated Ca2+
CRACR2A calcium release activated channel regulator 2A
Cs+ cesium ion
� represents deletion mutants
dOrai Drosophila melanogaster Orai
DVF divalent-free
EGTA ethylene glycol tetraacetic acid
ER endoplasmic reticulum
ERK1/2 extracellular-signal-regulated kinases 1 and 2
ETON extended transmembrane Orai1 N-terminal
FCDI fast calcium dependent inactivation
FIRE FRET-derived interaction in a restricted environment
FRAP fluorescence recovery after photobleaching
FRET fluorescence resonance energy transfer
GoF gain of function
HEK Human Embryonic Kidney
I/V current voltage relationship
ICa2+ CRAC current
INa+ sodium current in sodium divalent free solution
ID inhibitory domain
IH inhibitory helix
IP3 inositol-triphosphate
K+ potassium ion
Kir inward-rectifier potassium channels
L1-L3 Loop 1-3 (of Orai channels)
L-type long-lasting Calcium channel
LRET luminescence resonance energy transfer
MD simulations molecular dynamics simulations
Na+-DVF sodium divalent free
nEF non-canonical EF hand
nAChR nicotinic acetylcholine receptors
NMR nuclear magnetic resonance
OASF Orai – activating small fragment
Orai 1-3 Orai proteins (also as O1-3)
P/S proline/serine
PIP2 phosphatidylinositol 4,5-bisphosphate
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PM plasma membrane
RASSF4 Ras association domain family member 4
RNAi RNA interference
SAM sterile α-motif
S signal peptide
SCDI slow calcium dependent inactivation
SCID Severe Combined Immune Deficiency
SOAP STIM – Orai association pocket
SOAR STIM – Orai activating region
SOC store operated channel
SOCE store-operated calcium entry
SPCA2 Secretory Pathway Ca2+-ATPase
STIM stromal interaction molecule
TM transmembrane helices
TRP transient receptor potential ion channel (C-canonical, M-

melastatin, V-vallinoid)
WT wild-type

23.1 Introduction

Ca2+ is a very important second messenger in eukaryotic cells. Sustaining Ca2+-
homeostasis within the cell is indispensable for immune cell function and activity
of neurons. Perturbations in Ca2+ levels can lead to severe diseases such as cancer
or immune deficiencies [1, 2]. In many cell types, one well-known Ca2+ entry
pathway is the Ca2+ release activated Ca2+ (CRAC) channel [3]. This pathway
is composed of two molecular key players STIM1, which belongs to the stromal
interaction molecule (STIM) family (STIM1 and STIM2) and Orai1, which belongs
to the Orai family (Orai1, Orai2, Orai3). Both of these have been identified via a
systematic RNA interference (RNAi) screen [4]. Intact communication of STIM
and Orai proteins maintains proper cell function, especially of immune cells and
neurons, while abnormal up- or downregulation of these proteins can lead to defects
in signaling pathways [5]. Additionally, several mutations in STIM1 and Orai1
are currently known to lead to either gain- [6] or loss-of-function [7] and have
been associated with diseases like Severe Combined Immune Deficiency (SCID),
Stormorken Syndrome and tubular aggregate myopathy, highlighting their clinical
relevance [2, 8]. A list of most currently known STIM and Orai mutants and their
functional effects are summarized in Tables 23.1 and 23.2, which also states whether
they are disease-related.

Upon binding of IP3 to receptors in the membrane of the endoplasmic reticulum
(ER), Ca2+ is released from the ER, which initiates the activation of STIM1 [3].
STIM1 is a single transmembrane spanning protein within the ER membrane that
senses the ER-lumenal Ca2+ concentration via its N-terminal EF-hand motif. It
is uniformly distributed within the ER membrane in the resting state [9]. Once
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Table 23.1 Mutations in STIM1

Mutation Domain
Orai
coupling Current Related disease References

H72Q EF-hand Yes CONSTITUTIVE Tubular aggregate myopathy [218]
D76A EF-hand Yes Constitutive [11]
N80T EF-hand Yes Constitutive Tubular aggregate myopathy [219]
G81D EF-hand Yes Constitutive Tubular aggregate myopathy [220]
D84G EF-hand Yes Constitutive Tubular aggregate myopathy [218]
E87A EF-hand Yes Constitutive [23]
L96V EF-hand Yes Constitutive Tubular aggregate myopathy [219]
F108I/L EF-hand Yes Constitutive Tubular aggregate myopathy [219]
H109R/N EF-hand Yes Constitutive Tubular aggregate myopathy [218]
I115F EF-hand Yes Constitutive Tubular aggregate

myopathy; York platelet
syndrome

[221,
222]

E136X SAM No Inactive Combined immune
deficiency

[223]

P165Q SAM Yes Store-operated Late-onset
immunodeficiency

[224]

I220W TM Yes Constitutive [40]
C227W TM Yes Constitutive [40]
L248S CC1 Yes Constitutive [86]
L251S CC1 Yes Constitutive [86]
R304W CC1 Yes Constitutive Stormorken Syndrome [8]
Y316A CC1 Yes Constitutive [87]
E318/319/
320/322A

CC1 Yes Constitutive [225]

I364A CC2 Yes Store-operated
(enhanced)

[114]

A369K CC2 Yes Constitutive [74]
A376K CC2 Yes Constitutive [74]
A380R CC2 Yes Constitutive [16]
K382/384/
385/386E

CC2 No Inactive [16]

F394H CC2 Reduced Inactive [52]
R426L CC3 No Inactive [86]
R429C CC3 No Inactive Combined immune

deficiency
[97]

STIM1 has been activated, it homomerizes and oligomerizes into ER-PM-junctions,
where it can bind to and activate Orai1 via the cytosolic C-terminus [2, 10–12].
Orai1 represents a highly Ca2+ selective pore in the plasma membrane [12, 13]. A
milestone was reached in 2012, when Hou et al. [14] managed to crystallize the Orai
channel of Drosophila melanogaster (dOrai), revealing the hexameric stoichiometry
of this channel complex. Recently, the structure of a dOrai mutant representing a
potential open Orai state was also resolved [15]. Furthermore, structural resolutions
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of STIM1 N- and C-terminal fragments as well as an interacting complex formed
by C-terminal fragments of STIM1 and Orai1 are currently available [16, 17].
This structural data together with functional and simulation studies improve our
understanding of the STIM/Orai coupling and activation mechanism.

23.2 Composition and Structure of the Molecular Key
Players of CRAC Channels

23.2.1 Structure of STIM

The STIM protein family, includes STIM1 and STIM2, two isoforms which share
∼61% sequence identity [18, 19]. They are expressed in the endoplasmic reticulum
[9, 11, 20, 21] and, at lower levels, in the plasma membrane [19, 20, 22]. STIM1
located in the plasma membrane has been suggested to control the extent of store-
operated Ca2+ entry [23]. The activity of arachidonic acid regulated channels (ARC)
has been proposed to solely depend on plasma membrane resident STIM1 [24–26].
According to recent reports, STIM proteins are also expressed in the acidic stores of
lysosome-related organelles and the dense granules of the human platelets [27–29].
However, their roles there have so far remained elusive. In this review, we focus
particularly on the role, function and structure of STIM proteins expressed in the
ER, which are essential for the activation of CRAC channels [30].

The family of STIM proteins is further enriched in splice variants of STIM1
(STIM1L) and STIM2 (STIM 2.1 or STIM2β, STIM 2.2 or STIM2α, STIM2.3)
[31–33] (see sequence alignment – Fig. 23.1).

Briefly, key domains in the STIM proteins (Fig. 23.2a) are the N-terminus
embedded in the ER lumen, containing the Ca2+ – sensing region, a single TM
spanning region of ∼20-amino acids and the long cytosolic C-terminus, which binds
to Orai channels in the plasma membrane [34]. Whereas the N-terminus of STIM
is well conserved, the C- terminus is relatively varied among diverse species [35].
So far, only one luminal and two different C-terminal portions of STIM1 have been
crystallized [16, 17, 36, 37], while a structural resolution of full-length STIM1 is
still lacking.

23.2.2 STIM1

The Ca2+-sensor protein STIM1 is composed of 685 amino acids (Fig. 23.2a)
including the ER signal peptide (aa 1-22), a luminal EF hand (a canonical aa 63-
96 and a non-canonical aa 97-128 EF hand), a sterile α-motif (SAM aa 132-200)
followed by an α-helical TM domain (aa 212-234) and the C-terminus (aa 238-
685). The first third of the cytosolic segment includes the three highly conserved
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Isoform of STIM2 with Long Peptide Insertion 
STIM1 ------------------------------------------------------------ 0
STIM1 isoform  ------------------------------------------------------------ 0
STIM2  ------------------------------------------------------------ 0
STIM2 isoform 1 MNAAGIRAPEAAGADGTRLAPGGSPCLRRRGRPEESPAAVVAPRGAGELQAAGAPLRFYP 60
STIM2 isoform 2 ------------------------------------------------------------ 0

Signal Peptide
STIM1 ---------------MDVC---VRLALWLLWGLLLHQG---QSLS--HSHSEKATGTSS- 36
STIM1 isoform   ---------------MDVC---VRLALWLLWGLLLHQG---QSLS--HSHSEKATGTSS- 36
STIM2 ---------------------------MLVLGLLVAGAADGCELVPRHLRGRRATGSAAT 33
STIM2 isoform 1 ASPRRLHRASTPGPAWGWLLRRRRWAALLVLGLLVAGAADGCELVPRHLRGRRATGSAAT 120
STIM2 isoform 2 ---------------------------MLVLGLLVAGAADGCELVPRHLRGRRATGSAAT 33

Canonical EF Hand 
STIM1 -------GANSEESTAAEFCRIDKPLCHSEDEKLSFEAVRNIHKLMDDDANGDVDVEESD 89
STIM1 isoform -------GANSEESTAAEFCRIDKPLCHSEDEKLSFEAVRNIHKLMDDDANGDVDVEESD 89
STIM2 AASSPAAAAGDSPALMTDPCMSLSPPCFTEEDRFSLEALQTIHKQMDDDKDGGIEVEESD 93
STIM2 isoform 1 AASSPAAAAGDSPALMTDPCMSLSPPCFTEEDRFSLEALQTIHKQMDDDKDGGIEVEESD 180
STIM2 isoform 2 AASSPAAAAGDSPALMTDPCMSLSPPCFTEEDRFSLEALQTIHKQMDDDKDGGIEVEESD 93

Non-canonical EF Hand
STIM1 EFLREDLNYHDPTVKHSTFHGEDKLISVEDLWKAWKSSEVYNWTVDEVVQWLITYVELPQ 149
STIM1 isoform EFLREDLNYHDPTVKHSTFHGEDKLISVEDLWKAWKSSEVYNWTVDEVVQWLITYVELPQ 149
STIM2 EFIREDMKYKDATNKHSHLHREDKHITIEDLWKRWKTSEVHNWTLEDTLQWLIEFVELPQ 153
STIM2 isoform 1 EFIREDMKYKDATNKHSHLHREDKHITIEDLWKRWKTSEVHNWTLEDTLQWLIEFVELPQ 240
STIM2 isoform 2 EFIREDMKYKDATNKHSHLHREDKHITIEDLWKRWKTSEVHNWTLEDTLQWLIEFVELPQ 153

SAM – Sterile α Motif 
STIM1 YEETFRKLQLSGHAMPRLAVTNTTMTGTVLKMTDRSHRQKLQLKALDTVLFGPPLLTRHN 209
STIM1 isoform YEETFRKLQLSGHAMPRLAVTNTTMTGTVLKMTDRSHRQKLQLKALDTVLFGPPLLTRHN 209
STIM2 YEKNFRDNNVKGTTLPRIAVHEPSFMISQLKISDRSHRQKLQLKALDVVLFGPLTRPPHN 213
STIM2 isoform 1 YEKNFRDNNVKGTTLPRIAVHEPSFMISQLKISDRSHRQKLQLKALDVVLFGPLTRPPHN 300
STIM2 isoform 2 YEKNFRDNNVKGTTLPRIAVHEPSFMISQLKISDRSHRQKLQLKALDVVLFGPLTRPPHN 213

TM Domain                   
STIM1 HLKDFMLVVSIVIGVGGCWFAYIQNRYSKEHMKKMMKDLEGLHRAEQSLHDLQERLHKAQ 269
STIM1 isoform HLKDFMLVVSIVIGVGGCWFAYIQNRYSKEHMKKMMKDLEGLHRAEQSLHDLQERLHKAQ 269
STIM2 WMKDFILTVSIVIGVGGCWFAYTQNKTSKEHVAKMMKDLESLQTAEQSLMDLQERLEKAQ 273
STIM2 isoform 1 WMKDFILTVSIVIGVGGCWFAYTQNKTSKEHVAKMMKDLESLQTAEQSLMDLQERLEKAQ 360
STIM2 isoform 2 WMKDFILTVSIVIGVGGCWFAYTQNKTSKEHVAKMMKDLESLQTAEQSLMDLQERLEKAQ 273

Coiled-coil 1
STIM1 EEHRTVEVEKVHLEKKLRDEINLAKQEAQRLKELREGTENERSRQKYAEEELEQVREALR 329
STIM1 isoform EEHRTVEVEKVHLEKKLRDEINLAKQEAQRLKELREGTENERSRQKYAEEELEQVREALR 329
STIM2 EENRNVAVEKQNLERKMMDEINYAKEEACRLRELREGAECELSRRQYAEQELEQVRMALK 333
STIM2 isoform 1 EENRNVAVEKQNLERKMMDEINYAKEEACRLRELREGAECELSRRQYAEQELEQVRMALK 420 
STIM2 isoform 2 EENRNVAVEKQNLERKMMDEINYAKEEACRLRELREGAECELSRRQYAEQELEQVRMALK 333

Coiled-coil 2    Exon 9 VASSYLIQ insertion
STIM1 KAEKELESHSSWYAPEALQKWLQLTHEVEVQYYNIKKQNAEKQLLVAKEG--------AE 381
STIM1 isoform KAEKELESHSSWYAPEALQKWLQLTHEVEVQYYNIKKQNAEKQLLVAKEG--------AE 381
STIM2 KAEKEFELRSSWSVPDALQKWLQLTHEVEVQYYNIKRQNAEMQLAIAKDE--------AE 385
STIM2 isoform 1 KAEKEFELRSSWSVPDALQKWLQLTHEVEVQYYNIKRQNAEMQLAIAKDEVAASYLIQAE 480
STIM2 isoform 2 KAEKEFELRSSWSVPDALQKWLQLTHEVEVQYYNIKRQNAEMQLAIAKDE--------AE 385

Coiled-coil 3
STIM1 KIKKKRNTLFGTFHVAHSSSLDDVDHKILTAKQALSEVTAALRERLHRWQQIEILCGFQI 441
STIM1 isoform  KIKKKRNTLFGTFHVAHSSSLDDVDHKILTAKQALSEVTAALRERLHRWQQIEILCGFQI 441
STIM2 KIKKKRSTVFGTLHVAHSSSLDEVDHKILEAKKALSELTTCLRERLFRWQQIEKICGFQI 445
STIM2 isoform 1 KIKKKRSTVFGTLHVAHSSSLDEVDHKILEAKKALSELTTCLRERLFRWQQIEKICGFQI 540 
STIM2 isoform 2 KIKKKRSTVFGTLHVAHSSSLDEVDHKILEAKKALSELTTCLRERLFRWQQIEKICGFQI 445

Inhibitory Domain
STIM1 VNNPGIHSLVAALNIDPSWMGSTRPNPAHFIMTDDVDDMDEEIVSPLSMQSPSLQSSVRQ 501
STIM1 isoform VNNPGIHSLVAALNIDPSWMGSTRPNPAHFIMTDDVDDMDEEIVSPLSMQSPSLQSSVRQ 501 
STIM2 AHNSGLPSLTSSLYSDHSWVVMPRVSIPPYPIAGGVDDLDEDTPPIVS-QFP-------G 497
STIM2 isoform 1 AHNSGLPSLTSSLYSDHSWVVMPRVSIPPYPIAGGVDDLDEDTPPIVS-QFP-------G 592 
STIM2 isoform 2 AHNSGLPSLTSSLYSDHSWVVMPRVSIPPYPIAGGVDDLDEDTPPIVS-QFP-------G 497

STIM1 splice variant P/S Rich Region STIM2
STIM1 RLTEPQHGLGSQRDLTHSDSESSLHMSDRQRVAPKPPQMSRAADEALNAMTSNGSHRLIE 561
STIM1 isoform RLTEPQHGLGSQRGSSLKANRLSSKGFDPFRFGVLPPHE--------------------- 540
STIM2 TMAKPPGSLARSSSLCR----------SRRSIVPSSPQPQRAQLAPHAPHPSHPRHPHHP 547
STIM2 isoform 1 TMAKPPGSLARSSSLCR----------SRRSIVPSSPQPQRAQLAPHAPHPSHPRHPHHP 642

Fig. 23.1 Sequence alignment of STIM isoforms
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STIM2 isoform 2 TMAKPPGSLARSSSLCR----------SRRSIVPSSPQPQRAQLAPHAPHPSHPRHPHHP 547
STIM2 missing alternate in-frame exon

STIM1 GVHPGSLVEKLP------DSPALAKKAL----------------------LALNHGLDKA 593
STIM1 isoform ------------------------------------------------------------ 540
STIM2 QHTPHSLPSPDPDILSVSSCPALYRNEEEEEAIYFSAEKQWEVPDTASECDSLNSSIGRK 607
STIM2 isoform 1 QHTPHSLPSPDPDILSVSSCPALYRNEEEEEAIYFSAEKQWEVPDTASECDSLNSSIGRK 702
STIM2 isoform 2 QHTPHSLPSPDPDILSVSSCPALYRNEEEEEAIYFSAEKQCIHLGL-GACKSE------- 599

P/S Rich Region STIM1
STIM1 H-------SLMELSPSAPPGGS-PHLDSSRSHSPSSPDPDT--PSPVGD----------- 632
STIM1 isoform ------------------------------------------------------------ 540
STIM2 QSPPLSLEIYQTLSPRKISRDEVSLEDSSRGDSPVTVDVSWGSPDCVGLTETKSMIFSPA 667 
STIM2 isoform 1 QSPPLSLEIYQTLSPRKISRDEVSLEDSSRGDSPVTVDVSWGSPDCVGLTETKSMIFSPA 762
STIM2 isoform 2 ------------------------------------------------------------ 599

STIM1 -------------------------------------SRALQ----ASRNTRIPHLAGKK 651
STIM1isoform ------------------------------------------------------------ 540
STIM2 SKVYNGILEKSCSMNQLSSGIPVPKPRHTSCSSAGNDSKPVQEAPSVARISSIPHDLC-- 725
STIM2isoform1 SKVYNGILEKSCSMNQLSSGIPVPKPRHTSCSSAGNDSKPVQEAPSVARISSIPHDLC-- 820
STIM2isoform2 ------------------------------------------------------------ 599

K Rich Region
STIM1  AVAEEDNGSIGEETDSSPGRKKFPLKIFKKPLKK 685
STIM1isoform ---------------------------------- 540
STIM2 --------HNGEKS-KKPSKI---KSLFKKKSK- 746
STIM2isoform1 --------HNGEKS-KKPSKI---KSLFKKKSK- 841
STIM2isoform2  ---------------------------------- 599

Fig. 23.1 (continued)

coiled-coil (CC1-CC3) helices (aa 238-437), CC1 aa: 238-343, CC2 aa: 345-391,
CC3 aa: 393-437. Afterwards, the inhibitory domain (aa 470-491), containing the
CRAC modulatory domain (aa 475-483), a proline/serine-rich (aa 600-629) and a
positively charged lysine-rich region (aa 672-685) follow (Fig. 23.2a).

The structure of the N-terminal Ca2+ sensor, the STIM1 EF-SAM complex has
been resolved via NMR in the Ca2+-bound state [37]. The EF hand domain consists
of two EF hand motifs, a canonical and a non-canonical one. They both possess
typical helix-loop-helix structures, α1-loop1-α2 for the canonical and α3-loop2-α4
for the non-canonical (Fig. 23.2b, left) motif, respectively. While the canonical EF
hand motif coordinates a single Ca2+ ion, the non-canonical one lacks this ability
and contributes to structural stabilization of the canonical EF hand [26, 37]. The
canonical EF hand includes several negatively charged residues that have been
proposed to contribute to Ca2+ binding [36] (Fig. 23.2b, left).

The EF hand domain is linked to the SAM domain via a short helical structure.
The SAM region forms a five α-helix bundle structure (Fig. 23.2b, left) and
represents another essential region of the STIM1 protein, which is vital for the
regulation of store-operated Ca2+ entry [16, 26]. Deletion of the SAM domain has
been shown to alter inducible punctae formation [38].

The EF-hand and SAM domains form a complex via hydrophobic interactions,
under resting conditions. Here, two hydrophobic amino acids L195 and L199,
positioned within the last α-helical segment of the SAM domain, couple to the
hydrophobic cleft of the EF-hand domain [26, 37].

The TM domain of STIM1 links the EF-SAM domain to STIM1 C-terminus,
in order to enable signal transmission from the N- to the C-terminus [39]. This
helical portion includes three glycines (G223, G225, G226) which provide it with
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Fig. 23.2 Stromal interaction molecule 1 and 2 (STIM1, STIM2) (a) Scheme showing a com-
parison of a full-length human STIM1 (top) and STIM2 (bottom) with respect to regions critical
for the regulation of the STIM1/Orai1 signaling cascade (upper part). Important fragments, such as
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the flexibility required for conformational changes upon STIM1 activation [40].
Structural alterations will be addressed in more detail in the following sections.

STIM1 C-terminus has been shown to include minimal fragments such as the
Orai1 activating small fragment: OASF (aa 233-474) [41], Ccb9 (aa 339-444) [42],
the CRAC-activating domain: CAD (aa 342-448) [43] and the STIM Orai activating
region: SOAR (aa 344-442) [44], which is sufficient to activate Orai channels.
Structural predictions have revealed that the long putative CC1 domain contains
three α-helical regions CC1α1 (aa 238-271), CC1α2 (aa 278-304), CC1α3 (aa 308-
337), respectively [45]. Currently structural resolutions of two distinct portions of
STIM1 C-terminus are available: a STIM1-C-terminal, SOAR-like fragment aa 354-
444 [17] (Fig. 23.2c) and a SOAR overlapping fragment aa 312-387 (Fig. 23.2d)
[16]. Both fragments incorporate parts of STIM1 CC2 (aa: 345-391) and CC3 (aa:
393-437) that are supposed to be critical for oligomerization of STIM1 proteins,
coupling to and activation of CRAC channels [41]. It is noteworthy that both
structures of STIM1 C-terminal fragments reveal a dimeric assembly, while the two
monomers assemble in an antiparallel manner with a cross point at residue Y361
(Fig. 23.2c, d). Within the crystal structure of the SOAR-like fragments arranged
as dimers, the two monomers together exhibit an overall V-shaped conformation
(Fig. 23.2c). The structure of each monomer resembles the capital letter “R”, that
is constituted by four α-helices Sα1-Sα4 (Sα1 (aa 345-391), Sα2 (aa 393-398), Sα3
(aa 400-403) and Sα4 (aa 408-437)). Within the NMR structure of the SOAR dimer,
each monomer forms a bend between the two helical portions CC1α3 and CC2 [16,
17] (Fig. 23.2d).

The inhibitory (aa 470-491) [46] or CRAC modulatory domain (aa 474-485) [47]
contains seven negatively charged residues which are critical for the maintenance
of typical biophysical characteristics of CRAC channels, as explained later in this
review.

Downstream of the C-terminal coiled-coil regions STIM1 possesses a Ser/Pro-
rich region (aa 600-629) which is important for proper targeting of STIM1 into
clusters close to the cell membrane upon Ca2+ store depletion [48].

�
Fig. 23.2 (continued) OASF, Ccb9, CAD and SOAR are further represented as insets. (b) The
left and middle panels show high resolution EF-SAM domains structures of human STIM1 and
STIM2, each loaded with a Ca2+ ion (red spheres), respectively. The residues with proposed Ca2+
binding ability are highlighted. The right panel displays the portion of the STIM1 CC1- inhibitory
helix with the critical residues highlighted. (c) The crystallographic structure of the STIM1 SOAR
dimer, forming a V-shape, consists of CC2 and CC3 domains. Each monomer resembles the capital
letter ,R“. Residues that represent potential interaction sites within the dimer and those mediating
coupling to Orai1 are highlighted. Left inset: Magnified view of amino acids involved in dimer
interactions between the N-terminal portion of the first SOAR monomer and the C-terminal portion
of the second SOAR monomer. (d) The NMR structure consists of a dimer of STIM1 CC1α3-CC2
monomers that couple in an antiparallel manner. Each monomer bends with a sharp kink between
the two coiled-coil domains
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Furthermore, a lysine-rich region at the end of STIM1 C-terminus [34, 49]
also participates in correct STIM1 targeting. However, it is dispensable for CRAC
channel activation [50]. It resembles a phosphatidyl inositol-4,5-bisphosphat (PIP2)
binding domain [50, 51]. The role of PIP2 in STIM1 regulation will be explained in
the section entitled “Lipid mediated regulation of the STIM1/Orai1 complex.”.

23.2.3 STIM2

The STIM2 protein contains 746 amino acids (Fig. 23.2a) and critical domains are
analogous to those for STIM1 as described above. Briefly, this protein includes the
ER signal peptide (aa 1-15), a luminal EF hand (a canonical aa 67-100 and a non-
canonical aa 101-131 EF hand) (Fig. 23.2b, middle), a sterile α-motif (SAM aa
136-204) followed by an α helical TM domain (aa 217-237) and the large cytosolic
part, which includes the three coiled-coil (CC1-CC3) helices (aa 240-441; CC1 aa:
240-347, CC2 aa: 349-395, CC3 aa: 412-441), a proline/serine-rich (aa 521-556)
and a positively charged lysine-rich region (aa 730-746).

Despite the many similarities and ∼61% sequence identity of STIM1 and
STIM2 isoforms, STIM2 possesses several notable differences compared to STIM1,
providing evidence for distinctions in its structure and function.

STIM1 and STIM2 EF-SAM domains possess significant differences, despite
having a sequence similarity of ∼85%. Specifically, the SAM domain of STIM2
(Fig. 23.2b middle), in contrast to that of STIM1, consists of an additional third
non-polar residue V201 that packs into its hydrophobic cleft. Thus, the hydrophobic
core of STIM2 – unlike STIM1 – shows not only an enhancement in size but also
in stability in the presence of bound Ca2+. Additional support for the stability of
STIM2 is provided by the existence of a possible ionic bond between D200 in
the SAM domain and K103 in the EF hand domain. Thus, due to the presence of
more stable hydrophobic and electrostatic interactions, the STIM2 SAM domain
oligomerizes more efficiently than that in STIM1 [26, 37].

A comparison of STIM1 and STIM2 C-termini exhibits considerable differences
within the last third, termed as variable region. Homology modelling of the STIM1
C-terminal SOAR region predicts an almost identical structure. Nevertheless, one
main difference represents the non-conserved residue F394 in SOAR of STIM1
[52], corresponding to L398 in STIM2. Chimera and single point mutation studies
by Wang et al. [52] revealed clear functional differences in the dependence of the
introduced residue at this position, which will be outlined in detail in the section
entitled “Activation mechanisms of the STIM1/Orai signaling machinery”.

The lysine-rich region at the very end of STIM2 is notably larger than that of
STIM1 and possesses an enhanced affinity for PIP2, as explained in more detail in
the section entitled “Lipid-mediated regulation of the STIM1/Orai1 complex” [51].
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23.2.4 Orai Proteins

The Orai protein family includes three highly conserved isoforms, Orai1-3,
expressed in the plasma membrane. Orai, as the pore-forming subunit of CRAC
channels, is unique among the huge diversity of Ca2+ ion channels due to its high
degree of Ca2+ selectivity as well as its hexameric structure. [2, 12, 14, 53] In native
cells, Orai proteins are assumed to form homo- as well as heteromeric assemblies
[54, 55]. Each Orai subunit is composed of four transmembrane (TM) domains that
are connected via one intracellular and two extracellular loops and flanked by a
cytosolic N- and C-terminal strand (Fig. 23.3a, b) [56–58]. The TM1 segment (aa
92-106) is fully conserved among the protein family, while TM2 (aa 118-140), TM3
(aa 174-197) and TM4 (aa 236-258) share ∼81-87% sequence identity. Flanking
strands and connecting loops possess major isoform specific structural differences
(Fig. 23.2) [59]. Specifically, the cytosolic N- (aa 1-90) and C-terminal (aa 265-301)
strands show only 34% and 46% sequence identity, respectively [60]. Furthermore,
especially the cytosolic extension of TM2 has been suggested as longer in Orai3
than in Orai1. Thus, Orai3 in contrast to Orai1, contains a shorter flexible loop2
portion connecting TM2 and TM3 [61].

In 2012, Hou et al. [14] published the crystal structure of Drosophila
melanogaster dOrai, that exhibits a hexameric stoichiometry (Fig. 23.3c). In accord
with the dOrai crystal structure, the results of concatemeric studies confirmed that
the functional state of human Orai1 represents a hexameric assembly [62, 63]. The
Orai pore is formed by the six TM1 domains arranged as a ring in the center of the
channel complex. Its detailed composition (Fig. 23.3d) is explained in the section
entitled “Ca2+ ion conduction pathway”. The other TM regions, TM2 – TM4 are
arranged around the pore in two rings, whereas TM2 and TM3 form the second
and TM4 the third ring. The TM1 domains extend further into the cytosol [14]
culminating into a conserved, helical region, that has been termed the so-called
ETON (Extended TM Orai1 NH2-terminal; aa 73-90 in hOrai1) region [64] (Fig.
23.3d, e) for hOrai homologues. It is approximately 20 Å long and includes the
last 20 amino acids of the Orai N-terminus. Both, TM2 and TM3 have been shown
to expand into the cytosol by a couple of helical turns [14]. TM4 is divided by a
kink at P245 in hOrai (corresponding to P288 in dOrai) into two regions. Helical
extensions of TM4 exposed to the cytosol, represent the Orai C-termini and are
connected to TM4 via a highly conserved hinge region (aa 261-265). Within a
hexamer, three dimers of Orai subunits exhibit antiparallel oriented C-termini,
which respectively form an angle of 152◦ [14, 65]. Thereby, they capture a belt-
like assembly surrounding the intracellular side of the channel [15]. The structural
properties of the Orai C-termini provide in addition to the sixfold, a threefold
symmetry to the Orai channel. (Fig. 23.3c). Unfortunately, structural resolution of
the more flexible Orai segments including the intracellular, both extracellular loops
and approximately the first ∼70 residues of the N- terminal strands are still missing.
Nevertheless, flexible loop portions have been integrated into a hOrai1 model that
is based on the dOrai X-ray structure [66].
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Fig. 23.3 Orai1 channel (a) Scheme depicting the full-length human Orai1 channel with high-
lighted regions and residues that are essential for Orai1 function. (b) Scheme of overall full-length
human Orai1 subunit structure representing distinct extracellular, cytosolic and transmembrane-
spanning regions. The selectivity filter of the channel, E106, is depicted as a blue line; the residue
L273 that causes impaired STIM1 binding upon single point mutation is shown as a green circle. (c)
The cartoon shows the Orai1 channel possessing a hexameric assembly based on the Drosophila
dOrai X-ray structure. While the inner ring surrounding the pore is formed by TM1, other TM
domains within the six subunits are constituted into concentric rings around the pore. (d) The
cartoon displays two opposite TM1 domains with the cytosolic and extracellular helical extension
and highlights the essential residues lining the pore of the channel depicted in teal. Residues of the
N-terminal region, ETON, are depicted in purple. On the C-terminal side is the CAR region with
its residues depicted in black. The selectivity filter, hydrophobic core and basic region of the pore
are highlighted. (e) The cartoon of one Orai1 subunit with four TM segments along with N- and
C- terminal helices depicted in distinct colors (same as applied within a–d) displays the residues
in more detail that are known to manifest proper Orai1 channel function and maintain the closed
state of the Orai1 channel
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Orai1 MHPEPAPPPSRSSPELPPSGGSTTSGSRRSRRRSGDGEPPGAPPPPPSAVTYPDWIGQSY 60
Orai2 --------------------------MSAELNVPIDPSAPACPEPGHKGMDYRDWVRRSY 34
Orai3 -----------------MKGGEGDAGEQAPLNP--------EGESPAGSATYREFVHRGY 35

ETON region                        TM1 CAR
Orai1 SEVMSLNEHSMQALSWRKLYLSRAKLKASSRTSALLSGFAMVAMVEVQLDADHDYPPGLL 120
Orai2 LELVTSNHHSVQALSWRKLYLSRAKLKASSRTSALLSGFAMVAMVEVQLETQYQYPRPLL 94
Orai3 LDLMGASQHSLRALSWRRLYLSRAKLKASSRTSALLSGFAMVAMVEVQLESDHEYPPGLL 95

TM2       
Orai1 IAFSACTTVLVAVHLFALMISTCILPNIEAVSNVHNLNSVKESPHERMHRHIELAWAFST 180
Orai2 IAFSACTTVLVAVHLFALLISTCILPNVEAVSNIHNLNSISESPHERMHPYIELAWGFST 154
Orai3 VAFSACTTVLVAVHLFALMVSTCLLPHIEAVSNIHNLNSVHQSPHQRLHRYVELAWGFST 155

TM3
Orai1 VIGTLLFLAEVVLLCWVKFLPLKKQPGQPRPT---SKPPASGA----------------- 220
Orai2 VLGILLFLAEVVLLCWIKFLPVDARRQPG-P------PPG-------------------- 187
Orai3 ALGTFLFLAEVVLVGWVKFVPIGAPLDTPTPMVPTSRVPGTLAPVATSLSPASNLPRSSA 215

TM4
Orai1 --------------AANVSTSGITPGQAAAIASTTIMVPFGLIFIVFAVHFYRSLVSHKT 266
Orai2 --------------------PGSHTGWQAALVSTIIMVPVGLIFVVFTIHFYRSLVRHKT 227
Orai3 SAAPSQAEPACPPRQACGGGGAHGPGWQAAMASTAIMVPVGLVFVAFALHFYRSLVAHKT 275

C-terminal strand
Orai1 DRQFQELNELAEFARLQDQLDHRGDHPLTPGSHYA 301
Orai2 ERHNREIEELHKLKVQLDGHER-SLQVL------- 254
Orai3 DRYKQELEELNRLQGELQAV--------------- 295

Fig. 23.4 Sequence alignment of Orai isoforms

It is noteworthy that several residues (Fig. 23.4e) within Orai TM domains have
recently been reported as important for maintaining the entire channel complex
in the closed state, since their single or multiple point mutations have resulted in
constitutively active channels. These are known as gain-of-function mutations [65,
67–73]. One recently described gain-of-function point mutant Orai1 H134A (dOrai
H206A) [68] has been utilized for further crystallographic studies representing one
open conformation of the channel [15], in contrast to the potential quiescent state of
the dOrai structure published in 2012 [14].

In accordance with the dOrai crystal structure, the novel dOrai H206A (corre-
sponds to H134A in hOrai1) mutant structure exhibits also a hexameric assembly
[15]. Main conformational alterations have been observed in the basic region of
the pore as well as the TM4 regions. Unlike to the dOrai closed pore, the open
state of the dOrai mutant displays an extension of approximately 10Å at dOrai
K159 (corresponding to K87 in hOrai1) within the basic pore region. While in the
quiescent state TM4 is separated into two regions by a kink at P288 (corresponds
to P245) and connected to the C-terminus via another kink, the so-called nexus
(in hOrai1 aa 261-265) [65], the open state of the Orai mutant exhibits a straight
helix formed by the two TM4 segments and the C-terminus thus, expanding
approximately 45Å into the cytosol [15].

It is important to note that the Orai crystal structures available so far display the
channel’s potential open and closed conformations only in the absence of STIM1.
However, physiologically, Orai channels are activated via their coupling to STIM1,
which potentially leads to a distinct conformation that differ from the structure of
specific gain-of-function point mutants. Thus, the structural resolution of a STIM1-
Orai1 complex would represent the ultimate goal to provide insights in Orai confor-
mational changes from the closed to the open state at a more physiological level.
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23.3 Activation Mechanisms of the STIM1/Orai Signaling
Machinery

23.3.1 STIM1 in the Resting State

The STIM1 conformation in the resting state is controlled by STIM1 N-terminal,
transmembrane and C-terminal domains, which is explained in detail in the follow-
ing. Inactive STIM1 proteins exist as dimers [41, 74] that are uniformly distributed
throughout the ER membrane. They are stably connected to microtubules [75, 76]
and their average diffusion velocity is 0.22 ±0.07 μm/s [75].

In the quiescent state, the EF-hand domain at the luminal N-terminus of STIM1
binds Ca2+ via negatively charged residues (aspartates and glutamates) [77].
Mutations of some of these residues (D76A, D76/78N, E87Q) lead to the loss
of Ca2+ binding ability and, hence, to constitutive STIM1 activity [9, 11, 78].
The resting conformation of the EF-SAM domain represents a compact structure
consisting of mainly α-helices (Fig. 23.2b). They are stabilized by hydrophobic
interactions between the EF-hand and the SAM domain (see previous section) [36].
Several studies have revealed that the EF-SAM domain exists as a stable monomer
in the quiescent state, while it forms dimers upon dissociation of Ca2+, findings that
are in line with STIM1 oligomerization upon store-depletion [36, 37]. In contrast,
Huang et al. [77] have shown that the EF-hand domains isolated from STIM1 tend
to form dimers already in the presence of Ca2+, in accord with the STIM1 dimeric
state under resting conditions.

STIM2 already leaves the quiescent state upon smaller changes in the luminal
Ca2+ concentration than STIM1, although Orai channel activation by STIM2
is slower compared to STIM1 [37]. This underlies differences in sequence and
structure of the EF-SAM domain of STIM1 and STIM2 that lead to distinct affinities
for Ca2+ with a Kd of 200 μM and 500 μM for STIM1 and STIM2, respectively [36,
37, 79]. While the canonical EF-hand of STIM2 possesses a lower Ca2+ affinity than
that of STIM1, hydrophobic and electrostatic interactions between the EF-hands and
the SAM domains are more stable in STIM2 than in STIM1. Thus, the STIM1 EF-
SAM domain undergoes faster unfolding and aggregation upon dissociation of Ca2+
than that of STIM2 [26, 37]. Furthermore Subedi et al. [80] recently revealed that
STIM2 is already located in ER-PM junctions in the resting state and assists STIM1
in unfolding and coupling to Orai1 upon minimal store-depletion. In addition, a
splice variant STIM1L has been shown to be located in the ER-PM junctions in
the resting state, which has been found to underlie a 106 aa long extension in its
C-terminus. The latter enables the anchoring of STIM1L to the cytoskeleton [81].

In addition to the EF-SAM domain, the conformation of the TM domains also
controls the resting state of STIM proteins. Chemical crosslinking and computa-
tional modeling have revealed that the TM domains of two STIM1 proteins mainly
interact at their C-terminal portions (aa 221-232) whereas their N-terminal parts
(aa 212-220) are kept apart via a crossing angle of approximately 45◦ in the resting
state [40] (Fig. 23.5a). A tryptophan-scanning approach was used by Zhou et al. [40]
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to identify two residues (I220, C227) within the transmembrane domain that keep
STIM1 in the closed state, as their mutation (I220W, C227W) leads to constitutive
STIM1 activity.

The dimeric state of STIM1 C-termini under resting conditions [38, 41, 82–
85] is mediated by CAD/SOAR and further supported by CC1 [74]. Based on
the crystal structure of human SOAR, STIM1 dimer formation is maintained via
hydrophobic, hydrogen bond and stacking interactions between C-terminal residues
of one SOAR (R429, W430, I433, L436 in α4) and N-terminal residues of another
one (L347, W350, L351, T354, Y361 in α1). Their importance is evident from the
results of mutagenesis studies, as interference with the dimer formation at those
positions impairs the SOAR binding to Orai. [17] Moreover, the NMR structure
of the overlapping SOAR domain resolves the interactions of CC1α3 (aa 320-331)
and CC2 (aa 355-369) within the monomers, respectively [16] (Figs. 23.2c, d and
23.5a). These NMR data provide valuable information on the SOAR structure.
Nevertheless, one still has to keep in mind that the STIM1 fragment (aa 312-387),
which has been structurally resolved, is unable to bind to and activate Orai1 [41].

The cytosolic part of STIM1 is also involved in controlling the inactive state via
an intramolecular clamp between CC1 and SOAR (Fig. 23.5a), particularly between
CC1α1 and CC3 [45, 86]. Single point mutations within CC1α1 (L248S, L251S,
L258S) and CC3 (L416S, L423S) engineered in a double labeled OASF fragment
resulted in decreased FRET values, indicating that these residues are involved in
maintaining the tight conformation of STIM1 [83, 86]. Additionally, Y316 in CC3
has been shown to contribute to the inactive state of STIM1, as a mutation to an
alanine (Y316A) leads to STIM1 cluster formation without store-depletion [87].
In contrast, mutating the arginine at position 426 in CC3 to a leucine (R426L)
strengthened the CC1-CC3 clamp, thereby stabilizing the quiescent state of STIM1
[86]. Moreover, four other residues, L258 and L261 in CC1α1 and V419 and L416
in CC3 have been proposed to support this intramolecular clamp, keeping STIM1 in
the closed state [40].

The gain-of-function point mutant STIM1 R304W, which has been associated
with Stormorken Syndrome, suggests that residue R304 in CC1 supports the
maintenance of STIM1 in the closed state [8]. A recent study on this mutant revealed
that this specific point mutation induces an extension of the CC1α2 helix and lead to
increased CC1 homomerization [88], which is in line with the observed destabilizing
effect of CC1α2 leading to an open state as mentioned in the next section.

In contrast to STIM1, the CC1-CC3 interaction within STIM2 has been found
to be much weaker, thus providing one potential explanation for the observed
clustering of STIM2 within the ER-PM junction in unstimulated cells [80].

In summary, several parts of STIM1 are involved in keeping the protein in the
resting state, including the EF-hand domain as long as Ca2+ is bound, specific
residues within the crossing TM domains of a STIM1 dimer as well as the C-
terminus via the intramolecular clamp between CC1 and SOAR.
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Fig. 23.5 Hypothetical model of the binding of STIM1 to Orai1 (a) As long as Ca2+ ions
are bound to the EF-hand of STIM1, the latter stays in an inactive, tight state (left part).
However, upon store depletion, when the EF-hand domain of STIM1 loses the Ca2+ ion,
conformational changes are induced, and STIM1 proteins reassemble into the active, extended
state (middle part). Subsequently, the crossing angle of the STIM1 TM helices is altered and the
inhibitory, intramolecular clamp between CC1α1 and CC3 is released, which finally results in
a STIM1 interaction with the Orai channel in the plasma membrane (right). (b) Three different
stoichiometries of the functional STIM1-Orai1 complex have been proposed (according to
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23.3.2 STIM1 Oligomerization and Conformational Changes
Upon Activation

STIM1 activation is initiated upon store-depletion and induces conformational
changes in STIM1 that propagate from the N-terminus via the TM domain to the
C-terminus. This leads to STIM1 oligomerization, punctae formation and finally
coupling to and activation of Orai. Initial studies employing FRET microscopy have
revealed an increase in the STIM1 homomeric interaction following store-depletion
which decreases upon store-refilling [50, 89]. It is worth mentioning, that STIM1
oligomerization occurs prior to STIM1-Orai1 coupling [50].

The first step in the STIM1 activation cascade is the dissociation of the EF-hand
bound Ca2+ ion upon store-depletion, which leads to the structural destabilization
of the EF-SAM motif [79, 90]. Hydrophobic regions become exposed, leading to the
dimerization of neighboring STIM1 N-termini. In accordance with this observation,
STIM1 mutants lacking the entire C-terminus have been reported to form multimers
upon the loss of Ca2+ binding [74]. Oligomerization upon Ca2+ store-depletion is
in line with the constitutive punctae formation seen in the STIM1 EF-hand mutants
(D76A, E87A), that are defect in Ca2+ binding [9, 23]. In addition, oxidative
stress has been hypothesized to reduce the Ca2+-binding affinity of STIM1, as
native CRAC currents have been shown to activate in the presence of micromolar
concentrations of H2O2 [91–94].

Structural rearrangements within the STIM1 N-terminus lead to conformational
changes in the TM domains, allowing the transmission of the activation signal to the
C-terminus. STIM1-TM domains have been found to possess distinct conformations
in the closed versus the open state. NMR and LRET experiments have revealed
that store-depletion decreases the crossing angle of interacting TM regions thereby
bringing the N-terminal parts (aa 214-220) closer together [40]. In line with this
observation, cysteine crosslinking experiments have shown that the TM helices

�
Fig. 23.5 (continued) [16, 217]). (1) In the unimolecular SOAR-Orai coupling model (STIM1-
Orai1 1:1 ratio) one of the SOAR monomers of a SOAR dimer interacts with a single Orai1 channel
subunit and induces gating (upper part left). The second monomer of the dimer binds to another
Orai channel, thus enabling clustering of Orai channels. (2) Bimolecular coupling model shows
(STIM1-Orai1 1:1 ratio), based on the NMR [16] structure using isolated partial SOAR fragments
and SOAR-coupling C-terminal strand of Orai, a dimer of STIM1 which binds to the crossing C-
termini of two adjacent Orai1 subunits in the hexameric Orai1 channel, thus inducing gating (left).
(3) The sequential step model shows, first, the resting state of the Orai channel which possesses the
assembly with an antiparallel configuration of neighboring Orai1 C-terminal strands providing the
binding site for a SOAR dimer (lower part, left). In the next step, Orai1 C-terminal strands extend
towards the cytosol leading to only a partial pore opening (middle). Finally, the dissociated Orai1
C terminal strands of the partially active channel represent a new binding site for the SOAR dimer
with a final 2:1 stoichiometry (right)



566 C. Butorac et al.

of two STIM1 proteins move closer together after store-depletion and undergo a
change in the orientation towards each other, as the crosslinking of residues L216,
S219, G223, G226, A230 and Q233, when mutated to a cysteine, has only been
visible in the active state [40, 95]. Due to their high flexibility, three glycines (G223,
G225, G226) within the transmembrane domain likely facilitate the conformational
changes necessary to transmit the activation signal from the luminal side to STIM1
C-terminus [40, 96]. It is worth mentioning that STIM1 TM rearrangements are
not only triggered by luminal Ca2+ but can also be governed by alterations in
the C-terminus, as has been shown via the L251S mutation. The latter induces
constitutive activity of STIM1 and already allows in the presence of Ca2+a TM
cysteine crosslinking pattern [95], as observed under wild-type conditions in the
absence of Ca2+. Thus, while the activation signal within STIM1 is transmitted
from the N- to the C-terminus, conformational changes within STIM1 have been
assumed to occur in a bidirectional manner.

The final step in the activation cascade of STIM1 represents the signal trans-
mission from the TM domain to the C-terminus inducing conformational changes
together with oligomerization. Here, one main step represents the release of the
intramolecular clamp between CC1 and CC3, thereby exposing SOAR [40, 45,
83]. By labeling STIM1 fragments on both sides a reduction in intramolecular
FRET/LRET has been observed upon the release of the intramolecular clamp either
upon coupling to Orai1, single point mutations such as L248S, L251S, L258S or the
deletion of CC1 domain [83, 86]. Along the same lines, ER-targeted CC1 domains
are unable to couple to SOAR/CAD fragments when mutated (e.g. at L251S) [40,
45]. Moreover, while CC1 occurs as a monomer in solution and binds to CAD,
artificially crosslinked CC1 fragments form dimers that exhibit impaired interaction
with cytosolic CAD/SOAR [83] that is compatible with a di-/homomerization
of the CC1 region and contributes to the switch into an extended conformation
[83]. Additionally, FIRE (FRET-derived Interaction in a Restricted Environment)
experiments have shown that CC1α2 plays a destabilizing role, as the deletion of this
region significantly delays the activation of Orai1 by STIM1 �CC1α2. Breakup of
the CC1-CC3 clamp leads to enhanced CC1 homomerization and SOAR exposure,
while CC3 is involved in formation of higher order STIM1 oligomers [16, 40, 41,
45, 83, 86]. Mutation of residue R429 in CC3 to a cysteine (R429C), associated
with combined immune deficiency [97], does not affect the STIM1 transition to
the active state, but reduces STIM1 oligomerization and its coupling to Orai1
[98]. A C-terminal region overlapping with CC3 (aa 421-450) forms the STIM1
homomerization domain (SHD), the deletion of which leads to drastically reduced
STIM1 oligomerization and loss of Orai1 activation [41].

In contrast to STIM1, clustering of STIM2 is more pronounced, probably due
to the more relaxed and open conformation of OASF in STIM2 than in STIM1.
Herewith, STIM2 helps STIM1 to transit into the active state, thus enabling
STIM1/Orai1 activation [80]. Furthermore, the accessory protein STIMATE, a
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STIM-activating enhancer located in the ER membrane, has been found to interact
with STIM1 CC1 in order to support the release of SOAR upon store-depletion [99].

A STIM2 splice variant, STIM2.1 has been found to couple to, but not gate
Orai1, and it functions as a negative regulator for STIM1 and STIM2 wild-type.
This inhibitory function arises due to an insertion of 8 aa in the CAD region of
STIM2, which potentially interferes with stable CAD formation. [33]

In addition to Ca2+ dependent regulation of STIM1 function, STIM1 glyco-
sylation sites within the SAM domain have been found to control its function
depending on the properties of the inserted amino acids. Specifically, a STIM1
N131D N171Q mutation has been found to create gain-of-function, thus enabling
not constitutive but faster Orai channel activation, suggesting that these mutations
facilitate STIM1’s transition from the closed to the open state. Intriguingly, this
STIM1 DQ mutant reduced the amount of Orai protein in the cell. This suggests that
an alternative mechanism leads to enhanced Orai activation, likely due to enhanced
oligomerization rates or potentially increased STIM1 dimer fusion. [100]

Further phosphorylation sites in Orai1 possess regulatory roles. Specifically, the
N-terminus includes two serines, S27 and S30, which, when mutated, enhance
CRAC channel activation upon mutation. This suggests that protein kinase C (PKC)
inhibits CRAC channel activation upon phosphorylation of these sites [101]. The
residue Y361 in STIM1 CC2 has been found to be phosphorylated by the proline-
rich kinase 2 upon store-depletion. Knocking out this phosphorylation site (Y361F)
still leads to STIM1 punctae formation, but coupling to Orai is completely abolished
[102]. Additional phosphorylation sites within the STIM1 C-terminus (S468, S668)
regulate store-operated Ca2+ currents during meiosis and mitosis [20, 103, 104].
Furthermore, STIM1 has been reported to be regulated by the extracellular-signal-
regulated kinases 1 and 2 (ERK1/2) [105], involving the phosphorylation of specific
sites within the STIM1 C-terminal serine/proline-rich region.

In summary, upon store-depletion and dissociation of the Ca2+ ion from the
STIM1 EF-hand domain, the activation signal is transmitted via the TM domain
to the C-terminus. Subsequently, the intramolecular clamp between CC1 and CC3
in the C-terminus is released, thereby exposing SOAR, the binding domain for Orai.
In addition, STIMATE, glycosylation sites and several phosphorylation sites are
involved in the regulation of the STIM’s active state.

23.4 STIM/Orai Coupling

Upon store-triggered conformational changes of STIM1, this Ca2+ sensor protein
interacts with the pore forming CRAC channel component, Orai. In the following
section, the main coupling domains within STIM1 and Orai that establish their
assembly and activation will be explained in detail.
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23.4.1 Main Coupling Domains Within STIM1

The STIM1 C-terminus located in the cytoplasm contains sites that are essential
for direct coupling to Orai1. In the STIM1 C-terminus, OASF, SOAR, CAD or
Ccb9 (Fig. 23.2a) are sufficient for Orai activation [41–44]. All of these fragments
comprise the CC2 (aa 345-391) as well as parts of the extended CC3 (aa 393-450)
domain, the latter including the STIM1 homomerization domain (SHD, aa 421-450)
[41]. Park et al. [43] showed a direct interaction between CAD and Orai1. Additional
studies with STIM1 C-terminal and Orai1 cytosolic fragments have revealed a
strong interaction between CAD and Orai1 C-terminus and, a weak one with the
N-terminus, and no interaction with the loop2 [43, 61, 64]. By employing a slightly
longer Orai1 loop2 fragment, our recent study revealed interactions with a STIM1-
C-terminal fragment [61].

The NMR structure of the so-called SOAP (STIM-Orai association pocket)
clearly shows that two STIM1 C-terminal fragments (aa312-387) bind to two Orai
C-termini in an antiparallel manner [16]. The residues involved in this association
are L347, L351 of one CC2, Y362, L373 and A376 of the second CC2, but also a
positively charged cluster (K382, K384, K385 and K386) [16]. This findings are in
line with those reported in previous publications which have shown that mutations
within this region (L347R, L351R, L373S, A376K) disrupt STIM1 binding to Orai1
[16, 106].

A more recent discovery shows that the α2 domain of SOAR (aa 393-398),
located between CC2 and CC3, plays a role in the coupling as well as activation
process of SOCE, as the non-conserved residue F394 therein seems to represent an
important interaction site within STIM1 [52]. It is worth mentioning that residue
F394 is the only non-conserved residue between STIM1 and STIM2 (L398) within
α2 of SOAR, which may also contribute to the distinct behavior of the two
homologues. F394 in STIM1 has been hypothesized to interact either with the Orai1
N-terminus or the Orai1 hinge plate [65], a region between TM3 and TM4 that forms
hydrophobic interactions (L174, L261) at the more cytosolic side of Orai1 [52, 107].

In summary, SOAR, located within the STIM1 C-terminus, represents an essen-
tial binding site for Orai channels. While the binding of STIM1 C-terminal residues
to the Orai1 C-terminus has been clearly defined, residues mediating potential
interactions with other Orai cytosolic sites are currently elusive.

23.4.2 Main Coupling Domains Within Orai1

STIM1 coupling to and activation of Orai1 involves cytosolic domains of the Orai
protein for either direct or indirect interaction. The main STIM1 binding site within
Orai1 represents the C-terminus. The Orai1 C-terminus contains two hydrophobic
residues (L273, L276) which have been identified as important for STIM1 coupling,
as their mutation to more hydrophilic amino acids (S/D) completely abolished
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STIM1 binding to Orai1 [48, 89]. Interestingly, only double, but not single point
mutations in the C-termini of Orai2 and Orai3 are sufficient to abolish STIM1
binding [106]. Besides L273 and L276, the resolution of the SOAP structure
uncovered additional residues within Orai1 C-terminus that are involved in STIM1
binding: R281, L286 and R289 [16]. The crystal structure of dOrai reveals that the
C-termini of two adjacent subunits are crossing each other in an antiparallel manner
at a crossing angle of 152◦ [14]. Crosslinking of cysteines at positions L273 and
L276 impaired STIM1 mediated Orai1 channel activation, thus locking it into the
inactive state [108]. The Orai1 C-terminus is connected to TM4 by a bent region
[14], the so-called nexus (aa261-265). It is assumed to alter its configuration upon
STIM1 coupling and initiates signal transmission to the pore [15, 65]. Indeed, point
mutations within the nexus (L261A V262N H264G K265A; Orai1 ANSGA) can
lead to a constitutively active channel that is accompanied by a reduction in STIM1
binding. This suggests that an altered Orai1 C-terminus conformation affects both
STIM1 coupling and the channel’s active state [65]. Thus, there is evidence that
the orientation of the C-termini for proper STIM1 binding is the key to preserving
store-operated Orai1 channel activation.

The Orai1 C-terminus representing the main and indispensable binding site for
STIM1 [43, 48, 89], but there is also evidence for the involvement of the N-
terminus in coupling, although to a weaker extent [43, 64]. These findings are
based on in vitro interaction studies with N-terminal fragments. Overexpression
studies of Orai1 N- and C-terminal truncation or single point mutants have allowed
researchers to clearly distinguish between STIM1 binding either to the N- or C-
terminus, as a deletion of or single point mutation within the C-terminus has
led to total loss of STIM1 binding. This suggests that if there is STIM1 binding
to other cytosolic domains of Orai1, STIM1 coupling to the Orai C-terminus
is an inalienable prerequisite for this. Nevertheless, both N-terminal truncation
(�N1-76/78) and point mutations (L74/W76EE/RR/SS, R83/K87A and K85E) within
the extended transmembrane Orai1 N-terminal (ETON) region (aa 73-90), lead to
reduced STIM1 binding, pointing to a potential direct or indirect involvement of
the Orai N-terminus in STIM1 coupling. [64, 109]. It is worth mentioning that
although the entire ETON region is conserved among the Orai homologues, Orai1
activation is lost upon N-terminal truncation up to residue 76 (Orai1 �N1-76),
whereas Orai3 activation is only lost upon deletion of the first 57 residues (Orai3
�N1-57), corresponding to residue 82 in Orai1 [110]. These observations suggest an
inhibitory role for Orai1 loop2 [61].

Thus, the loop2 of Orai1 has also been assumed to play a role in the gating
process. Exchanging the loop2 in Orai1 with that of Orai3 allows the recovery
of activation for some inactive Orai1 N-terminal mutants (e.g. Orai1 �N1-78,
Orai1 L74E W76E) [61] (Fig. 23.6a), indicating that loop2 has distinct properties
in the two homologues. The observed effects are accompanied by enhanced
STIM1 coupling to the N-truncated Orai1-Orai3-loop2 chimera. Indeed, experi-
ments employing the FIRE system have revealed an interaction between a STIM1
C-terminal and the Orai1 loop2 fragment; this interaction, however, has the same
extent as with the analogous Orai3-loop2 segment [61]. Further investigation of the
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role of loop2 revealed that it already impacts CRAC channels at the level of Orai
independent of STIM1. Specifically, diverse gain-of-function Orai mutants, that lose
their function upon N-terminal truncation, recover their activity upon swapping
Orai3-loop2, even without co-expression of STIM1, except for Orai1 ANSGA (Fig.
23.6m). MD simulations revealed that the helical extension of TM2 into the cytosol
is shorter in Orai1 than in Orai3, resulting in a longer and more flexible loop2
segment in Orai1 as compared to that in Orai3 [61]. This higher flexibility may
facilitate interactions between loop2 and the truncated N-terminus in Orai1, causing
this inhibitory effect within Orai1 �N1-78, but not within Orai1 �1-78 Orai3-L2.
This altered Orai conformation at the cytosolic side is thought to affect STIM1
binding either in a direct or indirect manner. It is probable that the loop2 and the
N-terminus function as individual binding sites or form a new binding site, but this
requires further proof. Cysteine crosslinking experiments have shown that STIM1
induced Orai1 currents are drastically diminished upon the crosslinking of K78
in the N-terminus and E166 in loop2 [61]. Thus, in wild-type Orai1 a permissive
communication between the N-terminus and loop2 is required to maintain STIM1
mediated Orai activation. In contrast, a non-functional Orai1 ANSGA N-truncation
mutant does not regain function (Fig. 23.6m) upon swapping Orai3-loop2. This
suggests that this mutant employs a distinct signal propagation pathway compared
to wild-type Orai1 and other constitutive Orai1 mutants, which probably bypasses
the loop2. A recent study on STIM and Orai in C. elegans revealed a distinct gating
mechanism compared to that in mammals, where the binding of cSTIM or cCAD to
the loop2 of cOrai is sufficient to gate the channel [111], indicating that the gating
mechanism of SOCE has evolved over time.

In addition, although STIM1 and Orai1 are sufficient for CRAC channel acti-
vation [84], accessory proteins further adjust their interplay. Certain regulatory
molecules have been reported to modulate CRAC channel function via coupling to
Orai N-terminus, and especially to the ETON region [43, 112–115], as it has been
shown for calmodulin (CaM). It adjusts CRAC channel inactivation, as outlined
in detail in “Ca2+ dependent inactivation of Orai channels” [116]. CRACR2A has
been reported to regulate the clustering of STIM1 and Orai1 upon store-depletion
via positively charged residues in the N-terminus [115]. Furthermore, SPCA2, a
Golgi secretory pathway Ca2+-ATPase, has been found to bind directly to Orai1,
whereas the region of interaction has been narrowed down to Orai1 N-terminus
(aa 48-91) [117]. It mediates Ca2+ entry across Orai1 channels independent of
STIM1 or ER-Ca2+-store-depletion. Moreover, the lipid cholesterol has been shown
to regulate CRAC channel function [113]. Detailed mechanisms for all these
regulatory proteins are summarized in the following studies and reviews [59, 118–
120], while more detailed insights on lipid mediated CRAC channel regulation are
provided at the end of this review.

In summary, Orai1 C-terminus represents the main and best-characterized bind-
ing site for STIM1. Other Orai cytosolic fragments are essential for CRAC channel
activation and maintenance of authentic CRAC channel hallmarks (as outlined in
“Maintenance of CRAC channel hallmarks”) but it remains unclear whether they
directly interact with the STIM1 C-terminus.
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23.5 Potential CRAC Channel Activation Mechanism via
STIM1-Orai1 Coupling

The Orai channel activation cascade is initiated via the coupling of STIM1-SOAR
to Orai1 C-terminus, which has been assumed to induce a conformational change in
the C-terminus and the connected TM4 as outlined in the previous chapter. In line,
comparison of the crystallographic resolution of a closed and an open conformation
of dOrai suggests a straightening of TM4-C-terminus together with a widening of
the pore in the basic region upon Orai pore opening [15]. However, a straightened
TM4-C-terminus has also been observed for an Orai1 R91S mutant, which remains
inactive in the absence of STIM1, in line with a lack of pore widening in the basic
region. Thus, a straightening of TM4-C-terminus is not sufficient for pore opening.
Additional conformational changes within the Orai channel complex are required to
enable pore widening of the basic region. [15] Further investigations are required to
determine how the signal of STIM1 binding to Orai1 C-terminus is transmitted to
the pore helices located toward the N-terminal side of each subunit.

On the one hand, it is probable that Orai1 channel activation requires, both
STIM1 coupling to Orai1 C-terminus and coupling to the cytosolic loop2 and/or the
N-terminus, as are required for STIM1 mediated activation [61, 64, 110, 121]. Palty
et al. [122] clearly demonstrated via local enrichment of STIM1 SOAR, that both
the Orai1 N- and C-terminus contribute synergistically to STIM1 mediated Orai1
activation. Specifically, they have shown that Orai1 tethered to CAD remains active
upon partial deletion (�1-76 or �276-301) of both the N- and the C-terminal strand.
In contrast, while single point mutations (K85E or L273S) in either the N- or the C-
terminus leave the fusion construct active, mutations within both cytosolic strands
lead to total loss of function [122]. Apparently, the local attachment of CAD/SOAR
is able to circumvent the need for two intact cytosolic strands as is usually seen
with full-length STIM1 or cytosolic STIM1 fragments. Thus, Palty et al. [122]
even hypothesized, as an alternative to a potential stepwise STIM1 coupling, which
initially starts with STIM1 binding to the Orai1 C-terminus and continues to the N-
terminus, that the N- and C-terminal binding sites assemble into a distinct binding
pocket for STIM1 that controls the gating and selectivity of Orai1 channels. It is still
unclear whether and how STIM1 bridges the potential signal transmission from the
Orai1 C-terminus via the loop2 to the N-terminus.

On the other hand, it is possible that STIM1 coupling to Orai1 C-terminus
solely initiates signal transmission emanating from the nexus via all the Orai1 TM
domains, thus enabling Orai1 pore opening. Indeed, mutations within the nexus
can lead to a channel that is constitutively active, but has reduced STIM1 affinity
[65]. The nexus comprises the flexible hinge region (SHK, aa 263-265) and the
hinge plate (LV, aa 261-262). Here, two residues L261 (TM4) and L174 (TM3)
form potential hydrophobic interactions to mediated close proximity of TM3 and
TM4 [65]. They may contribute to the transmission of the gating signal from the
C-terminus towards the pore, as mutation of one of these residues to an aspartate
(L261D, L174D) drastically decreased or completely abolished channel activation,
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respectively [65]. Additionally, cysteine crosslinking experiments with L174C and
L261C revealed enhanced activation, suggesting that these two residues change their
orientation towards each other upon Orai1 activation [65]. Whether the hinge plate
represents another target for STIM1 coupling as has been suggested by Zhou et
al. [107] still requires further investigations. Conformational changes within the C-
terminus and the nexus region might be potentially transferred to loop2 and the
N-terminus [61], in line with the observations that their permissive communication
is essential for Orai channel activation.

In summary, STIM1 SOAR binding to Orai1 C-terminus represents the trigger for
pore opening. However, how the signal is further propagated to the pore and whether
STIM1 requires further cytosolic coupling sites still needs to be clarified. Potential
rearrangements within the Orai1 TM domains upon pore opening will be highlighted
in the following sections, based on several gain-of-function point mutants.

23.6 Structure and Stoichiometry of the STIM/Orai Complex

Upon Ca2+ store-depletion, the direct interaction between STIM1 and Orai1 is
initiated and results in the formation of an oligomeric, heteromeric complex (Fig.
23.5a). However, the exact stoichiometry of these coupling subunits is still unclear.
According to the published X-ray dOrai structures and Orai concatemeric studies
[62, 63], Orai is known to form a hexamer. Therefore, one might assume that, within
a STIM1-Orai complex, six STIM1 molecules bind to the hexameric complex.
Along those lines, NMR studies by Stathopulos et al. [16] indicate that the antipar-
allel oriented Orai1 C-terminal strands are attached to a dimer of STIM1 C-terminal
fragments which would fits with the 1:1 STIM1:Orai1 stoichiometry, termed as the
bimolecular binding model (Fig. 23.5b2). In contrast to this bimolecular model,
a recent study by Zhou et al. [107] revealed a completely distinct STIM1-Orai1
interaction model. Through super-resolution microscopy and FRAP studies, the
authors have discovered that SOAR dimers induced substantial clustering of Orai
channels. A single point mutant, STIM1 F394H [52], impaired coupling to and
activation of Orai1. Introduction of this single point mutation within one subunit of a
SOAR dimer still enables the full activation of Orai1 channels, however, but lacked
the ability to crosslink Orai1 channels [123]. This outcome suggests, in contrast to
the bimolecular model, a unimolecular interaction, with an overall 1:1 stoichiometry
(Fig. 23.5b1). However, in the latter model two monomers of one STIM1 dimer
each interact with one Orai subunit of two distinct Orai channels, enabling local
clustering of Orai channels.

Alternatively, several studies have demonstrated that maximal Orai1 activation
requires a ratio of 2:1 of STIM1:Orai1 subunits [124–127]. Here, twelve STIM1
proteins would be required to activate one Orai hexamer. A recent study by Palty
et al. [128] which employ a constitutively active Orai1 mutant (Orai1 P245L)
proposes a sequential activation mechanism of Orai1 via STIM1, whereby the
authors assumed a final 2:1 STIM1:Orai1 stoichiometry (Fig. 23.5b3). They sup-
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posed that, in a first step, one C-terminal strand of a STIM1 dimer is coupled to an
Orai1 C-terminus, thereby inducing partial activation and leading to conformational
rearrangements within the Orai channel. The latter enables binding of the second
C-terminus of the STIM1 dimer to the same Orai subunit to trigger full Orai1
activation [128]. At this point, however, it remains unclear whether the second
STIM1 monomer of the dimer also binds to the C-terminus or some other cytosolic
site in the Orai protein.

The amount of bound STIM1 has been reported to alter the Orai channels’
biophysical characteristics. Scrimgeour et al. [125, 126] reported that a lower
number of STIM1 proteins bound to the Orai1 channel corresponds to a reduced
extent of typical fast Ca2+ dependent inactivation of CRAC channels. The decreased
STIM1:Orai1 ratio has been shown to lead to a slower increment in divalent cation
selectivity together with reduced 2-aminoethoxydiphenyl borate (2-APB) current
potentiation. [125, 126] The amount of bound STIM1 also determines Orai1 channel
Ca2+ selectivity, as it has been shown for Orai1 and Orai1 V102A proteins tethered
to a single CAD/SOAR domain, as opposed to a tandem one [67].

Overall, the stoichiometry of an active STIM1-Orai1 channel complex is
currently still controversial. Thus far, three distinct scenarios have been proposed
including a uni- and a bimolecular model as well as a sequential activation model
(Fig. 23.5b). Functional studies have suggested that Orai1 channel activation can
occur at distinct STIM1:Orai1 ratios, while the biophysical characteristics might be
distinct depending on the respective ratios. Full clarification of the stoichiometry
of a functional CRAC channel would require additional functional studies together
with the structural resolution of the STIM1-Orai1 channel complex (Figs. 23.5a
and 23.7).

23.7 Orai Channel Activation

23.7.1 CRAC/Orai Channel Permeability

CRAC channels are characterized by two main properties: high Ca2+ selectivity
and low single channel conductance [13, 129, 130]. Among a myriad of Ca2+ ion
channels, this type of store-operated Ca2+ channel is one of the most selective
ones. Its high Ca2+ selectivity is characterized by a 1000 times higher permeation
for Ca2+ than for the more prevalent Na+ ion [131]. This appears in the strong
inward rectification of the CRAC channel’s whole cell currents, which exhibit a
reversal potential higher than +50 mV [129, 130]. At the structural level, high
Ca2+ selectivity is determined by a ring of glutamates (E106) at the external pore
mouth, forming the selectivity filter together with three negatively charged residues
(D110/112/114) in the first extracellular loop, the so-called CAR region [66].
Despite the fact that CRAC channels exhibit a 20-fold lower binding affinity for
Ca2+ than for, for example, CaV channels [132], their high level of Ca2+ selectivity
is justified by a slow rate of ion flux [133]. Additionally, the Ca2+ selectivity of
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Fig. 23.7 Hypothetical models for gating of Orai1 channel The cartoon depicts how Orai channel
activation via STIM1 or point mutation inducing constitutive activity or both is related to CRAC
channel hallmarks. (a) Orai1 wild-type in the absence of STIM1 shows no activation. (b) STIM1
mediated activation of Orai1 wild-type or most constitutive Orai1 mutants leads to maintenance
of CRAC channel hallmarks, with Vrev > 50mV, strong inactivation in a Ca2+ containing solution
and a ratio of IDVF/ICa2+ > 1. Inactivation is preserved in a Ba2+ containing solution, while it is
lost in a Na+ containing divalent free solution. Furthermore, the STIM1 activated Orai proteins are
impermeable to Cs+. (c–f) In the absence of STIM1 or the deletion of at least the first 74 N-terminal
amino acids of Orai1, constitutively active mutants loose the typical CRAC channel characteristics
shown in (b). The mutants show differences and can be categorized in three groups (c, d, f). Orai1
V102A/C (c) show a Vrev of +20 mV, reactivation, but maintain a ratio of IDVF/ICa2+ > 1. Orai1
TM2/TM3/TM4 point mutants (d) show constitutive activity, a Vrev of 30–40mV, reactivation and
a ratio of IDVF/ICa2+ < 1. (e) Deletion of the N-terminus of the constitutively active mutants in (d)
leads to mutants with comparable properties as described in (d). Orai1 ANSGA (f) exhibits a Vrev
of +50mV and loss of inactivation, but no reactivations and a ratio of IDVF/ICa2+ = 1

Orai is maintained via the conserved glutamate E190 in TM3. Its substitution to
an alanine or glutamine (E190A/Q) results in increased permeation of Cs+, an
increased pore diameter to 7Å and decreased activation via the compound 2-APB
[134]. It has been suggested that E190 allosterically affects the pore, probably
through alterations in the intramolecular TM interactions. Novel MD simulations
of dOrai revealed that the mutation E262Q (corresponding to E190Q in hOrai1)
severely impacts the hydration pattern of the pore and the dynamics of a positively
charged residue K270 (corresponds to K198 in hOrai1) in TM3. It has been
suggested that high Ca2+ selectivity relies on a counterbalancing effect of E262
and K270 which is lost for the E262Q mutant [135].



576 C. Butorac et al.

Furthermore, the Ca2+ selectivity of CRAC channels is not only determined by
the Orai pore, but also by STIM1 binding, making it a dynamic rather than a fixed
property of the channel [64, 67].

The low unitary conductance represents the second, more poorly understood
property of CRAC channels and thus far precludes these Ca2+ channels from direct
single channel current recordings [136]. Only non-stationary noise analysis has
enabled researchers to determine CRAC channel open probabilities and unitary
conductance [137]. To date, promising studies at the single molecule level have only
been obtained via optical recordings on Orai proteins fused to a genetically encoded
Ca2+ indicator, which allowed to monitor single channel opening events [138].
Upon co-expression of CAD/SOAR, the Orai activity was resolved as periodic
fluctuations with multiple conductance states [138].

Besides Ca2+, CRAC channels also conduct small monovalent ions such as
Na+, Li+ or K+, however, only as long as divalent ions are lacking in the
monovalent solution. One typical CRAC channel hallmark represents the 5–6
fold enhancement of currents in a divalent free Na+- versus a Ca2+-containing
solution. The anomalous mole fraction behaviour for Ca2+ versus Na+ currents has
revealed that Na+ currents are blocked by the addition of Ca2+ in the μM range.
[46, 131, 137, 139–145] Unlike other Ca2+ ion channels such as L-type and TRPV6,
Cs+ ions are impermeable across CRAC channels. This is thought to be due to the
very narrow pore diameters of CRAC channels, which are in the range of 3.8–3.9 Å
and are significantly narrower than for CaV channels. [134, 137, 146] Intriguingly,
the dOrai crystal structure displays a diameter of 6 Å at the narrowest part of the pore
[14] (Fig. 23.3c, d), which seems to vary little compared to the novel structure of the
gain-of-function mutant dOrai H206A [15]. The variance in pore diameter between
structural and experimental [134] data can probably be explained by distinct pore
diameters in the absence or the presence of STIM1. In order to clarify this, the
structural resolution of an Orai complex bound to STIM1 proteins is required.

STIM1 possesses the ability to narrow the pore diameter of Orai channels, as
it has been shown for a constitutive Orai1 mutant, Orai1 V102A/C. This mutant
exhibits non-selective currents together with an enhanced pore diameter of around
6.9 Å in the absence of STIM1, while Orai1 V102A/C currents become selective
and exhibit a pore diameter of 4.9 Å in the presence of STIM1, which is comparable
to that observed for the STIM1-bound Orai1 pore. [67]

23.7.2 Ca2+ Ion Conduction Pathway

The Ca2+ permeation pathway of Orai channels is formed by TM1 together with
the N-terminal helical extension, the so-called ETON region (aa 73-90) (see Fig.
23.3c, d). An initial idea of the pore conformation has been obtained by conclusive
electrophysiological studies, cysteine scanning mutagenesis experiments and the
characterization of the inhibition of Orai currents by oxidative crosslinking of either
cysteines or block via cadmium [134, 147, 148]. The crystal structure of dOrai,
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elucidated in 2012, finally confirmed the concept of the Orai pore [14] and showed
that the conduction pathway is formed by an association of six TM1 helices in the
center of the Orai channel. The Orai pore (see Fig. 23.3d) is composed of a Ca2+
accumulating region (CAR) at the external side [66], the selectivity filter, followed
by a hydrophobic cavity and finally a basic region at the cytosolic side [14, 149,
150]. Their detailed roles will be explained in the following section.

The external CAR region (see Fig. 23.3d) is constituted by the loops connect-
ing TM1 and TM2 (TM1-TM2 loops). Substituted cysteine accessibility method
(SCAM), disulphide crosslinking and Cd+ block experiments have shown that the
1st loops are highly flexible portions within the Orai channel complex [148, 151].
Each first loop segment contains three negatively charged amino acids (D110, D112,
D114) that attract Ca2+ ions [66] thereby reducing the energetic barrier for Ca2+
ions to enter the pore. While the mutation of all three residues to alanines changes
the ion selectivity and widens the pore diameter [134], single cysteine or alanine
point mutations do not affect Ca2+ selectivity [66, 148]. Molecular dynamics
simulations have revealed that in particular, D110 and D112 act as transient Ca2+
binding sites before the Ca2+ ions bind to E106, the selectivity filter, which is
1.2 nm away from the CAR region. Indeed, Ca2+ permeation is reduced upon
substitution of D110 to an alanine (D110A), especially at lower extracellular Ca2+
concentrations. The reason for this might be that Ca2+ binding shifts to D112 and
D114, leading to an increased energy barrier between CAR and the selectivity filter.
Ca2+ accumulation at the pore is fine-tuned still further by electrostatic interactions
between TM1-TM2 loop1 and the TM3-TM4 connecting loop3 [66].

In contrast to the three glutamines found in the first loop of Orai1, Orai2 and
Orai3 contain a mixture of glutamates, glutamines and aspartates. This difference
leaves homomeric Orai assemblies unaffected, but heteromeric Orai1/Orai3 chan-
nels exhibit reduced Ca2+ selectivity and higher Cs+ permeation [152]. These find-
ings suggest that the acidic Ca2+ coordination site in the first loop regulates not only
the Ca2+ permeation, but also the Ca2+ selectivity of Orai channels. Interestingly,
co-expression of Orai1 and Orai2 maintained the Ca2+ selectivity of store-operated
currents at a level comparable to that seen in wild-type conditions [153].

Originating from the CAR region, Ca2+ ions are guided toward to the selectivity
filter, which is exclusively formed by E106 at the more extracellular side of TM1
[13, 14, 154, 155]. While single point mutants Orai1 E106A/Q lose function, Orai1
E106D exhibits reduced Ca2+ selectivity and a widened pore diameter of about 5.4
Å [134]. The coordination of the Ca2+ ions is established by the close proximity
of the residues E106 and a high rigidity of the residues aa 99-104 in the TM1
helix [147]. MD simulations showed that a single Ca2+ ion is bound to E106
under equilibrium conditions [66]. The novel crystal structure of the constitutively
open dOrai H206A (equal to Orai1 H134A) mutant, representing an open channel
state, revealed that either one or two ions directly coordinate the side chains of
the glutamate ring (E178 in dOrai, corresponds to E106 in hOrai1) [15]. This ring
of E106 residues forming the selectivity filter establishes a negative electrostatic
potential and has been suggested to act as a potential gate for Ca2+ ions to enter the
channel [67].
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After passing the selectivity filter, Ca2+ ions enter a wide, hydrophobic cavity,
that is composed of V102, F99 and L95 [14] (see Fig. 23.3d). Furthermore, this area
includes a glycine G98 that has been suggested to function as a flexible gating hinge
[156], as is known for many other ion channels [157–159]. Cysteine crosslinking
studies suggest that V102 and L95 point directly into the ion conduction pathway
[147]. In support of this observation, Cd+ blockage experiments showed the
significant inhibition of V102C, G98C, L95C mutant currents [151]. Single point
mutations of Orai1 V102 (V102C/A/G) and Orai1 F99 (F99Y/M/S/T/W/C/G) lead
to constitutively active function, thus somehow locking Orai1 in an open state [69].
In line with these findings, molecular dynamics simulations for the dOrai channel
showed that a F171Y and V174A mutation (corresponding to F99Y and V102A in
human Orai1, respectively) provided a more favourable permeation pathway than
the WT channel, based on potentials of mean force for the translocation of a single
Na+ ion [160] and enhanced hydration of the hydrophobic zone within the pore
[67, 69].

The flexible glycine G98 within this hydrophobic cavity [156] is assumed to
provide flexibility for the upstream pore-lining region, enabling Ca2+ ions to easily
pass through the pore after passing the selectivity filter. Single point mutations
of G98 (G98 S/T/Q/H/N/K/E/D) induce constitutive activity [69]. Recent studies
suggest that, while F99 points into the pore in the closed state, it moves out and
G98 moves into the pore upon STIM1 coupling, thus decreasing the hydrophobic
barrier for Ca2+ permeation [69]. Diverse constitutive Orai1 mutants that contain
substitutions at the positions G98, F99 or V102 exhibited non-selective currents in
the absence of STIM1, but became selective in the presence of STIM1. Thus, the
potential rotation within the hydrophobic portion in TM1 is assumed to govern the
Ca2+ selectivity of the Orai channel. [69]

The attachment of Tb3+ to the pore close to the selectivity filter has revealed
alterations in the luminescence upon STIM1 coupling [67, 161]. In line with these
findings, a comparison of the dOrai crystal structure in a closed versus an open
conformation showed an altered positioning of Ba2+ around the selectivity filter,
indicating that the latter undergoes subtle changes upon Orai pore opening [15].
Altogether, these studies suggest that the hydrophobic cavity together with E106
contribute as one gate of the CRAC channel and that ion selectivity and gating of
Orai channels are closely coupled [67, 161].

The hydrophobic cavity is followed by a basic region that is already located in the
elongated Orai1 helix in the cytosol connecting TM1 to the Orai1 N-terminus, the
so-called ETON region [64]. The ETON region potentially forms an electrostatic
barrier via the three positively charged amino acids R91, K87 and R83 (see Fig.
23.3d). The crystal structure suggests that all three residues point into the pore, in
line with the results of crosslinking experiments with Orai1 R91C [147, 151]. These
residues are suggested to inhibit Ca2+ entry in the closed channel state probably
either simply via electrostatic repulsion in this region or due to bound anions [14].
MD simulations on wild-type Orai1 versus a constitutively open Orai1 mutant,
where a Ca2+ ion has been pulled through the pore, suggested that the side chains
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of R91 are moved more out of the pore in the Ca2+ permeable state [68]. Severe
Combined Immune Deficiency (SCID) is associated with a substitution of R91 by
a hydrophobic amino acid which assumedly generates a robust hydrophobic barrier
[14], hindering Ca2+ flow through the elongated pore. Currently, it is being debated
whether the ETON region, with the positively charged residues pointing into the
pore, functions as a potential second gate or merely a barrier. Furthermore, it still
remains to be determined whether it contributes to STIM1 coupling [64].

In summary, Ca2+ permeation through the Orai1 pore starts upon the attraction
of Ca2+ ions by the external CAR region. Ca2+ ions are then moved toward the
selectivity filter that is formed by the single glutamate E106. This functions together
with the hydrophobic region as one gate of the Orai channel. Subsequently, Ca2+
ions pass through an electrostatic barrier and finally, they are guided into the cytosol
potentially via the repulsion of positively charged residues at the end of the pore
[136].

23.7.3 Gating of Orai Channels

Gating of Orai channels implicitly requires the coupling of STIM1 to the Orai C-
terminus. However, how this activation is finally transmitted to the pore helix at
the N-terminal side of each Orai subunit is currently unclear. As described above
it has been hypothesized that other cytosolic Orai domains are also involved in
channel activation by STIM1 either via direct binding or indirectly. Recent studies
additionally suggest that Orai TM domains are involved in signal propagation to the
pore. Within this section, we aim to provide a picture of how the activation signal of
STIM1 binding propagates across Orai TM helices to the pore.

Site-directed mutagenesis studies have revealed that the closed state of the Orai
channel is not only maintained by the pore-lining helix TM1, but also by the other
three TM helices and the hinge region that connects TM4 and the C-terminus of
the Orai subunit, even if these do not line the pore [39, 70, 73]. A series of point
mutations at positions throughout all TM domains, identified individually [68–71]
as well as by a systematic screen [73], have been shown to lead to constitutive Orai
activation. Some of those gain-of-function mutants have also been associated with
diseases such as cancer, Stormorken syndrome, tubular aggregate myopathy (TAM)
and hypocalcemia [68, 72] (see Table 23.2). Additionally, mutagenesis studies have
revealed that a cluster of hydrophobic contacts between TM1-TM3 contribute to
proper pore opening [73]. Below, we provide an overview of the diversity of mutants
that are currently known.

Along the pore-lining helix TM1, S97, G98, F99, A100, V102 and V107 (Fig.
23.3d) have been discovered to contribute to the establishment of the closed state
[67, 73, 156] as their mutation to small and/or polar residues leads to constitutive
activity. Furthermore, the V107M mutation, which is associated with tubular
aggregate myopathy (TAM) or Stormorken syndrome, results in constitutively active
Orai1 mutant channels [71]. As mentioned in the previous section, studies on diverse
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other constitutive Orai1 TM1 mutants (e.g. Orai1 V102A/C) together with Cd+
block experiments [67, 69] have suggested that Orai1 pore opening is accompanied
by a rotation of the pore helix TM1 [69, 70, 122, 136] at least at position G98 and
F99.

In TM2, H134, F136 (Fig. 23.6g) A137 [68], L138 [72], M139 [68] and S141
[73] are suggested to keep the Orai1 channel in the closed state, as single point
mutation of these residues (H134A/C, A137V, L138F, S141C) lead to constitutively
active currents [68, 73]. In addition, Orai1 M139V enhances Ca2+ levels indepen-
dent of STIM1 [68]. MD simulations together with Cd+ block experiments provide
a potential explanation for facilitated Ca2+ transport across the constitutive Orai1
mutants, containing substitutions at H134. In two independent studies enhanced
water permeation was observed through the pore of constitutive Orai1 H134A/S
mutants in MD simulations [68, 73]. Furthermore, pulling a Ca2+ ion through the
pore of hOrai1 H134A revealed an unaffected movement of the R91 side chain, in
contrast to Orai1 wild-type [68]. In addition, Cd+ crosslinking experiments showed
that Orai1 H134S exhibits no rotation of TM1 around G98/F99, as G98 points
already into the pore region in the absence of STIM1 [68, 73]. The crystal structure
of the dOrai H206A analogue of the Orai1 H134A mutant displays a strongly dilated
pore together with a fully extended TM4-C-terminus region [15].

In TM3, W176, V181, G183, T184, L185, F187, E190 have been demonstrated
to keep the Orai1 channel in the closed state, as their substitution to a cysteine or
several other small, polar residues can lead to constitutive activity and/or altered
selectivity [61, 73, 110, 162]. A mutation of W176 to a cysteine (W176C) induces
constitutive, but fewer Ca2+ selective currents, in the absence or presence of
STIM1 [162]. While a single substitution of V181 or L185 to an alanine results
in small, constitutively active Orai currents [61], a double point mutation L185A
F250A of two opposing residues in TM3 and TM4 lead to strongly enhanced
constitutive activity that was not further enhanced upon STIM1 coupling [110].
Interestingly, Orai3 F160A, unlike the analogue Orai1 L185A, has revealed much
higher constitutive currents, indicating isoform specific signal propagation [61,
110]. These critical residues of the two Orai isoforms in TM3 are located opposite to
TM4. At this point, further examination is required to determine whether mutations
in TM3 that lead to constitutive activity, induce conformational changes such as
the movement of TM3 closer to or farther apart from the adjacent TM4. Moreover,
the single point mutant T184M, associated with TAM and Stormorken syndrome,
exhibits constitutive activity.

A235, S239, P245 and F250 in TM4 have also been discovered to contribute to
the maintenance of the closed state [70, 73]. P245 is located at the kink of TM4
(Fig. 23.3e). A GoF point mutation P245L, associated with the Stormorken-like
syndrome [8], and the analogue Orai3 P254L mutant [110] have been shown to
cause constitutive activation. Interestingly, substitution of this proline by any other
amino acids leads to constitutive activation suggesting that only the proline keeps
Orai1 in the closed state [122]. Since this proline is located at and responsible for
the kink in TM4, it might be assumed that this kink contributes to keeping Orai1 in
the closed state.
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The nexus region connecting TM4 and the C-terminus also contributes to the
maintenance of the closed state of the Orai channel. A double (L261A V262N)
and a fourfold point mutation (L261A V262N H264G K265A corresponds to Orai1
ANSGA) in this kink region, which is 80% conserved among all Orai homologues,
resulted in constitutively active Orai1 channels with high selectivity and a Vrev of
+60 mV (Fig. 23.6n, o, 5) [65].

The gain-of-function point mutants mentioned above exhibit a partially open
state, that probably represents one step in the structural change that occurs upon
STIM1 binding [122]. At this point, it is worth noting that these diverse GoF mutants
exhibit distinct biophysical characteristics in the absence of STIM1, potentially in
line with slightly distinct partially active states, as outlined in the section entitled
“Authentic CRAC channel hallmarks are tuned by STIM1 and Orai1 N-terminus”.

In addition, atomic packing analysis revealed a close density of residues around
TM1-TM2/3 situated within the same membrane plane as E106 and V102. Muta-
tional analysis of hydrophobic residues in this area, such as L96, M101, M104,
F187, yielded a finding that they contribute to proper communication with the pore
helix, because their substitution by an alanine impairs Orai activation [73].

In summary, several residues throughout all Orai TM helices contribute to the
maintenance of the closed state of Orai channels and are likely displaced upon
STIM1 binding. Thus, Orai pore opening is governed by a concerted, overall con-
formational change in the Orai channel complex rather than the sole rearrangement
of TM1 helices [73]. Furthermore, the establishment of the open state requires an
intact communication of the residues in a TM1-TM2/3 hydrophobic clamp [73]. It is
noticeable that several residues, not lining the pore, are all located within the same
membrane plane of the Orai1 channel complex and affect gating and/or permeation
of Orai channels indirectly.

A long the same line, a comparison of the crystal structures of dOrai and a mutant
(H206) form, exhibiting either a potentially closed or open form, indicated that con-
formational rearrangements take place throughout all TM domains. Hence, STIM1
coupling probably initially releases the belt formed by the crossing Orai C-termini,
which likely provides to all TM helices more freedom to move. Subsequently, a
signal is propagated to the pore, sequentially altering the conformations of TM4,
TM3 and TM2, which finally leads to a pore dilation in the basic region to around
10 Å. However, as these assumptions are only based on the comparison of two dOrai
states, more structural resolutions – especially of a human Orai channel complexed
together with STIM1 – are needed to draw firm conclusions. This would provide
information on how STIM1 binds to the channel and rearranges the orientation of
the TM helices to finally stabilize the open state [65, 136].
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23.7.4 Regulatory Residues in Orai TM Domains

In addition to the huge variety of sites within the Orai TM domains that are known
to control Orai channel gating, a few other positions have been found to possess
distinct functional roles in Orai1.

Unlike the constitutive Orai1 G183C mutant, the G183A mutation leads to
fully abolished store-operated activation and an altered sensitivity to 2-APB [162].
Furthermore, this glycine in TM3 ensures proper plasma membrane insertion, as
several amino acid substitutions at this position have resulted in loss of plasma
membrane expression [68]. The analogue Orai3 G158C exhibits altered kinetics
in response to 2-APB and an impaired closing of the channel upon 2-APB washout
[163]. These effects of G158C in Orai3 have been attributed to a potential TM2-
TM3 interaction with an endogenous cysteine C101, which probably controls the
activation state of Orai3 channels [163].

Oxidative stress has also been reported to control Orai channel function via
TM3. While H2O2 blocks the activation of Orai1 channels, it leaves Orai3 channels
unaffected. This isoform specific sensitivity to H2O2 underlies a cysteine C195,
which is located at the extracellular side of TM3 in Orai1 and is lacking in Orai3.
[164]. This inhibitory mechanism underlies a reduction in subunit interactions
within the oxidized Orai1 channel. Specifically, the oxidized C195 has been
proposed to form inhibitory interactions with S239 in TM4, which locks Orai1 into
the closed state [165].

23.7.5 Ca2+ Dependent Inactivation of Orai Channels

Ca2+ dependent inactivation (CDI) governs the inhibition of Orai/CRAC channel
activity. It represents an important feedback mechanism to regulate cytosolic Ca2+
levels and can be separated into fast (FCDI) and slow Ca2+-dependent inactivation
(SCDI) [166]. FCDI can typically be monitored as a decrease in CRAC currents
during a hyperpolarizing voltage step that takes place over tens of milliseconds [3,
131, 167, 168]. In contrast, SCDI requires several minutes for full completion [3,
168].

The CDI of CRAC channels is regulated by several components: STIM1 and
Orai as well as the accessory proteins, CaM and SARAF [118]. Here, the cytosolic
regions of STIM1 and Orai1 especially contribute to the inactivation of Orai
channels.

The extent of inactivation has been suggested to depend on the STIM1-Orai ratio
[125, 126]. Moreover, the CRAC Modulatory Domain (CMD), an acidic cluster
(aa 475-483) in the STIM1 C-terminus is required for the FCDI of Orai/CRAC
channels [47, 116, 169]. Mutation of these negatively charged amino acids in the
CMD to alanines has led to a reduction in inactivation of all Orai isoforms as well
as native CRAC currents in RBL-2H3 cells [47, 169]. Moreover, studies of several
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gain-of-function Orai mutants have shown that FCDI, which is typical for STIM1
mediated Orai currents, can only be established in the presence of STIM1 and an
intact N-terminus, which includes the whole ETON region [73, 110].

Fast and slow CDI of STIM1-Orai mediated currents have also been shown
to be regulated by SARAF, another protein localized in the ER [166, 170, 171].
So far, only its role in SCDI is understood, while the mechanisms underlying the
regulation of FCDI via SARAF are still elusive [166, 170, 172]. SARAF only binds
to the CAD/SOAR domain of STIM1 in the presence of Orai1 [170]. STIM1-
mediated regulation by SARAF occurs via a domain downstream from SOAR,
the so-called C-terminal inhibitory domain (CTID). Here, SARAF interacts with
different portions of CTID to accomplish SCDI of Orai channels [170]. Briefly,
in the presence of SARAF, STIM1-induced Orai1 currents exhibit SCDI that is
reduced when PIP2 is depleted, the polybasic cluster is lacking, or STIM1 proteins
are targeted to PIP2-poor regions [172]. The interplay between STIM1 and SARAF
is further supported by septin 4 and ESyt1, which helps to keep STIM1/Orai1
complexes in PIP2-rich regions [166, 172].

All three isoforms (Orai1, Orai2 and Orai3) display fast CDI that occurs within
the first 100 ms of a voltage step. However, it is three times weaker for Orai1 and
Orai2 compared to Orai3 [129, 152, 169]. Orai1 currents exhibit a late reactivation
phase after FCDI, while Orai2 and Orai3 channels subsequently show a slow
inactivation phase over a 2s voltage step [129, 152]. Unlike overexpressed Orai
subunits, the native CRAC currents in RBL-2H3 mast cells [47, 167] display FCDI
without the subsequent, typical reactivation phase known for Orai1 currents. This
suggests that other cellular components may contribute to the inactivation of native
CRAC channels.

Several cytosolic domains in the Orai channel have been reported to maintain its
FCDI.

Within the Orai1 N-terminus, a proline/arginine-rich region aa 1 – 47 was found
to induce reactivation [173]. Furthermore, CaM has been suggested to regulate
inactivation of Orai channels via its binding to the N-terminus [116, 173, 174].
However, recent studies have found no alteration in Orai channel’s inactivation via
overexpression of CaM or CaMMUT [175]. Specific residues (W76, Y80, R83) that
line the pore have been proposed to adjust inactivation via the side chain properties
of the respective amino acids [145].

Chimeric and mutagenesis studies have shown that the intracellular loop2 of
Orai1 connecting TM2 and TM3 is also involved in the modulation of fast and
slow inactivation [173, 176]. Specifically, the mutation of the amino acid stretch
151-VSNV-154 to a sequence of four alanines compromises fast inactivation. A
short peptide (aa 153-157) including this region has been shown to reduce CRAC
currents, suggesting that loop2 probably functions either as a blocking particle or
affects inactivation in an allosteric manner.

The Orai C-terminus also modulates Orai channel’s fast inactivation. Orai2
and Orai3 chimeras, in which the C-terminus was exchanged with that of Orai1,
exhibited diminished fast inactivation [169], potentially due to three glutamates that
are only present in the C-termini of Orai2 and Orai3 [169].
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Thus, Orai channels utilize diverse regions to regulate CDI. The cytosolic N-
and C-termini and loop2 seem to regulate Orai inactivation/gating in a cooperative
manner [173]. Moreover, the FCDI is adjusted by negatively charged residues within
the outer pore vestibule of Orai channels [134]. The interpretation of potential inac-
tivation sites may require a strict control of STIM/Orai stoichiometry [124, 126].

In summary, the FCDI of Orai channels is controlled by negatively charged
residues in STIM1 as well as all three cytosolic portions of Orai channels, the two
cytosolic strands as well as the loop2 region. Orai channel current’s SCDI underlies
the regulation via STIM1 and SARAF. However, whether Orai domains are also
involved in SCDI is still unclear.

23.7.6 Authentic CRAC Channel Hallmarks are Tuned
by STIM1 and Orai1 N-terminus

STIM1 plays several roles in CRAC channel activation. It triggers not only CRAC
channel gating but also adjusts authentic CRAC channel hallmarks [110]. The latter
include high Ca2+ selectivity (Vrev ∼ +50mV) (Fig. 23.6b, c), fast Ca2+ dependent
inactivation (FCDI) (Fig. 23.6d) and enhancement of currents upon the switch from
a Ca2+ containing to a Na+ containing divalent free solution (Fig. 23.6e, f).

The high Ca2+ selectivity of CRAC channels is triggered upon functional
coupling of STIM1 to the Orai channel. This finding has been proven by studies with
a series of constitutively active mutants throughout all TM helices [67, 70, 73, 110]
(see section “Gating of Orai channels”). In the absence of STIM1, these mutants
exhibit constitutive, non-selective currents, whereas constitutive Orai1 TM mutants
(e.g., Orai1 V102A/C) show a lower Vrev and are less Ca2+ selective than most
other mutants that contain substitutions in the outer TM regions TM2/TM3/TM4
[110] (Fig. 23.7d). Contrary to the absence of STIM1, in its presence the Ca2+
selectivity of all constitutive mutants is enhanced to levels comparable to wild-
type STIM1-Orai-mediated currents [73, 110] (Fig. 23.7b). As a representative for
most constitutive TM2/TM3/TM4 mutants, the typical CRAC channel hallmarks
of the constitutively active Orai1 TM2 mutants (Orai1 F136S) are shown in
Fig. 23.6g–l. The ability of STIM1 to fine-tune Ca2+ selectivity is not unique
to constitutive mutant channels. Wild-type Orai1 currents have also been shown
to display increased ion selectivity with a progressive amount of bound STIM1
proteins [67]. Exceptions to this are some other non-selective constitutive TM1
mutants (e.g. S97C/M/V/L/I) that cannot regain Ca2+ selectivity in the presence
of STIM1, potentially due to constrained motions of TM helices that trap the
channel in a non-selective state [73, 156]. In addition, constitutive Orai1 H134A/S/C
(mutations in TM2) [68, 73] and the TM4-C-terminus hinge mutant (Orai1 ANSGA)
[65] (Fig. 23.6n, o) have revealed comparable Vrev in both the absence and presence
of STIM1, suggesting that these mutants possess similar conformational alterations
and properties as those observed for activated endogenous CRAC and STIM1-
induced Orai1 currents.
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Both the Orai channels’ Ca2+ selectivity and their fast Ca2+-dependent inacti-
vation (FCDI) is maintained only in the presence of STIM1 (Fig. 23.6d, 23.7b),
which has been visualized with constitutively active mutants. Constitutive Orai1 TM
mutants display strong reactivation in the absence of STIM1 upon the application
of a hyperpolarizing voltage step [67, 70, 73, 110] as shown for Orai1 F136S
exemplarily (Fig. 23.6j). It is worth mentioning, that the extent of reactivation in
the absence of STIM1 is less pronounced for Orai1 ANSGA (Fig. 23.6p) compared
to all other Orai1 TM mutants [73, 110]. The FCDI of all constitutive Orai mutant
currents is maintained only in the presence of STIM1, but, it lacks the typical
reactivation phase after FCDI within the first 100ms [110] (Fig. 23.6d, j, p),
potentially due to altered STIM1 coupling (see “Main coupling domains within
Orai1”).

Another common CRAC channel characteristic represents the increase in IDVF
compared to ICa2+ (Fig. 23.6e, f). For CRAC channels, it has been hypothesized
that this prominent enhancement in current densities correlates with the extent of
inactivation [137]. In a Ca2+-containing solution, CRAC channels display FCDI,
but in a divalent free Na+-containing solution, CRAC channel currents exhibit
no inactivation, similar to constitutively active mutants in the presence of STIM1
[110]. This possibly explains the increased current levels observed in a solution
containing Na+-compared to Ca2+- as a charge carrier [13]. This correlation has
been suggested to potentially underlie an altered open probability in a Ca2+- versus
Na+- containing solution [137]. Indeed, diverse studies [46, 137, 144, 167] have
suggested that Ca2+ dependent inactivation is likely to reduce the open probability
when Ca2+ rather than Na+ is the charge carrier. In accordance with these findings,
the extent of the FCDI of Orai1 and Orai3, which is much more pronounced for
Orai3, also correlates with larger current enhancements for Orai3 in a Na+ versus
Ca2+ containing solution compared to Orai1 [129].

Interestingly, in the absence of STIM1 the currents of several constitutively active
mutants, especially those in the outer TM regions, TM2-TM4, exhibit decreased
IDVF versus ICa2+ in a reversible manner, a feature that was reported for the first time
by Derler et al. [110] and is here exemplarily shown for Orai1 F136S (Fig. 23.6k,
l; 5D). A potential explanation might be a distinct inactivation behaviour found in
Ca2+- versus Na+-containing solutions. While hyperpolarizing voltage steps have
shown loss of inactivation, but strong reactivation in the presence of Ca2+, in a Na+-
containing divalent-free solution, these mutants yielded only loss of inactivation,
and lack reactivation. Thus, this difference in the “inactivation behavior” in a Ca2+-
versus Na+-containing solution might account for reduced IDVF versus ICa2+. One
exception represents Orai1 H134A, as it shows enhancements in IDVF versus ICa2+
[68], thus, probably matches the STIM1 bound Orai1 open state even more than
other Orai1 TM2-TM4 constitutively active mutants.

Intriguingly, in contrast to the TM2/3/4 mutants, the poorly Ca2+-selective Orai1
V102A/C mutants displayed strongly increased Na+ divalent-free versus Ca2+
currents, both, in the absence and presence of STIM1 [67]. Other investigations
of various constitutively active TM mutants have revealed differences in Cs+ per-
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meation. As mentioned in the section entitled “CRAC/Orai channel permeability”,
Cs+ is known to be impermeable for CRAC or STIM1/Orai1 channels [67]. The
non-selective Orai1 V102A/C allow permeation of Cs+ [110], due to an enhanced
pore diameter. In the presence of STIM1, Cs+ permeation across Orai1 V102A/C is
abolished, as STIM1 coupling narrows the pore, thus restoring the pore dimensions
of the wild-type Orai1 channel. In contrast to Orai1 V102A/C, other constitutively
active TM3/TM4 mutants are impermeable to Cs+ in the absence of STIM1,
suggesting that their pore diameters are comparable in the absence or presence
of STIM1 [110]. Thus, differences in current size in a Ca2+ containing versus
Na+ containing divalent free solution of different constitutively active mutants are
probably determined by the differences in pore diameter, which still requires further
clarification.

However, at this point, it is unclear why Orai1 V102A/C and other Orai
TM mutants exhibit an identical inactivation behaviour, despite so far discussed
differences in Vrev and IDVF/ICa2+, [110, 148] (Fig. 23.7c, d). All constitutive
Orai mutants exhibit reactivation in the absence of STIM1 and inactivation in the
presence of STIM1. It is probable that an enhanced pore diameter, as is the case
for Orai1 V102A, does not additionally enhance the extent of reactivation, but this
supposition requires further evaluation and direct comparisons.

The Orai1 ANSGA mutant represents another exception, with respect to the
enhancements in currents in a Na+ divalent free solution, in the absence of STIM1.
The current ratio IDVF/ICa2+ amounts to 1 (Fig. 23.6q, r; 5F), showing that currents
in a Ca2+-containing solution exhibit levels comparable to those in divalent free
Na+-containing solution only for this mutant.

Maintenance of authentic CRAC channel hallmarks not only requires STIM1, but
also an intact Orai N-terminus. Using Orai1 V102A it has been impressively shown
that an N-terminal deletion up to aa 78 still preserves constitutive activity, while
the Ca2+ selectivity in the presence of STIM1 is lost. Only a deletion up to aa 74
fully maintains Ca2+ selectivity in line with the preserved store-operated activation
of wild-type Orai1 upon deletion up to aa 74/75 in the presence of STIM1 [64, 67,
110, 121]. Other constitutive Orai1 mutants lead to loss of function upon deletion
up to aa 78, while the function can be restored via the swap of Orai3 loop2 (Fig.
23.6g) as in the wild-type Orai1 (Fig. 23.6a) and in line with preserved function of
analogue Orai3 N-terminal deletion mutants [61, 110]. N-truncation Orai1-Orai3-
loop2 chimeras and analogue Orai3 N-truncation mutants have revealed that the
reversal potential is not altered in the presence of STIM1 to more positive values,
underlining the fact that residues upstream of aa 78, including the entire ETON
region, are required to maintain the Ca2+ selectivity of Orai channels [110].

Furthermore, N-truncated constitutive mutants in the outer TM regions, TM2-
TM4, have been employed to clarify the role of the N-terminus in maintaining
the other CRAC channel hallmarks (FCDI and the ratio of IDVF/ICa2+). We have
discovered that a deletion of the first 74 residues already leads to abolished
FCDI and enhancement of IDVF versus ICa2+ also in the presence of STIM1,
suggesting that residues upstream of position 74 are required for full maintenance of
authentic CRAC channel characteristics [110]. Moreover, this holds not only for the
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constitutively active mutants, but also for wild-type Orai proteins. Thus, in contrast
to store-operated activation which requires only the last half of the ETON region
(aa 80-90), for maintenance of CRAC channel hallmarks the whole ETON region
is indispensable. Furthermore, we have shown that the interplay of the N-terminus
with loop2 governs the maintenance of authentic CRAC channel characteristics, as a
swap of loop2 between Orai1 and Orai3 N-truncation mutants alters CRAC channel
properties in various ways. It is noteworthy that the Orai1 ANSGA mutant loses
function upon N-terminal deletion up to aa 78. However, the function cannot be
recovered via the switch of the Orai3 loop2 for this mutant function (Fig. 23.6m).
This suggests that conformational alterations within the hinge region disrupt the
communication with the loop2 region pointing to distinct conformational alterations
via ANSGA compared to the diversity of other constitutively active mutants [61].

In summary, authentic CRAC channel hallmarks are only maintained in the
presence of STIM1 and an intact Orai N-terminus. Otherwise, typical CRAC
channel characteristics are fully abolished, as shown with diverse constitutively
active Orai mutants. The latter, however, exhibit differences in their biophysical
properties and thus can be categorized into three groups: Orai1 V102A, most
TM2/TM3/TM4 constitutively active mutants and the Orai1 ANSGA mutant (Fig.
23.7). Obviously, these different constitutively active mutants adjust distinct par-
tially open states. At this point, however, it remains unclear if STIM1 mediated Orai
activation induces comparable structural alterations at some point as observed for
the constitutively active mutants before reaching the final open state. Moreover, it is
elusive, whether STIM1 binding and the Orai N-terminus establish these authentic
CRAC channel properties via direct or indirect communication which should be
ultimately addressed at a structural level.

23.8 Lipid Mediated Regulation of the STIM1/Orai Channel
Complex

STIM1 and Orai1 proteins can fully reconstitute CRAC channel currents [84].
However, several components [115, 117, 171, 177–190] in the cell have been found
to modulate the interplay, interaction and activation of the STIM1-Orai channel
complex. Some regulatory proteins, such as SARAF, STIMATE or CRACR2A have
already been briefly mentioned in this review, while a detailed presentation of these
can be found in the following reviews [59, 118–120]. Here, we provide an overview
of lipid mediated regulation of the STIM1/Orai channel complex. Among the lipids,
PIP2 and cholesterol have been found to predominantly regulate CRAC channels.

PIP2 represents a minor phospholipid that is found in the inner leaflet of the
plasma membrane and plays an essential role in the modulation of several ion
channels [191–193]. Furthermore, it reportedly regulates STIM proteins. Both,
STIM1 and STIM2 contain a lysine-rich domain at the very end of their C-termini,
which resembles a PIP2 binding site [50]. This domain is larger in STIM2 [51].
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The STIM1-Orai1 clustering, STIM1 targeting to ER-PM junctions and stable
interaction between STIM1 and the plasma membrane have been shown to be
affected upon reduction of PIP2 or PIP3 levels [50, 183–185]. Nevertheless, store-
operated currents are maintained upon PIP2 depletion [183, 185]. Enhanced PIP2
levels in liposomes enabled preferential binding of STIM2 [51], suggesting that
PIP2 contributes to STIM2 recruitment to the plasma membrane. In contrast, the
reduction in PIP2 levels affects STIM1 translocation only mildly, although CRAC
currents are strongly impaired [183]. Recently, a novel regulatory protein RASSF4
was found to control SOCE and ER-PM junctions by affecting steady state PIP2
levels in the plasma membrane. Knock-down of RASSF4 leads to reduced PIP2
levels and in consequence to decreased STIM1-Orai1 mediated currents [194, 195].

Cholesterol represents a class that is distinct from other membrane lipids,
as it cannot form membranes on its own and it penetrates less deeply into the
hydrophobic layer of membrane leaflets [196]. Moreover, cholesterol is a highly
mobile lipid, and drug-induced modulation of the cholesterol levels in the membrane
can have a large impact on virus replication and trafficking pathways [196].
Membrane rafts have been suggested to contain high concentrations of cholesterol
as well as sphingolipids [196].

Among the diversity of ion channels (nAChR, Kir, BK, TRPV [197]), the CRAC
channel components, STIM1 and Orai1 have also been recently found to be reg-
ulated by cholesterol [112–114]. Enzymatically or chemically induced cholesterol
depletion enhances SOCE or Ca2+ currents from STIM1/Orai1 expressing HEK
cells and increases endogenous CRAC currents in mast cells [113]. The latter
also leads to enhanced mast cell degranulation as pathophysiologically observed
in hypocholesterolemia patients associated with the Smith-Lemli-Opitz syndrome
[198]. In support of these observations, both, STIM1 and Orai1 have been shown
to bind cholesterol which affects STIM1 mediated Orai1 currents in an inhibitory
manner [113, 114].

Cholesterol can interact with membrane proteins via specific cholesterol binding
motifs, such as the cholesterol recognition amino acid consensus motif (CRAC)
[197, 199, 200]. The CRAC motif, with the consensus sequence -L/V-(X)(1-5)-Y-
(X)(1-5)-R/K-, is located at the protein-lipid interface of a transmembrane domain
[200]. Cholesterol as part of the membrane is located either in the outer or inner
leaflet of the membrane, and its head groups (-OH group in cholesterol) are aligned
in a row with the head groups of the other lipids located in the upper or lower
leaflet. Due to considerable variability of the consensus sequence for cholesterol
binding motifs, other criteria such as its close proximity to a TM region, formation
of an α-helical structure and/or its incorporation in a protein located within lipid
rafts is required [196, 201, 202]. The STIM1 C-terminus and Orai1 N-terminus
have been shown to contain a putative cholesterol binding motif. The cholesterol
binding motif within Orai1 N-terminus is located in the conserved ETON region that
extends from aa 74-83 [113]. In STIM1 C-terminus it is located within the SOAR
domain, specifically at aa 357 – 366 in CC2 [114]. Mutations of those cholesterol
binding motifs (L74I, Y80S in Orai1, I364A in STIM1), that lead to abolished
cholesterol binding, have been shown to strongly enhance Orai1 currents mediated
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by STIM1 or STIM1-C-terminal fragments, and these findings are in line with the
enhancements observed upon chemically induced cholesterol depletion. A lack of
cholesterol binding does not affect the selectivity of CRAC currents and retains
the association of STIM1 to Orai1. Overall, these findings clearly indicate that the
CRAC channel function can be modulated by lipids such as PIP2 and cholesterol.

23.9 Perspectives

Over the past decade, considerable progress has been made in understanding the
key molecular components of CRAC channels. Currently, two 3D atomic structures
of the Orai protein are available; one showing the closed and one the open state.
Nevertheless, several questions remain to be answered in the CRAC channel field.

With regard to STIM1, structural resolutions are currently only available for
cytosolic C-terminal fragments. Furthermore, the two different, available structures
of STIM1 C-terminal portions have revealed significant differences. Hence, further
structural studies are needed, particularly on longer STIM1 C-terminal fragments in
order to clarify the intra- and intermolecular interactions that govern the activation
of STIM1. Mutations within STIM1 proteins locking them in the active, extended
conformation e.g. L251S probably helps to obtain structures that mimic the active
state of cytosolic STIM1.

Unlike STIM1, the dOrai structure has already been resolved in two conforma-
tions, which are assumed to represent the closed and the open state, respectively.
Nevertheless, the structure of the gain-of-function mutant represents an open state in
the absence of STIM1. Thus, it is unclear whether this structure mimics the STIM1-
bound Orai open conformation. The novel structure indicates a huge structural
rearrangement within TM4-C-terminus, but a great deal of energy would be required
to stabilize this conformation. Thus, the provision of additional structures for other
gain-of-function mutants (e.g. Orai1 P245X) or the STIM1-Orai complex as well as
a structure for a human Orai would further clarify the pore opening mechanisms of
CRAC channels.

The detailed molecular mechanism of how STIM1 gates Orai channels into the
open state is still only partially understood. Thus far, only the NMR structure of
a complex of C-terminal fragments of STIM1 and Orai1 is available and this has
been a key to characterizing the main STIM1-Orai1 interaction sites. There is clear
evidence that other cytosolic strands within Orai are involved in the STIM1 medi-
ated gating process. However, whether this occurs via direct or indirect interaction
still remains to be resolved. In addition, structural resolutions of a STIM1-Orai1
complex might also provide further insight into essential binding sites of STIM1
within Orai. These studies may reveal the structural alterations that take place upon
activation of the Orai channel including re-arrangements of the cytosolic strands that
are linked with those in the TM regions. Here, single particle cryo-EM [203, 204]
represents another valuable approach, that can be used, as this has been successfully
used with ion channels such as TRPV1 [205], TRPML3 [206] and the IP3-receptor
[207] to obtain resolutions that are similar to those obtained using crystallography.
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As a complement to structural resolutions, the precise and dynamic resolution of
the CRAC channel function was obtained using light [40, 208–210]. This sophisti-
cated optogenetics approach can be capitalized upon to control and understand the
STIM1-Orai communication more effectively and elucidate the structure-function
relationship in more detail.

The current achievements hat have been made in the understanding of the
communication between STIM and Orai proteins have allowed to enhance our
knowledge of physiological down-stream signaling for the CRAC channels [211,
212]. The native CRAC channel system becomes even more complex when
considering the accessory cellular components that regulate the STIM/Orai com-
munication, such as SARAF [171], STIMATE [213] and cholesterol [112–114] and
potentially enables fine-tuned interference with drugs. Even though several CRAC
channel blockers are currently available [214–216], their precise sites of action have
remained elusive. In addition to the classical pore blockers, the complexity of the
CRAC channel machinery allows a variety of interventions to be made, which can
interfere with the coupling of CRAC channel components or their conformational
changes from the closed to the open state in order. Hence, novel CRAC channel
modulators with significant therapeutic potential in immune deficiency, autoimmune
or allergic disorders can potentially be uncovered.
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Chapter 24
Targeting Transient Receptor Potential
Channels by MicroRNAs Drives Tumor
Development and Progression

Giorgio Santoni, Maria Beatrice Morelli, Matteo Santoni, Massimo Nabissi,
Oliviero Marinelli, and Consuelo Amantini

Abstract Transient receptor potential (TRP) cation channel superfamily plays
important roles in a variety of cellular processes such polymodal cellular sensing,
adhesion, polarity, proliferation, differentiation and apoptosis. The expression of
TRP channels is strictly regulated and their de-regulation can stimulate cancer
development and progression.

In human cancers, specific miRNAs are expressed in different tissues, and
changes in the regulation of gene expression mediated by specific miRNAs have
been associated with carcinogenesis. Several miRNAs/TRP channel pairs have been
reported to play an important role in tumor biology. Thus, the TRPM1 gene regulates
melanocyte/melanoma behaviour via TRPM1 and microRNA-211 transcripts. Both
miR-211 and TRPM1 proteins are regulated through microphthalmia-associated
transcription factor (MIFT) and the expression of miR-211 is decreased during
melanoma progression. Melanocyte phenotype and melanoma behaviour strictly
depend on dual TRPM1 activity, with loss of TRPM1 protein promoting melanoma
aggressiveness and miR-211 expression supporting tumour suppressor. TRPM3
plays a major role in the development and progression of human clear cell renal cell
carcinoma (ccRCC) with von Hippel-Lindau (VHL) loss. TRPM3, a direct target
of miR-204, is enhanced in ccRCC with inactivated or deleted VHL. Loss of VHL
inhibits miR-204 expression that lead to increased oncogenic autophagy. Therefore,
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the understanding of specific TRP channels/miRNAs molecular pathways in distinct
tumors could provide a clinical rationale for target therapy in cancer.

Keywords TRP channels · miRNAs · Channelopathies · Tumor progression ·
Target therapy · Calcium/calcineurin signaling · TRPV · TRPA1 · TRPP ·
TRPM

Abbreviations

BRAF proto-oncogene protein B-raf
BRAFV600 BRAF harbouring somatic missense mutations at the amino acid

residue V600
BRN2 POU-domain transcription factor (POU3F2)
ccRCC human clear cell renal cell carcinoma
CRC colorectal cancer
EC endometrial cancer
EOC epithelial ovarian cancer
ETS-1 erythroblastosis virus E26 oncogene homolog 1
FGR2 fibroblast growth factor receptor type 2
HCC hepatocellular carcinoma cells
LUAD lung adenocarcinoma
MIFT microphthalmia-associated transcription factor
miR MicroRNAs
mRNA messenger RNA
MTSS1 metastasis suppressor gene 1
NCX1 Na+/Ca2+ exchanger-1
NFAT5 nuclear factor of activated T-cells 5
NFATC3 nuclear factor of activated T-cells isoform c3
NSCLC non-small cell lung carcinoma
OC ovarian cancer
PCa prostate cancer
PKD Polycystic kidney disease
pri-miRs primary miRNAs
TrkB Tropomyosin receptor kinase B
TRPA Transient receptor potential ankyrin
TRPC Transient receptor potential canonical
TRPM Transient receptor potential melastatin
TRPP Transient receptor potential polycystic
TRPV Transient receptor potential vanilloid
UTR untranslated region
VHL von Hippel-Lindau
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24.1 Introduction

Ion channels belonging to the Transient Receptor Potential (TRP) family are
expressed in every living cell, where they participate in controlling a lot of biological
processes and physiological functions, such as cell excitation, electrical activity,
cellular osmolarity, as well as growth and death. They show common features in the
structure such us the presence of six transmembrane segments with intracellular N-
and C-termini and varying degrees of sequence homology. They are grouped into
seven subfamilies: TRPC (“C” for canonical), TRPV (“V” for vanilloid), TRPM
(“M” for melastatin), TRPN (“N” for no mechanoreceptor potential C), TRPA
(“A” for ankyrin), TRPP (“P” for polycystic) and TRPML (“ML” for mucolipin).
The majority of TRPs is permeable to Ca2+ and these channels are considered
as multiple signal integrators. In fact they play critical roles in chemosensation,
mechanosensation, thermosensation and nociception sensing stimuli from both
external and local environments [1]. Expression of TRP channels is tightly reg-
ulated and their expression deregulation can trigger abnormal processes, leading
to pathologies, called channelopathies. Several transcription factors play a critical
role in controlling the transcriptome of TRP channels by acting on the 5′-flanking
gene region. Microribonucleic acids (miRNAs), a small non-coding ribonucleic
acids (RNAs) of approximately 22 bp, induce RNA interference by base-pairing
with the 3′ untranslated region (UTR) of mRNA, which triggers either mRNA
translational repression or RNA degradation [2, 3]. In this manner, miRNAs function
as sequence-specific inhibitors of gene expression. miRNAs are initially transcribed
as precursor transcripts called primary miRNAs (pri-miRNAs). pri-miRNAs are
at first processed in the nucleus to precursor miRNAs (pre-miRNAs) by the class
2 RNase III enzyme Drosha, then, after the transport into the cytoplasm, they
become mature miRNAs by the action of Dicer, an RNase III type protein. Finally
they are integrated into the Argonaute protein to produce the effector RNA-
induced silencing complex (RISC). RISCs target mRNAs recognized through partial
sequence complementarity promoting either translational repression or mRNA
degradation [4]. Over 1000 different miRNAs are encoded by the human genome;
approximately 20–30% of all genes are targeted by miRNAs, and a single miRNA
may target up to 200 genes [5]. In human cancers, specific miRNAs are expressed
in different tissues, and changes in the control of gene expression have been
associated with carcinogenesis [6], including in endometrial, colorectal, prostate
cancers and melanomas [7–11]. Furthermore, miRNAs cooperatively exert their
function with certain transcription factors in the regulation of mutual sets of target
genes, allowing coordinated modulation of gene expression both transcriptionally
and post-transcriptionally [12]. In addition, these small noncoding RNAs regulate
the expression of different genes involved also in cardiac excitability, pain, brain
edema etc. [3]. Future studies might decode other miRNAs/TRP deregulation in
human diseases (Table 24.1).



608 G. Santoni et al.

Table 24.1 Expression of miRs and TRP channels in cancers

Tumors TRP gene miR Refs.

Breast cancer TRPC5 miR-320a (−) [28]
Renal cell cancer TRPM3 miR-204 (−) [54, 56]
Melanoma TRPM1 miR-211 (−) [7, 8, 17–20]
Endometrial cancer TRPM3 miR-204 (−) [9]
Prostate cancer TRPM8 miR-26a (+) [11]
Colon-rectal cancer TRPV6 miR-122 (+) [30]

TRPC1 (?) miR-135a (+) [73]
Epithelial ovarian cancer TRPM1 miR-211 (−) [26]

TRPM3 mir-204 (−) [62]
TRPC1 miR-135b (+) [76]

Hepatocarcinoma TRPC6 (?) miR-30 (?) [64]
Lung adenocarcinoma TRPA1 miR-142 (?) [31]
Non small cell lung carcinoma TRPP2 miR-106b (−)a [29]

TRP: Transient receptor potential channels; (?): correlation has been suggested; (−): down-
regulated; (+): up-regulated
aCisplatin cell resistant vs sensitive

24.1.1 miR-211 and Its Target Genes in Melanoma Progression

Malignant melanoma has increased the frequency of its occurrence in the last
years [13]. Surgical removal of superficial primary tumors is satisfactory in term of
survival. However, metastatic melanoma shows a poor survival rate [14]. Transient
receptor potential melastatin channel 1 (TRPM1) transcripts are over-expressed
in benign nevi, dysplastic nevi and melanomas in situ; it is variably expressed
in invasive melanomas and is absent in most melanoma metastasis [15]. TRPM1
is regulated by a microphthalmia-associated transcription factor (MITF) [16]. The
expression of miR-211, which decreases during melanoma progression [7], is driven
by the TRPM1 promoter sequences in a MITF-dependent manner [17]. The gene
encoding miR-211 is located within the sixth intron of the TRPM1 gene, and both
miR-211 and TRPM1 channel protein are regulated by MITF. The miR-211 directly
targets potassium calcium-activated channel subfamily M alpha 1 (KCNMA1)
which is often associated with both cell proliferation and migration/invasion in
various cancers [7]. Moreover, it has been demonstrated that miR-211 expression is
greatly decreased in melanoma cells compared to normal melanocytes [18]. Levy
and co-workers have demonstrated by over-expression and knockdown of either
TRPM1 channel protein or miR-211, respectively, that miR-211, rather than TRPM1
channel protein, modified the melanoma invasiveness [17]. They also identified
that miR-211 regulates insulin-like growth factor 2 (IGF2R), transforming growth
factor beta receptor II (TGFBR2), and nuclear factor of activated T-cells 5 (NFAT5)
signal transduction pathways to have a suppressive effect on a tumour. These data
support the hypothesis that TRPM1 gene regulates melanocyte/melanoma behaviour
via generation of two transcripts including TRPM1 protein, and miR-211: the
loss of TRPM1 protein is an excellent marker of melanoma aggressiveness while
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the miR-211 expression is linked to the tumour suppressor functions. Therefore,
different RNA transcription program (i.e. TRPM1 mRNA and/or miR-211) decides
on the melanocyte phenotype and melanoma behaviour. Clarifying this phenomenon
requires future in vitro studies with targeted modulation of TRPM1 expression and
clinic-pathologic correlation using large clinical cohorts of melanoma patients [8].
Furthermore, another miR-211 target, BRN2, also known as POU-domain transcrip-
tion factor (POU3F2) has been identified. In melanocyte, miR-211 modulates BRN2
expression by repressing its translation [18]. In melanoma miR-211 is expressed
at low levels and is related to an over-expression of BRN2, that mediates the de-
differentiated and invasive phenotype [18]. The identification of miR-211 and its
TRPM1 and BRN2 target genes, could suggest a new therapeutic strategy for the
treatment of metastatic melanomas.

24.1.2 miR-211/TRPM1 in BRAFV600 Malignant Melanoma

About 50% of malignant melanomas showed proto-oncogene protein B-raf (BRAF)
somatic missense mutations at the amino acid residue V600 (BRAFV600) [19].
Inhibition of BRAFV600 with vemurafenib induces a rapid regression of metastatic
BRAFV600 melanomas. Recently, by studying the secretome of melanoma-derived
extracellular CD81+ and TSG-101+ vesicles in vemurafenib-treated cells, an
increased expression of several miRNAs including miR-211-5p was evidenced
(Table 24.2). In melanomas harboring BrafV600 mutation, the expression of miR-
211-5p because of BRAF inhibition was induced by increased MIFT expression.
The later transcriptional factor that up-regulates the TRPM1 gene expression
induces miR-211-5p expression, resulting in activation of survival pathway through
the Bcl-2 and Melan-A anti-apoptotic molecules [20]. Bcl-2 is a direct target of

Table 24.2 Vemurofenib treatment increases the microRNA levels in exosomes-derived and
BRAFV600 melanoma cells, compared to not treated cells

Melanoma cells Exosomes
Type Fold changes p-value Fold changes p-value

microRNA-211-5p 4.07 0.03
microRNA-34a-5p 1.91 0.04
microRNA-15b-5p −2.11 0.01
microRNA-1307-3p −1.72 0.01
microRNA-1301-3p −2.22 0.02
microRNA-1307-5p −2,25 0.03
microRNA-339-5p −2.23 0.01
microRNA-574-3p −1.40 0.00
microRNA-9-5p −1.40 0.04
microRNA-7-5p −1.50 0.04

Table shows the microRNA changes (fold expression) from sequencing analysis in exosome-
secreted from and melanoma cells. Fold change is utilized as microRNA up- or down-regulation.
Data are presented as the ±SEM. p < 0.05
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MIFT and modulation of Bcl-2 regulates Melan-A [21]. Inhibition of BRAFV600

leads to down-regulation of pERK1/2 that increases MIFT expression [22].
MIFT transcriptionally activates TRPM1 and simultaneously up-regulates the

intronic miR-211-5p. Recently has been reported that MIFT induces miR-211 target
genes such as AP1S2, SOX11, IGFBP5 and SERINC3 that increase melanoma cell
invasion. In addition, also a role for miR-211 as metabolic regulator in melanoma
cells, by targeting the hypoxia inducible factor 1a (HIF-1α) has been reported [23].

24.1.3 miR-211 in Ovarian Cancer

The miR-211 is located on intron 6 of the TRPM1 gene at 15q13-q21, a locus
frequently lost in neoplasms [24, 25]. It has been demonstrated that miR-211
expression is significantly down-regulated in ovarian cancer. The miR-211 nega-
tively regulates the activity of CDK6 and Cyclin D1 by directly binding to 3’UTR
sequences of the related mRNAs repressing their translation into proteins [26]. The
cyclin D controls the CDK6 activity and has been reported to regulate angiogenesis,
growth factor-stimulated proliferation and the promotion of G1 phase progression.
Moreover, miR-211 suppresses the expression of PHF19, promoting apoptosis and
inhibiting cell migration [27]. Overall, the cyclin D1/CDK6 and PHF19 are key
players in epithelial ovarian cancer (EOC) tumorigenesis and TRPM1/miR-211
might provides new data in the diagnosis, prognosis and therapy for EOC [26, 27].

24.2 TRPC5/miR-320a and TRPP2/miR-106-5p in Breast
and Lung Cancer Drug Sensitivity

Over-expression of the transient receptor potential canonical 5 (TRPC5) channel
and the nuclear factor of activated T-cells isoform c3 (NFATC3) are essential for
breast cancer chemoresistance. However, the mechanism by which TRPC5 and
NFATC3 are regulated are unknown. The miR-320a was found to be downregulated
in chemoresistant breast cancer cells. It directly targeted TRPC5 and NFATC3 and
downregulation of miR-320a triggered TRPC5 and NFATC3 over-expression. In
chemoresistant breast cancer cells, downregulation of miR-320a was associated
with promoter methylation of the miR-320a coding sequence [28]. Furthermore, the
transcription factor v-ets erythroblastosis virus E26 oncogene homolog 1 (ETS-1),
which inhibits the miR-320a expression, was found to be activated in chemoresistant
breast cancer cells and such activation was associated with hypomethylation of
the ETS-1 promoter [28]. Finally, downregulation of miR-320a and enhanced
expression of TRPC5, NFATC3, and ETS-1 were verified in clinically chemore-
sistant breast cancer samples. Low expression of miR-320a was also found to be a
significant unfavourable predictor for clinic outcome.

In addition, a role for the miR-106b-5p and the transient receptor potential
polycystic channel 2 (TRPP2) channel in the sensitivity of non-small cell lung
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carcinoma (NSCLC) to cisplatin treatment has been reported [29]. Treatment
of NSCL patients with cisplatin is hindered by cisplatin resistance. Yu e co-
workers, have demonstrated in human lung adenocarcinoma MDRA549/cisplatin
(A549/DDP) and its progenitor A549 cell line, that miR-106b-5p was decreased in
A549/DDP cells. The miR-106b-5p affected the tolerance of cancer lung cells to
cisplatin treatment, by negatively regulating the TRPP2 channel [29]. Up-regulation
of the miR-106b-5p or down-regulation of the TRPP2 channel expression increased
the sensitivity of A549/DDP cells to cisplatin treatment, suggesting that mR-106b-
5p may represent a clinical strategy in the treatment of NSCLC [29].

24.3 TRPV6/miR-122 in Colorectal Liver Metastasis

Control of liver metastasis is an important goal in the treatment of colorectal cancer
(CRC). In liver metastasis of primary CRCs, the most abundant miRNA, compared
with primary tumors, is miR-122 [30].

The expression levels of transient receptor potential vanilloid channel 6 (TRPV6)
channels, the cationic amino acid transporter 1 (CAT1), a negative target gene of
miR-122, were found to be lower in liver metastases than in primary tumors. The
expression levels of TRPV6 evaluated in 132 formalin-fixed paraffin-embedded
primary tumors and their corresponding metastatic liver tumors isolated by using
laser capture microdissection, were negatively correlated with synchronous liver
metastasis and tumor stage. Results from the analysis on 121 CRC patients without
synchronous liver metastasis, demonstrated that patients with low TRPV6 expres-
sion showed significantly shorter liver metastasis-free survival, but not disease-free
survival. Over-expression of miR-122 and concomitant suppression of TRPV6 in
the primary CRC appears to play important roles in the development of colorectal
liver metastasis.

Thus, expression of TRPV6 in the primary CRC represents a novel biomarker to
predict the risk of postoperative liver metastasis of CRC patients [30].

24.4 TRPA1 Channel-Targeting Exosomal miR-142-3p

The transient receptor potential ankyrin channel A1 (TRPA1) channel has been
suggested to play an important role in lung cancers [31, 32]. Recent studies have
demonstrated the capability of the TRPA1 to form a complex with the fibroblast
growth factor receptor type 2 (FGR2) in lung adenocarcinoma (LUAD), a diffuse
lung cancer that metastasizes in different organs and brain [33]. As in other lung
tumors, in LUAD, FGFR2 is a major factor responsible of tumor progression [34,
35]. In this regard, the TRPA1 channel through the ankyrin repeats, has been
demonstrated to bind the terminal prolin-rich region of FGR2. This binding that it
is induced, independently by external stimulation, inhibits TRPA1 channel activity,
resulting in FGFR2 signaling activation that leads to increased cell proliferation
and metastatic spread invasion [33, 34]. In addition, Berrout and coworkers also
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demonstrated that the dormant state of LUAD cells observed in the brain upon
astrocytes encounter, may be related to a crosstalk between cancer cells and
astrocytes. Previously, has been reported that the miR-142-3p targeting the TRPA1
channel can suppress NSC lung cancer progression [35, 36]. In regard to LUAD,
astrocytes have been found to be able to transfer micro-vesicles called exosomes
containing miRNA (e.g. miR-142-3p) specifically targeting the TRP channel. The
binding of miRNA-142-3p to the 3’-UTR of TRPA1 triggers the depletion of TRPA1
expression in metastatic LUAD cells and subsequently abrogation of the FGFR2-
driven cell proliferation and invasion of lung cancer cells in the brain.

24.5 TRPM8 and miRNAs in Prostate Cancer

Prostate cancer (PCa) is the second most frequent tumor and the 60 leading cause
of cancer related death among males worldwide [37]. TRPM8 is an androgen-
responsive gene and essential for the survival of PCa cells [38]. It is involved in
the regulation of the intracellular Ca2+ concentration and exhibited an elevated
expression in PCa cells. TRPM8 shows a significant association with age, serum
prostate specific antigen concentration, tumor state, Gleason score or metastasis
at prostatectomy. The analysis of a possible correlation between the expression
of selected miRNAs and the TRPM8 gene, have evidenced a moderate inverse
correlation between high TRPM8 expression and low miR-26a expression. It
was found that miR-26a expression was decreased in PCa tissues and cell lines,
with androgen-independent prostate cancer showing lower miR-26a expression
compared to androgen-dependent prostate cancer [39]. Over-expression of miR-
26a enhances apoptosis, and this upregulation is triggered by cytochrome c oxidase
subunit II inhibition. In addition, a low miR-26a density resulted in an evidently
poor prognosis. Further research is warranted to confirm a direct regulatory effect
of miRNA on their potential target genes and to the development of miRNA-based
therapy [11].

24.6 miR-17/TRPP Channels in Polycystic Kidney Disease
and Cancers

The miR-17 and related miRNAs are derived from three miRNA clusters: miR-
17 ∼ 92, miR-106a-363 and miR-106b ∼ 25 clusters. The genomic organization
and coding sequences of these miRNA clusters are evolutionarily conserved in
vertebrates. Based on their seed sequence, miRNAs derived from these three clusters
can be classified into four families: the miR-17, miR-18, miR-19 and miR-25
families. Since members of each family have an identical seed sequence, they are
predicted to target the same mRNAs. Interestingly, miR-17 ∼ 92 and related clusters
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are enriched in developing tissues and are essential for heart and lung development
[40]. The miR-17 and related miRNAs are also implicated in the pathogenesis of
Polycystic kidney disease (PKD) [41], a most common genetic cause of chronic
kidney failure characterized by the presence of numerous, progressively enlarging
fluid-filled cysts in the renal parenchyma [41]. By bioinformatics analysis has
been reported that miR-17 directly targets the 3′UTR of TRPP2 (PKD2) and post-
transcriptionally represses its expression [42]. Dysregulated miRNA expression is
observed in PKD, with miR-17 ∼ 92, that is upregulated in a mouse model of PKD.
Kidney-specific transgenic over-expression of miR-17 ∼ 92 produces kidney cysts
in mice. Conversely, kidney-specific inactivation of miR-17 ∼ 92 in a mouse model
of PKD retards kidney cyst growth, improves renal function, and prolongs survival.
miR-17 ∼ 92 may mediate these effects by promoting proliferation and through
post-transcriptional repression of the TRPP1 and TRPP2 genes (Pkd1 and Pkd2,
respectively) and of the hepatocyte nuclear factor-1β [41]. The cysts arise from renal
tubules and are lined by abnormally functioning and hyperproliferative epithelial
cells.

In addition, two major lines of evidence also implicate miR-17 and related
miRs in the pathogenesis of various cancers [43, 44]. First, these miRs are
amplified in numerous human cancers, promote proliferation [45] and cause tumor
growth in vivo [44]. Second, the oncogenic transcription factor c-Myc has been
demonstrated to bind to the miR-17 ∼ 92 promoter and to induce its transcription
[46]. Further studies should be required to completely address the oncogenic role of
miR-17 and TRPP channels.

24.6.1 miR-204/TRPM3 and Cancer Survival and Apoptosis

At present, several data on the role of miR-204 in cancers have been provided.
Roldo and coworkers showed the upregulation of miR-204 in insulinoma [47].
Similar results were also reported by Zanette in the acute lymphoblastic leukemia
[48]. By contrast, decreased miR-204 expression was reported in glioblastoma
[49], gastric, bladder and lung cancers, suggesting that miR-204 may also be a
tumor suppressor gene. In hepatocarcinoma, miR-204 has been found to inhibit the
expression of long non-coding RNA (IncRNA) for homeobox A distal transcript
antisense RNA (HOTTIP), through interference with the argonaute-2 pathway [50].
BCL-2 represents a target for miR-204, and apoptosis represents the suppressive
mechanism regulated by miR-204 by binding to the 3′-UTR of BCL-2 [51]. The
miR-204 suppression has been reported to inhibit the transition from epithelial
to mesenchymal, IL-11, SOX4 and SIX1 target gene expression [52] and bone
metastasis in breast cancer cells by reduction of the 68-kDa Src-associated protein
in mitosis (SAM68) activity [53].

The miR-204-encoding gene is located in the sixth intron of TRPM3, and
expression of mature miR-204 and pri-miR-204 strictly correlates in vitro and in
vivo with that of TRPM3 gene [54].
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24.6.2 Loss of miR-204 Triggers TRPM3-Mediated Oncogenic
Autophagy in Clear Cell Renal Cell Carcinoma

Autophagy is an important homeostatic process for lysosome degradation of
damaged organelles and proteins. Interestingly, alterations of the crosstalk between
miRs and ion channels belonging to the TRP family, alter the homeostatic control
and trigger oncogenic autophagy to survive to stressful stimuli [55]. Among TRP ion
channels, TRPM3 plays a major role in the development and progression of clear
cell renal cell carcinoma (ccRCC) with von Hippel-Lindau (VHL) loss mutation.
TRPM3 expression is enhanced in human ccRCC with inactivated or deleted VHL.
Loss of VHL inhibits the expression of miR-204 that in turn leads to increased
oncogenic autophagy in ccRCC, resulting in an augmented expression of TRPM3,
a direct target of miR-204 [54, 56, 57]. Binding of miR-204 to the 3′UTR of
TRPM3 inhibits the TRPM3 translation. Similarly, binding of miR-204 to the 3′-
UTR of caveolin 1 (CAV1) inhibits the CAV1 expression required for TRPM3
expression (Fig. 24.1). TRPM3 activation by stimulating of Ca2+ influx rise,
triggers oncogenic autophagy through increased autophagosomes and CAMKK2

Fig. 24.1 Robust control of the autophagic network by microRNAs and calcium- and zinc-
activated pathways. Calcium and zinc entering the cell through the TRPM3 channel stimulate
oncogenic autophagy mediated by LC3A and LC3B through a dual mechanism. Calcium stimulates
phagophore initiation through Ca2+-dependent activation of CAMKK2 and AMPK, and the
resulting phosphorylation of ULK1. Calcium and zinc also inhibit miR-214, which directly targets
LC3A and LC3B. The VHL tumor suppressor inhibits expression of TRPM3 directly and indirectly
through the effect of miR-204 on CAV1. In addition, miR-204 directly targets LC3B. AMPK,
AMP-activated protein kinase; CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2,
β; CAV1, caveolin 1; LC3A, microtubule-associated protein 1 light chain 3 α; LC3B, microtubule-
associated protein 1 light chain 3 β; TRPM3, transient receptor potential melastatin 3; ULK1,
unc-51 like autophagy activating kinase 1; VHL, Von Hippel-Lindau [52]. (Courtesy Hall et al.,
Cancer Cell. 2014; 26(5): 738–753)
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Fig. 24.2 Novel autophagy pathway important in ccRCC, centered on the ion channel TRPM3.
The possible strategies to manipulate this pathway at several steps are indicated in red [53].
(Courtesy of Cecconi and Jaattela, Cancer Cell. 2014;26(5):599–600)

and AMPK activation, resulting in ULK1 phosphorylation; by contrast miR-204
inhibits oncogenic autophagy [56]. In addition, TRPM3-induced Ca2+ and Zn2+
influx and CAMKK2-AMPK pathway activation, inhibit the expression of miR-214
directly targeting the LC3A and LC3B proteins (Fig. 24.2) [58, 59]. Overall, the
inhibition of TRPM3-induced oncogenic autophagy in VHL-mutated ccRCC may
provide a clinical rationale therapy leading to ccRCC regression. On the other hand,
the signal transducer and activator of transcription (STAT)-3 has been demonstrated
to down-regulate the miR-204 expression in nasopharyngeal carcinoma [60] and
endometrial carcinoma [9].

24.6.3 TRPM3/TrkB/miR-204 Interplay in the Endometrial
Cancer

Endometrial carcinoma (EC) is the most common gynecological malignancy world-
wide [61]. A recent study identifies a novel TrkB–STAT3–miR-204-5p signaling
axis playing an important role in EC growth through the accumulation of the key
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Fig. 24.3 Left: In normal cells, a recurrent auto-regulatory circuit involving the expression of
TrkB induces phosphorylation of STAT3 to negatively regulate the expression of miR-204-5p.
MiR-204-5p, in turn, represses TrkB expression. The expression of miR-204 within this circuit
maintains endometrial cells in a normal differentiated state. Right: In endometrial cancer cells,
this circuit becomes dysregulated due to increased activity of the TrkB–STAT3 component of the
circuit, which constitutively represses miR-204-5p. In the absence of sufficient miR-204 tumor
suppressor activity, TrkB is left uncontrolled, thereby leading to carcinogenesis [7]. (Courtesy of
Bao et al. Mol Cancer. 2013; 12: 155)

tumor oncogene, TrkB [9]. The TrkB oncogene is a novel target of miR-204-
5p. In normal cells, a recurrent auto-regulatory circuit involving the expression of
TrkB induces phosphorylation of STAT3 that negatively regulates the miR-204-5p
expression. The miR-204-5p in turn, represses the TrkB expression. The expression
of miR-204 in this circuit maintains the endometrial cells in a normal differentiated
state. On the other hand, in EC cells, this circuit becomes dysregulated due to
increased activity of the TrkB–STAT3 component, which constitutively represses
the miR-204-5p. In the absence of sufficient miR-204 tumor suppressor activity, the
TrkB oncogene is left uncontrolled, thereby leading to carcinogenesis (Fig. 24.3).

Ectopic over-expression or knockdown of TrkB expression caused changes in
miR expression in EC cells. qRT-PCR showed that elevated TrkB repressed miR-
204-5p expression in EC cells. Furthermore, TrkB over-expression in IshikawaTrkB

cells increased JAK2 and STAT3 phosphorylation, which was aborted by TrkB
knockdown in HEC-1BshTrkB cells. Moreover, by ChIP assays, phospho-STAT3
direct binding to STAT3-binding sites near the TRPM3 promoter region, upstream
of miR-204-5p, has been reported [9]. The miR-204-5p suppresses the clonogenic
growth, migration and invasion of EC cells and also inhibits the growth of tumor
xenografts bearing human EC cells. Interestingly, lower miR-204-5p expression was
associated with lymph node metastasis and lowered the survival in EC patients.
Finally, it has been also recently reported in EOC [62] that IL-6 treated EOC
via IL-6R, triggers STAT3 activation that in turn represses miR-204 near to the
TRPM3 promoter. This effect is required for IL-6-induced cisplatin resistance [62].
Collectively, the reestablishment of miR-204-5p expression could be explored as a
potential new therapeutic target for this disease.
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24.6.4 TRPC6 and miR-30 in Hepatocellular Carcinoma
Invasion

TRPC6 channel is a critical component of calcium/calcineurin signaling together
with protein phosphatase 3 family member 3CA/B, R1 (PPP3CA/B, PPP3R1)
and NFATC3. This channel is highly expressed in several types of cancer [63].
Recently, a role for TRPC6 in driven TGFβ-mediated migration and invasion
of human hepatocellular carcinoma cells (HCC) by forming a complex with the
Na+/Ca2+ exchanger-1 (NCX1) has been reported [64]. This complex-mediating
Ca2+ signaling regulates the effects of TGFβ on the migration, invasion in HepG2
and Huh7 cells, and intrahepatic metastasis of human HCC cells in nude mice.
TGFβ upregulates TRPC6 and NCX1 expression and induces the formation and
activation of the TRPC6/NCX1 molecular complex, generating a positive feedback
between TRPC6/NCX1 and Smad signaling. The expression of both TRPC6 and
NCX1 was markedly increased in native human HCC tissues, and their expression
levels positively correlated with advancement of HCC in patients. These data
reveal the relevance of TRPC6/NCX1 molecular complex in HCC suggesting it as
potential targets for therapy [64]. TRPC6 is a target gene of miR-30 [65] found to
inhibit cell proliferation and invasion in different tumors [66]. However, at present
the mechanisms regulating the miR-30/TRPC6 molecular interaction in HCC are
still unknown. In parallel to TRPC6 upregulation that increases cell proliferation,
TRPC1 silencing suppressed proliferation. Thus, it may be suggested that miR-
30 by targeting TRPC1 and TRPC6 channels may take a part in the mechanism
regulating HCC cell proliferation [67].

24.6.5 MiR-135 by Targeting TRPC1 Promotes Cancer
Invasion and Chemotherapy Resistance

The miR-135 family comprises two members, miR-135a and miR-135b. miR-
135a functions as a tumor suppressor gene in gastric [68], prostate [69] and renal
cancers [70], malignant glioma [71] and colon cancer [72]. An in vitro study
has demonstrated that in SW480 and SW620 CRC cell lines miR-135a promotes
mobility and invasion via the metastasis suppressor gene 1 (MTSS1) [73]. In
contrast, inhibition of miR-135a reduced their invasive capability. The miR-135a-
mediated cell mobility and invasion were reduced after MTSS1 knocked-down by
small interfering RNA, indicating that miR-135a promotes the invasion of CRC
cells, partially through targeting MTSS1 [73].

By luciferase reporter assay, TRPC1 was identified as other target gene of
miR-135a [63]. In cultured podocytes, TGFβ stimulation and adriamycin treatment
promote miR-135a expression and TRPC1 down-regulation. Ectopic expression of
miR-135a led to severe podocyte injury and disarray of podocyte cytoskeleton,
which was reversed by TRPC1 [63]. Thus, in the view of the important role of miR-
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135a in cytoskeleton stability, a contribute of this miRNA in cancer migration and
metastatic invasion could be suggested. A role of TRPC1 in cancer development and
progression, such as a role in apoptosis of hepatocellular carcinoma [67], metastasis
of nasopharyngeal carcinoma [74], proliferation of NSCL carcinoma [75] as well
as proliferation and tumorigenesis in ovarian cancer (OC) has been reported. A
marked decrease in TRPC1 mRNA levels in human OC and cisplatin-resistant
OC cells was observed [76]. TRPC1 directly interacts with several proteins/genes
(MORC4, EGFR, STAT3, PDCD4, MET, OGDHL, BCL2, PTEN, SPARCL1,
PIK3C3) implicated in drug resistance of OC. In the same way 5 miRs (miR-135b,
miR-186, miR-26a, miR-497 and miR-548b-3p) targeting TRPC1, controlling drug
resistance in OC [76] have been identified, with increased miR-135b and miR-186
expression that significantly correlates with the reduction of TRPC1 expression.
The miR-135a regulates HOXA10 expression in epithelial OC, which correlates
with platinum resistance [77]; moreover, a role for the TRPC1/SPARCL1 in the
regulation of the autophagy and drug resistance in OC has been suggested.

24.7 Conclusion

MicroRNA are single stranded 19–25 nucleotides short RNAs that modulate gene
expression at posttranslational level by targeting mRNAs and through binding of
the 3′-untranslated region (UTR) of mRNAs. In the last years, miRNAs have
attracted great interest from the oncologists for their versatility to regulate every
phase of the carcinogenesis processes. A growing body of evidence suggests that
miRNAs are aberrantly expressed in many human cancers (Table 24.1). Some high
expressed miRNAs may function as oncogenes by repressing tumor suppressors,
whereas other miRNAs are down-regulated and negatively regulate oncogenes, thus
functioning as tumor suppressor. miRNAs have a pivotal role in tumorigenesis and
the understanding of their functions may help to provide new cancer therapies.

In the last years it was demonstrated that several members of TRP family are
target of miRNAs. Considering that these not selective cation channels fulfill several
roles in cell physiology and in pathology such as regulating tumorigenesis and tumor
progression, they became promising therapeutic targets in cancer treatment. Indeed,
the interruption of one or more of the above described signaling network could be
more effective than a single target gene to overcome cancer.

Interestingly, RNA molecules are not only retained in the cytoplasm of the cells,
but they can also be released into the extracellular milieu, often in extracellular
vesicles. These extracellular vesicles can transfer functional RNA between cells.
In addition, different types of vesicles such as apoptotic bodies, microvesicles and
exosomes contain distinct RNA molecules, especially miRNAs.

MiRNAs dysregulation was also involved in cancer chemoresistance, by regu-
lating specific TRP-mediated pathway developed as consequence of high selection
pressure in response to a disadvantageous microenvironment.
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Future studies should be required to identify the TRP channels and miRNAs
expression and their role played in distinct phase of tumor development and
progression. Much work still remains to do; we are only at the beginning to develop
strategies to treat cancer manipulating the TRP/miRNA interactive network.
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Chapter 25
Calcium Channels
and Calcium-Regulated Channels
in Human Red Blood Cells

Lars Kaestner, Anna Bogdanova, and Stephane Egee

Abstract Free Calcium (Ca2+) is an important and universal signalling entity in
all cells, red blood cells included. Although mature mammalian red blood cells are
believed to not contain organelles as Ca2+ stores such as the endoplasmic reticulum
or mitochondria, a 20,000-fold gradient based on a intracellular Ca2+ concentration
of approximately 60 nM vs. an extracellular concentration of 1.2 mM makes Ca2+-
permeable channels a major signalling tool of red blood cells. However, the internal
Ca2+ concentration is tightly controlled, regulated and maintained primarily by the
Ca2+ pumps PMCA1 and PMCA4. Within the last two decades it became evident
that an increased intracellular Ca2+ is associated with red blood cell clearance in
the spleen and promotes red blood cell aggregability and clot formation. In contrast
to this rather uncontrolled deadly Ca2+ signals only recently it became evident,
that a temporal increase in intracellular Ca2+ can also have positive effects such
as the modulation of the red blood cells O2 binding properties or even be vital
for brief transient cellular volume adaptation when passing constrictions like small
capillaries or slits in the spleen. Here we give an overview of Ca2+ channels and
Ca2+-regulated channels in red blood cells, namely the Gárdos channel, the non-
selective voltage dependent cation channel, Piezo1, the NMDA receptor, VDAC,
TRPC channels, CaV2.1, a Ca2+-inhibited channel novel to red blood cells and
i.a. relate these channels to the molecular unknown sickle cell disease conductance
Psickle. Particular attention is given to correlation of functional measurements with

L. Kaestner (�)
Theoretical Medicine and Biosciences, Saarland University, Homburg, Germany

Experimental Physics, Saarland University, Saarbrücken, Germany
e-mail: lars_kaestner@me.com

A. Bogdanova
Red Blood Cell Research Group, Institute of Veterinary Physiology, Vetsuisse Faculty and the
Zürich Center for Integrative Human Physiology (ZIHP), University of Zürich, Zürich,
Switzerland

S. Egee
CNRS, UMR8227 LBI2M, Sorbonne Université, Roscoff, France

Laboratoire d’Excellence GR-Ex, Paris, France

© Springer Nature Switzerland AG 2020
M. S. Islam (ed.), Calcium Signaling, Advances in Experimental Medicine
and Biology 1131, https://doi.org/10.1007/978-3-030-12457-1_25

625

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12457-1_25&domain=pdf
mailto:lars_kaestner@me.com
https://doi.org/10.1007/978-3-030-12457-1_25


626 L. Kaestner et al.

molecular entities as well as the physiological and pathophysiological function of
these channels. This view is in constant progress and in particular the understanding
of the interaction of several ion channels in a physiological context just started.
This includes on the one hand channelopathies, where a mutation of the ion
channel is the direct cause of the disease, like Hereditary Xerocytosis and the
Gárdos Channelopathy. On the other hand it applies to red blood cell related
diseases where an altered channel activity is a secondary effect like in sickle cell
disease or thalassemia. Also these secondary effects should receive medical and
pharmacologic attention because they can be crucial when it comes to the life-
threatening symptoms of the disease.

Keywords Gárdos channel · Non-selective voltage dependent cation channel ·
Piezo1 · NMDA receptor · VDAC · TRPC channel · CaV2.1 ·
Calcium-inhibited channel · Psickle · Anaemia

25.1 Introduction to Calcium in Red Blood Cells

Free Calcium (Ca2+) is an important and universal second messenger in all cells [1,
2], red blood cells (RBCs) included [3–5]. This results in the abundance of Ca2+-
binding proteins in RBCs with differing Ca2+ sensitivities as outlined in Fig. 25.1.
Mature mammalian RBCs are believed to not contain organelles as Ca2+ stores such
as the endoplasmic reticulum or mitochondria [6]. Compared to other cell types,
where the Ca2+ liberated from stores within intracellular organelles can be used in
the regulation of free cytosolic Ca2+ concentration and thereby Ca2+ signalling, in
mammalian erythrocytes the control of free intracellular Ca2+ concentration must
be done by regulation of membrane transport. A 20,000-fold gradient based on
an intracellular Ca2+ concentration of approximately 60 nM vs. an extracellular
concentration of 1.2 mM makes Ca2+-permeable channels a major signalling tool
of RBCs. As historically RBCs served as the model cell to investigate membrane
transport, it is well known that the internal Ca2+ concentration is tightly controlled,
regulated and maintained primarily by the Ca2+ pumps PMCA1 and PMCA4 [4,
7]. The Ca2+ pumping in turn is regulated by multiple factors, such as the Ca2+
concentration itself [8], calmodulin [9], calpain [10], phospholipids and various
kinases [11] or even self-association [12]. Within the last two decades it became
evident that an increased intracellular Ca2+ is associated with RBC clearance in the
spleen and promotes RBCs aggregability and clot formation [3, 13–16]. There was
a long debate within the community whether this process should be called eryptosis
[17], which is no longer recommended [18]. In contrast to this rather uncontrolled
deadly Ca2+ signals (resulting in Ca2+ overload), within the recent years it became
evident that a temporal increase in intracellular Ca2+ can also have positive effects
such as the modulation of the RBCs O2 binding properties [19] or even be vital
for brief transient cellular volume adaptation when passing constrictions like small
capillaries or slits in the spleen [5, 20, 21] as depicted in Fig. 25.2. The perilous
balance of Ca2+ in RBCs was recently reviewed [3].
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Protein kinase Cα
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Fig. 25.1 Overview of concentration dependence of Ca2+activated proteins in RBCs. The
yellow column indicates the estimated range of RBCs‘resting free Ca2+ [96]. The gray/black bars
indicate the activation of the proteins with the intensity of darkness related to the activation level
(details see below). The red lines depict the half activation concentration. For orientation the green
line provides the in vivo kD for Fluo-4 [101], probably the most appropriate Ca2+ fluorophore
to be used in RBCs [102]. The universal intermediate messenger calmodulin has a dissociation
constant for Ca2+ of 920 nM [103], which can be shifted down to 100 nM, indicated by the red
arrow. The Gárdos channel has an open probability of EC50 of 4.7 μM with a Hill slope factor of
approximately 1 [104]. Values were measured in excised patches at a membrane potential of 0 mV.
The curve of the opening frequency is almost superimposable (EC50 of 4.3 μM) [104] keeping the
values given in the figure valid also for whole cell and hence population based investigations.
The values for half maximal activation of the scramblase was determined by different studies
with varying methodologies and a slightly different result. Values varied between approximately
30 μM determined in liposomes [105] and 70 μM measured in RBC ghosts [106]. The flippase
displays almost full inhibition already at a Ca2+ concentration of 400 nM [107]. μ-Calpain, a
protein that cleaves cytoskeleton and membrane proteins depicts an half activation at 40 μM
Ca2+ [108] but can be activated and then shifting half-maximal activation down to 200 nM [109].
Transglutaminase mediating polymerisation of RBC membrane proteins in its native form has a
dissociation constant for Ca2+ of 190 μM [110]. Adenosine monophosphate (AMP) deaminase is
an enzyme that converts AMP into inosin monophosphate and is directly stimulated by Ca2+ at a
half maximal concentration of 50 μM free Ca2+ [111]. The binding of Ca2+ to the C2-domain of
PKCα was determined in vitro to be 35 μM with a Hill coefficient of 0.9 [112]. Although the Ca2+
dependence of the membrane binding was measured to be one order of magnitude lower [112], the
initial Ca2+ binding is the crucial step for PKCα activation and therefore the relevant number in
this compilation. (This figure is reproduced from Bogdanova et al. 2013 [3])

25.2 The Gárdos Channel – A Calcium-Activated Potassium
Channel

The Gárdos channel is one of the Ca2+ sensors in RBCs transferring Ca2+ uptake
into K+ and water loss and mediating thereby Ca2+-dependent volume regulation
and changes in RBC rheology. It is also annotated as KCNN4, KCa3.1, IK1 or SK4.
It is the first channel we describe in this chapter because it was the first channel
found in RBCs [22, 23], i.e. utilising the patch-clamp technique as a direct read-out
of channel activity. However, its name goes back to the effect of Ca2+ dependent
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Fig. 25.2 In vivo Ca2+-signalling of mouse RBCs when passing through capillaries. Mouse RBCs
were ex vivo stained with Fluo-4 and then re-injected into the mouse circulation. Fluorescence
imaging of capillaries was performed in the dorsal skinfold chamber. (A) shows representative
snapshots of RBCs passing a bifurcation. For the 30 ms sequence only every second recorded
image is presented. For a better orientation the vessel walls are indicated by red dashed lines in
the leftmost image and further annotations (grey) are added in the other images. (B) depicts the
positions where fluorescence intensity (F/F0) was analysed for a decreasing vessel calibre (Ba)
and for a constant vessel calibre (Bb) of the same example section as in (A). The dashed red
lines mark the vessel walls, the red arrow indicates the blood flow direction and the yellow circles
depict the analysis positions which are plotted in the following diagrams. Example fluorescence
traces of the two cells analysed as pointed out in (Ba) and (Bb) are shown in (Bc). (C) depicts the
analysis of 30 cells passing through a capillary with decreasing vessel calibre and 28 cells passing
through a capillary with constant vessel calibre. Analysis was performed at 3 vessel-bifurcations in
2 mice. The fluorescence intensity (F/F0) traces of all measured RBCs passing through a capillary
with decreasing vessel calibre is plotted in (Ca), while the traces of all measured RBCs passing
a capillary with constant vessel calibre is plotted in (Cb). The statistical analysis of the maximal
fluorescence intensity (F/F0) of RBCs from both groups is depicted in (Cc). The increase in Ca2+,
while passing through a vessel with decreasing calibre is significant (p = 0.014; *). (This figure is
reproduced from Danielczok et al. 2017 [5])

K+ efflux found in RBCs by G. Gárdos once metabolic pathways are poisoned [24,
25]. As the molecular identity of this transport in RBCs was not known, it was
referred to as Gárdos effect and later, when it turned out to be ion channel mediated,
the involved transport protein was called Gárdos channel. Even after its molecular
identification in 2003 [26] in the RBC field it remained to be referred to as Gárdos
channel. Figure 25.3 provides the milestones in the Gárdos channel research. A
comprehensive review of the Gárdos channel structure and function was published
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Fig. 25.3 Milestones in Gárdos channel research. (a) Reprint from Gárdos 1958 [25]; a one page
article mentioning a dependence of K+-efflux from Ca2+ in the category “preliminary notes” was
retrospectively sufficient for the naming of an ion channel. IA stands for iodoacedic acid. (b)
Reprint from Hamill 1981 [23]; the first published single channel current traces from the Gárdos
channel appeared in a poster Abstract for the Physiological Society (London) meeting. Numerous
patch-clamp based characterisations followed this initial recording [22, 28, 104, 103–107]. (c)
Reprint from Hoffman et al. 2003 [26] providing the molecular identification of the Gárdos channel
to be KCNN4 (KCa3.1, IK1, SK4). (d) Reprint from Rapetti-Maus et al. 2015 [29] providing the
first report of a Gárdos channel mutation and its link to a pathophysiological setting. Upper panel:
Blood film smears for two patients with the Gárdos channel mutation p.Arg352His (mother and
son). Lower panel KCNN4 transcript sequencing; upper line presents the wild type sequence and
the lower line the transcript with mutation c.1055G.A (p.Arg352His)
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some 15 years ago [27]. An interesting property of the channel is its temperature
dependence. With decreasing temperature, a continuous decrease of Gárdos channel
conductance is observed. The Arrhenius plot of the unitary channel conductance
between 0 ◦C and 47 ◦C is strictly linear and has a slope which corresponds to
an activation energy of 29.6 ± 0.4 kJ/mol. Nevertheless, simultaneously, altered
gating kinetics results in an increase of channel opening probability at reduced
temperatures. At saturating concentration of intracellular Ca2+ (10 μM), reducing
the temperature from 35 to 30 ◦C results in a change of the opening and closing
kinetic of the Gárdos channel. Brief channel openings and closing are progressively
replaced by longer openings and shorter closing states [28]. More importantly,
reducing the Ca2+ concentration at the intracellular face of the channel at half the
EC50 for Ca2+ and temperature close to 0 ◦C drastically increases open probability
indicating that even at very low Ca2+ concentrations the Gárdos channel may be
activated. Knowing that blood samples for analyses and RBC concentrates for blood
transfusion are kept refrigerated, one has to keep in mind this peculiar property of
the Gárdos channel that may have deleterious effects respective to the cell volume.

The physiological function of the Gárdos channel was a speculative topic for
many decades although a link to RBC cell volume threatening was clear, since
activation of the Gárdos channel results in cellular K+ loss associated with Cl−
and osmotically obliged water loss may lead to rapid cell shrinkage. In this context
the channel was believed to be a ‘suicide mechanism’ triggered by the intracellular
increase in Ca2+. This was proposed to happen in the process of clot formation,
in thrombotic events as well as during RBC clearance. With the finding of the first
mutations in the Gárdos channel [29, 30] (see also Fig. 25.3D) and the associated
pathophysiology, a physiological function of the Gárdos channel was doubtless
proven. Although the initial reports link the mutation of the Gárdos channel to
Hereditary Xerocytosis [29, 30], further studies revealed that ‘Gárdos channelopa-
thy’ is its own disease or at least an own variant of Hereditary Stomatocytosis [31].
Any prolonged Gárdos channel activation lead to changes in cell volume which
eventually affect rheological, stiffness and rigidity properties that compromise their
survival within the circulation especially during their passage within the slits of
the spleen. The mutations reported so far resulted in a gain of function that could
be treated with a Gárdos channel inhibitor. There are numerous Gárdos channel
inhibitors available some of them already clinically tested for other diseases, like
clotrimazole for topical applications or senicapoc [32]. The Gárdos channel also
shows an increased activity in other haemolytic diseases, such as sickle cell disease.
Therefore one has tried to use the Gárdos channel as a pharmacological target to
treat sickle cell disease [33] overlooking the fact that upstream of the signalling
cascade is an increase in intracellular Ca2+ through a pathway named Psickle for
which we are still seeking molecular identity (see below) and triggers numerous
other pathophysiological processes in the RBCs (compare Fig. 25.1) leaving the
Gárdos channel only a minor portion to account for the cellular symptoms of sickle
cell disease [34]. However, what failed in sickle cell disease may still work out well
in Gárdos Channelopathy [31, 35].
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25.3 Non-selective Cation Channels Permeable for Calcium

25.3.1 Non-selective Voltage Dependent Cation Channel
and Piezo1

RBCs contain a variety of non-selective ion channels that are permeable to Ca2+.
First there is a non-selective voltage dependent cation channel initially described by
Christophersen and Bennekou [36, 37] and later to be reported to be Ca2+ permeable
[38]. However, the molecular identity of this channel is still not quite clear [39,
40]. Although it was proposed to be a conductive state of the voltage-dependent
anion channel (VDAC) [41], recent reports rather make a link to the Piezo1 [42, 43].
Figure 25.4 provides a comparison of the non-selective voltage dependent cation
channel and Piezo1. The unique hysteresis-like open probability was also modelled
successfully [44].

PIEZO1 and in particular mutations of the channel have been associated with the
RBC-related disease Hereditary Xerocytosis [45, 46]. Therefore it seems obvious
that this channel, originally described as a mechanosensitive channel, is present in
the RBC membrane. Furthermore, knock-out approaches in zebrafish [21] and mice
[20] gave further evidence for the conserved abundance of Piezo1 in RBCs as well
as for its function (see below). Piezo1 and its mutations were mainly characterised in
heterologous overexpressing cell lines and initial measurements of Piezo1 in RBC
have been rather episodic [47]. However, the discovery of the pharmacological acti-
vation of Piezo1 by Yoda1 [48] lead to the development of high throughput patch-
clamp assays as potential diagnostic tools that were recently implemented [49].

The interplay of Piezo1 (in particular its property to mediate Ca2+ entry) with
the above mentioned Gardos channel [5, 20, 21] provides additional evidence for
a functional Piezo1 in RBCs. Furthermore, the interplay between the channels
was proposed to be vital for the RBCs to maintain their ion homeostasis [50]. In
pathophysiology, Piezo1 seems to play a mayor role in an increased RBC Ca2+-
homeostasis. The reported mutations of Piezo1 [45, 46, 51–54] are mostly gain
of function mutations suggesting an easier and more pronounced Ca2+ entry. The
consequent increase in intracellular Ca2+ is most likely the trigger for the early
removal of the RBC from the circulation and hence the reason for the anaemic
symptoms [55]. One of the clinical treatments to handle severe anaemias is splenec-
tomy. Interestingly splenectomy introduces comorbidity, namely thrombotic events,
in a subpopulation of Hereditary Xerocytosis patients. This could be explained by an
active participation of RBCs in the thrombus formation due to increased intracellular
Ca2+ [13, 14, 56–58]. Surprisingly such thrombotic events were not reported for
splenectomised Gárdos Channelopathy patients [31].

It is worthwhile to mention that in sickle cells an increased conductance carrying
also Ca2+ was reported and named Psickle [59, 60]. It is likely that Psickle resembles
the superposition of several ion channel entities. The sensitivity of Psickle to GsMTx-
4 [61], a toxin that inhibits Piezo1 [62] points to this mechanosensitive channel,
while the increased abundance of N-methyl-D-aspartate (NMDA) receptors in
sickle cells [63] is a very strong indicator for these ionotrope glutamate receptors
(see below).
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Fig. 25.4 Comparison of the non-selective voltage activated cation channel recorded in RBCs
and Piezo1 recorded in overexpressing Neuro2A cells. (a) Current traces of the non-selective
voltage activated cation channel in inside-out patches of RBCs in symmetrical KCl-solution in
mM (500 KCl, 5 MOPS, 4 NMDG, 1 EGTA, 0.02 Ca2+, pH = 7.4). (b) Current traces of Piezo1
in outside-out patches of overexpressing Neuro2A cells in symmetrical NaCl-solution in mM (140
NaCl, 10 HEPES, 5 EGTA, pH = 7.4). The difference in ion strength between panels a and b
could explain the different current amplitudes shown in the single channel openings. (c) The open
state probability as function of the membrane potential. Filled symbols represent data from the
experiment shown panel a. Open symbols represent data from an identical experiment performed
on the same patch after 15 min. In both series, the open probability was calculated from 3 min
of continuous recording at each potential. The curves were drawn by eye. (d) Tail currents from
individual cells were normalized to their maximum and fitted to a Boltzmann relationship. Pooled
data are shown as mean ± SEM. (Panels a and c are reproduced from Kaestner et al. 2000 [38] and
panels b and d from Moroni et al. 2018 [42])

25.3.2 N-Methyl D-Aspartate Receptor

There is clear evidence for the abundance of erythroid N-methyl D-aspartate
(NMDA)-receptors in RBCs in particular in the young cell population [19, 64,
65] and its abnormally high prevalence and activity in sickle cell patients [34,
63]. Inhibition of these receptors by oral administration of memantine, the pore-
targeting antagonist of NMDARs, results in a decrease of the intracellular Ca2+
(Fig. 25.5). In general, cells stemming from myeloid lineage are expressing
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Negative control (100 % cells 0.42 AU)
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Fig. 25.5 NMDA receptors structure and function. (A) Erythroid NMDA receptors are
expressed early on in differentiating erythroid progenitor cells starting from proerythroblasts
(CD34 + -derived cells on day 5 in culture) to orthochromatic erythroblasts (day 16 in culture).
(B) Electrophysiological recordings of currents mediated by treatment of these cells with agonists
NMDA and glycine reveal the change in subunit composition of the receptor during differentiation.
Whereas proerythroblasts and polychromatic erythroblasts are equipped with receptors built by
glycine-binding GluN1 and 3A/B and glutamate/NMDA-binding Glun2A and 2D (see cartoons),
late orthochromatic erythroblasts and reticulocytes contain receptors in which GluN2A is replaced
by GluN2C. As a result channels with high current amplitudes and short times to inactivation in
early progenitors turn into slowly inactivating channels with lower amplitude in late progenitors
and circulating RBCs. For details see [67]. (C) Repeated activation of eNMDARs triggers
inactivation of the channels. (D) Changes in the intracellular Ca2+ concentration in RBCs upon
systemic administration of memantine in patients with sickle cell disease. (Da) Dot plot showing
the heterogeneity of free Ca2+ levels in RBCs (gates F, E, and H) and RBC-derived vesicles
(gate D). (Db) shows a histogram of Ca2+-dependent fluorescence (all cells in population, gate
H) in unstained cells (negative control, red), at baseline before the onset of treatment with 5 mg
memantine a day (green) after 24 h (blue) and 1 week (pink) of therapy with 5 mg Memantin Mepha
daily. The treatment was performed within the MemSID clinical trial (ClinicalTrials.gov Identifier:
NCT02615847 approved by SWISSMEDIC (# 2015DR2096) and Cantonal ethic committee of
canton Zurich (#2015–0297)). (Panels A–C are reproduced from Hänggi et al. 2015 [67] and panel
D from Makhro et al. 2017 [66])

particular type of ionotropic glutamate receptors making immune responses, clotting
and RBC function sensitive to the changes in ambient glutamate levels [66].
Subunit composition of erythroid NMDA receptors (eNMDARs) as well as the
number of receptor copies changes in the course of differentiation (Fig. 25.5A–C).

http://clinicaltrials.gov
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Receptor abundance declines from thousand copies in proerythroblasts to about
30 in reticulocytes and about 5 (on average) in mature RBCs [19, 67]. At the
same time high amplitude currents with short inactivation time carried by the
GluN2A/2D-containing receptors in proerythroblasts are replaced by the currents
mediated by the receptors built by the GluN2C/2D subunits with much smaller
amplitude and prolonged inactivation time in ortho/polychromatic erythroblasts
and reticulocytes [67], (Fig. 25.5A–C). eNMDARs are highly permeable for Ca2+
[19, 64] and are actively involved in Ca2+-driven signaling during differentiation
and maintenance of intracellular Ca2+ in mature RBCs [19, 67]. Clearance of
eNMDARs in reticulocytes released into the circulation most likely occurs by way
of ‘shedding’ when receptors are released together with other membrane proteins
from the membrane in the form of vesicles. Whereas no direct measurements of
eNMDARs in vesicles were performed so far, inability to clear eNMDARs from
membranes of RBCs of patients with sickle cell disease is an indirect evidence for
this hypothesis. In erythroid precursor cells obtained by differentiation of peripheral
CD34+ cells of sickle cell disease patients the number of eNMDAR copies was like
that in cells of healthy patients [67]. However, circulating RBCs of patients were
presented with abnormally high abundance and activity levels of eNMDARs. As a
result, basal Ca2+ levels in RBCs of sickle cell disease patients were exceeding
that in cells of healthy subjects. Pharmacological inhibition of the receptors
decreased Ca2+ levels and resulted in rehydration and reduction in oxidative load
[67]. First pilot clinical trial MemSID in which patients with sickle cell disease
were treated with the antagonist of NMDA receptors, memantine, revealed that
these receptors may be an attractive pharmacological target for this group of
patients [68, 69] (Fig. 25.5D). Among physiological factors that may control eNM-
DARs are endurance exercises that are associated with glutamate release into the
circulation [70].

25.3.3 Voltage-Dependent Anion Channel

Another multifunctional channel with a clear molecular identity in RBCs that
also conducts Ca2+ is the Voltage-Dependent Anion Channel (VDAC) [41, 71].
VDACs have originally been characterized as mitochondrial porins [72]. Three
different isoforms of VDAC have been identified so far: VDAC1, VDAC2 and
VDAC3. Showing the expression of ‘Porin 31HL’ in the plasmalemma of human
B lymphocytes, gave first evidence on the multitopological localisation of VDAC
[73]. The existence in the membrane of RBCs of a 32 kDa associated voltage
dependent anion channel (VDAC) in a peripheral benzodiazepine receptor-like
PBR protein complex to 18 kDa protein TSPO ‘translocator proteins’ and 30 kDa
ANT ‘adenine nucleotide transporter’ proteins has been demonstrated [41, 74].
It has a nanomolar affinity for PK11195, Ro5–4864 and Diazepam ligands [75,
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Fig. 25.6 VDAC, ANT and
TSPO detection in human red
blood cell ghosts. (a) Samples
(15 μg of protein) of whole
lysates were subjected to
SDS-PAGE (10%
acrylamide) and analysed by
Western blotting using
polyclonal anti-ANT (1:1000
dilution), polyclonal goat
anti-TSPO raised against the
C terminus of human TSPO
(1:1000) or rabbit polyclonal
anti VDAC 1–2-3 (1:100
dilution). Multiple bands at
different molecular weights is
consistent with the
oligomerisation of VDAC
proteins. ANT and TSPO
proteins are also clearly
visible. (b)
Immunofluorescence
experiments were performed
on smears Dilution were 1/5
for primary and 1/20 for
secondary antibodies. Scale
bars represent 10 μm. (This
figure is reproduced from
Bouyer et al. 2011 [41])
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76]. All blood cells have a population of receptors with micromolar affinity for
PK11195 ranging from approximately 750,000 sites for lymphocytes to over one
hundred sites for RBCs [77, 78]. These indications are corroborated by analysis of
messenger RNA expression data provided by GeneAtlas U133A where 3 isoforms
of VDAC, 2 isoforms of ANT and 2 isoforms of TSPO were found in erythroid
progenitors from CD34+ to CD71+ (Fig. 25.6). VDAC is a protein that has
remarkably well-preserved structural and functional characteristics, despite major
variations in the sequence [79]. Although it is also present in the plasma membrane,
most of the information we have on its structure function comes from studies on
mitochondrial proteins [80, 81]. The maximum conductances reach 4–5 nS in the
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presence of 1 M NaCl or KCl, 350–450 pS for more physiological concentrations
(NaCl or 150 mM KCl). Conductance and selectivity are voltage dependent; at
low voltages, close to −10 mV, the channel is stable and remains open, whereas
at positive or negative potentials higher than 40 mV, VDAC has multiple sub
states of different permeabilities and selectivities, as well as closing episodes of
which frequency increases with voltage [82, 83]. The highest levels are permeable
to small ions (Na+, K+, Cl−, etc.) but also to large anions (glutamate, ATP)
and large cations (acetylcholine, dopamine, Tris, etc.). They have a preference
for anions (2:1) when saline solutions are composed of ions of equal mobility
such as NaCl or KCl. More importantly, at low conductances, VDAC is more
permeable to small ions with, apparently, a marked preference for cations and
higher permeability to Ca2+ ions than in large conductances [82–84]. VDAC may
have different oligomerization states: mono-, di-, tri, tetra-, hexamers or even more.
Indeed, atomic force microscopy revealed the presence of VDAC1 monomers as
well as dimers and larger oligomers showcasing the interaction of the pore with
itself, however, dimers are more frequent. Very little is known about the activation
and regulation mechanisms of the channel. Nevertheless, when the pores dimerize,
the selectivity for Ca2+ increases. Various studies support the function of VDAC
(more precisely VDAC1 the most studied yet) in the transport of Ca2+ and in
cellular Ca2+ homeostasis. Lipids-reconstituted bilayer incorporating VDAC1 in the
presence of different CaCl2 concentration gradients showed well-defined voltage-
dependent channel conductance, as observed with either NaCl or KCl solution,
with higher permeability to Ca2+ once VDAC is in the low conductance state. It
is obvious that the permeability ratios of VDAC1 for Ca2+ is very low compared to
Cl− (PCa2+/PCl− is 0.02–0.38) [83] but considering the tremendous electrochemical
gradient for Ca2+ between intra- and extracellular face of RBCs (see Introduction)
a short activation may represent a significant input of Ca2+ into the cell.

25.3.4 Transient Receptor Potential Channels of Canonical
Type

Yet another type of non-selective cation channels that are believed to be abundant
in RBCs are Transient Receptor Potential channels of Canonical type (TRPC
channels). Indications point to a different expression pattern of isoforms in precursor
cells compared to mature RBCs and also differences between mammalian species
seem likely [85–88]. In humans it is believed that TRPC6 is abundant in RBCs
[39, 89, 90]. So far a dedicated physiological function of TRPC6 in mature RBCs
remains elusive.
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25.4 Voltage-Activated Calcium Channels and Their
Regulation

Evidence for the existence of a number of voltage-activated Ca2+ channels in RBCs
has been reported [91, 92], and the most convincing evidence is for CaV2.1, based
on molecular biology data (Western blot) [93] and, presumably, CaV2.1-specific
pharmacological interactions (ω-agatoxinTK) [93, 94] – both are shown in Fig.
25.7A, B. Nevertheless, so far, we and others have failed to obtain direct functional
evidence for the existence of CaV2.1 or other voltage-activated Ca2+ channels in
RBCs by patch-clamp techniques [95]. However, also RBCs although non-excitable
cells meet the condition of voltage jumps necessary to activate voltage-activated
channels such as CaV2.1 [95]. In particular when the Gárdos channel (see Sect.
25.2) is activated, the resting membrane potential changes from approximately
−10 mV to approximately −70 mV [96]. Not hyperpolarisation but depolarisation
is required to activate CaV2.1 [97]. Nevertheless, hyperpolarisation is a requirement
to switch CaV2.1 channels from the inactivated state to the closed state, which is a
prerequisite to subsequently transition to the open state [98] (Fig. 25.7C). Closing
of the Gárdos channels after their initial activation could well provide the necessary
conditions for subsequent depolarisation to activate CaV2.1 [95]. Such a proposed
mechanism is sensible also in the context of other voltage-activated channels in the
RBC membrane (compare Sect. 25.3).

25.5 Evidence for a Calcium-Inhibited Channel

There is also evidence for a non-selective cation channel in RBCs that is activated
when extracellular Ca2+ is removed [99]. Original recordings and an I–V curve are
shown in Fig. 25.8A, B. There are two conceptual question related to this recent
report (a) if the channel is abundant in almost all RBCs why it was not reported
before (in four decades of patch-clamping RBCs) and (b) since divalent cations in
general and Ca2+ in particular support seal formation, a removal of Ca2+ could
impair the seal quality/tightness. Under these circumstances it is almost impossible
to discriminate a leak in the seal from an ion channel. However, here are also two
arguments in favour of the existence of this channel: (A) The suspicion of the
phenomenon described in (b) could have prevented scientists to report about the
channel (a). The non-ohmic behaviour of the I-V curve (Fig. 25.8B) is in favour
of a channel rather than a leak. (B) A channel activated by the removal of Ca2+
is an ideal explanation of the dissipation of the monovalent cation gradients when
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Fig. 25.7 CaV2.1 in human RBCs. (A) Western blot analysis of the 1A subunit of voltage-gated
calcium channels in human erythrocyte ghosts from 3 different donors. RBC membrane proteins
were separated electrophoretically at high protein loads (80 μg). After electrophoretic transfer to
nitrocellulose paper, blots were stained with antibodies directed against residues 865 to 881 of the
α1A subunit of the rat brain voltage-gated calcium channel (lanes 1A, 2A, 3A). Because several
nonspecific bands were also visualized, competition of CaV2.1 antibody staining using its specific
peptide was also performed. For this purpose, 10 μg of the CaV2.1 antibody was preincubated
with 10 μg of antibody-specific peptide for 1 h at 22 ◦C and then further incubated with the blot
for 2 h at 22 ◦C (lanes 1B, 2B, 3B). Polypeptides with Mr of approximately 190,000 and 220,000
are characteristic of the major splicing variants of the α1A subunit of CaV2.1 in the brain. An
SDS-PAGE Coomassie blue–stained gel of RBC membranes (left lane; “RBC Ghost”) serves as an
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cells are placed in tubes containing Ca2+-chelating anticoagulants as exemplified in
Fig. 25.8C. This experimental result is a showcase of the cation gradient dissipation
associated with RBC storage lesions [100].

�
Fig. 25.7 (continued) approximate molecular weight marker. (B) Kinetics of lysophosphatidic
acid (LPA; phospholipid released by activated platelets)-induced (Ba) and Phorbol 12-myristate
13-acetate (PMA; protein kinase C activator)-induced (Bb) Ca2+ entry in the presence and absence
of ω-agatoxin TK. Average traces of single cells derived from live cell imaging experiments are
presented as self-ratio values. Labelled lines above the traces indicate the stimulation regime.
The traces are the mean values of 3 independent experiments, and the numbers in brackets at
the end of the colour legend refer to the number of cells measured. (C) Activation scheme for
the CaV2.1 channel modulated by underlying Gardos channel activity. Closing of the Gardos
channels after their initial activation could provide the necessary conditions for subsequent
depolarisation to activate CaV2.1. Since the hypothetical switching behaviour of the Gardos
channel would be crucial for the activation of CaV2.1, we propose three principle modes by
which this switching could occur: (i) Because channel activity is a stochastic event and because
the number of Gardos channels per RBC is rather low (in the single digit numbers [114, 118]),
depolarisation could be the result of stochastic Gardos channel closures. This hypothesis is
supported by the rather sparse whole cell patch-clamp recordings of Gardos channel activity in
human RBCs [31, 119–121]. Whole cell current traces do not show a smooth appearance but
rather a flickering pattern similar to that observed with single channel recordings, especially at
higher (positive and negative) membrane potentials. (ii) When looking at Gardos channel-induced
changes in the membrane potential of cell populations, a gradual Ca2+ concentration-dependent
effect can be seen [122], i.e., the hyperpolarisation observed in RBC suspensions is a gradual
Ca2+ concentration-dependent effect. However, the abovementioned study [122] as well as another
report [123] showed that the activation of the Gardos channel at the cellular level is an all-or-none
response. This means that the gradual change in membrane potential would be the result of the
summation of cells with open or closed Gardos channels. Taking into consideration that the Ca2+
pump [124] continuously operates in response to any increase in intracellular Ca2+ levels, one
would imagine that the state of the Gardos channels is exclusively modulated by variations in
intracellular Ca2+ concentrations. Hence, the switching behaviour of the Gardos channel would be
the direct consequence of continuous variations in RBC intracellular Ca2+ concentrations. (iii)
Localized interactions between the Gárdos channel and CaV2.1 in RBCs could occur in lipid
rafts or nanodomains, as is the case with closely related ion transporters in other cell types,
for example, within the fuzzy space or dyadic cleft in myocytes [125]. Although RBCs do not
possess membrane-constricted subspaces, there are indications for functional compartments in the
immediate vicinity of the plasma membrane [126]. Colocalization of ion channels is common in
excitable cells [127, 128]. For RBCs, it is still unknown if the different ion channels colocalize
or cluster to allow their interaction in nanodomains. However, in support of this idea is the
observation that local activation of mechanosensitive channels (most likely Piezo 1) by patch-
clamp micropipettes resulted in local activation (single-channel recordings) of the Gardos channel
[124]. (Panels A, B and C are reproduced from Andrews et al. 2000 [93], Wagner-Britz et al. 2013
[94] and Kaestner et al. 2018 [95], respectively)
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Fig. 25.8 Evidence for non-selective cation channel activated by the removal of Ca2+. (A)
Whole-cell patch clamp recordings in a Cs+-based internal and a TEACl-based external solutions
(Aa) I/V curves with 2 mM CaCl2 (blue) and 0 mM CaCl2 (red) in the external solution (n = 5).
(Ab) I/V curve of the Ca2+ blocked current – the current recorded in 2 mM CaCl2-external solution
was subtracted from the current recorded in 0 mM CaCl2 -external solution. Currents were elicited
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25.6 Summary

The importance of Ca2+ in the membrane transport regulation and mediation of
RBCs was early recognised. However, only in the recent years it became evident
how this ion transport is related to ion channels and a correlation to molecular
entities could be performed. This process is everything but finished and in particular
the understanding of the interaction of several ion channels in a physiological
context just started. This includes also pathophysiological conditions, on the one
hand channelopathies, where a mutation of the ion channel is the direct cause
of the disease, like the above described Hereditary Xerocytosis [45] and the
Gárdos Channelopathy [31]. On the other hand it applies to RBC related diseases
where an altered channel activity is a secondary effect like in sickle cell disease
[34, 63] or thalassemia. Also these secondary effects should receive medical and
pharmacologic attention because they can be crucial when it comes to the life-
threatening symptoms of the disease [55]. An overview of the involvement of Ca2+
and Ca2+-conducting channels as general components in anaemias is summarised
in Fig. 25.9. However, this scheme can only be regarded as a current snapshot
of our knowledge about Ca2+ and Ca2+-conducting channels in RBCs. Further
investigations on a better match between functional and molecular knowledge will
arise as well as a better understanding of the activity of Ca2+ and Ca2+-conducting
channels within the signalling networks in RBCs.

�
Fig. 25.8 (continued) by voltage steps from −100 mV to 100 mV for 500 ms in 20 mV increments
at Vh = −30 mV. Detailed solutions composition is given next to the graphs. Data are presented as
mean ± SEM, with n being the number of cells. Significance is assessed with a paired Student’s t
test and set at p < 0.05. For better visualization, a significance anywhere below p < 0.05 is denoted
with one star. (B) Whole-cell patch clamp recordings in physiological (a K+-based internal and a
Na+-based external) solutions (Ba) Raw current traces from a representative RBC in an external
solution containing 2 mM CaCl2 at t1 (dark blue) and 0 mM CaCl2 at t2 (green). Detailed solutions
composition is given next to the current traces. (Bb) I/V curves in 2 mM CaCl2 (t1) (dark blue)
and 0 mM CaCl2 (t2) (green) external solutions (n = 7). (C) Blood plasma ion content of healthy
adults in heparin and EDTA. (Ca) Ca2+ content of a control aqueous non-buffered 1.8 mM CaCl2
solution filled in heparin and EDTA vacutainers. The abbreviation b.d.l. denotes ‘below detection
limit’. (Cb) Na+ plasma content, (Cc) K+ plasma content of blood anticoagulated with heparin and
EDTA. Measurements in heparin and EDTA were performed on blood of healthy adults (n = 3)
collected in heparin and EDTA vacutainers, respectively and reference values were taken from
Liappis, 1972 [130]. Error bars represent SEM and stars denote significances as follows: n.s for
not significant, ** for p < 0.01 and *** for p < 0.001. (This figure is reproduced from Petkova-
Kirowa et al. 2018 [99])
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Fig. 25.9 Proposed mechanisms leading to increased intracellular Ca2+levels in diseased
RBCs and accordingly to accelerated clearance of cells from the blood stream. Alternative
or cumulating Ca2+ entry pathways are highlighted with grey background: increased abundance
of NMDA-receptors (NMDAR), e.g., in sickle cell disease, altered activity of Piezo1, e.g. in
Hereditary Xerocytosis, increased activity of Gárdos Channel, e.g. in Gárdos Channelopathy,
or unspecified Ca2+ transport mechanisms. Additionally, ineffective extrusion of Ca2+ due to
disruption of ATP pools fueling the plasma membrane Ca2+ ATPase (PMCA) can contribute.
Several downstream processes follow Ca2+ overload in RBCs, e.g.: activation of calmodulin
by formation of the Ca2+-calmodulin complex (Ca-CaM) and activation of calpain, thereby
loosening the cytoskeletal structure; activation of the scramblase (Scr) leading to exposure of
phosphatidylserine on the outer leaflet of the membrane; activation of the Gárdos channel followed
by the efflux of K+, Cl− and H2O and consecutive cell shrinkage. (This figure is reproduced from
Hertz et al. 2017 [55])
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Chapter 26
Regulation of Multifunctional
Calcium/Calmodulin Stimulated Protein
Kinases by Molecular Targeting

Kathryn Anne Skelding and John A. P. Rostas

Abstract Multifunctional calcium/calmodulin-stimulated protein kinases control a
broad range of cellular functions in a multitude of cell types. This family of kinases
contain several structural similarities and all are regulated by phosphorylation,
which either activates, inhibits or modulates their kinase activity. As these protein
kinases are widely or ubiquitously expressed, and yet regulate a broad range of
different cellular functions, additional levels of regulation exist that control these
cell-specific functions. Of particular importance for this specificity of function for
multifunctional kinases is the expression of specific binding proteins that mediate
molecular targeting. These molecular targeting mechanisms allow pools of kinase
in different cells, or parts of a cell, to respond differently to activation and produce
different functional outcomes.
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ATP Adenosine triphosphate
Ca2+ Calcium ions
CaM Calmodulin
CaMK Calcium/calmodulin stimulated protein kinases
CaMKI Calcium/calmodulin stimulated protein kinase I
CaMKII Calcium/calmodulin stimulated protein kinase II
CaMKIV Calcium/calmodulin stimulated protein kinase IV
CaMKK Calcium/calmodulin stimulated protein kinase kinase
CK1 Casein kinase 1
CLK2 CDC-like kinase 2
GSK-3 Glycogen synthase kinase 3
PKA cAMP-dependent protein kinase
PKB Protein kinase B; Akt
PSD Post-synaptic density
S Serine
T Threonine

26.1 Introduction

Calcium is a major second messenger in all cells, and is integral in many impor-
tant signalling pathways. Changes in intracellular Ca2+ regulate many biological
processes, including neurotransmitter release, gene expression, and the cell cycle.
Though free Ca2+ can activate a number of proteins directly (for example myosin,
phospholipase A2, and protein kinase C), it regulates the activity of many enzymes
indirectly via a number of low molecular weight Ca2+ binding proteins, the most
abundant of which is calmodulin (CaM). CaM consists of two globular lobes, each
of which contain two Ca2+-binding sites. Binding of Ca2+ dramatically changes
the conformation of CaM, allowing Ca2+/CaM to interact with a variety of other
proteins, including several classes of protein kinases.

Many proteins that bind Ca2+/CaM do so via an α-helical region consisting
of approximately 20 amino acids, which contain positively charged amino acids
among hydrophobic residues. There are two classes of CaM binding motif [1]. The
IQ motif (IQXXXRGXXXR) is present in proteins that bind CaM in the absence
of Ca2+. The majority, if not all, of the proteins that contain this motif are not
enzymes, and appear to limit the concentration of diffusible CaM during periods
of low intracellular Ca2+. The second class of motifs are related to each other, and
indicate CaM binding in the presence of Ca2+. These motifs include 1-12, 1-14,
1-5-10, and 1-8-14 (named based on the conserved hydrophobic residues within
these motifs). However, several identified/putative CaM binding sites have sequence
motifs that are called unclassified because they do not conform to either of the
preceding sequence motifs.

Ca2+/CaM stimulated protein kinases are classified based on their substrate
specificity, and there are two main types: restricted kinases, which only phosphory-
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late one, or a small number, of substrates, and multifunctional kinases, which have
broad substrate specificity and regulate multiple functions in the same and different
cell types.

There are three main families of restricted Ca2+/CaM stimulated protein kinases:
phosphorylase kinase (PhK), elongation factor 2 kinase (eEF2K) and myosin light
chain kinase (MLCK). These kinase families do not share a common protein domain
structure and, though they are all regulated by multiple mechanisms, only MLCK
appears to be controlled by molecular targeting. For a description of the molecular
structures and control mechanisms of the restricted kinases, the reader is referred to
our previous review [2]. This review will focus on the multifunctional kinases and
the molecular regulatory mechanisms that allow these widely expressed kinases to
produce functional responses that are both stimulus- and cell type-specific.

Multifunctional kinases control a plethora of functions within multiple cell types
and, consequently, there are multiple levels of control that regulate the functions
of these protein kinases. The most basic method of controlling kinase function
is via the regulation of Ca2+ dynamics, specifically the frequency, amplitude
and duration of oscillations in the intracellular concentration of Ca2+. This is
most commonly controlled by ion channels and many kinases can be directly
regulated by intracellular Ca2+ fluxes. For example, the multifunctional Ca2+/CaM-
stimulated protein kinase II (CaMKII) can translate the frequency of Ca2+ spikes
into corresponding amounts of kinase activity [3]. However, several additional
mechanisms exist that produce extra forms of control of kinase activity. Modulation
of the response to changes in Ca2+ can be controlled by expression of different
splice forms of the kinase which are differentially sensitive to the various control
mechanisms, phosphorylation, or by the kinase becoming autonomously active
(i.e. no longer require Ca2+/CaM for activity) [4–6]. Another level of control has
also been identified that provides both temporal, tissue-specific and cellular site-
specific control of kinase function. This mechanism is termed ‘molecular targeting’
and involves the interactions between kinases and specific binding proteins. This
chapter will examine the role of molecular regulation and targeting in controlling
the function of multifunctional Ca2+/CaM stimulated protein kinases (Table 26.1).
We will focus particularly on CaMKII because it has been most extensively studied
with respect to molecular targeting.

26.2 Multifunctional Calcium/Calmodulin Stimulated
Protein Kinases

26.2.1 Two Families of Kinases with Homologous Domain
Structures

The multifunctional calcium/calmodulin stimulated protein kinases can be classi-
fied into two broad families based on the homology of their domain structures
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Fig. 26.1 Schematic representation, drawn to relative scale, of the domain structures of the
multifunctional Ca2+/CaM stimulated protein kinases. Domain structures of the α isoforms
of the four homologous kinases: CaMKK, CaMKI, CaMKIV and CaMKII (a) and the ε

isoform of casein kinase I (CK1) (b). Each kinase has a similar domain structure illustrated
as catalytic (orange), regulatory (purple), and putative regulatory (lilac) domains. CaMKII also
has an association domain (green). The major characterised phosphorylation sites (red balls) are
also indicated. Black bars indicate the locations of ATP binding regions, autoinhibitory (AI)
pseudosubstrate regions and calcium/calmodulin (CaM) binding regions

(Fig. 24.1a, b). Each of these kinases in both families has a regulatory domain (pur-
ple) and a catalytic domain (orange) linked to its N-terminus. Calcium/calmodulin
stimulated protein kinase II (CaMKII) is the only member of these families that is
multimeric (Table 26.1) and its multimeric structure is held together by interactions
between the association domains (green) of the subunits which are attached to the
C-terminus of their regulatory domains (Fig. 26.1).

The four kinases which form one family (Fig. 24.1a) – calcium/calmodulin
stimulated protein kinase kinase (CaMKK) and calcium/calmodulin stimulated
protein kinase I, IV and II (CaMKI, CaMKIV and CaMKII) – all have the
following common features in their regulatory domains: (i) an autoinhibitory (AI)
pseudosubstrate region which acts like a substrate and binds to the active site of
the kinase, thereby inhibiting it until the binding of calcium/calmodulin causes
the displacement of the autoinhibitory pseudosubstrate region and activates the
kinase; (ii) a calcium/calmodulin binding region that partially overlaps with the
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autoinhibitory region; and (iii) one or more phosphorylation sites (red balls) that
modify the activity of the kinase but are not necessary for kinase activity. The
autoinhibitory and calcium/calmodulin binding regions provide an obvious area
of homology and point for alignment for the kinases in Fig. 24.1a. There is no
consensus in the literature on the precise extents of the regulatory domains. We
have chosen to define the extent of the regulatory domains in CaMKI and CaMKIV
based on CaMKII whose regulatory mechanisms have been characterised most
extensively. For the purposes of Fig. 24.1a, we have placed the N-terminal boundary
of the regulatory domain of CaMKII to include T253, whose phosphorylation has
been shown to regulate molecular targeting in vivo, and the C-terminal boundary to
include the first of the four splice sites in the C terminal part of CaMKII because
the functional differences between the alternative spice variants in this region are all
related to regulatory properties. The N termini of the regulatory domains of CaMKI
and CaMKIV have been chosen to include T196 in CaMKIV and T177 in CaMKI
because phosphorylation of these sites has been shown to regulate kinase activity. As
CaMKK, CaMKI and CaMKIV are monomeric we have assumed that the regulatory
domains of these kinases extend to their C termini. As the N terminal domain of
CaMKK contains three phosphorylation sites that regulate CaMKK activity, we have
designated this domain as a putative second regulatory domain and coloured it lilac
to differentiate it from the well-established C-terminal regulatory domain.

The multiple variants of casein kinase I form another family of homologous
kinases with a variable C-terminal regulatory domain (purple) and a conserved
catalytic domain (orange) attached to its N-terminus (Fig. 24.1b). There is also a
short N-terminal extension (white) to the catalytic domain whose function is not
known.

26.2.2 Calcium/Calmodulin Stimulated Protein Kinase Kinase
(CaMKK)

Calcium/calmodulin stimulated protein kinase kinase (CaMKK) is a multifunctional
protein kinase encoded by two genes (CAMKK1 and CAMKK2) that produce
CaMKKα and CaMKKβ, respectively. Several splice isoforms of the monomeric
enzyme are generated [7], which are between 54 and 68 kDa in size. CaMKK is
primarily expressed in the brain, but is also present in the thymus, spleen, and testis
[5, 8]. The expression pattern of CaMKKβ appears to parallel that of CaMKIV [9].
CaMKK phosphorylates CaMKI and CaMKIV, but can also phosphorylate other
proteins in their activation loop, such as AMP activated protein kinase (AMPK)
[10] and protein kinase B (PKB/Akt) [11].

CaMKK, CaMKI and CaMKIV have been shown to form a signalling pathway
termed the Ca2+/CaM-dependent kinase cascade, which has been implicated in
several cellular processes, including axonal and dendritic outgrowth and elongation,
adiposity regulation, glucose homeostasis, hematopoietic stem cell maintenance,
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cell proliferation, apoptosis, and normal immune cell function [5, 12–17]. An
unusual aspect of this cascade is that binding of Ca2+/CaM to both CaMKK and its
substrates (CaMKI and CaMKIV) is required for phosphorylation of their activation
loops [18]. Whilst unusual, this mechanism has been noted in other signalling
pathways, including the AMP-kinase cascade [19].

CaMKK requires Ca2+/CaM for maximal activity [18], however, CaMKKβ

exhibits partially autonomous activity in the absence of Ca2+/CaM, whereas
CaMKKα is completely dependent on the binding of Ca2+/CaM for activity [9,
20]. The major site of autosphorylation of CaMKKα is S24 [21], but CaMKK can
also autophosphorylate at S74 in the presence of Ca2+/CaM, however, it is very
slow, substochiometric, and does not appear to affect catalytic activity [9, 22]. A
possible role for this phosphorylation in regulating molecular targeting has not been
investigated.

The activity of CaMKKα is regulated by phosphorylation at multiple sites.
cAMP-dependent protein kinase (PKA) can phosphorylate S52, S74, T108, S458,
and S475 on CaMKKα [21], and S100, S495 and S511 on CaMKKβ [5]. Binding
of Ca2+/CaM blocks phosphorylation at S52, S74, T108, and S458, but enhances
phosphorylation at S475 [21]. CaMKKα activity is negatively regulated by phos-
phorylation on S74, T108 and S458 [23–25] and phosphorylation of S458 blocks
Ca2+/CaM binding. Cyclin dependent kinase 5 (CDK5) phosphorylates CaMKKβ at
S137, thereby priming CaMKKβ for phosphorylation by glycogen synthase kinase
3β (GSK-3β) at S129 and S133 [26]. Phosphorylation at these sites decreases the
autonomous activity and the half-life of CaMKKβ. In addition, phosphorylation of
CaMKKβ by GSK-3β and CDK5 is critical for its role in neurite development [26].
Furthermore, CaMKK binding partners can alter CaMKK kinetics. Whilst 14-3-3
protein binding to CaMKKβ does not inhibit the catalytic activity of phosphorylated
CaMKK, it slows down its dephosphorylation by affecting the structure of several
regions of CaMKKβ outside of the 14-3-3- binding motifs [27].

Evidence indicates that molecular targeting plays a role in regulating CaMKK
function, as CaMKKα is known to translocate to the nucleus [28]. Furthermore,
inhibition of this translocation prevents type-II monocytic cells from being activated
[28]. However, whether this targeting is regulated by phosphorylation has not been
identified.

26.2.3 Calcium/Calmodulin Stimulated Protein Kinase I
(CaMKI)

The CaMKI family is composed of four members, which are encoded by
four different genes: CAMK1 (CaMKIα), PNCK (CaMKIβ/Pnck), CAMK1G
(CaMKIγ/CLICK3) and CAMK1D (CaMKIδ/CKLiK). Each gene produces at least
one splice variant and all members of this family are monomeric with sizes between
38 and 53 kDa. The various isoforms of CaMKI are widely expressed in rat brain
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and other tissues, with CaMKIα being found in most mammalian cells [29]. CaMKI
has been implicated in a variety of cellular functions, including the control of
synapsin in nerve terminals, growth cone motility and axon outgrowth, aldosterone
synthase expression, the visual signalling process, and the cell cycle [30–35].

In addition to activation by binding of Ca2+/CaM, CaMKI is activated through
phosphorylation by CaMKK, and phosphorylation of the conserved T (T174 to
T180, depending on the isoform) in the activation loop by CaMKK is required for
maximal CaMKI activity [36] in a substrate dependent manner [37], suggesting
that targeting may also be involved in the regulation of CaMKI. Additionally,
once CaMKIδ is phosphorylated by CaMKK, it becomes resistant to protein
phosphatases, which induces a ‘primed’ state, where it can more readily be activated
in response to Ca2+ signals than other CaMKI enzymes [38].

Subcellular localisation regulates CaMKI function, and several CaMKI isoforms
can translocate to the nucleus. For example, the translocation of CaMKIα to the
nucleus (mediated by interacting with a CRM1 complex) is enhanced by Ca2+/CaM,
suggesting that nuclear export may be enhanced by activation of the kinase [39].
Furthermore, nuclear translocation of CaMKIδ is triggered by stimuli that produce
an influx of intracellular Ca2+ (potassium depolarisation or glutamate stimulation)
[40]. The mechanisms and functions involved, however, remain to be determined.

26.2.4 Calcium/Calmodulin Stimulated Protein Kinase IV
(CaMKIV)

CaMKIV is encoded by one gene (CAMK4) which encodes the α isoform and
produces at least one splice variant (β); both are monomeric and are 65 and 67 kDa,
respectively in size. The two isoforms, CaMKIVα and CaMKIVβ, are identical,
except CaMKIVβ contains a 28 aa N-terminal extension, of unknown function.
As mentioned previously, the CaMKIV expression pattern is similar to that of
CaMKKβ, with CaMKIV primarily expressed in the brain, but also present in
immune cells and in the testis and ovary [8, 14, 41, 42]. The CAMK4 gene also
encodes calspermin, a Ca2+/CaM binding protein of unknown function that is
expressed exclusively in spermatids in the testes [42]. CaMKIV has been implicated
in the regulation of cyclic AMP element binding protein (CREB), homeostatic
plasticity, neurite outgrowth, fear memory, immune and inflammatory responses,
tau accumulation, neuropathic pain, and cell cycle control [31, 43–51].

CaMKIV requires Ca2+/CaM to become active, as well as phosphorylation
of the conserved T in the activation loop by CaMKK [6], which generates an
autonomously active kinase. Phosphorylation of S332 within the CaM binding
region prevents CaM binding [52]. Phosphorylation at T196 enhances glucokinase
promoter activity [53], suggesting that CaMKIV phosphorylation can regulate
insulin secretion and glucose homeostasis. Additionally, a subfraction of hyper-
phosphorylated CaMKIV (identified by its shift in electrophoretic mobility) has
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been identified specifically localised to the nuclear matrix in spermatids [42],
however the precise molecular function regulated by this is yet to be elucidated.
The subcellular distribution of CaMKIV is dynamic as CaMKIV can translocate
between the cytoplasm and nucleus, however, catalytic activity is required for this
translocation, as catalytically inactive CaMKIV remains in the cytoplasm [54].
CaMKIV translocates to the nucleus in neocortical neurons after disruption of
sensory input [55], whereas CaMKIV translocates to the cytoplasm in luteinised
ovarian granulosa cells [41]. This indicates that targeting plays a role in regulating
CaMKIV function, but the mechanisms involved require further investigation.

26.2.5 Calcium/Calmodulin Stimulated Protein Kinase II
(CaMKII)

Ca2+/CaM stimulated protein kinase II (CaMKII) is encoded by four genes (α, β, γ,
and δ) [56], which produce over 30 isoforms ranging in size from 50 to 60 kDa.
There are four main variable regions (V1-4) in the regulatory and association
domains at which the alternative splicing occurs [57]. The V1 region, which we
have included at the C-terminal of the regulatory domain, is the primary site for
divergence among the four CaMKII genes. The functional differences between the
splice variants are all regulatory e.g. altered sensitivity to intracellular Ca2+ and
altered molecular targeting by interaction with different CaMKII binding proteins
(Table 26.2). One or more members of this family are found in virtually every
tissue, and mediate diverse physiological functions. CaMKIIα is expressed most
abundantly in neurons (where it can account for up to 1% of total protein [58]),
and is involved in regulating many aspects of normal neuronal function, including
neurotransmitter synthesis and release, cellular morphology and neurite extension,
cortical neuron migration, long-term plasticity, learning, memory consolidation,
and memory erasure following retrieval [59–68]. Non-neuronal CaMKII has been
implicated in the regulation of other biological processes, such as fertilisation, cell
proliferation, osteogenic differentiation, the maintenance of vascular tone, normal
cardiac function and heart failure, and cancer cell invasion and migration [69–79].

The three-dimensional structure of CaMKII is in fact highly unusual [80],
and in contrast to the other CaMKI family members, CaMKII associates into
a multimeric form through interactions between the association domains of its
subunits (Fig. 24.1a). The CaMKIIα crystal is an asymmetric unit that consists
of two autoinhibited catalytic domains in a symmetric dimer held together by
interactions between anti-parallel coiled-coil structures formed by the regulatory
domains. The regulatory domains are joined by a hinge to the C-terminus of the
catalytic domain [80]. The regulatory domain functions like a gate (with T286
as its hinge), so that it is positioned to block the protein substrate and adenosine
triphosphate (ATP) binding sites when CaMKII is autoinhibited and is ‘open’ when
Ca2+/CaM is bound or CaMKII is autophosphorylated at T286. Therefore, CaMKII
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is comprised of six mutually inhibited dimers. Homomers of α, β, γ, and δ all
exhibit the same basic structure. Whilst heteromultimers are known to exist [81],
their structures are unknown.

The biological properties of CaMKII are regulated by a variety of post-
translational modifications (including phosphorylation and oxidation by reactive
oxygen species in pathological conditions) and targeting to specific subcellular
locations through interactions with other proteins. These two control mechanisms
can also influence one another, as the interaction between CaMKII and some
binding partners can be modified by the phosphorylation state of the kinase, as well
as by phosphorylation of the binding partner [4, 70].

Purified CaMKII requires the presence of Ca2+/CaM for enzyme activity.
Binding of two CaM molecules to two adjacent subunits within a holoenzyme
allows autophosphorylation of one or both of these subunits to occur at T286
[82]. Autophosphorylation of T286 in CaMKIIα (T287 in CaMKIIβ, γ, and δ)
occurs quickly, greatly enhances the affinity of CaMKII for Ca2+/CaM by more
than 100 fold, changes enzyme activity, and alters targeting to specific subcellular
sites. CaMKII phosphorylation at T286 allows the enzyme to remain active even
after CaM has dissociated from it (autonomous activity), and can also regulate the
function of the enzyme by increasing the binding of CaMKII to specific subcellular
sites [83–85]. However, phosphorylation of T286 is not required for kinase activity.

Once the kinase activity of CaMKII is Ca2+-independent (autonomous), and
Ca2+/CaM is no longer bound to the kinase, secondary sites that are within the
CaM-binding site can be phosphorylated (T305/306 in CaMKIIα, and T306/307
in CaMKIIβ, γ, and δ) but these phosphorylation changes occur slowly because
the rate of dissociation of Ca2+/CaM is greatly decreased by phosphorylation at
T286 [86, 87]. Once these sites are phosphorylated, CaM can no longer bind so
CaMKII becomes insensitive to changes in Ca2+/CaM but CaMKII remains active
until T286/7 is dephosphorylated [88].

CaMKII can also be directly activated by Zn2+ independent of Ca2+/CaM result-
ing in autophosphorylation of T306, T286 and S279. The level of phosphorylation
of S279 in vitro increases with increasing Zn2+ concentration and inhibits CaMKII
activity [89]. This may be particularly relevant in certain pathological conditions
that involve elevated intracellular Zn2+ concentrations [90].

However, not all CaMKII phosphorylation sites modulate Ca2+/CaM binding
and kinase activity. A phosphorylation site on CaMKII at T253 was identified in
vivo [91]. T253 has previously been overlooked as a phosphorylation site of interest
because: (i) T253 phosphorylation has no direct effect on the kinase activity or
Ca2+/CaM binding of purified CaMKII in vitro [91]; (ii) T253 autophosphorylation
of purified CaMKII in vitro occurs relatively slowly (at least 10 times slower than the
phosphorylation of T286) under standard assay conditions [91]; and (iii) the overall
stoichiometry of T253 phosphorylation in tissues and cells in vivo is relatively
low [91] . However, subsequent studies have shown that the rate and extent of
T253 phosphorylation is very sensitive to the molecular environment so that: (i)
the rate of T253 phosphorylation in vivo can be very fast depending on the cell
type and stimulus [70, 91–93]; (ii) by inducing interaction with specific binding
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proteins, T253 phosphorylation can lead to allosteric activation of CaMKII [94];
and (iii) T253 phosphorylation only occurs in particular subpopulations of CaMKII
at specific cellular locations and the stoichiometry of T253 phosphorylation at these
locations can be high [91]. Therefore, T253 phosphorylation exerts its regulatory
effects on CaMKII through modifying molecular targeting.

Other sites, such as S279 and S314, are phosphorylated both in vitro [89, 95, 96]
and in vivo [97–99], but the stoichiometry of phosphorylation is relatively low and
phosphorylation of S314 does not affect CaMKII activity in vitro. Although these
sites have not been investigated for their effects on targeting, it is possible that, as
with T253, their major functional role is to regulate molecular targeting rather than
to directly modify enzyme activity.

Other forms of post-translational modification have also been demonstrated to
alter CaMKII kinase activity. Specifically, a pair of methionine residues in CaMKII
(M281/282), present in β, γ, and δ, but not α, isoforms, can become oxidised during
periods of elevated reactive oxygen species and produce a conformational change
in CaMKII similar to that produced following T286 phosphorylation leading to
an autonomous activation of CaMKII [100]. Consequently, one might expect that
M281/282 oxidation would also modify molecular targeting in a way that is similar
to T286 phosphorylation, but this has not yet been investigated.

A detailed discussion of the mechanisms involved in molecular targeting is given
in Section 2 with a specific focus on CaMKII.

26.2.6 Casein Kinase 1 (CK1)

The casein kinase 1 (CK1) family of multifunctional serine/threonine protein
kinases are abundantly expressed in all eukaryotic organisms [101], and in a variety
of tissues [102]. All organisms contain several isoforms [103], and 7 isoforms have
been identified in vertebrates (α1, β, γ1, γ2, γ3, δ, ε), [104–106]. In addition,
several splice variants exhibiting different biochemical and cellular properties also
exist [107]. CK1 phosphorylates a variety of proteins that are involved in many
cellular processes, including cell division, neurite outgrowth, differentiation, anti-
viral responses, circadian rhythms and metabolism [108–111].

CK1 phosphorylates a wide range of substrates [112–117] and shows a strong
preference for ‘primed’ pre-phosphorylated substrates at N-3 (e.g. pS/T-X-X-S/T).
However, CK1 can also phosphorylate unprimed substrates that contain a cluster of
acidic amino acids in the N-3 position. Furthermore, CK1 purified from erythrocytes
and Xenopus oocytes is able to phosphorylate tyrosine residues in vitro [118, 119],
though it has not been determined whether this activity occurs in vivo.

The different isoforms/variants of CK1 are highly conserved within their cat-
alytic domains but vary significantly in the length and structure of their regulatory
domains, which contain multiple phosphorylation sites [120–122]. The catalytic
domain of CK1 is similar to other kinases, with a smaller N-terminal lobe, a large
C-terminal lobe, and an intermediate catalytic cleft where ATP and substrates bind.



26 Regulation of Multifunctional Calcium/Calmodulin Stimulated Protein. . . 663

CK1δ, ε, and γ3 have large C-terminal domains, which have been suggested to
function as pseudosubstrates which, when phosphorylated, inhibit kinase activity
[120, 123, 124]. The CK1 family of kinases have been described as monomeric,
constitutively active enzymes. However, CK1δ has been suggested to form dimers
[124], with this dimerisation potentially inhibiting its activity. This hypothesis has
yet to be proven.

The precise mechanisms involved in regulating CK1 function have not been
fully elucidated. CK1 was initially identified as being stimulated by Ca2+/CaM
[125, 126]. However, because CK1 is constitutively active, mechanisms controlled
by second messengers can modify its activity but are not required for its initial
activation, unlike many other kinases. The function of CK1 is regulated via a
combination of phosphorylation and targeting to specific subcellular locations and
via interactions with specific binding proteins. In addition, CK1ε can undergo
limited proteolysis, which produces a protease-resistant core kinase with increased
activity [121].

CK1 does not require phosphorylation on its activation loop for activity. CK1
can be autophosphorylated, or phosphorylated by PKA, PKB/Akt, CLK2 (CDC-like
kinase 2) and PKC. Phosphorylation of CK1δ by these kinases at S370 decreases
substrate phosphorylation efficiency [127]. Additionally, CK1ε can autophospho-
rylate at T44 in vivo, and phosphomimic mutation of this site activates TCF/LEF-
driven transcription in breast cancer cell lines [128]. Several inhibitory autophos-
phorylation sites have been identified for CK1δ and ε (CK1δ at S331, S370, S382,
D383, S384, S411 and CK1ε at S323, T325, T324, T337, S368, S405, T407, S408)
[122, 123, 129–131]. Although CK1 can autophosphorylate in vivo, it is actively
maintained in its dephosphorylated, active state by protein phosphatases [132, 133].

Similarly to CaMKII, there is a large body of evidence demonstrating that
targeting is an important regulatory mechanism for controlling CK1 function in
vivo. Studies in yeast [134–136], and more recently in higher organisms [137,
138], have demonstrated that the function of constitutively active CK1 is regulated
by its subcellular localisation. For example, CK1α exhibits a cell cycle dependent
subcellular distribution, interacting with cytosolic vesicles and nuclear structures
during interphase, and the mitotic spindle during mitosis [139–142], with this
localisation being controlled by the activity of CK1 [137]. In addition, domain
swapping experiments performed with yeast CK1 demonstrate the interaction
between CK1 and its substrates is controlled by subcellular distribution. Yeast
encode four homologues of CK1, 3 of which localise to the plasma membrane,
with the fourth being located at the nucleus [135, 143]. However, these homologues
functionally complement each other when the localisation signals are switched
[135], strongly supporting a role for subcellular targeting in regulating the function
of CK1. Additionally, phosphorylation of CK1δ at T347 regulates CK1δ activity
towards the PER protein, which regulates the circadian clock [144]. Furthermore,
alternative splicing of isoforms influences substrate binding and subcellular location
[107, 145–147] highlighting another layer of complexity in the regulation of CK1.

In addition, the function of CK1 varies depending on the proteins with which it
is associated. For example, CK1ε only phosphorylates CRY when both proteins are
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bound to PGR [148]. The phosphorylation state of CK1 can also affect its ability
to interact with proteins. For example, the interaction between CK1α and 14-3-3
is dependent upon phosphorylation of CK1α [149]. By contrast, dephosphorylation
of CK1ε increases activity towards the SV40 large T antigen, IκB and Ets-1 [121].
These examples highlight the importance of molecular targeting in mediating cell
and tissue specific CK1 function in vivo.

26.3 Mechanisms of Molecular Targeting

Molecular targeting is an important regulatory mechanism for all the multifunctional
calcium/calmodulin stimulated protein kinases but it has been most extensively
studied in CaMKII. This is because the high level of expression of CaMKII in
neurons, and the morphological complexity of neurons, made it easier to identify the
heterogeneity of the responses of pools of CaMKII molecules in different cellular
locations. Therefore, in this section, we will discuss the mechanisms involved in
molecular targeting using CaMKII as the specific example, but the general principles
outlined here apply to all the multifunctional kinases.

A wide range of proteins with varied functions have been shown to bind
CaMKII (Table 26.2). The expression patterns of CaMKII binding proteins vary
with cell type and also subcellular localisation. Additionally, phosphorylation of
either the binding partner or CaMKII can alter their ability to bind CaMKII [4,
70]. As cells contain multiple pools of CaMKII (with different post-translational
modifications and hence affinity for binding partners) these pools of CaMKII can
respond differently to cellular stimulation, depending on the binding partner with
which they are associated.

Fig. 26.2 shows a schematic diagram depicting how molecular targeting can
generate different functional responses to cellular stimulation by multiple pools
of CaMKII. Non-phosphorylated CaMKII, which has a protein binding site repre-
sented by a square on its surface, interacts with three different proteins in different
cellular locations (A). When cellular stimulation produces a rise in intracellular
Ca2+ and activation of CaMKII by Ca2+/CaM, the different molecular environ-
ments provided by the three binding proteins cause the three pools of CaMKII to
respond with a different pattern of autophosphorylation (A). This difference may
be due to proximity to different ion channels or conformational changes induced
in CaMKII by the interaction with the binding protein. The autophosphorylation
induces a conformational change in the CaMKII that hides the binding site through
which non-phosphorylated CaMKII interacted with its binding partners causing the
phosphorylated CaMKII to dissociate from those binding proteins. Each pattern
of autophosphorylation exposes a different binding site on the surface of CaMKII
(pT286 – trapezium; pT253 – triangle; pT286+pT253 – circle) which allows that
pool of CaMKII to interact with a different binding protein (purple) that has
a matching complementary binding site (B and C). These events may involve
translocation of CaMKII between protein complexes in the same region of the cell
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Fig. 26.2 Schematic diagram depicting how molecular targeting can create multiple pools
of CaMKII that can generate different functional responses to cellular stimulation. (a)
Non-phosphorylated CaMKII, which has a protein binding site represented by a square on
its surface, interacts with three different proteins in different cellular locations. When cellular
stimulation produces a rise in intracellular Ca2+ and activation of CaMKII by Ca2+/CaM, the
different molecular environments provided by the three binding proteins cause the three pools of
CaMKII to respond with different patterns of autophosphorylation (curved arrows and red balls
on CaMKII), namely phosphorylation at T286 (left) alone, T253 (right) alone or both T286 and
T253 (middle). (b) This autophosphorylation induces a conformational change in CaMKII that
hides the binding site through which non-phosphorylated CaMKII interacted with its binding
partners causing the phosphorylated CaMKII to dissociate from those binding proteins. Each
pattern of autophosphorylation exposes a different binding site on the surface of CaMKII (pT286 –
trapezium; pT253 – triangle; pT286+pT253 – circle). (c) This allows that pool of CaMKII to
interact with a different binding protein (dark blue) that has a matching complementary binding
site. (d) Each CaMKII-binding protein complex then interacts with a different group of additional
proteins targeting that pool of CaMKII to different substrates, possibly at different cellular
locations, resulting in the activation of different downstream molecular events producing different
functional outcomes
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or in different subcellular compartments. Each CaMKII-binding protein complex
then interacts with a different group of additional proteins targeting that pool of
CaMKII to different substrates, possibly at different cellular locations (D), resulting
in the activation of different downstream molecular events producing different
functional outcomes. These targeted pools of CaMKII may be activated in their
new location by Ca2+/CaM following a subsequent rise in intracellular Ca2+, or
may be autonomously active due to phosphorylation at T286 or allosteric activation
of pT253-CaMKII [150].

We have shown that phosphorylation of CaMKII at T253 is essential for
CaMKII-mediated ischaemia-induced cell death [94]. Brain regions with enhanced
sensitivity to ischaemic damage show enhanced ischaemia/excitotoxicty-induced
phosphorylation of CaMKII at T253, but not T286 or T305/306, and this difference
in response is intrinsic to the tissue and independent of blood perfusion, since
excitotoxic stimulation of brain slices from different regions in vitro faithfully
mimics the responses to cerebral ischaemia in vivo. [93]. Brain regions with
enhanced sensitivity to ischaemia also express different patterns of CaMKII binding
proteins compared to regions that are more resistant [70]. The interaction of pT253-
CaMKII with one or more specific binding proteins activates the pT253-CaMKII by
an induced conformational change that is independent of Ca2+-calmodulin [150].
The binding protein targets the pT253-CaMKII to proteins associated with cell
death pathway(s) allowing the sustained CaMKII activity to activate cell death
responses. The specificity of these targeting mechanisms provides an opportunity for
therapeutic intervention in conditions such as stroke through selectively disrupting
the interaction between pT253-CaMKII and its specific binding protein. Using a
peptide or other small molecule that mimics the pT253-induced binding site on
CaMKII for the specific binding protein, the pT253-CaMKII could be displaced,
thereby preventing the sustained CaMKII activity and its targeting to cell death
pathways and consequently reducing the amount of cell death [150]. Importantly,
such a small molecule inhibitor would specifically act on the key pool of pT253-
CaMKII molecules without inhibiting the CaMKII molecules in other pools within
the same cell or in other cells. Such an approach offers the potential of neuro-
protective therapy with enhanced tissue specificity and reduced side effects. The
fact that each CaMKII-mediated functional outcome depends on the interaction
of a particular pool of CaMKII with a specific binding protein that targets it
to molecular pathway involved, means that developing specific inhibitors of the
interaction between CaMKII and particular targeting proteins has the potential of
producing highly selective therapeutic agents in many clinical conditions.

In addition to differences in phosphorylation state, interaction with specific
binding proteins can also be regulated by other factors. Several binding proteins
interact with only particular isoforms or splice variants of CaMKII (Table 26.2).
All four CaMKII genes undergo alternative splicing in their variable regions [151],
which produces some variability in the kinase properties in vitro. However, the
number of splice variants is much greater than the differences observed in enzyme
activity and the splicing occurs in parts of the molecule well away from the catalytic
domain and the autoinhibitory and Ca2+/CaM binding regions suggesting that the
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primary function of many of the splicing isoforms is not to alter enzyme activity. The
αCaMKII-anchoring protein (αKAP), provides an unusual example of targeting.
RNA splicing of CaMKIIα produces αKAP as a truncated, enzymatically inactive
protein, which is mostly comprised of the association domain of CaMKIIα, and an
N-terminal hydrophobic anchor sequence. αKAP is found in skeletal muscle and the
heart, and is expressed at low levels in the lung, kidney, and testis [152]. αKAP can
form heteromultimers with full length CaMKII, thereby targeting the active kinase
subunits to the sarcoplasmic reticulum membrane in rat skeletal muscle [153].

A small number of splice variants of CaMKII contain a consensus nuclear
localisation sequence and others contain specific binding sites for individual
proteins (for example, the binding sequence for actin is specific to the CaMKIIβ
isoform [154]). The fact that the association domain and the C-terminal part of the
regulatory domain contain all the main sequence variations between isoforms of
CaMKII suggests that these regions contains part or all of the binding sites for other
proteins.

The change in interaction between CaMKII and its specific binding protein
partners as a consequence of stimulus induced phosphorylation highlights the
mobility of CaMKII involved in targeting. This was first identified in the brain
where it was recognised that CaMKII is highly concentrated in certain cellular
locations, such as the post synaptic density (PSD) and the cytoskeleton, and that
the concentration at such sites can change by translocation from the cytoplasm.
Translocation to the PSD can occur slowly during the normal maturation phase
of brain development by a process that is sensitive to thyroid hormone [155].
Translocation can also occur rapidly to the cytoskeleton [156] and also to the PSD
in response to excitotoxic stimulation, hypoxia or post-mortem delay [85, 157, 158].
Phosphorylation of CaMKII at T305/306 decreases the amount of CaMKII bound
to the PSD and stimulates the translocation from the PSD to the cytosol [159]. By
contrast, phosphorylation at either T286 or T253 stimulates translocation from the
cytosol to the PSD and enhances binding to the PSD through different binding
proteins [91]. Once located at the PSD CaMKII can bind to, and move between,
a number of proteins and phosphorylate a variety of substrates [160].

Figure 26.3 shows a schematic representation of how stimulus-induced short
distance translocation of CaMKII between different binding proteins in protein com-
plexes (such as found in the PSD or the cytoskeleton) can modify CaMKII-mediated
functional responses to stimulation. Panel A shows the effects of two sequential
stimulus-induced rises in intracellular Ca2+ on CaMKII bound to a protein as part
of a protein complex. Non-phosphorylated CaMKII is bound to one protein in the
protein complex. The initial stimulus-induced rise in intracellular Ca2+ allows the
non-phosphorylated CaMKII to be activated by Ca2+/CaM and to phosphorylate
itself and a nearby protein substrate in the protein complex (this functional response
is denoted as response ①). The phospho-CaMKII dissociates from the protein to
which the non-phosphorylated CaMKII was bound and binds to a neighbouring
protein. When a subsequent stimulus-induced rise in intracellular Ca2+ activates
the translocated phospho-CaMKII, it is able to phosphorylate two different sites on
neighbouring proteins (this different functional response is denoted as response ②).
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Fig. 26.3 A schematic representation of how stimulus-induced short distance translocation
of CaMKII and cross talk between different signalling pathways can alter CaMKII-mediated
responses. (a) The effects of two sequential stimulus-induced rises in intracellular Ca2+ on
CaMKII bound to a protein as part of a protein complex. Non-phosphorylated CaMKII is bound
to one protein in the protein complex. The initial stimulus-induced rise in intracellular Ca2+
allows the non-phosphorylated CaMKII to be activated by Ca2+/CaM and to phosphorylate itself
and a nearby protein substrate in the protein complex (curved arrows and red balls). This is
functional response ①. The pCaMKII dissociates from the protein to which the non-phosphorylated
CaMKII was bound and binds to a neighbouring protein. When a subsequent stimulus-induced
rise in intracellular Ca2+ activates the translocated pCaMKII, it is able to phosphorylate two
different sites on neighbouring proteins (functional response ②) (b) How cross talk between
different signalling pathways can alter CaMKII-mediated responses. Non-phosphorylated CaMKII
is bound to the same protein as in A when a different stimulus (yellow lightning bolt) activates
a CaMKII-independent signalling pathway that phosphorylates the protein that binds pCaMKII
following functional response ① in panel A. The initial stimulus-induced rise in intracellular Ca2+
produces the same functional response ① as in A. However, the pCaMKII now translocates to
another pCaMKII binding protein in a nearby complex because the prior CaMKII-independent
phosphorylation has prevented pCaMKII binding to the same protein as in A. When a subsequent
stimulus-induced rise in intracellular Ca2+ activates the translocated pCaMKII, it is able to
phosphorylate a different site on a neighbouring protein in the complex (functional response ③)
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Therefore, the CaMKII-mediated functional outcome of the second stimulus can
be altered by a previous stimulus of the same type. Panel B shows how cross talk
between different signalling pathways can alter CaMKII-mediated responses. Non-
phosphorylated CaMKII is bound to the same protein as in Panel A when a different
stimulus (yellow lightning bolt) activates a CaMKII-independent signalling pathway
that phosphorylates the protein which binds phospho-CaMKII following functional
response ① in panel A′, inhibiting the ability of that protein to bind phospho-
CaMKII. Following this change, the initial stimulus-induced rise in intracellular
Ca2+ allows the non-phosphorylated CaMKII to be activated by Ca2+/CaM and to
produce the same functional response ① as in Panel A. However, when the phospho-
CaMKII dissociates from the protein to which the non-phosphorylated CaMKII was
bound, it can no longer bind to the same phospho-CaMKII binding protein as in
Panel A because it has been phosphorylated in response to the earlier stimulus, so
it binds to another phospho-CaMKII binding protein in a nearby complex. When
a subsequent stimulus-induced rise in intracellular Ca2+ activates the translocated
phospho-CaMKII, it is able to phosphorylate a different site on a neighbouring
protein in the complex (this different functional response is denoted as response ③).

26.4 Conclusions

Multifunctional Ca2+/CaM stimulated protein kinases are abundant, expressed in
most tissues and are responsible for regulating a broad range of physiological
functions. We have examined the multiple molecular control mechanisms that
regulate the functional responses of these multifunctional kinases. We have focussed
particularly on the mechanism of molecular targeting whereby the interaction of
these kinases with specific binding proteins enables these enzymes to produce
tissue-specific and stimulus-specific responses despite having broad substrate speci-
ficities.

As different cells express different complements of binding proteins, the
microenvironment in which the kinase is located affects its response to different
stimuli and the functional outcome from the stimulus. Understanding molecular
targeting will allow us to have a better understanding of molecular mechanisms
underlying normal and pathological cellular events. In addition, if cell specific
mechanisms controlling kinase function can be identified, then drugs can be
designed that will selectively disrupt interactions between widely expressed kinases
and their substrates only in specific tissues or in response to specific stimuli. In
the past, such widely expressed, multifunctional kinases have not been regarded
as suitable drug targets for fear that lack of tissue- or stimulus-specificity would
produce unwanted side-effects. But, with our developing understanding of how
targeting can produce cell- and stimulus-specific responses in widely expressed
kinases, the potential has arisen to achieve specific therapeutic outcomes for a
variety of conditions and pathologies by developing drugs that disrupt specific
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molecular targeting interactions, as proposed above in the case of pT253-CaMKII
and ischaemia.
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Chapter 27
Readily Releasable Stores of Calcium
in Neuronal Endolysosomes:
Physiological and Pathophysiological
Relevance

Koffi L. Lakpa, Peter W. Halcrow, Xuesong Chen, and Jonathan D. Geiger

Abstract Neurons are long-lived post-mitotic cells that possess an elaborate
system of endosomes and lysosomes (endolysosomes) for protein quality control.
Relatively recently, endolysosomes were recognized to contain high concentrations
(400–600 μM) of readily releasable calcium. The release of calcium from this
acidic organelle store contributes to calcium-dependent processes of fundamental
physiological importance to neurons including neurotransmitter release, membrane
excitability, neurite outgrowth, synaptic remodeling, and cell viability. Patholog-
ically, disturbances of endolysosome structure and/or function have been noted
in a variety of neurodegenerative disorders including Alzheimer’s disease (AD)
and HIV-1 associated neurocognitive disorder (HAND). And, dysregulation of
intracellular calcium has been implicated in the neuropathogenesis of these same
neurological disorders. Thus, it is important to better understand mechanisms by
which calcium is released from endolysosomes as well as the consequences of
such release to inter-organellar signaling, physiological functions of neurons, and
possible pathological consequences. In doing so, a path forward towards new
therapeutic modalities might be facilitated.
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27.1 An Evolutionary Perspective on Calcium, Intracellular
Organelles and Endolysosomes

Intracellular calcium regulates many essential functions of neurons including
neurotransmitter release, excitability, synaptic plasticity, and cell viability [1].
Levels of intraneuronal calcium are very tightly regulated both temporally and
spatially by various mechanisms including calcium release from intracellular stores,
calcium influx across plasma membranes, and its association with a whole host
of calcium binding proteins. Because of its importance both physiologically and
pathologically, we start our story about the presence and functional significance
of readily releasable stores of calcium in neuronal endolysosomes with a brief
evolutionary perspective about calcium and intracellular organelles.

Calcium is well-known to be important for signal transduction in most cells
including neurons. Indeed, calcium has been referred to as a universal second mes-
senger in eukaryotic cells. The approximate 10,000-fold gradient of extracellular
to intracellular calcium originated evolutionarily because of the gradual rise in
calcium levels from about 100 nM during the period when the basic building blocks
of life developed in thermal ducts under the ocean floor to about 1 mM during
the Pre-Cambrian period when multicellular life evolved [2, 3]. Due to the toxic
nature of millimolar levels of calcium, evolutionary pressure was applied such that
cellular survival dictated that semipermeable membranes appeared and a variety of
mechanisms were formed to maintain appropriate calcium gradients across plasma
membranes [3]. Simultaneously, embedded in the plasma membranes were newly
developed calcium pumps and calcium binding proteins which helped with calcium
homeostasis [3]. Together, in neurons, these evolutionary changes provide unique
and complex spatial and temporal handling of calcium that is essential for not only
proper cellular signaling but also neuronal cell life and death.

It was also during this billion-year evolutionary period that intracellular
organelles began appearing including mitochondria resulting from symbiotic
relationships with bacteria and the development of functional endocytic machinery
[4]. Mitochondria are integral to the maintenance of cellular energetics and they are
important ‘sinks’ for intracellular calcium [5]. However, when too much calcium is
up-taken into mitochondria cellular energetics are compromised and the resulting
calcium overload can lead to a cascade of events including increased oxidative
stress and cell death. It has also become increasingly appreciated that organelles
including endoplasmic reticulum, endosomes and lysosomes (hereafter referred
to as endolysosomes) have readily releasable and functionally important pools of
intracellular calcium. Although less well known, the approximate 500 μM levels
of calcium in endolysosomes are similar to the calcium concentrations present in
endoplasmic reticulum [6]. This is a very important concept because endoplasmic
reticulum is commonly referred to as the principal intracellular store of readily
releasable calcium. Furthermore, as the field of inter-organellar signaling as well as
physical and chemical crosstalk between organelles has grown over the past decade
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it is prudent of us to now posit that this relatively new and highly complicated
area of modern cell biology is key to our understanding of the regulation and
dysregulation of calcium [7].

With this as a very quick trip across 1 billion years of evolutionary biology, here
we embark on a brief but focused summary of findings that neuronal endolysosomes
contain readily releasable stores of calcium and once released this calcium can lead
to calcium influx into cells, calcium release from other organelles, and calcium
dysregulation-induced neurotoxicity. The relevance of such an important upstream
store of calcium to the regulation of physiological functions and pathophysiological
events is obvious and will be discussed with particular relevance to the pathogenesis
of two neurodegenerative disorders; Alzheimer’s disease (AD) and HIV-1 associ-
ated neurocognitive disorder (HAND).

27.2 Endolysosomes Contain Readily Releasable Pools
of Calcium

Neurons are long-lived post-mitotic cells that possess an elaborate endolysosome
system for quality control especially for proteins. Endolysosomes are well known to
be acidic organelles that contain high levels of cations including calcium, iron, zinc
and copper. However, for the cation calcium it was not until fairly recently that these
organelles were described as being ‘acidic calcium stores’ because the luminal pH
of endolysosomes is acidic and endolysosomes contain high (400–600 μM) levels
of readily releasable calcium [8, 9].

Neuronal calcium signals display spectacular spatiotemporal complexity and
understanding how calcium signals are generated spatially and temporally is nec-
essary to understand calcium-dependent cellular processes. Endolysosome calcium
levels are maintained by a variety of uptake and efflux mechanisms. Essential for
uptake of calcium into endolysosomes, proton gradients are established mainly by
vacuolar H+-ATPase (v-ATPase) that pumps H+ into the lumen and this helps
regulate Ca2+ levels [9–11]. Four main mechanisms for calcium release from
endolysosomes have been described including: (1) Calcium release through two-
pore channels (TPCs) triggered by nicotinic acid adenine dinucleotide phosphate
(NAADP) [12–17]; (2) Elevation of endolysosome pH with, for example, the selec-
tive v-ATPase inhibitor bafilomycin (BAF) or the alkaline lysosomotropic agents
NH4Cl and chloroquine [8, 18, 19]; (3) Involvement of TRPML1 mucolipin-type
channels and P2X4 receptors [20–22]; and (4) Selective disruption of endolysosome
membranes with Gly-Phe-β-naphtylamide (GPN) [23, 24]. Of physiological signif-
icance, calcium released from endolysosomes has been shown to contribute to a
variety of calcium-dependent neuronal processes including neurotransmitter release,
neuronal excitability, neurite outgrowth, synaptic remodeling, and cell viability
[25–27].
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Fig. 27.1 HIV-1 proteins and other neurotoxic insults can cause deacidification of endolysosomes.
Increasing endolysosome pH can release calcium and other cations from endolysosomes. Calcium
released from readily releasable stores in endolysosomes can increase the release of calcium from
other intracellular stores and can increase the influx of extracellular calcium. Such increases in
pH and calcium levels can cause endoplasmic reticulum (ER) and mitochondrial dysfunction,
Alzheimer’s disease (AD)-like pathology, and synaptodendritic damage

Endolysosomes can release calcium transiently and in a highly localized and
distinct fashion [17, 28, 29]. Endolysosome calcium can affect the release of
calcium from organellar stores as well as through plasma membrane-based calcium
influx mechanisms. The inter-organellar signaling and signaling with the plasma
membrane is explained at least in part by findings that endolysosomes are highly
mobile in cells, are highly dynamic metabolically, have high rates of biogenesis,
and can interact physically and functionally with other intracellular organelles
(Fig. 27.1).

At least three models of acidic store-induced calcium signaling mechanisms have
been described [9]. (1) Acidic stores of calcium might communicate with endo-
plasmic reticulum calcium stores such that calcium released from endolysosomes
can enhance endoplasmic reticulum calcium loading [30] and calcium-induced
calcium release [13, 15]. (2) Changes in endolysosome pH may release calcium
from a subgroup of acidic calcium stores and the released calcium may affect other
subgroups of acidic stores through mechanisms such as vesicular fusion of late
endosomes and lysosomes [9, 15, 31]. (3) Calcium released from acidic calcium
stores might depolarize plasma membranes, evoke calcium-dependent currents, and
stimulate calcium influx across plasma membranes [12].
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27.3 Acidic Store-Operated Calcium Entry in Neurons

Acidic store-operated calcium entry (aSOCE) is a unique mechanism that links
readily releasable calcium in endolysosomes with influx of extracellular calcium
into neurons. This is a novel means by which intraneuronal stores of calcium can
contribute to spatial and temporal integration of calcium signaling. In support of this
novel mechanism, we found that calcium could be released from endolysosomes
following stimulation of a number of different mechanisms, that the calcium release
could be independent of other organellar stores of calcium, that release of calcium
from endolysosomes triggered calcium influx, and that the calcium influx was
regulated by N-type calcium channels and lysosome exocytosis (Fig. 27.2).

Capacitative influx of calcium into cells was described over 30 years ago
[32]. Such calcium influx mechanisms, that are now commonly referred to as
store-operated calcium entry (SOCE), are principally initiated by a reduction in

Fig. 27.2 HIV-1 Tat de-acidifies endolysosomes, increases amyloidogenesis, and releases calcium
from readily releasable stores in endolysosomes. Calcium released from endolysosomes can
affect mitochondrial and endoplasmic reticulum (ER) calcium stores, and increase store operated
calcium (SOCE) mechanisms. Mechanistically, following de-acidification endolysosome calcium
is released through TRPML1 and two pore channels (TPCs). The calcium signals can be amplified
by releasing calcium from other organelles including mitochondria and ER, and by activating ER-
based SOCE involving STIM1 and Orai channels as well as acidic store operated calcium entry
involving N-type calcium channels (NTCCs)
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endoplasmic reticulum calcium stores followed by influx of extracellular calcium
in a variety of cells including neurons in order to refill the depleted stores of
calcium. Mechanistically, depleting endoplasmic reticulum calcium stores drives
the oligomerization and translocation of stromal interaction molecule 1 (STIM1)
proteins to endoplasmic reticulum junctions close to the plasma membrane. Such
STIM1 translocation induces the clustering of calcium release-activated calcium
modulator 1 (Orai1) channels and/or transient receptor potential (TRP) cation
channels into plasma membranes thereby enabling extracellular calcium entry [33].

Conceptually, but not mechanistically, we observed similar store-operated cal-
cium entry involving endolysosomes in neurons. Using primary cultures of rat
cortical neurons, we found that calcium was released from endolysosomes following
treatment with the two-pore channel agonist NAADP-AM, the v-ATPase inhibitor
BAF, and the lysosomotropic agent GPN; all of which de-acidify endolysosomes
[34]. However, when these experiments were conducted in the absence of extracel-
lular calcium, de-acidification of endolysosomes with NAADP-AM, BAF and GPN
increased only slightly levels of free cytosolic calcium. When these same experi-
ments were conducted in the presence of extracellular calcium, NAADP-AM, BAF
and GPN all increased significantly the levels of free cytosolic calcium. Although
it is not well understood currently, the relatively small release of calcium from
endolysosomes causes a much larger influx of extracellular calcium and this might
be due to plasma membrane depolarization as is accompanied by NAADP-induced
endolysosome calcium release [34, 35]. Besides neurons, phenomena similar to
aSOCE have been described in other cell types where NAADP has been found to
induce endolysosome calcium release and large influxes of calcium across plasma
membranes [12, 36–39]. These observations suggested to us that endolysosome de-
acidification by three completely different mechanisms led directly or indirectly
to an enhanced influx of calcium into neurons. Accordingly, we next tested more
specifically the extent to which a store-operated mechanism might control the
observed calcium influx across the plasma membrane.

Using approaches similar to those used by others and us, we began studying
store-operated calcium mechanisms including the classical endoplasmic reticulum-
based capacitative SOCE. Indeed, we confirmed that in the absence of extracellular
calcium and following depletion of endoplasmic reticulum calcium with the SERCA
pump inhibitor thapsigargin (TG) there was a significant increase in levels of free
intracellular calcium only when calcium was re-introduced to the extracellular
medium. With this positive control for the functional presence of endoplasmic
reticulum-based SOCE in our cultured neurons, we conducted similar experiments
with agents that de-acidify endolysosomes and release calcium from endolysosome
stores. Even after depleting ER pools of calcium with TG, application of NAADP-
AM, BAF and GPN still caused increased influx of extracellular calcium and still
induced increased levels of intracellular calcium. Thus, in these neurons there
appeared to be at least two separate and functional store-operated calcium mech-
anisms; one governed by endoplasmic reticulum and the other by endolysosomes.
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In testing the distinctive nature of the two store-operated calcium mechanisms
governed by endoplasmic reticulum or endolysosomes, we used pharmacological
and molecular/genetic strategies. Using siRNA to knock-down protein expression
levels of STIM1, a protein that is central to SOCE, and the SOCE blockers SKF-
96365 and 2-APB we were able to block significantly TG-induced release of
calcium from endoplasmic reticulum, but we were unable to block significantly
NAADP-AM-, BAF- and GPN-induced calcium influx. However, we were able to
block significantly NAADP-AM-, BAF- and GPN-induced calcium influx with the
selective N-type calcium channel (NTCC) blocker (ω-conotoxin). The selective and
specific nature of this inhibition by ω-conotoxin was confirmed further by showing
that NAADP-AM-, BAF- and GPN-induced calcium influx was not blocked by
inhibitors of L-type (nimodipine, verapamil) and P/Q-type (ω-agatoxin) calcium
channels. Moreover, we confirmed these pharmacological findings by showing
that siRNA knockdown of NTCCs attenuated significantly NAADP-AM-, BAF-
and GPN-induced calcium influx, but did not affect TG-induced SOCE. Together,
the above results demonstrated that calcium released from endolysosomes can
be distinct from calcium released from endoplasmic reticulum through SOCE
mechanisms and that the calcium released from endolysosomes is capable of
activating cell surface calcium channels to stimulate calcium influx. These findings
support and extend earlier findings that calcium released from endolysosomes did
not stimulate endoplasmic reticulum-dependent SOCE in MDCK epithelial cells
[23]. Accordingly, this new mechanism was termed by us as “acidic store-operated
calcium entry” (aSOCE) [34].

27.4 Role of Lysosome Exocytosis in Acidic Store-Operated
Calcium Entry (aSOCE)

Multiple mechanisms might control aSOCE involving NTCCs. One such mecha-
nism might involve lysosome exocytosis because we have shown using a quanti-
tative biotinylation of surface proteins assay that NAADP-AM, BAF and GPN all
increased cell surface protein expression levels of NTCCs and lysosome-associated
glycoprotein 1 (LAMP1). Next, we addressed the possibility that lysosome exocyto-
sis and NTCCs were linked directly by conducting co-immunoprecipitation studies
and found a physical interaction between NTCCs and LAMP1. Because LAMP1
is critical for lysosome exocytosis [40], those observations suggested to us that
lysosome exocytosis might be a functional partner in aSOCE especially because
aSOCE was inhibited following siRNA knockdown of protein expression levels of
LAMP1. Thus, de-acidification of endolysosomes might be of central importance
because NAADP-AM, BAF and GPN through very different initial mechanisms
all appeared to enhance lysosome exocytosis and the recycling of NTCCs to the
plasma membrane where they participated in calcium influx generally and aSOCE
more specifically. Physically, this makes sense as well because of findings that
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de-acidification of endolysosomes changes cellular distribution patterns of these
organelles from a mostly peri-nuclear pattern to one where the endolysosomes
migrate close to the plasma membrane [41]. Thus, functionally and physically there
is evidence favoring endolysosomes and endolysosome exocytosis in calcium entry.

27.5 Physical Interactions and Functional Relevance
of Inter-organellar Signaling

In addition to physical interactions between endolysosomes and plasma membranes,
it is becoming increasingly clear that endolysosomes physically and functionally
interact as well with other intracellular organelles including mitochondria and
endoplasmic reticulum. Such recognition has led to an appreciation for dynamic
physical and chemical communications between intracellular organelles including
those regulated by pH and calcium.

Physical interactions between mitochondria and endoplasmic reticulum were
first described about 60 years ago and the functional significance of mitochondria-
associated membranes was first characterized about 30 years ago [42]. Even today,
there continues to be work focused on the physical and functional interactions
between organelles [43] as well as the role that organellar interactions plays in
the pathogenesis of neurodegenerative diseases [44, 45]. As it relates to endolyso-
somes, it is now known that there are extensive physical interactions between
endolysosomes and mitochondria and that these inter-organellar communications
participate in lipid and metabolite exchange as well as mitochondrial quality
control [46]. Conversely, mitochondrial dysfunction has been found to negatively
affect lysosome structure and function through reactive oxygen species-dependent
mechanisms [47]. Extensive membrane contact sites have been described between
lysosomes and endoplasmic reticulum, that these contact sites were evolutionarily
conserved, and that calcium released from lysosomes was sufficient to stimulate
endoplasmic reticulum-dependent calcium-induced calcium release [48, 49, 50].
However, only recently was it shown that endolysosomes maintain their 1000-fold
calcium concentration gradient in cells in part by refilling endolysosome stores of
calcium from IP3-regulated stores of calcium in endoplasmic reticulum [51]. Some
of the differences in findings as to calcium movements between organelles might be
because of cell-specific mechanisms. In addition, the difficult nature of understand-
ing inter-organellar calcium dynamics is highlighted by work showing that STIM1
and STIM2 are expressed in endolysosomes, at least in platelets, and that depletion
of acidic organellar stores of calcium can increase protein-protein interactions
between STIM proteins with Orai1 and TRPC channels to induce SOCE [52]. It
is further complicated by findings that calcium released through endolysosome-
resident TRML1 channels can cause calcium release from endoplasmic reticulum
and calcium influx [53] and that NAADP has been implicated in this “cross-talk”
[54].
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27.6 Possible Role of Endolysosomes and aSOCE
in Pathogenesis of Alzheimer’s Disease and HIV-1
Associated Neurocognitive Disorder (HAND)

Disturbances in endolysosome structure and/or function have been noted in a
variety of neurodegenerative disorders including Alzheimer’s disease (AD) and
HIV-1 neurocognitive disorder (HAND) [55–59]. AD is a devastating age-related
neurodegenerative disease that is the commonest cause of dementia in people
over the age of 65. People with HAND, on the other hand, exhibit neurological
complications ranging from mild (mild cognitive impairment) to severe (dementia).
In the current era of anti-retroviral therapeutics HIV-1 infected individuals are living
almost full life-spans, but are now experiencing a prevalence rate of over 50%
for HAND [60, 61]. Clinically and pathologically people living with neuroHIV-
1 are exhibiting AD-like symptoms including learning and memory deficits as
well as increased amyloidogenesis. Although the pathogenesis of HAND is not
fully understood, HIV-1 proteins including the HIV-1 transactivator of transcription
protein Tat have been implicated by others and us to be causative virotoxins in
HAND [62–69]. Among the HIV-1 viral proteins, HIV-1 Tat is present in brains
of HIV-1 infected individuals and its levels stay elevated in CSF even when HIV-
1 viral levels are immeasurable [70]. Others and we have shown that HIV-1 Tat
directly excites neurons [65, 71, 72], disturbs neuronal calcium homeostasis [64,
73], disrupts synaptic integrity [74, 75], and induces neurotoxicity [68, 76].

Endolysosome dysfunction has been implicated in the development of at least
two pathological hallmarks of AD and HAND; Aβ accumulation and neurofibrillary
tangle formation. Endolysosomes are very important for amyloidogenic processing
of AβPP to Aβ because amyloid β precursor protein (AβPP) is first endocytosed, the
amyloidogenic enzymes BACE-1 and γ-secretase are almost exclusively located in
endosomes and lysosomes, the acidic environment of endolysosomes is favorable
for amyloidogenic metabolism of AβPP, and Aβ can be either accumulated in
or released by exocytosis from endolysosomes [77–83]. Tau is a microtubule-
associated protein, and when hyperphosphorylated it aggregates and contributes
to the formation of neurofibrillary tangles. Tau aggregates can be degraded by
cathepsin D in autophagosomes-lysosomes [84, 85], and endolysosome dysfunction
contributes to tau aggregation and neurofibrillary tangle formation [86, 87]. On the
other hand, transcriptional activation of lysosome biogenesis can clear aggregated
tau [88]. Thus, endolysosomes are important sites for development of these neuro-
logical disorders.

Dysregulation of intracellular calcium has also been implicated in the neu-
ropathogenesis of these same neurological disorders. And it is clear (see above)
that de-acidification of endolysosomes releases calcium from these acidic stores
[28, 89, 90]. We found that HIV-1 Tat protein elevated endolysosome pH and
disturbed the structure and function of endolysosomes [74], a prominent and early
pathological feature of HAND [57, 58]. Clearly, endolysosome calcium stores
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contribute to neuronal calcium signaling and function [91–93] and calcium release
from endolysosomes triggers calcium release from endoplasmic reticulum [11, 17]
and through plasma membranes via aSOCE (see above).

HIV-1 proteins including HIV-1 Tat, and anti-retroviral therapeutic drugs con-
tribute to the development of AD-like pathology including increases in Aβ levels
[94–99]. HIV-1 Tat enters neurons via receptor-mediated endocytosis [100–102].
The Tat-induced de-acidification of endolysosomes and resulting effects on calcium
dyshomeostasis likely results from the ability of HIV-1 Tat to decrease the levels
and activity of vacuolar-ATPase as well as compensatory increases in cathepsin D
and LAMP-1 [103]. The consequences of such alterations in calcium dynamics and
homeostasis are synaptic disruption and neurotoxicity [104–106].

Endolysosomes contain physiologically important levels of calcium that is
readily releasable by a number of stimuli and insults. The calcium can exit through
a number of channels including TRPML and two pore channels. Once released
the calcium can signal other organelles to release calcium and for greater influx
of calcium through plasma membrane-resident calcium channels especially N-type
calcium channels. These effects on endolysosome structure and function have clear
implications to the pathogenesis of AD and HAND; neurological disorders that
show overlap in terms of clinical and pathological features. We are excited to be part
of this emerging area of cell biology focused on inter-organellar signaling and look
forward to further studies elucidating physiological and pathological consequences
of calcium release from endolysosome stores.
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25. Repnik U, Česen MH, Turk B (2013) The endolysosomal system in cell death and survival.
Cold Spring Harb Perspect Biol [Internet] 5(1):a008755. Jan 1 [cited 2017 Oct 16]. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/23284043

http://www.cell.com/trends/biochemical-sciences/pdf/S0968-0004(16)30147-5.pdf
http://www.biochemj.org/content/439/3/349.abstract
http://www.ncbi.nlm.nih.gov/pubmed/19557428
http://www.ncbi.nlm.nih.gov/pubmed/20346675
http://www.ncbi.nlm.nih.gov/pubmed/20495006
http://ajpcell.physiology.org/cgi/doi/10.1152/ajpcell.00475.2009
http://www.ncbi.nlm.nih.gov/pubmed/23284043


692 K. L. Lakpa et al.

26. Ferguson SM (2018) Neuronal lysosomes. Neurosci Lett [Internet]. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S030439401830260X

27. Goo MS, Sancho L, Slepak N, Boassa D, Deerinck TJ, Ellisman MH et al (2017) Activity-
dependent trafficking of lysosomes in dendrites and dendritic spines. J Cell Biol 216(8):2499–
2513

28. Galione A, Morgan AJ, Arredouani A, Davis LC, Rietdorf K, Ruas M et al (2010) NAADP
as an intracellular messenger regulating lysosomal calcium-release channels. Biochem Soc
Trans [Internet] 38(6):1424–1431. Available from: http://biochemsoctrans.org/lookup/doi/
10.1042/BST0381424

29. Shen D, Wang X, Li X, Zhang X, Yao Z, Dibble S et al (2012) Lipid storage disorders
block lysosomal trafficking by inhibiting a TRP channel and lysosomal calcium release. Nat
Commun 3:731

30. Macgregor A, Yamasaki M, Rakovic S, Sanders L, Parkesh R, Churchill GC et al (2007)
NAADP controls cross-talk between distinct Ca2+ Stores in the Heart. J Biol Chem
[Internet] 282(20):15302–15311. May 18 [cited 2018 July 16]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/17387177

31. Galione A, Parrington J, Funnell T (2011) Physiological roles of NAADP-mediated Ca2+ sig-
naling. Sci China Life Sci [Internet] 54(8):725–732. Available from: http://link.springer.com/
10.1007/s11427-011-4207-5

32. Putney JW (1986) A model for receptor-regulated calcium entry. Cell Calcium 7(1):1–12
33. Putney JW (2009) Capacitative calcium entry: from concept to molecules. Immunol Rev

231:10–22
34. Hui L, Geiger NH, Bloor-Young D, Churchill GC, Geiger JD, Chen X (2015) Release

of calcium from endolysosomes increases calcium influx through N-type calcium
channels: evidence for acidic store-operated calcium entry in neurons. Cell Calcium
[Internet] 58:617–627. [cited 2017 May 31]. Available from: http://ac.els-cdn.com/
S0143416015001529/1-s2.0-S0143416015001529-main.pdf?_tid=d155fae0-460a-11e7-
a743-00000aab0f02&acdnat=1496239973_5d092efe55666657b3cd6c5dc4881cf0

35. Arredouani A, Ruas M, Collins SC, Parkesh R, Clough F, Pillinger T et al (2015) Nicotinic
acid adenine dinucleotide phosphate (NAADP) and endolysosomal two-pore channels mod-
ulate membrane excitability and stimulus-secretion coupling in mouse pancreatic β cells. J
Biol Chem [Internet] 290(35):21376–21392. Aug 28 [cited 2018 July 14]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26152717

36. Moccia F, Lim D, Nusco GA, Ercolano E, Santella L (2003) NAADP activates a Ca2+ current
that is dependent on F-actin cytoskeleton. FASEB J 17(13):1907–1909

37. Moccia F, Billington RA, Santella L (2006) Pharmacological characterization of NAADP-
induced Ca2+ signals in starfish oocytes. Biochem Biophys Res Commun 348(2):329–336

38. Naylor E, Arredouani A, Vasudevan SR, Lewis AM, Parkesh R, Mizote A et al (2009)
Identification of a chemical probe for NAADP by virtual screening. Nat Chem Biol 5(4):220–
226

39. Churchill GC, O’Neill JS, Masgrau R, Patel S, Thomas JM, Genazzani AA et al (2003) Sperm
deliver a new second messenger: NAADP. Curr Biol 13(2):125–128

40. Yogalingam G, Bonten EJ, van de Vlekkert D, Hu H, Moshiach S, Connell SA et al (2008)
Neuraminidase 1 is a negative regulator of Lysosomal exocytosis. Dev Cell 15(1):74–86

41. Li X, Rydzewski N, Hider A, Zhang X, Yang J, Wang W et al (2016) A molecular
mechanism to regulate lysosome motility for lysosome positioning and tubulation. Nat Cell
Biol 18(4):404–417

42. Herrera-Cruz MS, Simmen T (2017) Over six decades of discovery and characterization of the
architecture at mitochondria-associated membranes (MAMs). Adv Exp Med Biol 997:13–31

43. Wu Y, Whiteus C, Xu CS, Hayworth KJ, Weinberg RJ, Hess HF et al (2017) Contacts
between the endoplasmic reticulum and other membranes in neurons. Proc Natl Acad Sci
[Internet] 114(24):E4859–E4867. Available from: http://www.pnas.org/lookup/doi/10.1073/
pnas.1701078114

http://linkinghub.elsevier.com/retrieve/pii/S030439401830260X
http://biochemsoctrans.org/lookup/doi/10.1042/BST0381424
http://www.ncbi.nlm.nih.gov/pubmed/17387177
http://springerlink.bibliotecabuap.elogim.com/10.1007/s11427-011-4207-5
http://ac.els-cdn.com/S0143416015001529/1-s2.0-S0143416015001529-main.pdf?_tid=d155fae0-460a-11e7-a743-00000aab0f02&acdnat=1496239973_5d092efe55666657b3cd6c5dc4881cf0
http://www.ncbi.nlm.nih.gov/pubmed/26152717
http://www.pnas.org/lookup/doi/10.1073/pnas.1701078114


27 Readily Releasable Stores of Calcium in Neuronal Endolysosomes. . . 693

44. Schon EA, Area-Gomez E (2013) Mitochondria-associated ER membranes in Alzheimer
disease. Mol Cell Neurosci [Internet] 55:26–36. July [cited 2018 July 27]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22922446

45. Joshi AU, Kornfeld OS, Mochly-Rosen D (2016) The entangled ER-mitochondrial axis as a
potential therapeutic strategy in neurodegeneration: a tangled duo unchained. Cell Calcium
60:218–234

46. Soto-Heredero G, Baixauli F, Mittelbrunn M (2017) Interorganelle communication between
mitochondria and the Endolysosomal system. Front Cell Dev Biol [Internet] 5:95. Available
from: http://journal.frontiersin.org/article/10.3389/fcell.2017.00095/full

47. Demers-Lamarche J, Guillebaud G, Tlili M, Todkar K, Bélanger N, Grondin M et al (2016)
Loss of mitochondrial function impairs lysosomes∗. J Biol Chem [Internet] 291(19):10263–
10276. May 6 [cited 2017 Dec 8]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
26987902

48. Kilpatrick BS, Eden ER, Schapira AH, Futter CE, Patel S (2013) Direct mobilisation of lyso-
somal Ca2+ triggers complex Ca2+ signals. J Cell Sci [Internet] 126(Pt 1):60–66. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/23108667%5Cnhttp://jcs.biologists.org/content/
joces/126/1/60.full.pdf

49. Penny CJ, Kilpatrick BS, Eden ER, Patel S (2015) Coupling acidic organelles with the ER
through Ca2+ microdomains at membrane contact sites. Cell Calcium 58:387–396

50. Hariri H, Ugrankar R, Liu Y, Henne WM (2016) Inter-organelle ER-endolysosomal contact
sites in metabolism and disease across evolution. Communicative and Integrative Biology
9(3):e1156278

51. Garrity AG, Wang W, Collier CM, Levey SA, Gao Q, Xu H (2016) The endoplasmic reticu-
lum, not the pH gradient, drives calcium refilling of lysosomes. Elife [Internet] 5:e15887. May
23 [cited 2017 May 11]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27213518

52. Zbidi H, Jardin I, Woodard GE, Lopez JJ, Berna-Erro A, Salido GM et al (2011) STIM1 and
STIM2 are located in the acidic Ca2+ stores and associates with Orai1 upon depletion of the
acidic stores in human platelets. J Biol Chem 286(14):12257–12270

53. Kilpatrick BS, Yates E, Grimm C, Schapira AH, Patel S (2016) Endo-lysosomal TRP
mucolipin-1 channels trigger global ER Ca2+ release and Ca2+ influx. J Cell Sci [Internet].
129(20):3859–3867. [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/27577094

54. Ronco V, Potenza DM, Denti F, Vullo S, Gagliano G, Tognolina M et al (2015) A
novel Ca2+−mediated cross-talk between endoplasmic reticulum and acidic organelles:
implications for NAADP-dependent Ca2+signalling. Cell Calcium [Internet] 57(2):89–100.
Feb 1 [cited 2018 July 14]. Available from: https://www.sciencedirect.com/science/article/
pii/S0143416015000020

55. Tate BA, Mathews PM (2006) Targeting the role of the endosome in the patho-
physiology of Alzheimer’s disease: a strategy for treatment. Sci Aging Knowl Envi-
ron [Internet] 2006(10):re2–re2. June 28 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/16807486

56. Boland B, Kumar A, Lee S, Platt FM, Wegiel J, Yu WH et al (2008) Autophagy induction and
Autophagosome clearance in neurons: relationship to Autophagic pathology in Alzheimer’s
disease. J Neurosci [Internet] 28(27):6926–6937. July 2 [cited 2018 July 27]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18596167

57. Gelman BB, Soukup VM, Holzer CE 3rd, Fabian RH, Schuenke KW, Keherly MJ et al (2005)
Potential role for white matter lysosome expansion in HIV-associated dementia. J Acquir
Immune Defic Syndr 39(4):422–425

58. Spector SA, Zhou D (2008) Autophagy: an overlooked mechanism of HIV-1 pathogenesis and
neuroAIDS? Autophagy [Internet] 4(5):704–706. July [cited 2018 July 27]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18424919

http://www.ncbi.nlm.nih.gov/pubmed/22922446
http://journal.frontiersin.org/article/10.3389/fcell.2017.00095/full
http://www.ncbi.nlm.nih.gov/pubmed/26987902
http://www.ncbi.nlm.nih.gov/pubmed/27213518
http://www.ncbi.nlm.nih.gov/pubmed/27577094
https://www.sciencedirect.com/science/article/pii/S0143416015000020
http://www.ncbi.nlm.nih.gov/pubmed/16807486
http://www.ncbi.nlm.nih.gov/pubmed/18596167
http://www.ncbi.nlm.nih.gov/pubmed/18424919


694 K. L. Lakpa et al.

59. Cysique LA, Hewitt T, Croitoru-Lamoury J, Taddei K, Martins RN, Chew CS et al (2015)
APOE ε4 moderates abnormal CSF-abeta-42 levels, while neurocognitive impairment is asso-
ciated with abnormal CSF tau levels in HIV+ individuals – a cross-sectional observational
study. BMC Neurol [Internet] 15(1):51. Dec 1 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/25880550

60. Ellis RJ, Rosario D, Clifford DB, McArthur JC, Simpson D, Alexander T et al (2010)
Continued high prevalence and adverse clinical impact of human immunodeficiency
virus–associated sensory neuropathy in the era of combination antiretroviral therapy.
Arch Neurol [Internet] 67(5):552. May 1 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/20457954

61. Heaton RK, Clifford DB, Franklin DR, Woods SP, Ake C, Vaida F et al (2010) HIV-
associated neurocognitive disorders persist in the era of potent antiretroviral therapy: charter
study. Neurol Int 75(23):2087–2096. Dec 7 [cited 2017 Sept 13]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/21135382

62. Sabatier JM, Vives E, Mabrouk K, Benjouad A, Rochat H, Duval A et al (1991) Evidence
for neurotoxic activity of tat from human immunodeficiency virus type 1. J Virol [Internet]
65(2):961–967. Feb [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/1898974

63. Weeks BS, Lieberman DM, Johnson B, Roque E, Green M, Loewenstein P et al (1995)
Neurotoxicity of the human immunodeficiency virus type 1 tat transactivator to PC12 cells
requires the tat amino acid 49-58 basic domain. J Neurosci Res [Internet] 42(1):34–40. Sept
1 [cited 2018 July 27]. Available from: http://doi.wiley.com/10.1002/jnr.490420105

64. Haughey NJ, Holden CP, Nath A, Geiger JD (1999) Involvement of inositol 1,4,5-
trisphosphate-regulated stores of intracellular calcium in calcium dysregulation and neuron
cell death caused by HIV-1 protein tat. J Neurochem [Internet] 73(4):1363–1374. Oct [cited
2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10501179

65. Nath A, Haughey NJ, Jones M, Anderson C, Bell JE, Geiger JD (2000) Synergistic
neurotoxicity by human immunodeficiency virus proteins tat and gp120: protection by
memantine. Ann Neurol [Internet] 47(2):186–194. Feb [cited 2018 July 27]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/10665489

66. Pérez A, Probert AW, Wang KK, Sharmeen L (2001) Evaluation of HIV-1 tat induced
neurotoxicity in rat cortical cell culture. J Neurovirol [Internet] 7(1):1–10. Feb 1 [cited 2018
July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11519477

67. King JE, Eugenin EA, Buckner CM, Berman JW (2006) HIV tat and neurotoxicity.
Microbes Infect [Internet] 8(5):1347–1357. Apr [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/16697675

68. Buscemi L, Ramonet D, Geiger JD (2007) Human immunodeficiency virus type-1 protein
tat induces tumor necrosis factor-alpha-mediated neurotoxicity. Neurobiol Dis [Internet]
26(3):661–670. June [cited 2018 June 1]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/17451964

69. Agrawal L, Louboutin J-P, Reyes BAS, Van Bockstaele EJ, Strayer DS (2012) HIV-1 tat
neurotoxicity: a model of acute and chronic exposure, and neuroprotection by gene delivery
of antioxidant enzymes. Neurobiol Dis [Internet] 45(2):657–670. Feb [cited 2018 July 27].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/22036626

70. Johnson TP, Patel K, Johnson KR, Maric D, Calabresi PA, Hasbun R et al (2013) Induction
of IL-17 and nonclassical T-cell activation by HIV-tat protein. Proc Natl Acad Sci U S
A [Internet] 110(33):13588–13593. Aug 13 [cited 2017 July 20]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/23898208

71. DSK M, Jsnudsen BE, Geiger JD, Brownstone RM, Nath A (1995) Human lmmunodehclency
V m s lype 1 tat activates non-N-Methyla-aspartate excitatory ammo acid receptors and causes
neurotoxicity. Ann Neurol [Internet] 37(3):373–380. [cited 2017 Nov 20]. Available from:
https://med-und.illiad.oclc.org/illiad/illiad.dll?Action=10&Form=75&Value=116096

http://www.ncbi.nlm.nih.gov/pubmed/25880550
http://www.ncbi.nlm.nih.gov/pubmed/20457954
http://www.ncbi.nlm.nih.gov/pubmed/21135382
http://www.ncbi.nlm.nih.gov/pubmed/1898974
http://doi.wiley.com/10.1002/jnr.490420105
http://www.ncbi.nlm.nih.gov/pubmed/10501179
http://www.ncbi.nlm.nih.gov/pubmed/10665489
http://www.ncbi.nlm.nih.gov/pubmed/11519477
http://www.ncbi.nlm.nih.gov/pubmed/16697675
http://www.ncbi.nlm.nih.gov/pubmed/17451964
http://www.ncbi.nlm.nih.gov/pubmed/22036626
http://www.ncbi.nlm.nih.gov/pubmed/23898208
https://med-und.illiad.oclc.org/illiad/illiad.dll?Action=10&Form=75&Value=116096


27 Readily Releasable Stores of Calcium in Neuronal Endolysosomes. . . 695

72. Nath A, Psooy K, Martin C, Knudsen B, Magnuson DS, Haughey N et al (1996) Identi-
fication of a human immunodeficiency virus type 1 tat epitope that is neuroexcitatory and
neurotoxic. J Virol [Internet] 3(70):1475–1480. [cited 2018 June 13]. Available from: https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC189968/pdf/701475.pdf

73. Haughey NJ, Mattson MP (2002) Calcium dysregulation and neuronal apoptosis by the HIV-1
proteins tat and gp120. J Acquir Immune Defic Syndr [Internet] 31(Suppl 2):S55–S61. Oct 1
[cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12394783

74. Kim HJ, Martemyanov KA, Thayer SA (2008) Human immunodeficiency virus protein
tat induces synapse loss via a reversible process that is distinct from cell death. J Neu-
rosci [Internet] 28(48):12604–12613. Nov 26 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19036954

75. Fitting S, Xu R, Bull C, Buch SK, El-Hage N, Nath A et al (2010) Interactive comorbidity
between opioid drug abuse and HIV-1 tat: chronic exposure augments spine loss and sublethal
dendritic pathology in striatal neurons. Am J Pathol [Internet] 177(3):1397–1410. Sept [cited
2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20651230

76. Hui L, Chen X, Haughey NJ, Geiger JD (2012) Role of Endolysosomes in HIV-1 tat-induced
neurotoxicity. ASN Neuro [Internet] 4(4):AN20120017. Apr 3 [cited 2018 July 27]. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/22591512

77. Rajendran L, Annaert W (2012) Membrane trafficking pathways in Alzheimer’s dis-
ease. Traffic [Internet] 13(6):759–770. June [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/22269004

78. Morel E, Chamoun Z, Lasiecka ZM, Chan RB, Williamson RL, Vetanovetz C et al (2013)
Phosphatidylinositol-3-phosphate regulates sorting and processing of amyloid precursor
protein through the endosomal system. Nat Commun [Internet] 4(1):2250. Dec 2 [cited 2018
July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23907271

79. Jiang S, Li Y, Zhang X, Bu G, Xu H, Zhang Y (2014) Trafficking regulation of proteins in
Alzheimer’s disease. Mol Neurodegener [Internet] 9:6. Jan 11 [cited 2018 July 27]. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/24410826

80. Nixon RA (2005) Endosome function and dysfunction in Alzheimer’s disease and other
neurodegenerative diseases. Neurobiol Aging [Internet] 26(3):373–382. Mar [cited 2018 July
27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15639316

81. Rajendran L, Schneider A, Schlechtingen G, Weidlich S, Ries J, Braxmeier T et al (2008)
Efficient inhibition of the Alzheimer’s disease -Secretase by membrane targeting. Science
(80- ) [Internet] 320(5875):520–523. Apr 25 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/18436784

82. Shimizu H, Tosaki A, Kaneko K, Hisano T, Sakurai T, Nukina N (2008) Crystal structure
of an active form of BACE1, an enzyme responsible for amyloid protein production. Mol
Cell Biol [Internet] 28(11):3663–3671. June 1 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/18378702

83. Sannerud R, Declerck I, Peric A, Raemaekers T, Menendez G, Zhou L et al (2011)
ADP ribosylation factor 6 (ARF6) controls amyloid precursor protein (APP) processing by
mediating the endosomal sorting of BACE1. Proc Natl Acad Sci [Internet] 108(34):E559–
E568. Aug 23 [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
21825135

84. Hamano T, Gendron TF, Causevic E, Yen S-H, Lin W-L, Isidoro C et al (2008) Autophagic-
lysosomal perturbation enhances tau aggregation in transfectants with induced wild-type tau
expression. Eur J Neurosci [Internet] 27(5):1119–1130. Mar [cited 2018 July 27]. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18294209

85. Chesser AS, Pritchard SM, GVW J (2013) Tau clearance mechanisms and their possible role
in the pathogenesis of Alzheimer disease. Front Neurol [Internet] 4:122. Sept 3 [cited 2018
July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24027553

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC189968/pdf/701475.pdf
http://www.ncbi.nlm.nih.gov/pubmed/12394783
http://www.ncbi.nlm.nih.gov/pubmed/19036954
http://www.ncbi.nlm.nih.gov/pubmed/20651230
http://www.ncbi.nlm.nih.gov/pubmed/22591512
http://www.ncbi.nlm.nih.gov/pubmed/22269004
http://www.ncbi.nlm.nih.gov/pubmed/23907271
http://www.ncbi.nlm.nih.gov/pubmed/24410826
http://www.ncbi.nlm.nih.gov/pubmed/15639316
http://www.ncbi.nlm.nih.gov/pubmed/18436784
http://www.ncbi.nlm.nih.gov/pubmed/18378702
http://www.ncbi.nlm.nih.gov/pubmed/21825135
http://www.ncbi.nlm.nih.gov/pubmed/18294209
http://www.ncbi.nlm.nih.gov/pubmed/24027553


696 K. L. Lakpa et al.

86. Jo C, Gundemir S, Pritchard S, Jin YN, Rahman I, GVW J (2014) Nrf2 reduces levels of
phosphorylated tau protein by inducing autophagy adaptor protein NDP52. Nat Commun
[Internet] 5(1):3496. Dec 25 [cited 2018 July 27]. Available from: http://www.nature.com/
articles/ncomms4496

87. Bi X, Liao G (2007) Erratum: Autophagic-lysosomal dysfunction and neurodegeneration in
Niemann-pick type C mice: lipid starvation or indigestion? (autophagy) [internet]. Autophagy
3:646–648. [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
17921694

88. Polito VA, Li H, Martini-Stoica H, Wang B, Yang L, Xu Y et al (2014) Selective clearance
of aberrant tau proteins and rescue of neurotoxicity by transcription factor EB. EMBO
Mol Med [Internet] 6(9):1142–1160. Sept 1 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/25069841

89. Masgrau R, Churchill GC, Morgan AJ, Ashcroft SJH (2003) Galione a. NAADP: a new
second messenger for glucose-induced Ca2+ responses in clonal pancreatic beta cells.
Curr Biol [Internet] 13(3):247–251. Feb 4 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/12573222

90. Mitchell KJ, Lai FA, Rutter GA (2003) Ryanodine receptor type I and nicotinic acid adenine
dinucleotide phosphate receptors mediate Ca2+ release from insulin-containing vesicles in
living pancreatic β-cells (MIN6). J Biol Chem [Internet] 278(13):11057–11064. Mar 28 [cited
2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12538591

91. Haas E, Bhattacharya I, Brailoiu E, Damjanovic M, Brailoiu GC, Gao X et al (2009)
Regulatory role of G protein-coupled estrogen receptor for vascular function and obesity.
Circ Res [Internet] 104(3):288–291. Feb 13 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19179659

92. Pandey V, Chuang C-C, Lewis AM, Aley PK, Brailoiu E, Dun NJ et al (2009) Recruitment
of NAADP-sensitive acidic Ca2+ stores by glutamate. Biochem J [Internet] 422(3):503–
512. Sept 15 [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
19548879

93. Dickinson GD, Churchill GC, Brailoiu E, Patel S (2010) Deviant nicotinic acid adenine
dinucleotide phosphate (NAADP)-mediated Ca2+ signaling upon lysosome proliferation. J
Biol Chem [Internet] 285(18):13321–13325. Apr 30 [cited 2018 July 27]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20231291

94. Rempel HC, Pulliam L (2005) HIV-1 tat inhibits neprilysin and elevates amyloid β.
AIDS [Internet] 19(2):127–135. Jan 28 [cited 2018 July 27]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/15668537

95. Giunta B, Hou H, Zhu Y, Rrapo E, Tian J, Takashi M et al (2009) HIV-1 tat contributes to
Alzheimer’s disease-like pathology in PSAPP mice. Int J Clin Exp Pathol [Internet] 5(2):433–
443. [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19294002

96. Aksenov MY, Aksenova MV, Mactutus CF, Booze RM (2010) HIV-1 protein-mediated
amyloidogenesis in rat hippocampal cell cultures. Neurosci Lett [Internet] 475(3):174–
178. May 21 [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
20363291

97. Chen X, Hui L, Geiger NH, Haughey NJ, Geiger JD (2013) Endolysosome involve-
ment in HIV-1 transactivator protein-induced neuronal amyloid beta production. Neuro-
biol Aging [Internet] 34(10):2370–2378. Oct [cited 2017 Aug 8]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/23673310

98. Kim J, Yoon JH, Kim YS (2013) HIV-1 tat interacts with and regulates the localization
and processing of amyloid precursor protein. Chauhan A, editor. PLoS One [Internet]
8(11):e77972. Nov 29 [cited 2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/24312169

99. Fields JA, Dumaop W, Crews L, Adame A, Spencer B, Metcalf J et al (2015) Mechanisms
of HIV-1 tat neurotoxicity via CDK5 translocation and hyper-activation: role in HIV-
associated neurocognitive disorders. Curr HIV Res [Internet] 13(1):43–54. [cited 2018 July
27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25760044

http://www.nature.com/articles/ncomms4496
http://www.ncbi.nlm.nih.gov/pubmed/17921694
http://www.ncbi.nlm.nih.gov/pubmed/25069841
http://www.ncbi.nlm.nih.gov/pubmed/12573222
http://www.ncbi.nlm.nih.gov/pubmed/12538591
http://www.ncbi.nlm.nih.gov/pubmed/19179659
http://www.ncbi.nlm.nih.gov/pubmed/19548879
http://www.ncbi.nlm.nih.gov/pubmed/20231291
http://www.ncbi.nlm.nih.gov/pubmed/15668537
http://www.ncbi.nlm.nih.gov/pubmed/19294002
http://www.ncbi.nlm.nih.gov/pubmed/20363291
http://www.ncbi.nlm.nih.gov/pubmed/23673310
http://www.ncbi.nlm.nih.gov/pubmed/24312169
http://www.ncbi.nlm.nih.gov/pubmed/25760044


27 Readily Releasable Stores of Calcium in Neuronal Endolysosomes. . . 697

100. Liu Y, Jones M, Hingtgen CM, Bu G, Laribee N, Tanzi RE et al (2000) Uptake of HIV-1
tat protein mediated by low-density lipoprotein receptor-related protein disrupts the neuronal
metabolic balance of the receptor ligands. Nat Med [Internet] 6(12):1380–1387. Dec 1 [cited
2018 July 27]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11100124

101. Deshmane SL, Mukerjee R, Fan S, Sawaya BE (2011) High-performance capillary elec-
trophoresis for determining HIV-1 tat protein in neurons. Kashanchi F, editor. PLoS One
[Internet] 6(1):e16148. Jan 7 [cited 2018 July 27]. Available from: http://dx.plos.org/10.1371/
journal.pone.0016148

102. Vendeville A, Rayne F, Bonhoure A, Bettache N, Montcourrier P, Beaumelle B (2004) HIV-1
tat enters T cells using coated pits before translocating from acidified endosomes and eliciting
biological responses. Mol Biol Cell [Internet] 15(5):2347–2360. May [cited 2018 July 27].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/15020715

103. Mangieri LR, Mader BJ, Thomas CE, Taylor CA, Luker AM, Tse TE et al (2014)
ATP6V0C knockdown in Neuroblastoma cells alters autophagy-lysosome pathway function
and metabolism of proteins that accumulate in neurodegenerative disease. Srinivasula SM,
editor. PLoS One [Internet] 9(4):e93257. Apr 2 [cited 2018 July 27]. Available from: http://
dx.plos.org/10.1371/journal.pone.0093257

104. Bendiske J, Caba E, Brown QB, Bahr BA (2002) Intracellular deposition, microtubule
destabilization, and transport failure: an “early” pathogenic Cascade leading to synaptic
decline. J Neuropathol Exp Neurol [Internet] 61(7):640–650. July 1 [cited 2018 July 27].
Available from: https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/61.7.640

105. Bendiske J, Bahr BA (2003) Lysosomal activation is a compensatory response against pro-
tein accumulation and associated synaptopathogenesis–an approach for slowing Alzheimer
disease? J Neuropathol Exp Neurol [Internet] 62(5):451–463. May [cited 2018 July 27].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/12769185

106. Kanju PM, Parameshwaran K, Vaithianathan T, Sims CM, Huggins K, Bendiske J et al (2007)
Lysosomal dysfunction produces distinct alterations in synaptic alpha-amino-3-hydroxy-5-
methylisoxazolepropionic acid and N-methyl-D-aspartate receptor currents in hippocampus.
J Neuropathol Exp Neurol [Internet] 66(9):779–788. Sept [cited 2018 July 27]. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/17805008

http://www.ncbi.nlm.nih.gov/pubmed/11100124
http://dx.plos.org/10.1371/journal.pone.0016148
http://www.ncbi.nlm.nih.gov/pubmed/15020715
http://dx.plos.org/10.1371/journal.pone.0093257
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/61.7.640
http://www.ncbi.nlm.nih.gov/pubmed/12769185
http://www.ncbi.nlm.nih.gov/pubmed/17805008


Chapter 28
At the Crossing of ER Stress and MAMs:
A Key Role of Sigma-1 Receptor?

Benjamin Delprat, Lucie Crouzier, Tsung-Ping Su, and Tangui Maurice

Abstract Calcium exchanges and homeostasis are finely regulated between cel-
lular organelles and in response to physiological signals. Besides ionophores,
including voltage-gated Ca2+ channels, ionotropic neurotransmitter receptors, or
Store-operated Ca2+ entry, activity of regulatory intracellular proteins finely tune
Calcium homeostasis. One of the most intriguing, by its unique nature but also
most promising by the therapeutic opportunities it bears, is the sigma-1 receptor
(Sig-1R). The Sig-1R is a chaperone protein residing at mitochondria-associated
endoplasmic reticulum (ER) membranes (MAMs), where it interacts with several
partners involved in ER stress response, or in Ca2+ exchange between the ER and
mitochondria. Small molecules have been identified that specifically and selectively
activate Sig-1R (Sig-1R agonists or positive modulators) at the cellular level and
that also allow effective pharmacological actions in several pre-clinical models of
pathologies. The present review will summarize the recent data on the mechanism
of action of Sig-1R in regulating Ca2+ exchanges and protein interactions at MAMs
and the ER. As MAMs alterations and ER stress now appear as a common track in
most neurodegenerative diseases, the intracellular action of Sig-1R will be discussed
in the context of the recently reported efficacy of Sig-1R drugs in pathologies like
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, or amyotrophic
lateral sclerosis.
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28.1 Introduction: Physiopathology of Sigma-1 Receptor
(Sig-1R)

The Sigma-1 receptor (Sig-1R), discovered in the mid 1970s [1] was identified as
a 223-amino acid protein only in the mid-1990s [2, 3]. Although its involvement
in physiopathology started to be documented earlier, its cellular role was precised
only 10 years ago [4] and cellular biology studies continue to precise its intracellular
partners and functions. It shares no homology with any other known protein, except
some steroid related/emopamyl-binding enzymes [2, 5, 6]. The protein was initially
viewed as a receptor since, very early, specific and selective small molecules
have been identified binding to Sig-1Rs and triggering (for so-called agonists) or
preventing (for so-called antagonists) biological responses. However, its activation
by physiological triggers, including ER stress or oxidative stress [4, 7, 8], and its
mode of action, relying on modifications of protein-protein interactions rather than
coupling to second messenger systems, suggested more a chaperone-like identity
than a classical receptor nature [4]. Indeed, the present review will detail the effects
of Sig-1R at intracellular organelles and show that it offers a unique opportunity to
finely tune its activity, thereby impacting numerous physiopathological pathways,
through a very classical pharmacological approach involving agonists, positive
modulators or antagonists.

The Sig-1Rs are expressed in numerous organs, including liver, heart, lung,
gonads and the nervous system, and numerous cell types, including, in the latter,
neurons and glial cells (astrocytes, microglia, oligodendrocytes, Schwann cells) and
vascular cells [9–11]. The particular density of Sig-1R in the nervous system is
coherent with its importance in numerous psychiatric and neurological conditions.
Sig1-Rs have indeed been involved in epilepsy [12, 13], stroke [14–16], drug
abuse [17–19], pain [20, 21], and neurodegenerative pathologies. Interestingly,
the last field of research is currently very active and recent evidence show both
that Sig-1Rs play a role in the physiopathology of several neurodegenerative
disease and that Sig-1R agonists have effective neuroprotective effects in preclinical
models that deserve translation in clinical trials and better understanding of the
mechanism of action of Sig-1R drugs against neurodegeneration. In parallel to
the accumulating evidences that small molecules acting as Sig-1R agonist have
pharmacological action in preclinical models of neurodegenerative diseases, and
thus therapeutic potential, arguments are also brought confirming that Sig-1R
exerts its cell homeostatic and cytoprotective activities mainly by directly targeting
ER/mitochondria communication. We will here detail these arguments.

28.2 Sig-1R at the MAM

The ER of a cell spread almost all over a cell either in close proximity or in direct
contacts with other subcellular components including the Golgi, mitochondria,
nucleus, and plasma membrane. Through those close encounters, the ER plays
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many critical functions in the cell. One such important contact site for the ER is
the mitochondria-associated ER membrane, termed the MAM [22], which harbors
not only the lipid exchange [22], mitochondrial DNA exchange, Ca2+ signaling
between the ER and mitochondria [4, 23–27] but also plays a role in the ER-nucleus
signaling for cellular survival [28]. Recent evidences also indicate that the MAM is
the origin of the isolated membrane for autophagy [29]. In addition, the MAM is
critical in the formation of inflammasome [30, 31].

The MAM contains a plethora of functional proteins [24, 32]. Among those is
the Sig-1R which is an ER molecular chaperone with two transmembrane regions
from cellular biology studies [4, 33] but only one from the X-ray crystallographic
study [34]. At the MAM, the Sig-1R chaperones the inositol-1,4,5 trisphosphate
receptor type 3 (IP3R3) which would otherwise degrade after the stimulation of IP3,
ensuring thus proper Ca2+ signaling from the ER into mitochondria [4, 35]. At the
MAM, the Sig-1R also chaperones inositol-requiring enzyme 1 (IRE-1), one of the
ER stress sensors, to facilitate the signaling of the unfolded protein response from
the ER into nucleus to call for the transcriptional activation of antioxidant proteins
and chaperones [28]. The Sig-1R was also found to attenuate free radical formation
around the MAM area to reduce the activation of caspase that would have degraded
the guanine nucleotide exchange factor to inactivate Rac GTPase that is essential
for dendritic spine formation [36]. The Sig-1R also plays a role, likely at the MAM,
in binding and transferring myristic acid to p35 to facilitate the p35 degradation by
proteasome at the plasma membrane, thereby diverting p35 from forming p25 that
would otherwise stun the axon elongation [37]. However, it remains to be totally
clarified how those molecular actions of the Sig-1R at the MAM may contribute to
the overall cellular and physiological functions of the MAM in general in a cell.

Upon the stimulation of Sig-1R agonists, Sig-1Rs dissociate from innate co-
chaperone binding immunoglobulin protein (BiP) and translocate to other parts of
cell to interact with and regulate the function of receptors, ion channels, and other
functional proteins at the plasma membrane, mitochondria, ER reticular network,
and nucleus [38, 39]. Thus, due to the nature and dynamics of Sig-1Rs, the receptor
plays multiple physiological roles in living systems.

One of the important physiological roles of the Sig-1R is to regulate Ca2+ signal-
ing not only at the MAM but also at the ER reticular network and plasma membrane.
Sig-1Rs at the MAM facilitate Ca2+ influx from the ER into mitochondria by
chaperoning IP3R3 at the MAM [4]. At the ER reticular network, the supranormal
release of Ca2+ from the ER in medium spiny neurons of the YAC128 transgenic
Huntington’s disease mice was attenuated by a Sig-1R agonist [40]. The release of
Ca2+ from the ER reticular network is mainly controlled by the IP3R type 1 and
the ryanodine receptor. Thus, this report suggests an inhibitory effect of Sig-1Rs on
the IP3R1 or the ryanodine receptor, which is in contrast to the facilitative effect of
Sig-1Rs on IP3R3. More experiments are needed as such.

The following three studies showed inconsistent effects of Sig-1Rs on the
[Ca2+]i in nevertheless different systems. Also, the site of action of Sig-1Rs were
not identified. By using cultured cortical neurons, Sig-1R agonists were found to
attenuate the ischemia-induced increase of [Ca2+]i [41]. A recent study showed an
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increased [Ca2+]i when Sig-1Rs were activated by agonists in cultured embryonic
mouse spinal neurons from ALS-causing mutants [42]. As well, methamphetamine-
induced increase of [Ca2+]i was shown to be attenuated by Sig-1R agonists in
dopaminergic neurons [43]. Again, sites of action of Sig-1Rs in those three studies
were not identified. It remains to be seen if those actions of Sig-1Rs were at the
MAM, the ER reticular network, or the plasma membrane. Possibility exists that
results were manifestation of concerted actions at all of those sites.

At the plasma membrane, Sig-1Rs showed a presynaptic action in inhibiting
N-type Ca2+ channels in cholinergic interneurons in rat striatum, resulting in a
decrease in presynaptic [Ca2+]i [44]. The Sig-1R co-immunoprecipitated and co-
localized with the N-type Ca2+ channel [24]. In rat brain microvascular endothelial
cells, the store-operated calcium entry (SOCE) was attenuated by a Sig-1R agonist
cocaine [45]. The mechanism of this interesting action of Sig-1R was reported in an
elegant study in the same year. The Sig-1R was shown to bind stromal interaction
molecule 1 (STIM1) at the ER when extracellular Ca2+ was depleted, and, as a
result slowed down the recruitment of STIM1 to the ER-plasma membrane junction
where STIM1 binds Orai1 [46]. The resultant inhibition of SOCE was seen when
Sig-1Rs were overexpressed or when cells were treated with Sig-1R agonists. The
Sig-1R antagonists or shSig-1R treatment enhanced the SOCE [46].

The calcium channels on the plasma membrane were examined in autonomous
neurons taken from neonatal rat intracardiac and superior cervical ganglia (SCG).
It was found that Sig-1Rs depressed high-voltage activated calcium currents from
all calcium channel subtypes found on the cell body of these neurons, which
includes N-, L-, P/Q-, and R-type calcium channels [47]. This study suggests
that the activation of sigma receptors on sympathetic and parasympathetic neurons
may modulate cell-to-cell signaling in autonomic ganglia and thus the regulation
of cardiac function by the peripheral nervous system [47]. No direct interaction
between Sig-1Rs and those calcium channels were demonstrated in this study
however. The effect of Sig-1Rs on the potassium chloride-induced Ca2+ influx was
examined by using retinal ganglion cell line (RGC)-5 and rat primary RGCs by the
whole-cell patch clamp technique [48]. Sig-1R agonists inhibited the calcium influx
and the Sig-1R antagonist reversed the inhibitory effect of Sig-1R agonist [48]. The
Sig-1R was found to co-immunoprecipitate with the L-type calcium channels in this
study.

Calcium homeostasis is critical to cellular physiology and plays an important
role in many central nervous system (CNS) diseases, in particular the neurodegen-
erative diseases [49–54]. Since Sig-1Rs play critical role in calcium signaling at
several loci of a cell, Sig-1Rs may be related to neurodegenerative diseases which
show dysfunctional calcium homeostasis. However, a direct link between Sig-1R-
regulated calcium signaling and a neurodegenerative disease has only been recently
demonstrated in Huntington’s disease as mentioned above [40].

Nevertheless, because Sig-1Rs reside mainly at the MAM which is increas-
ingly recognized as an important loci related to many neurodegenerative diseases
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[25, 49, 52, 53, 55, 56], it is possible that the Sig-1R at the MAM may participate in
those diseases in a manner either directly related to calcium signaling or via other
yet-to-be-revealed mechanisms at the MAM.

A study has specifically examined the role of Sig-1Rs at the MAM on ALS.
Using primary motor neuron cultures, the study found that the pharmacological
or genetic inactivation of Sig-1Rs led to motor neuron axonal degeneration [57].
They also found that the disruption of Sig-1R function in motor neurons disturbed
ER-mitochondria contacts and affected intracellular calcium signaling, and was
accompanied by activation of ER stress and defects in mitochondrial dynamics and
transport (direct quotes) [57]. It is interesting to note that several other studies have
implicated Sig-1Rs in ALS although they did not directly examine if the action of
Sig-1Rs was at the MAM [58–61].

Sig-1Rs have been related to Alzheimer’s disease (AD). Several Sig-1R ago-
nists, including PRE-084, MR-22, afobasole, ANAVEX1-41, ANAVEX2-73 or
dehydroepiandrosterone, prevented amyloid-β25-35 (Aβ25-35)-induced toxicity in rat
neuronal cultures [62, 63] and/or Aβ25-35-induced toxicity and learning impairments
in mice in vivo [64–69]. Among the biochemical markers of toxicity in both in vitro
and in vivo models, the Sig-1R drugs appear particularly effective in alleviating
oxidative stress. Similar data were obtained in transgenic animal models of AD
by Fisher et al. [70] who reported that AF710B, a mixed M1 mAChR/Sig-1R
agonist, administered for 2 months in female 3xTg-AD mice, attenuated memory
impairments and neurotoxicity. The drug also diminished soluble and insoluble Aβ

species accumulation, the number of plaques and Tau hyperphosphorylation [70],
thus confirming the neuroprotection and potentially disease-modifying effects of
the drug. Moreover, invalidation of the Sig-1R expression, using Sig-1R knockout
mice or a repeated treatment with the Sig-1R antagonist NE-100, increased learning
deficits and neurotoxicity in Aβ25–35-injected mice or after cross-breeding with
APPSwe,Ldn mice [71]. Therefore, it appeared that the absence of Sig-1R could
worsen Aβ toxicity and behavioral deficits while it activation by therapeutic drugs
showed neuroprotection.

The role of the MAM in the pathogenesis of AD remains an important area
of research. Interestingly, a study has related the toxicity of Aβ to the increase of
[Ca2+]i and the overload of mitochondrial calcium [72]. Nanomolar concentrations
of Aβ was shown to increase MAM-associated proteins and caused an increase of
the MAM [55]. Importantly, knockdown of Sig-1Rs resulted in neurodegeneration
[55, 71]. Moreover, a direct examination of the effects of Sig-1R drugs in isolated
mitochondria exposed to β-amyloid peptide showed that agonists decreased Aβ1–42-
induced increase in reactive oxygen species (ROS) and attenuated Aβ1–42-induced
alterations in mitochondrial respiration related to decreases in complex I and IV
activity [73]. The Sig-1R agonists increased complex I activity, in a Ca2+-dependent
and Sig-1R antagonist-sensitive manner in physiological conditions. These observa-
tions identified direct consequences on mitochondria of Sig-1R activity. However,
further research on the involvement of the MAM in Alzheimer’s disease is certainly
warranted.
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Moreover, Sig-1R agonists, and particularly PRE-084, have been shown to
be neuroprotective in mouse models of Parkinson’s disease [74], Huntington’s
disease [75], amyotrophic lateral sclerosis (ALS) [76, 77], multiple sclerosis [78]
or retinal neurodegeneration [79, 80], notably. Several recent reviews addressed the
different progresses made so far [17, 51, 81–86]. For instance, a study examined
the role of Sig-1Rs in Parkinsonism in a mouse model of intrastriatal lesion by
6-hydroxydopamine and found that the Sig-1R agonist significantly improved the
fore-limb use [74]. At the molecular level, the study found that the agonist increased
the density of dopaminergic fibers at the most denervated striatal regions and also
caused an increase of neurotrophic factor brain-derived neurotrophic factor (BDNF)
[74]. Interestingly, the agonist treatment induced a wider intracellular distribution
of Sig-1Rs [74]. Because Sig-1Rs can translocate to other parts of neuron upon the
stimulation by an agonist, it is tempting to speculate that the action of Sig-1Rs in the
improvement of Parkinsonism may occur at the MAM as well other parts of neuron.

The Sig-1R has been shown to relate to Huntington’s disease. Most of the
evidence cam from studies using a drug called pridopidine which was effective
against Huntington’s disease in preclinical models and in phase two clinical trial at
the secondary end-point level [87]. Originally thought to be a dopamine D2 ligand,
pridopidine was nevertheless found to have a 100-fold higher affinity at the Sig-
1R than at the dopamine D2 receptor [88]. In an in vivo radioligand binding assay,
behaviorally relevant doses of pridopidine blocked about 57–85% of radiotracer
binding to Sig-1Rs while blocked only negligible fraction of D2 receptor [89].
Recently, pridopidine was found to attenuate the phencyclidine-induced memory
impairment through the Sig-1R-mediated mechanism as the effect of pridopidine
was blocked by a Sig-1R antagonist NE-100 [90].

The exact mechanism and therefore the cellular site of action of Sig-1Rs
underlying the action of pridopidine against Huntington’s disease are however
not fully clarified. However, couple of studies provide some interesting results. In
Q175 knock-in (Q175 KI) vs Q25 WT mouse models, the effect of pridopidine
versus sham treatment on genome-wide expression profiling in the rat striatum
was analyzed and compared to the pathological expression profile. Then a broad,
unbiased pathway analysis was conducted, followed by testing the enrichment of
relevant pathways [87]. Results showed that pridopidine upregulated the BDNF
pathway (P = 1.73E-10), and its effect on BDNF secretion was Sig-1R-dependent
[87]. It remains to be investigated how Sig-1Rs may upregulate BDNF at the
molecular level. As mentioned before, the action of pridopidine was examined in a
mouse model of Huntington’s disease with a specific focus on intracellular calcium
signaling [40]. Results showed that pridopidine attenuates spine loss of medium
spiny neurons and the effect was absent with the neuronal deletion of Sig-1Rs [40].
Pridopidine suppressed supranormal ER Ca2+ release, restored ER calcium levels
and reduced excessive SOCE entry into spines. Interestingly, normalization of ER
Ca2+ levels by pridopidine was prevented by Sig-1R deletion [40]. Whether those
effects of Sig-1Rs originate at the MAM or beyond are not clear at present.
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28.3 Sig-1R and ER Stress

The ER is an essential organelle of the cell that plays important role in protein
folding and quality control [91, 92], lipid synthesis [93] and Ca2+ homeostasis [94].
During the life of the cell, different factors may perturb these functions, leading to a
cellular state referred to as ‘ER stress’. These stressors may be intrinsic, i.e., cancer
[95–98], neurodegenerative disease [99, 100], or diabetes [101, 102], or extrinsic,
i.e., micro-environmental stress [103], exposure to ER stressors [104], temperature
[105] or reactive oxygen species production [106, 107]. Nevertheless, every time the
ER is stressed, it triggers an adaptive response. This adaptive response is called the
unfolded protein response (UPR). This UPR will help the cells to counter the stress
by attenuating protein synthesis, clearing the unfolded proteins and enhancing the
ability of the ER to fold proteins.

The UPR is an intracellular signal transduction mechanism that protects cells
from ER stress. Three ER-resident transmembrane proteins function as stress
sensors: RNA-activated protein kinase (PKR)-like endoplasmic reticular kinase
(PERK); activating transcription factor 6 (ATF6); and IRE1. In basal state, these
three transmembrane proteins are bound to BiP, an ER resident chaperone and are
inactive [108, 109]. Upon a stress, the folding capacity of the ER is surpassed,
leading to the dissociation of BiP from PERK, ATF6 and IRE1. This dissociation
allows the activation of the three sensors [110]. Their activations transduce the
unfolded protein stress signal across ER membrane and lead to UPR activation
[111]. PERK is transmembrane ER resident protein of 1116 amino acids with
two functional domains, a luminal and a cytosolic Ser/Thr kinase domain [112].
The dissociation of BiP from the luminal domain leads to oligomerization [108]
and trans-autophosphorylation [113]. Activation of the PERK pathway leads to
attenuation of general protein translation by phosphorylation of the α subunit
of eukaryotic translation initiation factor 2 (eIF2α) [114]. Phosphorylated eIF2α

inhibits eukaryotic translation initiation 2B activity, thus leading to a decrease
of protein synthesis [115]. The blockage of the translation during ER stress
diminishes the protein load on the ER folding machinery and is a prerequisite to a
reestablishment of the ER homeostasis. In contrast to its attenuation of translation,
eIF2α phosphorylation can selectively enhance the translation of mRNAs containing
inhibitory upstream open reading frames in their 5′ untranslated region, such as
activating transcription factor 4 (ATF4) [116]. The production of ATF4 induces
the expression of a plethora of adaptive genes involved in amino acid transport,
metabolism, protection from oxidative stress, protein homeostasis and autophagy
[117]. Finally, ATF4 favors the expression of CAAT/enhancer-binding protein
(C/EBP) homologous protein (CHOP), which will result in the expression of genes
that are involved in protein synthesis and the UPR. If the expression of CHOP is
sustained, the increased protein synthesis will lead to oxidative stress and cell death
[118].

The second ER stress sensor is ATF6. ATF6 is also an ER resident trans-
membrane protein of 670 amino acids and two functional domains, an N-terminal
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cytosolic containing basic leucine zipper and a C-terminal luminal domain. When
BiP dissociates from ATF6, this one is exported to the Golgi where it will be cleaved
by site-1 and site-2 proteases [119]. This cleavage releases a fragment of 400 amino
acids corresponding to ATF6 cytosolic N-terminal domain. This released fragment
of ATF6 will then translocate to the nucleus in order to act as a transcription
factor. ATF6 will bind to the promoter of UPR-inducible genes, resulting in an
upregulations of proteins, which role is to adjust ER protein folding, including ER
chaperones and X-box-binding protein-1 (XBP-1) [120, 121].

The last ER stress sensor is IRE1. IRE1 is, like the two other sensors, an ER res-
ident transmembrane proteins of 977 amino acids with three functional domains, an
N-terminal luminal domain, a C-terminal Ser/Thr kinase domain and a C-terminal
RNase L domain. The dissociation with BiP triggers oligomerization and activation
of its cytosolic kinase domain. This activation facilitates the unconventional splicing
of XBP-1 mRNA and subsequent translation of an active transcription factor,
XBP1s [111, 121]. XBP1s is a basic leucine zipper transcription factor [122].
XBP1s controls the expression of several targets including chaperones, foldases
and components of the ER-associated degradation (ERAD) pathway, in order to
stop the ER stress and restore homeostasis [123]. The ERAD system destroys
unfolded proteins through degradation in the cytosol [124]. Indeed, unfolded ER
proteins are retro-translocated across the ER membrane into the cytosol in order to
be degraded by the proteasome, following ubiquitination by ubiquitin-conjugating
enzymes [125, 126]. Finally, the RNase activity of IRE1 may also target other genes
via a mechanism named regulated IRE1-dependent decay (RIDD) [127]. RIDD is
a conserved mechanism in eukaryotes by which IRE1 cleaves its target substrates
[128]. The cleaved transcripts are degraded by exoribonucleases [129]. Therefore,
RIDD seems to be required for the maintenance of ER homeostasis by diminishing
ER protein load via mRNA degradation. Notably, it has been recently suggested that
the physiological activity of RIDD may increase with the severity of the ER stress
[130].

Interestingly, a substantial number of proteins involved in UPR are localized
in MAMs [23]. Indeed, two of the three major proteins involved in UPR, PERK
[131] and IRE1 [28], are enriched in MAMs. Intriguingly, some ER chaperones
involved in UPR are also enriched in MAMs. For example, Calnexin, a type
I integral membrane protein which helps in folding newly synthetize proteins
which is essential in mitigating ER stress, is expressed in MAMs [132]. Another
chaperone expressed in MAMs is the Sig-1R. The first evidence of the role of Sig-
1R in ER stress came from the observation that under Ca2+ depletion or when
stimulated by its ligand, Sig-1R dissociates from BiP, thus allowing a sustained
Ca2+ efflux from the ER via IP3R [4]. In addition, under ER stress following
treatment with tunicamycin or thapsigargin, Sig-1R is upregulated, suggesting that
it is protective against ER stress. Interestingly, overexpression on Sig-1R suppressed
ER stress-induced activation of PERK and ATF6. IRE1 is expressed in MAMs
and Sig-1R regulates the stability of IRE1 [28]. This enhanced stability favors the
phosphorylation level of IRE1 under ER stress. Notably, the Sig-1R knock down
potentiates the apoptosis of cells under ER stress. They showed that increased
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apoptosis was due to a diminution of the Xbp1 splicing [28]. In addition, activation
of Sig-1R increases Bcl-2 expression, allowing Bcl-2/IP3R interaction, leading to
increased mitochondrial Ca2+ uptake and ATP production [133] (see Penke et al.
for review [134]).

It is well known that Sig-1R plays an important protective role in retinal disease
[85]. Using in situ hybridization, Ola et al. [135] detected the Sig-1R mRNA in
retinal ganglion cells, cells of the inner nuclear layer, photoreceptor and retinal pig-
ment epithelium. The mRNA expression was confirmed by immunohistochemistry.
Ha et al. [136] described that in Müller cells of the retina from Sig-1R KO mice, the
expression of PERK, IRE1 and ATF4 was decreased, whereas the expression of BiP,
CHOP and ATF6 was increased. Intriguingly, no difference was detected in whole
brain or whole retina. Similar to what was described by Yang et al. [133], Ha et al.
saw a decrease expression of Bcl-2 associated with decrease in NFkB and pERK1/2
[136]. Moreover, Wang et al. [137] demonstrated that loss of Sig-1R in a model of
retinitis pigmentosa (rd10), aggravates the degeneration of the photoreceptors. They
revealed that at P28, the expression level of Xbp1 and CHOP is increased in the
rd10 mice without Sig-1R expression.

Since Sig-1R is a receptor that can be activated or inhibited, different groups
determined the effect of its activation or inhibition in following ER stress. Ha et al.
[138] treated RGC-5 cells with (+)-pentazocine, a potent Sig-1R agonist. RGC-5
cells are a rat retinal ganglion cell line [139]. They showed that whereas the protein
level of PERK, ATF4, ATF6 IRE1 and CHOP was upregulated during oxidative
stress, in the presence of (+)-pentazocine, their expression level decreased, suggest-
ing that Sig-1R plays a pivotal role in the UPR response. These results confirmed
the initial observation of Wang et al. [140] that stimulation of Sig-1R protects
against oxidative stress. Indeed, in human cell line FHL124, H2O2 treatment induces
apoptosis, associated to an increase level of BiP, ATF6 and p-eIF2α. Application
of (+)-pentazocine suppressed the induction of BiP and p-eIF2α. Another agonist,
fluvoxamine, alleviates induction of CHOP, cleaved caspase 3 and 4 in cancer
neuronal cell SK-N-SH [141]. In another experiment, Omi et al. [142] showed
that treatment of neuronal cell line Neuro2a induces overexpression of Sig-1R.
This expression is mediated by ATF4, a downstream element of PERK activation.
Interestingly, this overexpression is achieved without activating UPR. Intriguingly,
the increased translation of ATF4 is dependent of the presence/function of Sig-1R
since if the concomitant treatment of Neuro2a cells with Fluvoxamine and NE-
100, a Sig-1R antagonist, abolished the ATF4 translation. This result was confirmed
by the use of mouse embryonic fibroblasts (MEF) from Sig-1R KO mice. Indeed,
fluvoxamine treatment of these MEF did not increase ATF4 expression. Morihara
et al. [143] treated mice with Sig-1R agonist aniline derivative compound (Comp-
AD) following ischemic stroke, since it is well known that Sig-1R protects against
ischemic stroke but the role of ER stress was unknown. So, treatment of mice after
90 min of transient middle cerebral artery, diminished the expression level of p-
PERK and p-IRE1, suggesting that activation of Sig-1R protects against ischemic
stroke via the attenuation of ER stress.
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If Sig-1R activation suppresses effectively ER stress, it should be expected that
inhibition of Sig-1R should do the contrary. This was demonstrated by Ono et al.
[144] using Sig-1R antagonist, by Hong et al. [145] using Sig-1R KO, and Alam
et al. [146] using siRNA to knock down Sig-1R. Ono et al. [144] showed that
NE-100 protects ER stress induced cell death in hippocampal HT22 cells after
tunicamycin treatment. Indeed, NE-100 application attenuated the upregulation
of CHOP. Interestingly, NE-100 treatment alone was capable of upregulate the
expression of both ATF6 and BiP. Total ablation of Sig-1R in dopaminergic neurons
of substantia nigra in mice led to an elevation of the expression level of p-eIF2α

and CHOP [145]. In cardiomyocytes treated with tunicamycin, the downregulation
of Sig-1R by siRNA led to an increase of CHOP expression. They also showed that
Sig-1R downregulation diminished IRE1 phosphorylation and Xbp1 splicing [146].

Mutations of Sig-1R in human may lead to Juvenile [58] and classic ALS [147]
or distal hereditary neuropathy (dHMN) [148–151]. Interestingly, E102Q mutation,
which induces juvenile ALS, leads to ER stress [59, 152]. Indeed, over-expression
of Sig-1R mutant in MCF7 cells induced an aggregation of the mutant protein
into the ER in contrast to the overexpression of the wild-type Sig-1R, which is
localized in the ER, the nuclear envelope end ER-Golgi intermediate compartment.
Using ER stress response element (ERSE) reporter assay, they detected an increase
in ER stress in MCF7 cells. There was an increase expression level of p-eIF2α,
BiP, HSP70, GADD. Moreover, they showed a co-localization of ubiquitin-positive
Sig-1R mutant aggregates with 20S proteasome subunit, suggesting possible inter-
ference with the ubiquitin proteasome system machinery [59]. In parallel, they
demonstrated that the proteasome activity was greatly reduced. In order to confirm
the results observed in transfected cells, they generated immortalized primary
lymphoblastoid cells (PLCs) from blood samples of ALS patients. In PLCs, they
also showed an aggregation of mutant Sig-1R in the ER associated with an increase
level of BiP and p-eIF2α together with an increase of HSP70, GADD and ubiquitin
conjugates [59].

28.4 Sig-1R in the Nucleus

Although Sig-1R is known to be particularly enriched in MAMs, observation of
Sig-1Rs at the nuclear envelope (NE) and within nucleoplasms have also been
reported. First, after stimulation by agonists such as cocaine, Sig-1Rs were found
to translocate from ER to the NE, where they bind NE protein emerin and recruit
chromatin-remodeling molecules [37]. These partners include lamin A/C, barrier-
to-autointegration factor, and histone deacetylase (HDAC), to form a complex with
the gene repressor specific protein 3 (Sp3). The dynamics of the interaction was
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confirmed when knockdown of Sig-1Rs attenuated the complex formation [37].
These observations were confirmed and developed by Mavlyutov et al. [153] who
expressed APEX2 peroxidase fused to Sig1R-GFP in a Sig1R-null NSC34 neuronal
cell line generated with CRISPR-Cas9. They observed that Sig1R actually resides
in the nucleoplasmic reticulum, a specialized nuclear compartment formed via
NE invagination into the nucleoplasm. A major consequence for this localization
appears to be related to neurodegenerative pathologies since accumulation of Sig-
1R may be common to neuronal nuclear inclusions in various proteinopathies
[154]. Sig-1R immunoreactivity was shown to be co-localized with neuronal nuclear
inclusions in TDP-43 proteinopathy, five polyglutamine diseases and intranuclear
inclusion body disease, as well as in intranuclear Marinesco bodies in aged
normal controls [154]. These authors interestingly proposed that Sig-1Rs might
shuttle between the nucleus and the cytoplasm and likely play an important role
in neurodegenerative diseases, characterized by neuronal nuclear inclusions, and
known to particularly rely on ER-related degradation machinery as a common
pathway for the degradation of aberrant proteins [154].

28.5 Conclusion

The Sig-1R protein is not specifically a MAM or ER protein, and direct interactions
have been described at or close to the plasma membrane with potassium or sodium
ion channels, ether-a-gogo-related gene (ERG) ionophores and metabotropic neu-
rotransmitter receptors [39]. One of the complexity seen with Sig-1R is the
multiplicity of its intracellular partners and consequent target pathways affected
by its activation, as summarized in Fig. 28.1. This multiplicity of actions within
different types of cells, in the brain as well as in other tissues, explain its involvement
in numerous physiopathological processes and its value as a potential therapeutic
target. Moreover, the well-known observation that bearing a relatively simple
pharmacophore, Sig-1R binds small molecules, and even steroids or peptides, of
diverse nature with high affinity, contributed to poorly considered it as a pertinent
pharmacological target for therapeutic intervention. The data we discussed in this
review allow to realize that we are now accumulating evidence on the mechanisms of
action of Sig-1R, on its major role at MAMs and the ER, on its efficacy to maintain,
and putatively restore cellular integrity and Ca2+ homeostasis (Fig. 28.1). The
recent progression of several molecules in clinical phases in Alzheimer’s disease
or Huntington’s disease strengthened the validity of Sig-1R as a pharmacological
target. Moreover, their efficacies in preclinical models of different pathologies out-
lined the importance of MAM and ER alterations in neurodegenerative processes.
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Fig. 28.1 Schematic diagram of the role of 1R in different compartment of the cell and
putative major impacts in neurodegenerative diseases (AD, PD, HD, ALS)
In the nucleus, S1R interacts with Emerin [37]. This interaction leads to the recruitment of
chromatin-remodeling molecules such as Lamin A/C and HDAC. This interaction is necessary for
the creation of a supercomplex with Sp3. In the MAM, S1R interacts with P35 [37]. This will leads
to the myristoylation of P25 and axon elongation. S1R interacts with RacGTP in order to foster
dendritic spine formation [155]. S1R interacts with IP3R3 in order to allow the proper Ca2+ efflux
from the ER to the mitochondria [4]. In the ER, S1R interacts with BiP [4]. Upon stimulation, the
dissociation of S1R with BiP induces activation of IRE1 [28] and ATF6 [136, 138, 144]. This will
induce the splicing of XBP1 and the transcription of chaperones. The activation of PERK [144,
156] will induce the phosphorylation of eIF2α, to stop protein translation. Finally, S1R interacts
with STIM1 and this interaction will regulate Ca2+ fluxes into the ER thought the STIM1/Orai1
axe [46]. In the plasma membrane, S1R interacts with voltage-gated calcium channels (for review,
[157]) in order to modulate Ca2+ homeostasis. S1R favors BDNF secretion [74, 87]. BDNF will
activate the PI3K/Akt pathway in order to improve cell survival
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Chapter 29
ER-Mitochondria Calcium Transfer,
Organelle Contacts
and Neurodegenerative Diseases
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Abstract It is generally accepted that interorganellar contacts are central to the
control of cellular physiology. Virtually, any intracellular organelle can come into
proximity with each other and, by establishing physical protein-mediated contacts
within a selected fraction of the membrane surface, novel specific functions are
acquired. Endoplasmic reticulum (ER) contacts with mitochondria are among the
best studied and have a major role in Ca2+ and lipid transfer, signaling, and
membrane dynamics.

Their functional (and structural) diversity, their dynamic nature as well as the
growing number of new players involved in the tethering concurred to make their
monitoring difficult especially in living cells. This review focuses on the most
established examples of tethers/modulators of the ER-mitochondria interface and
on the roles of these contacts in health and disease by specifically dissecting how
Ca2+ transfer occurs and how mishandling eventually leads to disease. Additional
functions of the ER-mitochondria interface and an overview of the currently
available methods to measure/quantify the ER-mitochondria interface will also be
discussed.
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29.1 Introduction

Eukaryotic cells are characterized by the presence of defined intracellular membra-
nous structures, the organelles that enable the compartmentalization of metabolites
and the spatial separation of biological processes.

This chapter focuses on the most recent findings on the tethering complexes
found between the endoplasmic reticulum (ER) and mitochondria, the so-called
MAMs (mitochondria-associated ER membranes) region, the currently available
methods for their monitoring, and their multiple physiological functions including
Ca2+ signaling and lipid synthesis. How alterations in these connections are linked
to the onset of neurodegenerative diseases such as Alzheimer’s Disease (AD),
Parkinson’s Disease (PD) and Amyotrophic Lateral Sclerosis (ALS), will also be
discussed.

29.2 Players at the ER-Mitochondria Interface

The maintenance of a correct tethering between the ER and mitochondria is
guaranteed by several pairs of cytosolic proteins and integral membrane proteins,
that keep the distance between the organelles in a proper range [1–4] (Fig. 29.1).
The tethering complex composition and thickness, however, are not constant and
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Fig. 29.1 ER-mitochondria contact sites and Ca2+ homeostasis. The figure depicts the main
MAM proteins involved in Ca2+ exchange between ER and mitochondria
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the distance between the ER and the outer mitochondrial membrane (OMM) can
range from 10 nm up to 80–100 nm depending on the cell needs and response to
different conditions [5]. In the following section the most established examples of
tethers/modulators will be considered, for a general view of the growing number of
proposed new players at this interface the reader is referred to [6–9].

29.2.1 MFN2

Mitofusin 2 (MFN2) is a large GTPase, it is involved in the fusion of mitochondrial
outer membrane and it is enriched in MAMs. It is widely accepted that this protein is
a major regulator of mitochondria-ER interface in different tissues [10, 11], however
the exact role played at the mitochondria-ER contacts is still unclear. MFN2 located
in the ER can form hetero- or homo-dimers in trans with mitochondrial mitofusins
(i.e., MFN1 or MFN2) to fine tune the MAMs-dependent functions in a concerted
manner. Although the precise mechanism by which the distance between the ER and
mitochondria is adapted to cope with the cell needs must still be fully elucidated
[12–15], the idea that the ER-mitochondria contacts can functionally and physically
occur at different distances to perform specific functions is recently emerging [15,
16]. Accordingly, MFN2 has been shown to have opposite effects in the crosstalk
between mitochondria and the rough or the smooth ER [15], a finding that was also
confirmed by using a novel genetically encoded probe for the evaluation of narrow
and wide organelle interactions [17].

29.2.2 VAPB-PTPIP51

Vesicle-associated membrane protein-associated protein B (VAPB) is an integral
protein in the ER membrane that is involved in unfolded protein response (UPR)
and in the regulation of cellular Ca2+ homeostasis [18]. VAPB interacts with
a mitochondrial outer membrane protein, the tyrosine phosphatase-interacting
protein-51 (PTPIP51) and its overexpression increases ER-mitochondria tether-
ing, while knockdown of either protein decreases the tethering between the two
organelles [19]. Multiple approaches demonstrated that VAPB and PTPIP51 are ER-
mitochondria tethers: (i) VAPB is enriched in MAMs, and PTPIP51 is a known outer
mitochondrial membrane protein [20, 21]. (ii) VAPB and PTPIP51 directly interact
and their modulation affects Ca2+ exchange between ER and mitochondria [19, 20,
22, 23]. (iii) the manipulation of VAPB and/or PTPIP51 expression induces changes
in ER-mitochondria contacts [19, 24].
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29.2.3 Fis1-Bap31

Fis1-Bap31 interaction creates a preformed scaffold complex that is proven to
tether ER and mitochondria together. B-cell receptor-associated protein 31 (Bap31)
is an integral membrane chaperone protein of the ER that forms several protein
complexes and controls the fate of newly synthesized integral membrane proteins.
Recently, the mitochondrial fission protein 1 homologue (Fis1) has been shown
to interact with Bap31 to form an ER-mitochondrial platform which is essential
for either the recruitment and activation of procaspase 8 and for the conveyance
of the apoptotic signal from mitochondria to the ER [25]. The tethering function
of Bap31 may be modulated by phosphofurin acidic cluster sorting protein 2
(PACS-2), a multifunctional cytosolic protein. Downregulation of PACS-2 causes
Bap31-dependent mitochondrial fragmentation and uncoupling from the ER along
with inhibition of Ca2+ signal transmission [26, 27].

29.2.4 IP3R-Grp75-VDAC1

The ER Ca2+ channel inositol 1,4,5-trisphosphate receptor (IP3R) and the OMM
protein VDAC1 (voltage-dependent anion channel 1) interact via the mitochondrial
chaperone Grp75 (glucose-regulated protein 75) [28, 29]. This complex may not
have a proper physical tethering role, but rather it is essential to functionally
couple ER and mitochondria and favour Ca2+ exchanges. A role of TOM70 in the
formation of this complex has also been recently demonstrated: it clusters at ER-
mitochondria contacts, where it recruits IP3R and promotes inter-organelle Ca2+
transfer (likely through the IP3R-Grp75-VDAC1 complex), cell bioenergetics and
proliferation [30].

29.3 Ca2+ Transfer at the ER-Mitochondria Interface

Ca2+ ion is one of the most important second messenger in eukaryotic cells,
being a multitude of biological processes associated to the transient variation of
its intracellular concentration. Basal levels of free cytoplasmic Ca2+ are maintained
in the nM range by energy-dependent mechanisms regulated by proteins such as
the plasma membrane Ca2+ ATPase (PMCA), the SR/ER Ca2+ ATPase (SERCA)
and the secretory pathway Ca2+ ATPase (SPCA) of the Golgi apparatus. Ca2+
pumps, together with the plasma membrane Na+/Ca2+ exchanger (NCX), promptly
counteract cytosolic Ca2+ increases by extruding Ca2+ ions in the extracellular
milieu or by pumping it in the intracellular stores, thus guaranteeing their refilling
[31–33]. It is also well known that intracellular organelles, such as mitochondria,
participate in the control of cytosolic Ca2+ signal. Evidence that Ca2+ is taken up



29 ER-Mitochondria Calcium Transfer, Organelle Contacts. . . 723

by mitochondria has been clear since the 60s, when it was found that the respiratory
chain generates, across the inner mitochondrial membrane (IMM), an electrochem-
ical gradient responsible for the import of the cation in the mitochondrial matrix
[34, 35]. Only 50 years later, the molecular identity of the channel that mediates
this ion transfer was discovered. The Mitochondrial Ca2+ uniporter (MCU) was
identified in 2011 [36, 37]. Molecularly, the fungal and metazoan MCU is assembled
in a tetrameric structure to form the active Ca2+ channel [38–41] while MCU
from C. elegans is a homo-oligomer with pentameric symmetry [42]. The complex
also includes a dominant negative isoform called MCUb [43]. Their expression
level also differs among the tissues, possibly representing a way to regulate MCU
activity according to the different cells type demands [43, 44]. A regulatory dimer
formed by the two EF-hand containing proteins MICU1 and MICU2 [45, 46] gates
the opening of MCU and depends on the extra-mitochondrial Ca2+ concentration.
Additional components have also been identified, among them MICU3 [47, 48],
highly expressed in neuronal tissue, EMRE [49], an essential protein for the correct
assembly of the complex and MCUR1 [50], whose role and the inclusion in the
MCU complex is still debated. As already documented by numerous studies before
its molecular identification, MCU is characterized by a very low affinity for Ca2+
(Kd 15–20 μM), amply far away from the physiological Ca2+ concentration values
reached in the cytosol of living cells, which are in the range of 50–100 nM in resting
conditions and of 1–3 μM upon stimulation. This problem was solved by Rizzuto
and co-workers, who showed for the first time that Ca2+ uptake by mitochondria
occurs preferentially at the sites of contact between ER and mitochondria [1, 51].
Indeed, they observed that the two organelles are strategically located in close
proximity, allowing the formation of Ca2+ hotspots that overcome the low affinity
threshold of mitochondrial Ca2+ uptake mechanism. We now know that alterations
of the interaction between ER and mitochondria lead to a disruption of Ca2+ transfer
between the organelles and to ER stress [26]. Ca2+ accumulation into mitochondria
is crucial not only for the maintenance of cellular Ca2+ homeostasis [52] but also for
mitochondrial metabolism and adenosine triphosphate (ATP) production, especially
for neuronal cells which are highly energy demanding. Ca2+ transport proteins,
especially those located in MAMs, play a key role in buffering and shaping cytosolic
Ca2+ transients [53–55] (Fig. 29.1).

The multiprotein complex involved in ER-mitochondria Ca2+ transfer is the
IP3R-VDAC-Grp75 complex [28]. When MAMs are disrupted, the release of Ca2+
from the ER mediated by IP3R is suppressed and ATP production and cell survival
are impaired [9, 56]. At the opposite, massive and/or a prolonged accumulation of
Ca2+ into mitochondria can lead to the opening of the permeability transition pore
(PTP) in the IMM, the swelling of the organelles and the induction of apoptosis
[57].

SERCA pump, in addition to play a key role in maintaining bulk cytosolic
Ca2+ at basal level and in replenishing intracellular stores, controls local Ca2+
transfer at ER-mitochondrial contacts level [3]. Several mechanisms regulate
SERCA activity at MAMs level. Phosphorylation of the transmembrane chaperone
calnexin (CNX) has been proposed to inhibit SERCA activity and, on the other
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side, its dephosphorylation occurs upon IP3R-mediated Ca2+ release, suggesting a
tight regulation via the phosphorylation status of the CNX cytosolic domain [58].
However CNX has also been suggested to act as a positive SERCA2b regulator
[59, 60]. In conjunction with CNX, thioredoxin-related TMX1 has been shown to
inhibit SERCA2b activity [8] and promote ER-mitochondria contact formation, thus
suggesting that inhibition of SERCA2b might be a compensatory measure to reduce
Ca2+ levels in the ER and to prevent possible mitochondrial Ca2+ overload [61].
Recently, the glutathione peroxidase (GPX8), another ER membrane and MAMs
resident redox regulator, has been shown to decrease SERCA2b activity [62].

Ca2+ fluxes at the ER-mitochondria interface are thus tightly tuned, it is not
surprising that many components acting at the MAM are indeed influenced by Ca2+
itself acting as a key regulator of many components required to sustain the plethora
of physiologic processes occurring at this location [63]. On the mitochondrial
side, there is the mitochondrial Rho GTPase (Miro), an essential protein for the
regulation of mitochondrial movements. Interestingly, it responds to Ca2+ above a
concentration range that is never attained in the bulk cytosol of living cells (10–
100 μM) [64], but that might be easily reached at the ER-mitochondria contact
sites. On the ER side, the above mentioned CNX, as well as calreticulin (CRT)
and the Binding immunoglobulin protein BiP are MAMs-specific Ca2+ -binding
and glucose regulated chaperones [65, 66] and serve as high-capacity Ca2+ pools
in the ER [67, 68]. CRT has also a regulatory role on Ca2+ signaling since its
overexpression has an inhibitory effect on the IP3R [69], while its downregulation
impaired Ca2+ homeostasis [70]. The oxidoreductase Ero1a and its co-chaperone
ERp44 [71] are enriched at the MAMs and regulate the activity of the IP3R via a
direct interaction [72, 73]. Furthermore, Ero1a has been shown to directly regulate
ER-mitochondria Ca2+ fluxes and to influence the activity of the mitochondrial
transporters [74]. Analogously, the ER protein Sigma-1 receptor (Sig-1R), a Ca2+-
sensitive chaperone, operates at MAMs forming a complex with another chaperone,
Bip. Upon ER Ca2+ depletion, Sig-1R dissociates from BiP, leading to a prolonged
Ca2+ signaling into mitochondria via IP3Rs [65].

29.4 ER-Mitochondria Ca2+ Mishandling
in Neurodegenerative Diseases

Neurodegenerative diseases, including PD, AD and ALS/FTD (fronto-temporal
dementia), affect millions of people worldwide and are characterized by progressive
nervous system dysfunction. Common pathogenic mechanisms have been described
for these diseases, including abnormal proteostasis, often associated with the
formation of intracellular and/or extracellular protein inclusions, ER and oxidative
stress, mitochondrial dysfunction, and neuroinflammation [75, 76]. The existence of
ER-mitochondria contacts also in neuronal cells, which are mainly dependent from
Ca2+ influx from the extracellular ambient for the control of their function, suggests
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Fig. 29.2 ER-mitochondria contact sites in neurodegenerative diseases. The figure depicts the
main players of MAMs involved in the pathogenesis of Alzheimer’s disease (AD), Parkinson’s
disease (PD) and amyotrophic lateral sclerosis (ALS)

that MAMs may have a critical role also in regulating synaptic activity [77, 78].
Over the last decade, alterations in the contact sites between ER and mitochondria
have been found as a common characteristic in many neurodegenerative diseases,
consistently with the fact that several disease-related proteins are transiently or
constitutively associated with the ER-mitochondria interface. The presence of
mutations in these proteins has been shown to alter the structural and functional
features of this subcellular compartment (Fig. 29.2). In the following sections, we
will focus on representative examples of altered ER-mitochondria communication
in the context of AD, PD and ALS.

29.4.1 Alzheimer’s Disease (AD)

The first evidence on ER-mitochondria contacts involvement in neurodegeneration
has been highlighted in the study of AD. AD is an irreversible neurodegenerative
disorder characterized by progressive loss of episodic memory and by cognitive and
behavioral impairment caused by degeneration of hippocampal and cortical neurons.
All the familial forms of AD (FAD) so far identified are related to mutations in
the genes coding for amyloid precursor protein (APP) or for presenilins (PS1 and
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PS2), the major components of the γ-secretase complex that processes APP to
release Amiloid β (Aβ) peptide. The generation or the accumulation of Aβ is tightly
associated with the onset and progression of the disease, but this is not the unique
phenotypic feature directly related to this pathology: alterations in Ca2+ and lipids
homeostasis, ROS levels, autophagy, axonal transport and mitochondrial dynamics
are commonly observed [79].

In the last years, a link between AD and MAMs dysfunction has become
increasingly evident [21, 80] (Fig. 29.2). In particular, PSs, which play an important
role in Ca2+ homeostasis [81, 82], have been found at the MAMs [6, 83] and
proposed to form ER Ca2+ channels [84], as well as to act as modulators of the
IP3R or ryanodine receptor (RyR) open probability [85, 86] or of the SERCA
pump activity [87, 88]. Pizzo and coworkers have reported that PS2 action in Ca2+
signaling is dependent on the modulation of ER-mitochondria interactions and their
Ca2+ cross talk [89, 90]. Pathogenic mutations of PS2 have been associated with
increased ER-mitochondria juxtaposition and enhanced ER-mitochondria Ca2+
transfer in FAD-mutant PS1 and APP expressing cells. Increased ER-mitochondria
connections (resembling those induced by mutated PS2) have also been reported in
fibroblasts from patients with familial and sporadic forms of AD [83]. Intriguingly,
the possibility that ER-mitochondria contact impairments might be the common
feature in different neurodegenerative conditions becomes even more consistent
considering that Parkin, a PD-related protein, has been recently shown to differently
modulate PS1 and PS2 expression at the transcriptional level [91]. Interestingly,
when primary hippocampal neurons are incubated with nM concentrations of
oligomeric Aβ, ER-mitochondria proximity and Ca2+ exchanges between the two
organelles increase [92].

Another typical feature of AD is the accumulation of intracellular neurofibrillary
tangles (NFT) composed by tau and Aβ plaques. Both of them have also been shown
to have a direct influence on several mitochondria-related activities: interestingly, a
fraction of tau protein has been recently found at the OMM and within the inner
mitochondrial space (IMS) [93], suggesting a potential tau-dependent regulation
of mitochondrial functions and the possibility that alterations in its distribution
may precede the appearance of the detrimental effects induced by its aggregation.
Mis-handling and defects in the ER-mitochondria communications might be an
important pathological event in tau-related dysfunction and thereby contributing to
neurodegeneration [93, 94].

29.4.2 Parkinson’s Disease (PD)

PD is the second most common neurodegenerative disease after AD. PD patients
typically develop slowness of movements (bradykinesia), involuntary shaking
(tremor), increased resistance to passive movement (rigidity) and postural instability
[95, 96].

The phenotypes of both sporadic and familial forms of PD are essentially
indistinguishable, implying that they might share common underlying etiological
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mechanisms. Dominant forms of the disease are related to mutations in three
proteins, α-synuclein, LRRK2 (Leucine-rich repeat kinase 2), and VPS35 (Vac-
uolar protein sorting-associated protein 35), whereas mutations in Parkin, PINK1
(PTEN-induced putative kinase 1), and DJ-1 cause autosomal recessive-inherited
forms [97]. Recently, many studies have found dysfunctions in ER-mitochondria
communication in different cellular models for PD (Fig. 29.2) and consequently
alterations in many different pathways depending on it [21, 94, 98].

α-synuclein is a protein with a central role in the modulation of synaptic
integrity and function, its disease-related mutations alter a plethora of physiological
processes that are regulated by the signaling between ER and mitochondria,
and, consistently, α-synuclein has been shown to play a key role at the ER–
mitochondria contacts by favouring Ca2+ transfer between the organelles and
sustaining mitochondrial metabolism [99–102]. PINK1 and Parkin are associated
with mitochondria and in addition to play an important role in the process of
mitochondrial quality control (mitophagy) [103–106], they may be involved in
the modulation of the ER-mitochondria apposition, thus suggesting that mutations
in the two proteins could be linked to MAMs anomalies. Furthermore, contact
regions between ER and mitochondria have been shown to be prime locations for
Parkin-mediated mitophagy and local recruitment of autophagosome precursors.
Parkin was also shown to be present at the ER and the mitochondrial membranes
under basal conditions [107–112] and to have a role in the modulation of the
mitochondrial-ER interactions [111] and the proteosome activity. Cumulating evi-
dence strongly supports a role for Parkin in general protein quality control and
ER stress pathways [113–118]. The absence of Parkin in mice fibroblast or the
presence of Parkin mutations in PD-patients fibroblasts have been shown to decrease
the ER-mitochondrial tethering and, interestingly, mutant MFN2 that cannot be
ubiquitinated, failed to restore ER-mitochondria contacts, suggesting that Parkin
mediated ubiquitination of MFN2 may be required for inter-organelle association
[119].

Mutations in DJ-1 protein have been linked to autosomal recessive early-onset
parkinsonism [120]. DJ-1 protein plays a protective role against oxidative stress
and it is essential to maintain proper mitochondria dynamics. It is mainly localized
in the cytosol and in the nucleus, but it has also been found in mitochondria
[121] and at MAMs level [122]. DJ-1 overexpression in cell models increased
the ER–mitochondria association, whereas its downregulation caused mitochondria
fragmentation and decreased mitochondrial Ca2+ uptake, suggesting a direct role of
this protein in MAMs functions [122].

29.4.3 Amyotrophic Lateral Sclerosis (ALS)

ALS is the most common form of motor neuron disease that leads to a progressive
muscle paralysis caused by a prominent degeneration of upper and lower motor
neurons that communicate with muscle cells, leading to death within few years of
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diagnosis [123]. Over 90% of ALS cases occur sporadically, while familial ALS
(FALS) patients with known genetic mutations are relatively rare. Approximately
50% of the familial forms of the disease are associated with mutations in VAPB,
TAR-DNA binding protein 43 (TDP43), fused in sarcoma (FUS) and superoxide
dismutase 1 (SOD1). All the studies on these proteins strongly suggest that
alterations of the ER-mitochondria platform could be an early event at the basis of
ALS (Fig. 29.2). VAPB is an ER membrane anchored-protein enriched at the MAMs
[20] and it is involved in the regulation of the ER stress response and consequent
Ca2+-mediated death in motor neurons [124]. VAPB interacts with PTPIP51 (a
mitochondrial outer membrane protein) and this interaction is necessary to support
ER-mitochondria Ca2+ transfer between the two organelles. Indeed, mutation of
VAPB (P56S) induces impaired mitochondria Ca2+ uptake, increased cytosolic
Ca2+ levels and mitochondria clustering [20, 125].

Concerning the involvement of TDP-43 in ALS, its overexpression in both wt
and mutated form decreases ER-mitochondria physical and functional coupling
by disrupting VAPB-PTPIP51 interaction through the activation of GSK-3 [19].
The disassembling of the VAPB-PTPIP51 tethering complex via GSK-3 is also
induced upon FUS overexpression (both in the wt and ALS-linked mutant form)
[23]. Impaired ER-mitochondria juxtaposition caused by the overexpression of
these proteins results in all cases in defects in Ca2+ transfer and, consequently, in
mitochondrial ATP production.

SOD1 is the most frequent mutated protein in ALS, accounting for the 20% of the
familial cases [126]. SOD1 is a key enzyme in the defense against oxidative stress.
At the moment, the best model for the study of ALS is represented by the transgenic
mice expressing mutant SOD1. The overexpression of the ALS-related hSOD1
mutant G93A has been observed to alter ER and mitochondrial Ca2+ homeostasis
in mouse embryonic motor neurons [127, 128]. The aberrant interactions of mutant
SOD1 with Bcl-2 [129], a protein present both at mitochondrial and ER membranes,
could in part define the mechanisms whereby mutant SOD1 affects Ca2+ regulation,
as Bcl-2 has been proposed to modulate IP3R activity [130] and control ER Ca2+
levels [131].

29.5 Additional Cellular Functions Associated
with the ER-Mitochondria Interface

Functional roles of ER-mitochondria contacts were first uncovered in phospholipid
biosynthesis and transport [132, 133]. Subsequently, ER-mitochondria contacts
were implicated in other different cellular processes (Ca2+ and ROS homeostasis,
phosphoregulation, mitochondrial fission and fusion, autophagy), emerging as
a complex hub fundamental for the correct integration of numerous signaling
pathways [4, 134–136] (Fig. 29.3).
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29.5.1 Mithocondrial Dynamics

The best studied connection between ER-mitochondria contacts and mitochondrial
dynamics involves mitochondrial fission and fusion machinery. Mitochondrial fis-
sion is mediated by human dynamin-related protein 1 (Drp1). It localizes primarily
at the cytoplasm and is recruited to mitochondria by different proteins: Fis [137],
the mitochondrial fission factor (Mff) [138] and the mitochondrial dynamics 51
and 49 kDa proteins (MiD51 and MiD49) [2] that regulate mitochondrial fission by
anchoring Drp1 on the outer mitochondrial membrane [139]. Drp1 associates with
the OMM, where, thanks to a conformational change due to its GTPase activity,
forms oligomers that wrap around the constricted portions of the mitochondria
membrane and lead to a fission event [140, 141]. However, it has been observed
that mitochondrial fission may start even when Drp1 or Mff are down-regulated
[2] since ER membranes were able to wrap around the mitochondrial tubules,
indicating that ER-mitochondria contact represents a conserved platform for the
regulation of mitochondrial division. Accordingly, recent findings from the Higgs
group proposed a potential mechanism for ER association-induced mitochondrial
fission involving actin polymerization and a ER-localized protein, i.e. the inverted
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formin 2 (INF2) [142]. INF2 is activated to polymerize actin, which in turn might
generate the driving force for the initial constriction of mitochondria [136, 142].
Once assembled, the ER-associated constricted mitochondria enable polymerized
Drp1 to spiral around the mitochondria to mediate their fission [143].

Mitochondrial fusion is mainly orchestrated by MFN1 and MFN2, but while
MFN1 plays a critical role in mitochondrial docking and fusion, MFN2 coordinates
the interactions between mitochondria [144]. As mentioned above, MFN2 located
in the ER membrane is crucial for tethering the ER to the mitochondria and
stabilizing MAMs formation by forming both homo- and heterotypic interactions
with mitochondrial MFN1 and 2 [12]. The mitochondrial ubiquitin ligase protein,
MITOL, regulates MFN2 activity at the ER–mitochondria interface interacting
with mitochondrial MFN2 and mediating its ubiquitination and its subsequent
oligomerization, a fundamental step in MFN2-induced ER-mitochondria tethering
[145]. The dual role of MFN2 in both mitochondrial fusion and ER-mitochondria
tethering suggests that the establishment of ER–mitochondria contact might be a
critical event in MFN2-dependent mitochondrial fusion.

29.5.2 Lipid Homeostasis at the ER-Mitochondria Interface

The maintenance of a defined lipid composition in mitochondrial membranes
depends on bidirectional lipid trafficking between the ER and mitochondria. ER
is the predominant production site for lipids and makes close contacts with other
organelles to ensure lipid exchange [146]. Enzymes involved in phospholipid
biosynthesis are enriched at MAMs [147, 148]. Despite of the important role
of MAMs in phospholipid exchange between ER and mitochondria is well rec-
ognized, the precise role of the proteins involved in the ER-mitochondria tether
in mammalian cells remain to be defined [149]. In yeast, the ER-mitochondrial
encounter structure (ERMES) that mediates ER-mitochondria contacts has been
well characterized: it is composed by Mdm34 (mitochondrial distribution and
morphology 34) and Mdm10 that are integral OMM proteins, Mmm1 (maintenance
of mitochondrial morphology 1) that resides in the ER membrane and Mdm12
that is associated with OMM peripherally [150–152]. It is believed that ERMES
complex may act as a lipid transferase, since Mmm1, Mdm12, and Mdm34 contain
a synaptotagmin-like mitochondrial-lipid-binding protein (SMP) domain, which
forms a hydrophobic cavity and likely binds to hydrophobic molecules such as
phospholipids [153, 154].

29.5.3 Apoptosis

The role of ER-mitochondria communication during apoptosis has been extensively
documented, in particular in relation with Ca2+ transfer from ER to mitochondria,
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that is essential to sustain mitochondrial function but can also be deleterious and
promote cell death. This process is modulated by the presence of various Bcl-2
family proteins on the membranes of both organelles [155, 156], whose role has
been discussed in several excellent reviews on the field [157–159]. In a simplified
view, the anti-apoptotic members Bcl-2 and Bcl-XL inhibit ER Ca2+ release and
apoptosis [160, 161], whereas the pro-apoptotic members Bax/Bak Puma and Bik
acts as positive regulators [162–164].

Upon induction of apoptosis, mitochondrial permeability transition pore (MPTP)
opening occurs, the mitochondrial network fragments and cytochrome c are released
activating downstream caspases. Among the targets of caspases there is BAP31, an
ER-membrane protein. Cleavage of BAP31 generates a pro-apoptotic p20 fragment
that remains at the ER membrane and stimulates ER Ca2+ release that consequently
induces mitochondrial uptake and the recruitment of the dynamin-related protein
Drp1 that promotes mitochondrial fragmentation [165]. Exogenous inducers of
apoptosis promote physical contacts between BAP31 and Fis1. This interaction is
required for the activation of caspase-8 and the generation of the p20 fragment,
demonstrating a bi-directional communication between the two organelles and
a pattern of feedback amplification. Consistent with this, cell death caused by
Fis1 over-expression is dependent on the ER-mitochondria Ca2+ transfer [166].
Mitochondrial dynamics are strictly related to apoptosis, indeed, during this process,
Drp1 is massively recruited to the OMM, where it assembles into foci that mediate
mitochondrial division, causing a dramatic fragmentation of the mitochondrial
network. The pro-apoptotic protein Bax behaves similarly to Drp1 during apoptosis;
it is recruited at the OMM, where it inserts and oligomerizes to form foci that are
functionally associated with OMM permeabilization. Under apoptotic conditions,
Drp1 and MFN2 were both found in foci with Bax [167] [168].

29.5.4 Autophagy

Autophagy is a regulated mechanism of the cell that controls both the specific disas-
sembles of unnecessary or dysfunctional cellular components and the non-selective
response to the deprivation of nutrients. Defects in autophagy may play a significant
role in several human pathologies, including cancer and neurodegeneration [169].
The selective degradation of damaged mitochondria is called mitophagy. During this
processes mitochondria are first excluded from the mitochondrial network, through
fission events, and then delivered to the lysosomes by the autophagy machinery
[170]. The recognition of mitochondria that need to be degraded takes place through
specific molecular pathways which involve the OMM protein NIP3-like protein
X (NIX; also known as BNIP3L) and PINK1/Parkin [106]. The generation of
the autophagosome is central for the autophagic process and several observations
suggest that phagophore membranes could be formed primarily from the ER.
Moreover, the evidence for a connection between mitochondria and autophagosome
is very strong: several autophagy-related proteins can localize to the mitochondria,
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different mitochondrial proteins can modulate the autophagic process, and the
OMM participates in autophagosome biogenesis under starvation conditions [171].
In recent studies, it has been shown that dynamic crosstalk between the ER and
mitochondria is critical for autophagosome formation [172]. For example, when
autophagy is induced upon starvation, the pre-autophagosome marker ATG14
(present at cytosolic and ER sites under resting conditions) and the omegasome
marker DFCP1 (present in the MAMs fractions during starvation) are markedly
concentrated at the MAMs and serves as a platform for autophagosome formation
[172]. Additionally, ATG5, which is critical for autophagosome formation, translo-
cate to the MAMs compartment during phagophore biogenesis and then dissociates
from MAMs upon completion of the autophagosome formation, thus establishing
a stable interaction with the ER and transient associations with the mitochondria.
Autophagosome formations is prevented when there is an interference in the forma-
tion of ER-mitochondria contacts. The ER-mitochondria interface and autophagy
are thus tightly linked and, interestingly, the diverse MAMs related functions are
also coordinated and fine-tuned to keep cell homeostasis. One such example is
represented by the mTOR complex 2 (mTORC2) [173], a MAMs resident complex
that regulates autophagosome formation and mitochondrial dynamics in a Rab32
dependent manner [174], additionally, mTORC2 has been shown to control Ca2+
uptake, mitochondrial bioenergetics and apoptosis via Akt-mediated regulation
of IP3R, hexokinase2 and PACS2 [175] suggesting that the ER-mitochondria
interface is not only important for sensing cellular stress and coordinating Ca2+
transfer and the apoptotic response, but it also represents the primary platform for
autophagosome formation and integration of many fundamental cell processes.

29.5.5 The ER Stress Response at the MAMs

ER stress consists in a perturbation of ER homeostasis that alters protein folding
process and activates the unfolded protein response (UPR), an intracellular signaling
pathway that is activated by the accumulation of unfolded proteins in the lumen
of the ER and stimulates transcriptional responses of the genes that encode ER
chaperones (such as BiP, CNX or CTR) or ER biosynthetic machinery components
to increase the protein-folding/degradation capacity of the ER [176, 177]. ER-
mitochondria contacts have been linked to ER stress and UPR, in particular, ER
stress leads to a redistribution of mitochondrial and reticular networks at the
perinuclear zone, with increased contact points and Ca2+ transfer. Chaperone
complexes containing Grp75, and other proteins such as Rab32 [178] or PACS-2
[26], are involved in the adaptive response to ER stress. A variety of ER chaperones
involved in protein folding, such as BiP, CNX, CRT, ERp44, ERp57, and the Sigma-
1 receptor are enriched at MAMs [63], in addition, some players whose roles are
apparently unrelated to the ER folding/degradation processes have also been shown
to play a role in the UPR by influencing the ER-stress response, for example Mfn2
and VAPB can modulate the UPR and mitochondrial function via PERK and ATF6,
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respectively [179, 180]. The observation that structural uncoupling of ER from
mitochondria induces ER stress by impeding a correct unfolded protein response
[26] suggests that the crosstalk between ER and mitochondria at MAMs level may
have a role in facilitating UPR.

29.6 Methods to Measure ER-Mitochondria Contact Sites

Several approaches are currently available to study ER-mitochondria contact sites.
The oldest and more consolidate approach to elucidate the structure of ER-
mitochondria contacts and to calculate their distance is the electron microscopy
(EM) [2, 12, 139, 181, 182].

Starting from 1958 EM studies produced a complete and detailed view of the
ER-mitochondria contacts: different 3D reconstructions of these structures were
generated by serial, tilt-angle tomography in yeast cells [139] as well as by focused
ion beam scanning EM at 4-nm resolution in neurons from mice brain slices [78],
and soft X-ray tomography with 50-nm resolution in mammalian lymphoblastoid
cells [183]. However, the acquisition and reconstruction processes for these 3D
approaches remain laborious and therefore they are not yet widely applicable.
Furthermore, EM analysis is not able to generate sufficient data for statistical com-
parisons of organelle geometry. Historically, the existence of the MAMs fraction
has been proven when it was found that, during cell-fractionation experiments,
sub compartmentalized ER membranes co-sedimented with mitochondria [184].
To date, subcellular fractionation is still considered the standard method to prove
presence/levels of specific players at the ER-mitochondria interface [185]. Other
approaches, mainly based on the co-localization of ER and mitochondrial markers,
are described in the literature and helped to describe ER-mitochondria contacts
architecture [14, 51, 186, 187], but none of them has yet been applied to quantify
the overall extent or geometry of the interface. The in-situ proximity ligation
assay (PLA) also allows to visualize and quantify endogenous ER-mitochondria
interactions in fixed cells by using pairs of primary antibodies against proteins on
opposing membranes [188]. This technique is widely used [23, 189, 190] though
it can only be applied to fixed cells and is limited by the availability as well as
by the specificity of the antibodies. For the specific detection and quantification of
the contact points it has been developed a tool based on the system of rapamycin-
inducible linkers that were tagged with a pair of fluorophores capable of generating
Förster resonance energy transfer (FRET) [191]. One half of the linker was targeted
to the OMM and tagged with CFP, while the other half was targeted to the ER
surface and tagged with YFP. A short treatment with rapamycin or its analogues
causes the linkage of the two halves, whenever they are in sufficient close proximity.
The linkage can be visualized as an increase in FRET signal. Major limitations
in the use of this FRET-based probe are due to the fact that it requires equimolar
expression of the two moieties [13] and that its in vivo applications are limited by
the use of rapamycin, a potent inducer of autophagy [192]. Novel tools to measure
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inter organelle proximity have been recently developed [17, 193–197]. The sensor
developed by our group, called SPLICS (split-GFP-based Contact site Sensor),
specifically allows to detect ER-mitochondria contact sites in living cells and in vivo
[17]. Two non-fluorescent portions of the superfolder GFP, the GFP1–10 moiety and
the GFP β-strand 11 [198, 199], engineered to fluoresce when are in close proximity,
were targeted to the ER and the OMM by the addition of targeting sequences. Two
SPLICS versions were generated that efficiently measured narrow (8–10 nm) and
wide (40–50 nm) juxtapositions between ER and mitochondria, and interestingly,
they were able to document the existence of at least two types of contact sites in
human cells that undergo to differential modulation upon different pharmacological
treatments or conditions [17].
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Chapter 30
The Role of Mitochondrial Calcium
Signaling in the Pathophysiology
of Cancer Cells

Andra M. Sterea and Yassine El Hiani

Abstract The pioneering work of Richard Altman on the presence of mitochondria
in cells set in motion a field of research dedicated to uncovering the secrets of
the mitochondria. Despite limitations in studying the structure and function of
the mitochondria, advances in our understanding of this organelle prompted the
development of potential treatments for various diseases, from neurodegenerative
conditions to muscular dystrophy and cancer. As the powerhouses of the cell,
the mitochondria represent the essence of cellular life and as such, a selective
advantage for cancer cells. Much of the function of the mitochondria relies on Ca2+
homeostasis and the presence of effective Ca2+ signaling to maintain the balance
between mitochondrial function and dysfunction and subsequently, cell survival.
Ca2+ regulates the mitochondrial respiration rate which in turn increases ATP
synthesis, but too much Ca2+ can also trigger the mitochondrial apoptosis pathway;
however, cancer cells have evolved mechanisms to modulate mitochondrial Ca2+
influx and efflux in order to sustain their metabolic demand and ensure their survival.
Therefore, targeting the mitochondrial Ca2+ signaling involved in the bioenergetic
and apoptotic pathways could serve as potential approaches to treat cancer patients.
This chapter will review the role of Ca2+ signaling in mediating the function of the
mitochondria and its involvement in health and disease with special focus on the
pathophysiology of cancer.
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30.1 An Introduction to Calcium Signaling

Calcium signaling is an important process in all aspects of cellular function and at
its center lies the calcium atom, an element first isolated in 1808 [1, 2]. This method
of communication within cells evolved as a means of adaptation to a changing
environment, a survival strategy involving a multitude of complex and dynamic
signaling cascades. Initially, low amounts of calcium where present on Earth and
as a result, primitive cells contained very little calcium in their cytoplasm [3, 4].
Because of the low environmental calcium, the cell machinery evolved to tolerate
nanomolar concentrations of this element. However, as the Earth’s crust began
to release more calcium, the accumulation of this element within cells became
toxic; thus, initiating the evolution of calcium removal systems. Interestingly,
unlike its ability to alter proteins and modulate cellular processes, calcium itself
cannot be chemically modified [5, 6]. This property of the calcium atom along
with the increasing calcium concentration in the atmosphere prompted the cell
to establish methods of control over the levels of calcium in the cytosol through
chelation, sequestration within organelles and extrusion [7, 8]. These processes
require numerous calcium-binding proteins, sensors, pumps and ion channels. In
its ionic form, Ca2+ concentrations vary depending on its location within the
cell. For example, at rest, the cytoplasmic Ca2+ concentration is around 100 nM
while the extracellular and endoplasmic reticulum Ca2+ reaches concentrations of
approximately 1 mM and 0.5 mM, respectively [9]. These values are subject to
change, in particular upon cell stimulation when calcium-selective ion channels
open and allow for Ca2+ influx; thus, setting the basis for calcium signaling as
an intricate signal transduction network. Furthermore, calcium signaling is involved
in muscle contraction, cell growth, cellular motility, synaptic plasticity, but can also
impact apoptosis, the permeability of ion channels and the cytoskeleton [10–18].

The concept of Ca2+ signaling and the importance of Ca2+ as a ubiquitous
second messenger became apparent more than 100 years ago (circa 1883) when
studies on heart cells demonstrated that the presence of Ca2+ was necessary for
the contraction of cardiomyocytes [18]. These experiments set the stage for Ca2+
as an important intracellular regulator of muscle contraction. However, during the
1960s, studies moved beyond muscle research and established a pivotal role for
Ca2+ as a modulator of cellular processes and identified the presence of buffering
systems that can accommodate for the change in Ca2+ concentration. Ca2+ is
naturally present in the extracellular environment and it enters cells via two types
of proteins, channels and pumps which are gated by external messengers (receptor-
operated receptors, ROCs) or voltage (voltage-gated receptors, VOCs) [19]. These
proteins are present within the plasma membrane and upon stimulation (e.g. stretch,
agonists, depletion of intracellular stores, etc.), they allow the inflow of Ca2+
and the initiation of Ca2+ signaling pathways [20]. Furthermore, the cell can also
generate Ca2+ signals internally through the activation of Phospholipase C (PLC)
found in the plasma membrane. Upon activation of PLC, phosphatidylinositol 4,5-
biphosphate gets hydrolyzed to IP3 and DAG [21]. IP3 then binds to its receptors
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on the surface of the endoplasmic reticulum (ER) and stimulates the release of
Ca2+ from the ER [20]. The mitochondria and the ER have a web-like distribution
throughout the cell which facilitates the uptake of Ca2+, but also its distribution.
Ca2+ is transported within the mitochondria via a uniporter (MCU) which allows
for the rapid inflow of Ca2+ from the cytosol or the ER [22–25]. Once inside the
matrix of the mitochondria, Ca2+ can alter the mitochondrial function, especially
their ability to produce ATP [26]. Studies have shown that an elevation in the
Ca2+ concentration inside the matrix can increase mitochondrial respiration and
ATP synthesis [27–29]. This bioenergetic dependence of the mitochondria on the
presence of Ca2+ allows these organelles to coordinate ATP synthesis with the needs
of the cell while maintaining Ca2+ homeostasis. Nonetheless, excessive buildup of
Ca2+ can lead to mitochondrial swelling and cell death, a feature that has been
exploited in cancer in efforts to eliminate aberrant cells [30, 31]. In addition, while
Ca2+ can modulate the function of the mitochondria, the organelle itself can in turn
affect Ca2+ signaling. Numerous research groups have shifted their focus on the
involvement of mitochondria Ca2+ signaling and its role in disease, especially in
cancer cells which are metabolically distinct from normal cells as evidenced by their
dependence on mitochondrial ATP to sustain cell proliferation. This chapter will
focus on mitochondrial Ca2+ signaling, its impact on the pathophysiology of cancer
and current mitochondria-based therapies for the treatment of cancer patients.

30.2 Mitochondria, a Historical Overview and Functional
Analysis

Commonly referred to as the powerhouses of the cell, the mitochondria have
been the subject of extensive scientific interest, from cytology and biochemistry
to molecular biology. Early records of mitochondria-like features date back to
the 1840s, a time when these structures were yet to be identified as the double
membraned organelles we know today. However, in 1890, Richard Altmann, a
German pathologist was the first to report the existence of mitochondria within
cells, describing them as “living, elementary organisms” or “bioblasts” [32, 33].
Altmann believed that the presence of “bioblasts” was essential for cell metabolism
and various genetic functions; thus, making them a vital component of the cell’s
physiology, a belief that would soon dominate the research world, giving rise to
theories on the origins of the mitochondria and their place as the driving force
behind the evolution of eukaryotes [32]. Two main evolutionary scenarios stemming
from the same endosymbiosis theory have attempted to explain the origin of
the mitochondria and the basis behind the cell’s energetic dependence on these
organelles [34, 35]. The symbiogenesis scenario provides evidence supporting the
existence of mitochondria as free-living α-proteobacteria that were engulfed by a
prokaryotic cell forming a symbiotic relationship between the mitochondria and the
host cell [36–38]. With time, the symbiont reduced its genome size by transferring
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its genetic material to the host cell and eventually becoming an organelle. This
theory maintains the idea that the complexity of the modern eukaryotic cell evolved
after this symbiotic event [39]. In contrast, in the archezoan scenario, the host cell
was an early eukaryotic cell as opposed to a prokaryotic cell [39]. This model
suggests that primitive eukaryotic cells became what we now refer to as eukaryotic
cells before the mitochondria was integrated within the host cell. Nonetheless,
despite the accumulating body of evidence supporting the symbiogenesis theory, the
exact origin of the mitochondria and their place within the evolutionary timeframe
has proven to be much more ambiguous and complicated to pinpoint. Elements from
both scenarios can be used to explain the evolution of the mitochondria, but neither
possibility can be rejected with unwavering certainty at this time.

The morphological heterogeneity of the mitochondria was confirmed by various
studies demonstrating the existence of the mitochondria as small spheres, but also
tubular structures as a consequence of the balance between fusion and fission, more
commonly referred to as mitochondrial dynamics [40–42]. True to their name, the
mitochondria have become the epitope of structural and functional complexity that
extends far beyond their double membranes and serves as an example of the intimate
relationship between morphology and functionality. The most distinct structural
characteristic of the mitochondrion is the presence of a smooth outer membrane
and a folded inner membrane surrounding the mitochondrial matrix [41, 43]. Each
fold in the inner membrane creates cristae which act to increase the surface area
of the mitochondria to allow for greater processing efficiency [44]. Interestingly,
the outer and inner membranes are compositionally different and functionally
independent from one another, with each membrane performing distinct roles
necessary to maintain the viability of the mitochondrion and subsequently, the
cell [45–47]. The outer mitochondrial membrane contains many porins or pore-
forming membrane proteins which allow for the passage of ions and other uncharged
molecules resulting in the lack of a membrane potential [48]. In contrast, molecules
and ions can only cross the inner mitochondrial membrane when bound to specific
transporter proteins or by passing through ion channels (e.g. MCU, discussed later);
thus, creating an electrochemical gradient across the inner membrane which in
turn, dictates its ion selectivity [48]. The presence of an electrochemical gradient
is also indicative of the function of the inner mitochondrial membrane as the
center for oxidative phosphorylation and the electron transport chain. Within the
inner membrane there are four complexes (I: NADPH dehydrogenase, II: Succinate
dehydrogenase, III: Cytochrome c reductase and IV: Cytochrome c oxidase) which
facilitate the synthesis of ATP through ion trafficking across the membrane [49, 50].
However, despite the difference in the composition of their membranes, one of the
most striking features of the mitochondrion is the presence of mitochondrial DNA
(mtDNA) within the matrix compartment, a remnant of their bacterial ancestry [51].
Unlike other organelles, the mitochondrion harbors its own circular DNA which is
transcribed and replicated in the matrix and can be inherited (in mammals it occurs
only through maternal inheritance) [51]. This mitochondrial genome is packed into
nucleoids which contain DNA binding proteins for DNA repair and signaling [52,
53]. These nucleoids also facilitate the development of a signaling network between
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the mitochondria and the nucleus [54]. During nutrient starvations or mitochondrial
damage, signals are sent from the mitochondria to the nucleus where they can
induce mitochondrial gene transcription [54, 55]. While it is fascinating that a
single organelle can influence nuclear gene expression, the nucleus is not the only
organelle that shares a functional relationship with the mitochondria. The “social
organelle network” of the mitochondria also includes the endoplasmic reticulum
(ER) and lysosomes, two organelles essential for the maintenance of calcium
homeostasis in the cell [9, 56, 57].

The mitochondria perform a myriad of functions, each orchestrated in a way
as to accommodate the needs of the cell. Aside from generating energy for
the cell through oxidative phosphorylation and the electron transport chain, the
mitochondria are also responsible for Ca2+ signaling, apoptosis, fatty acid and
amino acid metabolism [58–62]. Changes in mitochondrial metabolism often leads
to the production of reactive oxygen species (ROS), hence the classification of the
mitochondrion as a major site of ROS output [63, 64]. The presence of ROS is often
regarded as Pandora’s box where failure to maintain optimal levels of ROS can be
detrimental to the cell and contribute to the development of diseases such as cancer
[65–67]. However, although the accumulation of ROS can promote the onset of
different pathologies, sustained ROS can damage the mitochondria and ultimately
lead to cell death [68]. Normally, ROS act as signaling molecules that can modulate
various intracellular pathways that influence cellular function. The levels of ROS
are maintained by the cell’s antioxidant system through the activity of catalases and
peroxiredoxins [69]. As with many of the functions of the mitochondria, one of
the factors that can affect the production of ROS is Ca2+ [70, 71]. Many studies
have shown that the presence of Ca2+ promotes the production of ATP inside the
mitochondria while excess Ca2+ increases ROS production [72, 73]. The interplay
between Ca2+ and the mitochondria is well studied, but a few pieces of the puzzle
are still missing. Research efforts are still focusing on mitochondrial Ca2+ signaling
and how these Ca2+-dependent pathways help shape the fate of the cell.

30.3 Mitochondria and Calcium Signaling

The mitochondria control many facets of the cell’s normal physiology by acting
as a Ca2+ buffer and sensor. In response to various stimuli, the mitochondria
can modulate Ca2+ signaling directly by importing it via specific transporters or
indirectly by releasing metabolites that can act on the Ca2+ signaling machinery
and in turn, Ca2+ regulates mitochondrial function [74]. This dynamic relationship
between the mitochondria and Ca2+ signaling affects cell metabolism and survival.
However, it was only in the 1960s when scientists discovered that mitochondria can
uptake and accumulate Ca2+, but it took another 50 years to identify the mechanism
behind this process [75–77]. Most discoveries regarding the mitochondrial Ca2+
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uptake mechanism and the proteins involved were made within the last 10 years
due to advancements in molecular techniques to study the structure of the mito-
chondria. The paragraphs below will discuss the mitochondrial Ca2+ uptake and
release system, modulation of mitochondrial functions by Ca2+ and the impact of
mitochondrial Ca2+ signaling on cellular function (Fig. 30.1).
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Fig. 30.1 The mitochondrion during steady state, Ca2+overloading and cancer. As the
powerhouses of the cell, the mitochondria utilize Ca2+ to make ATP in order to supply the
cell’s metabolic demands. The mitochondria uptake calcium mainly via two Ca2+ channels:
VDAC (outer mitochondrial membrane) and MCU (inner mitochondrial membrane). In addition, to
prevent overloading and to maintain cellular Ca2+ homeostasis, the Ca2+ must be removed from
the mitochondria, a process mediated by the NCLX exchanger. However, if Ca2+ accumulates
within the mitochondria, PTP opens, the outer membrane depolarizes and cytochrome c is release;
thus, initiating the apoptosis pathway. Ca2+ overloading can also increase ROS production
through the electron transport (located in the inner mitochondrial membrane) which ultimately
leads to DNA damage and cell death. Given the importance of the mitochondria in normal cell
physiology, these organelles represent a selective advantage for cancer cells. One of the many
hallmarks of cancer is their ability to alter their metabolism to sustain proliferation. Unlike normal
cells, cancer cells adopt a aerobic glycolysis phenotype whereas normal cells rely mainly on
oxidative phosphorylation. Furthermore, cancer cells have evolved mechanisms to hijack the cell’s
machinery to prevent mitochondrial Ca2+ overloading and the activation of the apoptosis pathway.
By depleted the ER stores and/or decreasing Ca2+ uptake into the ER., cancer cells are able to
bypass the calcium induced mitochondrial apoptotic pathway. In addition, the presence of Ca2+
influences the expression of VDAC which in turn increases the uptake of Ca2+ and promotes
cancer cell migration
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30.3.1 Mitochondrial Calcium Uptake and Release

As mentioned in the introduction section, when the cytosolic Ca2+ concentration
is high, Ca2+ is passively transported across the inner mitochondrial membrane via
the Mitochondrial Calcium Uniporter (MCU), an inward rectifying Ca2+ tetrameric
channel [25, 77, 78]. The movement of Ca2+ through MCU is driven by the
negative mitochondrial membrane potential, unlike the outer membrane where the
Ca2+ passes through porins [79]. MCU requires the binding of the Ca2+ to its
cytosolic domain in order to be activated. However, MCU appears to work in a
biphasic manner where extremely high cytosolic Ca2+ inhibit the channel; thus,
preventing the accumulation of Ca2+ inside the mitochondria and potentially acting
as a regulatory mechanism for the uptake of Ca2+. Furthermore, due to its low
affinity for Ca2+, MCU allows for micromolar concentrations of Ca2+ (∼10–
20 μM) to pass through it [80]. With advances in molecular proteomic techniques,
some of the architectural components of MCU were identified which enabled
us to better understand the mechanism behind MCU-mediated Ca2+ uptake in
the mitochondria. Studies have shown that the MCU channel pore is formed by
three subunits: Mitochondrial Calcium Uniporter (MCU, found in plants and most
vertebrates), Mitochondrial Ca2+ Uniporter b (MCUb, present in most vertebrates)
and Essential MCU Regulator (EMRE, not found in plants, fungi and protozoa)
[81]. While MCU and MUCb share 50% sequence similarity, MUCb is believed
to function as a negative subunit that inhibits Ca2+ entry and reduces the activity
of the MCU uniporter complex [82]. Furthermore, EMRE was found as necessary
for the transport of Ca2+ into the mitochondria by maintaining MCU in an open
confirmation while recruiting Mitochondrial Calcium Uptake 1 (MICU1) and 2
(MICU2), two of the three regulatory proteins forming the MCU complex [83, 84].
Experimental manipulation demonstrated that the knockdown of EMRE prevented
the influx of Ca2+ into the mitochondria. Interestingly, the loss of EMRE leads
to a decrease in the size of the MCU complex which suggests a possible role
for EMRE as a regulator of MCU complex assembly. As mentioned in previous
sentences, the MCU uniporter complex also consists of three regulatory proteins
MICU1, 2 and 3. These proteins form a heterodimer and act as gatekeepers of the
MCU channel. MCU2 was demonstrated as the inhibitory subunit whose inhibition
is released upon MCU channel activation while MCU1 was found to control the
activation of MCU and Ca2+ uptake [85–89]. Of note, because of the interaction
of MCU1 with EMRE and their involvement in promoting the opening/activation
of the MCU channel, the loss of either of these subunits leads to a decrease in
Ca2+ influx into the mitochondria [83]. In addition, in 2018, MICU3 was described
as an enhancer of Ca2+ uptake upon binding to MICU1, but not MICU2 [90].
Furthermore, the loss of MICU3 was shown to impair Ca2+ influx in cortical
neurons; thus, suggesting an important role of MICU3 in neuronal function [90].
Moreover, recent studies have identified another protein responsible for calcium
uptake through MCU and mitochondrial bioenergetics. Scientists have found that
MCU regulator 1 (MCUR1) functions as a scaffold protein necessary for MCU
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complex formation and subsequently, the loss of MCUR1 prevents the formation
of the MCU complex leading to impaired mitochondrial metabolism [91, 92].

Aside from the Ca2+ influx through the MCU uniporter, mitochondria have
developed contact sites with the ER, the cell’s main Ca2+ stores [93, 94]. These
contact sites are composed of several proteins (e.g. Mitofusin1 and 2) that form
tethers between the mitochondria and the ER known as mitochondria-associated
membranes (MAM) [95–97]. The MAMs express IP3 receptors (IP3Rs, responsible
for the Ca2+ release from the ER) in close proximity to voltage-dependent anion
channels type 1 (VDAC1, a ruthenium red- sensitive Ca2+ channel) present on the
outer mitochondrial membrane [98]. These two channels form a stable physical
connection via Grp75, a chaperon part of the heat shock protein family [99]. Other
proteins have been proposed as potential mediators of Ca2+ influx including the
leucine zipper-EF-hand-containing transmembrane protein 1 (Letm1) and ryanodine
receptor (RyR); however, the experimental evidence supporting these suggestions
is insufficient as proof of concept [100]. Nonetheless, to prevent Ca2+ overloading
within the mitochondrial matrix and damage to the mitochondria, efflux mechanisms
are set in place to release the excess Ca2+. The efflux of Ca2+ is mediated by
the presence of the Na+/Ca2+ exchanger, NCLX within the inner mitochondrial
membrane [101]. Numerous research groups have demonstrated that the loss of
NCLX abolished Ca2+ efflux while overexpression of this exchanger enhanced
the removal of Ca2+ from the mitochondria [101]. The mechanism behind the
NCLX-mediated Ca2+ efflux is largely unknown, but studies suggest that the
Na+/Ca2+ is powered by an electrochemical gradient generated by the presence
of high levels of Na+ in the cytosol [102, 103]. Subsequently, the change in the
mitochondrial inner membrane potential facilitates the exchange of three Na+ for
every one Ca2+ extruded from the mitochondrial matrix; however, the exchange
stoichiometry of NCLX is controversial with some scientists supporting the 3:1 ion
ratio while others suggesting a 2:1 ratio of Na+ to Ca2+ [104, 105]. Interestingly, the
NCLX exchanger is also involved in the transport of Li+, a characteristic unique to
NCLX [106]. Nonetheless, our knowledge regarding the exact structure and mode
of action of NCLX is limited, partially due to the difficulty in isolating the inner
mitochondrial membrane. Scientists speculate that the structure of NCLX is similar
to that of NCX, a plasma membrane transporter [107]. Furthermore, in order to
maintain a steady-state, the influx and efflux mechanisms of the mitochondria must
perform in a synchronized manner as to allow the appropriate amount of Ca2+ in
and out of the mitochondria. Once the Ca2+ is released from the mitochondria it is
redistributed throughout the cell where it is likely taken up by various organelles
including the ER and the lysosomes.

30.3.2 Calcium Modulation of Mitochondrial Function

The main function of the mitochondria is the maintenance of cell metabolism,
mainly through oxidative phosphorylation, a characteristic that is heavily influenced
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by the presence of Ca2+ [27]. The passage of calcium across the inner mitochondrial
membrane is driven by a large, negative mitochondrial membrane potential which
favors passive Ca2+ entry, but also the transport of Ca2+ down its electrochemical
gradient [108]. Generated by mitochondrial respiration, the negative membrane
potential (150–200 mV) coupled with the low Ca2+ concentration inside the
matrix facilitates the transport of Ca2+ across the inner mitochondrial membrane
[109, 110]. In turn, Ca2+ entry causes the depolarization of the mitochondrial
membrane [78]. Upon entering the mitochondrial matrix, the Ca2+ concentration
rises and activates various enzymes necessary for the initiation of the Krebs
cycle, and the synthesis of ATP [111, 112]. In particular, the Ca2+-binding α-
ketoglutarate dehydrogenase and isocitrate dehydrogenase [113, 114]. Additionally,
pyruvate dehydrogenase, an enzyme associated with the conversion of pyruvate
to acetyl-CoA becomes activated by a Ca2+-dependent phosphatase [114]. The
activation of these rate-limiting enzymes increases the mitochondrial respiration
rate and subsequently, enhancing the ATP production rate [115, 116]. The elegant
orchestration of the Ca2+ signal and the output of energy further emphasizes the
dynamic relationship between Ca2+ and the mitochondria.

30.3.3 Mitochondrial Calcium Overloading

While Ca2+ uptake is a normal, regulatory process for the mitochondria, excessive
accumulation of this element can have detrimental consequences, not only for the
organelle, but for the whole cell. The Permeability Transition Pore (PTP) is a
large conductance channel found in the mitochondrial membrane and its activation
represents the pathological effect of Ca2+ overloading (Fig. 30.1) [117, 118].
PTP is activated by elevated Ca2+ levels inside the mitochondria and results in
the permeabilization of the outer mitochondrial membrane (MOMP, mitochondrial
outer membrane permeabilization) [119, 120]. The PTP channel is believed to
be regulated by several proteins including VDAC, cyclophilin D and Adenine
nucleotide translocator (ANT); however, the exact structure of this channel remains
unknown [121–123]. When the channel is activated, PTP opens and triggers the
release of cytochrome c into the cytosol, an initiating event preceding the beginning
of the apoptotic signaling cascade [124–126]. Normally, cytochrome c is involved
in the electron transport chain and the generation of ATP, but once released from
the confinements of the mitochondria, cytochrome c binds to apoptotic peptidase
activating factor 1 (APAF-1) leading to the formation of the apoptosome [127,
128]. The apoptosome then activates procaspase-9 and subsequently caspase 3,
ultimately resulting in the death of the cell [128, 129]. The opening of the PTP
disrupts the mitochondrial membrane potential and Ca2+ leaks out, keeping the
channel open. Due to the significance of MOMP in determining whether the cell
lives or dies, the process of permeabilizing the outer mitochondrial membrane is
tightly regulated by pro- and anti-apoptotic proteins. The anti-apoptotic proteins
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are part of the Bcl-2 (Bcl-2, Bcl-xL, MCL-1, A1, Bcl-B and Bcl-w) family while
the pro-apoptotic proteins are BAX and BAK along with other proteins belonging
to the BH3 family (BID, BIM, BAD, PUMA, etc.) [130, 131]. The activation
of BAX and BAK removes the apoptotic suppression set by the Bcl-2 proteins
and initiates MOMP, and the release of cytochrome c [132–136]. Moreover, the
initiation of the apoptotic pathway increases the production of reactive oxygen
species (ROS) and decreases ATP synthesis; thus, altering the Ca2+ homeostasis
within the mitochondria. Additionally, ROS generation maintains the PTP channel
in its open conformation [137].

30.4 Defective Mitochondrial Calcium Signaling and Disease

Although the mitochondria play an integral role in normal cell physiology, these
organelles proved to be of significance in the development and progression of
various pathologies. The seemingly paradoxical relationship between the mitochon-
dria and Ca2+ acts as a double edge sword where optimal Ca2+ levels benefit
the cell while too much Ca2+ serves as the basis of many diseases including
neurodegenerative and muscular diseases. For example, many research groups have
identified that mitochondrial Ca2+ overloading contributes to the pathogenesis
of Huntington’s disease (HD), a neurodegenerative condition characterized by
emotional instability and motor impairment [138]. In HD humans and mouse
models, neuronal mitochondria are particularly susceptible to MOMP due to a
decreased Ca2+ holding capacity [139–141]. Furthermore, Ca2+ overloading during
diastole causes mitochondrial dysfunction and the overproduction of ROS [142].
The excessive ROS generation is thought to impair cardiac function after infarction
and as such, contributing to heart failure [142]. Mitochondrial Ca2+ signaling has
also been implicated in Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Amyotrophic lateral sclerosis (ALS); however, these topics are beyond the scope of
this chapter and will not be discussed further [143–149].

30.5 Mitochondrial Calcium Handling in the
Pathophysiology of Cancer

Cancer cells are characterized by uncontrolled proliferation and the ability to invade
distant tissues; however, one of the emerging hallmarks of cancer cells comes
in the form of metabolic reprogramming [150, 151]. Normally, cells generate
energy through oxidative phosphorylation to meet their metabolic demand. But
unlike normal cells, cancer cells undergo a metabolic shift that switches their
cellular machinery from oxidative phosphorylation to aerobic glycolysis [152].
This peculiar event was first described by Otto Warburg who hypothesized that
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the metabolic change is due defects in the mitochondria, a theory that was later
challenged, but never completely disproved [153, 154]. Regardless of the state of
the mitochondria, the driver behind ATP generation is Ca2+; hence, for the cancer
cell, Ca2+ represents the ability to produce enough energy to sustain their aberrant
growth (Fig. 30.1). For the scientist, Ca2+-driven metabolism represents a potential
target for the development of new anti-cancer drugs.

30.5.1 IP3R

As stated in previous paragraphs, Ca2+ overloading triggers the mitochondrial
apoptotic pathway. Nonetheless, insufficient Ca2+ transfer from the ER to the
mitochondria leads to decreased mitochondrial Ca2+ uptake and the activation
of autophagy, a well-known degradation process. A paper published in 2010
demonstrated the role of Ca2+ transfer through ER IP3Rs as a major determinant
of normal cell bioenergetics [155]. In their paper, Cardenas et al. provided evidence
that Ca2+ released specifically through IP3Rs activates AMP-activated kinase
(AMPK) which then activates the mechanistic target of Rapamycin (mTOR) and
initiates the autophagy pathway [155]. AMPK becomes activated in the absence
of adequate levels of ATP from the mitochondria and signals to the cell to start
breaking down biomolecules to supply the cell with energy for survival. In terms
of a cancer cell, this increase in autophagy is beneficial as it allows the cell to
bypass the apoptotic pathway normally triggered by increased ER Ca2+ transfer
to the mitochondria. This is of particular benefit to cancer cells when exposed
to chemotherapeutics targeted at increasing ER Ca2+ release. This seemingly
paradoxical alteration in function was shown in acute promyelocytic leukemia
(APL) where the loss-of-function in the promyelocytic leukemia (PML) tumor
suppressor prevented the release of Ca2+ from the ER and induced autophagy,
promoting cancer cell survival as a result [156, 157]. To further support their work,
the same research group conducted experiments on breast, prostate and cervix
cancer cells where they found that inhibition of IP3R induced a “bioenergetic crisis”
and ultimately, cell death [158]. The underlying mechanism behind the diminished
viability of IP3R inhibited cancer cells was attributed to the attempt of cancer cells
to proliferate while energetically-compromised [158]. Because cancer cells are able
to bypass the intrinsic mitochondrial apoptotic pathway by reducing either Ca2+
uptake or release, they induce autophagy to supply their metabolic needs. However,
in this case, when IP3R was inhibited, autophagy activation was insufficient to
support cell division resulting in cell cycle arrest and necrosis [158]. Another
facet of the involvement of IP3R in cancer was found in glioblastoma were the
overexpression IP3R subtype 3 (IP3R3) promoted migration. Interestingly, caffeine
inhibition of IP3R3 prevented Ca2+ release and hampered the ability of glioblastoma
cells to migrate and invade [159]. The caffeine-induced inhibition also decreased
glioblastoma cell viability [159].
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30.5.2 MCU

Studies performed in human colon cancer have identified a MCU-targeting
microRNA (miR-25) able to downregulate the expression of MCU in the
mitochondria [160, 161]. The research conducted by Marchi et al. found that
miR-25 is overexpressed in colon cancer where it correlates with a decrease in
Ca2+ uptake by the mitochondria and favors survival of cancer cells by enhancing
proliferation [160]. In addition, re-expression of MCU sensitized colon cancer cells
to apoptotic signals from the mitochondria [160]. However, in contrast to the results
presented in the Marchi suty, a recent paper published in 2018 revealed that the
interaction between the receptor-interacting protein kinase 1 (RIPK1) and MCU
promotes colon cancer cell proliferation [162]. The study found that overexpression
of RIPK1 in colon cancer cell lines increased mitochondrial Ca2+ uptake through
MCU which resulted in an increase in cell proliferation [162]. In addition, upon
analysis of the protein and mRNA expression level of RIPK1, the authors observed
a significant increase in the expression of RIPK1 in colorectal cancer patient tissues
as compared to normal tissues suggesting a potential for the RIPK1:MCU pathway
as a target for colorectal cancer [162]. However, despite the evidence provided
by the two studies described above, the role of MCU in colon cancer remains
controversial.

The involvement of MCU in the carcinogenesis has also been described in breast
cancer models where the expression of MCU increased the migration and invasion
abilities of breast cancer cells under the regulation of the microRNA miR-340 [163].
This microRNA was found to be suppressed in breast cancer cells; thus, allowing
for the expression of MCU. This concept was further confirmed by knocking down
MCU and observing a decrease in migration [163]. Additional research on MCU and
breast cancer uncovered the underlying mechanism behind its effect on migration. In
2016, work performed by Tosatto and colleagues found that MCU expression caused
an increase in Ca2+ uptake by breast cancer cells leading to the production of ROS
[164]. Moreover, the ROS released from the mitochondria induced the transcription
of Hypoxia-inducible factor 1-alpha (HIF1α) [164]. The downstream pathways
affected by HIF1α are responsible for migration, glycolytic protein expression and
invasion. These effects were lost upon silencing of MCU expression. Aside from the
mechanistic involvement of MCU in breast cancer, scientists have found a negative
correlation between breast cancer patient survival and the expression of MCU [165].

The impact of mitochondrial Ca2+ signaling extends into hepatocellular carci-
nomas where the expression of mitochondrial MCUR1 was found to be enhanced
[166]. In accordance with previous studies showing similar mechanisms, the
overexpression of MCUR1 increased the uptake of Ca2+ into the mitochondria
allowing the cancer cells to overcome any pro-apoptotic challenges. Subsequently,
the loss of MCURI restored the mitochondrial Ca2+ signaling pathway. The authors
concluded that the effects seen in hepatocellular carcinoma cells were in part due
to the production of ROS and the activation of the AKT/MDM2 pathway [166].
Activation of this pathway triggers the ubiquitination and degradation of p53, a
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major regulator of p53-dependent apoptosis [166]. The degradation of p53 then
promotes the survival of cancer cells by preventing cell death.

30.5.3 VDAC

VDAC is an essential mediator in the cross talk between the mitochondria and
the cell [167]. In addition to facilitating the flow of Ca2+ into and out of the
mitochondria, VDAC also interacts with hexokinases (HK) to allow for the bridge
between oxidative phosphorylation and glycolysis [168–170]. As mentioned in
the paragraphs above, cancer cells undergo a metabolic switch to sustain cell
division making VDAC an important determinant of the metabolic phenotype of a
cancer cell. In addition, VDAC is upregulated in many cancer and its expression
is influenced by the level of Ca2+ in the cell [171]. As such, it is unsurprising
that the loss of VDAC1 (three VDAC isoforms exist) resulted in decreased cell
growth and migration in lung, pancreatic and colon cancer cell lines in vitro, but
also in vivo [172]. This decrease was concomitant with diminished ATP levels,
suggesting that VDAC1 downregulation interferes with cancer cell metabolism;
thus creating energetically unfavorable conditions for the cancer cell [172]. These
studies were further confirmed in breast cancer where VDAC was demonstrated to
interact with Bcl-xL to promote migration. The underlying mechanism behind the
enhanced cancer cell migration was mediated by the interaction of Bcl-xL, CD95
and VDAC [173]. Together, these proteins facilitated the influx of Ca2+ from the
ER to the mitochondria and the subsequent production of ATP which supplied the
cancer cells with enough energy to migrate [173]. Similar studies were conducted
in other cancers [174–176].

30.5.4 Bcl-2

Besides the involvement of MCU and IP3R in cancer bioenergetics, the Bcl-2
protein family has also been demonstrated to affect Ca2+ flux into the mitochondria
through an ER-mediated manner. In fact, one mechanism through which Bcl-2
proteins can affect cancer cell survival is by decreasing the Ca2+ concentration
in the ER and preventing mitochondrial Ca2+ overloading [177]. Bcl-2 has been
shown to inhibit the sarco/endoplasmic reticulum calcium ATPase (SERCA) to
decrease Ca2+ levels within the ER and as such, protecting the mitochondria against
Ca2+ overloading [178]. Several other modes of actions have been proposed to
explain the impact of Bcl-2 on mitochondrial Ca2+ uptake such as the potential
of Bcl-2 existing as an IP3R sensitizer to reduce the level of Ca2+ in the ER.
In addition, Bcl-2 is believed to be able to bind to IP3R directly and inhibit its
function, limiting Ca2+ release from the ER as a result. Furthermore, Bcl-2 was
also found to be overexpressed in a number of cancers including non-small cell lung
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carcinoma, breast, neuroblastoma, B-cell lymphoma, chronic lymphocytic leukemia
and others [179–183]. Interestingly, experimental evidence has demonstrated that
cells overexpressing Bcl-2 experience an increase in Ca2+ leakage from the ER
which limits the level of Ca2+ available for release and mitochondrial uptake [184–
186]. Although Bcl-2 is able to affect intracellular Ca2+ in various ways, the
common goal is to protect the cancer cell against mitochondrial-induced cell death.

30.6 Closing Remarks

The availability of cancer treatments along with resistance against current thera-
peutics represent factors that limit a patient’s chance at survival and their quality
of life. Research efforts have been aimed at discovering novel targets to advance
cancer therapy and improve patient outcome. These targets include mitochondrial
Ca2+ signaling and metabolism. One of the major hallmarks of cancer is their
ability to divide uncontrollability, a quality that requires a constant supply of
energy. Therefore, as the main sources of ATP in the cell, the mitochondria hold
tremendous potential as therapeutic targets for the treatment of cancer. In addition,
the mitochondria are involved in mediating apoptosis making them an attractive
option in the quest for an effective tool to eliminate cancer cells. However, although
the role of the mitochondria in cancer is undeniable, our knowledge regarding
the mechanisms behind the cancer cell’s energetic dependence on this organelle
are not well understood; a limitation which is currently putting a damper on
the development of mitochondria-targeted therapies. Part of the reason behind
our information gaps stems from the unavailability of proper tools to study the
mitochondria, in particular the inner membrane of the mitochondria. But despite
the difficulty in studying the mitochondrial structure and function, progress has
been made in terms of identifying potential therapeutic targets [187, 188]. As
of date, numerous compounds targeting the mitochondria are being tested and
some even undergoing clinical trials. For example, paclitaxel, a Taxol-based drug
used to treat breast and ovarian cancer, has been shown to modulate the cytosolic
Ca2+ signal by acting on the mitochondria and inducing the opening of the
permeability transition pore in pancreatic acinar cells [189]. The opening of this
channel disturbs the mitochondrial membrane potential and leads to the loss of
Ca2+ from the mitochondria [189]. Another example of drug-induced modulation
of mitochondrial Ca2+ currently under testing is arsenic trioxide [190]. This drug
was demonstrated to induce apoptosis in multiple myeloma cells by promoting
the release of cytochrome c from the mitochondria through the upregulation of
VDAC [190]. Furthermore, aspirin, a common drug for the treatment of fevers and
pain, has also been shown to induce apoptosis in cervical cancer cells through the
modulation of VDAC1 [191]. In addition, Ca2+ influx modulation through MCU has
been shown to sensitize pancreatic cancer cells to gemcitabine-induced apoptosis
[192]. Other methods of targeting the mitochondrial function in cancer cells include
the synthesis of peptides designed to act on the Bcl-2 proteins to induce apoptosis
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[193, 194]. Although targeting the mitochondria poses some challenges, advances in
our knowledge of the mitochondrial structure and function are bringing researchers
closer to developing effective cancer treatments.

Acknowledgements AS is supported through the cancer research training program (CRTP)
administered by the Beatrice Hunter Cancer Research Institute (BHCRI) and funded by The
Canadian Institute of Health Research (CIHR), Terry Fox Research Institute (TFRI), Cancer Care
Nova Scotia, Dalhousie Medical Research Foundation (DMRF) and the Canadian Cancer Society
Nova Scotia Division.

Conflict of Interest The authors declare no conflict of interest.

References

1. E.S.T. Sir Humphry Davy (1873) Notes queries s4-XI(276):304.
https://doi.org/10.1093/nq/s4-XI.276.304-i

2. Brini M, Carafoli E (2000) Calcium signalling: a historical account, recent developments and
future perspectives. Cell Mol Life Sci 57(3):354–370

3. Case RM, Eisner D, Gurney A, Jones O, Muallem S, Verkhratsky A (2007) Evolution of
calcium homeostasis: from birth of the first cell to an omnipresent signalling system. Cell
Calcium 42(4–5):345–350. https://doi.org/10.1016/j.ceca.2007.05.001

4. Verkhratsky A, Parpura V (2014) Calcium signalling and calcium channels: evolution and
general principles. Eur J Pharmacol 739(C):1–3. https://doi.org/10.1016/j.ejphar.2013.11.013

5. Kazmierczak J, Kempe S, Kremer B (2013) Calcium in the early evolution
of living systems: a biohistorical approach. Curr Org Chem 17(16):1738–1750.
https://doi.org/10.2174/13852728113179990081

6. Cai X, Wang X, Patel S, Clapham DE (2015) Insights into the early evolution of animal
calcium signaling machinery: a unicellular point of view. Cell Calcium 57(3):166–173.
https://doi.org/10.1016/j.ceca.2014.11.007

7. Kass GEN, Orrenius S (1999) Calcium signaling and cytotoxicity. Environ Health Perspect
107(SUPPL. 1):25–35. https://doi.org/10.1289/ehp.99107s125

8. Montero M, Brini M, Marsault R et al (1995) Monitoring dynamic changes in free Ca2+
concentration in the endoplasmic reticulum of intact cells. EMBO J 14:5467

9. Raffaello A, Mammucari C, Gherardi G, Rizzuto R (2016) Calcium at the center of cell
signaling: interplay between endoplasmic reticulum, mitochondria, and lysosomes. Trends
Biochem Sci 41(12):1035–1049. https://doi.org/10.1016/j.tibs.2016.09.001

10. Hepler PK (1994) The role of calcium in cell division. Cell Calcium 16(4):322–330.
https://doi.org/10.1016/0143-4160(94)90096-5

11. Mattson MP, Chan SL (2003) Calcium orchestrates apoptosis. Nat Cell Biol 5(12):1041–1043.
https://doi.org/10.1038/ncb1203-1041

12. McConkey DJ, Orrenius S (1997) The role of calcium in the regulation of apoptosis. Biochem
Biophys Res Commun 59(239):775–783. https://doi.org/10.1006/bbrc.1997.7409

13. Pinto MCX, Kihara AH, Goulart VAM et al (2015) Calcium signaling and cell proliferation.
Cell Signal 27(11):2139–2149. https://doi.org/10.1016/j.cellsig.2015.08.006

14. Berridge MJ (1995) Calcium signalling and cell proliferation. BioEssays 17(6):491–500.
https://doi.org/10.1002/bies.950170605

15. Hepler PK (2016) The cytoskeleton and its regulation by calcium and protons. Plant Physiol
170(1):3–22. https://doi.org/10.1104/pp.15.01506

16. Fitzjohn SM, Collingridge GL (2002) Calcium stores and synaptic plasticity. Cell Calcium
32(5–6):405–411. https://doi.org/10.1016/S0143-4160(02)00199-9

http://dx.doi.org/10.1093/nq/s4-XI.276.304-i
http://dx.doi.org/10.1016/j.ceca.2007.05.001
http://dx.doi.org/10.1016/j.ejphar.2013.11.013
http://dx.doi.org/10.2174/13852728113179990081
http://dx.doi.org/10.1016/j.ceca.2014.11.007
http://dx.doi.org/10.1289/ehp.99107s125
http://dx.doi.org/10.1016/j.tibs.2016.09.001
http://dx.doi.org/10.1016/0143-4160(94)90096-5
http://dx.doi.org/10.1038/ncb1203-1041
http://dx.doi.org/10.1006/bbrc.1997.7409
http://dx.doi.org/10.1016/j.cellsig.2015.08.006
http://dx.doi.org/10.1002/bies.950170605
http://dx.doi.org/10.1104/pp.15.01506
http://dx.doi.org/10.1016/S0143-4160(02)00199-9


762 A. M. Sterea and Y. El Hiani

17. Lamont MG, Weber JT (2012) The role of calcium in synaptic plasticity and
motor learning in the cerebellar cortex. Neurosci Biobehav Rev 36(4):1153–1162.
https://doi.org/10.1016/j.neubiorev.2012.01.005

18. Ringer S (1883) A further contribution regarding the influence of the different
constituents of the blood on the contraction of the heart. J Physiol 4(1):29–42.
https://doi.org/10.1113/jphysiol.1883.sp000120

19. McFadzean I, Gibson A (2002) The developing relationship between receptor-operated
and store-operated calcium channels in smooth muscle. Br J Pharmacol 135(1):1–13.
https://doi.org/10.1038/sj.bjp.0704468

20. Berridge MJ, Bootman MD, Roderick HL (2003) Calcium signalling: dynamics, homeostasis
and remodelling. Nat Rev Mol Cell Biol. https://doi.org/10.1038/nrm1155

21. Putney JW, Tomita T (2012) Phospholipase C signaling and calcium influx. Adv Biol Regul.
https://doi.org/10.1016/j.advenzreg.2011.09.005

22. Carafoli E, Lehninger AL (1971) A survey of the interaction of calcium ions with mitochon-
dria from different tissues and species. Biochem J. https://doi.org/10.1042/bj1220681

23. Gunter KK, Gunter TE (1994) Transport of calcium by mitochondria. J Bioenerg Biomembr.
https://doi.org/10.1007/BF00762732

24. Rizzuto R, Simpson AWM, Brini M, Pozzan T (1992) Rapid changes of
mitochondrial Ca2+ revealed by specifically targeted recombinant aequorin. Nature.
https://doi.org/10.1038/358325a0

25. De Stefani D, Raffaello A, Teardo E, Szabó I, Rizzuto R (2011) A forty-kilodalton
protein of the inner membrane is the mitochondrial calcium uniporter. Nature.
https://doi.org/10.1038/nature10230

26. Denton RM, McCormack JG (1980) The role of calcium in the regulation of mitochondrial
metabolism. Biochem Soc Trans. https://doi.org/10.1042/bst0080266

27. Denton RM, McCormack JG (1980) On the role of the calcium transport cycle in heart and
other mammalian mitochondria. FEBS Lett. https://doi.org/10.1016/0014-5793(80)80986-0

28. Glancy B, Willis WT, Chess DJ, Balaban RS (2013) Effect of calcium on the
oxidative phosphorylation cascade in skeletal muscle mitochondria. Biochemistry.
https://doi.org/10.1021/bi3015983

29. Territo PR, Mootha VK, French SA, Balaban RS (2000) Ca2+ activation of heart mitochon-
drial oxidative phosphorylation: role of the F(0)/F(1)-ATPase. Am J Physiol Cell Physiol.
https://doi.org/10.1152/ajpcell.2000.278.2.C423

30. Huang X, Zhai D, Huang Y (2000) Study on the relationship between calcium-
induced calcium release from mitochondria and PTP opening. Mol Cell Biochem.
https://doi.org/10.1023/A:1007138818124

31. Ichas F, Mazat JP (1998) From calcium signaling to cell death: two conformations for the
mitochondrial permeability transition pore. Switching from low- to high-conductance state.
Biochim Biophys Acta Bioenerg. https://doi.org/10.1016/S0005-2728(98)00119-4

32. O’Rourke B (2010) From bioblasts to mitochondria: ever expanding roles of mitochondria in
cell physiology. Front Physiol. https://doi.org/10.3389/fphys.2010.00007

33. Ernster L, Schatz G (1981) Mitochondria: a historical review. J Cell Biol.
https://doi.org/10.1083/jcb.91.3.227s

34. Check C (2012, Jan 1) Mitochondrial evolution 2–4
35. Gray MW, Burger G, Lang BF (1999) Mitochondrial evolution. Science (80-).

https://doi.org/10.1126/science.283.5407.1476
36. Martin WF, Müller M (2007) Origin of mitochondria and hydrogenosomes.

https://doi.org/10.1007/978-3-540-38502-8
37. Dyall SD, Brown MT, Johnson PJ (2004) Ancient invasions: from endosymbionts to

organelles. Science (80-). https://doi.org/10.1126/science.1094884
38. Embley TM, Martin W (2006) Eukaryotic evolution, changes and challenges. Nature.

https://doi.org/10.1038/nature04546
39. Gray MW (2014) The pre-endosymbiont hypothesis: a new perspective on

the origin and evolution of mitochondria. Cold Spring Harb Perspect Biol.
https://doi.org/10.1101/cshperspect.a016097

http://dx.doi.org/10.1016/j.neubiorev.2012.01.005
http://dx.doi.org/10.1113/jphysiol.1883.sp000120
http://dx.doi.org/10.1038/sj.bjp.0704468
http://dx.doi.org/10.1038/nrm1155
http://dx.doi.org/10.1016/j.advenzreg.2011.09.005
http://dx.doi.org/10.1042/bj1220681
http://dx.doi.org/10.1007/BF00762732
http://dx.doi.org/10.1038/358325a0
http://dx.doi.org/10.1038/nature10230
http://dx.doi.org/10.1042/bst0080266
http://dx.doi.org/10.1016/0014-5793(80)80986-0
http://dx.doi.org/10.1021/bi3015983
http://dx.doi.org/10.1152/ajpcell.2000.278.2.C423
http://dx.doi.org/10.1023/A:1007138818124
http://dx.doi.org/10.1016/S0005-2728(98)00119-4
http://dx.doi.org/10.3389/fphys.2010.00007
http://dx.doi.org/10.1083/jcb.91.3.227s
http://dx.doi.org/10.1126/science.283.5407.1476
http://dx.doi.org/10.1007/978-3-540-38502-8
http://dx.doi.org/10.1126/science.1094884
http://dx.doi.org/10.1038/nature04546
http://dx.doi.org/10.1101/cshperspect.a016097


30 Mitochondrial Calcium Signaling in Cancer 763

40. Westermann B (2012) Bioenergetic role of mitochondrial fusion and fission. Biochim Biophys
Acta Bioenerg. https://doi.org/10.1016/j.bbabio.2012.02.033

41. McCarron JG, Wilson C, Sandison ME et al (2013) From structure to function: mito-
chondrial morphology, motion and shaping in vascular smooth muscle. J Vasc Res.
https://doi.org/10.1159/000353883

42. Rafelski SM (2013) Mitochondrial network morphology: building an integrative, geometrical
view. BMC Biol. https://doi.org/10.1186/1741-7007-11-71

43. Sjöstrand FS (1953) Electron microscopy of mitochondria and cytoplasmic double mem-
branes: ultra-structure of rod-shaped mitochondria. Nature. https://doi.org/10.1038/171030a0

44. PALADE GE (1953) An electron microscope study of the mitochondrial structure. J
Histochem Cytochem. https://doi.org/10.1177/1.4.188

45. Comte J, Maisterrena B, Gautheron DC, Mary SM (1976) Lipid composition and protein
profiles of outer and inner membranes from pig heart mitochondria: comparison with
microsomes. Biochim Biophys Acta. https://doi.org/10.1016/0005-2736(76)90353-9

46. Gohil VM, Greenberg ML (2009) Mitochondrial membrane biogenesis: phospholipids and
proteins go hand in hand. J Cell Biol. https://doi.org/10.1083/jcb.200901127

47. Prasai K (2017) Regulation of mitochondrial structure and function by protein import: a
current review. Pathophysiology. https://doi.org/10.1016/j.pathophys.2017.03.001

48. K?hlbrandt W (2015) Structure and function of mitochondrial membrane protein complexes.
BMC Biol. https://doi.org/10.1186/s12915-015-0201-x

49. Davies KM, Strauss M, Daum B et al (2011) Macromolecular organization
of ATP synthase and complex I in whole mitochondria. Proc Natl Acad Sci.
https://doi.org/10.1073/pnas.1103621108

50. Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J (2000) Molecular cell
biology. 4th ed. https://doi.org/10.1017/CBO9781107415324.004

51. Taanman J-W (1999) The mitochondrial genome: structure, transcrip-
tion, translation and replication. Biochim Biophys Acta Bioenerg.
https://doi.org/10.1016/S0005-2728(98)00161-3

52. Satoh M, Kuroiwa T (1991) Organization of multiple nucleoids and DNA molecules in
mitochondria of a human cell. Exp Cell Res. https://doi.org/10.1016/0014-4827(91)90467-9

53. Bogenhagen DF (2012) Mitochondrial DNA nucleoid structure. Biochim Biophys Acta Gene
Regul Mech. https://doi.org/10.1016/j.bbagrm.2011.11.005

54. Iborra FJ, Kimura H, Cook PR (2004) The functional organization of mitochondrial genomes
in human cells. BMC Biol. https://doi.org/10.1186/1741-7007-2-9

55. Shaw AK, Kalem MC, Zimmer SL (2016) Mitochondrial gene expression is respon-
sive to starvation stress and developmental transition in Trypanosoma cruzi. mSphere.
https://doi.org/10.1128/mSphere.00051-16

56. Diogo CV, Yambire KF, Fernández Mosquera L, Branco FT, Raimundo N (2017)
Mitochondrial adventures at the organelle society. Biochem Biophys Res Commun.
https://doi.org/10.1016/j.bbrc.2017.04.124

57. Murley A, Nunnari J (2016) The emerging network of mitochondria-organelle contacts. Mol
Cell. https://doi.org/10.1016/j.molcel.2016.01.031

58. Kunau WH, Dommes V, Schulz H (1995) β-oxidation of fatty acids in mitochondria,
peroxisomes, and bacteria: a century of continued progress. Prog Lipid ResProg Lipid Res.
https://doi.org/10.1016/0163-7827(95)00011-9

59. Bartlett K, Eaton S (2004) Mitochondrial beta-oxidation. Eur J Biochem.
https://doi.org/10.1046/j.1432-1033.2003.03947.x

60. Guda P, Guda C, Subramaniam S (2007) Reconstruction of pathways associated with
amino acid metabolism in human mitochondria. Genomics Proteomics Bioinformatics.
https://doi.org/10.1016/S1672-0229(08)60004-2

61. Hutson SM, Fenstermacher D, Mahar C (1988) Role of mitochondrial transamination in
branched chain amino acid metabolism. J Biol Chem

62. Liu X, Kim CN, Yang J, Jemmerson R, Wang X (1996) Induction of apop-
totic program in cell-free extracts: requirement for dATP and cytochrome c. Cell.
https://doi.org/10.1016/S0092-8674(00)80085-9

http://dx.doi.org/10.1016/j.bbabio.2012.02.033
http://dx.doi.org/10.1159/000353883
http://dx.doi.org/10.1186/1741-7007-11-71
http://dx.doi.org/10.1038/171030a0
http://dx.doi.org/10.1177/1.4.188
http://dx.doi.org/10.1016/0005-2736(76)90353-9
http://dx.doi.org/10.1083/jcb.200901127
http://dx.doi.org/10.1016/j.pathophys.2017.03.001
http://dx.doi.org/10.1186/s12915-015-0201-x
http://dx.doi.org/10.1073/pnas.1103621108
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1016/S0005-2728(98)00161-3
http://dx.doi.org/10.1016/0014-4827(91)90467-9
http://dx.doi.org/10.1016/j.bbagrm.2011.11.005
http://dx.doi.org/10.1186/1741-7007-2-9
http://dx.doi.org/10.1128/mSphere.00051-16
http://dx.doi.org/10.1016/j.bbrc.2017.04.124
http://dx.doi.org/10.1016/j.molcel.2016.01.031
http://dx.doi.org/10.1016/0163-7827(95)00011-9
http://dx.doi.org/10.1046/j.1432-1033.2003.03947.x
http://dx.doi.org/10.1016/S1672-0229(08)60004-2
http://dx.doi.org/10.1016/S0092-8674(00)80085-9


764 A. M. Sterea and Y. El Hiani

63. Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schumacker PT (1998)
Mitochondrial reactive oxygen species trigger hypoxia-induced transcription. Proc Natl Acad
Sci U S A. https://doi.org/10.1073/pnas.95.20.11715

64. Finkel T (1998) Oxygen radicals and signaling. Curr Opin Cell Biol.
https://doi.org/10.1016/S0955-0674(98)80147-6

65. Sena LA, Chandel NS (2012) Physiological roles of mitochondrial reactive oxygen species.
Mol Cell. https://doi.org/10.1016/j.molcel.2012.09.025

66. De Sá Junior PL, Câmara DAD, Porcacchia AS et al (2017) The roles of ROS in cancer het-
erogeneity and therapy. Oxidative Med Cell Longev. https://doi.org/10.1155/2017/2467940

67. Liou M-Y, Storz P (2010) Reactive oxygen species in cancer. Free Radic Res 44:479–496.
https://doi.org/10.3109/10715761003667554

68. Fleury C, Mignotte B, Vayssière J-L (2002) Mitochondrial reactive oxygen species in cell
death signaling. Biochimie. https://doi.org/10.1016/S0300-9084(02)01369-X

69. Kotiadis VN, Duchen MR, Osellame LD (2014) Mitochondrial quality control and communi-
cations with the nucleus are important in maintaining mitochondrial function and cell health.
Biochim Biophys Acta Gen Subj. https://doi.org/10.1016/j.bbagen.2013.10.041

70. Sohal RS, Allen RG (1985) Relationship between metabolic rate, free radicals,
differentiation and aging: a unified theory. In: Molecular biology of aging.
https://doi.org/10.1007/978-1-4899-2218-2_4

71. Görlach A, Bertram K, Hudecova S, Krizanova O (2015) Calcium and ROS: a mutual
interplay. Redox Biol. https://doi.org/10.1016/j.redox.2015.08.010

72. Li X, Fang P, Mai J, Choi ET, Wang H, Yang X (2013) Targeting mitochondrial reactive
oxygen species as novel therapy for inflammatory diseases and cancers. J Hematol Oncol.
https://doi.org/10.1186/1756-8722-6-19

73. Brookes PS (2004) Calcium, ATP, and ROS: a mitochondrial love-hate triangle. AJP Cell
Physiol. https://doi.org/10.1152/ajpcell.00139.2004

74. Walsh C, Barrow S, Voronina S, Chvanov M, Petersen OH, Tepikin A (2009)
Modulation of calcium signalling by mitochondria. Biochim Biophys Acta Bioenerg.
https://doi.org/10.1016/j.bbabio.2009.01.007

75. Deluca HF, Engstrom GW (1961) Calcium uptake by rat kidney mitochondria. Proc Natl Acad
Sci U S A. https://doi.org/10.1073/pnas.47.11.1744

76. Vasington FD, Murphy J (1962) Ca++ ion uptake by rat kidney mitochondria
and its dependence on respiration and phosphorylation. J Biol Chem.
https://doi.org/10.1016/J.CELL.2008.08.006

77. Baughman JM, Perocchi F, Girgis HS et al (2011) Integrative genomics identi-
fies MCU as an essential component of the mitochondrial calcium uniporter. Nature.
https://doi.org/10.1038/nature10234

78. Kirichok Y, Krapivinsky G, Clapham DE (2004) The mitochondrial calcium uniporter is a
highly selective ion channel. Nature. https://doi.org/10.1038/nature02246

79. Bernardi P (1999) Mitochondrial transport of cations: channels, exchangers, and permeability
transition. Physiol Rev. https://doi.org/10.1152/physrev.1999.79.4.1127

80. Marchi S, Pinton P (2014) The mitochondrial calcium uniporter complex:
molecular components, structure and physiopathological implications. J Physiol.
https://doi.org/10.1113/jphysiol.2013.268235

81. De Stefani D, Rizzuto R, Pozzan T (2016) Enjoy the trip: calcium in mitochondria back and
forth. Annu Rev Biochem. https://doi.org/10.1146/annurev-biochem-060614-034216

82. Raffaello A, De Stefani D, Sabbadin D et al (2013) The mitochondrial calcium uni-
porter is a multimer that can include a dominant-negative pore-forming subunit. EMBO J.
https://doi.org/10.1038/emboj.2013.157

83. Sancak Y, Markhard AL, Kitami T, et al (2013) EMRE is an essential component of the mito-
chondrial calcium uniporter complex. Science (80-). https://doi.org/10.1126/science.1242993

84. Baradaran R, Wang C, Siliciano AF, Long SB (2018) Cryo-EM structures of fungal and meta-
zoan mitochondrial calcium uniporters. Nature. https://doi.org/10.1038/s41586-018-0331-8

http://dx.doi.org/10.1073/pnas.95.20.11715
http://dx.doi.org/10.1016/S0955-0674(98)80147-6
http://dx.doi.org/10.1016/j.molcel.2012.09.025
http://dx.doi.org/10.1155/2017/2467940
http://dx.doi.org/10.3109/10715761003667554
http://dx.doi.org/10.1016/S0300-9084(02)01369-X
http://dx.doi.org/10.1016/j.bbagen.2013.10.041
http://dx.doi.org/10.1007/978-1-4899-2218-2_4
http://dx.doi.org/10.1016/j.redox.2015.08.010
http://dx.doi.org/10.1186/1756-8722-6-19
http://dx.doi.org/10.1152/ajpcell.00139.2004
http://dx.doi.org/10.1016/j.bbabio.2009.01.007
http://dx.doi.org/10.1073/pnas.47.11.1744
http://dx.doi.org/10.1016/J.CELL.2008.08.006
http://dx.doi.org/10.1038/nature10234
http://dx.doi.org/10.1038/nature02246
http://dx.doi.org/10.1152/physrev.1999.79.4.1127
http://dx.doi.org/10.1113/jphysiol.2013.268235
http://dx.doi.org/10.1146/annurev-biochem-060614-034216
http://dx.doi.org/10.1038/emboj.2013.157
http://dx.doi.org/10.1126/science.1242993
http://dx.doi.org/10.1038/s41586-018-0331-8


30 Mitochondrial Calcium Signaling in Cancer 765

85. Csordás G, Golenár T, Seifert EL et al (2013) MICU1 controls both the thresh-
old and cooperative activation of the mitochondrial Ca2+uniporter. Cell Metab.
https://doi.org/10.1016/j.cmet.2013.04.020

86. Hoffman NE, Chandramoorthy HC, Shamugapriya S et al (2013) MICU1
motifs define mitochondrial calcium uniporter binding and activity. Cell Rep.
https://doi.org/10.1016/j.celrep.2013.11.026

87. Kamer KJ, Mootha VK (2014) MICU1 and MICU2 play nonredundant
roles in the regulation of the mitochondrial calcium uniporter. EMBO Rep.
https://doi.org/10.1002/embr.201337946

88. Perocchi F, Gohil VM, Girgis HS et al (2010) MICU1 encodes a mitochondrial EF hand
protein required for Ca2+uptake. Nature. https://doi.org/10.1038/nature09358

89. Mallilankaraman K, Doonan P, Cárdenas C et al (2012) MICU1 is an essential gate-
keeper for mcu-mediated mitochondrial Ca 2+ uptake that regulates cell survival. Cell.
https://doi.org/10.1016/j.cell.2012.10.011

90. Patron M, Granatiero V, Espino J (2018) MICU3 is a tissue-speci fi c enhancer of mitochon-
drial calcium uptake. Cell Death Differ. https://doi.org/10.1038/s41418-018-0113-8

91. Tomar D, Dong Z, Shanmughapriya S et al (2016) MCUR1 is a scaffold factor
for the MCU complex function and promotes mitochondrial bioenergetics. Cell Rep.
https://doi.org/10.1016/j.celrep.2016.04.050

92. Mallilankaraman K, Cardenas C, Doonan PJ et al (2012) MCUR1 is an essential com-
ponent of mitochondrial Ca2+ uptake that regulates cellular metabolism. Nat Cell Biol.
https://doi.org/10.1038/ncb2622

93. Rizzuto R, Pinton P, Carrington W, et al (1998) Close contacts with the endo-
plasmic reticulum as determinants of mitochondrial Ca2+ responses. Science (80-).
https://doi.org/10.1126/science.280.5370.1763

94. Csordás G, Renken C, Várnai P et al (2006) Structural and functional features
and significance of the physical linkage between ER and mitochondria. J Cell Biol.
https://doi.org/10.1083/jcb.200604016

95. Wieckowski MRMR, Giorgi C, Lebiedzinska M, Duszynski J, Pinton P (2009) Isolation of
mitochondria-associated membranes and mitochondria from animal tissues and cells. Nat
Protoc. https://doi.org/10.1038/nprot.2009.151

96. Giorgi C, Missiroli S, Patergnani S, Duszynski J, Wieckowski MR, Pinton P (2015)
Mitochondria-associated membranes: composition, molecular mechanisms, and physiopatho-
logical implications. Antioxid Redox Signal. https://doi.org/10.1089/ars.2014.6223

97. De Brito OM, Scorrano L (2008) Mitofusin 2 tethers endoplasmic reticulum to mitochondria.
Nature. https://doi.org/10.1038/nature07534

98. Rowland AA, Voeltz GK (2012) Endoplasmic reticulum-mitochondria contacts: function of
the junction. Nat Rev Mol Cell Biol. https://doi.org/10.1038/nrm3440

99. Szabadkai G, Bianchi K, Várnai P et al (2006) Chaperone-mediated coupling
of endoplasmic reticulum and mitochondrial Ca2+ channels. J Cell Biol.
https://doi.org/10.1083/jcb.200608073

100. Jiang D, Zhao L, Clapham DE (2009) Genome-wide RNAi screen identifies Letm1 as a
mitochondrial Ca2+/H+ antiporter. Science (80-). https://doi.org/10.1126/science.1175145

101. Palty R, Silverman WF, Hershfinkel M et al (2010) NCLX is an essential
component of mitochondrial Na+/Ca2+ exchange. Proc Natl Acad Sci.
https://doi.org/10.1073/pnas.0908099107

102. CROMPTON M, KÜNZI M, CARAFOLI E (1977) The calcium-induced and sodium-
induced effluxes of calcium from heart mitochondria: evidence for a sodium-calcium carrier.
Eur J Biochem. https://doi.org/10.1111/j.1432-1033.1977.tb11839.x

103. Carafoli E, Tiozzo R, Lugli G, Crovetti F, Kratzing C (1974) The release of calcium from heart
mitochondria by sodium. J Mol Cell Cardiol. https://doi.org/10.1016/0022-2828(74)90077-7

104. Brand MD (1985) The stoichiometry of the exchange catalysed by the mitochondrial
calcium/sodium antiporter. Biochem J. https://doi.org/10.1042/bj2290161

http://dx.doi.org/10.1016/j.cmet.2013.04.020
http://dx.doi.org/10.1016/j.celrep.2013.11.026
http://dx.doi.org/10.1002/embr.201337946
http://dx.doi.org/10.1038/nature09358
http://dx.doi.org/10.1016/j.cell.2012.10.011
http://dx.doi.org/10.1038/s41418-018-0113-8
http://dx.doi.org/10.1016/j.celrep.2016.04.050
http://dx.doi.org/10.1038/ncb2622
http://dx.doi.org/10.1126/science.280.5370.1763
http://dx.doi.org/10.1083/jcb.200604016
http://dx.doi.org/10.1038/nprot.2009.151
http://dx.doi.org/10.1089/ars.2014.6223
http://dx.doi.org/10.1038/nature07534
http://dx.doi.org/10.1038/nrm3440
http://dx.doi.org/10.1083/jcb.200608073
http://dx.doi.org/10.1126/science.1175145
http://dx.doi.org/10.1073/pnas.0908099107
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11839.x
http://dx.doi.org/10.1016/0022-2828(74)90077-7
http://dx.doi.org/10.1042/bj2290161


766 A. M. Sterea and Y. El Hiani

105. Baysal K, Jung DW, Gunter KK, Gunter TE, Brierley GP (1994) Na(+)-dependent Ca2+
efflux mechanism of heart mitochondria is not a passive Ca2+/2Na+ exchanger. Am J Phys

106. Palty R, Ohana E, Hershfinkel M et al (2004) Lithium-calcium exchange is medi-
ated by a distinct potassium-independent sodium-calcium exchanger. J Biol Chem.
https://doi.org/10.1074/jbc.M401229200

107. Palty R, Hershfinkel M, Sekler I (2012) Molecular identity and functional properties of the
mitochondrial Na +/Ca2+ exchanger. J Biol Chem. https://doi.org/10.1074/jbc.R112.355867

108. Duchen M (2000) Mitochondria and Ca2+ in cell physiology and pathophysiology. Cell
Calcium

109. Brand MD, Chen CH, Lehninger AL (1976) Stoichiometry of H+ ejection during respiration
dependent accumulation of Ca2+ by rat liver mitochoneria. J Biol Chem

110. Pozzan T, Magalhães P, Rizzuto R (2000) The comeback of mitochondria to calcium
signalling. Cell Calcium. https://doi.org/10.1054/ceca.2000.0166

111. Hansford RG, Zorov D (1998) Role of mitochondrial calcium transport in the control of
substrate oxidation. Mol Cell Biochem

112. McCormack JG, Halestrap AP, Denton RM (1990) Role of calcium ions
in regulation of mammalian intramitochondrial metabolism. Physiol Rev.
https://doi.org/10.1152/physrev.1990.70.2.391

113. Traaseth N, Elfering S, Solien J, Haynes V, Giulivi C (2004) Role of calcium signaling in the
activation of mitochondrial nitric oxide synthase and citric acid cycle. Biochim Biophys Acta.
https://doi.org/10.1016/j.bbabio.2004.04.015

114. Wan B, LaNoue KF, Cheung JY, Scaduto RC (1989) Regulation of citric acid cycle by
calcium. J Biol Chem

115. Jouaville LS, Pinton P, Bastianutto C, G a R, Rizzuto R (1999) Regulation of mitochondrial
ATP synthesis by calcium: evidence for a long-term metabolic priming. Proc Natl Acad Sci
U S A. https://doi.org/10.1073/pnas.96.24.13807

116. Fink BD, Bai F, Yu L, Sivitz WI (2017) Regulation of ATP production: depen-
dence on calcium concentration and respiratory state. Am J Phys Cell Phys.
https://doi.org/10.1152/ajpcell.00086.2017

117. Giorgi C, Romagnoli A, Pinton P, Rizzuto R (2008) Ca2+ signaling, mitochondria and cell
death. Curr Mol Med. https://doi.org/10.2174/156652408783769571

118. Hunter DR, Haworth RA, Southard JH (1976) Relationship between configura-
tion, function, and permeability in calcium treated mitochondria. J Biol Chem.
https://doi.org/10.1016/0304-4157(95)00003-A

119. Chalmers S, Nicholls DG (2003) The relationship between free and total cal-
cium concentrations in the matrix of liver and brain mitochondria. J Biol Chem.
https://doi.org/10.1074/jbc.M212661200

120. Basso E, Fante L, Fowlkes J, Petronilli V, Forte MA, Bernardi P (2005) Properties of
the permeability transition pore in mitochondria devoid of cyclophilin D. J Biol Chem.
https://doi.org/10.1074/jbc.C500089200

121. Crompton M, Ellinger H, Costi A (1988) Inhibition by cyclosporin A of a Ca2+-dependent
pore in heart mitochondria activated by inorganic phosphate and oxidative stress. Biochem J

122. Griffiths EJ, Halestrap AP (1991) Further evidence that cyclosporin A protects mitochondria
from calcium overload by inhibiting a matrix peptidyl-prolyl cis-trans isomerase. Implications
for the immunosuppressive and toxic effects of cyclosporin. Biochem J

123. Belzacq AS, Vieira HLA, Kroemer G, Brenner C (2002) The adenine nucleotide translocator
in apoptosis. Biochimie. https://doi.org/10.1016/S0300-9084(02)01366-4

124. Green DR, Kroemer G (2004) The pathophysiology of mitochondrial cell death. Science (80-
). https://doi.org/10.1126/science.1099320

125. Crompton M (1999) The mitochondrial permeability transition pore and its role in cell death.
Biochem J. https://doi.org/10.1042/BJ3410233

126. Orrenius S, Zhivotovsky B, Nicotera P (2003) Regulation of cell death: the calcium-apoptosis
link. Nat Rev Mol Cell Biol. https://doi.org/10.1038/nrm1150

http://dx.doi.org/10.1074/jbc.M401229200
http://dx.doi.org/10.1074/jbc.R112.355867
http://dx.doi.org/10.1054/ceca.2000.0166
http://dx.doi.org/10.1152/physrev.1990.70.2.391
http://dx.doi.org/10.1016/j.bbabio.2004.04.015
http://dx.doi.org/10.1073/pnas.96.24.13807
http://dx.doi.org/10.1152/ajpcell.00086.2017
http://dx.doi.org/10.2174/156652408783769571
http://dx.doi.org/10.1016/0304-4157(95)00003-A
http://dx.doi.org/10.1074/jbc.M212661200
http://dx.doi.org/10.1074/jbc.C500089200
http://dx.doi.org/10.1016/S0300-9084(02)01366-4
http://dx.doi.org/10.1126/science.1099320
http://dx.doi.org/10.1042/BJ3410233
http://dx.doi.org/10.1038/nrm1150


30 Mitochondrial Calcium Signaling in Cancer 767

127. Von Ahsen O, Waterhouse N, Kuwana T, Newmeyer D, Green D (2000) The “harmless”
release of cytochrome C. Cell Death Differ. https://doi.org/10.1038/sj.cdd.4400782

128. Zou H, Li Y, Liu X, Wang X (1999) An APAf-1 · cytochrome C multimeric
complex is a functional apoptosome that activates procaspase-9. J Biol Chem.
https://doi.org/10.1074/jbc.274.17.11549

129. Thornberry NA (1998) Caspases: enemies within. Science (80-).
https://doi.org/10.1126/science.281.5381.1312

130. Wei MC, Zong WX, Cheng EHY et al (2001) Proapoptotic BAX and BAK:
a requisite gateway to mitochondrial dysfunction and death. Science (80-).
https://doi.org/10.1126/science1059108

131. Kuwana T, Newmeyer DD (2003) Bcl-2-family proteins and the role of mitochondria in
apoptosis. Curr Opin Cell Biol. https://doi.org/10.1016/j.ceb.2003.10.004

132. Jurgensmeier JM, Xie Z, Deveraux Q, Ellerby L, Bredesen D, Reed JC (1998) Bax
directly induces release of cytochrome c from isolated mitochondria. Proc Natl Acad Sci.
https://doi.org/10.1073/pnas.95.9.4997

133. Finucane DM, Bossy-Wetzel E, Waterhouse NJ, Cotter TG, Green DR (1999) Bax-induced
caspase activation and apoptosis via cytochrome c release from mitochondria is inhibitable
by Bcl-xL. J Biol Chem. https://doi.org/10.1074/jbc.274.4.2225

134. Luo X, Budihardjo I, Zou H, Slaughter C, Wang X (1998) Bid, a Bcl2 interacting protein,
mediates cytochrome c release from mitochondria in response to activation of cell surface
death receptors. Cell. https://doi.org/10.1016/S0092-8674(00)81589-5

135. Kluck RM (1997) The release of cytochrome c from mitochondria: a primary site for Bcl-2
regulation of apoptosis. Science (80-). https://doi.org/10.1126/science.275.5303.1132

136. Kuwana T, Bouchier-Hayes L, Chipuk JE et al (2005) BH3 domains of BH3-only proteins
differentially regulate Bax-mediated mitochondrial membrane permeabilization both directly
and indirectly. Mol Cell. https://doi.org/10.1016/j.molcel.2005.02.003

137. Vercesi AE, Kowaltowski AJ, Grijalba MT, Meinicke AR, Castilho RF (1997) The role of
reactive oxygen species in mitochondrial permeability transition. Biosci Rep

138. Walker FO (2007) Huntington’s disease. Semin Neurol.
https://doi.org/10.1055/s-2007-971176

139. Choo YS, Johnson GVW, MacDonald M, Detloff PJ, Lesort M (2004) Mutant huntingtin
directly increases susceptibility of mitochondria to the calcium-induced permeability transi-
tion and cytochrome c release. Hum Mol Genet. https://doi.org/10.1093/hmg/ddh162

140. Panov AV, Gutekunst CA, Leavitt BR et al (2002) Early mitochondrial calcium
defects in Huntington’s disease are a direct effect of polyglutamines. Nat Neurosci.
https://doi.org/10.1038/nn884

141. Lim D, Fedrizzi L, Tartari M et al (2008) Calcium homeostasis and mito-
chondrial dysfunction in striatal neurons of Huntington disease. J Biol Chem.
https://doi.org/10.1074/jbc.M704704200

142. Santulli G, Xie W, Reiken SR, Marks AR (2015) Mitochondrial calcium
overload is a key determinant in heart failure. Proc Natl Acad Sci U S A.
https://doi.org/10.1073/pnas.1513047112

143. Luth ES, Stavrovskaya IG, Bartels T, Kristal BS, Selkoe DJ (2014) Soluble, prefibrillar
α-synuclein oligomers promote complex I-dependent, Ca2+-induced mitochondrial dysfunc-
tion. J Biol Chem. https://doi.org/10.1074/jbc.M113.545749

144. Gómez-Suaga P, Bravo-San Pedro JM, González-Polo RA, Fuentes JM, Niso-Santano M
(2018) ER-mitochondria signaling in Parkinson’s disease review-article. Cell Death Dis.
https://doi.org/10.1038/s41419-017-0079-3

145. Guardia-Laguarta C, Area-Gomez E, Rub C et al (2014) α-synuclein
is localized to mitochondria-associated ER membranes. J Neurosci.
https://doi.org/10.1523/JNEUROSCI.2507-13.2014

146. Paillusson S, Gomez-Suaga P, Stoica R et al (2017) α-synuclein binds to the ER–mitochondria
tethering protein VAPB to disrupt Ca2+ homeostasis and mitochondrial ATP production. Acta
Neuropathol. https://doi.org/10.1007/s00401-017-1704-z

http://dx.doi.org/10.1038/sj.cdd.4400782
http://dx.doi.org/10.1074/jbc.274.17.11549
http://dx.doi.org/10.1126/science.281.5381.1312
http://dx.doi.org/10.1126/science1059108
http://dx.doi.org/10.1016/j.ceb.2003.10.004
http://dx.doi.org/10.1073/pnas.95.9.4997
http://dx.doi.org/10.1074/jbc.274.4.2225
http://dx.doi.org/10.1016/S0092-8674(00)81589-5
http://dx.doi.org/10.1126/science.275.5303.1132
http://dx.doi.org/10.1016/j.molcel.2005.02.003
http://dx.doi.org/10.1055/s-2007-971176
http://dx.doi.org/10.1093/hmg/ddh162
http://dx.doi.org/10.1038/nn884
http://dx.doi.org/10.1074/jbc.M704704200
http://dx.doi.org/10.1073/pnas.1513047112
http://dx.doi.org/10.1074/jbc.M113.545749
http://dx.doi.org/10.1038/s41419-017-0079-3
http://dx.doi.org/10.1523/JNEUROSCI.2507-13.2014
http://dx.doi.org/10.1007/s00401-017-1704-z


768 A. M. Sterea and Y. El Hiani

147. Picone P, Nuzzo D, Caruana L, Scafidi V, Di Carlo MD (2014) Mitochondrial dys-
function: different routes to Alzheimer’s disease therapy. Oxidative Med Cell Longev.
https://doi.org/10.1155/2014/780179

148. Magi S, Castaldo P, MacRi ML et al (2016) Intracellular calcium dysregulation: implications
for Alzheimer’s disease. Biomed Res Int 2016. https://doi.org/10.1155/2016/6701324

149. Yi J, Ma C, Li Y et al (2011) Mitochondrial calcium uptake regulates rapid calcium
transients in skeletal muscle during excitation-contraction (E-C) coupling. J Biol Chem.
https://doi.org/10.1074/jbc.M110.217711

150. Oermann EK, Wu J, Guan KL, Xiong Y (2012) Alterations of metabolic genes and
metabolites in cancer. Semin Cell Dev Biol. https://doi.org/10.1016/j.semcdb.2012.01.013

151. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell.
https://doi.org/10.1016/j.cell.2011.02.013

152. Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the Warburg effect:
cell proliferation. Science (80-). https://doi.org/10.1126/science.1160809

153. Warburg O (1956) On the origin of cancer cells on the origin of cance. Source Sci New Ser.
https://doi.org/10.1126/science.123.3191.309

154. Koppenol WH, Bounds PL, Dang CV (2011) Otto Warburg’s contributions to current concepts
of cancer metabolism. Nat Rev Cancer. https://doi.org/10.1038/nrc3038

155. Cárdenas C, Miller RA, Smith I et al (2010) Essential regulation of cell
bioenergetics by constitutive InsP3 receptor Ca2+ transfer to mitochondria. Cell.
https://doi.org/10.1016/j.cell.2010.06.007

156. Giorgi C, Ito K, Lin HK, et al (2010) PML regulates apoptosis at endoplasmic reticulum by
modulating calcium release. Science (80-). https://doi.org/10.1126/science.1189157

157. Missiroli S, Bonora M, Patergnani S et al (2016) PML at mitochondria-associated mem-
branes is critical for the repression of autophagy and cancer development. Cell Rep.
https://doi.org/10.1016/j.celrep.2016.07.082

158. Cárdenas C, Müller M, McNeal A et al (2016) Selective vulnerability of cancer cells
by inhibition of Ca2+ transfer from endoplasmic reticulum to mitochondria. Cell Rep.
https://doi.org/10.1016/j.celrep.2016.02.030

159. Kang SS, Han KS, Ku BM et al (2010) Caffeine-mediated inhibition of calcium release
channel inositol 1,4,5-trisphosphate receptor subtype 3 blocks glioblastoma invasion and
extends survival. Cancer Res. https://doi.org/10.1158/0008-5472.CAN-09-2886

160. Marchi S, Lupini L, Patergnani S et al (2013) Downregulation of the mitochondrial calcium
uniporter by cancer-related miR-25. Curr Biol. https://doi.org/10.1016/j.cub.2012.11.026

161. Marchi S, Pinton P (2013) Mitochondrial calcium uniporter, MiRNA and cancer. Commun
Integr Biol. https://doi.org/10.4161/cib.23818

162. Zeng F, Chen X, Cui W et al (2018) RIPK1 binds MCU to mediate induc-
tion of mitochondrial Ca2þuptake and promotes colorectal oncogenesis. Cancer Res.
https://doi.org/10.1158/0008-5472.CAN-17-3082

163. Yu C, Wang Y, Peng J et al (2017) Mitochondrial calcium uniporter as a target of
microRNA-340 and promoter of metastasis via enhancing the Warburg effect. Oncotarget.
https://doi.org/10.18632/oncotarget.19747

164. Tosatto A, Sommaggio R, Kummerow C et al (2016) The mitochondrial cal-
cium uniporter regulates breast cancer progression via HIF-1α. EMBO Mol Med.
https://doi.org/10.15252/emmm.201606255

165. Mammucari C, Gherardi G, Rizzuto R (2017) Structure, activity regulation, and
role of the mitochondrial calcium uniporter in health and disease. Front Oncol.
https://doi.org/10.3389/fonc.2017.00139

166. Xing J, Ren T, Wang J et al (2017) MCUR1-mediated mitochondrial calcium signaling
facilitates cell survival of hepatocellular carcinoma via ROS-dependent P53 degradation.
Antioxid Redox Signal. https://doi.org/10.1089/ars.2017.6990

167. Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z, Keinan N, Arbel N (2010)
VDAC, a multi-functional mitochondrial protein regulating cell life and death. Mol Asp Med.
https://doi.org/10.1016/j.mam.2010.03.002

http://dx.doi.org/10.1155/2014/780179
http://dx.doi.org/10.1155/2016/6701324
http://dx.doi.org/10.1074/jbc.M110.217711
http://dx.doi.org/10.1016/j.semcdb.2012.01.013
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1126/science.1160809
http://dx.doi.org/10.1126/science.123.3191.309
http://dx.doi.org/10.1038/nrc3038
http://dx.doi.org/10.1016/j.cell.2010.06.007
http://dx.doi.org/10.1126/science.1189157
http://dx.doi.org/10.1016/j.celrep.2016.07.082
http://dx.doi.org/10.1016/j.celrep.2016.02.030
http://dx.doi.org/10.1158/0008-5472.CAN-09-2886
http://dx.doi.org/10.1016/j.cub.2012.11.026
http://dx.doi.org/10.4161/cib.23818
http://dx.doi.org/10.1158/0008-5472.CAN-17-3082
http://dx.doi.org/10.18632/oncotarget.19747
http://dx.doi.org/10.15252/emmm.201606255
http://dx.doi.org/10.3389/fonc.2017.00139
http://dx.doi.org/10.1089/ars.2017.6990
http://dx.doi.org/10.1016/j.mam.2010.03.002


30 Mitochondrial Calcium Signaling in Cancer 769

168. Wu W, Zhao S (2013) Metabolic changes in cancer: beyond the Warburg effect. Acta Biochim
Biophys Sin Shanghai. https://doi.org/10.1093/abbs/gms104

169. Pastorino JG, Hoek JB (2008) Regulation of hexokinase binding to VDAC. J Bioenerg
Biomembr. https://doi.org/10.1007/s10863-008-9148-8

170. Mathupala SP, Ko YH, Pedersen PL (2009) Hexokinase-2 bound to mitochondria: cancer’s
stygian link to the “Warburg effect” and a pivotal target for effective therapy. Semin Cancer
Biol. https://doi.org/10.1016/j.semcancer.2008.11.006

171. Weisthal S, Keinan N, Ben-Hail D, Arif T, Shoshan-Barmatz V (2014) Ca2+-mediated
regulation of VDAC1 expression levels is associated with cell death induction. Biochim
Biophys Acta Mol Cell Res. https://doi.org/10.1016/j.bbamcr.2014.03.021

172. Arif T, Vasilkovsky L, Refaely Y, Konson A, Shoshan-Barmatz V (2014) Silencing VDAC1
expression by siRNA inhibits cancer cell proliferation and tumor growth in vivo. Mol Ther
Nucleic Acids. https://doi.org/10.1038/mtna.2014.9

173. Fouqué A, Lepvrier E, Debure L et al (2016) The apoptotic members CD95, BclxL, and Bcl-2
cooperate to promote cell migration by inducing Ca2+flux from the endoplasmic reticulum to
mitochondria. Cell Death Differ. https://doi.org/10.1038/cdd.2016.61

174. Arif T, Krelin Y, Nakdimon I et al (2017) VDAC1 is a molecular target in glioblastoma,
with its depletion leading to reprogrammed metabolism and reversed oncogenic properties.
Neuro-Oncology. https://doi.org/10.1093/neuonc/now297

175. Abu-Hamad S, Sivan S, Shoshan-Barmatz V (2006) The expression level of the voltage-
dependent anion channel controls life and death of the cell. Proc Natl Acad Sci U S A.
https://doi.org/10.1073/pnas.0600103103

176. Shoshan-Barmatz V, Ben-Hail D, Admoni L, Krelin Y, Tripathi SS (2014) The mito-
chondrial voltage-dependent anion channel 1 in tumor cells. Biochim Biophys Acta.
https://doi.org/10.1016/j.bbamem.2014.10.040

177. Sammels E, Parys JB, Missiaen L, De Smedt H, Bultynck G (2010) Intracel-
lular Ca2+ storage in health and disease: a dynamic equilibrium. Cell Calcium.
https://doi.org/10.1016/j.ceca.2010.02.001

178. MacLennan DH, Rice WJ, Green NM (1997) The mechanism of Ca2+
transport by sarco(endo)plasmic reticulum Ca2+-ATPases. J Biol Chem.
https://doi.org/10.1074/jbc.272.46.28815

179. Coustan-Smith E, Kitanaka A, Pui CH et al (1996) Clinical relevance of BCL-2 overexpres-
sion in childhood acute lymphoblastic leukemia. Blood

180. Noujaim D, van Golen CM, van Golen KL, Grauman A, Feldman EL (2002) N-Myc and
Bcl-2 coexpression induces MMP-2 secretion and activation in human neuroblastoma cells.
Oncogene. https://doi.org/10.1038/sj.onc.1205552

181. Del Bufalo D, Biroccio a LC, Zupi G (1997) Bcl-2 overexpression enhances the metastatic
potential of a human breast cancer line. FASEB J

182. Choi J, Choi K, Benveniste EN et al (2005) Bcl-2 promotes invasion
and lung metastasis by inducing matrix metalloproteinase-2. Cancer Res.
https://doi.org/10.1158/0008-5472.CAN-04-4570

183. Sánchez-Beato M, Sánchez-Aguilera A, Piris MA (2003) Cell cycle deregulation in B-cell
lymphomas. Blood. https://doi.org/10.1182/blood-2002-07-2009

184. Foyouzi-Youssefi R, Arnaudeau S, Borner C et al (2000) Bcl-2 decreases the
free Ca2+ concentration within the endoplasmic reticulum. Proc Natl Acad Sci.
https://doi.org/10.1073/pnas.97.11.5723

185. Pinton P, Ferrari D, Magalhaes P et al (2000) Reduced loading of intracellular Ca2+ stores
and downregulation of capacitative Ca2+ influx in Bcl-2-overexpressing cells. J Cell Biol.
https://doi.org/10.1083/jcb.148.5.857

186. Chiu W-T, Chang H-A, Lin Y-H et al (2018) Bcl-2 regulates store-operated
Ca2+ entry to modulate ER stress-induced apoptosis. Cell Death Dis.
https://doi.org/10.1038/s41420-018-0039-4

187. Hockenbery DM (2010) Targeting mitochondria for cancer therapy. Environ Mol Mutagen.
https://doi.org/10.1002/em.20552

http://dx.doi.org/10.1093/abbs/gms104
http://dx.doi.org/10.1007/s10863-008-9148-8
http://dx.doi.org/10.1016/j.semcancer.2008.11.006
http://dx.doi.org/10.1016/j.bbamcr.2014.03.021
http://dx.doi.org/10.1038/mtna.2014.9
http://dx.doi.org/10.1038/cdd.2016.61
http://dx.doi.org/10.1093/neuonc/now297
http://dx.doi.org/10.1073/pnas.0600103103
http://dx.doi.org/10.1016/j.bbamem.2014.10.040
http://dx.doi.org/10.1016/j.ceca.2010.02.001
http://dx.doi.org/10.1074/jbc.272.46.28815
http://dx.doi.org/10.1038/sj.onc.1205552
http://dx.doi.org/10.1158/0008-5472.CAN-04-4570
http://dx.doi.org/10.1182/blood-2002-07-2009
http://dx.doi.org/10.1073/pnas.97.11.5723
http://dx.doi.org/10.1083/jcb.148.5.857
http://dx.doi.org/10.1038/s41420-018-0039-4
http://dx.doi.org/10.1002/em.20552


770 A. M. Sterea and Y. El Hiani

188. Weinberg SE, Chandel NS (2015) Targeting mitochondria metabolism for cancer therapy. Nat
Chem Biol. https://doi.org/10.1038/nchembio.1712

189. Kidd JF, Pilkington MF, Schell MJ et al (2002) Paclitaxel affects cytosolic cal-
cium signals by opening the mitochondrial permeability transition pore. J Biol Chem.
https://doi.org/10.1074/jbc.M106802200

190. Zheng Y, Shi Y, Tian C et al (2004) Essential role of the voltage-dependent anion channel
(VDAC) in mitochondrial permeability transition pore opening and cytochrome c release
induced by arsenic trioxide. Oncogene. https://doi.org/10.1038/sj.onc.1207205

191. Tewari D, Majumdar D, Vallabhaneni S, Bera AK (2017) Aspirin induces cell death
by directly modulating mitochondrial voltage-dependent anion channel (VDAC). Sci Rep.
https://doi.org/10.1038/srep45184

192. Chen L, Sun Q, Zhou D et al (2017) HINT2 triggers mitochondrial Ca2+influx by regulating
the mitochondrial Ca2+uniporter (MCU) complex and enhances gemcitabine apoptotic effect
in pancreatic cancer. Cancer Lett. https://doi.org/10.1016/j.canlet.2017.09.020

193. Wang J-L, Liu D, Zhang Z-J, et al (2000) Structure-based discovery of an organic compound
that binds Bcl-2 protein and induces apoptosis of tumor cells. Proc Natl Acad Sci U S A.
97/13/7124 [pii]

194. Inoue-Yamauchi A, Jeng PS, Kim K et al (2017) Targeting the differential
addiction to anti-apoptotic BCL-2 family for cancer therapy. Nat Commun.
https://doi.org/10.1038/ncomms16078

http://dx.doi.org/10.1038/nchembio.1712
http://dx.doi.org/10.1074/jbc.M106802200
http://dx.doi.org/10.1038/sj.onc.1207205
http://dx.doi.org/10.1038/srep45184
http://dx.doi.org/10.1016/j.canlet.2017.09.020
http://dx.doi.org/10.1038/ncomms16078


Chapter 31
Simulation Strategies for Calcium
Microdomains and Calcium Noise

Nicolas Wieder, Rainer H. A. Fink, and Frederic von Wegner

Abstract In this article, we present an overview of simulation strategies in
the context of subcellular domains where calcium-dependent signaling plays an
important role. The presentation follows the spatial and temporal scales involved
and represented by each algorithm. As an exemplary cell type, we will mainly cite
work done on striated muscle cells, i.e. skeletal and cardiac muscle. For these cells,
a wealth of ultrastructural, biophysical and electrophysiological data is at hand.
Moreover, these cells also express ubiquitous signaling pathways as they are found
in many other cell types and thus, the generalization of the methods and results
presented here is straightforward.

The models considered comprise the basic calcium signaling machinery as
found in most excitable cell types including Ca2+ ions, diffusible and stationary
buffer systems, and calcium regulated calcium release channels. Simulation strate-
gies can be differentiated in stochastic and deterministic algorithms. Historically,
deterministic approaches based on the macroscopic reaction rate equations were
the first models considered. As experimental methods elucidated highly localized
Ca2+ signaling events occurring in femtoliter volumes, stochastic methods were
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increasingly considered. However, detailed simulations of single molecule trajec-
tories are rarely performed as the computational cost implied is too large. On the
mesoscopic level, Gillespie’s algorithm is extensively used in the systems biology
community and with increasing frequency also in models of microdomain calcium
signaling. To increase computational speed, fast approximations were derived from
Gillespie’s exact algorithm, most notably the chemical Langevin equation and the
τ-leap algorithm. Finally, in order to integrate deterministic and stochastic effects
in multiscale simulations, hybrid algorithms are increasingly used. These include
stochastic models of ion channels combined with deterministic descriptions of
the calcium buffering and diffusion system on the one hand, and algorithms that
switch between deterministic and stochastic simulation steps in a context-dependent
manner on the other. The basic assumptions of the listed methods as well as
implementation schemes are given in the text. We conclude with a perspective on
possible future developments of the field.

Keywords Calcium · Calcium signaling · Microdomains · Stochastic
modeling · Calcium noise · Colored noise · Chemical master equation ·
Gillespie’s algorithm · Langevin equation · IP3R

31.1 Biological Relevance of Calcium Microdomains

Ca2+ is an important second messenger in virtually every cell type. It acts as
a signaling molecule in a variety of different cellular processes, ranging from
synaptic neurotransmitter release and exocytosis in general to muscle contraction,
the regulation of gene networks and many others [1]. Over the last decades, it
became clear that the distribution of Ca2+ inside a cell cannot be considered to
be homogenous. Quite the contrary, it emerged that Ca2+ signaling has a strong
spatial component [2]. Ca2+ release sites were found to be highly organized entities
that allow for cytosolic Ca2+ elevations in specific signaling relevant locations. The
extent of these release events is controlled by a large cytosolic Ca2+ buffer capacity,
Ca2+ pumps and transporters that transfer Ca2+ against a steep concentration
gradient out of the cytosol and predefined morphological substructures such as
neuronal synapses or the dyadic cleft in skeletal muscle cells. These transient,
subcellular elevations of Ca2+ create temporary signaling entities that are termed
Ca2+ microdomains [3].

From a systemic perspective, Ca2+ microdomains constitute the most funda-
mental building blocks of Ca2+ signaling networks and their biological relevance
has been studied extensively. Ca2+ microdomains play an important role in the
generation of complex spatio-temporal signaling patterns such as waves and
oscillations. They are based on synchronized openings of endoplasmic reticulum
(ER) Ca2+ release channels which are limited by negative feedback mechanisms
such as membranous Ca2+ pumps. Well studied examples are insulin release from
pancreatic beta cells [4], fertilization, muscle contraction and the regulation of
gene networks [5]. Another prominent example where Ca2+ microdomains play
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a crucial role in fundamental cellular processes are contact sites between the endo-
plasmic reticulum and mitochondria, known as mitochondria-associated membranes
(MAMs). An interplay between clusters of endoplasmic Ca2+ release channels (e.g.
IP3R receptors) and the mitochondrial Ca2+ uniporter (MCU) allows to shuttle Ca2+
ions from the ER to the mitochondria via localized Ca2+ release events at MAMs.
The impairment of this mechanism has been associated with different disease
relevant cellular states such as inflammation [6], metabolism [7] and apoptosis [8]. A
well understood example of structurally confined Ca2+ microdomains are neuronal
synapses where highly spatially organized Ca2+ microdomains play an important
role in synaptic plasticity and the generation of long term potentation (LTPs) that
is involved in learning and memory [9]. The list of relevant examples goes on, but
a comprehensive review of Ca2+ microdomains lies beyond the scope of this book
chapter. For a more detailed discussion the reader is referred to [1–3, 10].

31.2 Canonical Models of Calcium Microdomains

Identical subcellular compartments and systems have been modeled using different
strategies. Synaptic activation including vesicle release at the neuronal synapse,
for instance, has been modeled with different approaches [11, 12] ranging from
simulations at the scale of individual molecules to deterministic reaction rate
equations. Similarly, different model classes of subcellular calcium dynamics
in cardiomyocytes and skeletal muscle fibers are still being evaluated for their
explanatory and predictive power. The simulated volume and average reactant
concentrations can help to decide which simulation strategy is the most adequate
for a given problem.

Virtually all cell types share a common family of molecules involved in the
regulation of the local, subcellular calcium concentration and many cell lines even
share common modules, i.e. small signaling networks that regulate key processes
such as cell cycle regulation, adaptation of the metabolic rate, vesicle secretion,
motility and excitability [13]. In order to keep the presentation of simulation
strategies compact, we here focus on some key molecular species, in particular
calcium buffers and calcium channels, from where the transfer to more specific
problems should be easy. For a more general introduction to modeling and the
simulation of chemical reactions, the reader is referred to [14–17].

The presentation and the implementation of the models used here is further
facilitated by the fact that it is sufficient to take into account chemical reactions
of second order, at most. In this context, zero-order reactions model the constant
generation or degradation of a molecular species at a fixed rate, for instance, when
a molecule is assumed to be unstable on time scales relevant for the simulation.
Zero-order reactions also come into play when certain reaction networks are not
simulated in detail but one of their products (resp. educts) appears as a reaction
partner in the system that is simulated in detail. Also, ion channel currents can
be modeled as zero-order reactions occurring in time intervals when the channel
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is in an open state. Modeling ion channel currents as chemical reaction events
has the advantage that the inclusion of channel currents does not require major
modifications of the computational model but only the addition of another reaction
type. First-order reactions are mainly concerned when a calcium-bound molecular
complex dissociates and thereby liberates a calcium ion. Second-order reactions
describe the corresponding association reaction of a calcium ion and a calcium-
binding molecule such as buffer proteins, calcium-sensitive enzymes, membrane
constituents, ion channels or fluorescent dye molecules. In principle, any of these
calcium-binding molecules can be considered a calcium buffer.

The molecular species used in this presentation are calcium ions (Ca2+), a set of
calcium buffers (Bi, I = 1, . . . , NB) that can be either diffusible or immobile and
calcium-regulated ion channels (Ch). In the case of ion channels, those regulated
by calcium ions but conducting another ionic species (e.g. calcium regulated
chloride or potassium channels) must be distinguished from calcium-regulated
calcium channels. The latter, e.g. IP3- and RyR-channels, provide a highly localized,
nonlinear calcium-sensitive feedback system since these channels have activating as
well as inhibitory calcium binding sites [18, 19].

31.3 Microscopic Simulation

To achieve a maximum of spatial detail, one has to simulate the Brownian motion
of all molecules and introduce reaction events whenever a molecular collision
of sufficiently high energy (the activation energy of the reaction) occurs [20].
The price of this level of detail is paid in computation time. Runtime scales
unfavorably with increasing simulation volume and increasing number of reactants
as diffusion events occur at much higher rates than chemical reactions and the
number of trajectories grows linearly with the number of reactants. In the context
of calcium dynamics, simulations of individual molecular trajectories are used
less frequently than the approaches explained below. They can be found mainly
in the context of calcium-regulated synaptic signaling [11, 21, 22] as well as
Ca2+ dynamics in cardiac myocytes [23–26]. Practically, these systems can be
implemented with the freely available software package MCell developed by the
Salk Institute (www.mcell.cnl.salk.edu).

31.4 Mesoscopic Stochastic Simulation

Mesoscopic simulation approaches have been a growing area in computational
cell biology in the past 15 years [15, 27]. Using the mesoscopic perspective, the
fluctuating number of molecules of each type is tracked by one of several stochastic
algorithms. To better understand different mesoscopic algorithms, it is necessary to
introduce some notation and a few definitions. The state of a given model system

http://www.mcell.cnl.salk.edu/
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of N molecular species S1. . . . , SN will from here on be described by the time-
dependent state vector Xt = (x(1)

t , . . . , x
(N)
t ) that contains the copy number x

(i)
t

of each species (index i) at time t. By copy number, we understand the number of
molecules of a certain molecular species in a defined volume at a given time, e.g. a
Ca2+ concentration of 100 nM in a 1 fl volume yields a copy number of 60. The term
copy number is mostly used in the context of small reaction volumes and low molar
concentrations resulting in relatively few molecules of each type. The N chemical
species in our model system interact through M types of chemical reactions Rj,
j = 1, . . . , M. Next, a state change vector Vj is introduced for each reaction Rj.
The component vji describes the change in the copy number of molecular species
Si caused by a single occurrence of reaction type Rj. After a reaction Rj occurs, the
state vector is updated according to Xt ← Xt + Vj. Furthermore, we assume that
given a state Xt, there is a defined probability for each reaction Rj to occur within
a small (infinitesimal) time interval [t, t + dt]. In the context of chemical reactions,
this probability equals aj(Xt)dt, and aj(Xt) is called the reaction propensity of
reaction Rj. As the state vector Xt is time-dependent, the reaction propensity aj(Xt)
is also time-dependent, however, this notation is often suppressed for the sake of
simplicity. The following stochastic algorithms can all be derived from the chemical
master equation (CME). The CME is a deterministic differential (or difference)
equation that describes the temporal evolution of the probability density p(Xt), i.e.
the multivariate distribution of the state vector Xt. Using the notation introduced
above, the CME reads:

∂tp (Xt ) =
M∑

j=1

[
aj

(
Xt − Vj

)
p

(
Xt − Vj

) − aj (Xt ) p (Xt )
]

(31.1)

In words, the CME states that the change in p(Xt) is calculated as the net
probability flow conveyed by flows from state Xt − Vj into state Xt (via reaction
Rj) and the reverse flows out of state Xt. A closed-form, analytical solution for p(Xt)
is only accessible for very simple systems (8). As for many other stochastic systems,
this is where Monte Carlo sampling schemes come into play. Numerical solutions
are also difficult or impossible to obtain due to the large state space that arises
when all possible combinations of molecule counts are considered. An approach to
circumvent or approximate the CME problem is given by the Finite State projection
algorithm [28].

31.5 Gillespie’s Algorithm

Gillespie’s algorithm or Stochastic Simulation Algorithm (SSA), provides a Monte
Carlo simulation scheme that samples the time-dependent probability density p(Xt)
exactly [29]. The crucial point in Gillespie’s algorithm is the insight that the
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evolution of the state vector Xt follows a multivariate Markov process on the N-
dimensional integer lattice ZN . The transition rate between the lattice points Xt

and Xt + Vj is given by the reaction propensity aj(Xt). As Markov processes are
characterized by exponential waiting time distributions, the waiting time until the
next reaction event can be calculated in a single step. The waiting time distribution
is parametrized by the cumulative reaction rate

a0 (Xt ) =
M∑

j=1

aj (Xt ) (31.2)

The rate a0(Xt) determines the probability p(τ , j|Xt) that, given state Xt at time t,
the next reaction event will be of type Rj and will occur in the small time interval
[t + τ , t + τ + dt]:

p (τ, j | Xt) = aj (Xt ) e−a0(Xt )τ (31.3)

In the actual algorithm, the probability is factored in two parts. First, the waiting
times τ for the next event are obtained as samples from an exponential distribution
with parameter a0(Xt) according to

τ = − ln (r1)

a0 (Xt )
(31.4)

where r1 ∼ U[0, 1] is a uniformly distributed random variable. Here it is assumed that
aj remains constant during the next time step τ . Next, a second uniformly distributed
random variable r2 ∼ U[0, 1] is drawn which determines the next reaction type Rj

according to the ratios of
aj (Xt )

a0(Xt )
.

Thus, the complete Gillespie algorithm reads:

1. Initialization: initialize the state vector components Xt = 0 with the copy number
of chemical species Si expected in equilibrium or any other desired initial
condition. Calculate all individual reaction propensities aj(Xt) and the cumulative
propensity a0(Xt).

2. Waiting time and reaction selection: sample a waiting time τ and a reaction
index j from the distribution (Eq. 31.3).

3. Update state and time: Xt ← Xt + Vj and t ← t + τ .
4. Exit condition: if t ≥ Tmax where Tmax is the desired length of the simulation.
5. Update propensities: recalculate the propensities of all reactions affected by the

last state change.
6. go to step 2.

An efficient implementation based on the dependency structure between reac-
tions and the reuse of random numbers was developed later [30]. The result of
Gillespie’s algorithm is a set of N time series reflecting the fluctuating copy number
of each molecular species Si. The advantage of the algorithm becomes most clear
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when compared to earlier approaches. An alternative approach to simulate the
reaction process relies on the fact that the probability of reaction Rj to occur in a
small interval [t, t + dt] equals aj(Xt)dt. If dt is chosen small enough to ensure
that aj(Xt)dt � 1, assuming that only one reaction occurs during dt, one can
iteratively advance the simulation time by dt, accepting or rejecting reaction events
by comparison with the value of a uniformly distributed random variable r. This
strategy is not recommended however, as one will find that most time steps dt will
pass without any reaction event happening. The problem becomes even worse when
the desired precision demands a small time step dt. Gillespie’s algorithm overcomes
the problem by sampling the exponential waiting time distribution directly and
by jumping to the next event time without further checks. Moreover, no fixed
integration time step dt has to be chosen and therefore, the algorithm is stochas-
tically ‘exact’. Though widely used in systems biology, there are comparatively
few examples for the use of Gillespie’s algorithm in the modeling of intracellular
calcium dynamics [31]. Gillespie’s algorithm has been used to model stochastic
resonance effects in whole cells [32, 33], calmodulin-dependent synaptic plasticity
in dendritic spine microdomains [12] and to model calcium microdomains in the
vicinity of individual L-type calcium channels [34]. Although the algorithm can be
used for arbitrary simulation volumes, computation time quickly increases for larger
volumes because the copy numbers enter the propensity terms in a combinatorial
way. Therefore, several approximations of the exact simulation algorithm have been
developed.

31.6 The Binomial and the τ-leap Methods

For small time steps dt, the probability for a reaction Rj to occur in the next time
interval [t, t + dt] is given by aj(Xt)dt. Assuming that the propensity aj(Xt) remains
approximately constant during the time span τ , the number of times the reaction
Rj occurs during the span τ is a Poisson-distributed random variable with expected
value aj(Xt)τ [35]. Now, if τ is small enough to guarantee approximately constant
reaction propensities aj(Xt) and at the same time large enough so that aj(Xt)τ  1,
i.e. a significant number of reactions will occur during the time interval of length
τ , then Gillespie’s algorithm can be accelerated by using the larger time step τ and
by sampling the number of reactions from Poissonian distributions with parameters
aj(Xt)τ directly. This procedure is called the τ -leap method [15]. Obviously, the
main task is to set the right time step τ adaptively throughout the simulation. Small
time steps will produce low numbers of reactions (even zero), and in this situation
the exact Gillespie algorithm could be used instead. Too large time steps however,
lead to a larger error compared to the exact solution and furthermore, can lead to
negative molecule numbers. A detailed discussion of τ-selection procedures can be
found in the literature [36]. Using Poisson random numbers, there is always a risk
of producing negative entries in the state vector as Poisson variables range from
zero to infinity. As an alternative, the binomial leap method has been proposed.
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Instead of Poisson variables, appropriately parametrized binomial random variables
are used, the main advantage being that the range of the variable can be bounded by
the current copy number of each molecule [37]. Irrespective of the method used, the
update rule can be written as

x
(i)
t+τ = x

(i)
t +

M∑
j=1

vjiξj

(
aj (Xt )

)
(31.5)

where ξ j represents either a Poissonian or a binomial random variable. Applica-
tions and systematic evaluations of these methods for the simulation of calcium
microdomains are still scarce, a comparative study can be found in [37].

31.7 The Chemical Langevin and Fokker-Planck Equations

The approximation of the number of reactions that occur in a given time interval by
samples from a defined probability density can be taken a step further. In the case
of the chemical Langevin equation (CLE), the number of reactions Rj occurring in
a small time interval of length dt is sampled from a normal distribution with mean
and variance equal to aj(Xt)dt. From a statistical point of view, this approach is
justified as the Poisson random variable introduced in the last paragraph converges
to a normal distribution in the case of a large mean value. When the expected number
of reactions is too small, the symmetric normal distribution does not yield a good
approximation of the corresponding right-skewed Poisson distribution and negative
molecule counts can be obtained. This becomes clear when considering models with
a single ion channel [34, 38]. When each state of the ion channel is modeled as a
distinct chemical species, e.g. open and closed states, the count of each state is
either 0 or 1. Chemical reactions including the ion channel can therefore not be
modeled adequately by the CLE approach. For these cases, alternative schemes have
been proposed in the literature [39, 40]. In our code, we set Xt = 0 whenever the
integration yields Xt < 0, as proposed for the Cox-Ingersoll-Ross process in [41].
The most important differences of the CLE approach are (i) that the time interval
dt is fixed, and (ii) that, due to the normally distributed random variable, the copy
numbers are real numbers rather than integers. The updating rule is given by

x
(i)
t+dt = x

(i)
t +

M∑
j=1

vjiaj (Xt ) dt +
M∑

j=1

vji

√
aj (Xt ) dWt (31.6)

where dWt are the increments of M mutually independent standard Wiener processes
[14]. Using Eq. 31.6 in simulations directly corresponds to the Euler-Maruyama
integration scheme for stochastic differential equations [17]. The first sum in Eq.
(31.6) contains the deterministic dynamics that will be discussed in the following
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paragraph while the second sum adds appropriately scaled stochastic fluctuations.
Compared to the algorithms discussed so far, the CLE provides an extremely fast
way to obtain an approximate solution of the CME. A basic result in the theory
of stochastic processes allows a transformation of the Langevin equation to an
associated Fokker-Planck equation (FPE) that describes the temporal evolution of
the probability density p(Xt) [14]. For discrete variables, the dynamics are captured
completely by the CME, a family of first-order differential equations for the proba-
bilities over all possible system states. For a Markov process, the CME is identical
to the Chapman-Kolmogorov equation describing the dynamics of the transition
probabilities P(Xt + n = y|Xt = x). The CME’s Taylor expansion in the spatial step
size dx is called the Kramers-Moyal expansion. It generates a deterministic PDE
from the integro-differential CME, both describing the dynamics of the system’s
underlying probability distributions. Using a second-order truncation of the infinite
Kramers-Moyal expansion yields the Fokker-Planck equation [14]. Applications can
focus on individual sample paths, in analogy to a single run of an experiment, or
on distributions, summarizing the full stochastic structure of the system at hand.
Ideally, all solutions would provide the complete distributions of all variables, but
in practice, computation times often force the user to analyze a few representative
sample paths, as produced by the CLE, for instance. Implementations of the CLE
approach have been presented for calcium-dependent signaling pathways in neurons
[42], IP3-mediated calcium sensitive pathways in non-excitable cells [32, 43, 44]
and Ca2+ release events in general [45]. An example of the FPE method to calcium
dynamics in the dyadic cleft of cardiomyocytes is given in [46].

31.8 Deterministic Simulation

When stochastic effects in the dynamics of the modeled system are ignored, the
classical deterministic reaction-rate equations are recovered. These correspond to
the deterministic terms found in the chemical Langevin equation [35]. From a
statistical physics point of view, the deterministic dynamics reflect the limit of
an infinitely large simulation volume while keeping all reactant concentrations
constant:

x
(i)
t+dt = x

(i)
t +

M∑
j=1

vjiaj (Xt ) dt (31.7)

Simulating the deterministic system using Eq. 31.7 directly represents a first-
order Euler integration scheme. As stochastic effects are no longer present, a set
of ordinary differential equations is obtained that can be conveniently integrated
using standard schemes as implemented in most numerical software packages. If
diffusion is included in the model, an additional diffusion term arises for each
diffusible species. In deterministic simulations, diffusion would be modeled by a
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discrete Laplace operator applied to the spatial concentration profile of the diffusing
species. In the stochastic setting, diffusion is modeled as a pair of additional
chemical reactions, as detailed further below. The model is now described by set of
partial differential equations. Deterministic methods represent the major part of the
literature on calcium dynamics in excitable and non-excitable cells. In the context
of microdomain calcium dynamics in cardiac and skeletal muscle cells, we list only
a small selection of representative and landmark studies [47–51].

31.9 Hybrid Simulation

Complex subcellular systems often generate patterns across several temporal scales,
especially when the participating reactions have rate constants that span several
orders of magnitude. In these cases, it may happen that Gillespie’s exact algo-
rithm performs quite slowly due to the exact tracking of effectively irrelevant
fluctuations while the system’s dynamics may perform in an almost deterministic
way. Moreover, models of subcellular calcium dynamics often contain plasma
membrane or endoplasmic reticulum ion channels that modulate the local calcium
concentration or are modulated by Ca2+ ions. As ion channel gating is almost
exclusively described with stochastic methods, mainly with Markov chain models,
the introduction of ion channels in deterministic models is not obvious. For these
cases, hybrid models combining several of the aforementioned techniques have been
developed. For instance, hybrid models using deterministic reaction dynamics for
the subset of calcium diffusion, permeation and buffering reactions and stochastic
models of ion channel gating have successfully been used for the modeling of
skeletal and cardiac muscle cells [46, 52, 53] as well as for generic cell types with
an IP3 regulated calcium signaling system [54]. Other approaches switch adaptively
between deterministic dynamics and the CLE-approximation [55], or between the
Gillespie algorithm, the CLE-approximation and the τ-leap method [56].

31.10 Reaction Propensities for Calcium Microdomains

In the preceding sections, reaction propensities were introduced in an abstract
way to calculate certain probability densities. Now, we will give some explicit
expressions for reaction types essential to microdomain calcium signaling.

1. Chemical reactions. aj(Xt) = cjhj(Xt), where cj is the stochastic reaction rate
and hj(Xt) denotes the number of possible molecular combinations available for
reaction Rj at time t. The stochastic rates are calculated from the macroscopic
reaction rate constants kj and the system volume V, for monomolecular reactions

we get cj = kj, for bimolecular reactions cj = kj

V
. Calcium buffering reactions
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consist of a pair of reactions, a second-order association reaction and a first-order
dissociation reaction. Calcium pumps can be modeled in the same way.

2. Ion channel gating. Given a gating scheme and the associated transition rates,
transitions between channel substates can be treated as first-order chemical
reactions where the different channel states are seen as different chemical species
that are transformed into each other as specified by the gating scheme. Calcium-
sensitive gating steps are modeled as a second-order association reaction between
a calcium ion and the unbound channel state. The propensity terms are identical
to the preceding case.

3. Ion channel currents. If the mean channel current amplitude is known, the
process of ion conduction and release from the channel pore can be simplified as
a zero-order reaction, i.e. a Poisson process with a fixed rate [34]. Even though a
constant release rate may only be a rough approximation of the real permeation
process [57], the model yields the correct mean current and furthermore takes
into account the quantal nature (release of a single ion at a time) and stochasticity
inherent to ion channel currents. Conversion of the current amplitude Ich to a
stochastic rate constant is achieved by

cj =| Ich

e × zion

|

where e is the elementary charge and zion is the charge of the permeating ion. A
calcium current of 1 pA, for instance, has an ‘event rate’ of cj ≈ 3000/ms. The
factor hj(Xt) is equal to the number of open channels at time t, which is easily
implemented as each channel state is regarded as a separate chemical species.

4. Diffusion. Assuming a multivoxel simulation geometry, diffusion at the meso-
scopic level can be implemented using the concept of stochastic event rates [58].
In analogy to the previously introduced techniques, the diffusion event rate of
species Si is calculated from the macroscopic diffusion constant Di in order to
yield the correct behavior in the deterministic limit. At the microscopic level,
the diffusion event constant controls the speed of the molecular random walk.
Assuming a voxel side length δx, the rate is given by

aj = Di

(δx)2 x
(i)
t

where x
(i)
t is the copy number of species Si at time t. In practice, diffusion rates of

small molecules often lie several orders of magnitude above the common reaction
rates. This can lead to a significant increase in computation time. However, even
in single voxel simulations the implementation of diffusion may be necessary to
avoid accumulation of e.g. calcium ions released from calcium channels [34]. In
the single voxel case, this reduces to a fixed efflux rate of the ion.
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31.11 The Colored Noise Interpretation

The chemical Langevin equation transforms the discrete picture of individual
molecules, diffusing and reacting within the reaction volume, into a continuous
stochastic process. While the copy number of any molecular species can only change
by an integer value in the discrete models, the mesoscopic description provided by
the chemical Langevin equation allows arbitrarily small changes in all variables. The
mesoscopic CLE model represents an intermediate scale between discrete molecule
counts and continuous chemical concentrations.

Conceptually, the CLE describes chemical reaction dynamics within the math-
ematical framework of stochastic differential equations, for which a large body
of theoretical and numerical results exist [14]. Though Eq. (31.6) is a generic
way to describe chemical reactions stochastically, the application to microdomain
calcium signaling may not be straightforward. Moreover, we are interested in
approximations that simplify the expression in Eq. (31.6), while still representing
physical reality to a reasonable extent. The theory for calcium ions binding to a
single or multiple buffers, with and without diffusion, has been developed in Ref.
[10, 59]. In order to illustrate the procedure, we here present the elemental case
of calcium ions interacting with a single buffer species. We consider the reversible
bimolecular reaction of Ca2+ with a single buffer species B:

Ca2+ + B � CaB

In terms of the macroscopic, deterministic reaction rates k+ and k−, the stochastic
association and dissociation rates for the reaction volume V are c+ = k+

V
and

c− = k−, respectively.
Next, let xt denote the copy number of free calcium ions, Ca2+, yt the copy

number of free buffer molecules B, and zt the number of calcium bound buffer
molecules CaB. The total amount of calcium in the system is xT = xt + zt, and
the total number of buffer molecules is yT = yt + zt.

As we model two reactions, the full chemical Langevin equation of the system
contains two independent Wiener processes dW

(1)
t and dW

(2)
t , that can be combined

into a single process dWt, as detailed in [10]. In order to simplify the CLE, we will
apply the excess buffer approximation [60], which assumes that the fluctuations in
the number of free calcium ions is small compared to the number of free buffer
molecules. Therefore, the number of free buffer molecules yt can be approximated
by its equilibrium concentration, denoted yeq [10]. Though the assumption may
fail in case of a massive intracellular calcium increase, it is appropriate for resting
conditions. The simplified CLE then reads:

dxt = − (
c+yeq + c−)

xtdt + c−xT +
√

c+xtyeq + c−zt dWt
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Defining the constants C1 = c+yeq + c− and C2 = c−xT , we obtain

dxt = −C1

(
xt − C2

C1

)
dt +

√
c+xtyeq + c−ztdWt

The equilibrium calcium concentration is given by [Ca2+]eqV = xeq = C2
C1

,

and defining the relaxation time τ = 1
C1

and the time-dependent variance

σ t = √
c+xtyeq + c−zt , the expression is

dxt = − 1

τ

(
xt − xeq

)
dt + σtdWt

A further approximation can be introduced by considering a stationary variance
term.

σ t = √
c+xeqyeq + c−zeq , using the equilibrium calcium concentration xeq

rather than the time-dependent exact calcium concentration xt. The resulting
expression

dxt = − 1

τ

(
xt − xeq

)
dt + σdWt

is the so-called Ornstein-Uhlenbeck process, a generic stochastic process with well
known analytical properties [14]. The Ornstein-Uhlenbeck process is a Markovian
process often used to represent and to generate so-called colored noise samples. To
summarize linear noise properties, the time autocorrelation function, or equivalently,
the power spectral density of a noisy time series can be used. Formally, the time
series has to be time-stationary for these methods to work. For an oscillatory
system, for instance, an oscillation frequency of f = 1/T leads to a spectral
peak at frequency f in the power spectrum, and to a dominant time lag of T in
the autocorrelation function. Temporally uncorrelated noise yields a flat power
spectrum, hence the name ‘white’ noise, in correspondence to the physical spectrum
of white light. In contrast, a non-flat electromagnetic spectrum yields colored
light, therefore the name colored noise for stochastic processes with non-flat
spectrum. The Ornstein-Uhlenbeck process is the minimal representation of an
exponentially autocorrelated, Gaussian distributed noise. Thus, realistic calcium
noise samples with realistic first and second-order statistical properties, i.e. identical
mean, variance and auto-correlation function, can be generated very quickly using
a simple Ornstein-Uhlenbeck process. Moreover, the wealth of exact stochastic
properties derived for the Ornstein-Uhlenbeck process can be transferred to the
environment of microdomain calcium signaling. Using the calculations presented in
this paragraph, direct algebraic relations between physico-chemical constants and
stochastic properties like the relaxation time and the time-dependent variance can
be derived in many cases, including multiple buffers and calcium diffusion [10, 59].
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31.12 The Impact of Microdomain Calcium Noise on IP3R
Gating

The relevance of noise in non-linear systems in nature has received increasing
attention over the last years [38, 61–63]. Considering the non-linear dynamics of
many downstream Ca2+ effectors, one could hypothesize about a physiological
relevant information content of Ca2+ fluctuations [64]. A suiting model system
for the investigation of such an effect is the endoplasmic, homotetrameric inositol
1,4,5-trisphosphate receptor (IP3R), a fundamental part of the intracellular Ca2+
signaling apparatus [65]. It is crucially involved in the generation and regulation of
complex spatiotemporal Ca2+ signals [66], which have been observed in a variety
of different cell types [67]. Each of the four channel subunits has a binding site
for the second messenger IP3 and two Ca2+ binding sites that give rise to the
typical bell-shaped Ca2+ response curve of IP3Rs [18]. For low Ca2+ concentrations
a high-affinity Ca2+ binding site induces a positive feedback known as calcium-
induced calcium release, while a low-affinity Ca2+ binding site is responsible for
the negative feedback mechanism which eventually induces the inactivation of the
IP3 receptor at higher [Ca2+] [19]. The DeYoung-Keizer model is a well-established
mathematical representation of the IP3R gating dynamics [68] and was therefore
used in the here presented study. The investigation of Ca2+ noise induced effects
to more recent mathematical models of the IP3R [69, 70] lies beyond the scope
of the here presented example but will be subject of future studies. As discussed
above, Ca2+ noise is shaped by diffusion and the presence of Ca2+ binding
molecules, such as endogenous Ca2+ buffer proteins [59]. For a stochastically
exact representation of those effects, one has to model the system at least at the
mesoscopic level [31]. Considering the timescales of channel gating events (up to
seconds), Gillespie’s algorithm constitutes the only feasible approach to capture the
exact noise phenomena of interest. A minimal system capable of exhibiting noise
induced effects on the non-linear gating dynamics of the IP3R should contain at least
a single IP3R in the DeYoung-Keizer representation, a constant IP3 concentration
and Ca2+ diffusion. The variation of Ca2+ diffusion coefficients allows us to tune
the autocorrelation of Ca2+ noise in this model. The IP3R can be functionally
characterized by its open probability, its mean open time and its mean channel close
time. A C++ implementation of Gillespie’s algorithm, developed for the simulation
of the here introduced model, is available on github (https://github.com/nwieder/
SSTS).

In order to investigate the potential effects of Ca2+ noise on downstream signal-
ing pathways, while maintaining computational feasibility, it is necessary to reduce a
biological model system to its core elements. Hence, following an example detailed
in [38], we assume an in-silico experiment where we first model a single non-
conducting IP3R in the absence of diffusion and buffer dynamics with a constant
number of Ca2+ ions. In a second step, we introduce Ca2+ diffusion, hence Ca2+
fluctuations to the system. For each of these conditions we generate trajectories for
different mean Ca2+ concentrations, essentially generating the characteristic bell-

https://github.com/nwieder/SSTS)
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shaped open probability curve of IP3Rs for each of the different conditions as a
read out. Interestingly, we find that the modulations of noise autocorrelation time
by diffusion, indeed influences the shape of the IP3R response curves in a [Ca2+]
dependent manner. Figure 31.1 summarizes IP3R gating properties for different
theoretical Ca2+ diffusion constants. The dashed line (empty squares) represents
a model in the absence of Ca2+ diffusion and thus the absence of Ca2+ fluctuations.
This condition mimics a deterministic setting with a constant Ca2+ concentration.
With the introduction of Ca2+ diffusion (solid lines), noise is added to the system.
Considering a physiological Ca2+ diffusion coefficient DCa = 200 μm2s−1 (solid
triangles), for [Ca2+] > 10 μM the presence of Ca2+ fluctuations does induce a
significant increase in open probability, mean open times and a decrease in mean
closed times. For increasing diffusion constants, the noise autocorrelation time
decreases and the IP3R open probability for [Ca2+] > 1 μM increases as a function
of the diffusion constant and hence the autocorrelation time τ . In summary, this
example demonstrates how the introduction of Ca2+ fluctuations alters IP3R gating
characteristics, which in turn has the potential to affect the properties of more
complex spatiotemporal Ca2+ signals.

We are well aware of the fact that this example is based on an oversimplified
model, accounting only for a fraction of known biologically relevant interactions
between Ca2+ signaling molecules and endoplasmic Ca2+ release channels. Most
importantly, the IP3R was modeled as a non-conducting ion channel. This has two
reasons: (a) Experimental quantification of Ca2+ dependent IP3R gating dynamics
has been conducted in a setting where Ca2+ was replaced by K+ as primary charge
carrier to extract information about the Ca2+ dependence of the IP3R [19]. This
experimental dataset was used to verify the here presented modeling approach. (b)
The introduction of Ca2+ to the modeled system changes the mean number of Ca2+
ions in the system and hence alters the amplitude of Ca2+ fluctuations. Both these
quantities need to be kept constant to isolate the effect of colored Ca2+ noise on the
IP3R. Hence the simplification is necessary to carefully extract a causal link between
Ca2+ fluctuations (here induced by diffusion or Ca2+ buffers) and the non-linear
dynamics of the down-stream effector (here the IP3R). In [38], it has been shown
that the presence of noise, as well its stochastic characteristics, has the potential to
affect the dynamics of key components of biological signaling networks. Based on
those observations, we argue that the relevance of stochastic fluctuations will most
likely scale up to more complex systems found in living systems.

Over the last decades, Ca2+ microdomains emerged as the most fundamental
entity of Ca2+ signaling [2]. In neurons and muscle cells, structurally distinct
microdomains, such as dendritic spines or the dyadic cleft of cardiac myocytes,
are recognized for their functional relevance in learning, memory, and heart- beat
generation [71–73]. Even though the importance of stochastic Ca2+ fluctuations
in such microdomains received increasing attention over the last years [66], the
question to what extent such fluctuations influence global Ca2+ signals in general
remains yet unanswered. The difficulties in painting a full picture is largely due
to the immense complexity of Ca2+ signaling networks as well as the limited
experimental approaches at hand to investigate noise induced effects. Nevertheless,



Fig. 31.1 Summary of the characteristic, bell shaped gating properties of the IP3R for increasing
diffusion coefficients DCa. Empty squares (dashed curve) show results for the zero noise model and
represent expected results from deterministic algorithms. Solid curves show results for increasing
diffusion coefficients DCa = 50 μm2 s−1 (stars), 200μm2 s−1 (triangles) and 500μm2 s−1 (circles).
For low [Ca2+], Ca2+ noise has no obvious influence on the IP3R. Starting at [Ca2+] = 1 μM, (a)
mean open times τO increase with increasing DCa, whereas (b) mean close times τc decrease. (c)
consequently, the channel open probability PO increases with increasing DCa. (Reprint from [38])



31 Simulation Strategies for Calcium Microdomains and Calcium Noise 787

this example emphasizes the importance of thermodynamic noise and its potential
to scale up to the magnitude of intracellular signaling networks. We therefore have
to keep in mind that, whenever low molecular copy numbers of key molecules
meet nonlinear signaling effectors, deterministic assumptions might be limited and
molecular noise has to be considered.

31.13 Working Examples

Example 1: We consider a simple system that contains Ca2+ ions and two buffers,
called B1 and B2. The model geometry is given by a cube with a side length of 1 μm,
i.e. the system volume is 1 fl. The copy numbers of the five molecular species, in
the order [Ca2+, B1, B2, CaB1, CaB2] are stored in the state vector Xt = [x(1)

t ,
. . . , x

(5)
t ]. We assume an equilibrium concentration of [Ca2+]eq = 0.1 μM (free

Ca2+), and total buffer concentrations of [B1]T = [B2]T = 100 μM. To convert
deterministic reaction rate constants into stochastic rate constants, we use the
reaction propensities defined above (Sect. 31.10). Starting with the simulation box
length l given in nm, we have V = l310−24 liters. Using Avogadro’s number NA,
we get con = kon/(V*NA*10−6) and coff = koff . The rate constants are set here to
k+

1 = 0.1 μM−1ms−1, k−
1 = 0.1ms−1 for the reaction of Ca2+ and the first buffer

B1, and to k+
2 = 0.01 μM−1ms−1, k−

2 = 0.01ms−1 for the reaction of Ca2+ with
the second buffer B2. Thus, the four reactions read as follows.

Buffer 1:

Ca2+ + B1 → CaB1

CaB1 → Ca2+ + B1

Buffer 2:

Ca2+ + B2 → CaB2

CaB2 → Ca2+ + B2

The corresponding state change matrix V = (vji) contains the state change vector
Vj at row index j, from which the stoichiometric coefficients can be read off directly:

V =

⎛
⎜⎜⎝

−1 −1 0 1 0
1 1 0 −1 0

− 1 0 −1 0 1
1 0 1 0 −1

⎞
⎟⎟⎠
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If we want to start the system in equilibrium, we obtain the initial state
vector (after rounding) X0 = [60, 54755, 54755, 5476, 5476]. The stochastic
rate constants cj are calculated as explained in the preceding paragraph and
yield c+

1 = 1.66 * 10−4ms−1, c−
1 = 0.1ms−1, c+

2 = 1.66 * 10−5ms−1 and

c−
2 = 0.01ms−1. For convenience, we adapted the notation using superscripts in

order to better recognize the relation with macroscopic rate constants, i.e. c
+
1

is the

stochastic rate constant associated with the macroscopic rate k+
1 . The time and state

dependent propensities aj(Xt) are given by:

a1 (Xt ) = c+
1 x

(1)
t x

(2)
t

a2 (Xt ) = c−
1 x

(4)
t

a3 (Xt ) = c+
2 x

(1)
t x

(3)
t

a4 (Xt ) = c−
2 x

(5)
t

Finally, using the cumulative propensity a0(Xt) = a1(Xt) + · · · + a4(Xt) and
the initial state vector X0, all parameters to run the Gillespie algorithm as defined
above are given. Using the state change matrix and the propensities defined above,
we obtain the corresponding chemical Langevin Eq. (31.6):

dx
(1)
t = −a1 (Xt ) dt − √

a1 (Xt )dW
(1)
t + a2 (Xt ) dt + √

a2 (Xt )dW
(2)
t

−a3 (Xt ) dt − √
a3 (Xt )dW

(3)
t + a4 (Xt ) dt + √

a4 (Xt )dW
(4)
t

dx
(2)
t = −a1 (Xt ) dt − √

a1 (Xt )dW
(1)
t + a2 (Xt ) dt + √

a2 (Xt )dW
(2)
t

dx
(3)
t = −a3 (Xt ) dt − √

a3 (Xt )dW
(3)
t + a4 (Xt ) dt + √

a4 (Xt )dW
(4)
t

dx
(4)
t = a1 (Xt ) dt + √

a1 (Xt )dW
(1)
t − a2 (Xt ) dt − √

a2 (Xt )dW
(2)
t

dx
(5)
t = a3 (Xt ) dt + √

a3 (Xt )dW
(3)
t − a4 (Xt ) dt − √

a4 (Xt )dW
(4)
t

Here, dW
(j)
t represents the increments of four independent Brownian motions,

i.e. each dW
(j)
t is an independent and identically distributed Gaussian random

process with mean zero and variance dt. A first-order, explicit Euler integration
scheme is often satisfactory and allows a straightforward implementation of the
above formulas in virtually any programming language. Sample code (Octave,
Python) can be obtained from the authors.
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Example 2: We consider a 1 fl single voxel system of diffusible Ca2+ ions
and a single, immobile buffer B1. The simulation volume is surrounded by a
‘constant pool’, i.e. an infinite volume with constant (equilibrium) calcium con-
centration. The state vector Xt = [x(1)

t , x
(2)
t , x

(3)
t ] represents the copy numbers

of [Ca2+, B1, CaB1]. We again set [Ca2+]eq = 0.1 μM, [B1]T = 100 μM and
k+

1 = 0.1μM−1ms−1, k−
1 = 0.1ms−1 and set the diffusion coefficient of free

calcium ions to DCa = 200 μm2s−1. Including the diffusion reactions of Ca2+ ions
out of the simulation volume and influx of Ca2+ ions from the constant pool into
the simulation volume, we get the following set of reactions.

Buffer 1:

Ca2+ + B1 → CaB1

CaB1 → Ca2+ + B1

Diffusion:

Ca2+ → ∅

∅ → Ca2+

The state change matrix V now reads:

V =

⎛
⎜⎜⎝

−1 −1 1
1 1 −1

− 1 0 0
1 0 0

⎞
⎟⎟⎠

Under equilibrium conditions, we obtain the initial state vector X0 = [60, 54755,
5476]. The stochastic rate constants c+

1 and c−
1 have the same magnitude as in the

preceding example, and the stochastic diffusion rate cD, calculated as explained in
the preceding paragraph, evaluates to cD = 0.2 ms−1. The diffusion propensities aj

are

a3 (Xt ) = cDx
(1)
t

a4 (Xt ) = cDx
(1)
0

Note that the rate a4(Xt) is constant as the surrounding calcium concentration is
assumed to be fixed. The according chemical Langevin equation is
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dx
(1)
t = −a1 (Xt ) dt − √

a1 (Xt )dW
(1)
t + a2 (Xt ) dt + √

a2 (Xt )dW
(2)
t

− a3 (Xt ) dt − √
a3 (Xt )dW

(3)
t + a4 (Xt ) dt + √

a4 (Xt )dW
(4)
t

dx
(2)
t = −a1 (Xt ) dt − √

a1 (Xt )dW
(1)
t + a2 (Xt ) dt + √

a2 (Xt )dW
(2)
t

dx
(3)
t = a1 (Xt ) dt + √

a1 (Xt )dW
(1)
t − a2 (Xt ) dt − √

a2 (Xt )dW
(2)
t

Example 3: In the last example, we extend the system considered in Example 2 by a
single ion channel that has a closed (C) and an open open substate (O) and conducts
Ca2+ ions. It is convenient to model the two sub-states as different molecular species
that can be transformed into each other. Obviously, the channel substate species are
not diffusible. The state vector Xt = [x(1)

t , . . . , x
(5)
t ] represents the copy numbers

of [Ca2+, B1, CaB1, C, O]. As we consider a single ion channel, both x
(4)
t and x

(5)
t

must be equal to either zero or one and x
(4)
t + x

(5)
t = 1 must be fulfilled at all

times t. Introducing an extra reaction that models Ca2+ ion release from the O state
(reaction 5), we extend the set of reactions introduced in the Example 2 by three ion
channel related reactions.

Channel gating:

C → O

O → C

Calcium permeation:

O → O + Ca2+

The state change matrix V now reads:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1 −1 1 0 0
1 1 −1 0 0

− 1 0 0 0 0
1 0 0 0 0
0 0 0 −1 1
0 0 0 1 −1
1 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Reaction propensities for the new reactions are derived from the assumed channel
kinetics and the channel permeability, respectively. As channel substate transitions
are first-order reactions, we write a5(Xt) = c+

chx
(4)
t and a6(Xt) = c−

ch x
(5)
t where

c+
ch = k+

ch
and c−

ch = k−
ch

and k+
ch, k

−
ch

are the macroscopic rate constants for
channel opening and closing as determined from electrophysiological measurements
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for instance. Finally, Ca2+ ion release is modeled by a7(Xt) = cP x
(5)
t with

cP = Ich/(2e).
In this case, it is important to note that a chemical Langevin equation approach

cannot be applied because the system contains only a single ion channel and due
to the use of normally distributed random numbers, negative values for x

(4)
t or

x
(5)
t are highly probable. Negative copy numbers in turn lead to negative reaction

propensities and render the square root terms in the CLE undefined.

31.14 Comparision of SSA and CLE Solutions

We ran N = 20 simulations of T = 100 ms length each, using an equilibrium calcium
concentration of 0.1 μmol/l, a total buffer concentration of 10 μmol/l and reaction
rate constants of k+ = 0.5 μmol/ms and k− = 0.25 /ms. To study the dependency
of simulation accuracy and computation times on the simulation volume, we
considered cubes of side length L = 100, 250, 500, 1000, 2500 and 5000 nm,
corresponding to volumes of V = 0.001, 0.016, 0.125, 1.0, 15.625 and 125 fl,
respectively. The CLE was numerically solved using a fixed integration time step of
dt = 0.01 ms and an Euler-Maruyama integration scheme. As the basis of the SSA
are randomly sampled time intervals between individual reactions, the generated
time series of molecular counts are irregularly spaced. Before further processing,
SSA-generated time series are linearly interpolated to the same sampling interval as
the CLE solution, i.e. dt = 0.01 ms.

Figure 31.2 shows four exemplary samples. The first two panels (A, B) show
simulations of a small reaction volume (L = 250 nm, V = 1/64 fl). The upper panel

Fig. 31.2 Comparison between simulated 100 ms trajectories generated with either the SSA (A,C)
or the CLE (B,D) approach for a small volume V = 1/64 fl and a large volume V = 15.625 fl
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Fig. 31.3 Comparison of cumulative Ca2+ distributions from N = 20 simulation runs of the
models presented in Fig. 31.2

shows the SSA solution, that is recognized by the discrete steps in the Ca2+ ion
count. The corresponding CLE solution looks more continuous due to the small
increments generated by the Brownian motion. We also observe that the Ca2+
concentration in both cases hits zero, indicating that the formal requirements of
the CLE are not met for this small volume. Panels C (SSA) and D (CLE) show the
case of a larger simulation volume (L = 2500 nm, V = 15.625 fl). Both solutions,
SSA and CLE, are visually very similar and far from zero counts.

The accuracy of the two algorithms for the same volumes as shown in Fig. 31.2
is further analyzed in Fig. 31.3. To compare the algorithms, we plot the cumulative
probability distribution of the calcium concentration (PCa), pooling the results of
N = 20 simulations. To show the results of both simulation volumes in the same
plot, we use a normalized calcium concentration on the abscissa. The values increase
linearly from the minimum to the maximum calcium concentration obtained in
each case. This visualization step is necessary as the width (or variance) of the
calcium distribution for the larger volume is much smaller as that of the small
reaction volume. We observe that the calcium distribution in the SSA and CLE
solutions for the small volume (triangles and circles, respectively) differ to a larger
degree than those in the large volume case (diamonds and squares, respectively).
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Fig. 31.4 Comparison of computation times between SSA (blue) and CLE (black) for increasing
simulation volumes V

Taking the SSA solution as a reference, the difference of the CLE derived calcium
distribution quantifies the accuracy of the CLE for a given volume. Even though
a Kolmogorov-Smirnov test distinguishes the two solutions for both volumes, the
better approximation for the larger simulation volume is clearly observed.

Finally, we address the computation times associated with both algorithms, SSA
and CLE. Figure 31.4 shows the mean computation times of N = 20 simulations, as
a function of the simulation volume, using the same parameters as given above.
For the SSA algorithm, we expect the computation time to be approximately
proportional to the number of molecules present in the simulation volume. For fixed
concentrations, the computation time should therefore increase with the first power
of the volume V, or with the third power of the simulation box length L, i.e. Tc ∼ L3.
This increase is shown in log-log coordinates in Fig. 31.4 (black line and squares).
A least-squares fit of L vs. Tc gives an empirical exponent of 2.7, comparable to the
expected value of 3. The computation time of the CLE algorithm does not vary with
the simulation volume, as expected for the Euler-Maruyama integration scheme with
a fixed time interval dt (blue line and circles).

31.15 Outlook

Stochastic methods have received an increasing amount of attention in the modeling
of subcellular signaling systems. Given the central role of calcium ions in the
regulation of many cellular functions and the very low number of calcium ions
present in the relevant volumes, e.g. a calcium concentration of 100 nM translates
to some 60 calcium ions in a 1 μm3 volume, surprisingly few studies model the
stochastic effects of calcium diffusion and buffering in small volumes [34, 46]. Here,
it is important to note that possibly important effects such as bistability of a signaling
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pathway can even be missed completely when only deterministic dynamics are
modeled [74]. The rising interest in simulating large systems with several interacting
subsystems in some of which deterministic dynamics may dominate while in
others stochastic effects may be important will lead to novel approaches combining
deterministic and stochastic simulations. Most importantly, the validity of different
approaches on a given scale will have to be evaluated for numerous experimental
systems. At the same time, stochastic models of subcellular reactions will help
to estimate the parameters of experimentally recorded signals, in which stochastic
effects are uncovered thanks to technical advances such as high-resolution laser
microscopy.
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Chapter 32
A Statistical View on Calcium
Oscillations

Jake Powell, Martin Falcke, Alexander Skupin, Tomas C. Bellamy,
Theodore Kypraios, and Rüdiger Thul

Abstract Transient rises and falls of the intracellular calcium concentration have
been observed in numerous cell types and under a plethora of conditions. There
is now a growing body of evidence that these whole-cell calcium oscillations
are stochastic, which poses a significant challenge for modelling. In this review,
we take a closer look at recently developed statistical approaches to calcium
oscillations. These models describe the timing of whole-cell calcium spikes, yet
their parametrisations reflect subcellular processes. We show how non-stationary
calcium spike sequences, which e.g. occur during slow depletion of intracellular
calcium stores or in the presence of time-dependent stimulation, can be analysed
with the help of so-called intensity functions. By utilising Bayesian concepts, we
demonstrate how values of key parameters of the statistical model can be inferred
from single cell calcium spike sequences and illustrate what information whole-cell
statistical models can provide about the subcellular mechanistic processes that drive
calcium oscillations. In particular, we find that the interspike interval distribution of
HEK293 cells under constant stimulation is captured by a Gamma distribution.
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32.1 Introduction

Calcium (Ca2+) oscillations have long been recognised as a centrepiece in the world
of intracellular Ca2+ signals [1–9]. Acting as a ubiquitous and versatile signalling
mechanism, Ca2+ oscillations are responsible for inducing gene expression [10–
12], controlling hormone secretion [13–17], orchestrating fertilisation [18–20] and
steering bacterial invasion [21], to name but a few cellular functions. The notion
of Ca2+ oscillations usually refers to transient increases in the whole-cell Ca2+
concentration that present themselves as a series of Ca2+ spikes. Since whole-
cell calcium recordings yield averaged concentration values, it has often been
assumed that mathematical models of intracellular Ca2+ oscillations can be directly
based on the averaged Ca2+ concentration. To illustrate this concept, consider
Ca2+ oscillations driven by Ca2+ release from the endoplasmic reticulum (ER)
through inositol-1,4,5-trisphosphate (InsP3) receptors (InsP3Rs). In its simplest
incarnation, these mathematical models assume that Ca2+ transport through all open
InsP3Rs and the activity of all sarco-endoplasmic Ca2+ ATP (SERCA) pumps can
be averaged across the cell to yield averaged Ca2+ release and resequestration,
respectively. Since the activity of both InsP3Rs and SERCA pumps depends on
the cytosolic Ca2+ concentration, these models implicitly assume that the gating of
InsP3Rs and SERCA pumps is controlled by averaged Ca2+ concentration values.

This assumption may serve as a starting point to explore Ca2+ dynamics in
systems for which detailed Ca2+ measurements are missing, and models based on
averaged Ca2+ concentrations have been instrumental in furthering our understand-
ing of Ca2+ oscillations [13, 16, 22–48]. However, the notion of mean Ca2+ values
generally falls short of capturing the biology that underlies Ca2+ oscillations. The
main reason for this is that InsP3Rs form clusters that are distributed throughout the
cell at distances of 2–7μm [49–53]. This entails that the dynamics of InsP3Rs is
controlled by the local Ca2+ concentration, not a global average. In other words,
measuring the Ca2+ concentration across a cell, taking the spatial average and
determining the gating of all InsP3Rs subject to the averaged Ca2+ concentration
misrepresents the actual InsP3R dynamics. In addition, there are only a few tens of
InsP3Rs per cluster [54–56]. Since binding of Ca2+ and InsP3 to InsP3Rs is random
and hence transitions between different states of the InsP3R occur stochastically, the
relative fluctuation in the number of open InsP3Rs is considerable. This stochasticity
might even be enhanced by the fact that at basal Ca2+ concentration, the actual
numbers of Ca2+ ions in the vicinity of an InsP3 is small [57–60]. Taken together,
these observations strongly suggest that intracellular Ca2+ is a spatially extended
stochastic medium, which prompts the question on how to best describe InsP3
mediated Ca2+ oscillations mathematically.

One approach starts with the dynamics of single InsP3Rs, groups them into
clusters and then places the clusters into a three-dimensional representation of the
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cytosol—see [61] for a recent perspective. In these models, InsP3Rs are described by
stochastic models known as Markov chains, which consist of different states of the
InsP3R such as open, closed and inhibited and contain rules for stochastic transitions
between different states. Clusters of InsP3Rs communicate with each other through
Ca2+ diffusion. One advantage of such hierarchical modelling lies in its mechanistic
interpretation. It allows questions to be answered about how Ca2+ oscillations
are shaped by e.g. the distance between InsP3R clusters, single channel current
and Ca2+ buffers. However, these models require as input a significant number
of parameters, such as gating constants for the InsP3R, and are computationally
expensive. In order to reduce the computational load, Langevin-type models have
been put forward. In essence, they approximate the exact stochastic dynamics of the
Markov chains.

In terms of modelling philosophy, the above approaches fall into the category
of bottom-up techniques. At the other end of the spectrum lie so-called top-down
methods. Here, we construct models that directly describe key properties of Ca2+
spikes such as amplitude and frequency without explicitly incorporated mechanistic
details as e.g. the possible states of an InsP3R. At first sight, this might appear
less advantageous as different model behaviours cannot immediately be linked to
specific molecular processes. However, there are distinct advantages. Firstly, the
computational demand is significantly lower than with bottom-up approaches. This
puts us in an ideal position to generate large numbers of realistic Ca2+ spike
sequences, which in turn can serve as input to signalling cascades that decode Ca2+
spikes. Secondly, top-down models provide a powerful framework for fitting data
and testing hypotheses on Ca2+ spike generation. Consequentially, we can use the
knowledge gained from top-down models to improve bottom-up approaches, which
in turn will advance our mechanistic understanding of Ca2+ oscillations.

In this review, we present the current state of statistical modelling of Ca2+ oscil-
lations. The techniques that we employ are well established amongst statisticians,
but are less familiar to modellers and experimentalists in the field of Ca2+ signalling.
We therefore mainly focus on describing the underlying concepts and how they are
related to the physiology of Ca2+ signalling. We discuss practical approaches for
how to ascertain whether our statistical assumptions are consistent with measured
Ca2+ spike sequences and what we can learn from our statistical analysis regarding
the mechanisms that underlie Ca2+ spike generation.

32.2 Interspike Interval Statistics

We outlined in the introduction the mechanistic reasons for why Ca2+ oscillations
are stochastic. At this point, one might argue—as is often done—that the molecular
fluctuations present at InsP3R clusters average out at the whole-cell level. In
other words, since a cell can contain a large number of InsP3R clusters, the
stochastic contributions cancel. To test this hypothesis, Skupin et al [62] measured
spontaneous Ca2+ oscillations in microglia, astrocytes and PLA cells as well as
carbachol-induced oscillations in HEK293 cells. They found that their data is
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consistent with stochastic whole-cell Ca2+ oscillations, which was also confirmed
in later experiments [63]. This conclusion rests on results as shown in Fig. 32.1.
We plot representative fluorescence traces for carbachol stimulated HEK293 cells
in Fig. 32.1a, b. Cells were initially stimulated with 20 μM carbachol before the
solution was switched to 50 μM carbachol. Figure 32.1a illustrates the well-known
phenomenon of frequency encoding, by which the frequency of Ca2+ oscillations
increases with an increase in stimulation strength. In Fig. 32.1c we plot the Ca2+
spike times for a larger number of cells. If Ca2+ oscillations were deterministic and
governed by averaged Ca2+ concentrations, we would expect an almost constant
spread of Ca2+ spike times, i.e. an almost constant value for the interspike interval
(ISI), not the observed large variability, which is present at both stimulation
strengths. Our argument for stochastic Ca2+ oscillations is further strengthened by
the results shown in Fig. 32.1d. Here, each triangle corresponds to a sequence of
Ca2+ spikes from one cell and denotes its mean μ and its standard deviation σ . We
observe that the standard deviation is of the same magnitude as the mean, which
is another strong indicator of stochastic behaviour. Importantly, similar results have
been obtained for a number of additional cell types and under different conditions
[61, 62], which lends even more support for the stochasticity of Ca2+ oscillations.
Given the insights that σ − μ plots can provide into the nature of Ca2+ oscillations,
we have recently released CaSiAn [64], a user friendly tool that allows for automatic
ISI detection from fluorescence time course data and interactive investigation of the
relationship between μ and σ .

To appreciate the fact that μ and σ are of the same order of magnitude, we
introduce a key concept for this review: the conditional Ca2+ spike intensity q(t |s),
t > s. Based on it, we obtain the conditional Ca2+ spike probability q(t |s)dt , which
represents the probability to observe a Ca2+ spike in the time interval [t, t + dt]
given a Ca2+ spike at time s. In [62], the following ansatz was made:

q(t |s) =
{

0 , s ≤ t ≤ Tr + s ,

λ
[
1 − e−ξ(t−s−Tr )

]
, Tr + s ≤ t .

(32.1)

Here, Tr denotes the cellular refractory period. Numerous experiments have shown
that there exists a minimal amount of time Tr after a Ca2+ spike before another Ca2+
spike can be triggered [62, 63, 66]. Therefore, the conditional intensity vanishes,
i.e. q = 0, for a time Tr after the last Ca2+ spike. It is important to note that Tr

is significantly longer than the recovery time of InsP3Rs [63]. Once the refractory
period has passed, the conditional intensity for a Ca2+ spike starts to increase at a
rate ξ and eventually approaches an equilibrium value λ. This reflects the notion
that a cell has to recover from the last Ca2+ spike. While ξ is a single number, it
subsumes numerous recovery processes such as refilling of the ER or replenishment
of InsP3 following degradation by InsP3-3-kinase and InsP3-5-phosphatase. The
values of Tr , ξ and λ can be directly inferred from Fig. 32.1d as outlined below.
Due to the strong linear relationship between the mean and the standard deviation,
we posit that
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Fig. 32.1 (a, b) Fura-2 fluorescence intensity traces of two HEK293 cells stimulated first with
20 μM carbachol and then with 50 μM carbachol. The solution was exchanged at 3738s in (a) and
at 3444s in (b). (c) Raster plot of Ca2+ spike times for the same stimulus protocol as in (a, b).
The blue line indicates solution exchange and the red line denotes the end of the experiment. (d)
Relationship between the standard deviation σE and the mean μE for the data shown in (c). Each
triangle corresponds to data from one cell, and the line is the best linear fit. Red refers to 20 μM
carbachol, and blue to 50 μM carbachol. (For details of the experiments see [65])

σ = α(μ − Tr) , (32.2)

a relationship that has been shown to hold true for another 8 cell types and 10
conditions (see [61] for further discussion). When the standard deviation equals
zero, successive Ca2+ spikes are separated by a constant period. Such Ca2+ spike
sequences appear deterministic since there is no variation in the ISI, but the
interpretation is different. The lack of ISI variability results from the fact that
when the Ca2+ spike generation probability is high, i.e. λ is large, a Ca2+ spike
is initiated as soon as the cell exits its refractory period. Therefore, the mean of the
ISI distribution at a vanishing standard deviation equals Tr . This corresponds to the
intersections of the red and blue lines with the x-axis in Fig. 32.1d, respectively. To
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determine ξ and λ, we start from Eq. (32.1) and derive the ISI probability density
f (t, s), i.e. the probability density for Ca2+ spikes to occur at times t and s. This is
equivalent to the probability of a Ca2+ spike at t given that the last spike occurred
at s and no Ca2+ spike during the time (s − t). Based on this interpretation of the
ISI probability, we obtain

f (t, s) = q(t |s) exp

{
−

∫ t

s

q(u|s)du

}
, (32.3)

where the exponential term corresponds to the absence of Ca2+ spikes between s

and t . The mean μ and the standard deviation σ of the ISI distribution then follow
from Eq. (32.3) as

μ =
∫ ∞

0
tf (t, 0)dt , σ 2 =

∫ ∞

0
t2f (t, 0)dt − μ2 . (32.4)

For practical purposes, we can set Tr = 0 in the computation of μ and σ , since
a constant Tr only shifts the mean and does not affect the standard deviation. To
put it another way, we evaluate Eq. (32.4) for Tr = 0 and then add Tr to obtain
the mean ISI μ. Next, we fit the equations in (32.4) to data such as shown in
Fig. 32.1d to obtain cell specific values for ξ and λ. This is achieved in a two-step
process. Firstly, we determine the experimental mean μE and standard deviation
σE from individual Ca2+ spike sequences as shown in Fig. 32.1c. This gives one
data point in Fig. 32.1d. Since μ and σ 2 in Eq. (32.4) depend on ξ and λ through
f (t, 0) via q(t |s), we can perform a least square fit of Eq. (32.4) to the experimental
data μE and σE to obtain single cell estimates for ξ and λ. Figure 32.2a, b display
results for HEK293 cells stimulated with 30 μM carbachol. While the distribution
for ξ exhibits a localised peak, the distribution of λ is much broader. A similar
behaviour is observed for spontaneously spiking astrocytes as seen in Fig. 32.2c, d.
A comparison of the Ca2+ spike rate λ reveals that it is almost an order of magnitude
larger for HEK293 cells than for astrocytes, which might be attributed to the fact
that the former is stimulated, but the latter is not. Intriguingly, the time scale for
recovery ξ is almost 10-fold larger for HEK293 cells than for astrocytes, indicating
that HEK293 cells recover more slowly than astrocytes after a Ca2+ spike. The
existence of wide distributions for ξ and λ also points towards significant cell-to-cell
variability, which provides another argument in favour of a statistical description of
Ca2+ spikes.

It is now instructive to evaluate Eq. (32.4) for a constant conditional intensity
function q = r > 0, which corresponds to a homogenous Poisson process. It
emerges from the general form of the conditional intensity function in Eq. (32.1)
in the limit of fast recovery, i.e. a large value of ξ . In this case, the integrals can
be computed analytically and we obtain μ = σ = r , which is consistent with the
scaling in Eq. (32.2). This provides further intuition for the statement made above
that stochastic effects need to be taken into account when the mean and the standard
deviation are of similar magnitude.
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Fig. 32.2 Relative frequency for ξ (a, c) and λ (b, d) for HEK293 cells (top, blue) and astrocytes
(bottom, red). HEK293 cells were stimulated with 30 μM carbachol, while Ca2+ spikes in
astrocytes were spontaneous. N = 138 for HEK293 cells and N = 321 astrocytes. For
experimental details, see [62]

Equation (32.3) expresses the ISI distribution in terms of the conditional intensity
function. It is often convenient to reverse the approach and start from an ISI
distribution. Firstly, we obtain ISIs directly from experimental recordings, which
inform us about the possible shapes of ISI distributions. Secondly, some ISI
distributions that have been shown to capture experimental data cannot be derived
from closed form intensity functions as e.g. in Eq. (32.1). A point in case is the
Gamma distribution, which is consistent with Ca2+ oscillations in HEK293 cells
[67] and also with voltage spikes in neurons [68, 69]. One common representation
for the density of the Gamma distribution reads as

fG(t, s) = βα

Γ (α)
(t − s)α−1e−β(t−s) , (32.5)
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where α and β are called the shape parameter and rate, respectively, and Γ

denotes the standard Gamma function. Suppose for a moment that the time between
successive Ca2+ puffs follows a Poisson distribution with rate β. In contrast to
Ca2+ spikes, Ca2+ puffs correspond to localised Ca2+ liberation through a cluster
of InsP3Rs. In addition to Ca2+ release through single InsP3Rs, Ca2+ puffs are
considered the basic building blocks in the hierarchy of Ca2+ signals [2, 61, 70]. A
Gamma distribution where α is a positive integer returns the probability that α Ca2+
puffs have occurred for the first time. In other words, the Gamma distribution is a
probability distribution for a combination of events to happen for the first time. This
interpretation makes it an appealing candidate for Ca2+ spikes. The reason is that
Ca2+ spikes are thought to form when a small number of Ca2+ puffs generates a
region of elevated Ca2+ in the cell, which then initiates Ca2+ release throughout the
cell. Alternatively, recent experiments in astrocytes suggest that the co-occurrence
of a certain number of Ca2+ puffs is sufficient to trigger a Ca2+ spike [71]. This also
fits well with a body of research that shows that Ca2+ puffs and Ca2+ spikes can be
described as first-passage time problems [63, 72–76]. As an interesting observation,
note that the mean ISI for Eq. (32.5) is α/β, so that the mean interpuff interval for
α puffs is 1/β, which is consistent with the mean interpuff time when puffs are
described by a Poisson process with rate β. To relate a given ISI distribution to the
conditional intensity function, we find that

q(t |s) = f (t, s)

1 − ∫ t

s
f (u, s)du

, (32.6)

which is equivalent to Eq. (32.3) as shown in Appendix 1. Equations (32.3)
and (32.6) allow us to switch between conditional intensity functions and ISI
distributions depending on what our modelling question requires.

32.3 Beyond Stationary Ca2+ Spike Sequences

The discussion so far assumed that successive Ca2+ spikes are independent and
are described by the same statistics. The conditional intensity function q(t |s) only
depends on the time since the last spike (t − s), but not on the absolute Ca2+ spike
times t and s. Hence, the probability for two spikes to be separated by say 80s is
the same irrespective of whether the first spike occurs 10s into the experiment or
1000s. The same holds true for the ISI density in Eq. (32.5) which only depends on
the time difference (t − s) between successive Ca2+ spikes. A consequence of the
independence of Ca2+ spikes is that we can immediately write down the probability
density for n Ca2+ spikes occurring at times y1, y2, . . . , yn. If we collect the Ca2+
spike times in a set y = {y1, . . . yn} the probability density for the entire Ca2+ spike
sequence is given by

p(y) = f1(y1, 0)f (y2, y1) · · · f (yn, yn−1)fn(T , yn) , (32.7)
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where f1(y1, 0) denotes the probability density for the first spike to occur at y1
and fn(T , yn) is the probability that no spike happens after yn until the end of the
experiment at time T . The probability for a Ca2+ spike sequence factorises in the
probabilities of individual and identical ISIs, which are properties often referred
to as independence and stationarity, respectively. We separate out the contributions
from f1 and fn since they do not correspond to ISI probabilities and hence are often
modelled by different probability distributions, e.g. a Poisson distribution.

However, there are numerous reasons for why ISI probabilities do not remain
constant over time and hence ISIs at different times of the experiment follow
different probability distributions. For example, while the ER refills between Ca2+
spikes, the level of refilling can decrease as Ca2+ leaves the cell across the plasma
membrane. In most experiments, InsP3 is formed in response to activation of cell
surface receptors, but the efficiency of this pathway may decrease over time. Both
factors lower the propensity for the generation of Ca2+ spikes as the experiment
progresses and introduces trends when plotting ISIs. When analysing Ca2+ spikes,
we can remove trends and only consider Ca2+ spikes after initial transients. This
presents a sensible approach when cells experience constant stimulation such as
in step change experiments. However, under physiological conditions, hormones
arrive in a time-dependent manner, so do neurotransmitters and paracrine signals. To
mimic such an in vivo environment, cells need to be challenged with time-varying
stimuli. As soon as we introduce an explicit time-dependence, ISI distributions are
no longer stationary, but depend on the absolute time of the experiment.

This raises the question on how to mathematically describe the non-stationarity
of Ca2+ spike sequences. One approach is to introduce an explicit time-dependence
into the ISI distribution by making the parameters change over time. While
conceptually appealing, the practicalities of this approach are limited. For instance,
if we believe that the parameters change continuously over time, it is not apparent
how to constrain the model best given that we sample the values of the parameters at
only a few discrete time points, viz. the times of Ca2+ spikes. Another issue arises
from the fact that the probability of a Ca2+ spike sequence does not necessarily
factorise any more as in Eq. (32.7), but we need to consider the full multivariate
probability p(y) = p(y1, . . . , yn), which can pose significant challenges.

A more practical approach was put forward in [68]. At the heart of it lies a time
transformation that maps the time of the original experiment, denoted by t , to a new
time u via

u(t) =
∫ t

0
x(v)dv , (32.8)

where x is called the intensity function and relates to the level of Ca2+ spiking as
we will illustrate below. As such, x is always strictly positive and hence associates
each value of t with a unique values of u through Eq. (32.8). A consequence of this
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mapping is that in the new time u, ISIs become independent [68]. This means that
the probability density for a Ca2+ spike sequence factorises again and we have

p(y|x) = g1(u1, 0|x)g(u2, u1|x) · · · g(un, un−1|x)gn(U, un|x) , (32.9)

where ui = u(yi), U = u(T ) and the dependence of y on the left hand side enters
on the right hand side through u being a function of t . We explicitly include x

to emphasise that the transformation depends on the intensity function. What makes
Eq. (32.9) particularly useful is that the probability density g is related to the original
ISI probability density f via

g(ui, ui−1|x) = x(yi)f (ui, ui−1) , (32.10)

which follows from the conservation of probability [67, 77]. We illustrate a practical
calculation for Eq. (32.10) in Appendix 2.

At this point, it might appear that the intensity function is mathematically
convenient, but detached from the actual biology. As it turns out, the contrary
holds true. For the models of Ca2+ spiking considered here, x(t) corresponds to the
probability of Ca2+ spiking independent of the history of the Ca2+ spike sequence.
Put differently, if there are N identical Ca2+ spiking cells, Nx(t) is the expected
number of Ca2+ spikes at time t . To illustrate this concept, we chose an intensity
function (red line in Fig. 32.3), generated 10,000 Ca2+ spike sequences from it
and binned them (light blue histogram). By using a large number of Ca2+ spike
sequences, binning is equivalent to taking the average across all possible histories
that led to a Ca2+ spike in the respective bin. The excellent agreement between
the intensity function and the histogram confirms the above interpretation of x(t).
For the practicalities of generating the Ca2+ spike sequences, we refer the reader to
Appendix 3.

32.4 Bayesian Computation

A main motivation for pursuing a statistical approach is to fit models of Ca2+ spike
generation more easily to experimental data and hence learn more about the nature
of Ca2+ oscillations. This requires us to infer the parameters of the ISI distribution,
e.g. α and β for the Gamma distribution, and the time course of x(t) from measured
Ca2+ spike sequences. For ease of reference, we will call all unknowns of the model,
i.e. the intensity function and the parameters of the ISI distribution, hyperparameters
and denote them by θ .

There are a number of ways for achieving this goal. Here, we will make use of
Bayesian inference, that addresses the following question: what does the data tell us
about the parameters of the model? Expressed more formally, we are interested in
p(θ |y), i.e. the probability distribution of the hyperparameters given a Ca2+ spike
sequence. This probability is called the posterior distribution. The advantage of this
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Fig. 32.3 Intensity function (red) and peristimulus-time histogram (blue) obtained from 10,000
Ca2+ spikes when the ISI distribution is given by a Gamma distribution. Parameter values are
x(t) = 2 cos(t) + 2 cos(0.5t) + 2.4 and α = 6.2 and β = 6.2s

approach is that we do not merely obtain a single value, but the full probability
distribution for the parameters that are consistent with the data. This allows us to
judge how well the model captures the data and what parameter values to use to
describe the underlying biology. For instance, consider one of the hyperparameters,
say θ1. If the distribution for θ1 is sharply peaked around a value θ∗

1 , we can be
confident that θ∗

1 is a sensible estimate for θ1. On the other hand, if the probability
distribution is broad or exhibits multiple maxima, we are pressed much harder
to interpret the results. It might also indicate that we based our original model
on incorrect assumptions. In addition to these conceptual benefits, the posterior
distribution is all we need to answer any question we have about the experiment.
For instance, we can determine summary statistics such as mean and variance as
well as the behaviour of functions that depend on hyperparameters.

To compute the posterior probability, we make use of Bayes’ theorem, which
states that

p(θ |y) = p(y|θ)p(θ)

p(y)
. (32.11)
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The right hand side contains the likelihood function p(y|θ), the so-called prior p(θ)

and the normalisation

p(y) =
∫

p(y|θ)p(θ)dθ . (32.12)

The conceptual appeal of Eq. (32.11) stems from its numerator. We already encoun-
tered an example for a likelihood function in Eq. (32.9). It represents how likely
it is to observe what we have measured for a given θ and hence reflects our
believes about the potential mechanisms that drive Ca2+ spike generation. The
prior distribution allows us to provide sensible input for the hyperparameter values
before we see the data. For instance, if we believe that some hyperparameter, say
θ1 again, has a value close to some θ0

1 , we pick a probability distribution that is
centred around θ0

1 . On the other hand, if we are uncertain about possible values of
θ1, we choose a wider prior. Thinking about priors for hyperparameters that are
numbers immediately leads us to probability distributions in the classical sense
such as Poisson distributions or Gamma distributions. But what about a prior for
the intensity function x(t)? To answer this question, it is helpful to return to the
biological interpretation of x(t), viz. the probability density for a Ca2+ spike at time
t irrespective of the history of the Ca2+ spike sequence. If we challenge cells with
a constant stimulus as in e.g. a step-change experiment, a reasonable assumption
is that x(t) remains constant over longer periods of time, but not necessarily at
the same value for the entire experiment. For instance, as the experiment continues,
Ca2+ spikes may become less frequent compared to the beginning of the experiment
due to receptor desensitisation or changes to ER Ca2+ load. We can mimic this
biological response by assuming an x(t) that has a large constant value when the
experiment is started and smaller constant value towards the end. In this particular
illustration, we assumed that there are two different levels. To allow more flexibility,
suppose that there are k levels and that the probability for having k levels is
Poissonian with rate γ . If we further assume that each level hi is drawn from a
Gamma distribution with parameters a and b, we find that the prior for the intensity
function is

p(x) = e−γ γ k

k!
k∏

i=1

ab

Γ (a)
ha−1

i e−bhi . (32.13)

Because the number of changepoints is independent from the levels hi , which again
are independent from each other, p(x) factorises into individual contributions [78].
In Fig. 32.4a we illustrate three candidates for such piecewise constant priors with
different numbers of changepoints and different level values.

While piecewise linear intensity functions possess computational advantages—
e.g. the integral in Eq. (32.22) in Appendix 2 can be computed analytically—one
issue with them is that they are discontinuous, i.e. they have jumps. This might be
undesirable in some situation, which leads us to priors for continuous functions. An
example for this is when cells are challenged with a time-varying stimulus as e.g.
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Fig. 32.4 Candidate intensity functions for (a) a piecewise linear prior and (b) a GP prior. The
different colours indicate (a) different numbers of change points and different levels and (b)
different values of κ . Here, blue corresponds to κ = 5s, red to κ = 1 s and black to κ = 0.2 s

in [67]. Since the stimulus changes smoothly over time, a reasonable assumption
is that the intensity function inherits this smoothness. Among the different choices
that can be made for continuous intensity functions, we here focus on so-called
Gaussian processes (GPs). Consider the intensity function at some time point t .
Instead of fixing a unique value x = x(t), we prescribe a probability distribution
g(x). In other words, for a fixed time t there is a probability g(x(t))dx that the value
of the intensity function lies in the interval [x(t), x(t) + dx]. We here assume that
the logarithm of the intensity function follows a Gaussian distribution of the form

fGP(x) = 1√
2πσ 2

exp

{
(μ − x)2

2σ 2

}
, (32.14)

where μ denotes the mean and σ the standard deviation, respectively. GPs derive
their name from the fact that we employ a Gaussian distribution. The reason for
assuming that log x(t) rather than x(t) itself follows a Gaussian distribution is that
x(t) is always positive, but a Gaussian distribution can yield negative values. By
using the logarithm, we enforce the positiveness of the intensity function. To ensure
that the intensity function is continuous, we need to guarantee that the values of x at
two close-by time points t and s are not too far apart. This is achieved by imposing
a correlation function

�(s, t) = σ 2 exp

{
(s − t)2

κ2

}
, (32.15)

which we have chosen to be a squared exponential. Here, σ is the same as in
Eq. (32.14) and κ measures how smooth the GP is. The larger κ the smoother
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the intensity function. Figure 32.4b shows three different realisations of a GP for
varying values of κ . Observe that all three functions are smooth, and that there are
less wiggles for larger values of κ , which is consistent with the interpretation above.
Since we have to discretise time for any practical computation, suppose that there
are n time points, i.e. we represent the time of the experiments at n discrete time
points ranging from t1 = 0 to tn = T , where T is the duration of the experiment.
A practical representation for these time points are the values at which the Ca2+
concentration is measured and is determined by e.g. the frame rate of the microscope
cameras. The prior for a GP is a multivariate Gaussian distribution and reads as

p(x) = 1√
(2π)n det �

exp

{
1

2
(t − μ)�−1(t − μ)

}
, (32.16)

where t is a vector of length n representing the discretised time of the experiment,
μ is a vector of length n denoting the mean of the GP at each time point tn, and �

is given by Eq. (32.15).
Having introduced different priors for the hyperparameters of the model includ-

ing the intensity function x, we can return to Eq. (32.11). While it is conceptually
appealing and offers us a full picture of the parameters of the model as constrained
by the experiment, it is computationally challenging. The reason is the integral
in the denominator, which runs over the entire hyperparameter space. Since
this can be high-dimensional, we require computationally efficient methods as
a direct integration is often prohibitively expensive if not impossible. There are
various methods for tackling this problem. For instance, instead of computing
p(θ |y) directly including the integration of the denominator, we can determine the
maximum of the distribution and its variance [79, 80]. This will provide us e.g.
with the most likely intensity function that is consistent with the data as well as
confidence intervals, see [67]. A different approach is to try and sample from p(θ |y)

without having to explicitly compute it. The main idea is that if we can sample
from a probability distribution, we know the possible values and the associated
probabilities (values that are more likely than others are sampled more frequently)
without having to determine a closed form solution. This often suffices for practical
purposes. A technique that does this is known as Markov chain Monte Carlo [81].

32.5 Analysing Ca2+ Spike Sequences

Having introduced key concepts for a statistical analysis of Ca2+ spike sequences in
the previous sections, we now apply them to different experiments. A crucial input
to our model is the ISI probability density, see Eq. (32.9). However, we do not know
a priori which distribution is most consistent with the data. To establish this, we can
make use of the following transformation. Let the measured Ca2+ spike times be
given by y1, . . . yn again. We define transformed ISIs by
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Fig. 32.5 K-S (a) and Q-Q (b) plots for data from 23 individual cells stimulated with carbachol
cells. The initial concentration was 20 μM, which was increased to 50 μM. The ISI distributions
are inverse Gaussian (blue), Poisson (red) and Gamma (grey). We used piecewise linear functions
as prior for the intensity function

τk =
∫ yk

yk−1

q(s|yk−1)ds , (32.17)

with q given by Eq. (32.6). It can now be shown that if the mechanisms that generate
the observed Ca2+ spikes are consistent with the ISI distribution that we use in
Eq. (32.6), the transformed ISIs τk are exponentially distributed with unit rate [82].
This leaves us with the task of comparing two probability distributions: the standard
exponential distribution and the distribution of the transformed ISIs. The quantile-
quantile (Q-Q) plot and the Kolmogorov Smirnov (K-S) plot are two powerful
graphical approaches to examine differences between probability distributions. In
Fig. 32.5 we show Q-Q and K-S plots for HEK293 cells in a multistep experiment.
We tested three different ISI distributions: a Poisson, an inverse Gaussian and
a Gamma distribution. Each cell was analysed individually and gave rise to a
separate sequence of dots; no data assimilation was performed. For the Q-Q plot, we
determine the quantiles of the transformed ISIs and plot them against the quantiles
of the exponential distributions. For the K-S plot, we compute the cumulative
distributions of the transformed ISIs and the exponential distribution, respectively,
and plot them against each other. Identical probability distributions possess identical
quantiles and identical cumulative distributions, respectively. Hence any deviation
from a 45◦ straight line in the Q-Q and K-S plot points towards differences between
the distributions and hence indicates that we need to improve our assumptions about
the ISI distributions.

For both, the K-S and the Q-Q plot, the data points deviate significantly from
a straight line with slope 1 for the Poisson and the inverse Gaussian distribution.
On the other hand, we observe a strong correlation between the 45◦ line and the
data points for the Gamma distribution. This visual inspection is corroborated by
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Fig. 32.6 Box and whisker plots for the data presented in Fig. 32.5 showing results for the (a) K-S
plot and (b) Q-Q plot. The red line represents the median of the distribution, and the box delineates
the range of data from the first to the third quartile. The whiskers indicate the spread of the data

the box-and-whisker plots in Fig. 32.6. Because we treated cells individually, we
can determine the slope of a linear fit for each cell. The plots in Fig. 32.6 show the
statistics for these slopes. The box represents the spread of data within the second
and third quartile, and the red line indicates the median. The whiskers provide a
measure for the overall spread of the data. Generally speaking, the smaller the box
and the closer the whiskers to the box, the less spread is in the data. The Poisson
and the inverse Gaussian distribution generally exhibit a larger spread than the
Gamma distribution. Moreover, the median of the Gamma distribution is closer to
one. In [67], we found that for HEK293 cells stimulated with 10 μM and 100 μM
charbachol, respectively, the Gamma distribution worked best. These results and the
new analysis presented here strongly suggest that the ISI statistics for Ca2+ spike
sequences are captured by a Gamma distribution. A further argument to support this
conclusion is that the data in [67] and [65] were acquired independently in different
labs with different setups.

In order to obtain the results in Figs. 32.5 and 32.6 we had to estimate the
intensity function x(t) for each cell. Figure 32.7 displays x(t) for two different
cells. Since we analyse step change experiments, we first chose piecewise constant
functions as a prior for x as discussed in Sect. 32.4. The mean intensity function
is shown as a solid blue line, while the 95% confidence interval is represented
by the shaded blue area. We clearly see an increase in the intensity function as
the stimulus strength is stepped up. Moreover, during extended periods of time,
the intensity function is almost constant, which has significant consequences for
the interpretation of the mechanisms that drive Ca2+ spike generation as discussed
below.

As pointed out in Sect. 32.4, piecewise constant functions are not the only
possible prior. GPs constitute another possible class, and corresponding results are
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Fig. 32.7 Intensity functions (solid lines) and 95% confidence interval (shaded regions) for two
cells in a multistep experiment. The initial stimulus was 20 μM carbachol and changed to 50 μM
carbachol at t = 2581s (a) and t = 2524s (b). The prior for the intensity function is a GP (red) or
piecewise constant (blue). The ticks along the x-axes indicate the Ca2+ spike times

shown in red in Fig. 32.7. Vitally, the intensity function obtained with a GP prior
closely follows that derived from a piecewise constant prior. Given that the two
priors represent significantly different functional forms of the intensity function, the
consistency between the two approaches lends strong support for the validity of the
derived intensity functions. Moreover, if we were to only use GPs as priors, a valid
step is to interpolate the smooth prior with a piecewise linear function, which allows
us to compute the mean ISI.

Having identified intensity functions that are consistent with measured Ca2+
spike sequences, we can now determine the conditional intensity functions q(t |s) =
q(yi |yi−1). We start from Eq. (32.6), set t = yi , s = yi−1 and then replace
f (yi, yi−1) with g(ui, ui−1|x) from Eq. (32.10) by using Eq. (32.8) (see also
Appendix 2). In other words, the conditional intensity function q(t |s) is a highly
nonlinear transformation of the estimated intensity function x(t) given the Ca2+
spike times. In Fig. 32.8 we plot q(t |s) for the data shown in Fig. 32.7. We notice
that immediately after a Ca2+ spike q(t |s) remains almost zero for some time before
it increases. This indicates that during this period, Ca2+ spikes cannot occur, which
is equivalent to saying that there is a refractory period. Importantly, we did not
include an explicit refractory period in our model, i.e. we did not choose an ISI
probability distribution that vanishes for a certain amount after the last Ca2+ spike.
For instance, the Gamma distribution in Eq. (32.5) does not per se stay close to zero
for small values of (t − s). It only does so for certain values of α. Since the value
of α is part of estimating x(t), the vanishing of the conditional intensity function is
an emergent result of the model. These findings are consistent with the presence of
a refractory period Tr in the ansatz in Eq. (32.1). There, we chose the conditional
intensity function and derived the ISI distribution, while for Fig. 32.8, we decided
upon a certain ISI distribution and derived the conditional intensity function. The
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Fig. 32.8 Conditional intensity functions corresponding to the data in Fig. 32.7. The ticks along
the x-axes indicate the Ca2+ spike times

agreement between the ansatz in Eq. (32.1) and the estimated conditional intensity
function in Fig. 32.8 lends strong support to the former.

In addition to the conditional intensity function, we can also interrogate the ISI
distribution. For a time-dependent intensity function x(t), the corresponding ISI
distribution is time-dependent as well, see Eqs. (32.21) and (32.22) in Appendix 2.
However, when the intensity function is constant, this time-dependence is lost,
and we can use the same ISI distribution for the entire period that x does not
change. Inspecting Fig. 32.7a, we observe that the intensity function obtained with
a PWL prior (blue line) is almost constant between 600s and 2000s, while a similar
behaviour is seen in Fig. 32.7b during the first 2000s for the GP prior (red curve).
Taking these values for x together with the inferred parameter values for the Gamma
distribution, we now plot the corresponding ISI distributions in Fig. 32.9 based
on Eq. (32.25). For the stronger stimulus (50 μM, blue line), the ISI distribution
is shifted towards the left compared to the weaker stimulus (20 μM, red curve).
In addition, the variance is more pronounced in the former than in the latter. To
quantify this, we compute the mean μ and the standard deviation σ using the
inferred intensity function x and the associated values of the Gamma distribution.
We obtain μ = 159.07s and σ = 22.50s for the small stimulus and μ = 96.73s
and σ = 32.24s for the stronger stimulus, respectively. We can compare this with
the mean and standard deviation determined directly from the Ca2+ spike sequences
shown in Fig. 32.7. We find μE = 166.57s and σE = 24.416s at 20 μM and μE =
96.31s and σE = 27.03s at 50 μM, respectively. The good agreement between the
experimentally determined statistics (μE, σE) and the estimated quantities (μ, σ )

demonstrates the usefulness of the Bayesian inference approach that we have
employed here.



32 A Statistical View on Calcium Oscillations 817

Fig. 32.9 ISI probability
density fG(t, 0|x) for the data
shown in Fig. 32.7a (red) and
Fig. 32.7b (blue) for t

between approximately 600s
and 2000s (red) and t

between 1s and 2000s (blue)
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32.6 Concluding Discussion

Ca2+ spikes constitute a well-established mode of intracellular Ca2+ signalling
across a large number of cell types. We can now draw on a substantial body
of experimental measurements that have identified and characterised the cellular
components that drive Ca2+ oscillations. Despite these successes, central questions
remain open. Amongst them is a seemingly innocuous query: given a stimulus, can
we predict the sequence of Ca2+ spikes? Since there is wide-ranging consensus
that information about the stimulus is encoded in the properties of Ca2+ spike
sequences, answering this question is critical for our understanding of intracellular
Ca2+ signalling.

Addressing this issue from a modelling perspective is challenging for two
reasons. The generation of Ca2+ spikes is firstly stochastic and secondly driven
by the interaction of spatially distributed clusters of InsP3 receptors. One avenue
to make progress is to simulate partial differential equations for the intracellular
calcium concentration (see [61] for a recent perspective). Here, we have reviewed a
different framework that is a conceptual antipode to the first approach. While partial
differential equations rely on mechanistic details and build oscillations from the
bottom-up, the statistical ideas in this review aim at describing Ca2+ spikes directly
at the cell level.

One advantage of a statistical model lies in its computational demands. It is
considerably cheaper to generate Ca2+ spike sequences from a statistical model
than to solve partial differential equations. This is particularly useful when studying
cell populations, where intercellular heterogeneity calls for multiple Ca2+ spike
sequences with different parameter values. But statistical models may also help
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conceptually. Ultimately, Ca2+ dependent signalling is driven in many instances
by the sequence of Ca2+ spikes. Hence, the properties of Ca2+ spikes such as
their ISI distribution are of central interest. Since it is conceivable that different
microscopic models based on detailed molecular processes all lead to the same
cellular behaviour, statistical frameworks are ideally placed to capture this common
identity of Ca2+ spiking.

The first step in our statistical analysis is to derive a model for whole-cell Ca2+
spiking. Since Ca2+ spikes are stochastic, we can express their occurrence most
naturally in the language of probabilities. A core ingredient is the ISI distribution
f (t, s), or equivalently the conditional intensity function q(t |s). It is worth noting
that both depend on only two times, i.e. we assume that the generation of a Ca2+
spike only depends on the history since the last Ca2+ spike. This independence of
successive Ca2+ spikes has been shown for astrocytes, PLA cells and HEK293 cells
in [83] for constant stimulation. In general, however, this might be too strong an
assumption. In particular, when cells are challenged with continuously changing
stimuli—in order to mimic a more realistic cellular environment—correlations
within the signal might be inherited by the Ca2+ spikes. One possibility is to
generalise the conditional intensity function. Instead of depending only on the
last time t , it now relies on the entire Ca2+ spike history Ht , i.e. q = q(t |Ht).
This, however, does not necessarily lead to a mathematically tractable problem. A
more practical approach is the introduction of an intensity function. Essentially,
it transforms the original Ca2+ spike times in such a way that they become
independent. As a consequence, we can use the original ISI distributions f (t, s)

or conditional intensity functions q(t |s), which entails that the parameters of the
model are those of the ISI distribution and the intensity function, respectively.

This leaves us with the task of finding the parameter values given the Ca2+ spike
sequences. The last condition is of particular relevance to the current approach.
Our goal is to derive a model that is constrained by experimental data and
whose parameter values can be sensibly estimated. We have achieved this by
employing Bayesian ideas, which allow us to determine the probability distribution
of the parameters given the Ca2+ spike sequences, i.e. p(θ |y). This is a distinct
advantage of the Bayesian framework. Other methods, such as maximum likelihood
estimators, also provide information about the parameters of the model. However,
they only deliver one set of parameter values associated with a standard error, not
entire probability distributions. Moreover, these approaches come with numerical
challenges and are hard to pursue in higher dimensions.

Since the ISI distribution is a core component of the model, we first ascertained
if our choices are consistent with the recorded Ca2+ spike sequences. As Figs. 32.5
and 32.6 illustrate, the Gamma distribution captures the data well, while the inverse
Gaussian and the Poisson distribution fail to do so. It is worth noting that the data
analysed here were obtained in different experiments than those used in [67], yet
both data sets lead to the same conclusion: Ca2+ spikes are well described by
a Gamma distribution. This might point to the mechanisms that generate Ca2+
spikes. Since the Gamma distribution returns the probability of the first time that
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α events have occurred (see Eq. (32.5)), it is consistent with the interpretation that
the formation of a critical nucleus of elevated Ca2+, driven by the occurrence of
a certain number of Ca2+ puffs, underlies the generation of a Ca2+ spike. At the
moment, we cannot rule out that other probability distributions that we have not
tested yet describe Ca2+ spikes equally well or even better. The advantage of our
Bayesian modelling framework is that it works for any probability distribution,
which allows us to test more candidate distributions in the future. Moreover, we
have two complementary tests at our disposal, the Q-Q and the K-S plot. While
both approaches check whether two probability distributions coincide, the K-S plot
is more sensitive towards the centre of the distribution, while the Q-Q plot focusses
on the tails.

When testing for the most likely ISI distribution, we had to estimate the intensity
function x(t) at the same time, since the ISI distribution explicitly depends on x(t)

(see Eqs. (32.21) and (32.22)). Following on from our results so far, we focussed
on intensity functions obtained for the Gamma distribution. The intensity function
is central to our understanding of Ca2+ spike generation. An almost constant
intensity function indicates that Ca2+ spikes originate from stationary dynamics.
This means that the ISI distribution is identical for each recorded Ca2+ spike time,
which allows us to compute the mean and the variance of a Ca2+ spike sequence
(see Fig. 32.9). From a biological perspective, this corresponds to a cell with no
explicitly time-dependent processes such as a continuous depletion of the ER or an
accumulating degree of receptor desensitisation. In the latter, this does not mean that
receptor desensitisation does not occur, but that the fraction of desensitised receptors
across the cell stays constant. A change of experimental conditions is directly
translated into changes of the intensity functions. For instance, recent experiments
with sinusoidal stimuli led to intensity functions that reflect the rises and falls of
the applied agonist [67]. Moreover, since intensity functions are estimated from
Ca2+ spike sequences of individual cells, they mirror the variability of observed
responses. A key line of research is therefore to quantify and classify such diverse
intensity functions.

Using both the ISI distribution and the intensity function we can compute the
conditional intensity function q(t |s), which corresponds to the probability of a Ca2+
spike at time t given that a Ca2+ spike occurred at time s. The shape of q allows
us to discuss potential mechanisms that are involved in Ca2+ spike generation. For
instance, as Fig. 32.8 illustrates, the conditional intensity function remains small
after a Ca2+ spike before it increases. This period of low Ca2+ spiking probability
is consistent with the observations of refractoriness. Plots like Fig. 32.8 also allow
us to estimate the range of refractory periods, which we can then compare to the
refractory period obtained from plots of the mean ISI against the ISI standard
deviation as seen in Fig. 32.1d. In addition, we can compare the rise time of the
conditional probability function with known timescales of e.g. ER refilling or InsP3
receptor recovery to ascertain whether any of the molecular timescales match the
cellular time scale, or whether we deal with an emergent timescale.

One motivation for pursuing a statistical approach is to obtain distributions
for the parameter values that govern Ca2+ spike generation. The reason for why
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distributions exist in the first place—and not a single parameter value only—lies
in the inherent single-cell variability. Consider e.g. the variation of ξ and λ shown
in Fig. 32.2. The recovery from global cellular inhibition is controlled by ξ . This
involves inter alia resequestration of Ca2+ from the cytosol to the ER via SERCA
pumps or recovery of InsP3 levels. Since expression levels of SERCA pumps can
vary amongst cells, recovery proceeds at different speed in different cells, which
is captured by the variability of ξ . As for λ it controls the asymptotic Ca2+ spike
rate. As Ca2+ spikes are believed to occur via the formation of a critical nucleus of
elevated Ca2+ and subsequent propagation of a Ca2+ wave, the spatial distributions
of InsP3Rs and SERCA pumps are crucial. These distributions vary significantly
between cells, which directly impacts on the spread of λ.

As with all modelling approaches, the methodology presented here is not without
its caveats. In its current form, we only consider Ca2+ spike times and leave aside
other Ca2+ spike properties such as amplitude, duration, shape, or baseline Ca2+
concentration levels. However, these characteristics have been shown to impact on
a number of Ca2+ dependent processes [4]. An interesting point in this respect is
a potential interplay between release amplitude, release duration and the absolute
refractory period. Our results in [65] suggest that the absolute refractory period is
not controlled by cell variability and hence that there is only one value for all cells.
We can further test this hypothesis by extending the model for a Ca2+ spike as
in Eq. (32.25) in Appendix 3 to explicitly include a distributed refractory period.
The advantage of the Bayesian approach is that the estimation process remains
conceptually the same, but we need to estimate additional parameters. As stated
above, one incentive for the current work is to relate the estimated parameter
values to biophysical processes. Care needs to be taken here as different processes
can potentially give rise to the same whole cell parameter values that we infer.
Hence further tests are needed to discriminate between different alternatives. A
consequence of this consideration is that cells might employ a number of different
strategies to generate the same whole cell signal, and it will be fascinating to tease
apart the advantages and disadvantages of specific routes to global Ca2+ signals.

The preceding discussion illustrates that advanced statistical modelling can
provide valuable insights into the dynamics of Ca2+ spiking. Vitally, our approach
works for cells that are dynamically stimulated with agonist time courses that mimic
physiological conditions in vivo, which allows us to model cellular Ca2+ spiking in a
realistic environment. By inferring parameter values from single cell measurements,
we can determine their ISI distribution, which is a central ingredient to modelling
Ca2+ spikes. Moreover, it allows us to compute statistical properties such as means
and variances, which in turn quantify stochastic Ca2+ spikes. In addition, we showed
how the statistical model allows us to infer potential mechanisms of Ca2+ spike
generation. This connects the statistical approach with the mechanistic framework of
simulating partial differential equations for Ca2+ signalling. In the future, it will be
desirable to see these two complementary techniques working hand in hand, which
has the potential to significantly enhance our understanding of the Ca2+ signalling
toolkit.
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Appendix 1

We here show the equivalence of Eqs. (32.3) and (32.6). For this, it is convenient to
introduce

F(t, s) = 1 −
∫ t

s

f (u, s)du . (32.18)

The right hand side of Eq. (32.6) can be written as a full derivative in the form

q(t |s) = − d

dt
ln F(t, s) (32.19)

Multiplying through by (−1) and integrating both sides with respect to t yields

−
∫ t

s

q(u|s)du = ln F(t, s) , (32.20)

noting that ln F(s, s) = 0. When we exponentiate both sides and use the fact that
F(t, s) = f (t, s)/q(t |s) as per Eq. (32.6) we arrive at Eq. (32.3).

Appendix 2

Here, we demonstrate how to practically apply Eq. (32.10) when f is given by the
density for the Gamma distribution as in Eq. (32.5). We obtain

gG(ui, ui−1|x) = x(yi)
βα

Γ (α)
Xα−1

i,i−1e−βXi,i−1 , (32.21)

where

Xi,i−1 =
∫ yi

yi−1

x(v)dv , (32.22)

since the difference (t − s) in the transformed time u is given by

u(t) − u(s) = u(yi) − u(yi−1) =
∫ yi

0
x(v)dv −

∫ yi−1

0
x(v)dv =

∫ yi

yi−1

x(v)dv .

(32.23)
A common choice for f1 and fn is a Poisson distribution, which leads to

g1(u1, 0|x) = x(y1)e
−X1,0 , gn(U, un|x) = e−Xn+1,n , (32.24)

in the transformed time, where we have set y0 = 0 and yn+1 = T .
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Appendix 3

To generate the Ca2+ spikes that underlie the histogram in Fig. 32.3 we use inverse
sampling [84]. Since x(t) is non-constant, we need to use the time-dependent
ISI density g(ui, ui−1|x) from Eq. (32.10). For ease of presentation, we rewrite
Eq. (32.10) in terms of the non-transformed Ca2+ spike times yi using the results
from Appendix 2 as

fG(yi, yi−1|x) = x(yi)
βα

Γ (α)

[∫ yi

yi−1

x(v)dv

]α−1

exp

{
−β

∫ yi

yi−1

x(v)dv

}
,

(32.25)

which we use in the definition of the cumulative probability function

FG(t, yi−1|x) =
∫ t

yi−1

fG(s, yi−1|x)ds . (32.26)

Suppose now that the last Ca2+ spike occurred at time yi−1. We find the next Ca2+
spike time as yi = yi−1 + Δ, where

Δ = inf {t |FG(t, yi−1|x) > ω} , (32.27)

and ω is a random number that is uniformly distributed between 0 and 1. To put it
another way, we need to integrate the ISI probability density fG from yi−1 until we
obtain a value of ω for the integral and then add the corresponding upper bound of
the integral to the previous Ca2+ spike time yi−1.
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Chapter 33
Calcium Regulation of Bacterial
Virulence

Michelle M. King, Biraj B. Kayastha, Michael J. Franklin,
and Marianna A. Patrauchan

Abstract Calcium (Ca2+) is a universal signaling ion, whose major informational
role shaped the evolution of signaling pathways, enabling cellular communications
and responsiveness to both the intracellular and extracellular environments. Elab-
orate Ca2+ regulatory networks have been well characterized in eukaryotic cells,
where Ca2+ regulates a number of essential cellular processes, ranging from cell
division, transport and motility, to apoptosis and pathogenesis. However, in bacteria,
the knowledge on Ca2+ signaling is still fragmentary. This is complicated by the
large variability of environments that bacteria inhabit with diverse levels of Ca2+.
Yet another complication arises when bacterial pathogens invade a host and become
exposed to different levels of Ca2+ that (1) are tightly regulated by the host, (2)
control host defenses including immune responses to bacterial infections, and (3)
become impaired during diseases. The invading pathogens evolved to recognize and
respond to the host Ca2+, triggering the molecular mechanisms of adhesion, biofilm
formation, host cellular damage, and host-defense resistance, processes enabling
the development of persistent infections. In this review, we discuss: (1) Ca2+ as a
determinant of a host environment for invading bacterial pathogens, (2) the role of
Ca2+ in regulating main events of host colonization and bacterial virulence, and (3)
the molecular mechanisms of Ca2+ signaling in bacterial pathogens.
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33.1 Elevated External Calcium (Ca2+) Regulates
Adaptation of Bacterial Pathogens to Their Host
Environment

33.1.1 Host-Associated Ca2+

In order to survive, bacteria must sense the chemical landscape of their environment
and respond to it by adjusting their biological activities. Bacterial pathogens have
an additional challenge of recognizing the transition between outside and inside the
host and efficiently rearranging their gene expression to enable survival in the hostile
host. The environment inside the host has a drastically different chemistry regulated
by complex signaling systems, including one of the most versatile intracellular
messengers, calcium (Ca2+).

Ca2+ signaling has been widely studied in eukaryotes [1, 2]. Ca2+ signaling is
based on tightly regulated fluctuations in the levels of the ion in different cellular
compartments, that trigger multiple molecular pathways. Whereas the cytoplasmic
concentration of free Ca2+ is maintained at high nanomolar level, the extracellular
concentration of the ion reaches millimolar levels [3–5] differing between different
body fluids, tissues, and organs. Several examples are summarized in Table 33.1.

Since Ca2+ signaling regulates most essential cellular processes, slight abnor-
malities in Ca2+ homeostasis cause diseases or are a result of certain pathologies.
For example, in cystic fibrosis (CF) [6, 7], different types of cells, including
skin fibroblasts and bronchial epithelium cells, show elevated intracellular Ca2+
pools [8, 9]. In addition, abnormally elevated levels of Ca2+ were registered in
multiple body fluids of CF patients (Table 33.1). Further, the elevation of cytosolic
Ca2+ concentration was shown to trigger host immune responses against invading
pathogens. For example, intestinal epithelial cells infected with Salmonella serotype
Typhimurium require an increased cytosolic Ca2+ to express pro-inflammatory
chemokine IL-8 [10]. Elevated Ca2+ in CF sputum positively correlates with the
release of IL-8 in the necrotic immune cells [11]. As a part of the innate immunity
defense, production of antimicrobial peptides (AMPs) by epidermal keratinocytes
in response to infection by Pseudomonas aeruginosa, Staphylococcus aureus and

Table 33.1 Examples of free Ca2+ levels in human body fluids

Body fluid [Ca2+] References

Joint fluids 4 mM [26]
Plasma 1.3–1.5 mM [23, 27–29]
Serum 0.7 to 1.4 mM. [23, 30–34]
Saliva (in CF patients) 0.3 mM (4.8 ± 0.7 mM) [35–41]
Nasal secretions (in CF patients) 3.1 ± 1.6 mM (4.7 ± 2.2 mM) [42–44]
Sputum (in CF patients) 1.1 mM (2.5 mM) [11]
Urine 1.6–5 mM [45]
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other pathogens is induced by elevated levels of Ca2+ [12]. Some of the AMPs,
including a family of Ca2+ binding EF-hand S100 family, require Ca2+ for their
interactions with targets [13].

Some bacterial pathogens are able to alter the hosts [Ca2+]in levels through
activating Ca2+ flux across the plasma membrane and, releasing Ca2+ from the
intracellular stores into the cytosol [10, 14–17]. These interactions can be mediated
by bacterial surface associated proteins such as PilC of Neisseria meningitidis [17],
FliC of P. aeruginosa and Salmonella [18], and FimH of Escherichia coli [19] or
by secreted effectors, such as hemolysin A from S. aureus [20], pyocyanin and
homoserine lactones from P. aeruginosa and Serratia liquefaciens [21–25]. Such
alterations in the host Ca2+ have been shown to facilitate bacterial adherence and
subsequent internalization into the host cells.

In plants, Ca2+ is one of the earliest signaling elements that coordinate adaptive
immune responses to invading pathogenic bacteria. Cytoplasmic Ca2+ ([Ca2+]cyt)
increases in response to infecting pathogens, such as P. syringae [46]. A sustained
elevation of [Ca2+]cyt serves as an important early signal, which links the recogni-
tion of infection to downstream defenses including generation of reactive oxygen
species (ROS) and oxidative burst [47, 48]. The ROS burst may lead to cell death
preventing the pathogen establishment inside the plant [49].

Overall, Ca2+ is an essential component of the host environment that both
responds to the presence of bacterial pathogens, and regulates specific defense
mechanisms. Ca2+ levels in a host may signal to the invading pathogens that they
are entering a host and also indicate the status of immune protection in the host.
Therefore, recognizing the host Ca2+ level can be beneficial to the invaders and
trigger their adaptation to the host environment, and lead to their increased virulence
and survival of the pathogen.

33.1.2 Ca2+ Triggers Life Style Switches in Bacterial
Pathogens

Bacteria possess efficient regulatory systems that enable their adaptation to continu-
ously changing environments. Regulation of gene expression is key for bacterial
survival in a variety of environments. One particularly efficient and complex
mechanism of surviving hostile environments is a switch between free-swimming or
planktonic lifestyle to sessile life as surface-associated community, called biofilm.
This transition is enabled by major molecular rearrangements ultimately enabling
increased resistance, cell-cell communication and efficient metabolism [50, 51].
This mechanism is of particularly high importance to extracellular pathogenic
bacteria colonizing host surfaces and surviving both host defenses and antimicrobial
treatments.

There is a growing body of evidence that Ca2+ plays both a structural and a
regulatory role in the transition to surface-associated biofilm lifestyle. Bacterial
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adhesion is the first step in biofilm formation, and itself is a survival mechanism,
as nutrients, for example, tend to accumulate at surfaces [52]. The effect of Ca2+
on adhesion is partially due to electrostatic interactions, but also due to strong
interactions of the surfaces with the cell structures, such as pili and fimbriae [53–55],
and other macromolecules including teichoic acids, adhesins, lipopolysaccharide
(LPS), and extracellular polysaccharides (EPS). It was shown that cell surface
properties and their electrostatic interactions with the substratum contribute to
Ca2+-enhanced adhesion of non-motile and motile P. aeruginosa [56]. Ca2+-
enhanced cell adhesion to diverse host molecules and in vitro substrates, as well
as cell-cell aggregation, relies on the presence of type I and type IV pili in a
number of pathogens, including Xylella fastidiosa, [53], P. aeruginosa [57], Vibrio
vulnificus [58], and N. gonorrhoeae [59]. The Ca2+ regulation of the type IV pilus is
determined by its binding to pilus-biogenesis factor, PilY1, enabling pilus extension
and retraction [60]. This interaction is also required for the bacterium twitching
motility. By interacting with type I pili and fimbriae, Ca2+ modulates invasion of
bacterial pathogens, such as E. coli, into host cells [19, 61].

Ca2+ also enhances bacterial adhesion via large cell surface Ca2+-binding
adhesins, such as SdrC and SdrD in S. aureus [62, 63] and BapA in Paracoccus
denitrificans [64]. The former contain EF hand-like motifs that bind Ca2+ required
for protein folding. The latter belongs to repeats-in-toxin (RTX) family, containing
multiple nonapeptide Ca2+-binding domains, secreted via Type I Secretion System
(TISS), and serving a variety of functions, including cell-cell or cell-surface interac-
tions or contributing to protection against hostile environments by forming bacterial
surface (S)-layers (reviewed in [65]). In Listeria monocytogenes, elevated Ca2+ has
been reported to stabilize the complex between the adhesin InlA (Internalin A)
and the human extracellular E-cadherin domain 1 (hEC1). Once inside the host
cell, where Ca2+ concentrations are lower, the InlA-hEC1 complex dissociates,
which facilitates the liberation of the bacteria from the host cell membrane into the
cytosol [66]. Ca2+ is required for multimerization of large adhesin LapF involved in
colonization, microcolony formation, and biofilm maturation of P. putida [67–69].

Due to its interactions with surface proteins and by forming ionic bridges
between negatively charged macromolecules, Ca2+ enhances cell aggregation and
strengthens biofilm matrixes, including cell aggregation in oral Streptococci [70]
and alginate cross-linking of P. aeruginosa biofilm matrix [71]. Ca2+ was also
shown to bind extracellular DNA (eDNA), another important component of biofilm
matrix, and this thermodynamically favorable binding increases bacterial aggre-
gation in several Gram-positive and Gram-negative species, including S. aureus
and P. aeruginosa. The authors concluded that Ca2+ did not affect DNA release
[72]. However, this observation is likely species- and strain-specific [73], as Ca2+
was shown to induce production of P. aeruginosa pyocyanin, which promotes
DNA release [74]. Furthermore, the presence of Ca2+ increased eDNA release,
contributing to biofilm formation in Streptococcus mutans [75]. Ca2+ was also
shown to increase the adhesive nature of P. fluorescence biofilm, but reduced its
elastic properties [76].
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In different bacterial species, elevated Ca2+ either stimulates or reduces biofilm
formation. Positive regulation was observed in response to 1–10 mM Ca2+ in Pecto-
bacterium carotovorum [77], Rhizobium leguminosarum [78], Pseudoalteromonas
sp. [79], Shewanella oneidensis [80], P. aeruginosa [73], X. fastidiosa [81], V.
cholerae [82], and V. fischeri [83]. This regulation was shown to be mediated
by diverse mechanisms. For example, elevated Ca2+ activates the transcription
of genes responsible for production of surface adhesins and EPS: alginate in P.
aeruginosa [73] and P. syringae [84]; symbiosis polysaccharide (syp) or cellulose
in V. fisheri. Ca2+-dependent hemophilic interactions of surface-associated adhesin
SdrC promotes biofilm formation in S. aureus [62].

Negative regulation of biofilm by elevated Ca2+ was reported in S. aureus [85]
and V. cholerae [86]. In V. cholerae, this regulation is mediated by negatively
regulated two-component system CarSR and vps (Vibrio polysaccharide) genes.
However, V. cholerae also produces Vps-independent biofilm, which is preferred
under high Ca2+ sea water conditions, where Ca2+ interacts directly with the O-
antigen polysaccharide [87]. S. aureus produces several surface adhesins, such as
clumping factors A and B (ClfA and ClfB) [88, 89] and biofilm-associated protein
(Bap) [85]. These proteins contain Ca2+-binding EF-hand-like motifs, and binding
the ion inhibits their role in cell adhesion and biofilm formation. A point mutation
in protease aureolysin (aur) gene in one of S. aureus strains led to increased activity
of ClfB, required for biofilm growth under Ca2+-depleted conditions [90].

Some factors contributing to biofilm formation are known to be regulated by
cyclic-di-GMP (c-di-GMP) (reviewed in [91]) and quorum sensing (QS) (reviewed
in [92]). This raises the possibility of interconnections between c-di-GMP, QS and
Ca2+ regulatory networks that warrant further studies.

33.1.3 Virulence Factors Regulated by Ca2+

Factors that enable pathogenic bacteria to cause diseases can be broadly grouped
into several categories, such as penetration, colonization, damage of host cells,
evasion of host defenses, and proliferation, all ultimately contributing to the
developing infections. Colonization requires pathogens to establish interactions with
host tissues by producing extracellular or cell-associated molecules. It may also
involve communication between invaders themselves or those with commensals.
The relationship between some of these factors and Ca2+ is discussed above. Here
we outline virulence factors attributed to more invasive host-pathogen interactions
that are directly or indirectly regulated by Ca2+.

Bacterial invasion is commonly facilitated by the production and secretion
of molecules that cause enzymatic or non-enzymatic damage to the host cells
[93, 94]. A number of secreted enzymes are known to be regulated by Ca2+ in
bacterial pathogens. For example, in P. aeruginosa, Ca2+ promotes the production
of extracellular proteases LasB, LasA, PrpL (protease IV), and AprA [73, 95–97].
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In the case of elastase LasB, Ca2+ not only increases the production of the protein,
but modulates its processing, export, stability and enzymatic activity [95, 98, 99].
The enzymatic activity covers a wide repertoire of substrates, including elastin,
collagen, and human immunoglobulins, underlining the significance of the protein
and its Ca2+ regulation in P. aeruginosa pathogenicity. The alkaline protease A
(AprA) binds Ca2+ through its C-terminal RTX domain, enabling folding of both
C- and N-terminal proteolytic domains, which is required for stable conformation
and enzymatic activity of the protease [73, 80, 96]. Both AprA and LasB are
capable of degrading exogenous flagellin monomers under Ca2+-replete condition,
which prevents flagellin-mediated immune recognition and killing of P. aeruginosa
via complement-mediated phagocytosis [99, 100]. The Ca2+-enhanced production
of the two proteases with anti-flagellin activity provides a robust strategy for P.
aeruginosa to escape the detection by the complement system.

Our earlier studies showed that production of pyocyanin, the extracellular redox
cycling compound and a virulence factor of P. aeruginosa [101, 102] is up-regulated
in response to elevated Ca2+ [73]. Pyocyanin is found in pulmonary fluids of CF
patients and shown to disrupt Ca2+ homeostasis of the host epithelial cells [21,
103], potentially contributing to a further increase of extracellular host Ca2+ and
therefore induction of Ca2+-regulated virulence.

Toxins represent one of the most powerful strategies of bacterial pathogens to
conquer a host. Ca2+ modulates the production, secretion, and function of several
toxins in a number of pathogens. In E. coli, Ca2+ is required for Hemolysin A
(HlyA) binding to erythrocytes [104]. Binding Ca2+ causes conformational change
in the toxin increasing its surface hydrophobicity and promoting the irreversible
binding to the lipid bilayer of erythrocytes. This interaction preludes and ensures
the lytic effect [105]. In V. cholerae, Ca2+ enhances bile salt-dependent activation
of virulence. The mechanism relies on Ca2+ promoting the bile salt-induced
activation of transmembrane virulence regulator TcpP, which then induces the
production of major virulence factors, including toxin-coregulated pilus (TCP)
[106]. The presence of Ca2+ has been reported to be essential for the toxicity of
anthrax-edema toxin (composed of protective antigen and edema factor) produced
by Bacillus anthracis [107]. The edema factor has adenylate cyclase activity
synthesizing cAMP. Once in the host cytosol, the edema factor produces cAMP,
which causes a rapid influx of Ca2+. The accumulation of cAMP in the cytosol
requires the presence of extracellular Ca2+. As a potent inhibitor of immune
response, accumulated cAMP leads to suppression of proinflammatory cytokines,
phagocytosis and bactericidal activity of leukocytes thereby facilitating the survival
of bacteria in the host [107, 108].

On the other hand, elevated host Ca2+ may have a negative regulatory effect on
virulence and thus contribute to host defenses. One example is a cell wall degrading
enzyme endopolygalacturonase (PehA) that is down-regulated by high (10–30 mM)
levels of Ca2+ in a plant pathogen Pectobacterium carotovorum. This prevents the
pathogen from infecting the plant [109].
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Overall, Ca2+ regulates many virulence factors of invading bacterial pathogens,
which stresses the importance of a detailed understanding of Ca2+ regulatory
pathways in these pathogens.

33.1.4 Ca2+-Regulated Secretion Systems

Most bacteria can respond to and manipulate their environment through the
secretion of extracellular proteins. Bacterial secreted proteins are often involved in
breakdown of macromolecules, such as polysaccharides or polypeptides to simple
sugars or amino acids that the bacteria can take up and utilize as carbon, nitrogen,
and energy sources. Secreted proteins may also act as virulence factors, as in the case
for the proteases described above, LasA, LasB, PrpL, and AprA, which modulate
immune effectors and degrade elastic tissues [73, 95, 96, 99, 100]. Pathogenic
bacteria also use protein secretion to kill other cells, including eukaryotic cells
[110] and, in some cases, competing bacteria within biofilm communities [111].
Extracellular Ca2+ concentration plays a direct or indirect signaling role in many of
the bacterial protein secretion systems.

Bacteria use at least six different strategies to secrete proteins (termed: T1SS to
T6SS) reviewed in [112]. The T1SS transports specific proteins directly from the
cytoplasm to the extracellular medium, with no apparent periplasmic intermediate.
The Ca2+ requiring protease, AprA [113], is secreted by the T1SS, composed of
three components, AprDEF, which include cytoplasmic ATPase, an inner membrane
protein component, and an outer membrane protein [114]. These proteins form
a molecular complex, dedicated to the export of AprA [113]. AprA accumulates
in the biofilms of P. aeruginosa under Ca2+-replete conditions, but not under
Ca2+ − limiting conditions [73]. The other protease virulence factors described
above that require Ca2+ for activity or structural integrity, LasA, LasB, and the
PrpL [98], are secreted by the T2SS [115–117]. The T2SS is a general pathway for
secretion of a variety of extracellular proteins. In the T2SS, proteins with N-terminal
export signal peptides, are first exported to the periplasm by either the Sec export
machinery or the twin-arginine translocation (TAT) system [118, 119]. Sec, exports
proteins in an unfolded state, then folds the proteins into their three dimensional
confirmation in the periplasm, with the help of proteins such as disulfide bond
isomerase, DsbA. The TAT system exports folded proteins into the periplasm. Once
in the periplasm, proteins are secreted across the outer member via the secretion
apparatus. For example, in P. aeruginosa the secretion apparatus is composed of the
Xcp proteins (XcpA and XcpP-Z) or the homologous system, Hxc (composed of
HxcP-Z) [112]. In addition to secretion of enzymes into the extracellular medium,
the T2SS also plays a role in generation of certain types of pili, the Type IV pilus,
which plays role in bacterial attachment and movement along surface. In twitching
motility, bacteria move along surfaces by extension and retraction of the pili,
through polymerization and depolymerization of the pilin subunits. Some bacteria,
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including E. coli and several Vibrio spps, requires Ca2+ for structural integrity of
the major pseudopilin subunit, GspG [120].

The type III secretion system (T3SS), encoded on pathogenicity islands of many
pathogenic bacteria, delivers effector protein toxins directly into the cytosol of
eukaryotic cells during infection. The toxins, including enzymes such as ADP-
ribosyltransferases, phospholipases, or adenylate cyclases, disrupt such host cell
activities as actin remodeling, and gene regulation [112]. Perhaps the most inter-
esting role of Ca2+ in secretion of bacterial virulence factors is its direct role in
expression regulation (activation or repression) of the genes encoding the secretion
apparatuses. It has been known for many years that expression of the T3SS genes
is induced by either host-cell contact or by chelation of Ca2+ from the medium
(low [Ca2+]) [121, 122]. The T3SS forms a complex needle-like structure that
is related to the bacterial flagella basal body [123]. The T3SS includes inner and
outer membrane ring structures, and cytoplasmic protein components that dock to
the inner membrane ring. The needle-like structure protrudes from the basal body,
punctures the host cell membrane, and secretes toxins directly into the host cells.
For this reason, the T3SS has also been termed the injectosome.

Regulation of expression of the T3SS gene clusters by host cell contact has been
well characterized in P. aeruginosa [124, 125]. Transcription of the T3SS in P.
aeruginosa is controlled by the transcriptional activator, ExsA, an AraC/XylS-type
regulator. ExsA is inhibited by a cascade of protein-protein interactions that prevent
ExsA binding to the DNA. The cascade involves interactions of ExsA, ExsD, ExsC,
and ExsE. Expression of the T3SS genes is induced when ExsE is translocated from
the cell through the T3SS, ultimately titrating the anti-activator, ExsD away from
the ExsA and allowing transcription. If translocation of ExsE through the T3SS is
functional (e.g. during host cell contact or at low Ca2+), transcription of the TS33
genes is activated. If ExsE builds up in the cell due to lack of host cell contact, then
further transcription of the TS33 genes is inhibited.

Another role of Ca2+ in regulation of T3SS was recently shown to involve
the Ca2+-sensor protein, LadS [126]. LadS is a hybrid membrane-bound sen-
sor, containing both a histidine kinase domain and a periplasmic Ca2+-binding
DISMED2 domain. Broder et al. [126] mutated potential Ca2+-binding residues in
P. aeruginosa and found that the resulted T3SS gene expression became insensitive
to Ca2+ conditions. Ca2+ binding to the LadS DISMED2 domain is the first step
in a regulatory cascade that responds to external Ca2+. The cascade involves two
component system GacCS, two small regulatory RNAs, RsmY and RsmZ, and
the RNA binding protein, RsmA. Ultimately, binding of RsmA to specific mRNA
sequences results in gene regulation at the translational level [126].

Assembly of the T3SS is a dynamic process that responds to external Ca2+.
Using Yersinia entercolitica, Diepold et al. [127] tagged components of the T3SS
with fluorescent reporter proteins, so that they could image the membrane and
cytosolic components. Using Fluorescence correlation spectroscopy, they calculated
the diffusion rates of the T3SS cytoplasmic components under inducing (low Ca2+)
and non-inducing (high Ca2+) conditions, as they assembled. They found that the
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rate of diffusion of the cytoplasmic components changed with the external Ca2+
concentration and proposed this as a novel mechanism for the role of Ca2+ in
regulation of T3SS assembly.

The switch between expression of T3SS (low Ca2+) to more recently discovered
type T6SS [128] may correlate with the switch from acute to chronic infections of P.
aeruginosa [126]. The T6SS also uses direct injection of effector proteins into other
cells, which may be host cells, or other competing bacteria [111]. However, rather
than being evolutionarily related to the flagella basal body, the T6SS appears related
to bacteriophage tail-associated proteins [129]. The tail-spike is used to puncture the
membranes of cells, and the effector molecules at the tip of the spike are injected
directly into the cytosol. Regulation of expression of T6SS is not well characterized
and the role of Ca2+ in regulation of T6SS is not well known. However, Allsopp
et al. [130] using a transposon mutagenesis screening approach identified the RNA
binding protein, RsmA as a primary component involved in the regulation of all the
three T6SS gene operons of P. aeruginosa. Therefore, a common link in the inverse
regulation of T3SS and T6SS involves the RNA binding protein RsmA.

33.2 Molecular Mechanisms of Ca2+ Responses in Pathogens

33.2.1 Two Component Systems

As discussed above, Ca2+ levels differ within a host, fluctuate during disease
progression, and thus form a complex signaling landscape for invading pathogens.
Therefore, sensing host Ca2+ is an important task enabling pathogens to efficiently
adjust to the host environment by triggering the expression of genes responsible
for virulence and resistance. Bacteria accomplish this in part by employing two-
component regulatory systems (TCS). A traditional TCS consists of a sensor kinase
and a response regulator. The sensor kinase is usually embedded into the inner
membrane with the sensor region often facing the periplasm. Upon signal binding,
the sensor kinase auto-phosphorylates followed by phosphorylating the response
regulator, typically regulating transcription of a set of target genes [131–133].

Several Ca2+ sensing TCSs have been identified. Some of them are positively
and some are negatively regulated by elevated Ca2+ (Table 33.2). To test whether
the relationship with the ion is defined by the recognition sequence within the
TCS sensor, we aligned the sensor sequences of the TCS experimentally shown
to be regulated by Ca2+. Based on the Clustal Omega alignment, a maximum
likelihood tree was constructed using MEGA4 algorithm [134, 135] (Fig.33.1). The
distinct grouping of positively and negatively regulated sensors supports the idea of
sequence-dependent relationship with Ca2+.

The TCSs that are negatively regulated by Ca2+ have been studied in more
details. PhoPQ is a well-characterized TCS, found in a variety of Gram-negative
pathogens, such as P. aeruginosa, E. coli, Yersinia pestis, Shigella flexneri and S.
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Fig. 33.1 Molecular Phylogenetic analysis of Ca2+regulated TCS. To analyze the sequences
of Ca2+ regulated TCS sensors, we first determined the sensor regions by selecting the periplasmic
loop of the proteins based on TMHMM analyses. After the 11 sequences were aligned, all positions
containing gaps and missing data were eliminated. The phylogenetic relationship of the sensor
regions was inferred by using the Maximum Likelihood algorithm based on the JTT matrix-based
model [1] in MEGA7 [2]. The tree with the highest log likelihood (−2667.30) is shown. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site

enterica [82, 131, 136–138]. PhoPQ systems regulate multiple virulence factors,
resistance and motility. The PhoPQ regulon includes the SOS response of S. enterica
[139], and the arn operon of P. aeruginosa, which is responsible for lipid A
modifications and increased resistance to antimicrobial peptides [138, 140–144].
Interestingly, PhoPQ systems are also repressed by elevated Mg2+, and two-distinct
Mg2+ and Ca2+ binding regions were identified in PhoQ sensor of S. enterica
[136]. These regions are conserved in other PhoQ homologs [145, 146]. While the
PhoPQ systems share overall sequence similarly, they differ in their responses. Thus,
mutating Ca2+-binding residues in PhoQ have less of an impact on transcriptional
regulation in E. coli than in S. enterica [146]. PhoQ interactions with ligands also
differ in different species: Mg2+ binds to PhoQ dimer causing destabilization and
preventing signal transduction in P. aeruginosa PhoQ (PaPhoQ), but not in E. coli
PhoQ (EcPhoQ) [137]. Finally, PhoQ may respond to additional ligands such as
acetate in the E. coli PhoQ [147]. The TCS most closely grouped with PhoPQ
is PehSR from a plant pathogen Pectobacterium carotovorum (Fig. 33.1). This
system regulates the production of a secreted endopolygalacturonase, PehA which is
required for initial invasion of the pathogen into a host [109, 148–150]. Homologs of
PehA, although not yet characterized, have been identified in another plant pathogen
Erwinia chrysanthemi [151, 152].
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Another TCS negatively regulated by elevated Ca2+ is CarSR from V. cholera
[86]. CarSR regulates Vibrio polysaccharide (vps), the main matrix component of
vps-dependent biofilms. Although elevated Ca2+ decreases the formation of vps-
dependent biofilms, it increases the formation of vps-independent biofilm in V.
cholerae, as well as production of bile-salt-dependent virulence factors required
for colonization of the gut [82, 163, 164]. The mechanisms for this positive
Ca2+ regulation of V. cholerae virulence are not known and potentially involve an
alternative TCS that is positively regulated by Ca2+. To predict such a TCS, we
performed BLASTP alignment of the sensor region from the positively regulated by
Ca2+ P. aeruginosa CarS against the V. cholerae genome and identified a putative
Ca2+ responsive sensor protein CSC11701.1. The close grouping of its sensor
sequence with P. aeruginosa CarS and P. syringae CvsS supports its potentially
positive regulation by Ca2+ (Fig. 33.1).

An atypical TCS, CiaHR, was identified in Streptococcus mutans. CiaHR con-
tains a third component, CiaX, a small protein, which upon binding Ca2+, interacts
with the sensor portion of CiaH and prevents the phosphor-relay. The system
was shown to regulate antibiotic resistance, biofilm formation, eDNA uptake, as
well as stress response [161, 165–167]. Interestingly, CiaH grouped closely with
the positively regulated sensors, indicating a possibility that CiaH itself may be
regulated by Ca2+. In addition, S. mutans biofilm formation and eDNA release can
be positively regulated in response to Ca2+ via the TCS VicKR [91, 159, 168, 169].
However, VicK is more distantly related to the positively regulated Ca2+ sensors,
which could be attributed to its potential to respond to other stimuli (Fig. 33.1).

The TCS that are positively regulated by elevated Ca2+ were shown to be
involved in regulating virulence and resistance factors in response to Ca2+. Earlier,
our group identified a TCS that is positively regulated by Ca2+ in P. aeruginosa.
It was named it Calcium Regulated Senor/ Regulator, CarSR [153]. This system
regulates at least two identified targets, CarO and CarP, involved in Ca2+–induced
production of virulence factors pyocyanin and pyoverdine and contributes to the
regulation of the intracellular Ca2+ homeostasis and tolerance to elevated Ca2+.
Recently, another Ca2+-induced TCS was found in plant pathogen P. syringae,
named Calcium, Virulence, and Swarming Sensor and Regulator, CvsSR. CvsSR
is required for P. syringae pathogenicity in plants by enhancing transcription of
genes for T3SS and small RNAs while repressing alginate and flagella biosynthesis
[84]. In E. coli, synthesis of the polyhydoxybutyrate polyphosphate (PHB-PP) Ca2+
channels is positively regulated by the AtoSC TCS. These non-proteinaceous Ca2+
channels play a role in eDNA uptake and folding of the outer membrane protein
OmpA [154, 170, 171]. In addition, AtoSC regulates other processes, such as
motility in response to acetoacetate, histamine, and spermidine [155–157]. This may
be reflected in its distant grouping from CarSR and CvsSR (Fig. 33.1).

In summary, bacterial pathogens utilize multiple TCS to recognize changes in the
environmental Ca2+ and adjust their transcriptional activity. These systems are ver-
satile as they evolved to enable bacterial adaptations to multi-variant environments.
Understanding the regulation by TCS is challenged by several factors: the presence
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of multiple systems in one organism, sensors responding to different stimuli, and
additional components involved in signal recognition [172–175]. Different TCS
may also cross-talk enabling multiple signals to control similar responses, as in
the case of SypFG, proposed to mediate Ca2+ induction of biofilm formation in
V. fischeri [83]. The sensing portion of SypF, however, was not required for Ca2+
induction, and involved an alternative sensor kinase RscS phosphorylating SypF
in response to Ca2+ [83]. A much better understanding of the TCS signaling
networks triggered by Ca2+ is needed to fully appreciate their role in Ca2+-mediated
communication between invading pathogens and their hosts.

33.2.2 Ca2+ Sensors

In eukaryotes, members of the calmodulin superfamily are the best studied Ca2+
sensors [176, 177]. Calmodulin (CaM) contains two canonical EF-hand motifs
coordinating Ca2+ binding [178, 179]. Upon binding Ca2+, CaM undergoes
conformational changes enabling binding and activating diverse target proteins
[180]. Therefore, searches for components of Ca2+ signaling networks in bacteria
have focused on proteins with EF hands [181]. In addition, proteins that play
roles in translocating or buffering Ca2+ have been studied [182–188]. A number
of calmodulin-like proteins have been reported based on their sequence and
structure similarity to CaM and binding to anti-calmodulin antibodies. Several of
these Ca2+ sensors are summarized in Table 33.3. The first proposed bacterial
Ca2+ sensor was CasA, from Rhizobium etli. CasA has three pairs of EF hand
domains, similarly to eukaryotic calbindin and calretinin [189]. CasA mediates
Ca2+-dependent symbiotic relationship between R. etli and its plant host. Our group
identified a homolog of CasA in P. aeruginosa and named it EfhP (EF-hand protein)
[190]. EfhP is required for maintaining Ca2+

in homeostasis and involved in Ca2+
regulation of P. aeruginosa virulence. Our current studies verified the ability of
this protein to selectively bind Ca2+ and undergo Ca2+–dependent conformational
changes supporting its role as a Ca2+ sensor (Kayastha et al. in preparation).
Another EF hand protein, proposed to function as a Ca2+-sensor, is CabD from
Streptomyces coelicolor. CabD contributes to Ca2+ regulation of aerial mycelium
formation. CabD has high- and low-affinity Ca2+-binding sites, suggesting their
distinct roles in mediating Ca2+-regulatory and buffering roles, respectively [177].

CaM-like proteins have been reported in Mycobacteria and are suggested to play
a role in sensing Ca2+ [199]. The CaM-like protein, Rv1211 of M. tuberculosis
binds Ca2+ through its single EF hand domain and stimulates the activities of NAD
kinase and phosphodiesterase (PDE), targets that are similar to those of eukaryotic
CaM. Reduced expression of this protein has been shown to impair M. tuberculosis
growth and survival in macrophages, suggesting its importance during infection
[192, 193]. A homologous CaM-like protein from M. smegmatis has been shown to
stimulate phosphodiesterase activity and regulate the metabolism of phospholipids
[200] supporting the role of this protein as a Ca2+ sensor.
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Table 33.3 Ca2+ Sensors

Protein
name/GenBank
ID Organism Function/Properties Domain References

EfhP P. aeruginosa Regulates Ca2+ induced One pair of EF Kayastha et al.
AAG07494.1 virulence and intracellular

Ca2+ homeostasis
hands (in

preparation)
CasA R. etli Mediates Ca2+ dependent Three pairs of [189]
AF288533 symbiosis with leguminous

host
EF hands

CabD S. coelicolor Affects formation of aerial Two pairs of EF [177]
3AKA_A mycelium hands
Protein S M. xanthus Required for assembly of Beta-gamma [191]
WP_020477824 spore coat crystalline fold
CAMLP M. tuberculosis Activates NAD kinase and Single EF hand [192, 193]
NP_215727 phosphodiesterase upon

Ca2+ binding
motif

CAMLP M. smegmatis Activates Single EF hand [194]
AY319523.1 phosphodiesterase motif
CALP B. subtilis Activates [195]
YP_004243569 phosphodiesterase in Ca2+

dependent manner
CLP B. pertussis Activates adenylate cyclase

in Ca2+ dependent manner
[196]

LadS P. aeruginosa Ca2+ dependent Histidine kinase, [197, 198]
AAG07361 phosphor-relay to GacSA 7 transmembrane,

DISMED2

Protein S from Myxococcus xanthus is a member of ßγ-crystalline family. This
protein shares structural similarity to CaM and binds Ca2+, which is required for the
protein assembly on the surface of the spores [201]. A more recent report showed
that the protein’s Ca2+-binding site forms a high charge density pocket similar to
that in calsequestrin and human Hsp70. However it is still not clear whether the
Ca2+-induced conformational changes in protein S play roles in signaling events
[191].

Recently, a hybrid histidine kinase LadS was shown to trigger a Ca2+-induced
switching between acute and chronic type of virulence in P. aeruginosa [198]. As
discussed above, LadS belongs to a unique class of bacterial sensors that possess
histidine kinase, seven transmembrane, and the periplasmic DISMED2 domain.
The latter was shown to bind Ca2+ via Asp80 and Asp90 residues and activate
the kinase activity leading to phosphorelay cascade [197, 198]. In contrast to
typical sensors of TCS that phosphorylate partnered response regulators, LadS
phosphorylates the TCS GacSA and thus activates GacS/Rsm pathway responsible
for the global regulation of chronic infection-type virulence and tolerance [88]. In
silico analysis of the sequence conservation of LadS showed that this protein is
unique to Pseudomonas. Interestingly, during searches for homologous DISMED2
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domains among selected bacterial pathogens, we identified several proteins includ-
ing putative alkaline phosphatase synthesis sensors CJK91172.1 and CJK40304.1,
and a membrane protein with GGDEF domain, CJK88170.1, in S. pneumoniae. The
GGDEF domain is known to act as a diguanylate cyclase responsible for synthesis
of cyclic-di-GMP, a second messenger mainly regulating biofilm formation [202].
In addition to DISMED2 domain, these proteins contain the two residues (Asp80
and Asp90) required for Ca2+ recognition, suggesting they may sense and respond
to Ca2+.

Pathogenic bacteria possess Ca2+-sensing proteins that play an important role
in modulating their pathogenicity. However, despite evidence of the significance
of Ca2+ regulation in bacterial physiology and virulence, the knowledge on Ca2+
sensors and regulators in bacteria is still limited. Further studies are needed to
determine whether these proteins sense the changes in the intracellular Ca2+ and
thus enable Ca2+ to serve as second messenger.

33.3 Components of Intracellular Ca2+ Signaling
in Pathogenic Bacteria Mediating Ca2+ Regulation
of Virulence

A number of studies have shown that bacterial metabolic processes respond to
elevated Ca2+ (reviewed in [203–205]). Some of these processes are regulated by
extracellular Ca2+ levels and are mediated by TCS. However, other processes may
respond to the transient changes in the intracellular Ca2+ (Ca2+

in), thus implicating
Ca2+ as a second messenger. Although the latter still requires experimental proof,
here we discuss the components of Ca2+

in signaling network that have been shown
to play a role in Ca2+ regulation, supporting the idea of a regulatory role of Ca2+

in
in bacteria.

Similarly to eukaryotic cells, bacteria maintain their basal [Ca2+]in at high
nanomolar level and generate transient changes in [Ca2+]in in response to diverse
stimuli [206–210]. These stimuli include a variety of extracellular factors, such
as Ca2+

ex, pH, mechanical stimulation, intermediates of carbohydrate metabolism,
and oxidative stress; all factors potentially to be encountered upon entering a host
[206, 208, 210–213]. A number of proteins have been shown to contribute to the
maintenance of Ca2+

in homeostasis and to the generation of Ca2+
in fluctuations

[203, 206]. However, it is still not clear whether bacteria have an intracellular
source of Ca2+ for these fluctuations (e.g. a compartment for storing and releasing
Ca2+ into the cytoplasm) or if they rely on influx of extracellular Ca2+. E. coli
accumulates Ca2+ in the periplasm to millimolar levels when grown in the presence
of millimolar extracellular Ca2+ [207]. It is possible that the periplasmic Ca2+ may
be released into the cytoplasm and used for generating intracellular Ca2+ transients.
However, further mechanistic studies are imperative.
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33.3.1 Ca2+ Channels

Several types of Ca2+ transporters have been identified in bacteria. The trans-
porters contribute to the regulation of virulence and host-pathogen interactions.
First, the poly-β-hydroxybutyrate polyphosphate (PHB-PP) in E. coli forms non-
proteinaceous Ca2+ channels and translocates Ca2+ into the cytoplasm [214]. In
addition, PHB-PP channels are required for Ca2+-dependent genetic competence,
which plays a key role in uptake of foreign DNA, eventually enhancing bacterial
adaptation to the host environment and resistance [215]. The production of the
corresponding PHB-PP synthases was shown to be induced by elevated extracellular
Ca2+ and several other stimuli via Ca2+-dependent TCS AtoSC [154].

Another type of Ca2+ channels, a pH-dependent Ca2+ leak channel, YetJ was
identified in B. subtilis [216]. This protein contains a BAX-1 inhibitor domain
homologous to the one in a Ca2+ leak channel found in the endoplasmic reticulum
(ER) membrane. Eukaryotic channels containing transmembrane BAX inhibitor-
1 motif (TMBIM) mediate Ca2+

in homeostasis and apoptosis [217]. Interestingly,
this highly conserved domain has been identified in a number of bacterial proteins.
Initially, this domain was identified in E. coli protein YccA, and was shown to play
a role in biofilm maturation [99]. While more research is needed to determine the
roles of YetJ and YccA in B. subtilis and E. coli physiology, our group recently
identified another homolog of the channel in P. aeruginosa [Guragain et al. in
preparation]. We named it CalC for Ca2+ Leak Channel and determined that the
protein is responsible for generating transient changes in [Ca2+] in the P. aeruginosa
cytoplasm in response to extracellular Ca2+. Transcriptional profiling of the mutant
strain with disrupted calC revealed that the responses to elevated Ca2+ were
impaired, particularly for genes encoding virulence factors and biofilm determinants
[Guragain et al. in preparation]. This work provides experimental proof of the
regulatory role of Ca2+

in transients in bacterial responses to Ca2+. Furthermore,
homology searches identified a number of putative BAX-1 Ca2+ leak channels in
bacterial pathogens including S. pneumoniae, P. carotovorum, Coexiella burnetti, S.
enterica, and H. pylori, indicating the conserved nature of the Ca2+ leak channel in
bacterial pathogens, and possibly suggesting a role in the pathogenic life style.

Mechanosensitive channels (MSC) are large, non-selective channels that usually
allow the passage of ions in response to mechanical or osmotic stress (reviewed
in [205, 218, 219]). MSC are found in a variety of different bacteria including
human and plant pathogens [220–222]. In B. subtilis, MSC SpoVAC releases Ca-
dipicolinic acid complex, which is required for spore formation [223]. Mechanical
stress in E. coli was shown to cause an increase in [Ca2+]in leading to altered
gene expression [212]. However, the MSC, MscL in this organism did not impact
Ca2+

in homeostasis [224], raising a possibility of an alternative Ca2+ channel
responding to mechanical stress. Our studies with P. aeruginosa identified several
Ca2+ transporters including a putative MSC encoded by PA4614, which contributed
to the restoration of the [Ca2+]in basal level and the regulation of Ca2+-induced
swarming motility [206].
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33.3.2 Ca2+ Pumps

Elevated levels of free Ca2+
in can be toxic to bacterial cells, and the recovery to

the basal [Ca2+]in is critical for re-sensitizing cells for the next wave of [Ca2+]in
signaling. Therefore, the mechanisms of Ca2+ efflux are of high importance
for cellular survival and for Ca2+

in regulation. Underlining their physiological
significance, multiple families of efflux transporters have evolved and been shown
to play a role in bacterial physiology and virulence (reviewed in [203]). The first
group includes two types (P and F) of ATPases that couple Ca2+ export to ATP
hydrolysis [60, 225, 226]. These proteins are highly conserved and were identified
in diverse bacterial pathogens. In addition to translocating Ca2+, or likely because
of it, some of these proteins are important in diverse bacterial processes related
to survival in a host. For example, CaxP plays a role in host colonization by S.
pneumoniae [227], CtpE of M. smegmatis contributes to cell surface integrity [228],
and PA3920 and PA2435 of P. aeruginosa mediate Ca2+ regulation of swarming
motility [206]. The second group includes ion exchange transporters coupling Ca2+
export to co-transport of other ions. Although many of these transporters have been
identified in bacterial pathogens (reviewed in [203]), there is little evidence yet about
their role in virulence.

33.3.3 Predicting Novel Components of Ca2+ Signaling
Network

To expand our knowledge on the components of Ca2+
in signaling network in

pathogenic bacteria, we aimed to predict novel Ca2+-recognizing or translocating
proteins based on their homology to well-characterized components of eukaryotic
Ca2+ network. For this, we selected well-characterized eukaryotic Ca2+-binding
proteins, whose homologs in bacteria have not been reported. All sequence align-
ments were carried out using NCBI BLASTP [76, 229]. CarR, a Ca2+ sensor that
is a G protein-coupled receptor, plays an essential role in fluctuating intracellular
Ca2+ homeostasis in response to minute changes in [Ca2+]ex and other stimuli
[230–234]. The protein contains three cooperative Ca2+ binding sites. To our
surprise, four (underlined) out of five (in bold) residues required for Ca2+ binding
(RXXEXXEEAEERD) were found in a large number of bacterial proteins involved
in a variety of life-sustaining functions, including recruitment of replisome in S.
aureus [235], cell division protein FtsA in E. persicina [236], putative Rhs toxin
and DNA recombination regulation system in E. coli [237–239], and putative
pili assembly gene in Enterobacter cloacae. Another eukaryotic Ca2+ signaling
protein is RyR1, which is a Ca2+ channel known to release Ca2+ stored in the
sarcoplasmic reticulum into the cytoplasm [240]. Sequence homology searches
against bacterial genomes identified only a small fragment of the protein as aligning
with bacterial proteins. This region happened to be located within the lining of the
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pore required for Ca2+ sensitivity [240–242]. Four (underlined) out of five residues
E3893, H3895, E3967, Q3970, T5001 required for Ca2+ binding were found
with similar spacing in several putative ABC transporters of pathogenic bacteria,
including S. aureus and S. pneumoniae. We also detected these residues in putative
bestrophin transporters of many bacterial species including P. aeruginosa and E.
coli, in an orphan transcriptional regulator unique to a P. aeruginosa clinical isolate,
and in several enzymes including a putative purine phosphatase of P. aeruginosa.
The discovery of a putative Ca2+ binding site in bacterial bestrophin channels
is particularly interesting, since human bestrophin is a Ca2+-gated potassium
channel [243]. However, the only characterized bacterial bestrophin channel (in K.
pneumoniae) was shown to not require Ca2+ for its function [244] nor did it contain
the Ca2+-binding site found in the human bestrophin. This raises a possibility of two
types of bestrophin channels in bacteria, Ca2+-dependent and Ca2+-independent.
Interestingly, the eukaryotic bestrophin has been demonstrated to possess multiple
splicing variants: with and without Ca2+ binding region [245]. Overall, these
findings suggest that a significantly greater number of bacterial processes are likely
regulated by Ca2+ than already known. The fact that most of these predicted Ca2+-
binding proteins were detected in bacterial pathogens suggests the importance of
Ca2+ regulation in their physiology and, possibly, interactions with hosts, whose
vital processes are regulated by Ca2+.

33.4 Concluding Remarks

Bacteria have very dynamic and complex responses to Ca2+. Over the past 10 years,
the evidence that bacteria utilize Ca2+ for signaling has grown, yet important pieces
are still missing. An area that needs study is on intracellular Ca2+ signaling. While a
number of Ca2+ sensors and Ca2+-dependent regulatory systems have been shown
to regulate essential functions, most of the findings are of correlative nature with
no direct experimental evidence linking the changes in the intracellular Ca2+ to
the regulation of transcription or translation. Even less is known about how the
amplitude and the frequency of intracellular Ca2+ signals modulate the response. An
interesting aspect is the conservation of many Ca2+-binding domains in eukaryotes
and bacteria indicating an evolutionary lineage between Ca2+ signaling networks
in these domains of life. One technical problem, that is worth mentioning, is the
disregard for the presence of Ca2+ in commonly used rich bacteriological growth
media, such as LB or BHI. Consequently, Ca2+ regulation of the resultant bacterial
phenotypes may be underestimated. Overall, Ca2+ signaling in bacteria is an
exciting and quickly developing field, which is providing not only the fundamental
understanding of bacterial life and evolution but also generating insights into the
regulation of bacterial pathogenicity.
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Chapter 34
Ca2+ Signaling in Drosophila
Photoreceptor Cells

Olaf Voolstra and Armin Huber

Abstract In Drosophila photoreceptor cells, Ca2+ exerts regulatory functions
that control the shape, duration, and amplitude of the light response. Ca2+ also
orchestrates light adaptation allowing Drosophila to see in light intensity regimes
that span several orders of magnitude ranging from single photons to bright
sunlight. The prime source for Ca2+ elevation in the cytosol is Ca2+ influx from
the extracellular space through light-activated TRP channels. This Ca2+ influx is
counterbalanced by constitutive Ca2+ extrusion via the Na+/Ca2+ exchanger, CalX.
The light-triggered rise in intracellular Ca2+ exerts its regulatory functions through
interaction with about a dozen well-characterized Ca2+ and Ca2+/CaM binding
proteins. In this review we will discuss the dynamic changes in Ca2+ concentration
upon illumination of photoreceptor cells. We will present the proteins that are known
to interact with Ca2+ (/CaM) and elucidate the physiological functions of these
interactions.

Keywords Arrestin · Calcium signaling · Drosophila · Light adaptation ·
Phospholipase C · Phototransduction · Protein kinase C · Rhodopsin · TRP
channel · Vision

34.1 Introduction

The signaling cascade in photoreceptor cells of the Drosophila compound eye
is among the best studied G protein-coupled, phosphoinositide-mediated signal
transduction pathways. Identification of the components of this signaling cascade
began in the 1970s when Bill Pak and others performed genetic screens directed to
identify genes encoding proteins of the visual signaling pathway [1]. Now, a long
list of proteins were found to be involved in fly vision and Drosophila mutants for

O. Voolstra · A. Huber (�)
Department of Biochemistry, Institute of Physiology, University of Hohenheim, Stuttgart,
Germany
e-mail: armin.huber@uni-hohenheim.de

© Springer Nature Switzerland AG 2020
M. S. Islam (ed.), Calcium Signaling, Advances in Experimental Medicine
and Biology 1131, https://doi.org/10.1007/978-3-030-12457-1_34

857

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12457-1_34&domain=pdf
mailto:armin.huber@uni-hohenheim.de
https://doi.org/10.1007/978-3-030-12457-1_34


858 O. Voolstra and A. Huber

each of these proteins are available (see e.g [2–6]). This list includes, for example,
the first cloned invertebrate rhodopsin (RH1) and, importantly, the first ion channels
of the TRP class of ion channels to be discovered. Because the light-activated TRP
channels are Ca2+ permeable, activation of the visual cascade results in a profound
increase in the intracellular Ca2+ concentration. Ca2+ in turn feeds back on several
components of the signaling cascade, thereby ensuring fast photoresponses and
adaptation to variable light intensities. Many of these Ca2+ feedback mechanisms
have been clarified only recently and some are still elusive. The role of Ca2+ in fly
photoreceptors has been dealt with in other reviews e.g [4, 7–9]. In this review, we
focus mainly on more recent results elucidating new aspects of Ca2+ signaling in
fly photoreceptor cells.

34.2 Regulation of Ca2+ Levels in Drosophila Photoreceptor
Cells

34.2.1 Activation of the Phototransduction Cascade

The compound eye of Drosophila is composed of ∼800 unit eyes, called ommatidia.
Each ommatidium consists of a lens to gather the light, eight photoreceptor
cells, and auxiliary cells. The elongated photoreceptor cells harbor a light-guiding
structure, the rhabdomere that is built from its apical plasma membrane. ∼40,000
finger-like evaginations of this membrane, called microvilli, form the rhabdomere.
In the rhabdomere, the components of the phototransduction cascade, including the
visual pigment rhodopsin, are located. Absorption of a photon triggers the pho-
totransduction cascade by converting rhodopsin to its active state, metarhodopsin.
Metarhodopsin activates a heterotrimeric G protein causing the exchange of GDP
bound to the α subunit with cytosolic GTP and the release of the α subunit
from the βγ subunits. The activated α subunit diffuses to its effector protein,
phospholipase Cβ (PLCβ), and activates it (Fig. 34.1). PLCβ in turn cleaves
the membrane component phosphatidylinositol-4,5-bisphosphate (PIP2), to yield
water-soluble inositol-1,4,5-trisphosphate (InsP3), membrane-bound diacyl glycerol
(DAG), and a proton leading to the opening of the ion channels TRP and TRPL.
Currently, the exact activation mechanism of the plasma membrane channels is still
a matter of debate. It has been shown that the decrease in PIP2 together with the
hitherto neglected generation of protons causes the opening of the channels [10].
Additionally, the removal of the bulky hydrophilic InsP3 group from PIP2, which
leaves the much smaller lipid DAG in the microvillar membrane results in a change
of lipid packing and generation of mechanical forces that might contribute to the
gating of the TRP and TRPL ion channels [11]. The mechanical forces generated
by PIP2 cleavage are revealed by a contraction of the entire rhabdomere upon bright
light illumination that was quantified by atomic force microscopy and shown to
strictly depend on activation of the phototransduction cascade [11]. On the other
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Fig. 34.1 The rhodopsin cycle and the phototransduction cascade. Absorption of a photon
converts rhodopsin (R) to metarhodopsin (M*). M* can be directly converted back to R by
absorption of another photon. If no photon is absorbed by M* within ∼5 ms, the phototrans-
duction cascade is activated [68]. The α subunit of the heterotrimeric G protein exchanges GDP
for GTP and diffuses from the βγ subunits. Then it activates phospholipase Cβ that in turn
cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) to yield diacylglycerol (DAG), inositol 1,4,5-
trisphosphate (IP3), and a proton (H+). This reduction of PIP2 levels and buildup of protons,
together with mechanical forces that result from the removal of the bulky IP3 head groups
trigger the opening of the TRP channels [10, 11]. Ca2+ and Na+ ions enter the photoreceptor
cell generating the photoreceptor potential. Ca2+ then interacts with numerous targets. Activated
metarhodopsin (M*) constitutes a substrate for the G protein-coupled receptor kinase 1 (GPRK1)
that phosphorylates metarhodopsin at its C-terminus [54, 56]. Ca2+/CaM releases ARR2 from
NINAC and ARR2 binds to M* to inactivate it. CaMKII is activated by Ca2+/CaM and
phosphorylates ARR2 that is bound to Mpp. Phosphorylation of ARR2 facilitates its release from
Mpp [71]. Absorption of another photon converts Mpp to Rpp and triggers the release of ARR2p
[58]. RDGC that is activated by Ca2+/CaM dephosphorylates Rpp or Mpp to yield R. Ca2+
together with DAG activate eye-specific protein kinase C (PKC) that in turn phosphorylates INAD
and TRP [89, 93–97]. The TRP ion channel is phosphorylated in the dark at S936 by a yet unknown
kinase and becomes RDGC-dependently dephosphorylated in the light. The phosphorylation state
of S936 influences the kinetics of the channel opening [75, 102]. Ca2+ alone or together with CaM
has strong regulatory effects on the TRP and TRPL ion channels. Low Ca2+ concentrations of
∼300 nM facilitate channel opening whereas higher concentrations of ∼1 μM promote closing
of the channel. Concentrations of ∼50 μM that are only reached transiently in vivo, inhibit PLC
activity in a PKC-dependent manner. To reestablish resting Ca2+ concentrations, the Na+/Ca2+
exchanger CalX extrudes 1 Ca2+ for every 3 Na+ that are taken up. (Parts of the Figure were
modified from [68])

hand, Delgado and co-workers reported on evidence that points to DAG as the
endogenous TRP agonist [12]. It is also important to mention that TRP can be
activated by polyunsaturated fatty acids (PUFAs) which could be generated by
hydrolysis of PUFAs from DAG [13]. However, to date, only a DAG lipase, INAE,
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that cleaves off the saturated but not the unsaturated fatty acid from DAG has been
discovered [14]. Thus, the role of PUFAs in the activation of TRP ion channels in
vivo remains questionable.

34.2.2 Generation of the Photoreceptor Potential by Na+
and Ca2+ Influx

The light-triggered opening of the ion channels TRP and TRPL results in an
influx of Ca2+ and Na+ ions into the photoreceptor cell. The influx of cations
depolarizes the photoreceptor cell and generates the photoreceptor potential. Thus,
the light stimulus is converted into an electrical signal in the photoreceptor cell.
The resting Ca2+ concentration in dark-adapted photoreceptors was measured using
INDO-1 calcium indicator dye [15] and the genetically-encoded calcium indicator
GCaMP6f [16]. Usage of INDO-1 resulted in an intracellular Ca2+ concentration
of ∼160 nM and usage of GCaMP6f in ∼80 nM. These results are not too far
from each other and provide a rough estimate of the intracellular resting Ca2+
concentration. Since these measurements were carried out on isolated ommatidia
and depend on some calibration and assumptions, it is not clear if they reliably
represent the in vivo dark level of photoreceptor Ca2+ concentration, which can
be much lower. During a photoreceptor potential, the Ca2+ concentration can
transiently reach almost millimolar concentrations within the small volume of the
rhabdomeral microvilli where Ca2+ enters the cell mainly through TRP and to a
smaller extent through TRPL channels [17–20]. Ca2+ diffuses from the rhabdomere
into the cell body where it is diluted and buffered [17, 21] so that the cellular Ca2+
concentration reaches maximally 10 μM [8, 17, 18, 22]. Resting concentrations
of Ca2+ are restored mainly by CalX, a Na+/Ca2+ exchanger that extrudes one
Ca2+ ion from the photoreceptor cell in exchange for the uptake of three Na+
ions [23]. Loss of CalX function resulted in a transient light response to sustained
light, a decrease in signal amplification, and abnormally rapid light adaptation
[24]. Conversely, overexpression of CalX led to the opposite effects and rescued
retinal degeneration caused by a constitutively active TRP variant [24]. Interestingly,
the Na+/Ca2+ exchange equilibrium can be manipulated to experimentally control
intracellular Ca2+ concentrations [25] (see Chap. 3.3). Besides Ca2+ extrusion by
CalX, uptake of Ca2+ into internal stores might constitute an additional mechanism
to restore resting concentrations of Ca2+. The sarcoendoplasmic reticulum Ca2+
ATPase (SERCA) mediates the uptake of Ca2+ into the endoplasmic reticulum (ER).
SERCA is expressed in Drosophila photoreceptor cells [26] and pharmacological
inhibition of SERCA resulted in elevated intracellular Ca2+ concentrations [20,
27]. However, the relative contribution of SERCA to the re-establishment of resting
Ca2+ concentrations is elusive.

The source of the Ca2+ ions entering the cytosol of the photoreceptor cell
upon light stimulation is somewhat controversial. It is general consensus that the
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extracellular Ca2+ that enters the cell through TRP and TRPL channels is the
major source for light-triggered Ca2+ elevation in the cytosol. However, InsP3
that is generated by PLC action in Drosophila photoreceptor cells could activate
an InsP3 receptor in the endoplasmatic reticulum leading to Ca2+ release from
intracellular stores. In photoreceptor cells of other invertebrates, for example in
compound eyes of bees or in the ventral photoreceptor of Limulus, release of Ca2+
from internal stores is the major source of cellular Ca2+ elevation, which is well
documented [28, 29]. In the Drosophila genome, a single insP3 receptor gene exists.
Two groups investigated insP3 receptor mutant flies but did not find impairments
in phototransduction [30, 31]. Thereafter, the idea of light-dependent Ca2+ release
from intracellular stores in Drosophila photoreceptor cells was abandoned until
Kohn and co-workers took up the topic again [32]. The authors used a gmr-
gal4 construct to drive InsP3 receptor-RNAi transcription. Using RNAi to reduce
InsP3 receptor levels, they were able to circumvent structural eye damage that
was found in InsP3 receptor mutants. Additionally, Kohn and co-workers used a
genetically-encoded calcium indicator, GCaMP6F, to monitor intracellular Ca2+
concentrations. They found that reduced insP3 receptor levels or Ca2+ store
depletion resulted in a reduction in light sensitivity and concluded that release of
Ca2+ from intracellular stores plays an essential role in light excitation. The findings
by Kohn and colleagues were challenged by Bollepalli and co-workers who found
no effect of insP3 receptor RNAi or insP3 receptor mutation on photoresponses or
Ca2+ influx, but observed that Gal4 expression under control of the gmr promotor
resulted in altered photoreceptor physiology [33]. To avoid problems with gmr-
driven GAL4 expression, Asteriti and colleagues used a fly expressing GCaMP6f
under direct control of the rh1 promoter [16]. Using dissociated photoreceptor
cells from this fly, they were able to manipulate the ionic composition of the
extracellular buffer. Under physiological conditions, rises in GCaMP6f fluorescence
were observed 10–25 ms after a light stimulus and exhibited increases of up
to 20fold. In contrast, in Ca2+-free bath, latencies increased to 200 ms and
fluorescence increases dropped to 4fold. Mutation of the insP3 receptor had no
effect showing that the residual signal was not generated by Ca2+ release from
internal stores. Fluorescence increases were abolished in a trpl;trp double mutant,
in a calX mutant, or when Na+ was omitted from the bath, suggesting dependence
on Na+ and activity of the Na+/Ca2+ exchanger. Thus, light-dependent rises in the
fluorescence of calcium indicators under Ca2+-free conditions can most probably
be explained by the reversal of the Na+/Ca2+ exchange [16]. It was proposed that
extracellular Ca2+ that is resistant to buffering probably enters the photoreceptor
cell through the reversed Na+/Ca2+ exchange and leads to generation of the residual
fluorescence. A question remains about the nature and location of this proposed pool
of buffering-resistant extracellular Ca2+. Alternatively, a fraction of CalX could be
located in the membrane of intracellular Ca2+ stores and pump Ca2+ from these
stores into the cytosol, when operating in reverse mode under high cytosolic Na+
conditions [16].
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34.2.3 Contribution of Ca2+ to the Photoreceptor Potential

Because Ca2+ is a charge carrier in the generation of the photoreceptor potential,
but also serves a multitude of regulatory functions as we will discuss in Chap. 3,
the determination of the fractional contribution of Ca2+ to the light-induced current
(LIC) has been of general interest. The fractional current carried by Ca2+ influx
can theoretically be estimated by the Goldman-Hodgkin-Katz (GHK) theory [34,
35]. However, Chu and colleagues doubted that the assumptions of this theory
were met by the Drosophila photoreceptor cell. The authors therefore exploited the
existence of a tail current that is caused by the CalX-dependent Ca2+/Na+ exchange
to experimentally determine the fractional current that is evoked by influx of Ca2+
into the photoreceptor cell [36]. While the GHK theory predicts the fractional Ca2+
current to be 42%, Chu and co-workers experimentally determined the fractional
Ca2+ current to be 26%. The remaining fractional current can largely be attributed to
Na+. Collectively, Ca2+ significantly contributes to the LIC, but does not represent
the largest fraction of the LIC. While the permeability of the TRP ion channel for
Ca2+ is about 50 times higher than for Na+, the permeability of the TRPL ion
channel for Ca2+ is only about 4 times higher than for Na+ [37, 38]. The fact that
Ca2+ does not generate the largest fractional current is due to the extracellular ion
composition where the concentration of Na+ is 120 mM and that of Ca2+ is 1.5 mM
[39].

34.3 Effects that Ca2+ Exerts in the Photoreceptor Cell

Through interaction with a variety of target proteins, Ca2+ exerts regulatory
functions that control underlying processes to influence the shape, duration, and
amplitude of the light response. Ca2+ mediates positive as well as negative
feedback, resulting in a fast rising electrophysiological response to a light stimulus
[40, 41]. Furthermore, Ca2+ orchestrates light adaptation allowing Drosophila to
see in light intensity regimes that span several orders of magnitude ranging from
single photons to bright sunlight (∼106 photons/photoreceptor/s). Proteins of fly
photoreceptor cells that interact with Ca2+ are listed in Table 34.1.

34.3.1 General Ca2+ Binding Proteins

34.3.1.1 Ca2+ Buffering by Calphotin

Calphotin is a 85 kDa Ca2+ binding protein that is located in a defined cytoplasmic
region in Drosophila photoreceptor cells adjacent to the base of the rhabbdomere
[42, 43]. This cellular region is virtually free of electron dense structures and
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Table 34.1 Ca2+-interacting proteins in Drosophila photoreceptor cells

Protein Function of this protein Loss-of-function phenotype Effect of Ca2+

Calmodulin Ca2+ sensor/adaptor to
convey Ca2+ regulation

Prolonged deactivation of the
phototransduction cascade
[53]

Triggers binding of
CaM to target
proteins

Calphotin Ca2+ buffer Light-dependent retinal
degeneration [21]

CaMKII Phosphorylation of
ARR2 [48]

ARR2 hypophosphorylation
and strong binding to
rhodopsin [71]

Activation (together
with CaM)

INAD Scaffold for TRP,
NINAC, PKC, and PLC

Mislocalization of signaling
complex members, retinal
degeneration

Ca2+/CaM binding
has unknown
consequences

Myosin V Translocation of
pigment granula

Movement along
RTW filament
towards the
rhabdomere base

Neurocalcin Rhodopsin
hyperphosphorylation? [116]

Inhibition of
rhodopsin
phosphorylation
[116]

NINAC Binding of ARR2 Light-dependent retinal
degeneration,
electrophysiological defect

Ca2+/CaM triggers
release of ARR2

PKC Phosphorylation of
INAD, TRP, and
possibly other
substrates

Prolonged deactivation of the
photoresponse, transient
receptor potential

Activation (together
with DAG)

PKC53E Phosphorylation of
INAD, TRP, and
possibly other
substrates

No apparent phenotype Activation (together
with DAG)

PLC Cleavage of PIP2 No receptor potential Activation at ≤1 μM
Inhibition at 50 μM

RDGC Dephosphorylation of
rhodopsin and TRP

Light-dependent retinal
degeneration, prolonged
deactivation of the
phototransduction cascade,
premature entrance into PDA

Activation (together
with CaM)

TRP Na+/Ca2+ channel Transient receptor potential,
light-dependent retinal
degeneration

Activation at
∼300 nM
Inhibition at
0.1–10 μM

TRPL Na+/Ca2+ channel Minor electrophysiological
defects

Inhibition at
0.1–10 μM
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separates the rhabdomeres from organelles in the cell body. Upon illumination,
Ca2+ concentrations reach high values in the near millimolar range within the
microvilli of the rhabdomere, but Ca2+ concentrations in the photoreceptor cell
body do not rise above 10 μM [8, 17, 18, 22]. In part, this can simply be
attributed to the higher volume of the cell body compared to the very small
volume of the rhabdomeral microvilli. In addition, calphotin seems to act as a Ca2+
buffer that binds Ca2+ ions that diffuse out of the rhabdomeral compartment and
thereby prevents high Ca2+ concentrations in the cell body [21]. Using calcium
imaging, Weiss and colleagues observed an abnormally fast rise in intracellular
Ca2+ levels upon illumination of photoreceptors that expressed reduced amounts
of calphotin [21]. The attenuation of high Ca2+ concentrations in the cell body
by calphotin may help to avoid toxic effects of high cellular calcium. Indeed,
mutations in the calphotin gene result in retinal degeneration and in rough eyes
[21, 44]. Interestingly, retinal degeneration in calphotin-defective flies was rescued
by overexpression of CalX resulting in enhanced extrusion of Ca2+ ions [21]. These
results indicate that calphotin acts as an immobile Ca2+ buffer that attenuates free
Ca2+ concentrations that spread from the rhabdomeric compartment to the cell body
of light-activated photoreceptor cells.

34.3.1.2 Calmodulin

Calmodulin is a ubiquitous, Ca2+-binding, regulatory protein. Calmodulin can bind
four Ca2+ ions and, upon binding, changes its conformation. Ca2+/Calmodulin
in turn exerts its regulatory roles upon binding to target proteins. Among the
major signal transduction proteins in the Drosophila eye, calmodulin can bind to
the cation channels TRP [45] and TRPL [46], NINAC [47], Ca2+/calmodulin-
dependent kinase II (CamKII) [48], RDGC [49], and INAD [50]. Additional
calmodulin binding proteins comprise the ryanodine receptor [51] as well as
additional Ca2+/calmodulin-dependent protein kinases and phosphatases [52]. The
physiological role of calmodulin binding to these target proteins will be discussed in
detail below. Target proteins harbor calmodulin binding sites that are hard to predict
from the amino acid sequence.

cam mutant flies exhibit a prolonged deactivation of the photoresponse that is
also reflected in the elementary responses of the photoreceptor cells, called quantum
bumps. In contrast to wild type photoreceptors, cam mutant photoreceptors produce
a train of quantum bumps upon stimulation with a single photon [53]. These findings
suggest an involvement of calmodulin in the termination of the photoresponse.

34.3.2 Ca2+-Interacting Proteins and the Rhodopsin Cycle

When rhodopsin (R) absorbs a photon, the 11-cis 3-OH retinal chromophore is
isomerized into its all-trans form and rhodopsin is converted to its active form,
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metarhodopsin (M*) that triggers the phototransduction cascade (Fig. 34.1). M*
can be reconverted to R by absorption of a second photon and thereby becomes
inactivated. An alternative way for M* inactivation is binding to arrestin 2 that
sterically hinders activation of the Gq protein. At least a fraction of arrestin 2 is
bound to an unconventional myosin, NINAC, in the dark, from which it has to be
released for binding to M*. M* becomes phosphorylated by a G protein-coupled
receptor kinase, GPRK1 [54], although this phosphorylation is not required for
arrestin 2 binding and M* inactivation [55–57]. Arrestin 2 becomes phosphorylated
by CamKII [48]. After reconversion of M to R by absorption of a photon, arrestin 2
dissociates from the receptor and rhodopsin becomes dephosphorylated by RDGC
and returns to its ground state [58, 59]. Three events in this circle involve Ca2+:
(1) The release of arrestin 2 from NINAC, (2) the phosphorylation of arrestin 2 by
CamKII, and (3) the dephosphorylation of rhodopsin by RDGC.

34.3.2.1 NINAC

Like the other nina and ina mutants, ninaC was originally isolated in a mutagenesis
screen in which mutations were identified by their electroretinogram phenotype [1].
The ninaC locus encodes a 132 kDa (p132) and a 174 kDa (p174) protein variant.
The two variants share an N-terminal protein kinase domain, a domain that is
homologous to the head region of the myosin heavy chain, and a calmodulin binding
site. p174 harbors an additional calmodulin binding site and extends farther in the
C-terminal direction [47, 60]. p132 is localized to the cytosol of the photoreceptor
cell and p174 is localized to the rhabdomeres [61, 62]. Mutation of ninaC results in
light- and age-dependent retinal degeneration and in an electrophysiological defect
that is independent from this retinal degeneration [61]. While disruption of p132
alone had no effect, elimination of p174 alone resulted in a phenotype reminiscent of
the ninaC null mutant [61]. To assign roles to the kinase and myosin domains, Porter
and Montell mutated these domains in p174. Upon mutation of the kinase domain,
they observed an ERG defect but no retinal degeneration. Deletion of the myosin
domain resulted in an altered subcellular localization, an ERG defect, and retinal
degeneration [63]. To investigate the roles of the CaM binding domains, Porter and
colleagues deleted each of these or both in the p174 variant [47]. All these mutations
resulted in a higher susceptibility to enter the prolonged depolarizing afterpotential
(PDA) state. A PDA manifests in a persisting depolarization after cessation of the
light stimulus [64]. The authors concluded that the CaM binding sites in NINAC
function in termination of the light response. It has then been proposed that NINAC
actively transports arrestin 2-loaded vesicles into the rhabdomeres, interacting
with PIP3 in the vesicle membrane [65, 66]. However, Satoh and Ready did not
observe a requirement of NINAC for ARR2 translocation [67]. In an elegant set
of experiments, Liu and co-workers used a fly expressing the UV-sensitive opsin,
RH3, under control of the ninaE promoter in a ninaE null background [68]. The
benefit of using RH3 was that absorption maxima of the inactivated (R) and the
activated (M*) form are better separated than for RH1. This enabled the authors
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to convert a large portion of R to M* and M* to R by using the respective light
qualities. They observed a rapid, Ca2+-dependent inactivation of M* in wild type
flies. However, the Ca2+ dependence was abolished in cam and ninaC mutant flies.
Therefore, the authors proposed that NINAC is an arrestin 2 binding protein that
releases arrestin 2 upon Ca2+/CaM binding so that arrestin 2 can inactivate M*.
Further evidence for a diffusion-based translocation mechanism of arrestin 2 is the
finding that arrestin 2 translocation to the rhabdomeres is stoichiometric to R to M*
isomerization [69]. Light-dependent arrestin 2 translocation into the rhabdomere
constitutes a light adaptation mechanism (see 3.4).

34.3.2.2 CamKII

Phosphorylation of arrestin 2 at serine 366 is the earliest light-induced phospho-
rylation step in Drosophila photoreceptors [70]. This phosphorylation is catalyzed
by the Ca2+/calmodulin-dependent kinase II (CaMKII) [48]. Alloway and Dolph
showed that mutation of serine 366 to alanine had no effect on the binding of arrestin
2 to rhodopsin, but it hindered release of arrestin 2 from rhodopsin [71]. It was
also known that hyperphosphorylation of rhodopsin results in a strong interaction
of arrestin and rhodopsin and that the resulting complexes are internalized into
the photoreceptor cell and trigger retinal degeneration (see RDGC). Therefore,
Kristaponyte and colleagues tried to dissect the consequences of rhodopsin hyper-
phosphorylation and arrestin 2 hypophosphorylation [72]. They used phospholipase
C null (norpAP24) flies since in these flies, no Ca2+ enters the photoreceptor
cells to activate RDGC and CaMKII. Thus, in norpAP24 flies, arrestin 2 should
remain dephosphorylated and rhodopsin should become hyperphosphorylated upon
illumination. To test the consequences of permanent arrestin 2 dephosphorylation
alone, the authors used a fly that expresses an inhibitory peptide of the CaMKII
[73]. As a result, inhibition of CaMKII by inhibitory peptides did not result in
photoreceptor degeneration while induction of rhodopsin hyperphosphorylation did.
These results indicate that photoreceptor degeneration due to reduced Ca2+ influx
after light activation, as in the norpAP24 mutant, is a consequence of rhodopsin
hyperphosphorylation rather than a lack of arrestin 2 phosphorylation.

34.3.2.3 RDGC

Drosophila retinal degeneration C (RDGC) is the founding member of the protein
phosphatases with EF hands (PPEF) family. RDGC is expressed in the retina,
in ocelli, in the mushroom bodies of the brain, and to a lower extend, in the
lamina and medulla [74]. The rdgC locus encodes three different RDGC protein
isoforms [49]. RDGC isoforms harbor an N-terminal IQ domain that interacts
with Ca2+/Calmodulin [49], a catalytic domain, and C-terminal EF hand domains
that probably directly interact with Ca2+. Upon Ca2+ activation, RDGC mediates
dephosphorylation of rhodopsin [56] and the TRP ion channel at S936 [75]. rdgC
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null mutant flies exhibit rhodopsin and TRP hyperphosphorylation [56, 75]. Hyper-
phosphorylation of rhodopsin results in an abnormally strong interaction between
rhodopsin and arrestin. As an immediate consequence, arrestin 2 molecules are no
longer available to deactivate metarhodopsin, resulting in prolonged deactivation of
the phototransduction cascade upon orange light stimulation and higher suscepti-
bility for persistent activation upon blue light stimulation (prolonged depolarizing
afterpotential) [56]. Additionally, rhodopsin/arrestin complexes are internalized
from the rhabdomeric membrane into the photoreceptor cell triggering apoptosis
and ultimately resulting in photoreceptor degeneration. Collectively, Ca2+-mediated
regulation of RDGC ensures proper photoreceptor function and prevents retinal
degeneration.

34.3.3 Ca2+-Mediated Positive and Negative Feedback for
Generating Highly Time-Resolved Photoreceptor
Responses

Absorption of a single photon both in Drosophila and in vertebrate photoreceptors
activates the phototransduction cascade and results in a distinct electrical response,
termed quantum bump [76]. In Drosophila a quantum bump probably corresponds to
the opening of TRP and TRPL channels within a single rhabdomeral microvillus [8].
The quantum bumps of Drosophila have an average amplitude of 12 pA at −70 mV
membrane voltage and a duration of less than 50 ms. A macroscopic response
to brighter illumination represents the summation of generated quantum bumps.
The Drosophila quantum bump is much shorter than vertebrate quantum bumps
resulting in better time resolved visual responses and a better time resolution of the
fly visual system as compared to vertebrate eyes [76]. The sharpness of Drosophila
quantum bumps is largely due to Ca2+-mediated positive and negative feedback. In
addition, it has been suggested that the assembly of main signaling components of
the phototransduction cascade into a signaling complex by the scaffolding protein
INAD may ensure specific and fast signal transduction [77, 78].

34.3.3.1 Positive and Negative Feedback on the TRP Channels

In 1991, Hardie as well as Ranganathan and co-workers observed that the time to
peak of the photoresponse was shortened when the concentration of Ca2+ in the bath
was elevated in dissociated ommatidia preparations [40, 79]. Release of caged Ca2+
during the rising phase of the photoresponse facilitated the LIC. This facilitation
was mediated through the TRP but not the TRPL channel [80]. The EC50 of this
facilitation was later measured to be ∼300 nM [81]. Besides positive feedback,
Ca2+ apparently also promotes negative feedback on the TRP channels [79, 80].
Release of caged Ca2+ during the plateau phase of the light response resulted in
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an accelerated inactivation of the photoresponse [80]. Through manipulation of
the Na+/Ca2+ exchange equilibrium, Gu and colleagues varied the intracellular
Ca2+ concentration [25]. They observed inhibition of the LIC within a range of
0.1–10 μM Ca2+ (IC50 ∼1 μM). At these concentrations, PLC activity was not
affected, leading Gu and colleagues to the assumption that inhibition takes place at
the level of the ion channels. In line with this suggestion is the presence of CaM
binding sites within both the TRP and TRPL channels [45, 46]. TRP harbors CaM
binding site within its C-terminus that bind CaM in a Ca2+-independent manner
[45, 82–84]. TRPL harbors two calmodulin binding sites in its C-terminus, one
that exhibits Ca2+-dependent CaM binding and one that shows Ca2+-independent
CaM binding [46]. Mutation of the Ca2+-dependent CaM binding site resulted
in prolonged inactivation of the light response [53]. Hypomorphic cam352/cam339

mutants expressing less than 10% CaM of the wild type showed a similar phenotype
[53].

It was proposed that the facilitation of rising and falling phase of the pho-
toresponse that accompanies the rise of the intracellular Ca2+ concentration is
caused by sensitization and desensitization of TRP channels and the following
model was suggested [76]. Upon illumination, PLC action leads to accumulation of
second messengers and an increase in membrane tension until a certain threshold
is reached and the first TRP channel opens. Influx of Ca2+ ions through the
first channel into the photoreceptor cell results in an almost instantaneous rise
of the Ca2+ concentration in the respective microvillus because of its restricted
volume. The other TRP channels present in the microvillus are rendered more
sensitive towards second messengers and also open. When Ca2+ reaches a yet higher
concentration, it inhibits the TRP and TRPL channels resulting in fast deactivation
of the photoresponse.

34.3.3.2 Ca2+-Mediated Feedback on PLC

In vitro studies showed that Drosophila PLC is stimulated at Ca2+ concentrations
up to 1 μM while higher Ca2+ concentrations (5 μM) inhibited its activity [85].
A requirement of Ca2+ for PLC activity was also shown in intact photoreceptor
cells [86, 87]. On the other hand and in line with positive as well as negative
feedback of Ca2+ on PLC, Gu and colleagues observed inhibition of the PLC
at Ca2+ concentrations of 50 μM or higher [25]. Such concentrations are only
reached transiently in vivo [17, 18, 22]. The authors proposed that Ca2+-mediated
inhibition of PLC is a mechanism to avoid depletion of the PIP2 pool in vivo. This
observation might also provide an explanation for the trp phenotype. In a trp null
mutant fly, due to the lack of the major Ca2+-selective channel, Ca2+ influx into
the photoreceptor cells is drastically reduced. Reduction of Ca2+ influx results in
a transient receptor potential, meaning that the photoreceptor potential repolarizes
back to resting voltages during a light stimulus. This transient receptor potential
correlates with a depletion of the membrane component PIP2. Due to the drastic
reduction in Ca2+ influx, Ca2+-dependent negative feedback mechanisms are not
activated and PLC is not inhibited so that PLC cleaves all available PIP2 molecules
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to IP3 and DAG. trp null mutant flies undergo light dependent retinal degeneration
that has been shown to be caused by PIP2 depletion [88]. Ca2+-mediated inhibition
of the PLC depended on eye-PKC [25]. Thus, a possible mechanism is that eye-
PKC is activated by high Ca2+ concentrations and phosphorylates a target that
inactivates PLC. This phosphorylation target does not seem to be PLC itself as
phosphorylation of PLC so far has neither been observed in vitro [89] nor in vivo
(Voolstra and Huber, unpublished results). In accordance with a role of ePKC
in PLC inactivation, inaC null mutant flies exhibit quantum bumps that do not
terminate properly. Additionally, these flies exhibit an ERG phenotype that can be
described as a transient receptor potential combined with a prolonged deactivation.
Like in the trp null mutant, the transient receptor potential phenotype of the inaC
mutant might be attributed to PIP2 depletion that results from the inability to
phosphorylate target proteins to switch off phototransduction. In contrast to the
trp null mutant, the inaCP209 fly still expresses a functional TRP channel. It has
been demonstrated that the TRP channel is less sensitive towards PIP2 depletion
than the TRPL channel [90]. This might explain why in the inaC mutant, transient
receptor potential phenotype is less pronounced than in the trp mutant. Alternatively,
a second protein kinase C, PKC53E, that probably resulted from a gene duplication
event of the inaC gene and is also expressed in photoreceptor cells, may partially
substitute for eye-PKC function in the inaC null mutant [91]. It has to be noted,
however, that it is not understood how PIP2 depletion is a prerequisite for TRP
channel activation [10] but at the same time causes channel inhibition. Additionally,
the transient receptor potential phenotype and early retinal degeneration is rescued
in an rdgA;;trp double mutant [92]. This is astonishing since in this fly, due to the
trp mutation, the Ca2+ influx is drastically lowered and solely the PIP2 depletion-
sensitive TRPL channel is expressed. It would thus be interesting to investigate
PIP2 levels in an rdgA;;trp double mutant. However, DAG-dependent activation
of the TRP channels has been reported [12] and therefore, excessive DAG levels
resulting from the rdgA mutation might mask effects of PIP2 depletion. The TRP
ion channel and the INAD scaffolding protein constitute targets of eye-PKC [89,
93–97]. However, mutation of putative eye-PKC phosphorylation sites in TRP or
INAD did not evoke an electrophysiological phenotype that resembled the inaC
mutant phenotype (Voolstra and Huber, unpublished results). It can therefore be
concluded that either the relevant phosphorylation sites on TRP and INAD have
not yet been identified or that other eye-PKC target proteins exist. In future work,
the identification of these target proteins would contribute significantly to the
understanding of the regulation of the visual response in Drosophila.

After PLC-mediated cleavage of PIP2 to DAG and IP3, PIP2 is regenerated from
DAG (for review, see [98]). Enzymes that are involved in the regeneration of PIP2
represent potential targets for Ca2+ regulation. However, Ca2+-mediated regulation
of phospholipid cycle enzymes other than PLC is not likely. Using a fluorescently-
tagged PIP2 probe in intact flies, wild type and trp null mutant flies showed similar
time courses of PIP2 resynthesis and various background illumination intensities
that were applied to trigger Ca2+ influx failed to accelerate PIP2 synthesis in the
wild type [90].
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34.3.4 Ca2+-Mediated Light Adaptation

34.3.4.1 General Aspects of Light Adaptation

Ambient light intensities span eleven orders of magnitude during a typical cycle
of day and night [99]. Therefore, animals had to develop strategies to broaden the
dynamic range of their visual systems in order to obtain information of relative
brightness (contrast) of different objects in their environment at different levels
of ambient light intensities. This is called light adaptation and it is achieved by
shifting the relatively steep operational range (V-log I curve) along the 11 orders of
magnitude of ambient light intensities. A second aspect of light adaptation affects
the temporal resolution of a visual system, which preserves the contrast sensitivity
when photoreceptors become light-adapted. Light adaptation in Drosophila is Ca2+-
dependent and takes place at different time scales by different mechanisms. First,
Drosophila uses a pupil mechanism achieved by pigment granula migration [100,
101]. Second, during illumination, excitatory components of the phototransduction
cascade are translocated out of the rhabdomere while inhibitory components are
translocated into the rhabdomere [3]. Pigment granula migration and translocation
of inhibitory and excitatory components constitute long-term light adaptation
mechanisms. Third, short-term light adaptation is achieved by Ca2+ (/CaM) binding
directly to the ion channels TRP and TRPL [25]. This mechanism has the strongest
effect on light adaptation. Recently, an additional light adaptation mechanism
was unraveled. The phosphorylation state of serine 936 of the TRP ion channel
influences kinetic features of the photoresponse [75, 102]. We will discuss these
aspects of Ca2+-mediated light adaptation in detail below.

34.3.4.2 Short Term Light Adaptation

By manipulating cytosolic Ca2+ via the Na+/Ca2+ exchange equilibrium, Gu
and colleages found that Ca2+ inhibited the light-induced current (LIC) over a
range corresponding to steady-state light-adapted Ca2+ levels (0.1–10 μM) and
accurately mimicked light adaptation [25]. In contrast, PLC activity was unaffected
by the steady-state Ca2+ concentrations reached during light adaptation, but it was
inhibited over the range of concentrations experienced during the Ca2+ transients
and this effect may be involved in contrast sensitivity.

28 phosphorylation sites have been identified within the TRP ion channel [97].
15 of these sites are phosphorylated in the light and become dephosphorylated in the
dark. The phosphorylation of most of these sites depends on the phototransduction
cascade and on the activity of the TRP ion channel. Most probably, phosphorylation
thus depends on Ca2+ ion influx into the photoreceptor cell. The physiological
function of these phosphorylation sites is still elusive. Besides these sites that
show increased phosphorylation in the light, a single site, S936, exhibits elevated
phosphorylation in the dark and becomes dephosphorylated in the light. The
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dephosphorylation of this site directly depends on Ca2+ and at least in part is
mediated by the RDGC phosphatase [75]. The S936 phosphorylation site is involved
in aspects of light adaptation related to temporal resolution of a visual system. In
the light, when S936 is dephosphorylated, photoreceptors are able to immediately
follow a light stimulus flickering at high frequency. In the dark, when S936 is
phosphorylated, it takes several seconds for photoreceptors to follow the same light
stimulus. Thus, phosphorylation at S936 is regulated by Ca2+ and is involved in one
aspect of light adaptation.

34.3.4.3 Long Term Light Adaptation by Subcellular Translocation
of Signaling Components

The properties of neurons depend on the abundance of signaling components in the
plasma membrane. Hence, removal from or reinsertion into the plasma membrane of
receptors, ion channels, or other signaling components can function as a mechanism
for light adaptation. At least three Drosophila photoreceptor proteins undergo a
light-triggered translocation between the rhabdomeral plasma membrane and the
cell body: the TRPL ion channel, ARR2 and the Gαq subunit of the visual G-
protein [66, 103, 104]. The TRPL ion channel is located to the rhabdomeres in
the dark. Upon illumination, it translocates into the photoreceptor cell body [103].
Light-dependent TRPL translocation occurs in two stages which comprise transport
of TRPL to the base of the rhabdomere and the adjacent stalk membrane in the first
stage and a vesicle-mediated transport into the cell body within several hours [105,
106]. TRPL translocation depends on the phototransduction cascade and on Ca2+
influx [107].

The Gαq subunit is also partially removed from the rhabdomere upon illu-
mination, thus reducing the amount of available G-protein for phototransduction
[103]. This mechanism has been shown to significantly reduce the sensitivity of fly
photoreceptors [107]. The association of Gαq to the membrane-attached Gβγ in the
dark after illumination requires NINAC [108, 109]. Translocation of Gαq may be
mediated by dynamic palmitoylation/depalmitoylation of the subunit but it is not
known whether it depends on the light-induced Ca2+ influx [104].

Arrestin 2 is translocated in the opposite direction, i.e. it is highly abundant in
the rhabdomere in the light but diffuses out of the rhabdomere in the dark [66]. As
mentioned in Chap. 3.2, Ca2+ affects translocation of arrestin 2 into the rhabdomere
as it is required to release arrestin 2 from NINAC [68].

34.3.4.4 Pupil Mechanism Mediated by Myosin V

Rhabdomeres act as optical light guides comparable to glass fibers. Therefore,
photons that pass the dioptric apparatus enter the rhabdomere at its distal end
and are guided through the rhabdomere towards the proximal end until they

http://dx.doi.org/10.1007/978-3-030-12457-1_3
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are eventually absorbed by a rhodopsin molecule or leave the rhabdomere at
its proximal end. Upon light-induced Ca2+ influx, pigment granules within the
Drosophila photoreceptor cell migrate from the cytosol towards the base of the
rhabdomere where they can absorb photons travelling through the rhabdomere [100,
101]. This mechanism in effect progressively reduces the light intensity in the
rhabdomeres and has been compared to the effect of a closing pupil in vertebrate
eyes. This “pupil mechanism” accounts for an attenuation of 0.8 log units and
constitutes an important part of light adaptation [110, 111]. Satoh and coworkers
showed that the migration of pigment molecules is mediated by myosin V. Upon
illumination, myosin V that is loaded with a pigment granule migrates along a
rhabdomere terminal web (RTW) filament towards the rhabdomere base in a Ca2+-
and calmodulin-dependent manner [112].

34.3.5 Ca2+ Interactions with a Still Elusive Physiological
Role

34.3.5.1 INAD

INAD is a scaffolding protein that tethers some of the components of the phototrans-
duction cascade resulting in short diffusion times and high fidelity of the system
[113]. INAD binds CaM in a Ca2+-dependent manner [45]. Using calmodulin
overlay assays, Xu and colleagues showed direct interaction of calmodulin with
an INAD protein fragment spanning amino acids 146 to 235 [50]. The exact
consequences of calmodulin binding to INAD are elusive. However, recently, it has
become increasingly clear that INAD has to be regarded as a dynamic machine
rather than a rigid scaffold. This notion is corroborated by the finding that INAD
undergoes a light-dependent conformational change to transiently release one of its
binding partners, probably TRP, to ensure proper termination of visual response [95,
114].

34.3.5.2 Regulation of Neurocalcin

Drosophila neurocalcin was first identified in a polymerase chain reaction approach
searching for recoverin-like proteins [115]. Neurocalcin is expressed in the central
nervous system and in the eye [115] (flyatlas.org). The deduced amino acid
sequence revealed three putative EF hands and an N-terminal myristoylation site.
Indeed, recombinantly-expressed neurocalcin bound 45Ca2+ and displayed a Ca2+-
dependent mobility shift in electrophoresis assays. Coexpression of neurocalcin
with N-myristoyl transferase in bacteria in the presence of [3H]myristic acid resulted
in radioactive labeling of neurocalcin [115]. These results showed that Drosophila
neurocalcin is myristoylated and can bind Ca2+. Myristoylated neurocalcin exhib-
ited a Ca2+-dependent translocation to membranes [116]. Since it had been reported

http://flyatlas.org
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that vertebrate recoverin inhibits phosphorylation of rhodopsin [117], Faurobert
and colleagues tested this for Drosophila neurocalcin [116]. Indeed, the authors
observed a Ca2+- and myristoylation-dependent inhibition of phosphorylation of
bovine rhodopsin by neurocalcin in vitro. However, the exact physiological role
of neurocalcin in flies is elusive. It might be interesting to analyze neurocalcin-
defective flies for rhodopsin hyperphosphorylation and concomitant.

34.4 Concluding Remarks

After ∼50 years of Drosophila vision research, many interesting aspects of the
Drosophila phototransduction cascade have been elucidated. We are now able to
describe quantitatively how absorption of a photon ultimately leads to the generation
of the photoreceptor potential [118]. As elaborated above, Ca2+ plays a major role in
the regulation of the underlying processes. It controls positive and negative feedback
mechanisms to increase the fidelity of the light response and regulates the sensitivity
of the whole visual system to increase the dynamic range.

However, several questions have not been answered so far: How does the
Ca2+- and eye-PKC-dependent inactivation of the photoresponse operate? There
is evidence that eye-PKC is mandatory for Ca2+-dependent inhibition of PLCβ,
but PLCβ does not seem to be a direct substrate of this protein kinase C. How
does Ca2+ interact with the TRP and TRPL ion channels to provide positive and
negative feedback? How can low Ca2+ concentrations promote channel opening
while high Ca2+ concentrations inhibit channel opening? Finally, Ca2+-mediated
light adaptation is not well understood. Although it is likely that light adaptation
occurs at the level of the TRP ion channels, it is not clear how this mechanism
operates. Future studies will continue to increase our understanding of the role of
Ca2+ in biological signaling pathways.
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Chapter 35
Calcium Imaging in Drosophila
melanogaster

Nicola Vajente, Rosa Norante, Paola Pizzo, and Diana Pendin

Abstract Drosophila melanogaster, colloquially known as the fruit fly, is one of
the most commonly used model organisms in scientific research. Although the
final architecture of a fly and a human differs greatly, most of the fundamental
biological mechanisms and pathways controlling development and survival are
conserved through evolution between the two species. For this reason, Drosophila
has been productively used as a model organism for over a century, to study a diverse
range of biological processes, including development, learning, behavior and aging.
Ca2+ signaling comprises complex pathways that impact on virtually every aspect
of cellular physiology. Within such a complex field of study, Drosophila offers
the advantages of consolidated molecular and genetic techniques, lack of genetic
redundancy and a completely annotated genome since 2000. These and other
characteristics provided the basis for the identification of many genes encoding
Ca2+ signaling molecules and the disclosure of conserved Ca2+ signaling pathways.
In this review, we will analyze the applications of Ca2+ imaging in the fruit fly
model, highlighting in particular their impact on the study of normal brain function
and pathogenesis of neurodegenerative diseases.
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35.1 A Brief History

The path of Drosophila as a research model is a history of groundbreaking
achievements, underpinned by 6 Nobel Prizes since 1933. The first went to Thomas
Hunt Morgan, who delineated the theory of inheritance by using Drosophila to
define genes location on chromosomes [1]. Some years later, Hermann Muller
defined the effects of X-rays on mutation rate in fruit flies [2], opening the field to
modern genetics. These seminal discoveries allowed the generation of genetic tools
that still prosper, e.g., balancer chromosomes, special chromosomes that, preventing
meiotic crossing-over, are used to maintain complex stocks with multiple mutations
on single chromosomes over generations [3]. New genetic tools developed over
the years allowed the fruit fly to move with times. As a significant example,
CRISPR/Cas9 genome editing strategies allow simple and rapid engineering of the
fly genome [4].

What makes Drosophila the model organism of choice of many researchers is
the observation that relevant genes, cellular processes and basic building blocks
in cellular and animal biology are conserved between flies and mammals [5].
Moreover, compared to vertebrate models, Drosophila has considerably less genetic
redundancy, making the characterization of protein function less complicated. The
function of a gene product can be inferred by generating fly lines for its up- or down-
regulation and then analyzing the resulting phenotypes. The fruit fly represents
also an ideal model organism to study human diseases. Remarkably, over 60%
of known human disease-causing genes have a fly orthologue [6]. Most of the
cellular processes known to be involved in human disorders pathogenesis, including
apoptosis signaling cascades, intracellular calcium (Ca2+) homeostasis, as well as
oxidative stress, are conserved in flies. Of note, the high accessibility of the nervous
system at different developmental stages, makes also neuroscience experiments
feasible in the fly model. Moreover, flies exhibit complex behaviors and, like in
humans, many of these behaviors, including learning, memory and motor ability,
deteriorate with age [7, 8].

Box 35.1 Advantages of Using Drosophila as a Research Animal Model
Beside genetics, the strongest selling point of using Drosophila as an animal
model are: (i) Drosophila are relatively inexpensive and easy to keep, as they
are raised in bottles or vials containing cheap jelly-like food. (ii) Generally,
there are very few restrictions, minimal ethical and safety issues on their
laboratory use. (iii) Flies life cycle is very fast, lasting about 10–12 days at
25 ◦C. Newly laid eggs take 24 h to undergo embryogenesis before hatching
into first instar larvae, which develop into second, and then third instar larvae.
The duration of these stages varies with the temperature: at 20 ◦C, the average
length of the egg-larval period is 8 days; at 25 ◦C it is reduced to 5 days.
Larvae transform into immobile pupa, undergo metamorphosis and eclose
in the adult form 5–7 days later. (iv) A single fly can produce hundreds

(continued)
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Box 35.1 (continued)
of offspring within days, thus it is relatively easy to quickly generate large
numbers of embryos, larvae or flies of a given genotype. Individual flies
are easily manipulated when anaesthetized with carbon dioxide, allowing
identification of selectable phenotypic features under a stereomicroscope [9].

35.2 Drosophila Ca2+ Toolkit

The Ca2+ ion is the major intracellular messenger, mediating a variety of phys-
iological responses to chemical and electrical stimulations. Therefore, cell Ca2+
concentration [Ca2+] must be tightly controlled in terms of both space and time, a
task that is accomplished by several Ca2+ transporting and buffering systems. Easily
accessible knock-down and knock-out strategies, applicable to cell lines, as well as
to living animals, have helped discovering in flies a number of molecules involved in
Ca2+ signaling. As in mammals, basal cytosolic Ca2+ levels are controlled in flies
by the interplay of Ca2+ transport systems, localized in the plasma membrane (PM)
and the membranes of intracellular organelles that function as internal Ca2+ stores
(Fig. 35.1). This toolkit, together with a number of Ca2+-binding proteins, concurs
in creating and regulating the dynamics and spatial localization of Ca2+ signals.
The major players in Ca2+ signaling in Drosophila are briefly described below; the
interested reader is referred to a more extensive review on the topic [10].

Ca2+ enters the PM through Ca2+ channels, e.g., voltage- and ligand- gated.
As for voltage-gated Ca2+ channels, the fly genome encodes three α1 subunits
(Ca-α1D, cacophony, Ca-α1T) forming Cav1, Cav2, and Cav3 type channels,
respectively, mainly expressed in the nervous system and muscles [10]. Among
ligand-gated channels, glutamate-gated ionotropic receptors (iGluRs) are repre-
sented in Drosophila by 15 genes encoding different subunits. As in other animal
species, Drosophila uses glutamate as a fast neurotransmitter in neuromuscular
junctions (NMJs), and highly Ca2+ permeable iGluRs are clustered in active zones
in postsynaptic motor neuron terminals [11]. Cations enter sensory neurons through
Transient Receptor Potential (TRP) channels. The gene encoding the first member
of the trp superfamily was identified in Drosophila photoreceptors as a PM Ca2+
permeable channel, required for mediating the light response [12]. A vast number
of trp homologs were found in vertebrates that have been classified in seven major
subfamilies in metazoans.

Cytosolic Ca2+ increase can be also triggered by the activation of phospholipase
C (PLC), which produces inositol 1,4,5-trisphosphate (IP3) that interacts with
Ca2+ channels located in the Endoplasmic Reticulum (ER) and Golgi apparatus
(GA), causing their opening. Three IP3 receptor (IP3R) isoforms are expressed in
mammals, while a single IP3R is present in Drosophila (itpr) [13]. The channel
shares the highest level of similarity as well as functional properties (channel
conductance, gating properties, IP3- and Ca2+-dependence) with the mouse IP3R1.
The release of Ca2+ from intracellular stores occurs also through Ryanodine
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Fig. 35.1 A Drosophila cell with its Ca2+toolkit. The movement of Ca2+ ions (red spots)
are indicated as green arrows. The Ca2+ handling proteins inserted in the PM, from the upper
left corner, are: Voltage-Gated Ca2+ channels (VGCC), glutamate-gated ionotropic receptors
(iGluRs), Transient Receptor Potential (TRP) channels, Na+/Ca2+ exchanger (Calx), PM Ca2+
ATPase (PMCA) and ORAI1 oligomers forming a channel. In the ER membrane from the
upper left side are present: inositol 1,4,5-trisphosphate receptor (IP3R), Ryanodine Receptor
(RyR), Sarco-Endoplasmic Reticulum Ca2+ ATPase (SERCA) and STIM1. In the GA membrane
is present the Secretory Pathway Ca2+ ATPase (SPoCk). The inner mitochondrial membrane
hosts the mitochondrial calcium uniporter complex (MCUC). Different Ca2+ interacting proteins
are resident in the cytosol: Calcineurin (CaN), Calmodulin (Cam), Ca2+/Calmodulin-dependent
protein kinase II (CaMKII), and Ca2+/Calmodulin-dependent serine protein kinase (CaSK)

Receptor (RyR), located in the sarco/endoplasmic reticulum (SER) membrane. In
vertebrates, three isoforms are described (RyR 1–3), while the Drosophila genome
contains a single RyR gene that encodes a protein with approximately 45% identity
with the vertebrate family members [14, 15].

Ca2+ release from intracellular stores is most often accompanied by Ca2+
influx through PM channels in the regulated process of Store-Operated Ca2+ Entry
(SOCE). The molecular basis of SOCE, whereby Ca2+ influx across the PM is
activated in response to depletion of ER Ca2+ stores, has been under investigation
for more than 20 years and was finally revealed thanks to the identification of the two
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molecular key players in RNAi screens performed in Drosophila S2 cells [16, 17].
The presence of a single fly homologue for stromal interacting molecule 1 (STIM1)
and ORAI1, whereas mammals have two and three copies respectively, offered a
flying start for the identification of the proteins.

The main route for Ca2+ uptake into mitochondria is through the mitochondrial
calcium uniporter (MCU) complex, a Ca2+-selective ion channel located at the inner
mitochondrial membrane. The channel subunit MCU is regulated through other
regulatory components, i.e. MICU1/2/3 and EMRE [18]. A MCU homologue has
been identified and characterized in Drosophila [19, 20], along with its regulatory
subunits MICU1 [19, 20] and EMRE [21].

Ca2+ signals are terminated by the combined activities of Ca2+ ATPases, located
on PM, ER, GA membranes and the Na+/Ca2+ exchanger, NCX. PM Ca2+ ATPase
(PMCA) is a protein present in all animals, characterized by a high Ca2+ affinity and
a low-transport capacity that extrudes Ca2+ from the cytosol to maintain [Ca2+] at
the basal value of about 100 nM. In humans and other mammals, four major PMCA
isoforms are encoded by separate genes, while the Drosophila genome encodes a
single, ubiquitously expressed PMCA [22]. The ATPases located on ER and GA
membranes acts to re-accumulate the cation in the organelles’ lumen. The SER Ca2+
ATPase (SERCA), transports inside ER/SR two Ca2+ ions per ATP hydrolyzed.
In vertebrates, three SERCA protein isoforms are encoded by three distinct genes,
while in Drosophila a single gene was identified [23]. Fly SERCA has a higher
identity with mammalian SERCA1 and SERCA2 (71–73%) and is expressed at a
very high level in the central nervous system (CNS) and muscles. A single homolog
of the Secretory Pathway Ca2+ ATPase (SPCA) is present in Drosophila, named
SPoCk. The gene results in three isoforms, but only one (SPoCk-A) has been
reported to localize in GA membranes, as its mammalian counterpart [24]. The other
two variants have been reported to localize in the ER and peroxisomal membranes.
The NCX is a non-ATP-dependent antiporter that mediates the efflux of Ca2+ ions in
exchange for Na2+ import. The Drosophila NCX, named Calx, is highly expressed
in brain and muscle and has 55% identity with the three mammalian isoforms
NCX1, NCX2 and NCX3, which are differentially expressed mainly in the heart,
brain and skeletal muscles, respectively [25].

35.3 Experimental Set Up for Ca2+ Imaging in Drosophila

The conserved Ca2+ molecular toolkit, together with the advantages of the model
depicted above (Box 35.1), set the basis for the fruit fly to be a major model
organism for Ca2+ signaling research. Thanks to the development of a broad range
of Ca2+ indicators (Box 35.2), Ca2+ imaging procedures have been specifically
designed for their application in flies.

Advancements in Ca2+ imaging techniques have proceeded through two distinct
although interconnected avenues: the improvement of Ca2+ indicators and the
development of appropriate instrumentations. In the field of Ca2+ imaging of
live tissues/animals, the application of wide-field microscopy is limited by light
scattering across the z-axis of extended pieces of tissue, thus the use of two-photon
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(2P) microscopy is usually preferred. 2P microscopy have allowed measurements
in the intact brain of an entire transgenic animal, improving spatial resolution by
restricting the excitation of chromophores to defined focal planes.

In order to perform optical Ca2+ imaging experiments in Drosophila, the
access of light for excitation to the structures of interest must be assured. The
simplest possibility is to excite the genetically encoded Ca2+ indicator (GECI, see
Box 35.2, Fig. 35.2) directly through the animal’s cuticle without any surgical
manipulation. When baseline fluorescence of the GECI used is strong enough,
the partial transparency of third instar larvae allows for optical access of brain,
dorsal sensory neurons and muscles. Since imaging is hurdled by continuous larval
movements, a few experimental tips have been developed, e.g., immobilization of
the larva on the coverslip with a transparent sticky tape [26] or in microfluidic
clamps [27]. Despite the immobilization, slight contractions and movements cannot
be completely eliminated, possibly leading to shifts in the focal plane and thus
alterations in the fluorescence intensity. The problem can be overcome by using
ratiometric GECIs (Box 35.2).

Box 35.2 Ca2+ Indicators for Imaging in Flies
Approximately 30 years ago, scientists started to design and engineer organic
fluorescent Ca2+ indicators, opening the door for cellular Ca2+ imaging.
Since then, a variety of probes have been developed, which differ in their
mode of action, Ca2+ affinities, intrinsic baseline fluorescence and kinetic
properties. Two major classes of Ca2+ indicators have been developed, i.e.,
chemical probes and genetically encoded Ca2+ indicators (GECIs).

Chemical indicators (e.g., fura-2, indo-1, fluo-4) are small fluorescent
molecules that are able to chelate Ca2+ ions. These molecules are based
on BAPTA, an EGTA homologue with high selectivity for Ca2+. The
Ca2+ chelating carboxyl groups are usually masked as acetoxymethyl esters,
making the molecule more lipophilic and allowing an easy entrance into
cells. Once the molecule is inside the cell, the Ca2+ binding domains are
freed by cellular esterases. Binding of a Ca2+ ion to the molecule leads to
either an increase in quantum yield of fluorescence or an emission/excitation
wavelength shift. Chemical indicators are mostly used to measure cytoso-
lic [Ca2+]. Early attempts to measure presynaptic [Ca2+] in Drosophila
employed membrane permeant chemical Ca2+ indicators [30]. However, this
technique is hardly reliable due to uneven dye loading, high background
fluorescence and lack of cell type selectivity. To overcome current limitations,
dextran-conjugated fluorescent Ca2+ indicators have been loaded in cut
axons. The approach allowed to measure resting [Ca2+] and nerve-evoked
Ca2+ signals during high-frequency activity [31].

GECIs include different types of engineered proteins, such as single fluo-
rescent protein-based indicators (e.g., GCaMP), bioluminescent probes (e.g.,
aequorin) and fluorescence (or Förster) resonance energy transfer (FRET)-
based indicators (e.g., cameleons) [32].

(continued)
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Box 35.2 (continued)
GCaMP is one of the most used GECIs, based on a circularly-permuted

variant of Green Fluorescent Protein (cpGFP). The N-terminus of the cpGFP
is connected to the M13 fragment of the myosin light chain kinase, while the
C-terminus ends with the Ca2+-binding region of calmodulin (CaM). In the
presence of Ca2+, M13 wraps around Ca2+-bound CaM, leading to a con-
formational change that increases the fluorescence protein (FP) fluorescence
intensity [33] (Fig. 35.2, panel a). During recent years, different variants of
GCaMP indicators have been developed, with improved characteristics in
terms of Ca2+ affinity, brightness, dynamic range. Other variants of FPs,
e.g., red-coloured, have been used to develop sensors allowing simultaneous
measurement in different organelles, making GCaMPs a whole family of great
tools to follow Ca2+ dynamics.

One limitation in the use of GCaMPs, and in general of single protein-
based GECIs, is the sensitivity to movement artifacts as well as focal plane
shifts, which can be mistaken for [Ca2+] changes. A method used to correct
for this type of artifacts is to co-express a FP together with the GECI [34].
Alternatively, the limit can be overcome by using ratiometric indicators, such
as cameleon. This molecule uses the same Ca2+ binding domains of the
GCaMP (M13 and CaM), that are bound to two different variants of the GFP:
a cyan (CFP) and a yellow (YFP) variant. In the absence of Ca2+, the excited
CFP emits at 480 nm, while in the presence of Ca2+ the interaction between
Ca2+, CaM and M13 brings the two FPs at a closer distance (2–6 nm),
and the energy released from the CFP is absorbed by the YFP, that emits
at a different wavelength (535 nm) (Fig. 35.2, panel b). By calculating the
ratio of EYFP/ECFP emissions, one obtains a clear indication of intracellular
[Ca2+] variations, excluding changes of fluorescence caused by artefactual
movements of the sample.

GECIs allow the monitoring of Ca2+ not only in the cytosol, but also in
organelles (e.g., ER, mitochondria, GA, etc.) thanks to the addition of specific
targeting sequences. GECIs have demonstrated valuable in the measurement
of [Ca2+] in cells and within organelles in several in vivo models. Notably, in
flies, the ease of transgenesis allowed the generation of several lines for the
expression of GECIs, both cytosolic and organelle-targeted. Moreover, the
Gal4-UAS expression system [35, 36] allows the targeting of the probes to
specific tissues or even cell subtypes. In this two-part approach, one fly strain
carries the Ca2+ sensor cDNA under the control of an upstream activator
sequence (UAS), so that the gene is silent in the absence of the transcription
factor Gal4. A second fly strain expressing Gal4 in a cell type-specific manner
is mated to the UAS strain, resulting in progeny expressing the probe in a
transcriptional pattern that reflects the expression pattern of the Gal4 line
promoter.
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Fig. 35.2 Most used indicators for in vivo Ca2+ imaging in Drosophila. (a) The single-
wavelength indicator GCaMP is composed by: the M13 fragment of the myosin light chain kinase
domain (M13, pink), the circularly-permutated enhanced Green Fluorescent Protein (cpEGFP,
green) and Ca2+-binding region of calmodulin (CaM, white). The FP is excited at 488 nm and the
emission is detected at 512 nm. Upon Ca2+ binding, a conformational change increases the emitted
fluorescence intensity. (b) The FRET-based Cameleon probe, composed by: Yellow Fluorescent
Protein (YFP, yellow), the M13 domain (pink), the CaM domain (white) and the Cyan Fluorescent
Protein (CFP, cyan). The protein is excited at 440 nm and in absence of Ca2+ the emission is
detected at 480 nm; upon Ca2+ binding, conformational changes provide the optimal distance to
get Forster Resonance Energy Transfer (FRET), and the YFP emission is detected at 535 nm

Imaging Ca2+ activities in the CNS of adult flies usually requires a surgical
intervention to achieve optical access to the brain. However, trans-cuticular imaging
have also been applied to intact adult brains using 3P microscopy [28]. We
report, as an example, a protocol applied to monitor odor-evoked Ca2+ dynamics.
Anesthetized flies are restrained between a sticky tape and a fine-meshed metal
grid which enables air exchange around the abdomen. A small hole cut through the
sticky tape into the head capsule allows the exposure of the brain and the antennal
lobes expressing the GECI. The odors are then applied to the fly’s antennae and the
temporal dynamics and spatial distribution of Ca2+ activities are monitored using
an imaging microscope [26] (Fig. 35.3). Since movements are reduced in these
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Fig. 35.3 Schematic illustration of a set up for in vivo odor-stimulated Ca2+imaging in
Drosophila. A grid is placed on the microscope slide and fixed with several layers of sticky tape.
A small passage is cut into the layers of tape, fitting a single fly and a small tube for the delivery
of the odor. The chamber is sealed with another layer of adhesive tape where a small window is
cut, providing access to the fly’s head. The dynamics of intracellular Ca2+ in the olfactory sensory
neurons of the antennal lobe has been detected upon application of 3-octanol using the sensor
G-CaMP 3.0. The duration of the odor stimulus is indicated as a grey bar. (Adapted from: Ref.
[29])

preparations, single-wavelength GECIs, such as GCaMPs, are usually preferred, due
to their higher dynamic range and because they permit the use of simpler imaging
systems.

Thanks to the parallel development of indicators and imaging systems, Ca2+
imaging has matured over the years into a powerful tool for imaging of cellular
activity in living animals. We propose now an overview of Ca2+ imaging exper-
iments that can be performed in Drosophila, aware that by far this is not all
encompassing, and the list of interesting investigations could certainly be extended.

35.4 Ca2+ Imaging: Sensory Neuroscience and Beyond

Drosophila melanogaster contributed to many aspects of neuroscience. In the past,
the analysis of fly brain function has been challenging due to the small size of
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neurons that initially restricted electrophysiological recordings to specific highly
accessible regions, e.g., larval preparations of NMJs [37]. Recently, whole-cell
patch-clamp recordings have been performed on fly central neurons [38], providing
insights into neuronal activity with an excellent temporal precision. However, as
in the brains of vertebrates, Drosophila sensory stimuli, motor outputs as well
as central processing events, are encoded as spatio-temporal activity patterns
that require the concerted activity of many neurons. As a consequence, besides
recordings from individual neurons, monitoring the activity across many cells is
mandatory to explore complex circuits. In neurons, membrane depolarization is
accompanied by fast Ca2+ influx via voltage-gated Ca2+ channels, as well as slower
Ca2+ signals deriving from the ER and mitochondrial Ca2+ pools [39]. The easiest
way to indirectly measure membrane depolarization is measuring the variations in
[Ca2+] inside the cells. The development of GECIs allowed for these measurements
in vivo in multi-cellular animals, by targeting the probes to specific cells and sub-
cellular compartments.

Different types of scientific questions concerning the function of the Drosophila
brain can be addressed using optical Ca2+ imaging. One of the most exten-
sively explored fields regards the mechanisms of sensory processing, i.e., how
neural activity encodes sensory input in behavioral output. Sensory cells and
directly coupled downstream neurons encode the sensory stimuli by membrane
depolarization-induced action potential frequencies. High-intensity stimuli result
in high-firing frequencies, leading to strong intracellular Ca2+ transients, allowing
to fully exploit the potential of GECIs. A number of studies in this field have
helped identify and measure the response of specific brain regions to various sensory
stimuli including olfaction, taste, and thermosensation [26]. We present here some
significant examples.

Optical Ca2+ imaging has been successfully applied to study neuronal activity in
the olfactory system of the fly’s brain. Flies display robust odor-evoked behaviors
in response to cues from plants or other flies. More than 1000 olfactory sensory
neurons located in the olfactory sensory organs of the head (i.e., the third segment of
the antenna and the maxillary palps) project with their axons to the antennal lobe, the
primary olfactory center of the fly’s brain. The neuronal terminal arborizations are
organized into spherical structures called glomeruli that contact projection neurons
and local interneurons. Projection neurons signal to higher brain centers, such as
the mushroom body and the lateral horn. Since each sensory neuron expresses a
limited number of olfactory receptors with a specific ligand-binding profile, each
odor information is represented as a specific spatiotemporal code before it is sent
to higher brain centers. Optical Ca2+ imaging has been performed in each order of
olfactory neurons, including the antennal lobe (example in: [40]; protocol in [41])
and the neurons of the mushroom bodies (Kenyon cells) [42]. The mushroom body
has been shown over many years to be a brain region necessary and sufficient for the
association of odor stimuli through learning with rewarding or punishing cues [43,
44]. Electrophysiological studies on individual cells allowed to propose a model for
odors encoding in the mushroom bodies. The model proposed that only very few
out of a large array of Kenyon cells are selectively responding to any given odor
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stimulus, due to the convergence of several projection neurons onto a given Kenyon
cell, combined with the high firing thresholds of Kenyon cells. The use of GECIs
recently allowed to confirm the proposed model: the activity of >100 mushroom
body neurons was simultaneously monitored in vivo by two-photon imaging of the
Ca2+ indicator GCaMP3, allowing the visualization of the distinct patterns of sparse
mushroom body neurons activated upon different odors stimulation [45].

Ca2+ imaging has also proven to be of enormous value for the analysis of
how auditory stimuli are encoded in flies. The structure that has been primarily
associated with hearing is the Johnston’s organ, located on the second antennal
segment. Interestingly, Ca2+ imaging experiments performed in intact animals
demonstrated that Johnston’s organ contains also wind-sensitive neurons. GCaMP-
1.3 was expressed under the control of different Gal4 enhancer trap lines in distinct
groups of neurons in Johnston’s organ. Live flies were mounted in an inverted
orientation under a two-photon microscope, and an air flow or a near-field sound,
were delivered while recording Ca2+ dynamics. Optical Ca2+ imaging represented
here a powerful tool to dissect this novel circuit, providing evidence that a common
sensory organ is used to encode sound-evoked stimuli and air movements [46].

Other relevant aspects for which optical Ca2+ imaging using GECIs has been
successfully applied to sensory neuroscience comprise: propagation of fly taste
perception [47], neuronal plasticity underlying associative learning and memory
formation [42], visual circuits dissection [48], mapping of mechanosensory circuits
[49].

An interesting recent work, exploiting whole-brain Ca2+ imaging in adult flies,
aimed at assessing intrinsic functional connectivity. Ca2+ signals were acquired
from the central brain and functional data were assigned to atlas regions. This
allowed to correlate activity between distinct brain regions, providing a framework
for using Drosophila to study functional large-scale brain networks [50]. Whole-
brain imaging has also been attempted during open field behavior in adult flies
[51], allowing functional imaging of brain activity of untethered, freely walking
flies during sensorial and socially evoked behaviors. Of note, despite imaging over
extended periods in live animals is critical to dissect the mechanisms of plasticity,
neural development, degeneration and aging, chronic preparations for long-term
(>24 h) microscopy have been difficult in Drosophila, due to the fly’s fragility
and opaque exoskeleton. Only recently, laser microsurgery has been employed to
create a chronic fly preparation for repeated imaging of neural dynamics for up to
50 days. Ca2+ and voltage imaging was performed in fly mushroom body neurons,
in particular odor-evoked Ca2+ transients were recorded over 7 weeks [52]. This
chronic preparation is compatible with a broad range of optical techniques to address
in live flies biological questions previously unanswerable.

An interesting approach developed to evaluate functional connections is the
combination of Ca2+ imaging with genetically encoded optogenetic tools. Optoge-
netic activation in presynaptic neurons and Ca2+ imaging in postsynaptic neurons
have been used to map circuits governing different aspects of fly behavior, e.g.,
antennal grooming behavior [53], courtship [54] and aggression [55]. Some critical
aspects need to be taken into account when setting up this kind of experiments, i.e.,
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minimize spectral overlaps and use independent gene expression systems for the
two transgenes [56].

Another example of the power of combined functional imaging in the fly takes
advantage of both GECIs and Genetically Encoded Voltage Indicators (GEVIs)
(reviewed in [57]). Yang and colleagues compared voltage and Ca2+ responses
within compartments of the same neuron, using the ultrafast GCaMP6f sensor
together with a newly developed GFP-based voltage sensor, named Asap2f. In
vivo two-photon imaging of the two indicators was performed in the Drosophila
visual system. Remarkably, intracellular [Ca2+] do not simply follow the decay
of voltage signals. Instead, Ca2+ responses appear compartmentalized, i.e., they
are different in their amplitude and kinetics among distinct regions of the same
cell [58]. Voltage and Ca2+ signals appear distinct and neurons may convey
varying information to their postsynaptic partners in different synaptic layers. The
unprecedented resolution afforded by both indicators allowed to shed light on local
neural computations during visual information processing.

In addition to adult flies, also other developmental stages can be subjected to
Ca2+ imaging. In a recent paper, insight in the molecular pathway underlying
network refinement was obtained by performing Ca2+ imaging at the embryonic
NMJs. The authors demonstrated that oscillatory Ca2+ signals via voltage-gated
Ca2+ channels orchestrate the activity of several kinases and phosphatases, key
components in pruning aberrant synapses during embryonic synaptic refinement
[59].

Another developmental stage much studied and appreciated for its accessibility
and well-established organization is the larval stage. Ca2+ imaging has been
performed in intact larvae, as well as in isolated larval CNS. An interesting recent
example that underpins the power of the fly model is represented by a screen of
unknown compounds for their potential to function as anticonvulsants [60]. In this
work, GCaMP was expressed in motoneurons and the isolated CNS of third instar
larvae was imaged to evaluate the effectiveness of novel anticonvulsive compounds
to reduce seizure-like CNS activity.

Whole-brain imaging has also been performed in larvae (e.g., imaging of ventral
nerve cord during motor programs execution [61]; imaging of isolated CNS during
coordinated motor pattern generation [62]).

Photoactivatable GECIs have been exploited for targeted neuronal imaging in
cultured neurons and in fruit fly larvae [63]. Light-induced photoactivation allows
single cells to be selected out of dense populations, for visualization of morphol-
ogy and high signal-to-noise measurements of activity, synaptic transmission and
connectivity. This tool combines the reporting Ca2+ activity with the selective
highlighting of individual cells in situ in live tissues, facilitating tracking fine
neuronal processes with a clarity that cannot be achieved with dense expression
of standard FPs.

Besides the obvious importance in neurotransmission, Ca2+ signaling is fun-
damental for the survival and welfare of all cell types. Indeed, Ca2+ imaging
experiments have been performed in other tissues, most relevantly in fly muscles.
As an interesting recent example, an attempt to image all flight muscles together has
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been tried in intact flying animals. In flies, wing motion is adjusted for both quick
voluntary maneuvers and slow compensatory reflexes using only a dozen pairs of
muscles. By applying visual motion stimuli while recording the pattern of activity
across the complete set of steering muscles using GCaMP6f, the authors propose
a model whereby the motor array regulates aerodynamically functional features of
wing motion [64].

35.4.1 Ca2+ Imaging Inside Organelles

Organelle Ca2+ handling plays a fundamental role in cell Ca2+ homeostasis. At the
cellular level, techniques to measure intra-organelle Ca2+ are nowadays available
and routinely used. However, this type of measurements is still poorly exploited in
living animals and few examples are available in Drosophila. Among them, the most
commonly measured is mitochondrial Ca2+ [20, 65] although some attempts have
also been done in other organelles.

As a recent example, Drago and Davis revealed a developmental role for the
MCUC in memory formation in adult flies. The authors generated a transgenic
line for a mitochondria-targeted GCaMP (named 4mtGCaMP3) that was expressed
in MB neurons to measure mitochondria Ca2+ uptake upon downregulation of
the MCUC components MCU or MICU1. Ca2+ imaging experiments have been
associated to behavioral studies, demonstrating that the inhibition of mitochondrial
Ca2+ entry in the developing fly MB neurons causes memory impairment [20].

A sensor of the GFP-aequorin protein (GAP) family, optimized for measurements
in high-[Ca2+] environments have been also developed and used in drosophila [66].
Among other applications, the authors propose the imaging of SR Ca2+ dynamics
in the muscle of transgenic flies in vivo, providing evidence for a valuable tool to
explore subcellular complex Ca2+ signaling in flies.

35.5 Drosophila Models of Neurodegenerative Diseases

Changes in intracellular [Ca2+] mediate a wide range of cellular processes that are
relevant to neurodegenerative disorder etiology, including learning and memory,
as well as cell death. Indeed, a close link between the pathogenesis of different
neurodegenerative disorders and Ca2+ regulating systems, the so called “Ca2+
hypothesis of neurodegenerative diseases”, has been convincingly corroborated by
several experimental findings [67, 68]. The potential of the approaches described
above makes flies a powerful model system to elucidate pathogenic processes
in neurobiology. Indeed, a wide collection of fly models of neurodegenerative
disorders have been developed. Often, the model consists of targeted expression
of human disease-associated protein. In the case of loss of function pathologic
mutations, also knock out/knock down approaches have proved successful in
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mimicking the pathology. In many cases, robust neurodegeneration is observed in
these models.

Ca2+ imaging experiments performed in fly models of neurodegenerative dis-
orders have helped unravel the pathogenesis of diseases, including Alzheimer’s
disease (AD), Parkinson’s Disease (PD), Huntington Disease (HD). AD is a
neurodegenerative disorder characterized by deposition of amyloid β (Aβ) in
extracellular neuritic plaques, formation of intracellular neurofibrillary tangles and
neuronal cell death. Among familial (FAD) cases, approximately 50% have been
attributed to mutations in three genes: amyloid β precursor protein (APP) [69],
presenilin 1 (PSEN1) [70] and presenilin 2 (PSEN2) [71]. The fly genome encodes
a single Presenilin gene (Psn) [72] and a single APP orthologue (Appl) which
encodes for β-amyloid precursor-like protein. Drosophila models of AD have been
developed, mostly expressing wild type and FAD-mutant forms of human APP
and presenilins, reproducing AD phenotypes, such as Aβ deposition, progressive
learning defects, extensive neurodegeneration and ultimately a shortened lifespan
[73]. It is now accepted that FAD-linked presenilins mutants are responsible for
a dysregulation of cellular Ca2+ homeostasis. An imbalance of Ca2+ homeostasis
is supposed to represent an early event in the pathogenesis of FAD, but the mecha-
nisms through which FAD-linked mutants affect Ca2+ homeostasis are controversial
[74]. Using a fly model of FAD, Michno et al. [75], showed that expression of
wild type or FAD-mutant Psn in Drosophila cholinergic neurons results in cell-
autonomous deficits in Ca2+ stores, highlighted using the chemical Ca2+ probe
Fura-2. Importantly, these deficits occur independently of Aβ generation. They also
describe a novel genetic, physiological and physical interaction between Psn and
Calmodulin, a key regulator of intracellular Ca2+ homeostasis. More recently, a
study conducted by Li et al. [76] exploited Ca2+ probes and confocal imaging to
demonstrate that Imidazole, by decreasing the level of intracellular Ca2+, can rescue
the mental defect in Aβ42-expressing flies.

PD is the most common movement disorder, typically affecting people between
50 and 60 years of age. The disease is mostly sporadic, only a small fraction of PD
cases have been linked to mutations in specific genes, including a-synuclein [77],
parkin [78], PINK1 [79]. Cytoplasmic aggregates mainly formed by α-synuclein
protein, called Lewy bodies [80], are usually found in the substantia nigra of brain
tissue. Dopaminergic neurons are the most susceptible to degeneration in PD. Fruit
flies are largely used as model for PD. Expression of human α-synuclein in flies
leads to selective loss of dopaminergic neurons in the adult brain over time and
accumulation of protein in cytoplasmic inclusions [81]. Pan-neural expression of α-
synuclein either wild type or carrying PD-linked mutations results in premature loss
of climbing ability. Noteworthy, the first animal models revealing an interaction
between the two PD genes homologues Pink1 and parkin have been developed
in Drosophila [82, 83]. Recently, Ca2+-induced neurotoxicity have been explored
in a Drosophila model of retinal degeneration. The authors found that increasing
the autophagic flux prevented cell death in mutant flies, and this depended on the
Pink1/parkin pathway [84]. The results indicated that maintaining mitochondrial
homeostasis via Pink1/parkin-dependent mitochondrial quality control could poten-
tially alleviate cell death in a wide range of neurodegenerative diseases.
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HD is a progressive brain disorder characterized by uncontrolled movements,
emotional problems, and loss of cognition. The disease is caused by autosomal dom-
inant mutations in the gene encoding for huntingtin (HTT), resulting in an abnormal
expansion of the number of CAG triplets, encoding for Glutamine. A Drosophila
model of HD have helped investigating the mechanisms by which expanded full-
length huntingtin (htt) impairs synaptic transmission [85]. The authors showed that
expression of expanded full-length htt led to increased neurotransmitter release and
increased resting intracellular Ca2+ levels, compared to controls. Moreover, muta-
tions in voltage-gated Ca2+ channels restored the elevated [Ca2+] and improved
neurotransmitter release efficiency, as well as neurodegenerative phenotypes. This
suggests that a defect in Ca2+ homeostasis contributes to the pathogenesis of the
disease, which is in agreement with observations in mammalian systems [86–89].

Drosophila models have been created recapitulating many other diseases affect-
ing the neuronal system, e.g. Hereditary Spastic Paraplegias (HSPs), are a group
of inherited neurodegenerative disorders characterized by retrograde degeneration
of corticospinal neurons, leading to muscle weakness and spasticity of the lower
limbs. HSPs are highly genetically heterogeneous, with over 70 spastic paraplegia
gene (SPG) loci associated [90]. Despite this diversity, it is now clear that one of
the most common causes of HSPs are mutations in genes encoding proteins that,
directly or indirectly, regulate ER morphology and/or distribution. Proper shape
is necessary for the ER diverse functions, that are crucial for neuronal welfare
[91]. Among these functions, Ca2+ sequestration and release play a fundamental
role in shaping cytosolic signals [92]. Drosophila models have been generated for
many HSP-related genes, among them the homologues of Atlastin-1 (SPG3A) [93],
Spastin (SPG4) [94], Reticulon-2 (SPG12), ARL6IP1 (SPG61) [95]. Available tools
for Ca2+ imaging applied to these models would provide valuable insights in the role
of Ca2+ in the pathogenesis of HSPs.

35.6 Conclusions and Future Perspectives

Ca2+ signaling plays a critical role in cellular physiology and, in particular, in funda-
mental neuronal functions, such as synaptic transmission, synaptogenesis, neuronal
plasticity, memory and cell survival. Understanding how the concerted action of
neurons, synapses and circuits underlie brain function is a core challenge for
neuroscience. The examples we described in this review underscore the contribution
of Drosophila as a model system to explore cellular and circuits neurophysiology,
highlighting potential future directions in the field. Given its genetic accessibility,
complex behavioral repertoire and functional similarities with mammalian brain, the
fruit fly represents an attractive model organism to approach relevant physiological
and pathological questions. The combination of Ca2+ imaging with other tools, such
as voltage indicators or optogenetics, provides a valuable developing strategy for
investigating neural function and dysfunction. New variants of both green and red
Ca2+ indicators are continually developed, offering improved sensitivity, brightness,
photostability and kinetics and can be fruitfully applied to the Drosophila model.
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Chapter 36
Calcium Imaging in the Zebrafish

Petronella Kettunen

Abstract The zebrafish (Danio rerio) has emerged as a widely used model system
during the last four decades. The fact that the zebrafish larva is transparent enables
sophisticated in vivo imaging, including calcium imaging of intracellular transients
in many different tissues. While being a vertebrate, the reduced complexity of its
nervous system and small size make it possible to follow large-scale activity in
the whole brain. Its genome is sequenced and many genetic and molecular tools
have been developed that simplify the study of gene function in health and disease.
Since the mid 90’s, the development and neuronal function of the embryonic, larval,
and later, adult zebrafish have been studied using calcium imaging methods. This
updated chapter is reviewing the advances in methods and research findings of
zebrafish calcium imaging during the last decade. The choice of calcium indicator
depends on the desired number of cells to study and cell accessibility. Synthetic
calcium indicators, conjugated to dextrans and acetoxymethyl (AM) esters, are
still used to label specific neuronal cell types in the hindbrain and the olfactory
system. However, genetically encoded calcium indicators, such as aequorin and the
GCaMP family of indicators, expressed in various tissues by the use of cell-specific
promoters, are now the choice for most applications, including brain-wide imaging.
Calcium imaging in the zebrafish has contributed greatly to our understanding of
basic biological principles during development and adulthood, and the function of
disease-related genes in a vertebrate system.
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36.1 Introduction

The zebrafish (Danio rerio) (Fig. 36.1) has emerged as a widely used model system
during the last four decades. Its attractiveness as an experimental system stems from
a number of factors that are pushing the zebrafish to the forefront as a model system
for biomedical research. The fact that the zebrafish embryo is transparent during
its first days, and can stay transparent longer with chemical treatment or as non-
pigmented strains (Fig. 36.1b) [1] enables sophisticated in vivo imaging. While
being a vertebrate, the reduced complexity of its nervous system and small size make
it possible to follow large-scale activity in the whole brain. Its genome is sequenced
and many genetic and molecular tools have been developed that simplify the study of
gene function. For example, a variety of mutants strains have been isolated in large
mutagenesis screens and identification of cell-specific enhancers and promoters has
been used for the development of transgenic animals. Moreover, proteins can be
easily overexpressed transiently or as stable lines using RNA and DNA injections
into the fertilized egg. Similarly, genes can be knocked out using the CRISPR/Cas9
technology, and proteins can be transiently down-regulated during the first 5 days
by the use of morpholino oligonucleotides, resulting in so-called morphants [2].

Due to its external and fast embryonic development, the zebrafish initially
attracted developmental scientists. With time, the zebrafish has showed usefulness
in different areas, including cardiovascular research [3], neurodegenerative diseases
[4], psychiatry [5] and cancer research [6]. One quickly growing field using the
zebrafish is high-throughput chemical and toxicological screening benefitting from
the small size and simplicity of drug delivery through the skin [7]. In addition,
various techniques such as electrophysiological recordings, calcium imaging and
behavioral tests have demonstrated the convenience of the zebrafish as a model
system. Particularly, the combination of in vivo physiological and behavioral
techniques in wild-type, mutant or transgenic zebrafish has made it possible to
perform studies that would be hard or impossible in other preparations.

The aim of this updated chapter is to give a broad summary of the calcium
indicators and labeling techniques used to record intracellular calcium in various
zebrafish preparations and review new findings from projects using calcium imaging
in the zebrafish since the last edition of this chapter [8].

Fig. 36.1 The zebrafish can be studied at various ages. (a) Photo of wild-type zebrafish
embryos, ∼24 h post-fertilization. (Reprinted from Kaufman et al. [169] by permission from
Springer Nature, Nature Protocols, Copyright 2009). (b) Zebrafish nacre mutant larva at ∼72 h
post-fertilization. (Photo: Todd O. Anderson. (c) Adult male zebrafish. Photo: Todd O. Anderson)



36 Calcium Imaging in the Zebrafish 903

36.2 Calcium Indicators

The main advantages of using the zebrafish for calcium imaging are the variety of
labeling methods and the small size, enabling in vivo imaging of many different
structures in anesthetized or awake animals. Since the mid 90’s, the embryonic
development and neuronal function of the larval, and later, adult zebrafish have
been studied using calcium imaging methods. Calcium indicators can be divided
according to their chemical structure, optical properties and means of delivery [9].
Dextran-conjugated indicators, membrane-permeable acetoxymethyl (AM) ester
dyes and genetically encoded calcium indicators (GECIs) have all been used in
the zebrafish, studying phenomena ranging from the fertilization of the oocyte to
neuronal activation in the adult animal. The choice of calcium indicator depends
on the desired number of cells to study and cell accessibility. For example, dextran
indicators can label a limited number of cells of a cell type that lacks appropriate
cell specific promoters, or label cells in a cell lineage during development [10]. In
contrast to dextrans, the perfusion of AM esters permits labeling of larger areas of
tissue using multi-cell bolus loading [11] or can be used to label isolated organs or
cells in culture [12]. During the last decade, expression of GECIs has been replacing
the use of AM esters for general labeling of large volumes of cells, since general
promoters, such as the neuronal promoter HuC (referred to as elavl3 (ELAV like
neuron-specific RNA binding protein 3) throughout the text) can label the whole
nervous system [13, 14]. In contrast, the use of cell-specific gene enhancers or
promoters can also give expression that is limited to a set of specific neurons at
a specific time during development.

36.2.1 Synthetic Calcium Indicators

36.2.1.1 Dextrans

The water-soluble dextran-conjugated calcium indicators have a wide variety of
applications, ranging from injection into developing eggs, dialysis into cells or
injection into axonal pathways, which leads to local dye uptake with subsequent
anterograde and retrograde transport over hours and days. Dextran dyes can fill
structures far away, meaning that imaging can be done at a distance from the
injection site where the tissue might be damaged and nonspecifically stained,
increasing the background fluorescence. In comparison with the AM ester dyes,
they show no compartmentalization and have low toxicity.

Calcium green-1 dextran is the first and most common visible light-excitable
calcium imaging dye used in the embryonic and larval zebrafish [15]. When injected
into the spinal cord it can backfill neurons in the spinal cord, hindbrain and midbrain
by severing axonal tracts [16]. Injections of calcium green-1 dextran into eggs at
the one-cell stage have helped showing calcium fluctuations during fertilization,
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cleavage and blastula period [17–21]. If injected embryos are let to develop, the
dye is retained in developing cells allowing imaging of those at later developmental
stages.

The related dye Oregon green 488 BAPTA-1 has low calcium-binding affinity,
high fluorescence yield and great resistance to photobleaching. It has been used
similarly to retrograde label neurons and to stain cells following egg injections. It
has been used together with Texas red dextran for ratiometric calcium measurements
during gastrulation [22]. Both dextrans of calcium green-1 and Oregon green
BAPTA-1 has been implemented in in vivo calcium imaging of the adult zebrafish
tectum, via delivery to tectal cells via electroporation or tungsten pin injections of
dye crystals [23].

36.2.1.2 AM Esters

Cell-permeable AM esters diffuse into cells where endogenous esterases will
cleave the ester groups, trapping the indicators inside the cells. AM esters can
simultaneously and nonselectively label numerous cells in a tissue. AM esters also
serve as a faster means of labeling cells (30 min) than dextran dye backfilling
(12–24 h) [24]. AM esters are often mixed with pluronic acid, increasing the
solubilization of water-insoluble dyes.

The first attempt to label larger portions of the larval zebrafish spinal cord was
done by Brustein and colleagues in 2003, using bolus injections of AM ester calcium
dyes [24]. However, this method has since then not been generally used, perhaps due
to the parallel development of GECIs at the same time. Oregon green 488 BAPTA-1
AM labeling has on the other hand been very useful when labeling large structures
in the tectum [25]. In addition, embryonic hearts and isolated myocytes have been
successfully labeled with fluo-4 AM before imaging [26–28]. Fluo-5N AM, an
analog of fluo-4 with lower calcium-binding affinity which prevents saturation of
signal in cells with high intracellular calcium levels, has been used to image calcium
fluctuations in isolated muscle fibers [29]. In the red spectra, rhod-2 AM is often
used to label the adult zebrafish olfactory bulb neurons in explant preparations [30].

36.2.2 Genetically Encoded Calcium Indicators

36.2.2.1 Bioluminescent Aequorins

Protein-based calcium indicators can be divided into being fluorescent or bio-
luminescent, i.e. either emitting light when excited by light, or emitting visible
light following a chemical reaction in a living organism. The first bioluminescent
calcium-sensitive photoprotein used in the zebrafish was aequorin, derived from the
jellyfish Aequorea victoria [31, 32]. The binding of calcium ions to the photoprotein
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starts an enzymatic reaction leading to an emission of blue light. In contrast to
fluorescent reporters, aequorin has no background light emission at basal calcium
levels and does not require excitation light. Since no input of radiation energy is
required, problems with photobleaching, phototoxicity and autofluorescence are
avoided.

Recombinant aequorin has been directly injected into the zebrafish egg before
fertilization to study calcium patterns during the whole embryogenesis up to ∼24 h
post-fertilization (hpf), from fertilization to the formation of somites [19, 33]. To
allow calcium imaging at later stages, mRNA coding for the native apoaequorin has
been injected into the fertilized egg, expressing the fluorescent protein in somites
and the trunk as late as 48 hpf [34].

Despite a good signal to noise ratio, the low quantum yield of aequorin has
limited its use. However, aequorin naturally exists in complex with green fluorescent
protein (GFP), and energy from the chemical reaction of aequorin is transferred
to GFP, leading to an emission of green light. This association with GFP is
increasing the efficiency of calcium-dependent photoemission from aequorin from
10% to 90%, which inspired the development of a GFP-aequorin fusion protein
[35]. Injection of chimeric GFP-aequorin mRNA gives protein expression as early
as blastula stage [36] until at least 48 hpf [34]. Zebrafish with GFP-apoaequorin
expression driven by the neuro-β-tubulin promoter in hypocretin neurons as late
as 7 days post-fertilization (dpf) have been used to study neuronal activity during
natural behaviors [37]. More recently, a zebrafish line with selective expression of
an optimized version of aequorin in motor neurons was combined with treatment of
the GFP-aequorin substrate coelenterazine, allowing imaging of calcium transients
in freely moving larvae [38]. Finally, injections of mRNA coding for a red form of
aequorin, Redquorin, have been used to image calcium transients associated with
twitching behavior in developing zebrafish embryos during segmentation [39].

36.2.2.2 GFP-Derived Fluorescent Indicators

Cameleon

A majority of the fluorescent GECIs are derivatives of GFP [40], emitting light
in the green spectra. The first GEICs used in zebrafish, cameleon and pericams (a
detailed review of the use of pericams in zebrafish is found here [8]), have now
mostly been replaced with the GCaMP family of indicators. Cameleon is a hybrid
protein in which cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP) are linked by calmodulin and a calmodulin-binding peptide of myosin light-
chain kinase (M13) [41]. When calcium levels are increasing, calcium binds to
calmodulin, resulting in fluorescence resonance energy transfer (FRET) from CFP
to YFP [42]. When excited by a wavelength appropriate for CFP excitation, an
increase in calcium concentration causes an increase in the YFP/CFP fluorescence
intensity ratio. Thus, cameleon serves as a ratiometric calcium indicator.
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Yellow cameleon 2.1 (YC2.1), YC2.12 and YC2.6 have been generally expressed
in the zebrafish brain using the elavl3 promoter, in myocytes using heat shock
protein 8A (hsp8A) [43] and in spinal neurons using the ISL LIM homeobox 1
(isl1) promoter [44]. Injection of YC2.12 mRNA into the fertilized egg gives YC
expression between 3 and 33 hpf [42, 45] making it possible to follow calcium
changes from gastrulation to the early pharyngula period.

GCaMP Family

In 2001, Nakai and coworkers developed a calcium probe based on a single GFP
molecule with high calcium affinity named GCaMP [46]. GCaMP, 1.6, 2, 3, 4.1, 6,
6 s and 7 have all been expressed in zebrafish and the latest studies will be described
further on.

GCaMP-HS (GCaMP-hyper sensitive) [47] is brighter at the resting level and
more sensitive to the change of intracellular calcium concentrations than the previ-
ous GCaMP indicators. It has been used in larval zebrafish to record spontaneous
activity in motoneurons [47], retinal bipolar cells [48], Mauthner cells and spiral
fiber neurons [49], and visual responses in tectum and dorsal telencephalon [50].

SyGCaMP2 is a fusion of GCaMP2 to the cytoplasmic side of synaptophysin,
a transmembrane protein in synaptic vesicles [51]. By imaging zebrafish in vivo,
it has been demonstrated that SyGCaMP2 can be used to monitor visual activity
in synapses of spiking neurons in the optic tectum and neurons in the retina,
sampling hundreds of terminals simultaneously [51, 52]. Imaging of SyGCaMP2
in bipolar cell terminals in the retina has also revealed modulation visual processing
by olfactory signals [53] and crossover inhibition in the inner retina [54].

To this date, few red-emitting GECIs have been used in the zebrafish, although
red indicators allow for deeper imaging into tissue, reduced cytotoxicity, and can be
used in combination with the opsins that are activated by blue light. R-GECO-1 and
the synaptic form SyRGECO, which is fused to the protein synaptophysin, were
tested in the retinotectal system of zebrafish larvae [55]. A group of red GECIs,
including RCaMP [56], jRCaMP1a, jRCaMP1b and jRGECO1a [57], has been
evaluated after expression in trigeminal neurons. K-GECO1, which is based on a
circularly permutated RFP derived from the sea anemone Entacmaea quadricolor,
has been transiently expressed in spinal Rohon-Beard cells visualizing calcium
fluctuations in response to skin stimulation [58].

An alternative way to monitor changes in intracellular calcium levels in freely
moving animals has been to make use of the calcium indicator calcium-modulated
photoactivatable ratiometric integrator (CaMPARI), which undergoes irreversible
green-to-red conversion only when elevated intracellular calcium and UV illumina-
tion coincide. In this way, individual cells and brain areas, with elevated calcium
during a specific time period, can be identified [59].
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In conclusion, depending on the cell-specificity and temporal resolution required,
calcium photoproteins can be delivered and used in different ways. Injecting a
purified photoprotein, such as aequorin, enables detection of calcium signals already
at fertilization, while injection of mRNA or use of some promoters delay the
time when the photoprotein is available, but gives a prolonged window of protein
expression. Transgenic animals expressing GECIs driven by cell-specific promoters
can give precise spatiotemporal patterns. Due to the external development of the
zebrafish embryo, the ease of genetic manipulations and the possibility of in vivo
imaging, the zebrafish has been a valuable model system for the development of
new calcium probes.

36.3 Calcium Imaging Studies in the Zebrafish

36.3.1 Development

The popularity of the zebrafish initially started among the developmental biologists,
hence leading to the outcome that the first zebrafish calcium imaging experiments
were to study calcium signaling in the zebrafish egg and early embryo [60]. Embry-
ological studies of the zebrafish are particularly rewarding since the developmental
process is done ex utero. Fertilized eggs are collected from breeding couples in the
morning and can then be studied throughout the day, reaching the segmentation
period within the first 24 h. The early development of the zebrafish embryo is
comparably fast, and the speed of development can be manipulated by increasing or
decreasing the temperature of the eggs/embryos. The precise developmental periods
have been described by Kimmel and colleagues [61]. When incubated at 28.5 ◦C
the times for the developmental stages are the following: zygote (0–0.75 hpf),
cleavage period (0.75–2.25 hpf), blastula period (2.25–5.25 hpf), gastrula period
(5.25–10.33 hpf), segmentation period (10.33–24 hpf), pharyngula period (24–48
hpf) and hatching period (48–72 hpf).

Calcium signaling has been studied throughout the whole development of the
zebrafish embryo [19, 43, 62, 63]. The zygote and cleavage periods are dominated
by intracellular calcium signals, but as the embryonic cell number increases, there
is an appearance of localized intercellular signals along with the intracellular ones
[18]. This transition proceeds through the blastula and early gastrula periods. Then,
as global patterning processes start during the rest of the gastrula period, pan-
embryonic intercellular signals associated with the dramatic morphological events
of gastrulation can be observed [64]. Once the germ layers and major body axes
are established, there is a return to localized intercellular signals associated with the
generation of specific structures, for example somite formation, brain partitioning,
eye development, and heart formation [33].

Fluctuations in intracellular calcium during fertilization and later developmental
periods has been studied using injections of recombinant aequorin [19, 65], mRNA
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of YC2.12 and dextran dyes [8, 17, 20, 66, 67], since imaging would require
very early labeling of the egg and embryo. However, the identification of the
constitutively active promoter hsp8A has made it possible to express YC2.60
and follow calcium signals from fertilization to segmentation [43]. Similarly, the
early and ubiquitous activity of the βactin2 promoter has allowed researchers to
drive GCaMP6s expression as early as 30 min post-fertilization (mpf), throughout
cleavage and the blastula stage [68].

When monitoring the calcium patterns during fertilization, the oocytes are held
in place using an egg injection chamber when carefully injected with the calcium
indicator without affecting the normal development of the oocyte [65]. In the
zebrafish oocyte, the blastodisc (animal pole) is located on top of the yolk cell
(vegetal pole). Activation and fertilization of the oocyte are then done under the
confocal microscope to monitor the calcium changes during these processes. The
unfertilized zebrafish oocyte exhibits little evidence of calcium signaling, however
both activation with water and fertilization trigger rapid increases in intracellular
calcium in the oocyte cortex. This fluorescence continues to increase during the first
12–15 min post-insemination (mpi), particularly at the animal pole [17]. The initial
transient is followed by a more prolonged transient reaching a higher amplitude
with a maximum at 8–10 mpi [17]. These two initial transients are followed by
later calcium oscillations (30–60 mpi) associated with blastodisc expansion and
cytokinesis [19, 65, 69].

Protein-tyrosine kinase 2-beta (PTK2B/PYK2), a calcium-sensitive protein tyro-
sine kinase was found to be activated in response to fertilization of the zebrafish
oocyte [20]. Oocytes were injected with calcium green-1 dextran and then monitored
by confocal microscopy. Fertilization-induced Ptk2b activation could be blocked
by suppressing calcium transients via injection of BAPTA as a calcium chelator.
Suppression of Ptk2b activity by chemical inhibition or by injection of a dominant-
negative construct encoding the N-terminal ERM domain of Ptk2b inhibited
formation of an organized fertilization cone and reduced the frequency of successful
sperm incorporation.

The zebrafish cleavage period is represented by six rapid and synchronical cell
cleavages, with one blastomere division approximately every 15 min (Fig. 36.2).
The zebrafish embryo undergoes discoidal cleavage, meaning that the blastodisc
is located at the animal pole and is divided with cleavage furrows that do not
penetrate or divide the yolk. The cells remain interconnected by cytoplasmic
bridges. Elevation of intracellular calcium can be seen at the cleavage furrow
before the first cell cleavage, i.e. the furrow positioning signal, then during the
furrow formation and deepening of the furrow [70]. Next, calcium elevations can be
observed along the equators of the dividing cells, where the second cleavage furrow
emerges (Fig. 36.2c, d). Thus, it appears that there is a close spatial correlation
between elevated calcium and the formation of a cell cleavage furrow [68, 69, 71].
The calcium signals at cleavage furrows [72] and subsequent cell divisions [69] have
indeed been prevented by injection of the calcium chelator BAPTA into the embryo,
indicating the importance of calcium for cell division [73].
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Fig. 36.2 Imaging of localized calcium propagations along the cleavage furrow. Zebrafish
embryos are expressing yellow cameleon (YC) 2.60 driven by the promoter for shock protein 8A
(hsp8A). The numbers on the images indicate minutes post fertilization (mpf). Images are pseudo-
color ratiometric z-projections in intensity modulated display (IMD). (a) Montage of two-photon
images of the calcium responses during the cleavage period. (b) Intensity trace of the fluorescence
ratio from the whole embryo during two-photon imaging. The time for the 1st to 7th cleavage
events are indicated. Bars on the top indicate the cleavage and blastula periods. (c) Images from
line-scanning microscopy of calcium fluctuations during cleavage. (d) Cross sections performed
using line-scanning microscopy showing calcium propagations along the cleavage furrow. Arrows
in (c) and (d) indicate directions of calcium propagation. Scale bars are 100 μm. (Reprinted from
Mizuno et al. [43])

Recently, Eno et al. showed that nebel mutants exhibit reduced furrow-associated
slow calcium waves, caused by defective enrichment of calcium stores [66]. The
imaging made use of labeling with the ratiometric indicator fura-2 dextran, Oregon
green 488 BAPTA-1 dextran, and the transgenic line Tg(βactin2:GCaMP6s).

At the 256-cell stage, the blastula period begins with the start of asynchronous
cell divisions and zygotic gene transcription. During this period, the yolk syncytial
layer (YSL) forms, and epiboly begins. This means spreading and flattening of
the blastula to finally cover the whole yolk at the end of epiboly. During this
period, there is a transition from intracellular signals to intercellular signals within
the blastula. Fast, short-range, and slow, long-range calcium waves propagate
exclusively through the external YSL (E-YSL), mainly initiated from the dorsal side
(Figs. 36.3, 36.4) [74]. Bonneau and coauthors injected calcium green-1 dextran at
the 128-cell stage to study the calcium waves in the YSL. They could conclude that
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Fig. 36.3 Characterization of calcium signaling in the external yolk syncytial layer during
the late blastula and early gastrula periods. (A) An embryo, injected with f-aequorin at the 128-
cell stage, was imaged from a lateral view, where the location of the dorsal side remained constant
throughout the experimental period. (Ai) Temporal profile of the aequorin-generated luminescence
from ∼ 4 h post-fertilization (hpf) to 7.5 hpf, collected from the region of interest (ROI) in
panel Ai′. The duration of and maximum increase in luminescence of the calcium signals are
indicated by the blue and green dashed arrows, respectively. (Aii, Aiii) Luminescence images were
superimposed on to the corresponding bright-field images to show the orientation, morphology
and calcium signals generated at: (Aii) the beginning of the signaling period (the calcium signal
corresponds to peak marked by a red asterisk in panel Ai), and (Aiii) at the shield stage (D is
dorsal). Scale bar is 200 μm. (Reprinted from Yuen et al. [74], Copyright 2013, with permission
from Elsevier)

phosphorylation of the protein Bcl-2–like 10 (Nrz) enables the generation of YSL
calcium waves at the beginning of epiboly [21].

Moreover, localized elevations of calcium, so called calcium spikes, are gener-
ated in individual cells or small groups of cells in the blastoderm. These signals are
restricted to the enveloping layer (EVL) cells and appear to propagate as calcium
waves [18, 43, 68].

During the gastrula period, each germ layer (endoderm, mesoderm, and ecto-
derm) is spatially organized so that organs and tissues can form in the correct
location. The morphogenetic movements of involution, convergence, and extension
form the epiblast, hypoblast, and embryonic axis through the end of epiboly [22].
The level of intracellular calcium reaches a maximum during early gastrulation (6.5
hpf), when epiboly resumes and the embryonic shield starts to extend towards the
animal pole [19]. Fast intracellular calcium waves have been observed around the
blastoderm margin during late epiboly, moving up the trunk in an anterior direction
[62, 64]. The function of these axial waves are unknown but are thought to contribute
to the calcium waves that underlie the large-scale migrations of cells during this
period.
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Fig. 36.4 External yolk syncytial layer calcium signaling pattern in ventralized and dor-
salized embryos. Recordings of 30-min time-lapse overlay of calcium signals in wild-type,
ventralized, and dorsalized Tg(βactin2:GCaMP6s) embryos from 2.5 h post-fertilization (hpf) to
6.5 hpf. Images were captured using a spinning-disk confocal microscope, showing that dorsal-
biased calcium signaling was diminished in ventralized embryos and was ectopically induced
in dorsalized ones. The ventralized phenotype was acquired using ichabod/β-catenin2 mutant
embryos and the dorsalized phenotype by injection of β-catenin1 mRNA. Scale bar is 150 μm.
(Reprinted from Chen et al. [68], Copyright 2017, with permission from Elsevier)

Other calcium release events that are seen during gastrulation are aperiodic
transient fluxes found mainly in the EVL and dorsal forerunner cells becoming the
Kupffer’s vesicle, a structure implicated in laterality [75]. To answer whether an
intraciliary calcium signal at the Kupffer’s vesicle causes left-right development,
Yuan et al. targeted GECIs into cilia via fusion to the ciliary protein Arl13b, a small
GTPase [76]. arl13b-GCaMP6 mRNA was injected into embryos at the one-cell
stage and animals were imaged at the 1–4 somite stage. Confocal microscopy of
the Kupffer’s vesicle revealed the presence of highly dynamic intracellular calcium
oscillations. The oscillations depended on polycystic kidney disease 2 (Pkd2) and
were left-biased at the Kupffer’s vesicle in response to ciliary motility. Suppression
of oscillations using a cilia-targeted calcium sink revealed that they were essential
for left-right development.

Following the dramatic global rearrangements during gastrulation, the embryo
now undergoes a series of more localized morphogenetic movements that make up
the segmentation period. Somites and the neural cord develop during this period,
as well as the primary organs. The earliest body movements can be seen at this time.
At 10–11 hpf, distinct calcium patterns can be recognized along the antero-posterior
axis of the embryo [19]. High calcium levels can be observed in the presumptive
mid- and forebrain in contrast to low calcium in the presumptive hindbrain (Fig.
36.5). This specific calcium pattern in the brain remains clearly visible for several
hours and precedes morphological patterning of the brain [19]. Apart from the
calcium patterns in the head, various calcium waves, gradients, and spikes can be
observed in the trunk and tail region. The most pronounced is an ultraslow calcium
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Fig. 36.5 Calcium dynamics in the late gastrula, segmentation, and early pharyngula
periods. The genetically encoded calcium indicator yellow cameleon, YC2.12, was expressed in
developing zebrafish embryos after mRNA injection at the one-cell stage. Imaging was performed
on a fluorescent microscope. (a) Bright field image. (b) Color-coded image. Scale bar is 200 μm.
The color-coded images show high calcium levels as white and low calcium levels as blue. High
intracellular calcium levels could be observed in the anterior and posterior body regions from bud
to 16-somite (10–17 h post-fertilization) stages. In the anterior trunk, the calcium levels reached a
peak at 18-somite stage, whereas in the posterior trunk the calcium peak was present at 28-somite
stage. (Reprinted from Tsuruwaka et al. [45])

wave moving posteriorly along with the formation of the somites and neural keel at
10–14 hpf [19].

In one experiment, YC2.12, injected as mRNA at the one-cell stage, was used
to study calcium patterns up to the pharyngula period (Fig. 36.5). High levels of
intracellular calcium were observed in the anterior and posterior body regions from
bud to 16-somite (10–17 hpf) stages. In the anterior trunk, the calcium level reached
a peak at 18-somite stage, whereas in the posterior trunk the calcium peak was
shown at 28-somite stage [45].

The zebrafish embryo enters the pharyngula period at 24 hpf when the body axis
begins to straighten. The circulation system develops and the heart starts to beat.
The brain has now five distinct lobes and the pharyngula shows tactile sensitivity
and uncoordinated movement. The hatching embryo (48–72 hpf) continues to form
the primary organ systems and the sensory systems are complemented by hair cells
and olfactory placodes [61]. The zebrafish is considered a larva from 72 hpf to
30 days (Fig. 36.1B) when it grows in size to become an adult animal (Fig. 36.1C).
Pigmentation of the zebrafish skin starts around 24 hpf which requires 1-phenyl-2-
thiourea treatment to keep embryos transparent, or the use of non-pigmented strains
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Fig. 36.6 Labeling of reticulospinal neurons in the larval zebrafish and recording of changes
in intracellular calcium during the startle response. (a) Injection of a dextran dye (here
calcium-insensitive rhodamine dextran) into the spinal cord of a larval zebrafish. (b) Descending
projection neurons labeled with calcium green-1 dextran (10 kDa) in a wild-type larva with normal
pigmentation 24 h after injection. The pair of Mauthner cells is marked with a red asterisk and
the midbrain neurons with a green asterisk. (c) Confocal microscopy image showing Mauthner
cells and their homologs labeled with calcium green-1 dextran in a 5-day-old larva. Scale bar is
25 μm. (d) The region of interest (ROI) 1 marks one Mauthner cell, ROI 2 marks the closest
segmental homolog, MiD2cm, and ROI 3 marks the homolog MiD3cm. Background activity from
non-labeled cells is recorded from ROI 4. Scale bar is 25 μm. (e) Intensity traces of the changes
in intracellular calcium levels from ROIs 1–4 during weak electrical stimulation of the skin. The
x-axis indicates time. Two skin shocks to the head are marked by the blue arrows. The y-axis
indicates the fluorescence intensity in arbitrary units. The value 0 represents no fluorescence; the
value of maximal fluorescence is 256. The numbering of traces corresponds to the ROIs in (d).
The two skin shocks produced two fast peaks in intracellular calcium in the Mauthner cell and the
segmental homologs. Each of the calcium transient lasted about 5 s. (Images: Petronella Kettunen)

like nacre [1], casper [77] or crystal [78]. Calcium imaging of different parts of the
nervous system and muscle cells during these later stages will be described in the
next sections of this chapter.

36.3.2 Locomotor Circuits

36.3.2.1 Reticulospinal Neurons

At the time when developmental biologists started to monitor calcium signaling
events during development, physiologists started to inject dextran-conjugated cal-
cium green-1 into the spinal cord to investigate firing properties of neurons in
the spinal circuits and hindbrain [15, 79]. Since then, calcium imaging has been
an important noninvasive tool in larval zebrafish to study neuronal activity and
connectivity, simultaneously from a population of neurons.

The Mauthner cell network is one of the first circuits in the zebrafish brain
that was studied using calcium imaging [15, 79]. The Mauthner cell is a large
reticulospinal neuron located in the hindbrain (Fig. 36.6b, c) and responsible for the
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startle response, elicited by various sensory stimuli such as touch, sound, and visual
input. It has two prominent dendrites and its axon crosses over to the contralateral
side where it activates motoneurons, contracting the muscles to propel the fish
trough the water. Two homologous reticulospinal neurons, MiD2cm and MiD3cm,
are located in adjacent segments (Fig. 36.6c) and can elicit a startle response if the
Mauthner cell is deleted [80].

Our knowledge of the structure and function of reticulospinal neurons has grown
during the last three decades. As these neurons are large and their morphology easily
distinguishable, and the fact that their activation leads to a distinct response make
this system very useful to functional investigations of genetic modifications. With
the discovery of a variety of mutant strains, generated in large-scale genetic screens,
the possibilities to learn about the formation and function of the nervous system are
unlimited. For example, in the large-scale screen for behavioral locomotive defects
performed in 1996, over 150 motility mutants were identified [81]. Interestingly,
many of these mutants had defects in the Mauthner cell networks, and calcium
imaging of these mutants has taught us much about this circuit [8].

Labeling of reticulospinal neurons via pressure injection of calcium sensitive
dextran dyes is still a used method. However, with the discovery of new cell-specific
promoters for cells in the Mauthner cell network, this technique will probably be
less used with time. For example, the enhancer Gal4FF-62a that selectively labels
Mauthner cells [82] has been used to drive expression of GCaMP6s in experiments
investigating calcium signaling during startle habituation [83] and regulation of the
innate startle threshold in 5 dpf zebrafish larvae [84].

Soon, the field of reticulospinal cell imaging expanded to involve networks
feeding into the Mauthner cell, regulating its function. For example, investigations
were made of the three different inhibitory connections of the Mauthner cell
network; recurrent inhibition mediated by an ipsilateral collateral of the Mauthner
cell axon, feed-forward inhibition driven by sensory afferents, and reciprocal
inhibition between bilaterally opposed Mauthner cells [85]. This inhibition could
be confirmed by confocal recordings of calcium signals in Mauthner cells when
these inhibitory connections were stimulated.

Spiral fiber neurons are excitatory interneurons, which project to the Mauthner
cell axon hillock. Researchers took advantage of the Tg(–6.7FRhcrtR:gal4VP16;
UAS:GCaMP5) line that has labeled spiral fiber neurons [49]. In these fish,
Mauthner cells could be laser-ablated after backfilling using dextran dyes, which
revealed that spiral fiber neurons are active in response to aversive stimuli capable
of eliciting escapes.

The nucleus of the medial longitudinal fasciculus (nMLF) consists of a small
group of reticulospinal neurons in the zebrafish midbrain that is the most rostral of
the descending projecting neurons. They have previously been implicated in escape,
swimming and prey capture behaviors [16, 86]. One common way to label these
cells has been to perform spinal injections of dextran dyes. Sankrithi and O’Malley
performed calcium imaging in Oregon green 488 BAPTA-1-labeled 3–5 dpf animals
[87]. Calcium responses were monitored simultaneously with recording swimming,
turning and struggling movements, elicited by head taps and abrupt illumination.
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This type of preparation shows the advantage of using the transparent zebrafish
larvae to study which cells are active during certain behaviors, which would be
more complicated in other vertebrate systems.

Dye injection was also used by Wang and McLean labeling motoneurons and
descending neurons from the nMLF with calcium greeen-1 dextran [88]. Locomotor
responses to light via an LED were monitored in both cell groups using calcium
imaging and simultaneous motor nerve recordings. Both light onset and offset
activated nMLF neurons while mainly ventral (rather than dorsal) motoneurons were
consistently activated by this stimulus.

Thiele et al. identified a Gal4 driver fish line, Tg(Gal4s1171t), allowing targeted
expression of proteins in nMLF neurons [89]. By crossing this fish line with one
carrying UAS:GCaMP6, it was possible to monitor calcium fluctuations in 6 dpf fish
using two-photon imaging while simultaneously monitoring tail movements during
spontaneous behaviors with a high-speed camera. The calcium signals in different
nMLF neurons were correlated with swimming, flips and struggles, showing that
most nMLF cells were active during swimming.

36.3.2.2 Spinal Cord

In parallel with the start of labeling and recording activity in reticulospinal neurons,
imaging of the downstream spinal cord neurons started. Each hemisegment of the
zebrafish spinal cord consists of three primary motoneurons (PMNs), the caudal
primary (CaP), middle primary (MiP), and rostral primary (RoP), and around 30
secondary motoneurons (SMNs). The development of spinal cord networks is partly
regulated by spontaneous activity (Fig. 36.7). The first motor behavior performed
by zebrafish embryos is the gap junction-driven coiling behavior present at 17–
25 hpf. Researchers expressed the constructs UAS:GCaMP3 and Gal4s1020t in the
embryonic spinal cord to follow the development of this spontaneous activity using
a spinning disc confocal microscope (Fig. 36.7) [90]. Gal4s1020t drives expression of
the target protein in PMNs and SMNs, as well as in both ascending and descending
interneurons. Spinal cord activity imaged at 18 hpf was sporadic, while 2 h later, at
20 hpf, the activity was organized in bursts of alternation between the left and right
sides. Optogenetic inhibition revealed changes in functional connectivity between
ipsilateral neurons during development.

Using the same transgenic GECI line, Plazas and colleagues followed calcium
activity in individual PMNs during axonal extension and pathfinding between 17
and 24 hpf [91]. By suppressing calcium spiking activity selectively in single PMNs,
they could observe errors in axon pathfinding of MiP and RoP axons, but not of
CaP axons. This activity-dependent competition was mediated by modulation of the
chemotropic receptor PlexinA3.

An alternative way to specifically silence synaptic activity was developed by
Sternberg and colleagues [92]. A zebrafish-optimized botulinum neurotoxin light
chain fused to GFP (BoTxBLC-GFP) was expressed in zebrafish embryonic and lar-
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Fig. 36.7 Imaging of spontaneous calcium activity in spinal cord neurons during segmen-
tation. Zebrafish Tg(Gal4s1020t;UAS:GCaMP3) embryos were imaged at 18 and 20 h post-
fertilization (hpf) using a spinning disc confocal microscope. (a and d) Dorsal views of GCaMP3
baseline fluorescence with circled regions of interest (rostral to the left). (b and e) Normalized
intensity traces for active regions (identified on y-axis) for the left and right sides of the spinal cord
at 18 hpf and 20 hpf. (c and f) Raster plots of detected events for a subsection of the data in (b) and
(e), showing how population activity went from uncoordinated (b) to synchronized (e) bursting.
(Reprinted from Warp et al. [90], Copyright 2012, with permission from Elsevier)

val spinal cord using Gal4s1020t. Fish expressing this construct failed at performing
the coiling behavior. Interestingly, imaging revealed that calcium signals were still
present, showing that the effects of BoTxBLC-GFP were limited to abolishment of
synaptic release.

Gal4s1020t was also used to drive expression of GCaMP5 in the spinal cord, in
experiments investigating the effect of nonvisual light stimulation of the locomotor
circuits via the vertebrate ancient long opsin A (VALopA) [93]. Using illumination
at 488 nm, the coiling behavior as well as the calcium activity, monitored via two-
photon imaging, could be reduced in 24 hpf embryos after knockdown of valopa.

Other promoters/enhancers have been used to drive expression of GECIs in
specific subsets of neurons in the spinal cord of zebrafish. For example, the gene
trap driver SAIGFF213A gives expression in a subset of spinal neurons including the
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CaP motoneurons [47]. Tg(SAIGFF213A;UAS:GCaMP7a) embryos were used for
tracking spontaneous calcium signals using a confocal microscope in CaP neurons
at 18 or 24 hpf [94]. In this study, it was found that inhibition of two-pore channels
(TPCs) that mediate calcium release from intracellular acidic compartments, prevent
the high-frequency calcium transients in CaPs corresponding to network maturation.

It has also been possible to record calcium fluctuations in presynaptic boutons, by
the use of the synaptophysin (syp) promoter as a driver for GECIs. In the spinal cord,
V2a excitatory premotor interneurons are recruited during increase in swimming
speed. In a study by Menelaou et al., spinning disc confocal imaging with parallel
motor nerve recordings was used to track calcium transients in GCaMP3-labeled
synaptic terminals of V2a neurons following electrical skin stimulation [95].

Cerebrospinal fluid-contacting neurons (CSF-cNs) are GABAergic ciliated cells
surrounding the central canal in the ventral spinal cord, specifically express-
ing the polycystic kidney disease 2-like 1 (PKD2L1) channel. Böhm and coau-
thors investigated the role of CSF-cNs in locomotion by using the zebrafish
lines Tg(pkd2l1:GCaMP5G)icm07 and Tg(UAS:GCaMP6f;cryaa:mCherry)icm06,
allowing expression of GECIs in this cell type [96]. Two-photon imaging of 5–
6 dpf larvae revealed that the CSF-cNs were not activated during fictive escapes
elicited by a water jet, which activated motoneurons (labeled with the mnx1:Gal4,
UAS:GCaMP6f;cryaa:mCherry constructs). On the other hand, CSF-cNs showed
a strong activation of in response to muscle contractions during tail bends, which
could be abolished in mutants for pkd2l1. In the subsequent paper from the group,
calcium imaging confirmed that ventral CSF-cNs are recruited during spontaneous
longitudinal contractions, allowing the fish to maintain balance during locomotion
[97].

Recently, the use of codon-optimized aequorin has simplified the monitoring
of spinal calcium signaling [98]. Global bioluminescence from the motoneurons
was recorded from Tg(mnx1:gal4;UAS:GFP-aequorin-opt) 4 dpf zebrafish larvae
during escape behaviors and swimming. Calcium signals from individual neurons
were monitored with the Tg(mnx1:gal4;UAS:GCaMP6f,cryaa:mCherry) line. The
authors showed that mechanosensory feedback enhances the recruitment of motor
pools during active locomotion.

36.3.3 Visual System

36.3.3.1 Retina

The zebrafish retina is organized into three nuclear layers: outer nuclear layer
(ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) that are separated
by synaptic/plexiform layers. The ONL harbors rod and cone photoreceptors. The
INL harbors horizontal, bipolar, amacrine and Müller glial cells. The GCL harbors
retinal ganglion cells whose axons make up the optic nerve. After being fairly
inaccessible to calcium indicator labeling in vivo, the zebrafish retina research has
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benefitted highly from the development of constructs expressing GECIs in specific
retinal cells.

One of the first zebrafish lines used to investigate retinal responses to light
onset and offset expressed SyGCaMP2 by the ribeye a (ctbp2) promoter, targeting
the expression to ribbon synapses of bipolar cells within the inner plexiform
layer. SyGCaMP2 is a fusion protein of synaptophysin and GCaMP2, allowing
for calcium measurements at presynaptic synaptic boutons [51]. In a study by
Odermatt and coauthors, SyGCaMP2 fluorescence was imaged in retinas in 9–
12 dpf zebrafish larvae in response to on- and offset of a LED, investigating the
luminance sensitivities of the bipolar cell synapses [99].

The same setup was used for investigation of crossover inhibition between bipo-
lar cells and amacrine cells; the latter labeled by the ptf1a:gal4;UAS:SyGCaMP3
constructs [54]. In OFF bipolar cells, sustained transmission was found to depend
on crossover inhibition from the ON pathway through GABAergic amacrine cells.
In ON bipolar cells, the amplitude of low-frequency signals was regulated by
glycinergic amacrine cells, while GABAergic inhibition regulated the gain of band-
pass signals.

The same group has also investigated the regulation of bipolar cell function
by olfactory stimuli in 8–11 dpf larvae [53]. Zebrafish expressing SyGCaMP2
in bipolar cell terminals and GCaMP3.5 in ganglion cells, under the enolase 2
(eno2) promoter, were exposed to light flashes and oscillations during a bath
application of the amino acid (AA) methionine. Two-photon calcium imaging
revealed that olfactory stimulation reduced the gain and increased the sensitivity
of responses to luminance and contrast transmitted through OFF bipolar cells.
Activation of dopamine receptors increased the gain of synaptic transmission
in vivo and potentiated synaptic calcium currents in isolated bipolar cells. These
results indicate that olfactory stimuli alter the sensitivity of the retina through the
dopaminergic regulation of presynaptic calcium channels that control the gain of
synaptic transmission through OFF bipolar cells.

Tg(Isl2b:Gal4;UAS:SyGCaMP3) transgenic larvae were used to investigate the
function of the cell-adhesive transmembrane protein Teneurin-3 (Tenm3) in struc-
tural and functional connectivity of retinal ganglion cells [100]. tenm3 knockout
animals showed mistargeting of dendritic processes and laminar arborization defects
of these cells. Functional analysis of retinal ganglion cells targeting the tectum
revealed a selective deficit in the development of orientation selectivity after tenm3
knockdown.

The ribeye promoter was also used in an experiment, to express GCaMPHS in
bipolar cell of zebrafish larvae (Fig. 36.8) [48]. Via optogenetic activation of the
bipolar cell axon terminals, the authors could elicit calcium waves traveling over
the retina.

Plasticity of the excitatory synapses formed by bipolar cells on retinal
ganglion cells has been investigated by the combination of perforated whole-cell
recordings and two-photon calcium imaging of 4 dpf transgenic Tg(Gal4-
VP16xfz43,UAS:GCaMP1.6) larvae [101]. The driver Gal4-VP16xfz43 allows for
labeling of a subset of bipolar cells in the retina [102]. Both repeated electrical
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Fig. 36.8 Recording of retinal calcium waves induced by optogenetic activation of retinal
bipolar cells. (a) Time-lapse images showing a retinal calcium wave evoked by optogenetic
stimulation of a cluster of Channelrhodopsin-2 (ChR2) expressing bipolar cell terminals (red circle
in first picture) in a transgenic Tg(ctbp2:ChR2-CFP,Gal4-VP16xfz43,UAS:GCaMPHS) larva. For
optogenetic stimulation during calcium imaging, a 0.5 s pulse of 440 nm laser was activating
the axon terminals, while calcium imaging data was simultaneously collected with a 900 nm or
488 nm laser using a two-photon microscope. Scale is 100 μm. (b) Calcium intensity traces during
optogenetic stimulations of retinal bipolar cells in four different locations of the retina. Arrows
mark repetitive optogenetic stimulations that induced calcium waves (triangles). (Reprinted from
Zhang et al. [48])

and visual stimulations induced long-term potentiation (LTP) of bipolar cell
synapses in larval but not juvenile zebrafish. LTP induction required the activation
of postsynaptic N-methyl-D-aspartate (NMDA) receptors, and its expression
involved arachidonic acid-dependent presynaptic changes in calcium dynamics
and neurotransmitter release [101].

Finally, GCaMP3 has been selectively expressed in cone photoreceptors, by the
use of the alpha subunit of cone transducin promoter (TαCP) [103]. Using this line,
the authors analyzed whether photoreceptor degeneration induced by mutations in
the phosphodiesterase-6 (pde6) gene was driven by excessive intracellular calcium
levels. GCaMP3-expressing 5–6 dpf larvae were analyzed using multiphoton laser
scanning. The time-lapse imaging monitored both changes in calcium transients and
in cell shape every 20 min in a session that extended up to 9 h. In contrast to laser-
killed cones, the ones in pde6 mutants did not show elevated levels of intracellular
calcium normally present at cell death [104].

36.3.3.2 Tectum

The zebrafish retinotectal system is responsible for converting moving visual
inputs to the appropriate motor outputs, thus analogous to the mammalian superior
colliculus [105]. The embryonic/larval tectum is located just beneath the skin
and is therefore easily accessible to imaging and manipulations (Fig. 36.9a). The
topographic map of the visual field present in the retina is conveyed into the
tectum. Each retinal ganglion cell axon is targeted to a single lamina, and arborizes
exclusively in this lamina. Information flows primarily from the superficial to the
deeper layers in the tectum (Fig. 36.9b). In the deeper neuropil layers, information
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Fig. 36.9 Imaging calcium responses to visual stimuli from the tectum. (a) Schematic image
of the brain regions processing visual information in larval zebrafish: the optic tectum (OT) with
its neuropil (NP) and cell body layers (stratum periventriculare, SPV), the pretectum/thalamus
(PT/TH), and the midbrain tegmental region (MB). (b) Neurons that responded to a looming
visual stimuli, as well as to light flashes, were investigated in 5–6 days post-fertilization
Tg(elval3:GCaMP5G) larvae using two-photon microscopy. Stimuli were presented onto a screen
underneath the fish using a digital light processing (DLP) projector. The left picture shows the three
brain regions imaged, i.e. the dorsal and ventral OT, the PT/TH, and the MB, where the recorded
calcium activity is marked with blue. The regions of interest (ROIs) are marked as numbered
circles, and they correspond to the time traces in the right diagram. Both neurons in the dorsal OT
(1 and 2) and ventral OT (3 and 4) responded to looming stimuli. Neurons in the PT/TH (5 and 6)
responded to both looming and flashed stimuli. Neurons in MB (7 and 8) acted spontaneously and
not to the visual stimuli. (Reprinted from Dunn et al. [170], Copyright 2016, with permission from
Elsevier)

is transmitted from the axons of interneurons to tectal projection neurons reaching
premotor areas in the midbrain and hindbrain [106].

The first recordings of calcium activity in the larval zebrafish tectum were done
after bolus labeling of Oregon green 488 BAPTA-1 AM into the tectal neuropil at 60
hpf to 9 dpf prior to visual stimulation using a miniature LCD screen [25]. Larvae
were not anesthetized during imaging, as the agarose was sufficient to restrain them
and prevent eye movements. A two-photon microscope collected images of visually
evoked calcium fluctuation in tectal neurons, showing that zebrafish receptive field
properties could be determined, such as visual topography, receptive field width,
and direction and size selectivity [25].

Since then, this type of setup has been used in numerous studies investigating
visual processing of diverse visual inputs, including moving dots, shadows, bars and
the on- and offset of LEDs. However, today, the use of GECIs has almost entirely
replaced the use of synthetic dyes for imaging of the tectum and therefore, the rest of
this section will focus on research using GECIs. Due to the possibilities to combine
calcium imaging of either individual cell types or entire brains in larval zebrafish
in response to visual information, and to track the subsequent behavior, the studies
of the visual system in zebrafish has grown exponentially during the last couple of
years.
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Researchers have investigated how visual information is encoded in the pop-
ulation activity of retinal ganglion cells. To address this, they used a genet-
ically encoded reporter of presynaptic function (SyGCaMP3) to record visu-
ally evoked activity in the population of retinal ganglion cell axons innervat-
ing the zebrafish tectum [107]. Calcium imaging was performed using 7 dpf
Tg(isl2b:Gal4;UAS:SyGCaMP3) zebrafish larvae with SyGCaMP3 expression in
retinal ganglion cell axons within the tectal neuropil. Fish were presented light
or dark drifting bars that were moving in 12 directions to one eye. Visually
evoked SyGCaMP3 responses were recorded in the contralateral tectum. Analysis of
SyGCaMP3 signals identified three subtypes of direction-selective and two subtypes
of orientation-selective retinal input.

The same group then further studied the direction-selective and orientation-
selective cells in the tectum in response to moving dark bars [108]. Imaging
was performed using Oregon green 488 BAPTA-1 AM as well as the transgenic
lines Tg(Isl2b:Gal4; UAS:SyGCaMP3) and Tg(elavl3:GCaMP5), confirming that
direction-selectivity is established in both the retina and tectum.

Gabriel et al. also used the Tg(elavl3:Gal4;UAS:GFP) line to better understand
the direction-selective neurons in the tectum [109]. The team also developed new
driver lines for tectal labeling with reduced labeling of retinal afferents. The two
lines, Tg(Oh:G-3) and Tg(Oh:G-4), are based on the gene orthopedia a (otpa) and
a heat shock basal promoter fused to Gal4VP16. The driver lines were crossed
with the Tg(UAS:GCaMP3) line to monitor calcium spikes in cell types of opposite
directional tuning. A few years later, the group produced the Tg(Oh:GCaMP6s)
transgene, used to map the activity of a group of superficial interneurons (SINs),
showing exhibited distinct size-tuning properties [110].

Visual reflexes, such as the optomotor response, which is an orienting behavior
evoked by visual motion, have been studied using calcium imaging in the zebrafish
larva. In one study, the whole brains of 5–7 dpf Tg(elavl3:GCaMP5G) and
Tg(elavl3:GCaMP2) zebrafish were scanned when the fish were exposed to moving
gratings [111]. The fictive motor behavior was mapped simultaneously using motor
nerve recordings. Interesting, the optomotor response was found to be processed by
diverse neural response types distributed across multiple brain regions.

Prey capture behavior serves as a meaningful behavior to study in larval fish,
as the visual stimulus and subsequent behavior are possible to induce in the lab by
showing small moving objects to the test fish. A number of studies have investigated
various aspects of prey capture behavior. In one of them, the Tg(isl2b:Gal4,
UAS:GCaMP6s) line was used to label tectal cells in 8 dpf larvae [112]. The fish
were restrained in agarose and were shown white dots on a black background.
Two-photon calcium imaging revealed that a small visual area, AF7, was activated
specifically by the optimal prey stimulus. This pretectal region was found to be
innervated by two types of retinal ganglion cells, which also send collaterals to the
optic tectum. The behavioral test was also performed with real paramecia, and laser
ablations of AF7 neuropil confirmed the involvement of the brain region in prey
capture behavior.
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36.3.4 Olfaction

One of the few neural systems that has regularly involved calcium imaging of
adult zebrafish is the olfactory system, due to the small size, transparent nature,
and accessibility of the adult olfactory bulb for labeling, imaging and neuronal
stimulation. In the nasal cavity, olfactory receptor neurons (ORNs) are stimulated
by odors, and send a single unbranched axon to the first relay station in the central
nervous system, the olfactory bulb (OB). ORN axons synapse onto mitral cells
(MCs) and local interneurons in the olfactory glomeruli [113]. Each glomerulus
receives convergent input from sensory neurons expressing the same odorant
receptor [114]. MC axons exit the OB and project to several higher brain areas,
such as the dorsal telencephalic area Dp, the homolog of olfactory cortex [115].

Initially, dextran and AM dyes were used to label neurons in the olfactory system,
but with the development of transgenic lines expressing GECIs, these have been
combined with synthetic dyes to allow for cell-specific labeling, activation and
monitoring of cellular activity. Electrophysiology, as well as optogenetics [116]
have successfully been used to map the functional connectivities in the networks
processing olfactory information.

An explant preparation of the intact zebrafish brain and nose has been used
extensively [117], allowing for two-photon imaging of different cell types in
response to olfactory activation [118]. Olfactory stimuli such as AAs, bile acids or
food extracts are applied to the naris of one olfactory epithelium. In this preparation,
it is possible to monitor patterns of presynaptic activity in the OB and glomeruli
induced by repeated applications in the same animal. In preparations where the
telencephalon is spared [118], it is possible to record odor-generated activity in the
telencephalic targets.

Calcium imaging from the zebrafish OB has shown that AAs and bile acids
stimulate different parts of the OB [119]. AAs induce complex patterns of active
glomerular modules that are unique for different stimuli and concentrations. Inter-
estingly, the similarity of odorant-induced activity patterns is the highest for AAs
that are chemically close.

Researchers used the explant preparation of the nose and brain from adult
zebrafish to investigate the role of dopamine for olfactory signaling. The olfactory
sensory neurons were loaded with Oregon green 488 BAPTA-1 dextran, and
the preparation was exposed to amino acids. Here, dopamine had no effect on
odorant-evoked calcium signals in sensory axon terminals. Next, neurons in the OB
were loaded with rhod-2 AM by bolus injection in Tg(elavl3:YC2.1) zebrafish, a
transgene where MCs are labeled with YC2.1. Electrophysiology showed that direct
exposure by dopamine caused MCs cells to hyperpolarize. However, multiphoton
calcium imaging of MCs showed that the mean response to odorants increased
slightly, but not significantly, in the presence of DA [120]. In the following publica-
tion from the group, the role of dopaminergic modulation of the telencephalic area
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Dp was investigated using bolus loading of rhod-2 AM into the tissue. Multiphoton
calcium imaging showed that population responses of Dp neurons to olfactory tract
stimulation or odor application were enhanced by dopamine [121].

Calcium activity patterns evoked by repeated odor stimulation were measured in
the adult OB and Dp. Recordings of odor-evoked activity patterns of MCs in the
OB were performed using the Tg(elavl3:GCaMP5) line while calcium responses in
Dp was measured by bolus loading of rhod-2 AM. Whereas odor responses in the
OB were highly reproducible, responses of Dp neurons were variable and reduced
over trials. This data indicates that odor representations in higher brain areas are
continuously modified by experience [122].

A group of GABAergic interneurons in the OB expresses the homeobox genes
dlx4 and dlx6. Zhu et al. combined electrophysiology with imaging of the dlx4/6
neurons by using the zebrafish line Tg(dlx-itTA; Ptet-GCaMP2). In the ex vivo
preparation, AA odorants or food extracts evoked widespread calcium changes
throughout the glomerular layer. Individual dlx4/6 neurons responded to subsets of
odorants and different odorants stimulated distributed, partially overlapping com-
binations of dlx4/6 neurons. Increasing odorant concentration enhanced responses
and recruited additional dlx4/6 neurons. To examine how dlx4/6 neurons shape OB
output during an odor response, the authors used optogenetics to silence dlx4/6 neu-
rons while recording AA-stimulated MCs, labeled with rhod-2 AM. The inhibition
of dlx4/6 cells suppressed the response of MCs to low odor concentrations, but
enhanced their response to high concentrations [123].

Prostaglandin F2α (PGF2α) is involved in reproductive behavior in fish, and it
was found that it specifically activates two odorant receptors, or114-1 and or114-2
[124]. Imaging experiments were performed in the ex vivo preparation of the intact
brain and nose from adult male zebrafish that were carrying the promoter for the
olfactory marker protein (omp) which drove expression of GCaMP7 or GCaMP-HS
in ciliated olfactory sensory neurons. PGF2α exposure gave rise to calcium signals
in two ventromedular glomeruli in the OB. A low concentration of PGF2α induced a
calcium increase in one of the two glomeruli, while higher concentrations activated
both glomeruli. Mutant male zebrafish, deficient in the high-affinity receptor or114-
1, exhibited loss of attractive response to PGF2α and impaired courtship behaviors
toward female fish [124].

Labeling of ciliated olfactory sensory neurons by Tg(omp:Gal4FF;UAS:GCaMP7)
has also been used in experiments aiming at understanding the signaling of the
adenosine receptor A2c in the OB. Calcium imaging experiments of the nose-
attached intact brain from adult male fish confirmed that adenine nucleotides (ATP,
ADP and AMP) and adenosine, but not other nucleotides, nucleosides, AAs, or bile
acids, specifically activated a single, large, identifiable glomerulus named lG2. The
ATP- and alanine-induced neural activation in higher brain centers was investigated
by c-Fos in situ hybridization. ATP and alanine applications resulted in significant
increase in the number of c-Fos-positive neurons in multiple brain areas [125].
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Fig. 36.10 Calcium signals in the olfactory bulb and dorsal habenula in response to odor
stimulation. (a) Raw images and pseudo-colored food odor-evoked activity maps of the olfactory
bulb and dorsal habenula recorded in 25-day-old Tg(elavl3:GCaMP5) zebrafish using two-photon
microscopy. (b) Intensity traces of calcium signals in the two regions in response to food odor
(black arrows). Colors of the traces correspond to the color of the arrows in (a). (Reprinted from
Jetti et al. [126], Copyright 2014, with permission from Elsevier)

Due to its small size, the olfactory networks of larval and juvenile zebrafish can
be imaged in the intact animal (Fig. 36.10). In most of these experiments, different
versions of GCaMP have been expressed using the elavl3 promoter, as it labels
the MCs. In order to better understand the function of the habenular circuits and
how habenulae process olfactory information, Jetti et al. measured and compared
odor responses in the OB and the dorsal habenula (dHb) using two-photon calcium
imaging, in 3- to 4-week-old Tg(elavl3:GCaMP5) zebrafish (Fig. 36.10) [126].
The fish were exposed to a large panel of odors, i.e. skin extract, urea, bile acid
mixture, nucleotide mixture, chondroitin-6-sulfate, trimethylamine-n-oxide (TNO),
putrescine, AA mixture, and food odor. Odor responses in the dHb were asymmetric
and were primarily in the right dHb, unlike the symmetric odor responses in the OB.
Interestingly, the odors evoked responses with different amplitudes in the OB, but
amplitudes and distribution of dHb odor responses were indifferent to the stimulus
strength as measured by OB activity.

Tree- to five-week-old larvae carrying the Tα1:GCaMP2 construct were used to
monitor odor-evoked neuronal activity in the OB related to fear responses. Exposure
of odorants to the olfactory pits revealed that purified skin extracts and purified shark
chondroitin sulfate activated one region of the OB, while bile acids and AA activated
other regions [127].

To test the hypothesis that that zebrafish perceive MHC peptides as odorants,
6 dpf Tg(elavl3:GCaMP2) zebrafish larvae were exposed to a mixture of different
MHC peptides. Multiphoton imaging was used to detect the odor-evoked calcium
signals in the OB. Basal indicator fluorescence was higher in the mitral cell layer
than in deeper, interneuron layers. Upon stimulation with the MHC peptides,
fluorescence changes were observed in small, scattered populations of neurons and
neuropil regions in the MC and interneuron layers [128].
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OlfCc1 is a C family G-protein-coupled receptor that is expressed in a large
population of microvillous sensory neurons in the zebrafish olfactory epithelium.
It is a calcium-dependent, low-sensitivity receptor specific for the hydrophobic
AAs isoleucine, leucine, and valine. DeMaria used three different promoters to
drive expression of GCaMP1.6 in the olfactory system of zebrafish larvae: omp for
expression in ciliated olfactory sensory neurons, transient receptor potential cation
channel C2 (trpc2) for expression in microvillous olfactory neurons, and elavl3 for
pan-neuronal expression in excitatory neurons throughout the CNS, including the
OB. A confocal microscope was used to monitor activity to food extract, AA mix;
bile acid mix and amine mix in 4.5 dpf animals. Morpholino knockdown of olfcc1
demonstrated its importance in detecting various types of AAs [129].

Recently, researchers investigated the role of beating cilia in the nose of zebrafish
in modulating the olfactory response. They made use of the schmalhans (smh)
mutant line that displays ciliary motility defects. Fluorescently labeled food odor
was delivered by a capillary, and odor flow dynamics and neural responses to
odors were imaged using two-photon microscopy in 4 dpf wild-type and mutant
Tg(elavl3:GCaMP6s) zebrafish. The experiments showed that beating cilia in the
nose of zebrafish attract odors to the nose pit and facilitate detection of odors by
the olfactory system. Flow fields from cilia facilitate odor detection and elicit odor
responses at the ORNs and the OB. On the contrary, smh-/- zebrafish failed to attract
odors to the nose and showed no detectable odor responses in ORNs or in the OB
[130].

36.3.5 Brain-Wide Imaging

The small size and the transparency of the larval zebrafish allows for imaging
experiments that are generally not feasible in many other vertebrates, i.e. the
possibility to image activity of the entire nervous system in an awake animal while
it is responding to sensory stimuli. The development of GECIs, in particular the
GCaMP family of indicators, expressed by the generally expressed elavl3 promoter
has given rise to an exponentially increasing number of complex studies, often
combined with new imaging techniques, such as light-sheet microscopy (Fig. 36.11)
[131–136]. Just a few examples of studies performed using different forms of brain-
wide imaging in transgenic zebrafish lines include monitoring of visually-induced
brain activity during the optomotor [111] and optokinetic [137] responses, as well
as brain activity during pharmacologically induced seizures [138, 139]. Selective
plane illumination microscope (SPIM) imaging of Tg(elavl3:H2B:GCaMP6f) 6
dpf larvae has revealed brain regions and individual cells responsive for auditory
processing [140]. Moreover, calcium imaging has successfully been performed in
freely moving animals undergoing swimming [141] and prey capture behavior (Fig.
36.12) [142–144].
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Fig. 36.11 Brain-wide calcium imaging of the optomotor response using light-sheet
microscopy. A custom-built light-sheet microscope was used to image the full brains of 5–
7 days post-fertilization Tg(elavl3:GCaMP6s) zebrafish larvae. The authors induced the optomotor
response (OMR) in which swimming was elicited by visual gratings moving in the tail-to-
head direction. Two extracellular suction electrodes recorded fictive swimming from the tail. (a)
Maximum-intensity projections of �F/F over the entire volume before and after onset of grating
movement averaged over 24 trials. The localizations of regions of interest (ROIs) are seen to the
right. (b) Intensity traces of single neurons or patches of neuropil ROIs during fictive behavior.
(c) Magnification of regions boxed in (a), showing single-neuron resolution. Scale bar is 20 μm.
(Reprinted from Vladimirov et al. [136], Copyright 2014)

Fig. 36.12 Calcium imaging of freely swimming zebrafish larvae during prey capture
behavior. (a) Labeling of the inferior lobe of the hypothalamus (ILH) of a 5 days post-
fertilization (dpf) larva resulting from crossing the Gal4 driver line Tg(hspGFFDMC76A) with
Tg(UAShspzGCaMP6s) fish. POA: preoptic area. Scale bar is 50 μm. (b) ILH activation during
prey capture behavior in a previously unfed 4 dpf larva. The imaging was performed using an
epifluorescent microscope equipped with a complementary metal–oxide–semiconductor (CMOS)
camera. Images show frames from a time-lapse recording during the behavior. Insets: Pseudo-color
images of the frame divided by an averaged frame. Scale bar is 500 μm. (Reprinted from Muto et
al. [144])
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36.3.6 Muscle

Excitation–contraction coupling is the process that regulates contractions by skeletal
muscle. A change in membrane voltage activates release of calcium from the
sarcoplasmic reticulum (SR) via activation of ryanodine receptors (RyRs) type 1
or 3, leading to the initiation of muscle contraction via shortening of the myocyte
myofilaments [145]. Although it has technically been possible to perform in vivo
imaging of muscle fiber in the zebrafish to study this process, it has not commonly
been done. One reason could be the ease of performing patch clamp recordings of
muscle fibers in vivo [146]. In the cases when calcium signals have been recorded
from myocytes, incubation with AM esters has been used, as well as injections of
dextran dyes at the one-cell stage, or labeling using GECIs.

Lin et al. investigated the role of microRNA 3906 (miR-3906) and homer 1b
for muscle fiber differentiation (Fig. 36.13) [147]. They injected one-cell zebrafish
embryos with a solution containing calcium green-1 and rhodamine dextran that was

Fig. 36.13 Calcium imaging of myocytes in vivo. The contributions of the gene homer1b
and microRNA miR-3906 to development of calcium dynamics in zebrafish myocytes were
investigated. A solution containing calcium green-1 and tetramethylrhodamine dextran was mixed
with either: (a) buffer, (b) double-stranded miR-3906 dsR, (c) miR-3906 morpholino, (d) homer1b
mRNA or (e) homer1b morpholino and was microinjected individually into one-cell zebrafish
embryos. The fluorescent image of each embryo was captured by a fluorescent microscope at 24 h
post-fertilization. The region of interest consisting of 11–20 trunk somites from where the calcium
levels were recorded is marked with a white line. (Reprinted from Lin et al. [147])
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mixed with morpholinos or RNA for either miR-3906 or homer 1b to knock down or
overexpress these in vivo. The fluorescent image of each embryo was captured at 24
hpf revealed that either homer1b overexpression or miR-3906 knockdown increased
the calcium concentration within muscle cells.

The role of RyRs has been investigated in zebrafish muscle. Klatt Shaw
and coauthors made use of the RyR inhibitor azumolene and the RyR1 ago-
nist 4-chloro-m-cresol (4-CmC) to manipulate RyR1 signaling [148]. Developing
Tg(act2b:GCaMP6f) embryos were incubated in vehicle or drug from the gastrula
stage (6 hpf) and onward. At 24 hpf, muscle contractions were electrically stimu-
lated and calcium fluxes associated with muscle contraction were recorded. Under
these conditions, azumolene acted in a dose-dependent manner to reduce calcium
fluxes associated with muscle stimulation, whereas 4-CmC potentiated RyR activity,
increasing both the duration and maximum levels of released calcium.

In another experiment, the role of RyR3 in calcium signaling and muscle function
was investigated using morpholino knockdown [149]. Calcium sparks from the
SR were monitored using confocal imaging of fluo-4 AM-loaded isolated tail
myocytes from 72 hpf larvae. The bathing solution included caffeine to stimulate
SR calcium release. It was found that the number of calcium sparks was reduced in
the morphants, while the muscle function remained normal.

Two-pore channel type 2 (TPC2) is regulating differentiation of slow muscle
fibers, and TPC2 has been implicated in intracellular calcium signaling as it has
been suggested that the channel can mediate calcium release from internal stores.
Researchers approached this theory by pharmacologically inhibiting, knocking
down and overexpressing tpc2 in zebrafish Tg(α-actin-apoaequorin-IRES-EGFP)
[150]. Active aequorin was then reconstituted in vivo, by incubating transgenic
embryos from the 4- to 64-cell stage to the ∼16-somite stage with f-coelenterazine.
Embryos were then transferred to a photomultiplier tube (PMT)-based luminescence
detection systems for luminescence detection [150]. The resulting data indicated
that localized calcium release via Tpc2 might trigger the generation of more global
calcium release from the SR via calcium-induced calcium release.

Xiyuan and coauthors investigated the role of the nitric oxide-soluble guanylyl
cyclase (NO-sGC) pathway on calcium release and muscle contraction in zebrafish
[151]. Isolated skeletal muscle cells from 5–7 dpf zebrafish larvae were incubated
with fluo-4 AM and were then electrically activated using platinum electrodes.
Myocytes were treated with S-Nitroso-N-acetyl-DL-penicillamin (SNAP), a NO-
donor, or N(G)-Nitro-L-arginine methyl ester (L-NAME), an unspecific blocker of
nitric oxide synthase. The authors concluded that endogenous NO reduced force
production through negative modulation of calcium transients via the NO-sGC
pathway.

The cytosolic protein SH3 and cysteine rich domain 3 (Stac3) has been identified
as an essential component for skeletal muscle excitation–contraction coupling and
a mutation in human STAC3 causes the debilitating Native American myopathy,
a severe disorder characterized by altered skeletal muscle structure and function.
The group of John Kuwada has investigated the role of Stac3 in zebrafish by
either loading dissociated muscle fibers with fluo-4 AM [152] or by injecting the
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one-cell embryo with a plasmid carrying α-actin:GCaMP3, resulting in embryos
that mosaically expressed GCaMP3 within skeletal muscle [153]. By performing
calcium imaging of electrically stimulated isolated muscle fibers carrying the human
STAC3 mutation, it was found that Stac3 participates in excitation–contraction
coupling in muscles [152]. Introduction of the mutated stac3 in fish lacking the
wild-type gene resulted in decreased calcium transients in fast-twitch muscles at 48
hpf and defective swimming [153].

Another myopathy, the autosomal recessive centronuclear myopathy, is caused
by mutations in bridging integrator 1 (BIN1). To understand the role of Bin1 in
muscle contraction, zebrafish embryos were injected at the one-cell stage with a
plasmid encoding GCaMP3–EGFP under control of an α-actin promoter, alone
or in combination with a bin1 morpholino [154]. Calcium imaging of wild-type
and bin1 morphant embryos was done at 3 dpf using a spinning disk confocal
microscope. KCl was used to initiate muscle contraction and relative fluorescence
intensity changes of induced calcium transients in individual myofibers were
recorded. Recordings confirmed that muscle calcium signaling was impaired in bin1
morphants.

Another cause of centronuclear myopathy is mutations in the gene of dynamin
2 (DNM2), a ubiquitously expressed GTPase that regulates multiple subcellular
processes. Expression of mutated human DNM2-S619L in zebrafish led to the
accumulation of aberrant vesicular structures and to defective excitation-contraction
coupling [155]. Embryos were co-injected with cDNA for GCaMP3 and RNA
for wildtype or mutant DNM2 and calcium measurements of spontaneous muscle
contractions were performed at 24 hpf. Although DNM2-S619L embryos displayed
spontaneous muscle contractions with normal timing, there was no increase in
intracellular calcium corresponding to calcium sparks.

The development of lines that selectively express GECIs in either fast or slow
muscle fibers has big potential for the field. In a study by Jackson et al., the
promoter for the slow myosin heavy chain 1 (smyhc1) was used to drive GCaMP3
expression in slow-twitch muscle fibers [156]. Fast-twitch-specific transients could
be monitored using the Tg(mylz2:GCaMP3) transgene, making use of the myosin
light chain 2 promoter (mylz2).

Calcium imaging of 2 dpf Tg(smyhc1:GCaMP3) embryos was done with a
confocal microscope, while muscle contractions were induced by pentylenetetrazol
(PTZ) [156]. In wild-type embryos, the response time of slow-twitch fibers was
shorter than in fast-twitch fibers, while the change in amplitude was smaller. The
response time of sox6 mutant fast-twitch fibers was significantly shorter than in wild
types, resembling more that of wild-type slow-twitch fibers, whereas the amplitude
change was unaffected. These findings indicate that the transcription factor Sox6
controls the calcium response of fast-twitch fibers.

Shahid et al. established an in vivo biosensor system to quantify potential
toxicant effects on motor function, by generating a GFP line based on the regulatory
element of the heat shock protein family B (small) member 11 (hspb11), i.e.
TgBAC(hspb11:GFP) [157]. Exposure to substances that interfered with motor
function induced a dose-dependent increase of GFP intensity, while also inducing
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muscle hyperactivity with increased calcium spike height and frequency. This was
monitored by developing the muscle specific calcium biosensor line Tg([-505/-
310]unc45b:GCaMP5A), where the promoter for unc-45 myosin chaperone B is
driving the GCaMP5A expression.

Finally, spontaneous calcium activity in embryonic myocytes has been observed
in a zebrafish line containing the constitutively active promoter hspa8 and the gene
for YC2.60 [43]. At 24 hpf, twitching behavior only caused calcium signals in
slow muscles while the calcium concentration in the fast muscles stayed at basal
level. During stronger contraction, when left and right side myocytes contracted
alternately and repeatedly, rises in calcium were observed both in the slow and
fast muscles. Alternating contractions of left- and right-side myocytes were also
observed at 51 hpf.

36.3.7 Heart

The development of the heart and cardiovascular system has been extensively
studied in the zebrafish [158, 159]. Still, there is information lacking regarding
the intracellular calcium handling of the zebrafish heart. The zebrafish heart has
a simple structure, composed of the sinus venosus, the atrium, the ventricle, and
the bulbus arteriosus connected in series. The heart is the first organ to form and
function during development, and the heart of the embryonic and larval zebrafish
are particularly easily imaged during this time. The first calcium imaging studies
of the zebrafish heart made use of labeling of embryonic and larval hearts with
dextran and AM ester indicators [8], while later studies have benefitted from
transgenic zebrafish lines expressing GECIs via the heart-specific cardiac myosin
light chain 2 (cmlc2)/myosin light chain 7 (myl7) promoter (referred to as myl7
here) [160]. By crossing this line with mutant lines displaying heart defects such
as contraction problems, researchers have gained significant molecular knowledge
underlying the development and function of the heart as well as dysfunction related
to cardiomyopathies.

Isolated zebrafish myocytes or intact hearts can be loaded with AM esters. Bove
et al. used confocal imaging to investigate the role of SR in calcium signaling of
isolated cardiac myocytes loaded with fluo-4 AM [26]. They found that contrary to
mammalian myocytes, only 20% of the action potential-induced calcium transients
in zebrafish are mediated via calcium release from the SR, and the majority was
originating from calcium influx via L-type calcium channels.

Embryonic zebrafish hearts can be isolated and incubated with calcium indicators
despite their small size. Researchers were interested in understanding the function
of pkd2 mutations that are causing autosomal dominant polycystic kidney disease in
humans, with comorbidity of cardiovascular disease [27]. Hearts from 3 dpf wild-
type and pkd2 mutant embryos were isolated and labeled with fluo-4 AM. Cardiac
contractions were stopped with blebbistatin to eliminate motion artifacts. Isolated
pkd2 mutant hearts displayed impaired intracellular calcium cycling and calcium
alternans.
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Moreover, recordings from embryonic hearts were performed both after isolation
and incubation with fluo-4 AM and in vivo in the Tg(cmlc2:gCaMP)s878 line [28].
The goal was to understand how 3-O-sulfotransferase (3-OST) 7 affects cardiac
calcium processing since 3-ost-7 knockdown results in a noncontracting cardiac
ventricle at 48 hpf. Interestingly, the noncontracting ventricle in 3-ost-7 morphants
generated normal action potentials and calcium transients. In addition, calcium
activation and conduction velocity proceeded normally in 3-ost-7 morphants in vivo.
It was found that elevated bone morphogenetic protein (BMP) signaling in the
morphants leads to disruption of sarcomere assembly, leading to the defect in
myocyte contraction.

Light-sheet microscopy has been used for detailed in vivo cardiac imaging in
zebrafish embryos. Tg(myl7:GCaMP5G-Arch)D95N embryos between 36 and 52
hpf were imaged with a custom-built light-sheet microscope [161]. Using this
technique, the authors could map the three-dimensional calcium signals of all cells
in the entire electro-mechanically uncoupled heart during the looping stage.

Fukuda et al. were interested in better understanding the formation of heart tissue
during development [162]. They made use of a mutant fish line for ankyrin repeat
and SOCS box containing 2 (asb2b), an E3 ubiquitin ligase that functions to specify
target proteins for proteasome-dependent degradation. Although asb2b mutants
displayed cardiac dysfunction, imaging with a spinning disc confocal microscope
revealed no calcium signaling dysfunction in 50 hpf mutant Tg(myl7:gCaMP)s878

zebrafish, when compared to wild-type fish. It was found that asb2b is required for
myocyte maturation, causing structural defects in the mutants.

Cardiac trabeculation is a crucial morphogenetic process by which clusters
of ventricular cardiomyocytes extrude and expand to form sheet-like projections.
Liu et al. found that in zebrafish Erb-B2 receptor tyrosine kinase 2 (erbb2)
mutants lack cardiac trabeculae and display a dysfunctional cardiac function
[163]. Optical mapping of 3 and 10 dpf wild-type and erbb2 mutants crossed to
Tg(cmlc2:gCaMP)s878 were embedded and cardiac contraction was suppressed
with 2,3-butanedione monoxime before imaging using a high-speed camera. At 3
dpf, when trabeculae start to form in wild type fish, optical mapping revealed that the
activation patterns in wild-type and erbb2 mutant ventricles were indistinguishable.
By contrast, following the formation of trabeculae, the ventricular calcium wave
in 10 dpf wild-type hearts was different from that of erbb2 mutant hearts. These
findings indicate an important role for cardiac trabeculae and ErbB2 signaling in
the maturation of the ventricular conduction system.

The zebrafish mutant line tremblor (tretc318) lacks the gene for the Na+/Ca2+
exchanger 1, slc8a1a, giving it an irregular heart rhythm since its myocytes are
unable to efficiently remove calcium ions from the cytoplasm. Via drug screening,
it was possible to identify a compound, efsevin, that could restore the heartbeat
in the tretc318 mutants [164]. The Tg(myl7:GCaMP4.1) zebrafish line was used to
record calcium waves in vivo at 36 dpf, confirming that efsevin could normalize the
calcium signals in the hearts of mutants.

BIN1 is not only involved in centronuclear myopathy, but is also involved
in intracellular calcium processing in cardiomyocytes, as it allows the correct



932 P. Kettunen

processing of voltage-dependent calcium channels Cav1.2 to the cardiac T-tubules.
bin1 was knocked down in Tg(cmlc2:gCaMP)s878 zebrafish embryos where calcium
transients and cardiac contractility were analyzed in vivo [165]. The analysis
confirmed that calcium transients in 70 hpf bin1 morphants was reduced, and the
ventricular contractions were impaired.

The Popeye domain containing gene 2 (popdc2) encodes a transmembrane
protein that expresses in the myocardium and transiently in the craniofacial and
tail musculature. When popdc2 was knocked down, the animals showed defects in
skeletal muscle and the heart (Fig. 36.14) [166]. SPIM was used to image calcium
oscillations in 5–6 dpf wild-type and popdc2 Tg(cmlc2:gCaMP)s878 embryos
confirming the presence of a severe arrhythmia phenotype.

Desminopathies belong to a family of muscle disorders called myofibrillar
myopathies that are caused by desmin mutations and lead to protein aggregates in
muscle fibers. Desmin is involved in the formation of sarcomere architecture. The
desmin a (desma) gene is homologous to human desmin and was further studied
in the desmasa5−/− knock-out line and the desmaCt122aGt gene trap mutant where
citrine was inserted between AAs 460 and 461 in the C terminus of desmin a [167].
These lines were crossed with Tg(myl7:galFF; UAS:GCaMP3) animals to allow for
confocal imaging of calcium transients in the heart. Calcium signals were measured
from different regions of the heart, revealing reduced calcium signals at the tip of
the ventricle in the mutant lines compared to controls.

Finally, calcium imaging has been performed in the endocardial cells that are
sensing the flow forces of the heart at the time of the heart valve formation
[168]. This was studied at the early stages of heart development, at 48 hpf, in the
Tg(fli1a:gal4ff; UAS:GCaMP3) line that labels endothelial cells. It was observed
that calcium levels were increased in the atrio-ventricular canal and was lower in
the atrium and ventricle. The endocardial calcium response and the flow-responsive
Kruppel-like factor 2a (klf2a) promoter were modulated by the oscillatory flow-
through transient receptor potential cation channel subfamily V member 4 (Trpv4),
a mechanosensitive ion channel specifically expressed in the endocardium during
heart valve development.

36.4 Conclusion

The described preparations and experiments show the diversity of studies that have
benefitted from calcium imaging in zebrafish cells, tissues and intact animals. These
studies have contributed greatly to our understanding of basic biological principles
during development and adulthood, as well as the function of disease-related
genes in a vertebrate system. However, it is evident that we still lack knowledge
in certain biomedical areas, where new preparations of the zebrafish would be
valuable. Nevertheless, the technical advances in biomedical research promise
exciting possibilities. For example, the discovery of new cell-specific promoters in
combination with GECIs will undoubtedly continue to be of great importance for
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Fig. 36.14 Imaging of cardiomyocyte calcium signaling in vivo. The hearts of 5-day-old Pop-
eye domain containing 2 (popdc2) morphants displayed cardiac conduction defects. A single plane
illumination microscope (SPIM) was used to record videos of the heart of Tg(cmlc2:gCaMP)s878
zebrafish embryos injected with (a) control (CTR) morpholino and (b) MO1-popdc2 morpholino.
The individual movies were processed to determine the fluorescence intensity of selected regions of
the heart over time. Each selected region has a corresponding number plotted below. (a) In a control
heart, fluorescence intensity varied with time in atrial and ventricular regions as the depolarization
wave propagated through the heart. (b) The morphant heart displayed an atrioventricular (AV)
block (asterisks). (Reprinted from Kirchmaier et al. [166], Copyright 2012, with permission from
Elsevier)
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future analyses of neuronal cell types and regions that so far have been unreachable
by conventional labeling methods. Moreover, the combination of optogenetics with
calcium imaging within the brain will mean valuable dissections of network function
and connectivity. The development of new microscopy techniques with increased
resolution, speed and imaging depth, such as light-sheet microscopy, will also be
critical for the advancements of calcium imaging in the zebrafish, allowing the
monitoring of processes in older animals and larger brain areas. New large-scale
imaging methods and sophisticated analysis of activity from neuronal ensembles
will bring our understanding of neuronal processing even further. The emerging use
of the zebrafish as a model system for diseases, e.g. in the field of psychiatry, will
mean exciting findings in the years to come. My hope is that this chapter will serve
as an inspiration to continue the development of the zebrafish as a model organism
to study the physiological processes and the complex biomedical mechanisms that
are vital for biological beings.
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Chapter 37
Stimulus-Secretion Coupling
in Beta-Cells: From Basic to Bedside

Md. Shahidul Islam

Abstract Insulin secretion in humans is usually induced by mixed meals, which
upon ingestion, increase the plasma concentration of glucose, fatty acids, amino
acids, and incretins like glucagon-like peptide 1. Beta-cells can stay in the off-mode,
ready-mode or on-mode; the mode-switching being determined by the open state
probability of the ATP-sensitive potassium channels, and the activity of enzymes
like glucokinase, and glutamate dehydrogenase. Mitochondrial metabolism is crit-
ical for insulin secretion. A sound understanding of the intermediary metabolism,
electrophysiology, and cell signaling is essential for comprehension of the entire
spectrum of the stimulus-secretion coupling. Depolarization brought about by
inhibition of the ATP sensitive potassium channel, together with the inward
depolarizing currents through the transient receptor potential (TRP) channels,
leads to electrical activities, opening of the voltage-gated calcium channels, and
exocytosis of insulin. Calcium- and cAMP-signaling elicited by depolarization, and
activation of G-protein-coupled receptors, including the free fatty acid receptors,
are intricately connected in the form of networks at different levels. Activation
of the glucagon-like peptide 1 receptor augments insulin secretion by amplifying
calcium signals by calcium induced calcium release (CICR). In the treatment of
type 2 diabetes, use of the sulfonylureas that act on the ATP sensitive potassium
channel, damages the beta cells, which eventually fail; these drugs do not improve
the cardiovascular outcomes. In contrast, drugs acting through the glucagon-like
peptide-1 receptor protect the beta-cells, and improve cardiovascular outcomes.
The use of the glucagon-like peptide 1 receptor agonists is increasing and that
of sulfonylurea is decreasing. A better understanding of the stimulus-secretion
coupling may lead to the discovery of other molecular targets for development of
drugs for the prevention and treatment of type 2 diabetes.
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Abbreviations

[Ca2+]c Cytoplasmic free Ca2+ concentration
EPAC Exchange protein directly activated by cAMP
KATP ATP-sensitive potassium channel
NBD Nucleotide binding domain
PKA Protein kinase A
SCHAD short chain 3-hydroxyacyl-CoA dehydrogenase
SUR1 Sulfonylurea receptor 1
VGCC Voltage-gated Ca2+ channel

37.1 Introduction

The β-cells of the islets of Langerhans sense primarily the changes in the concen-
tration of glucose in the plasma, and respond promptly and precisely by changing
the rate of secretion of insulin to maintain the concentration of glucose within the
physiologic range. They act as fuel sensors by virtue of possessing the glucose
sensor glucokinase, and the ATP sensor, the ATP-sensitive potassium (KATP)
channel. These cells are rendered “glucose-competent” by the incretin hormone
glucagon-like peptide-1 (GLP-1) [1]. Strictly speaking, the physiological stimulus
for insulin secretion is food, which is taken in the form of mixed meals, and
which increases the concentration of not only glucose, but also of other nutrients,
including the 20 amino acids, and many fatty acids, in the plasma. Foods increase
not only the plasma concentrations of the nutrients, but also of several gut-derived
peptides including GLP-1, and gastric inhibitory polypeptide (GIP). In their native
environment in the normal human body, the β-cells do not have any resting state;
they secrete insulin, albeit at low rates, even during the fasting state [2]. The
concentration of glucose in the plasma must be maintained above a certain level
to prevent hypoglycemia, which is life threatening. For this reason, insulin secretion
is tightly coupled to the concentration of glucose. These cells switch between three
overlapping modes of secretion: the “off-mode”, the “ready-mode”, and the “on-
mode” [3]. At the molecular level, the open state probability of the ATP-sensitive
potassium (KATP) channel partly determines the switching between the three modes.
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In normal β-cells, when the concentration of glucose in the plasma plunges into
the hypoglycemic range, the open state probability of the KATP channel increases,
switching the cells rapidly to the off-mode, and shutting off the insulin secretion.
Concentration of glucose in the hypoglycemic range minimizes metabolism of
glucose because the enzyme glucokinase that phosphorylates glucose in the first step
of the glycolytic pathway has high Km for glucose. This reduces the concentration
of ATP, and increases the concentration of MgADP in the cytoplasm, leading
to an increase in the open state probability of KATP channel, hyperpolarization
of membrane potential, closure of the voltage-gated Ca2+ channels (VGCC),
reduction of the cytoplasmic free Ca2+ concentration ([Ca2+]c) to the resting level,
and cessation of insulin secretion. In this scenario, the KATP channel acts as an
emergency safety device for rapidly shutting off insulin secretion. If the KATP
channel is absent, or if the channel do not open normally due to some mutations,
then the channel does not open even when the glucose concentration reaches the
hypoglycemic range. Inactivating mutations of KATP channel genes permanently
switch the β-cells to the ready-mode or the on-mode. The KCNJ11 gene encodes
the pore forming Kir6.2 subunit of the KATP channel. Activating mutations in the
KCNJ11 gene switches the β-cells to the off-mode [4]. When the β-cells are in
the off-mode due to mutations in the KATP channel genes, glucose and GLP-1
cannot stimulate insulin secretion, and the result is permanent neonatal diabetes
mellitus. In normal subjects, during the fasting condition, when the plasma glucose
concentration is ∼5.5 mmol/L, the β-cells are in the ready-mode.

37.2 Calcium Signaling in the β-Cells

Glucose enters the β-cells through glucose transporter 2 following the concentration
gradient, and it is phosphorylated by glucokinase. Further metabolism through the
glycolytic pathway, and the mitochondrial metabolism increases the concentration
of ATP, and reduces the concentration of ADP, both of which remain partly in the
free forms, and partly in the magnesium bound forms. The binding of these different
forms of the nucleotides to the sulfonylurea receptor 1 (SUR1) and Kir6.2 subunits
of the KATP channel determines the open state probability of the channel.

Critical events in the stimulus-secretion coupling in the β-cells are membrane
depolarization, increase of [Ca2+]c, and increase of cAMP. Membrane depolariza-
tion occurs due to the reduction in the open state probability of the KATP channel,
and activation of inward depolarizing currents mediated by several ion channels,
including some transient receptor potential (TRP) channels [3, 5]. When the mem-
brane potential reaches the respective thresholds for the activation of the VGCCs,
the channels open, and Ca2+ enters into the cytoplasm. Ca2+ entering through the
VGCCs triggers further Ca2+ release from the endoplasmic reticulum (ER) Ca2+
stores, a process called Ca2+-induced Ca2+-release (CICR) [6]. Stimulations of the
β-cells by nutrients and agonists that induce insulin secretion increase the [Ca2+]c,
often in the form of oscillations, and an increase in the [Ca2+]c in the β-cells in
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response to different stimuli is seen as a sign of β-cell activation [7–10]. Activation
of the phospholipase-C-linked G-protein coupled receptors by agonists like the
neurotransmitter acetylcholine increases [Ca2+]c by releasing Ca2+ from the ER
through activation of the inositol 1,4,5 trisphosphate receptors [11]. GLP-1 activates
the GLP-1 receptor leading to the increases of cAMP, which has pleiotropic effects
that enhance insulin secretion [12]. Cross talks between Ca2+- and cAMP-signaling
occurs at multiple levels, and it is nearly impossible to dissect between pure Ca2+
signaling, and pure cAMP signaling.

37.3 Hexokinases

Insulin secretion is “supply driven”. Glucokinase (hexokinase 4), one of the four
members of the hexokinase family of enzymes, is the primary glucose sensor. It
phosphorylates glucose to glucose-6 phosphate. The affinity of glucokinase for
glucose is low, compared to that of other hexokinases. The half saturation (the
concentration of glucose at which the enzyme is half saturated, S0.5) is about
8 mmol/L. The low affinity of glucokinase for glucose ensures that the concentration
of glucose in the plasma is kept within the physiologic range.

Glucokinase is the only hexokinase expressed in the adult β-cells. In the
neonatal period hexokinase 1 is also expressed in the β-cells, but its expression
is down-regulated after birth. Some mutations in the non-coding region of HK1
can impair the process of normal suppression of HK1 expression [13]. Persistent
expression of HK1 after birth leads to congenital hyperinsulinism in neonates and
infants [14]. These subjects develop hypoglycemia during prolonged fasting. Some
human insulinoma cells express hexokinase-1, which can explain excessive insulin
secretion even during hypoglycemia [15]. Some of these patients can be treated by
diazoxide for variable length of time, but those who have severe hypoglycemia, and
those who do not respond to diazoxide, need near total pancreratectomy.

Activating mutations of glucokinase shifts the glucose-dependency curve to the
left, reduces glucose S0.5, and increases the activity index of the enzyme. People who
have activating mutations of glucokinase have hyperinsulinism, and variable degrees
of hypoglycemia, ranging from severe hypoglycemia during neonatal period to
milder hypoglycemia later in life. In vitro experiments with islets isolated from mice
that express an activating mutation (A456V) of glucokinase show that the threshold
for glucose stimulated insulin secretion is shifted to the left [16]. Hypoglycemia in
some of these subjects can be treated by diazoxide that binds to the SUR1 subunit
of the KATP channel, and increases the open state probability of the channel. Some
subjects do not respond to diazoxide and may need the somatostatin analogs for
reducing insulin secretion, and others may need near-total pancreatectomy.

Inactivating mutations of glucokinase increase the S0.5 of the enzyme for glucose
when the mutations are located in the glucose-binding site, and reduces the Km
for ATP when the mutations are located in the ATP-binding site. These mutations
decrease the calculated activity index of glucokinase. Heterozygous inactivating
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mutations of glucokinase usually cause “maturity onset diabetes of the young type
2” (MODY2). MODY2 subjects have only a mild form of diabetes with mild fasting
hyperglycemia (5.5–8 mmol/L), and HbA1C 40–60 mmol/mol. MODY2 subjects
do not suffer from the long term complications of diabetes, and treatment is not
recommended outside pregnancy [17].

Completely inactive glucokinase due to homozygous or compound heterozy-
gous mutations, which occur rarely, causes permanent neonatal diabetes mellitus
(PNDM), requiring lifelong insulin therapy for severe hyperglycemia [18].

37.4 KATP Channel

The KATP channel of the β-cells is composed of two proteins, the regulatory
sulfonylurea receptor 1 (SUR1) encoded by the ABCC8 gene, and the pore-forming
inwardly rectifying (ir) potassium channel Kir6.2 (encoded by the KCNJ11 gene).
SUR1 binds the sulfonylurea class of antidiabetic drugs that promote insulin
secretion. Kir6.2 is an inward-rectifier K+ channel, (which means that it has a
greater tendency to allow K+ to enter into a cell rather than flow out of a cell. Each
KATP channel consists of eight subunits, four Kir6.2 in the center surrounded by four
SUR1 in the periphery. ABCC8 and KCNJ11 are two adjacent genes located on the
short arm (p) of the chromosome 11 at position 15.1 (cytogenetic location 11p15.1).
Opening of the KATP channel polarizes, and closure of the channel depolarizes the
membrane potential of β-cells.

ATP potently inhibits the KATP channel activity by binding to the Kir6.2 subunit.
This binding and inhibitory action of ATP is independent of Mg2+. On the other
hand Mg-nucleotides, including both MgATP and MgADP activate the KATP
channel by binding to the nucleotide binding domain (NBD) of SUR1 subunit.
Binding of MgADP to the SUR1 is more efficacious than binding of MgATP to
SUR1 in activating the KATP channel [19]. Sulfonylurea drugs inhibit KATP channel
activity mostly by direct binding to the SUR1, but also by preventing the MgATP
binding to the SUR1 and MgATP-mediated activation of the channel. Like MgADP
and MgATP, diazoxide also activates KATP channel by binding to SUR1, although
the exact site of diazoxide action is not known.

37.4.1 Inactivating Mutations of KATP Channel

Some mutations of the two KATP channel genes inhibit the ability of the channels to
open, and other mutations impair the biogenesis or trafficking of the channels to the
plasma membrane. These “inactivating” mutations cause persistent depolarization
of the membrane, and persistent insulin secretion, despite hypoglycemia. Such
β-cells are unable to switch to the off-mode, which normal β-cells would do
when there is hypoglycemia. Inactivating mutations of the KATP channel genes
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are the commonest causes of hypoglycemia due to congenital hyperinsulinism.
Some mutations impair KATP channel activity, and the degree of the impairments
determines the responsiveness of the mutant KATP channel to diazoxide [20].

Some of these mutations act in a recessive, and others act in a dominant fashion.
Recessive mutations in the ABCC8 and KCNJ11 genes impair trafficking of the
channels to the plasma membrane causing almost total loss of the channel in all of
the β-cells. For this reason, the hyperinsulinism caused by the recessive mutations
do not respond to the treatment by diazoxide. On the other hand the dominant
mutations allow normal trafficking of the channels to the plasma membrane, but
these mutations impair response to MgADP or diazoxide to variable degrees.
Hyperinsulinism caused by some of these dominant mutations are diazoxide-
responsive, and others are diazoxide-unresponsive [20]. Paradoxically, diazoxide
can also stimulate insulin secretions in some of these cases, the mechanism of which
remains unknown [14, 21].

There are two histological forms of KATP hyperinsulinism: the diffuse form, and
the focal form. In the diffuse form, all the β-cells in the pancreas are affected. In
the focal form, the β-cells of only parts of the pancreas are affected, but the β-cells
located outside the affected area of the pancreas are normal. Diffuse form of KATP
hyperinsulinism is due to recessive mutations in the KATP channel genes, ABCC8 or
KCNJ11.

The focal form is caused by “two hits”. The first is a mono-allelic recessive
mutation in the ABCC8 or KCNJ11 gene that is paternally transmitted. The second
“hit” is loss of heterozygosity due to a somatic loss of maternal 11p15.1 with
paternal isodisomy at the same locus, inside the focal lesion in the pancreas [22,
23]. The 11p15.1 region contains not only the KATP channel genes, but also some
imprinted genes including H19, IGF2, and CDKN1C, which are involved in the
regulation of cell proliferation [24]. The CDKN1C gene encodes cyclin dependent
kinase inhibitor 1C, which is a tumor suppressor. Absence of cyclin dependent
kinase inhibitor 1C is one of the factors that probably contributes to the development
of the β-cell hyperplasia in the focal form of the KATP hyperinsulinism [24]. In
the focal form of KATP-hyperinsulinism, there is not only complete loss of KATP-
channel function, but also formation of β-cell “tumors” [24]. The β-cells in the
“unaffected” part of the pancreas, in the focal form of KAP hyperinsulinism have
only mono-allelic recessive mutation of the KATP channel genes, but no loss of
maternal 11p15.1. As expected, these β-cells function normally [25].

It is important to identify people who have the focal form of the disease,
because this form can be completely cured by selective surgical resection of the
pathologic area of the pancreas. The diffuse form, if they are not responsive to
medical treatments, requires 95–98% pancreatectomy. Genetic analysis is useful in
identifying the diffuse forms and the focal forms of KATP hyperinsulinism. If there
are two recessive mutations in the KATP channel genes then the hyperinsulinism
is more likely to be caused by the diffuse form. If there is only one heterozygous
recessive mutation in either ABCC8 or KCNJ11 gene, then the hyperinsulinism is
highly likely to be due to the focal form of the disease [26]. β-cells selectively
incorporate 18-Fluorodihydroxy phenylalanine (18F-DOPA). 18F-DOPA PET scan
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is currently the most accurate and specific method for identifying the focal lesions,
but the facility is available only in a few advanced centers [27].

Inactivating mutations of the KATP channels cause inappropriately increased
insulin secretion even during the fasting state leading to hypoglycemia. At first
sight it may appear that absence of the KATP channel, or defective opening of these
channels leads to persistent depolarization of the membrane-potential of the β-cells,
opening of the VGCCs, increase of [Ca2+]c, leading to exocytosis of insulin, but
the situation is more complicated than that. These cells secrete insulin even when
the concentration of glucose is <5 mmol/L, when glucose metabolism through the
high Km glucokinase is dramatically reduced, suggesting that these cells metabolize
glucose through other low Km hexokinases. In fact, it turns out that in these cells
there is a 16-fold increase in the expression of the hexokinase 1 (HK1) gene, and
marked reduction in the expression of the glucokinase (GCK) gene. Expression of
other important glycolytic enzymes is also increased in these cells. As a result, there
is increased glycolysis, as measured by 13C tracer studies, in these cells [28].

While these β-cells secrete insulin under fasting state, their response to glucose
challenge is reduced or abolished [25, 28]. The insulin content of these islets is
lower than that of the normal islets. Basal insulin secretion from these islets is
higher, but there is little or no increase in insulin secretion upon glucose stimulation
[25, 28]. In normal β-cells, glucose stimulates insulin secretion by depolarizing
the membrane potential leading to the opening of the VGCCs, and elevating the
[Ca2+]c, but in the β-cells where the KATP channel is absent or inactivated, the
membrane potential and the [Ca2+]c are already elevated under basal conditions
leading to high basal insulin secretion [25, 28]. Sulfonylureas that close KATP
channel, increase insulin secretion from normal islets, but fail to do so in the islets
from patients with inactivating mutations of KATP channel [25]. Normal glucose
sensing in these cells is impaired because of reduced expression of glucokinase,
and increased expression of hexokinase 1, as mentioned before [28]. In these islets,
metabolism of glucose is abnormal in many other ways too. For instance, glucose
is used for synthesis of the amino acids glycine, serine and glutamine [28]. The
expression of 3-phosphoglycerate dehydrogenase (PHGDH), the enzyme important
for serine/glycine biosynthesis, is increased 38 fold [28]. Expression of another
key enzyme for serine/glycine biosynthesis, phosphoserine aminotransferase is also
increased tenfold [28].

While the insulin response of these cells to glucose challenge is reduced, their
response to amino acid is increased [29]. These patients develop hypoglycemia
after ingesting protein-rich meals. The absence or the closure of the KATP channel
switches the β-cells from off-mode to the ready-mode. When in the ready mode, the
cells can be easily switched to the on-mode by many stimuli, including many amino
acids. In in vitro experiments, stimulation of islets isolated from patients who have
inactivating mutations of the KATP channel, by a mixture of amino acids, increases
insulin secretion, whereas stimulation of the normal islets fails to do so [28]. This
may be due to increased amino acid metabolism as a consequence of activation of
the enzyme glutamate dehydrogenase (GDH) in the β-ells that have KATP-channel
with inactivating mutations [28, 30].
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Inactivation of the KATP during the development of the β-cells, leads to persistent
increase of [Ca2+]c. This induces homeostatic, adaptive or compensatory changes
in the components of the Ca2+ signaling toolkit, by mechanisms that are not well
understood. This phenomenon has been named “Ca2+ homeostasome” [31]. Thus,
the phenotypes that we see in the inactivating mutations of the KATP channel, are not
primarily the results of the alterations of the function of the KATP channel, rather the
net results of global homeostatic reorganization of the cellular signaling network.
As a consequence of the chronic inactivation of the KATP channel, numerous genes
are upregulated, and numerous other genes are downregulated, leading to alterations
in glucose and amino acid metabolism, to name a few [28].

37.4.2 Activating Mutations of the KATP Channel Genes

Activating mutations of the KCNJ11 and the ABCC8 genes increase the open
state probability of the KATP channel. The ability of ATP to inhibit the channel
is reduced to a variable extent depending on different mutations. These mutations
switch the β-cells to the off-mode. The membrane potential of these β-cells remain
hyperpolarized, the VGCCs cannot open, [Ca2+]c remains low, and insulin secretion
is reduced. These mutations account for ∼ 50% of neonatal diabetes mellitus, which
are commonly treated with insulin in the beginning. Once the genetic diagnosis
is established, > 90% of these infants, children and young adults can be treated
effectively, and safely by the sulfonylurea class of anti-diabetic drugs, for many
years, perhaps for rest of their lives [32]. The doses of sulfonylurea drugs needed for
the treatment of these patients are usually high, and vary depending on the severity
of the mutations. The sulfonylurea drugs reduce the open state probability of the
KATP channels in these subjects. In this scenario, the sulfonylureas switch the β-cells
from the off-mode to the ready-mode, when the insulin secretion can be stimulated
further by glucose, and other nutrients, and by glucagon-like peptide 1 (GLP-1) [4].

37.5 Voltage-Gated Potassium Channel

Voltage-gated K+ (Kv) channels are activated by depolarization; they mediate the
repolarizing phase of the action potential, and limit insulin secretion [33]. Activation
of GLP-1 receptor can reduce Kv currents, and may thereby extend action potential,
leading to increased Ca2+ entry through the VGCCs. This may be one of the many
mechanisms that contribute to the GLP-1-induced augmentation of insulin secretion.

The pore forming α-subunit of one of the Kv channels, the Kv7.1 is encoded by
the KCNQ1 gene, which is expressed both in the human heart, and in the human
β-cells [34]. Some mutations in the KCNQ1 gene cause one particular type of long
QT syndrome (LQTS). These subjects have lower plasma glucose concentration,
and they have increased insulin response to oral glucose load. They get episodes of
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hypoglycemia 3–5 h after meals [34]. As a sequelae of increased insulin secretion
and hypoglycemia, these patients also tend to have hypokalemia, which further
increases the risk of cardiac arrhythmia, and cardiac death. Variants in the KCNQ1
gene are also associated with susceptibility to type 2 diabetes [35].

37.6 GLP-1

Oral glucose is more effective than intravenous glucose in stimulating insulin
secretion, even when the plasma glucose concentration is maintained at the same
level. This is called incretin effect. In healthy persons, 25–75% of insulin release
after a glucose load is due to the incretin effect, which is mediated mostly by GLP-
1, and gastric inhibitory polypeptide (GIP) [36]. In type 2 diabetes the incretin effect
is almost abolished. Two active forms of endogenous GLP-1 are GLP1 (7-36)NH2,
and GLP1 [7–37].

GLP-1 is secreted by the L-cells located in the small and large intestine, from
duodenum to the colon. There are more L-cells particularly in the ileum. After
ingestion of foods the concentration of GLP-1 in the plasma increases rapidly. If
the β-cells are in the ready-mode, which is the case when the glucose concentration
in the plasma is above the threshold for insulin secretion (∼5 mmol/L), then GLP-1
switches the β-cells to the on-mode. When the glucose concentration in the plasma
is <5 mmol/L, the β-cells are not in the ready-mode, and GLP-1 cannot switch the
β-cells to the on-mode despite increasing the cAMP concentration in the cell.

GLP-1 binds to the glucagon-like-peptide-1 receptor (GLP-1 receptor), which
is expressed at variable levels, in numerous tissues, including the human β-cells,
δ-cells and α-cells. Activation of the GLP-1 receptor of human β-cells leads to
activation of adenylyl cyclase (not clear which isoform), and increase of cAMP
in the cells. cAMP activates protein kinase A (PKA) and EPAC (exchange protein
directly activated by cAMP), both of which act on many target proteins, including
ion channels, enzymes, and the proteins that mediate exocytosis. Activation of the
GLP-1 receptor facilitates inhibition of KATP channel [37], activation of the transient
receptor potential channel subfamily M member 4 (TRPM4) [38, 39], and transient
receptor potential channel subfamily M member 2 [40, 41], facilitating membrane
depolarization. The effects of GLP-1 on the changes in the [Ca2+]c is particularly
dramatic [42–46]. GLP-1 augments Ca2+ signals qualitatively and quantitatively. It
increases Ca2+ current through the L-type voltage-gated Ca2+ channel by a cAMP
dependent manner [47–50]. GLP-1, through PKA and EPAC facilitates CICR that
amplifies Ca2+ signals [43, 51–53] and amplifies insulin secretion.

PKA-mediated phosphorylation of serine-103 of the essential Ca2+-sensor
synaptotagmin 7 increases exocytosis of insulin [54]. The precise mechanism is
unclear because PKA phosphorylation of the serine-103 does not increase the Ca2+-
sensitivity of exocytosis [see figure S3 of Wu et al. [54]].

Excess glucagon contributes to the pathogenesis of type 2 diabetes [55]. While
GLP-1 increases insulin secretion, it inhibits glucagon secretion. The expression
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of GLP-1 receptor in human α-cells is low, compared to that in the human β-cells
and δ-cells [56]. GLP-1 inhibits glucagon secretion from the human α-cells through
direct activation of the GLP-1 receptor, formation of cAMP, and activation of the
protein kinase A, which leads to phosphorylation and inhibition of the P/Q type of
VGCCs of the α-cells [57].

The half-life of GLP-1 in the plasma is only 1–2 min because of its rapid
degradation by dipeptidyl peptidase 4 (DPP4), which is ubiquitously expressed.
Inhibitors of DPP4 increase the concentration of GLP-1, and the inhibitors are used
in the treatment of type 2 diabetes. GLP-1 analogs with long half-life have been
developed by substitution of some of the amino acids, and by attaching fatty acids
to the molecule. These changes promote self-aggregation, albumin-binding, slow
absorption of the injected GLP-1 analog from the subcutaneous injection site, slow
degradation, and slow renal elimination. The long half-life of semaglutide, a long-
acting GLP-1 analog, means that it is enough to take one injection per week.

A large population-based study showed that GLP-1 secretion is reduced in
prediabetes, and screen-detected diabetes, as well as in the obese and overweight
individuals, suggesting that reduced secretion of GLP-1 leads to impaired regulation
of glucose metabolism and appetite [58]. Other studies suggest that impaired insulin
secretion in type 2 diabetes is not due to diminished secretion of GLP-1, but is due
to diminished responsiveness of the β-cells to GLP-1 [42, 59, 60].

In addition to enhancing insulin secretion, GLP-1 inhibits, glucagon secretion,
promotes satiety, delays gastric emptying, reduces weight, and promotes natriuresis.
Antidiabetic drugs that act on the KATP channel do not reduce, rather they may
increase the risk of cardiovascular events, and mortality [61]. On the other hand,
some of the GLP-1 receptor agonists e.g. liraglutide, and semaglutide, reduce the
risk of cardiovascular events and mortality [62, 63]. For this reason, the use of
sulfonylureas in the treatment of type 2 diabetes is decreasing, and that of some
GLP-1 analogs is increasing.

37.7 Somatostatin (Also Called Somatotropin
Release-Inhibiting Factor, SRIF)

The δ-cells, which resemble small neurons with long slender processes and secretory
granule-rich knob-like endings, secrete somatostatin. Somatostatin is also secreted
from the pituitary gland, brain and gastrointestinal tract. Two forms of somatostatin,
somatostatin 14 and somatostatin 28 are known; somatostatin-14 is the predominant
form secreted from the δ-cells. Somatostatin inhibits secretion of many hormones,
including insulin and specially glucagon. There are five somatostatin receptors
(SST) 1–5 [64], all coupled to the G-proteins Gi/o. In rodent islets, somatostatin
inhibits glucagon secretion by activating the SST2 receptor and inhibits insulin
secretion by activating the SST5 receptor [65, 66]. In human islets SST2 is the
dominant receptor in both the α-cells and the β-cells, but both cells express also
other somatostatin receptors at low level [67, 68]. Selective inhibition of SST5
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increases secretion of insulin, and also of GLP-1 [69]. Glucose stimulates secretion
of insulin and inhibits secretion of glucagon in an oscillatory fashion, where the
glucagon oscillations are anti-parallel to those of insulin and somatostatin [70].
Apparently, each pulse of somatostatin inhibits glucagon secretion by paracrine
interactions.

Somatostatin inhibits insulin secretion by hyperpolarizing the membrane poten-
tial through activation of the G-protein coupled inwardly rectifying K (GIRK)
channel, a process mediated by Gβγ. The GIRK channel of the islet cells consists
of hetero-multimers of Kir3.1, Kir3.2, or Kir3.4. Somatostatin inhibits the P/Q type
VGCC of β-cells through G-protein mediated mechanisms. It activates Gi/o, which
causes inhibition of adenylyl cyclase, and reduced formation of cAMP. In addition
to these, somatostatin also inhibits exocytosis by mechanisms that are not fully clear
[68].

Patients who have inoperable insulinoma, glucagonoma, or other carcinoid
tumors, are often symptomatically treated, with variable degree of success, by one of
the somastatin analogues e.g. octreotide, lanreotide and pasireotide that bind mostly
to SST2 or SST5, [71].

37.8 Mitochondrial Uncoupling Protein 2 (UCP2)

UCP2 has only mild uncoupling activity, but it has other exchange/transport
activities, which are more prominent. It exchanges four carbon (C4) intermediates
e.g. malate, oxaloacetate, and aspartate, for cytoplasmic phosphate, and it exports
C4 metabolites from mitochondria to the cytoplasm [72]. These processes are driven
by electrical potential and pH gradient across the inner mitochondrial membrane.
Glucose metabolism can be shifted towards aerobic glycolysis or mitochondrial
oxidation, depending on the activity of UCP2. High activity of UCP2 reduces
concentration of oxaloacetate in the mitochondria, and thereby reduces glucose
oxidation through the citric acid cycle, lowers ATP:ADP ratio, production of reac-
tive oxygen species (ROS), and increases glycolysis. Decreased activity of UCP2
increases mitochondrial glucose oxidation, and reduces glycolysis. Metformin, the
most commonly used drug for the treatment of type 2 diabetes, induces UCP2
expression [73]. This reduces metabolically active citric acid cycle intermediates in
the mitochondria, and cells utilize more glucose through aerobic glycolysis, which
can partly explain how metformin increases glucose utilization in the peripheral
tissues.

In the β-cells high activity of UCP2 reduces glucose oxidation in the mitochon-
dria, lowers the ATP:ADP ratio, and ROS production. These effects reduce insulin
secretion. On the other hand, inactivating mutations of the UCP2 gene increase
oxidation of glucose in the mitochondria, increase ATP:ADP ratio, increase insulin
secretion, and cause congenital hyperinsulinism [72, 74]. Hypoglycemia in patients
with inactivating mutations of UCP2 occurs usually after 24 h of fasting, and it can
often be treated by diazoxide.
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37.9 Glutamate Dehydrogenase

Glutamate dehydrogenase I (GDH-I) located in the mitochondrial matrix, catalyzes
oxidative deamination of glutamate to α-ketoglutarate and ammonia, in a reversible
manner. For insulin secretion, GDH is an important enzyme that is highly reg-
ulated. It is inhibited to near zero by GTP, and the inhibition can be relieved
by ADP. [ADP] > 35 uM rapidly increases activity of GDH-1. The amino acid
leucine allosterically activates GDH-I by promoting ADP binding. When glucose
concentration falls below the threshold for insulin secretion, i.e. <4–5 mmol/L, the
concentration of ADP increases, which increases GDH-I activity. Some mutations
of the GLUD1 gene that encodes GDH-I, activate the enzyme either by increasing
the maximal rate or by reducing the sensitivity to inhibition by GTP. Subjects with
such mutations suffer from episodes of hypoglycemia and hyperammonemia about
2–6 h after a protein-rich meal.

37.10 3-Hydroxyacyl CoA Dehydrogenase

3-Hydroxyacyl CoA dehydrogenase (also called short chain 3-hydroxyacyl-CoA
dehydrogenase, SCHAD) is a mitochondrial enzyme that catalyzes the third step
of β-oxidation of fatty acids, i.e. it catalyzes formation of 3-ketoacyl-CoA from
3-hydroxyacyl-CoA. Inactivating mutations in the HADH gene that encodes for
SCHAD, cause deficiency of SCHAD. These subjects have increased insulin
secretion and episodes of hypoglycemia in response to protein-rich meals. The
increase in the insulin secretion is due to the increase in the activity of GDH.
Normally SCHAD inhibits GDH; deficiency of SCHAD removes the inhibition, and
GDH is activated by leucine present in the protein-rich meal, leading to increased
insulin secretion [75]. The hypoglycemia caused by SCHAD can be prevented by
diazoxide, which switches the β-cells to the off-mode by increasing the open state
probability of the KATP channel.

37.11 Free Fatty Acid Receptors

The four free fatty acid receptors, FFA1, FFA2, FFA3 and FFA4 are encoded by
FFAR1, FFAR2, FFAR3, and FFAR4 genes respectively [76]. FFA1 and FFA4 are
activated by long chain fatty acids; FFA2 and FFA3 are activated by short chain
fatty acids.

FFA1 (GPR40, G-protein coupled receptor 40): FFA1 is activated by long chain
fatty acids (myristic acid, palmitic acid, oleic acid, linoleic acid, alpha-linoleic
acid, arachidonic acid, ecosapentanoic acid, and docosahexanoic acid). FFA1 is
coupled to Gαq, and activation of the receptor triggers Ca2+ signals through the
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PLC-inositol 1,4,5 trisphosphate pathway [77, 78]. Activation of FFA1 enhances
glucose-stimulated insulin secretion. FFA1 is also expressed in the intestinal L-
cells, where its activation elicits Ca2+ signals leading to the secretion of GLP-1
[79]. FFA1 is a potential target for developing drugs that promote insulin secretion
in a glucose-dependent manner [80].

FFA4 (GPR120, G-protein coupled receptor 120): FFA4 is activated by long
chain fatty acids. It is coupled to Gq/11. Interestingly, activation of FFA4 increases
secretion of GLP-1, which enhance insulin secretion in a glucose-dependent manner
[81].

GPR119 (G-protein coupled receptor 119): GPR119 is not strictly a free fatty
acid receptor, but it is activated by lipid compounds like N-oleoylethanolamide, and
N-palmitoylethanolamide. This receptor is highly expressed in the β-cells and in
the L-cells of small intestine that secrete GLP-1. Activation of GPR119 by orally
active synthetic agonists increases GLP-1 level and enhances insulin secretion in a
glucose-dependent manner [82].

37.12 Hepatocyte Nuclear Factor 4 Alpha

Loss of function mutations in the hepatocyte nuclear factor 4 alpha (HNF4A),
(also called MODY1) gene reduces both glucose- and arginine-induced insulin
secretion by mechanisms that are not fully clear [83]. It has been demonstrated
that HNF4A directly induces expression of x-box protein 1 (XBP1). XBP1 protein
is a transcription factor encoded by the XBP1 gene. Loss of function mutations
of HNF4A that cause “maturity onset diabetes of the young type 1” (MODY1),
reduce expression of XBP1, which in turn reduces the area of the ER network, the
concentration of Ca2+ in the ER, and the magnitude of the glucose-induced increase
of [Ca2+]c [84]. These patients present with diabetes during early childhood
or adolescence, and are initially treated by insulin as in type 1 diabetes. Once
the molecular diagnosis is established, many of these patients can be treated by
sulfonylureas for variable period, but later on when sulfonylureas fail, they need
insulin therapy.

37.13 Mitochondria

Mitochondrial ATP production is essential for stimulating normal insulin secretion.
In β-cells, which lack lactate dehydrogenase, pyruvate, the end-product of glycoly-
sis, is metabolized in the mitochondria, which is essential for robust insulin secretion
in response to glucose [85].

Mitochondrial dysfunction caused by mutations in the mitochondrial DNA
often cause impaired insulin secretion and diabetes. The A3243G mutation in
the mitochondrially encoded tRNA leucine 1 (MT-TL1) gene causes maternally
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inherited diabetes and deafness (MIDD). The mutation impairs the ability of the
β-cells to secrete insulin probably due to impaired generation of ATP by the mutant
mitochondria [86].

“Transcription factor B1, mitochondrial” (TFB1M) gene encodes for a dimethyl-
transferase that dimethylates mitochondrial 12S rRNA. It is also necessary for
mitochondrial gene expression. A common variant (rs950994) in the TFB1M gene
is associated with impaired insulin secretion and increased risk for developing type
2 diabetes [87]. Studies using knockout mice and clonal β-cells, show that the risk
SNP leads to reduced level of TFB1M protein, reduced mitochondrial translation,
reduced oxidative phosphorylation, reduced production of ATP, and consequent
impairment of insulin secretion [87].

37.14 Insulin Secretion in Type 2 Diabetes

Insulin secretion in response to intake of mixed meals is not biphasic [88, 89]. The
so called biphasic insulin secretion is an experimental artifact generated by rapid
and sustained stimulation of the β-cells with glucose [90]. In type 2 diabetes, insulin
secretion, especially the first phase of the insulin secretion, in response to rapid and
sustained stimulation by glucose, is impaired. This impairment is seen even in the
early stages of the natural history of diabetes [91], and even in the normoglycemic
first-degree relatives of people who have diabetes [92, 93]. There is strong evidence
that the impairment of insulin secretion is essential for the development of type 2
diabetes. In fact, most of the genes that are strongly associated with type 2 diabetes,
appear to be important for the development, and the function of β-cells [94, 95].
One of the cornerstone of the treatment of diabetes is to improve insulin secretion
either by drugs that act on the KATP channel or the GLP-1 receptor.

Sulfonylureas and glinides reduce the open state probability of the KATP channel
and modestly improve food induced increase in insulin secretion in people with
type 2 diabetes. Apparently, in type 2 diabetes, a proportion of β-cells remain in
the off-mode, and by binding to the SUR1 subunit of the KATP channel, these
drugs switch these β-cells to the ready-mode. In normal subjects, these drugs
shift the dose-response curve of glucose-induced insulin secretion to the left. In
diabetes, the dose-response curves of glucose-induced insulin secretion, are flatter
and shifted to the right, compared to those in the normal subjects. Sulfonylureas
almost normalize, and shift the curve to left in people with prediabetes, but their
effects in people with diabetes are only modest [96]. The insulin response to the
sulfonylureas remains lower in people with diabetes compared to that in the normal
subjects. Prolonged treatment with sulfonylureas makes the β-cells unresponsive
to the treatment, usually permanently [97]. Apparently, persistent depolarization,
and consequent chronic elevation of the [Ca2+]c in the β-cells, lead to adaptive,
or compensatory changes that ultimately make the β-cells unresponsive to glucose
[31]. We see a similar “glucose-blindness” in the SUR1 knockout mice [98], and in
patients who have inactivating mutations of the KATP channel genes [25, 28].
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Drugs that act on the KATP channel have been used in the treatment of diabetes for
decades, but their use is declining since they often induce hypoglycemia, increase
weight, and most importantly, they do not improve the cardiovascular outcomes
[61].

Impaired insulin secretion in type 2 diabetes can be treated preferably by drugs
that act, directly or indirectly, on the GLP-1 receptor. These drugs increase secretion
of insulin in a glucose-dependent manner, and at the same time reduce secretion of
glucagon [99].

In contrast to the drugs that act on the KATP channel or the GLP-1 receptor,
metformin, the first line drug for the treatment of diabetes, impairs glucose-induced
[Ca2+]c response in the β-cells, and thereby reduce insulin secretion [100, 101].
It is possible that, in the β-cells, metformin, by inducing UCP2 expression [73]
reduces mitochondrial oxidation, and promotes glucose utilization through aerobic
glycolysis. This may be seen as a way to achieve “β-cell rest”.

In type 2 diabetes impairment of β-cells function probably appears first, which
then leads to a decrease of β-cell mass as the disease progresses [102, 103]. It
appears that, one population of the β-cells remains in the off-mode, and they can
be switched to the ready-mode by the anti-diabetic sulfonylurea drugs. A second
population of β-cells remains in the ready-mode, and they can be switched to the
on-mode by drugs that act on the GLP-1 receptor. A third population of β-cells
remains in the on-mode, and these can be granted “rest” by metformin. A fourth
population of β-cells are in the process of dying because of many factors including
amyloid deposition, and apoptosis. Drugs that act on the GLP-1 receptor appear to
protect all the three population of β-cells by preventing apoptosis, and possibly even
by supporting proliferation of the cells [12].
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Chapter 38
Calcium Dynamics and Synaptic
Plasticity

Pedro Mateos-Aparicio and Antonio Rodríguez-Moreno

Abstract Synaptic plasticity is a fundamental property of neurons referring to the
activity-dependent changes in the strength and efficacy of synaptic transmission at
preexisting synapses. Such changes can last from milliseconds to hours, days, or
even longer and are involved in learning and memory as well as in development
and response of the brain to injuries. Several types of synaptic plasticity have
been described across neuronal types, brain regions, and species, but all of them
share in one way or another capital importance of Ca2+-mediated processes. In this
chapter, we will focus on the Ca2+-dependent events necessary for the induction
and expression of multiple forms of synaptic plasticity.

Keywords Synaptic plasticity · NMDA · AMPA · calcium · LTP · LTD ·
Short-term plasticity · Second messengers · Transmitter release · Kinases

38.1 Introduction

Calcium (Ca2+) is a divalent cation essential for all known forms of life. It is
involved in the regulation of a myriad of cellular events such as metabolic control,
mitochondrial function, apoptosis, intracellular signaling cascades, gene expression
or cellular motility [1]. In neurons, Ca2+ acts as a second messenger controlling
neuronal excitability, development of neuronal morphology, formation of synapses,
synaptic release, gene expression, and synaptic plasticity [2]. While extracellular
Ca2+ concentration ranges in the mM scale, intracellular free Ca2+ concentration is
tightly maintained within the nM range (∼100 nM). In order to achieve and maintain
such steep concentration gradient, neurons have developed multiple strategies
over the course of evolution to keep cytosolic Ca2+ ions compartmentalized or
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sequestered as well as extruded outside the cell. Most of the processes involved
in Ca2+ function and regulation are carried by a vast array of membrane proteins
(i.e. ion channels and exchanger pumps) that permit Ca2+ influx through the plasma
membrane or release Ca2+ from intracellular organelles or stores. In addition, the
specific functions of Ca2+ depend upon numerous Ca2+-binding proteins (i.e. Ca2+
buffers and Ca2+ sensors) that regulate numerous neuronal intracellular cascades.
When a signal such as membrane depolarization or an action potential occurs
in neurons, it can trigger the opening of plasma membrane and organelle Ca2+
channels, resulting in a sudden increase in intracellular Ca2+ concentration which
modifies the conformation of signaling proteins which in turn translate the Ca2+
signal into downstream cellular effects.

Synaptic plasticity is a fundamental property of neurons referring to the activity-
dependent changes in the strength and efficacy of synaptic transmission at preex-
isting synapses [3]. Such changes can last from milliseconds to hours, days, or
even longer and are involved in the correct development of the brain, learning and
memory processes, and recovery of the brain after injuries [4, 5]. Multiple types
of synaptic plasticity have been described across neuronal types, brain regions, and
species, but all of them share in one way or another capital importance of Ca2+-
mediated processes. Here, we review the Ca2+-dependent events necessary for the
induction and expression of different forms of synaptic plasticity.

38.2 The Structure of Ca2+ Signaling During Synaptic
Plasticity

In the plasma membrane, Ca2+ ions can flow into the neuron through voltage-
gated Ca2+ channels (VGCCs) and the Ca2+-permeable type of glutamate receptor
N-methyl-D-aspartate receptors (NMDARs). In some synapses, an unconven-
tional type of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs), so-called Ca2+-permeable AMPARs (CP-AMPARs) has been reported
in some types of plasticity [6] as has been some types of Kainate receptors
(KAR) [7–13]. Neuronal VGCCs are heteromultimeric proteins composed by
a pore-forming α1 subunit and auxiliary β, α2, δ, and γ subunits [14]. Ten
different α1 subunits define three channel families that conduct Ca2+ currents
with different physiological and pharmacological properties [14–16]. L-type Ca2+
currents, carried by Cav 1.1–1.4 channels, show high-voltage activation, large single
channel conductance and slow voltage-dependent inactivation. In most cases, they
are typically located in the postsynaptic membrane and provide the main Ca2+
signal that triggers postsynaptic forms of plasticity. N-, P/Q-, and R-type currents
are carried by Cav 2.1, 2.2, and 2.3, respectively. In most cases, these channels
are inserted in the presynaptic terminal, mediating fast synaptic transmission and
providing the Ca2+ influx necessary for transmitter release. Finally, T-type currents
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carried by Cav 3.1–3.3 channels show the lowest voltage dependence (also called
low voltage-gated Ca2+ channels). Given their low voltage-dependent activation,
they can facilitate synaptic plasticity by depolarizing the postsynaptic membrane
potential and therefore allowing the activation of other Ca2+ channels types and/or
NMDA receptors.

Inside the neuron, Ca2+ can be released from intracellular stores including the
endoplasmic reticulum (ER), mitochondria, lysosomes, endosomes, Golgi vesicles,
and secretory granules [1]. The most prominent contribution of intracellular stores
during plasticity is that from the ER. The lumen contains Ca2+-binding proteins
in a concentration of 3–4 orders of magnitude higher than the cytosol (luminal
total Ca2+ > 1 mM; free Ca2+ 100–700 μM) [17]. Release of Ca2+ from the ER
is mediated by the inositol 1,4,5-triphosphate receptors (InsP3Rs) and ryanodine
receptors (RyRs). Both types of receptors are highly Ca2+ sensitive so they can
mediate Ca2+-induced Ca2+ release upon Ca2+ influx from membrane VGCCs or
NMDA receptors [2]. InsP3Rs are Ca2+-selective cation channels that open upon
binding the second messenger InsP3 and Ca2+ [18, 19]. Therefore, following rises
in cytoplasmic Ca2+ and production of the second messenger InsP3, InsP3Rs open
and allow Ca2+ movement to the cytoplasm. RyRs are sensitive to Ca2+ entering
either from outside or neighboring receptors [1]. They are also responsible for ER
Ca2+ release. There are three isoforms of RyRs and although all of them have been
reported in neurons, the RyR2 and 3 isoforms are the most commonly found in the
brain [20]. Ca2+ binding increases the RyRs sensitivity to other ligands such as
caffeine or adenosine diphosphate ribose (rADP). When active, they interact closely
with multiple Ca2+-binding proteins, Ca2+-dependent enzymes (protein kinases and
phosphatases) or even Cav 1 channels [20].

Synaptic terminals are tightly packed with numerous proteins that can bind Ca2+
and activate multiple downstream signaling cascades, modify gene expression, or
interact with the release machinery. Ca2+ entry produces a local and transient
increase in cytosolic Ca2+ concentration with temporal and spatial properties that
differ between neurons, depending on the type and distribution of Ca2+-binding
proteins that transduce the rise of Ca2+ levels into biochemical responses. If a Ca2+
source is tightly coupled to the release machinery, it is known as Ca2+ nano-domain,
however loose coupling defines local Ca2+ micro-domains where the source of Ca2+
and release machinery are separated by μm [21]. Neurons express a vast number of
Ca2+ sensor proteins that are essential for the multiple effects of Ca2+ [22]. Among
the most studied are the family of synaptotagmins (Syt1-7), important Ca2+ sensors
of fast kinetics that mediate fast synaptic release in presynaptic terminals such as
the calyx of Held or inhibitory synapses [23–26]. In addition, a wide variety of
Ca2+ sensors contains EF-hand motifs, a highly conserved Ca2+-binding motif [22,
27, 28] as for example is the ubiquitous Ca2+ sensor protein calmodulin (CaM)
[29–31]. CaM binds Ca2+, resulting in a conformational change and subsequent
regulation of multiple target proteins, such as Ca2+/CaM-dependent protein kinases
or phosphatases of key importance in long-lasting plasticity.
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Finally, another important group of cytosolic Ca2+-binding proteins are the
so-called “Ca2+-buffers” [32]. Ca2+-buffers are a subset of intracellular EF-hand
containing proteins that do not belong to the Ca2+ sensor family, including
parvalbumins, calbindin-D9k, calbindin-D28k, and calretinin [32–34]. Ca2+-buffers
chelate Ca2+ signals whenever there is a rise in cytosolic Ca2+ concentration and
shape the properties, kinetics, and signaling properties of Ca2+ currents.

As seen, there are a vast number of elements affecting Ca2+ regulation during
basal conditions and synaptic plasticity (Table 38.1). The precise contribution of
each element to synaptic transmission and plasticity is probably synapse-specific
and although in some synapses some elements are well known, many others still

Table 38.1 Historical overview of important events related with calcium dynamics during
synaptic plasticity

Year Milestones in calcium dynamics and synaptic plasticity

1954–65 Early discoveries on Ca2+ signaling in myofibrils
1964–73 Discovery of long-term potentiation in rabbit hippocampus by Bliss and Lømo
1965 Eric Kandel discovered Short-term facilitation in Aplysia
1967 Hagiwara and Nakajima describe the pharmacology of calcium spikes

Harald Reuter provides the first voltage-clamp recordings of Ca2+ currents in
neurons

1968 Katz and Miledi formulate the residual calcium hypothesis
Discovery of calmodulin
Discovery of cAMP
Donald Walsh and Ed Krebs discover PKA

1977 Lynch and colleagues uncover LTD
1978 Bert Sakmann and Erwin Neher develop the patch-clamp technique
1981 Llinás and Yarom discover low-threshold Ca2+ spikes (T-type)
1983 Collingridge and colleagues demonstrated the involvement of NMDARs in LTP
1985 Discovery of N-type Ca2+ channels

Llinás and colleagues discover P-type Ca2+ channels in Purkinje neurons
Neuronal L-type channels

1986 Regulation of CaMKII
Ca2+-permeability of NMDARs

1991 Ca2+-permeable AMPARs
Participation of PKC in LTD

1992–97 Erwin Neher studies on Ca2+ buffering
1993 First evidence of a role of N-type Ca2+ channels in neurotransmission
1995 Q-type Ca2+ current terminology
1995–97 First evidence of STDP in neocortex
1998 Pharmacological separation of R-type currents

Intracellular stores required for LTD
2003 Neocortical NMDA-dependent presynaptic LTD
2005 NMDAR-independent LTP in mossy fibers
2007 CP-AMPARs can induce LTP
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remain unknown. In the next section, we review representative examples of several
forms of synaptic plasticity and how the elements listed before interact to give rise
a complex chain of events leading to short or long-lasting increases or decreases of
synaptic strength.

38.3 Calcium Dynamics in Short-Term Plasticity

Short-term plasticity (STP) is a form of potentiation or depression of synaptic
transmission present in probably all types of synapses [3, 35]. STP lasts from
milliseconds to several minutes and is thought to be important in fast adaptations
to sensory inputs, transient changes in behavioral states, and short-lasting forms
of memory [3]. An action potential arriving to the presynaptic terminal can evoke
influx of Ca2+ ions which bind to specialized Ca2+ sensor proteins that mediate
fusion of synaptic vesicles and exocytosis [36]. Most forms of STP rely on transient
accumulation of Ca2+ triggered by a short burst of action potentials. Presynaptic
Ca2+ accumulation then modifies the probability of neurotransmitter release by
modulating the biochemical events that produce the exocytosis of synaptic vesicles.
STP can be induced following paired-pulse protocols and repetitive or tetanic
stimulation at high frequencies [35]. It is important to note that multiple forms of
STP coexist in the majority of synapses and the net synaptic strength is the result of
an interaction between these forms, although the relative contribution of each one is
controlled by the initial release probability and presynaptic activity pattern [37].

Short-term facilitation (STF) describes the increase in transmitter release lasting
from milliseconds up to several seconds or minutes. Several forms of STF have been
described including paired-pulse facilitation in response to paired-pulse protocols,
augmentation (lasting seconds) and post-tetanic potentiation (PTP, lasting minutes)
following high-frequency repetitive stimulation protocols. The main presynaptic
Ca2+ current involved in STF is the P/Q-type current, carried by Cav 2.1 channels
[38–43]. Cav 2.2 and 2.3 channels, carrying N- and R-type Ca2+ currents respec-
tively, also contribute to synaptic transmission but lack the unique high-affinity
Ca2+-induced facilitation properties of Cav 2.1 channels [44].

Over the years, a mechanistic explanation of STF has remained elusive. However,
substantial advances have been done in the past 20 years and several non-exclusive
mechanisms have been proposed to explain STF [37]. The residual Ca2+ hypothesis,
initially suggested in 1968 [45], proposes that an action potential evokes a local
Ca2+ signal from tens to hundreds of millimolar that triggers release, but then lower
levels of Ca2+ persist in the presynaptic terminal (residual Ca2+) [37]. A second
action potential would evoke another Ca2+ signal that would build-up over the
residual Ca2+ thus causing facilitation. This would be the case if residual Ca2+
is a significant fraction of the local Ca2+ signal [37]. However, estimations of
local and residual Ca2+ suggested that residual Ca2+ is about 1% of the local
Ca2+ signal [46], so the enhancement of transmission after the second action
potential would be very small, insufficient to account for paired-pulse facilitation.
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Synapses can overcome this limitation by expressing two types of Ca2+ sensors,
slow high-affinity (e.g. Syt7) and fast low-affinity proteins (e.g. Syt1, 2, 5/9) [24].
Thus, presynaptic residual Ca2+ can activate the high-affinity sensor to produce
facilitation [37]. Third, the existence of Ca2+ buffers such as calbindin can reduce
the initial probability of release by chelating local Ca2+, however if Ca2+ levels
are high enough to saturate local Ca2+ buffers, further incoming Ca2+ following
subsequent action potentials would reach the release site, contributing to facilitation
[37]. Finally, a fourth mechanism is the use-dependent facilitation of VGCCs
mediated by the activation of CaM after Ca2+ entry [47, 48].

Short-term depression (STD) refers to the chain of events causing short-lasting
decreases in transmitter release probability. As for STF, several mechanisms have
been proposed over the years to account for the properties of STD observed
following paired-pulse or tetanic stimulation. The simplest depletion model of STD
proposes that the first stimulus triggers the release of a large fraction of the readily
releasable pool (RRP) [37]. If the second action potential arrives and released
vesicles are not replaced, the RRP is depleted and the response is depressed. The
model implies that the initial fraction of RRP released must be large. This model
accounts for the basic properties of paired-pulse depression observed in many
synapses, however, in some hippocampal synapses the extent of depression does
not correlate with the initial release [49]. Other models including inactivation of
release sites or inactivation of VGCCs have been suggested to explain differences
between synapses [37].

38.4 Calcium Dynamics in Long-Term Plasticity

Long-term potentiation (LTP) and long-term depression (LTD), lasting from min-
utes to hours or days, are thought to be a main neural substrate for learning and
memory processes. Nowadays, multiple forms of LTP and LTD have been described,
many of them depending upon Ca2+ dynamics at the presynaptic or postsynaptic
sites. In the recent years, significant advances in the understanding of the molecular
mechanisms involved in long-lasting decrease of synaptic strength, called long-term
depression (LTD), have also been made [50]. LTD is important in hippocampus-
dependent learning and memory processes, fear conditioning in amygdala, recogni-
tion memory in perirhinal cortex, development of visual and somatosensory cortices,
impairments in learning and memory induced by acute stress, Fragile X syndrome,
psychiatric disorders, or drug-addiction and cortico-limbic-striatal circuits [50].
LTD is typically induced using low-frequency stimulation, pairing stimulation with
depolarization, and using spike-timing dependent (STDP) protocols (typically post-
pre protocols, although some forms of LTD can be induced following pre-post
protocols, depending on the developmental stage). In this section we outline the
role of Ca2+ dynamics in the induction and expression of different known forms of
LTP and LTD at different synapses.
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38.4.1 Long-Term Potentiation

38.4.1.1 Postsynaptic NMDAR-Dependent LTP (Fig. 38.1a)

The best studied example of LTP is the NMDA-dependent LTP at CA3-CA1
synapses (Schaffer collateral-CA1) of the hippocampus [51, 52]. Most of the knowl-
edge about this type of plasticity has been obtained using the brain slice preparation.
The induction of this form of LTP requires activation of NMDA receptors during
strong postsynaptic depolarization, which leads to an increase in postsynaptic Ca2+
concentration subsequently activating downstream biochemical processes [51, 53,
54]. Postsynaptic NMDA-dependent LTP can be experimentally induced following
high-frequency tetanic stimulation, using a so-called “pairing-protocol” in which
the postsynaptic cell is persistently depolarized while low-frequency stimulation
is applied [55], or by using STDP protocols [56]. Upon repetitive stimulation,
activation of postsynaptic NMDA receptors leads to Ca2+ influx restricted to
the dendritic spine, increasing postsynaptic Ca2+ concentration and subsequent
activation of the calcium/calmodulin-dependent protein kinase II, also known as
CaMKII [30, 55, 57–59]. The increase in postsynaptic Ca2+ concentration leads to
the activation of other protein kinases. For example, Ca2+ ions can bind calmodulin
and activate the membrane enzyme adenylyl cyclase, resulting in increased cytosolic
concentration of cyclic adenosine monophosphate (cAMP) which ultimately can
activate the protein kinase A (PKA). PKA has been shown to indirectly boost the
activity of CAMKII [60–62]. Recently, it was shown that an isoform of protein
kinase C (PKC), which is also activated by raises in spine Ca2+ through NMDARs,
termed PKCα, is directly involved in the induction and maintenance of LTP [63].
The activity of the above-mentioned kinases results in augmented single-channel
conductance of dendritic AMPARs [64, 65] as well as in the incorporation of a
higher number of AMPARs to the postsynaptic membrane during the expression
and maintenance of LTP [66–69].

38.4.1.2 Postsynaptic NMDAR-Independent LTP (Fig. 38.1b)

Although the classical form of NMDA-dependent LTP has been object of intense
research effort since its discovery, other forms of LTP independent of postsynaptic
activation of NMDARs have been demonstrated [15]. VGCCs, in particular L-type
currents conducted by Cav1.2 and Cav1.3 channels, are involved in several forms
of NMDA-independent LTP. Inhibition of L-type current reduced LTP induced
chemically by blockade of voltage-gated K+ (Kv) channels with tetraethylammo-
nium (TEA) [70, 71]. Also, LTP induced in vivo is partly blocked by Cav1.2
inhibition [72]. Moreover, LTP induced after NMDAR blockade or low-level theta
stimulation has been shown to depend on Cav1.2 channels [73, 74]. Therefore, there
is accumulating evidence for some forms of NMDA-independent LTP which depend
on Ca2+ influx through Cav1 channels.
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Fig. 38.1 Schematic examples of Ca2+-related events during postsynaptic, NMDA-
dependent and independent forms of LTP/LTD. (a) Ca2+ rise in the postsynaptic membrane
through NMDA receptors activates the Ca2+/CaM-activated AC and produces a subsequent
increase in cAMP levels and PKA activation. Also, the Ca2+/CaM complex can activate CaM-
dependent kinases such as CaMKII. PKA and CaMKII activity lead to the insertion of additional
AMPARs in the postsynaptic membrane, increasing synaptic strength. (b) Other forms of LTP
include Ca2+ entry through postsynaptic VGCCs and activation of mGluRs, leading to the
accumulation of second messenger and Ca2+release from internal stores. (c) In prototypic cases of
NMDA-dependent LTD, Ca2+ influx through postsynaptic NMDA receptors and ER-RyRs triggers
the activation of a Ca2+/CaM complex which in turn activates the phosphatase PP2B or calcineurin,
leading to endocytosis of AMPAR. (d) In mGluR-dependent, NMDA-independent forms of LTD,
activation of mGlu1R and mGlu5R and production of second messengers lead to activation of
PKC-dependent pathways that will end in AMPAR endocytosis. In this form of LTD there is also
Ca2+ influx from postsynaptic VGCCs. Solid arrow lines represent enzyme-dependent pathways
whereas dashed arrow lines represent ion movement or production of second messengers
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38.4.1.3 Presynaptic LTP (Fig. 38.2a)

Less studied than other forms of LTP, presynaptic LTP (preLTP) involves long-
lasting modifications in the probability of neurotransmitter release [75–77]. This
form of plasticity is ubiquitously expressed in the mammalian brain and may
underlie behavioral responses occurring in vivo. In this section, we will review some
of the best known examples of preLTP and their underlying Ca2+ dynamics.

In general, the mechanisms of induction of preLTP occur either in the presynaptic
terminal or require the presence of a retrograde messenger produced by the
postsynaptic neuron. The best characterized and prototypic form of preLTP can
be found at the synapses established between the axons (mossy fibers, MF) of
dentate gyrus granule cells and pyramidal CA3 neurons [78]. In this synapse, high-
frequency stimulation or firing patterns occurring in vivo [79, 80] elicit an increase
in Ca2+ concentration within the MF terminal [81–83] which results in a long-
lasting increase of presynaptic release probability. Ca2+ influx mediated by Cav
2.3 channels (R-type currents) play a minor role in the overall Ca2+ influx during
basal synaptic transmission (mostly mediated by N- and P/Q-type Ca2+ mediated
by Cav 2.1 and 2.2 channels respectively) [84, 85], however Cav 2.3 channels
contribute significantly to this type of preLTP. Presynaptic Ca2+ influx then activates
a Ca2+/CaM-dependent adenylyl cyclase, increasing presynaptic cAMP levels and
subsequent activation of PKA, which ultimately phosphorylates other presynaptic
substrates, resulting in a long-lasting increase of glutamate release probability [86–
90].

Therefore, this type of preLTP is independent of NMDARs and cAMP/PKA-
dependent. It has been found in other brain regions such as cerebellum [91],
thalamus [92], subiculum [93], amygdala [94], and neocortex [95]. In MF-CA3
as well as MF-interneuron synapses [96–98], it has been proposed an additional
mechanism for preLTP, consisting on the postsynaptic release of a retrograde
messenger following postsynaptic Ca2+ increase mediated by Cav 1 channels and
group I mGluR-dependent Ca2+ release from internal stores [99–101].

Although there is accumulating evidences pointing towards the presence of
presynaptic NMDARs in some synapses, their roles in synaptic plasticity remain
under debate [102]. NMDA-dependent preLTP has been described in some synapses
of the amygdala and cerebellar cortex [75]. In this case, Ca2+ influx through
NMDARs located in the presynaptic terminal is the main signal triggering down-
stream cascades that increase the presynaptic transmitter release probability during
hours. The most common form of NMDA-dependent preLTP involves the increase
of presynaptic levels of cAMP (presumably by activating the Ca2+/CaM-dependent
adenylyl cyclase) and subsequent PKA activation which phosphorylates target
molecules of the presynaptic release machinery [103–106].

The expression mechanisms of preLTP also involve Ca2+ influx into presynaptic
terminals. For example, at perforant path synapses contacting CA1 pyramidal
neurons, a long-lasting increase of Cav 2.1 (N-type) channel activity has been
demonstrated [107]. In addition, another study in the lateral amygdala showed a
persistently increased Cav 1 (L-type) channel activity that mediates a long-lasting
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Fig. 38.2 Representation of Ca2+-dependent events during presynaptic LTP/LTD. (a) In
presynaptic forms of LTP, Ca2+ entry through NMDA (i.e. NMDA-dependent), VGCCs (Cav
2 channels), or KARs lead to presynaptic activation of Ca2+/CaM complex, production of
cAMP and activation of PKA, increasing the probability of transmitter release. In addition,
coincident activation of postsynaptic mGluRs and Ca2+ influx through VGCCs and release from
internal stores, and release of retrograde messengers (yellow) is required in some forms of
preLTP. (b) During presynaptic LTD, presynaptic Ca2+ influx through NMDARs increase Ca2+
levels, activating Ca2+/CaM-dependent phosphatases such as calcineurin, which in turn reduces
the transmitter release probability. In addition, postsynaptic Ca2+ elevation through NMDARs,
VGCCs, CP-AMPARs, or release from internal stores lead to eCB release, activating presynaptic
eCB1Rs (increasing presynaptic Ca2+ level) and astroglial eCB1Rs. Glial CB1R activation results
in release of D-serine, boosting presynaptic NMDA activity. Solid arrow lines represent enzyme-
dependent pathways whereas dashed arrow lines represent ion movement or production of second
messengers
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increase in glutamate release [108]. However, in the MF-CA3 of the hippocampus
and the parallel fiber-Purkinje synapse in the cerebellum no changes in Ca2+ influx
were observed following preLTP, suggesting that the expression mechanisms in
these synapses occur downstream Ca2+ entry [75, 109–112]. Therefore, variability
in the induction and expression of preLTP mechanisms indicate that further research
is required to elucidate the molecular mechanisms more in detail. Given the
increasing attention that presynaptic forms of LTP are receiving in the past few
years, significant advances in this matter are expected to come in the upcoming
future.

38.4.2 Long-Term Depression

38.4.2.1 Postsynaptic NMDAR-Dependent LTD (Fig. 38.1c)

As for LTP, NMDAR-dependency of LTD was first discovered at hippocampal CA3-
CA1 synapses [113, 114]. One year later, in 1993, a similar form of LTD was also
found in neocortical synapses [115]. In NMDAR-dependent LTD induced by low-
frequency stimulation or STDP protocols, the main signal triggering downstream
cascades that will end up in a sustained reduction in transmitter release is mainly
postsynaptic Ca2+ influx through NMDA receptors [114]. The classical view
is that LTD requires a modest increase in Ca2+ whereas LTP is elicited when
Ca2+ levels increase beyond an induction threshold [51, 116]. However, further
investigation has revealed that this is not always the case [117]. In this view, Ca2+
influx through NMDARs binds CaM, then activating a Ca2+ -dependent protein
phosphatase cascade composed by Ca2+/CaM-dependent phosphatase calcineurin
which dephosphorylates inhibitor-1, leading to the activation of protein phosphatase
1 (PP1) [3, 50, 118–120], responsible for dephosphorilations either in AMPAR
subunits or kinases that will end up in the endocytosis of postsynaptic AMPARs
and LTD. The expression mechanisms of NMDAR-dependent LTD involve mainly
endocytosis or removal of AMPARs from the postsynaptic membrane. This process
involves different phosphatases that are directly or indirectly activated by Ca2+
influx. In addition, some studies suggest that protein kinases may be involved in the
expression of this form of LTD [50]. Finally, the Ca2+ sensor hippocalcin has been
suggested to mediate the coupling between Ca2+ signals and AMPAR endocytosis
[121].

38.4.2.2 Postsynaptic NMDAR-Independent LTD (Fig. 38.1d)

As knowledge about LTD mechanisms in different synapses increased, new forms
of LTD were uncovered across brain regions. NMDAR-independent LTD has
been found in the hippocampus, cerebellum, ventral tegmental area, neostriatum,
neocortex, or nucleus accumbens, for example.
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The best studied form of NMDAR-independent LTD is that mediated by
metabotropic glutamate receptors or mGluR-LTD. In the hippocampus [122],
cerebellum [123], and perirhinal cortex [124], mGluR-LTD is dependent on Group
I mGluRs (mGluR1 and 5) [125]. Since Group I mGluRs are located extrasynapti-
cally, the induction of Group I mGluR-LTD is typically achieved by high-frequency
trains (up to 300 Hz), burst or short trains at 66 Hz, paired-pulses of low
frequency stimulation, or bath application of Group I mGluR agonists such as
DHPG [126]. Afferent stimulation induces the opening of postsynaptic VGCCs and
Group I mGluRs results in a postsynaptic elevation of second messengers such
as InsP3 pathway that will induce Ca2+ release from intracellular stores. Ca2+
influx activates the PKC pathway, eventually leading to removal of AMPARs in
the postsynaptic membrane. In addition, DHPG-induced LTD can be observed in
absence of Ca2+ and unaffected by PKC inhibition, suggesting that mGluR-LTD
involves Ca2+-dependent and -independent pathways [127, 128]. A role of Ca2+
entering into the cell trough calcium-permeable KARs has also been described.

Other forms of NMDAR-independent LTD involve postsynaptic release of
endogenous endocannabinoids (eCBs) which act as retrograde messengers at the
astrocyte or the presynaptic terminal (see below). In this form of LTD, neuronal
activity triggers eCB release from the postsynaptic site, which binds to eCB1Rs
in the presynaptic site, suppressing neurotransmitter release at glutamatergic and
GABAergic synapses [75]. Typically, presynaptic CB1R activation is required
during the induction of plasticity but not necessarily afterwards. In addition, post-
synaptic Ca2+ rise through VGCCs is required for eCB release. At the presynaptic
terminal, CB1R activation inhibits presynaptic VGCCs, thereby reducing synaptic
release.

38.4.2.3 Presynaptic LTD (Fig. 38.2b)

Conversely to preLTD, presynaptic LTD (preLTD) refers to long-lasting presynaptic
changes that decrease synaptic strength [75]. As for preLTP, preLTD is widely
expressed in many brain regions [75, 76]. There is evidence suggesting that preLTD
may play important roles in certain behaviors, for example exploration of large
spatial landmarks facilitates preLTD at MF-CA3 synapses [129]. In addition, fear
extinction in the amygdala is linked to preLTD of prefrontal cortex-basolateral
amygdala synapses [130]. At layer 4 to layer 2/3 synapses of developing barrel
cortex, sensory evoked activity patterns induced preLTD potentially playing a role
in synaptic pruning and refinement of cortical circuits during development [131].

NMDAR-Dependent PreLTD

Although currently subject of debate [102], accumulating evidence suggests that
presynaptic NMDARs can mediate LTD in several synapses. A number of studies in
visual and somatosensory cortices as well as in the hippocampus have provided
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the strongest evidence for a role of presynaptic NMDARs in LTD [102, 131–
142]. Here, the induction of NMDA-dependent preLTD requires presynaptic Ca2+
influx through NMDA receptors and, within a narrow time window, coincident
activation of postsynaptic Group I mGluRs and Cav 1 channels and the release of
endocannabinoids, acting as retrograde messengers at the presynaptic terminal or
astrocytes [137, 139, 143] producing a long-lasting reduction of transmitter release
by activating CB1Rs and presynaptic NMDARs. Precise details at molecular level
beyond presynaptic NMDARs activation remains to be determined.

Recently, a similar form of preLTD was found in developing CA3-CA1 synapses
[139]. In this case, the induction of preLTD involves presynaptic Ca2+ influx and
activation of the Ca2+-dependent phosphatase calcineurin.

NMDAR-Independent PreLTD

The MF-CA3 synapse not only expresses preLTP as discussed before, a form of
preLTD independent of NMDARs has also been reported [144, 145]. In this case,
although the precise mechanism is not clear, it potentially involves mGluRs and
metabotropic kainate receptors. There is presynaptic Ca2+ influx through VGCCs
and subsequent activation of CaM and Ca2+/CaM-dependent kinases [11, 146–148].
Another form of preLTD has been described in synapses established between mossy
fibers and stratum lucidum interneurons [149]. In this case, the induction of preLTD
is mediated by postsynaptic Ca2+ increase through CP-AMPARs and presynaptic
Cav 2.1 channels presumably through postsynaptic release of unidentified retrograde
messenger. The reduction of presynaptic Ca2+ influx leads to long-lasting reduction
of neurotransmitter release probability.

38.5 Concluding Remarks

Ca2+ dynamics and signaling in mammalian cells and especially in neurons is an
extremely complex phenomenon producing variable effects in different neurons.
The huge variability of mechanisms found in relation to synaptic plasticity is a major
challenge for the future. Traditionally, it has been proposed that high Ca2+ influx is
required for LTP whereas moderate Ca2+ rises induced LTD under some conditions.
More realistic protocols based on firing patterns found in vivo or STDP protocols
have revealed that the traditional assumption does not hold in some synapses
[117]. Future research will be required to investigate in detail the chain of events
involved in Ca2+ signaling at different synapses. For example, a detailed knowledge
of receptor subunits composition, Ca2+ sensors and buffers involved, and Ca2+-
dependent enzymatic processes will be of great help in the quest for a general
mechanistic framework of synaptic plasticity. In addition, novel roles of NMDA
receptors must be investigated in detail to clarify the relevance of presynaptic and/or
putative metabotropic NMDA receptors and relevant signaling molecules. How the
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complex machinery regulating Ca2+ dynamics controls the physiological aspects of
neuronal communication in vivo and affects behavior in health and disease will be
a major challenge for the future of the field.

Acknowlegments Work in the group is supported by the Ministerio de Economía y Competitivi-
dad (MINECO/FEDER) of Spain (Grant BFU2015-68655-P to A.R.-M.). P.M.-A. is supported by
a postdoctoral “Juan de la Cierva-Formación” Fellowship from MINECO.

References

1. Clapham DE (2007) Calcium signaling. Cell 131(6):1047–1058
2. Berridge MJ (1998) Neuronal calcium signaling. Neuron 21(1):13–26
3. Citri A, Malenka RC (2008) Synaptic plasticity: multiple forms, functions, and mechanisms.

Neuropsychopharmacology 33(1):18–41
4. Cramer SC, Sur M, Dobkin BH, O’Brien C, Sanger TD, Trojanowski JQ et al (2011)

Harnessing neuroplasticity for clinical applications. Brain 134(6):1591–1609
5. Cooke SF, Bliss TVP (2006) Plasticity in the human central nervous system. Brain

129(7):1659–1673
6. Lalanne T, Oyrer J, Farrant M, Sjöström PJ (2018) Synapse type-dependent expression of

calcium-permeable AMPA receptors. Front Synaptic Neurosci 10:34
7. Sihra TS, Flores G, Rodríguez-Moreno A (2014) Kainate receptors: multiple roles in neuronal

plasticity. Neuroscientist 20(1):29–43
8. Negrete-Díaz JV, Duque-Feria P, Andrade-Talavera Y, Carrión M, Flores G, Rodríguez-

Moreno A (2012) Kainate receptor-mediated depression of glutamatergic transmission
involving protein kinase A in the lateral amygdala. J Neurochem 121(1):36–43

9. Rodríguez-Moreno A, Sihra TS (2011) Kainate receptors. Novel signaling insights. Adv Exp
Med Biol 717:vii–xi, xiii

10. Rodríguez-Moreno A, Sihra TS (2007) Kainate receptors with a metabotropic modus
operandi. Trends Neurosci 30(12):630–637

11. Negrete-Díaz JV, Sihra TS, Delgado-García JM, Rodríguez-Moreno A (2007) Kainate
receptor-mediated presynaptic inhibition converges with presynaptic inhibition mediated by
Group II mGluRs and long-term depression at the hippocampal mossy fiber-CA3 synapse. J
Neural Transm (Vienna) 114(11):1425–1431

12. Negrete-Díaz JV, Sihra TS, Delgado-García JM, Rodríguez-Moreno A (2006) Kainate
receptor-mediated inhibition of glutamate release involves protein kinase A in the mouse
hippocampus. J Neurophysiol 96(4):1829–1837

13. Rodríguez-Moreno A, Lerma J (1998) Kainate receptor modulation of GABA release involves
a metabotropic function. Neuron 20(6):1211–1218

14. Catterall WA (2011) Voltage-gated calcium channels. Cold Spring Harb Perspect Biol
3(8):a003947

15. Nanou E, Catterall WA (2018) Calcium Channels, Synaptic Plasticity, and Neuropsychiatric
Disease. Neuron 98(3):466–481

16. Zamponi GW, Striessnig J, Koschak A, Dolphin AC (2015) The physiology, pathology,
and pharmacology of voltage-gated calcium channels and their future therapeutic potential.
Pharmacol Rev 67(4):821–870

17. Foskett JK, White C, Cheung K-H, Mak D-OD (2007) Inositol trisphosphate receptor Ca2+
release channels. Physiol Rev 87(2):593–658

18. Ferris CD, Huganir RL, Supattapone S, Snyder SH (1989) Purified inositol 1,4,5-
trisphosphate receptor mediates calcium flux in reconstituted lipid vesicles. Nature
342(6245):87–89



38 Calcium Dynamics and Synaptic Plasticity 979

19. Maeda N, Kawasaki T, Nakade S, Yokota N, Taguchi T, Kasai M et al (1991) Structural
and functional characterization of inositol 1,4,5-trisphosphate receptor channel from mouse
cerebellum. J Biol Chem 266(2):1109–1116

20. Lanner JT, Georgiou DK, Joshi AD, Hamilton SL (2010) Ryanodine receptors: structure,
expression, molecular details, and function in calcium release. Cold Spring Harb Perspect
Biol 2(11):a003996-a

21. Eggermann E, Bucurenciu I, Goswami SP, Jonas P (2011) Nanodomain coupling between
Ca2+ channels and sensors of exocytosis at fast mammalian synapses. Nat Rev Neurosci
13(1):7–21

22. McCue HV, Haynes LP, Burgoyne RD (2010) The diversity of calcium sensor proteins in the
regulation of neuronal function. Cold Spring Harb Perspect Biol 2(8):a004085

23. Chen C, Arai I, Satterfield R, Young SM Jr, Jonas P (2017) Synaptotagmin 2 Is the Fast Ca2+
Sensor at a Central Inhibitory Synapse. Cell Rep 18(3):723–736

24. Chen C, Jonas P (2017) Synaptotagmins: that’s why so many. Neuron 94(4):694–696
25. Chen C, Satterfield R, Young SM Jr, Jonas P (2017) Triple function of synaptotagmin 7

ensures efficiency of high-frequency transmission at central GABAergic synapses. Cell Rep
21(8):2082–2089

26. Luo F, Südhof TC (2017) Synaptotagmin-7-mediated asynchronous release boosts high-
fidelity synchronous transmission at a central synapse. Neuron 94(4):826–39 e3

27. Burgoyne RD (2007) Neuronal calcium sensor proteins: generating diversity in neuronal Ca2+
signalling. Nat Rev Neurosci 8(3):182–193

28. Burgoyne RD, Haynes LP (2012) Understanding the physiological roles of the neuronal
calcium sensor proteins. Mol Brain 5(1):2

29. Malenka RC, Kauer JA, Perkel DJ, Mauk MD, Kelly PT, Nicoll RA et al (1989) An essential
role for postsynaptic calmodulin and protein kinase activity in long-term potentiation. Nature
340(6234):554–557

30. Lledo PM, Hjelmstad GO, Mukherji S, Soderling TR, Malenka RC, Nicoll RA (1995)
Calcium/calmodulin-dependent kinase II and long-term potentiation enhance synaptic trans-
mission by the same mechanism. Proc Natl Acad Sci U S A 92(24):11175–11179

31. Lisman J, Malenka RC, Nicoll RA, Malinow R (1997) Learning mechanisms: the case for
CaM-KII. Science 276(5321):2001–2002

32. Schwaller B (2010) Cytosolic Ca2+ buffers. Cold Spring Harb Perspect Biol 2(11):a004051
33. Blaustein MP (1988) Calcium transport and buffering in neurons. Trends Neurosci

11(10):438–443
34. Matthews EA, Dietrich D (2015) Buffer mobility and the regulation of neuronal calcium

domains. Front Cell Neurosci 9:48
35. Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev Physiol 64:355–405
36. Südhof TC (2013) Neurotransmitter release: the last millisecond in the life of a synaptic

vesicle. Neuron 80(3):675–690
37. Regehr WG (2012) Short-term presynaptic plasticity. Cold Spring Harb Perspect Biol

4(7):a005702
38. Borst JG, Sakmann B (1998) Facilitation of presynaptic calcium currents in the rat brainstem.

J Physiol 513(Pt 1):149–155
39. Cuttle MF, Tsujimoto T, Forsythe ID, Takahashi T (1998) Facilitation of the presynaptic

calcium current at an auditory synapse in rat brainstem. J Physiol 512(Pt 3):723–729
40. Lee A, Scheuer T, Catterall WA (2000) Ca2+/calmodulin-dependent facilitation and inactiva-

tion of P/Q-type Ca2+ channels. J Neurosci 20(18):6830–6838
41. Lee A, Westenbroek RE, Haeseleer F, Palczewski K, Scheuer T, Catterall WA (2002)

Differential modulation of Ca(v)2.1 channels by calmodulin and Ca2+-binding protein 1. Nat
Neurosci 5(3):210–217

42. Lee A, Wong ST, Gallagher D, Li B, Storm DR, Scheuer T et al (1999) Ca2+/calmodulin
binds to and modulates P/Q-type calcium channels. Nature 399(6732):155–159

43. Lee A, Zhou H, Scheuer T, Catterall WA (2003) Molecular determinants of Ca2+/calmodulin-
dependent regulation of Ca(v)2.1 channels. Proc Natl Acad Sci U S A 100(26):16059–16064



980 P. Mateos-Aparicio and A. Rodríguez-Moreno

44. Liang H, DeMaria CD, Erickson MG, Mori MX, Alseikhan BA, Yue DT (2003) Unified
mechanisms of Ca2+ regulation across the Ca2+ channel family. Neuron 39(6):951–960

45. Katz B, Miledi R (1968) The role of calcium in neuromuscular facilitation. J Physiol
195(2):481–492

46. Schneggenburger R, Neher E (2005) Presynaptic calcium and control of vesicle fusion. Curr
Opin Neurobiol 15(3):266–274

47. Catterall WA, Few AP (2008) Calcium channel regulation and presynaptic plasticity. Neuron
59(6):882–901

48. Mochida S, Few AP, Scheuer T, Catterall WA (2008) Regulation of presynaptic Ca(V)2.1
channels by Ca2+ sensor proteins mediates short-term synaptic plasticity. Neuron 57(2):210–
216

49. Chen G, Harata NC, Tsien RW (2004) Paired-pulse depression of unitary quantal amplitude
at single hippocampal synapses. Proc Natl Acad Sci U S A 101(4):1063–1068

50. Collingridge GL, Peineau S, Howland JG, Wang YT (2010) Long-term depression in the
CNS. Nat Rev Neurosci 11:459–473

51. Malenka RC, Nicoll RA (1993) NMDA-receptor-dependent synaptic plasticity: multiple
forms and mechanisms. Trends Neurosci 16(12):521–527

52. Nicoll RA (2017) A brief history of long-term potentiation. Neuron 93(2):281–290
53. Malenka RC (1991) Postsynaptic factors control the duration of synaptic enhancement in area

CA1 of the hippocampus. Neuron 6(1):53–60
54. Malenka RC (1991) The role of postsynaptic calcium in the induction of long-term potentia-

tion. Mol Neurobiol 5(2–4):289–295
55. Herring BE, Nicoll RA (2016) Long-term potentiation: from CaMKII to AMPA receptor

trafficking. Annu Rev Physiol 78(1):351–365
56. Markram H, Lubke J, Frotscher M, Sakmann B (1997) Regulation of synaptic efficacy by

coincidence of postsynaptic APs and EPSPs. Science 275(5297):213–215
57. Pettit DL, Perlman S, Malinow R (1994) Potentiated transmission and prevention of further

LTP by increased CaMKII activity in postsynaptic hippocampal slice neurons. Science
266(5192):1881–1885

58. Silva AJ, Stevens CF, Tonegawa S, Wang Y (1992) Deficient hippocampal long-term
potentiation in alpha-calcium-calmodulin kinase II mutant mice. Science 257(5067):201–206

59. Silva AJ, Wang Y, Paylor R, Wehner JM, Stevens CF, Tonegawa S (1992) Alpha cal-
cium/calmodulin kinase II mutant mice: deficient long-term potentiation and impaired spatial
learning. Cold Spring Harb Symp Quant Biol 57:527–539

60. Blitzer RD, Connor JH, Brown GP, Wong T, Shenolikar S, Iyengar R et al (1998)
Gating of CaMKII by cAMP-regulated protein phosphatase activity during LTP. Science
280(5371):1940–1942

61. Lisman J (1989) A mechanism for the Hebb and the anti-Hebb processes underlying learning
and memory. Proc Natl Acad Sci U S A 86(23):9574–9578

62. Makhinson M, Chotiner JK, Watson JB, O’Dell TJ (1999) Adenylyl cyclase activation
modulates activity-dependent changes in synaptic strength and Ca2+/calmodulin-dependent
kinase II autophosphorylation. J Neurosci 19(7):2500–2510

63. Colgan LA, Hu M, Misler JA, Parra-Bueno P, Moran CM, Leitges M et al (2018) PKCα

integrates spatiotemporally distinct Ca2+ and autocrine BDNF signaling to facilitate synaptic
plasticity. Nat Neurosci 21:1027–1037

64. Benke TA, Luthi A, Isaac JT, Collingridge GL (1998) Modulation of AMPA receptor unitary
conductance by synaptic activity. Nature 393(6687):793–797

65. Soderling TR, Derkach VA (2000) Postsynaptic protein phosphorylation and LTP. Trends
Neurosci 23(2):75–80

66. Bredt DS, Nicoll RA (2003) AMPA receptor trafficking at excitatory synapses. Neuron
40(2):361–379

67. Collingridge GL, Isaac JT, Wang YT (2004) Receptor trafficking and synaptic plasticity. Nat
Rev Neurosci 5(12):952–962



38 Calcium Dynamics and Synaptic Plasticity 981

68. Sheng M, Kim MJ (2002) Postsynaptic signaling and plasticity mechanisms. Science
298(5594):776–780

69. Song I, Huganir RL (2002) Regulation of AMPA receptors during synaptic plasticity. Trends
Neurosci 25(11):578–588

70. Huber KM, Mauk MD, Kelly PT (1995) LTP induced by activation of voltage-dependent
Ca2+ channels requires protein kinase activity. Neuroreport 6(9):1281–1284

71. Huber KM, Mauk MD, Kelly PT (1995) Distinct LTP induction mechanisms: contribution of
NMDA receptors and voltage-dependent calcium channels. J Neurophysiol 73(1):270–279

72. Freir DB, Herron CE (2003) Inhibition of L-type voltage dependent calcium channels causes
impairment of long-term potentiation in the hippocampal CA1 region in vivo. Brain Res
967(1–2):27–36

73. Moosmang S, Haider N, Klugbauer N, Adelsberger H, Langwieser N, Muller J et al
(2005) Role of hippocampal Cav1.2 Ca2+ channels in NMDA receptor-independent synaptic
plasticity and spatial memory. J Neurosci 25(43):9883–9892

74. Staubli U, Lynch G (1987) Stable hippocampal long-term potentiation elicited by ‘theta’
pattern stimulation. Brain Res 435(1–2):227–234

75. Castillo PE (2012) Presynaptic LTP and LTD of excitatory and inhibitory synapses. Cold
Spring Harb Perspect Biol 4(2):pii: a005728

76. Monday HR, Younts TJ, Castillo PE (2018) Long-term plasticity of neurotransmitter release:
emerging mechanisms and contributions to brain function and disease. Annu Rev Neurosci
41(1):299–322

77. Yang Y, Calakos N (2013) Presynaptic long-term plasticity. Front Synaptic Neurosci 5:8
78. Nicoll RA, Schmitz D (2005) Synaptic plasticity at hippocampal mossy fibre synapses. Nat

Rev Neurosci 6:863–876
79. Gundlfinger A, Breustedt J, Sullivan D, Schmitz D (2010) Natural spike trains trigger short-

and long-lasting dynamics at hippocampal mossy fiber synapses in rodents. PLoS One
5(4):e9961

80. Mistry R, Dennis S, Frerking M, Mellor JR (2011) Dentate gyrus granule cell firing patterns
can induce mossy fiber long-term potentiation in vitro. Hippocampus 21(11):1157–1168

81. Mellor J, Nicoll RA (2001) Hippocampal mossy fiber LTP is independent of postsynaptic
calcium. Nat Neurosci 4(2):125–126

82. Zalutsky RA, Nicoll RA (1990) Comparison of two forms of long-term potentiation in single
hippocampal neurons. Science 248(4963):1619–1624

83. Zalutsky RA, Nicoll RA (1991) Comparison of two forms of long-term potentiation in single
hippocampus neurons. Correct Sci 251(4996):856

84. Breustedt J, Vogt KE, Miller RJ, Nicoll RA, Schmitz D (2003) Alpha1E-containing Ca2+
channels are involved in synaptic plasticity. Proc Natl Acad Sci U S A 100(21):12450–12455

85. Dietrich D, Kirschstein T, Kukley M, Pereverzev A, von der Brelie C, Schneider T et al (2003)
Functional specialization of presynaptic Cav2.3 Ca2+ channels. Neuron 39(3):483–496

86. Huang YY, Li XC, Kandel ER (1994) cAMP contributes to mossy fiber LTP by initiating both
a covalently mediated early phase and macromolecular synthesis-dependent late phase. Cell
79(1):69–79

87. Villacres EC, Wong ST, Chavkin C, Storm DR (1998) Type I adenylyl cyclase mutant mice
have impaired mossy fiber long-term potentiation. J Neurosci 18(9):3186–3194

88. Wang H, Pineda VV, Chan GC, Wong ST, Muglia LJ, Storm DR (2003) Type 8 adenylyl
cyclase is targeted to excitatory synapses and required for mossy fiber long-term potentiation.
J Neurosci 23(30):9710–9718

89. Weisskopf MG, Castillo PE, Zalutsky RA, Nicoll RA (1994) Mediation of hippocampal
mossy fiber long-term potentiation by cyclic AMP. Science 265(5180):1878–1882

90. Andrade-Talavera Y, Duque-Feria P, Negrete-Díaz JV, Sihra TS, Flores G, Rodríguez-Moreno
A (2012) Presynaptic kainate receptor-mediated facilitation of glutamate release involves
Ca2+ -calmodulin at mossy fiber-CA3 synapses. J Neurochem 122(5):891–899

91. Salin PA, Malenka RC, Nicoll RA (1996) Cyclic AMP mediates a presynaptic form of LTP
at cerebellar parallel fiber synapses. Neuron 16(4):797–803



982 P. Mateos-Aparicio and A. Rodríguez-Moreno

92. Castro-Alamancos MA, Calcagnotto ME (1999) Presynaptic long-term potentiation in corti-
cothalamic synapses. J Neurosci 19(20):9090–9097

93. Behr J, Wozny C, Fidzinski P, Schmitz D (2009) Synaptic plasticity in the subiculum. Prog
Neurobiol 89(4):334–342
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Chapter 39
Calcium Signaling During Brain Aging
and Its Influence on the Hippocampal
Synaptic Plasticity

Ashok Kumar

Abstract Calcium (Ca2+) ions are highly versatile intracellular signaling
molecules and are universal second messenger for regulating a variety of cellular
and physiological functions including synaptic plasticity. Ca2+ homeostasis in the
central nervous system endures subtle dysregulation with advancing age. Research
has provided abundant evidence that brain aging is associated with altered neuronal
Ca2+ regulation and synaptic plasticity mechanisms. Much of the work has focused
on the hippocampus, a brain region critically involved in learning and memory,
which is particularly susceptible to dysfunction during aging. The current chapter
takes a specific perspective, assessing various Ca2+ sources and the influence of
aging on Ca2+ sources and synaptic plasticity in the hippocampus. Integrating the
knowledge of the complexity of age-related alterations in neuronal Ca2+ signaling
and synaptic plasticity mechanisms will positively shape the development of
highly effective therapeutics to treat brain disorders including cognitive impairment
associated with aging and neurodegenerative disease.

Keywords Calcium homeostasis · Aging · Hippocampus ·
N-methyl-D-aspartate receptor · Voltage-dependent calcium channels ·
Intracellular calcium stores · Synaptic plasticity · LTP · LTD

39.1 Introduction

The Calcium (Ca2+) ions are primary signaling molecules regulating a plethora of
diverse and important cellular processes including apoptosis, energy production,
gene regulation, cell proliferation, membrane excitability, and synaptic plasticity
[1–5]. Due to the omnipresent environment of Ca2+ signaling, Ca2+ is one of the
most highly regulated ions. The cytoplasmic concentration of Ca2+ is maintained
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considerably lower than the concentration in the extracellular space [6–8]. There-
fore, any variation in Ca2+ signaling mechanisms, unless compensated by another
mechanism, will result in a modification of cell function. Ca2+ signaling within a
neuron is very complex, and an extremely precise and dynamic regulation of Ca2+
concentration is required for normal functioning. Ca2+ signaling depends primarily
on a prompt and momentary increase in intracellular Ca2+ concentration through
influx of Ca2+ from various sources including Ca2+ permeable plasma membrane
receptors, ion channels, and internal Ca2+ sources. In most cells, multiple mech-
anisms exist whereby an augmentation in intracellular Ca2+ concentrations may
ensue.

The major sources of intracellular Ca2+ include Ca2+ influx through various
voltage-dependent Ca2+ channels (VDCCs), ligand-gated nonselective glutamate
receptors, such as N-methyl-D-aspartate (NMDA) receptor, store-operated Ca2

channels (SOCs) as well as the release of Ca2+ from intracellular Ca2 stores (ICS)
[9–13]. The transient receptor potential (TRP) channels, which are non-selective
cation channels with high Ca2+ permeability, also contribute to influx of Ca2+ into
the cell cytoplasm [14–19] (Fig. 39.1). The relative contribution of these sources
will depend on the cell type: neuron, astrocyte, oligodendrocyte or microglia. In the
case of neurons, Ca2+ sources will vary depending on their size, transmitter system,
and location in excitatory or inhibitory neural circuits.

An elevation in intracellular concentration of free Ca2 plays an important role
in the induction and maintenance of activity-dependent synaptic plasticity [20–22].
The level of Ca2 in response to synaptic activity determines the degree and direction
of synaptic efficacy. Long-term potentiation (LTP) and long-term depression (LTD),
the two major forms of activity-dependent synaptic plasticity, are the best cellular
correlates of learning and memory, and are studied extensively across various brain
regions [23–27]. LTP is a long lasting increase in synaptic strength in response to
intense synaptic activity [20, 28, 29]. The induction of LTP requires activation of
postsynaptic NMDA receptors resulting in a large, yet brief, influx of Ca2+ through
the NMDA receptor channel. In turn, this large rise in intracellular Ca2+ acti-
vates Ca2+ sensitive kinases such Ca2+/calmodulin-dependent kinase II (CaMKII).
Kinase activity increases the strength of the synaptic response through phosphoryla-
tion of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate
receptors, which leads to insertion of additional AMPA-glutamate receptors into
the post-synaptic membrane [30–35]. In contrast to LTP, LTD is induced by low
synaptic activity, which leads to a modest and prolonged rise in intracellular Ca2+
concentration [36–40]. The modest and sustained rise in intracellular Ca2+ concen-
tration activates Ca2+-sensitive phosphatases that decrease synaptic transmission
through dephosphorylation of AMPA-glutamate receptors, resulting in their removal
from the post-synaptic membrane [41] (Fig. 39.2). Due to the differential level of
Ca2+ involved in the generation of the various forms of synaptic plasticity, any
treatment that modifies Ca2+ influx into the cytoplasm can influence the direction
and degree of synaptic plasticity. The dependence on differential intracellular Ca2+
levels in determining the form of synaptic plasticity underlies the observation that
stimulation patterns for the induction of LTP and LTD tend toward high and low-
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Fig. 39.1 The schematic illustration of various Ca2+ sources including ligand-gated ion channels
(such as ionotropic glutamate NMDA receptor), voltage-dependent Ca2+ channels (VDCC), G
protein-coupled receptors (GPCRs), store-operated Ca2 channels (SOCs), and transient receptor
potential channels (TRP channels). Various channels permeable to Ca2+ exist and are expressed
both on cell plasma membrane and on membrane of organelles. Alterations in cytosolic Ca2+
are dynamically regulated through interplay of various Ca2+channels, exchange pumps, and
transporters. Ca2+ (red spark) influxes into the cytosol (black dashed arrows) through various
sources in a healthy cell. NMDA receptor and VDCCs are highly selective plasma proteins that
mediate Ca2+ signals in response to membrane depolarization. The release of Ca2+ into the
cytoplasm also occurs from the intracellular Ca2+ stores through ryanodine receptors (RyR), and
inositol (1,4,5)-trisphosphate receptor (IP3R) involving phospholipase C (PLC), diacylglycerol
(DAG), and inositol (1,4,5) trisphosphate (IP3). Organelles, including endoplasmic reticulum,
mitochondria, and lysosomes act as a Ca2+ buffering system, releasing, and sequestering Ca2+
in and out of the cytosol. Further, the model depicts Ca2+ buffering and extrusion pathways (red
dashed arrows), involving plasma membrane Ca2+ ATPase (PMCA), sodium-calcium exchangers
(NCX) located on plasma membrane and mitochondria (mNCX), sarcoplasmic reticulum Ca2+
ATPases (SERCA), various Ca2+ binding proteins (CBP), nicotinic acid adenine dinucleotide
phosphate (NAADP), mitochondrial Ca2+ uniporter, mitochondrial permeability transition pore
(mPTP), and secretory pathway Ca2+-ATPases (SPCA)
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Fig. 39.2 Schematic representation of Ca2+ signaling in two major forms of synaptic plasticity,
LTD and LTP. The homeostasis of intracellular Ca2+ is dynamically regulated. Ca2+ is required
by a large number of proteins to mediate various cellular functions including synaptic plasticity.
Activity-dependent changes in synaptic function results in elevation of intracellular Ca2+ levels
through influx from various sources including VDCCs, NMDA receptor, and ICS. The large, but
brief rise in intracellular Ca2+ following intense synaptic activity activates Ca2+ sensitive kinases
and Ca2+ calmodulin (CaM)-dependent proteins. Activation of various kinase-dependent signaling
cascades, including protein kinase C (PKC), CaM-dependent kinase II (CaMKII), protein kinase
A (PKA), and extracellular regulated kinase (ERK), increases the strength of the synaptic response
(LTP) through phosphorylation of AMPA type glutamate receptors (AMPAR), which leads to
insertion of additional AMPA-glutamate receptors into the post-synaptic membrane (black arrows).
LTD is induced by low synaptic activity, which leads to a modest and prolonged rise in intracellular
Ca2+ concentration. The modest and sustained rise in intracellular Ca2+ activates Ca2+-sensitive
phosphatases including calcineurin (CaN) and protein phosphatase 1 (PP1) via CaM and induces a
decrease in synaptic transmission (LTD) through dephosphorylation of AMPAR, resulting in their
removal from the post-synaptic membrane (blue arrows)

frequency patterns, respectively. Theoretical models suggest that synaptic plasticity
is a function of synaptic activity, such that low frequency stimulation induces LTD.
As neural activity increases, there is a transition from net LTD to induction of
LTP [40, 42]. The thresholds for induction of LTD and LTP, as defined by afferent
activity, are thought to reflect activity-dependent changes in the level of intracellular
Ca2+, which in turn, activate Ca2+-dependent enzymes. The current chapter centers
on age-associated changes on various Ca2+ sources and how these alterations in
Ca2+ signaling in the CA1 region of the hippocampus contributes to altered synaptic
plasticity.
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39.2 Ca2+ Hypothesis of Brain Aging and Influence of Aging
on Various Ca2+ Sources

The Ca2+ ‘dysregulation’ hypothesis of brain aging and Alzheimer’s disease
formulated in the 1980s was based on discrete observations of alterations in
processes that are regulated by Ca2+ [43–46]. Almost four decades of research,
has accumulated substantial evidence for alterations in neuronal Ca2+ homeostasis
in contributing to changes in various processes including cellular senescence and
neurodegenerative diseases [47–60]. However, no single mechanism for Ca2+
dysregulation has been established. Rather, the causes and consequences of Ca2+
dysregulation vary across the central nervous system. As we increase our sophis-
tication for identifying molecular and cellular processes, we are likely to find
complex patterns of impaired/spared cellular function related to multiple Ca2+
regulating mechanisms. Normal aging is not associated with a loss of neurons [61,
62], so altered Ca2+ dependent physiology hypothesis including senescent synaptic
plasticity is proposed. Age-associated changes in Ca2+ signaling mechanisms,
including Ca2+ sources, contribute to alteration in synaptic function and presumably
account for impaired cognitive function [21, 46, 55, 56, 60, 63–68].

39.3 Voltage-Dependent Ca2+ Channels

Voltage-dependent Ca2+ channels (VDCCs) are highly selective plasma membrane
proteins, which open in response to membrane depolarization and allow Ca2+
influx into the cell from the extracellular space. These proteins, are heteromultimers
composed of an α1 subunit and three auxiliary subunits, α2δ, β1–4, and γ [69–72],
provide one of the most effective sources of Ca2+ influx into the neuron [73]. The
pore forming α1 subunit (190 kDa) of VDCCs is the primary subunit essential for
channel functioning. Each α1 subunit has four homologous domains (I-IV), which
are composed of six transmembrane helices. The fourth transmembrane helix of
each domain contains the voltage-sensing motif. Two classes of VDCCs have been
described; high-voltage-gated and low-voltage-gated channels, which are activated
by strong and weak depolarization, respectively. Based on differential biophysical
properties and sensitivity to pharmacological agents, high-voltage-gated channels
are further classified into the L (Cav1.1-3), P/Q (Cav2.1), and N (Cav2.2) type
channels. The low-voltage-gated channels include the T (Cav3.1) type channels.
In addition, an intermediate-voltage-gated channel, R (Cav2.3) type is expressed
throughout the central nervous system [74–80].

In aged animals, the whole-cell L-type Ca2+ currents in CA1 pyramidal neurons
are enhanced [81, 82], and there is an increase in the density of functional L-
type VDCCs [65]. The idea that L-channels are augmented in the hippocampus
during aging is also supported by mRNA and protein expression studies indicating
an increase in Cav1.3 [83–86]. Furthermore, posttranslational changes including
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the phosphorylation state of the Cav1.2 channel could contribute to age-associated
increase in activity [87–89]. However, L-channel associated intracellular Ca2+
transients may demonstrate region specific variations within the hippocampus itself.
For example, result indicates that CA3 interneurons in aged hippocampus exhibit
no alterations in intracellular Ca2+ transients at resting state; however, larger Ca2+
transients are evident in the presence of external excitatory drive produced by
kainate application [90].

It is not clearly elucidated why L-channels increase in the hippocampus during
aging. The enhancement in L-channel function appears to be specific to hippocam-
pal pyramidal cells. The expression of L-channels in the hippocampus is regulated
by the sex steroid estrogen, such that an increased expression is associated with the
decline of the hormone during aging [91]. Finally, it is possible that the increased
L-channel function, enhanced the amplitude of afterhyperpolarization (AHP), and
reduction in cell excitability represent compensatory mechanisms associated with
Ca2+ dysregulation during senescence, which attempts to restrict depolarization
and further influx of Ca2+ through NMDA receptors [21, 22, 63, 92]. Several
cellular biomarkers of senescent physiology in the hippocampus are dependent on
VDCC function, and L-type channel blockers can reverse age-related changes in the
magnitude of the AHP and spike frequency adaptation [39, 44, 46, 65, 93, 94].

39.4 Ligand-Gated Ion Channels: N-Methyl-D-Aspartate
(NMDA) Receptor

Various less-selective ligand-gated ion channels, including NMDA receptors, allow
influx of Ca2+ into intracellular space. NMDA receptors are ionotropic non-
selective cationic glutamate receptors, which play a critical role in the rapid
regulation of synaptic plasticity. NMDA receptors are hetero-tetrameric protein
complexes composed of two classes of subunits, the ubiquitously expressed and
essential subunit (GluN1) and a modulatory subunit (GluN2A- GluN2D) [95–
100]. The majority of NMDA receptors are assemblies of two GluN1 subunits,
the ubiquitously expressed and obligatory subunit, and two GluN2A-D subunits,
a modulatory subunit. In addition, GluN3 subunits (GluN3A and GluN3B), without
involving GluN2 subunits, can assemble with GluN1 subunits to form functional
receptors [101–105]. The activation of NMDA receptors requires binding of a ligand
(glutamate), membrane depolarization (to remove the Mg2+ block of the channel),
and binding of a co-agonist, glycine. Since NMDA receptor is a non-selective cation
channel, its activation and opening leads to simultaneous influx of Na+ and Ca2+
ions [106]. However, between the two predominant ionotropic glutamate receptors
(AMPA and NMDA) subtypes, the NMDA receptors are the most permeable to
Ca2+ ions [107].

There is considerable evidence to indicate that aging is associated with a
decline in NMDA receptor function within brain regions involved in higher brain
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function including learning and memory [108–115]. Perhaps the strongest evidence
for a reduction in NMDA receptor function comes from electrophysiological
studies, which indicate that the NMDA receptor mediated excitatory post synaptic
potentials in the Schaeffer collateral pathway of the hippocampus are reduced
by approximately 50% in aged animals [64, 110, 111, 116–120]. Several studies
indicate a decrease in the level of NMDA receptor protein expression in the
hippocampus during aging [114, 115, 121–129]; further, the decrease has primarily
been localized to region CA1 [112, 130–132]. These studies report reduced binding
of [3H] glutamate (agonist site), [3H] glycine (GluN1 site), [3H] CPP (a competitive
antagonist to the L-glutamate binding site), and [3H] MK-801 (an open channel
blocker) in the hippocampus of aged rats. However, others have reported no age-
related change in antagonist binding [122, 125, 133, 134] or an increased MK-801
binding in animals with learning and retention deficits [135, 136]. It is interesting
to note that MK-801 binds to the hydrophobic channel domain of NMDA receptor,
exclusively labeling open channels. Thus, an apparent increase in NMDA receptor
channel open time may act as a compensatory mechanism for the decrease in
receptor number [137]. However, the majority of reports indicate that the net
function of the NMDA receptors decreases at CA3-CA1 hippocampal synaptic
contacts during senescence [116–120].

One of the potential mechanisms for the observed decrease in the NMDA
receptor function is related to altered expression of specific NMDA receptor
subunits [138]. Significant decreases have been observed in the expression of GluN1
protein [111, 139, 140] and GluN1 mRNA [141] levels in the aged hippocampus. In
contrast, other studies report no age-related decrease in GluN1 protein expression
in the whole hippocampus [115, 142]. Despite the lack of congruent changes in
the expression levels in the hippocampus, other brain regions exhibit a decline in
GluN1 mRNA expression during aging. Indeed, senescence-related decrease in the
GluN1 mRNA expression has been observed in the medial basal hypothalamus-
median eminence [113], in the medial and lateral prefrontal cortices [143], and in
the insular, orbital, and somatosensory cortices [129]. Results indicate age-related
changes in the modulatory GluN2 subunits. A decrease in the GluN2A protein
expression has been observed in the hippocampus [114, 142]. Furthermore, GluN2A
mRNA expression was reported to decline in the ventral hippocampus [141]. In
contrast, results from other studies report no significant change in the GluN2A
protein expression levels in the hippocampus [142, 144]. Age-related changes have
also been reported for GluN2B subunit of the NMDA receptor; in particular the
expression of GluN2B protein [115, 140] and GluN2B mRNA [141, 145] declines
in the hippocampus.

From a physiological standpoint, the changes in the expression of specific GluN2
subunits could have dramatic influences on NMDA receptor function through the
regulation of mean channel open time and conductance of the NMDA receptors.
Studies on recombinant NMDA receptor expressed in Xenopus oocytes demonstrate
that NMDA receptors containing the GluN2A subunit (GluN2A-NMDARs) have
faster deactivation kinetics relative to GluN2B containing NMDARs (GluN2B-
NMDARs) [95], such that smaller ion flux is observed for the GluN2A-NMDARs,
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relative to the GluN2B-NMDA receptors. Thus, a shift in the level of GluN2 subunit
expression could modify the time course and magnitude of the Ca2+ signal leading
to reduced Ca2+ influx associated with loss of GluN2B. A shift in GluN2A and
GluN2B expression is thought to contribute to developmental changes in cognition
and synaptic function [146].

Alternatively, it is possible that alterations in the NMDA receptor localization
through the insertion of receptors into the membrane or recruitment of extra-
synaptic receptors into the synapse will have important effects on NMDA receptor
function during aging. It has been suggested that GluN2B containing receptors may
be more prevalent at extra-synaptic sites [147], which could temporarily house the
NMDA receptors, before being internalized into the cytoplasm [148, 149]. Results
indicate that extra-synaptic NMDA receptors couple to different signaling cascades,
initiate mechanisms that oppose synaptic potentiation, by shutting off the activity
of cAMP response element binding protein and decreasing expression of brain-
derived neurotropic factor [150, 151]. However, it remains to be clearly investigated
whether altered localization of the NMDA receptors (specifically extra-synaptic
localization) is the mechanism by which the NMDA receptor function declines
during senescence.

Another likely candidate mechanism for regulating NMDA receptor function
during aging is posttranslational modification of the receptor. In particular, the
function of the NMDA receptor is influenced by its phosphorylation state. Acti-
vation of the tyrosine kinase [152, 153], protein kinase C [154, 155] and protein
kinase A [156] increases NMDA receptor mediated currents. In contrast, protein
phosphatases, including calcineurin (CaN) and protein phosphatase 1, decrease
NMDA receptor currents [153, 156, 157]. Phosphorylation state of GluN2A and
GluN2B subunits can rapidly regulate surface expression and localization of these
receptors [158–161]. For example, phosphorylation of serine residues within the
alternatively spliced cassettes of the C-terminal tail of GluN1 promotes receptor
trafficking from the endoplasmic reticulum and insertion into the postsynaptic
membrane [162, 163]. Finally, increased phosphatase activity has been linked to
the internalization of NMDA receptors [164]. Thus, the kinases and phosphatases
act as molecular switches which increase or decrease NMDA receptor function,
respectively. Interestingly, aging is associated with a shift in the balance of
kinase/phosphatase activity, favoring an increase in the phosphatase activity [22,
88, 165]. Thus, alterations in the phosphorylation state of the NMDA receptor could
underlie the decrease in the NMDA receptor function during aging [166].

NMDA receptor function can be altered by the oxidation and reduction of
sulfhydryl moieties on their structure. Previous research demonstrates that oxidizing
agents like 5,5′-dithiobis(2-nitrobenzoic acid) [167], hydroxyl radicals generated by
xanthine/xanthine oxidase [168] and oxidized glutathione [169] decrease NMDA
receptor function in the neuronal cell cultures. The decrease in NMDA receptor
function under oxidizing conditions is thought to result from the formation of
disulfide bonds on the sulfhydryl group containing amino acid residues in NMDA
receptors [170–172]. The aging brain is associated with an increase in the levels of
oxidative stress and/or a decrease in redox buffering capacity [173–175], conditions
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that should promote a decrease in NMDA receptor function. Little or no effect
of oxidizing agents was observed for older animals, suggesting that cells were
already in an oxidized state. In contrast, reducing conditions enhanced NMDA
receptor mediated synaptic responses in hippocampus of aged animals [64, 118–
120, 176–179]. Results provide evidence for a link between the redox-mediated
decrease in NMDA receptor function and the emergence of an age-related cognitive
phenotype with impairment in the rapid acquisition and retention of novel spatial
information [118, 119]. Further, results demonstrate that the age-related decrease in
NMDA receptor-mediated synaptic responses at CA3-CA1 hippocampal synapses is
related to redox state such that the reducing agent significantly enhanced the NMDA
receptor component of the synaptic response to a greater extent in cognitively
impaired animals relative to unimpaired animals [118, 180].

NMDA receptor function in neurons is regulated by local supporting cells,
astrocytes and microglia, thus acting as an additional possible mechanism for the
age-related changes to NMDA receptor function. Astrocytes are a major source of
D-serine, an endogenous co-agonist for the NMDA receptor, which binds to the
glycine site [181]. An age-related loss of D-serine is observed in the hippocampus
of rats [182]. Furthermore, the age-related decline in the NMDA receptor function
is rescued by D-cycloserine [128]. Microglia contribute to the brain’s immune
system and activated microglia can also release D-serine [183, 184]. In accordance
with this idea, recent reports suggest that microglia can potentiate the NMDA
receptor-mediated synaptic responses in cortical neurons [185, 186]. Finally, there
is evidence for a feedback reduction in NMDA receptors due to excess synaptic
glutamate activity during microglial activation [187, 188]. In light of the interactions
of NMDA receptors and glial cells, it is important to consider the possibility that
the decrease in NMDA receptor function might represent a compensatory neuro-
protective mechanism associated with inappropriate receptor activity or increased
Ca2+ due to other mechanisms. Thus, impaired NMDA receptor-dependent synaptic
plasticity and memory decline may be epiphenomena due to processes for cell
preservation [21, 22, 63, 92]. Indeed, upregulation of GluN2B subunits improves
synaptic plasticity and memory in aged mice [117, 189] indicating that increased
NMDA receptor function can ameliorate physiological aging.

39.5 Ca2+ Release from Intracellular Ca2+ Stores

Intracellular Ca2+ stores (ICS), in addition to Ca2+ influx from outside the cell,
dynamically participate and play a significant role in regulating larger Ca2+ signals
[190, 191]. Organelles, including the endoplasmic reticulum (ER), mitochondria,
nuclear envelope, neurotransmitter vesicles, and lysosomes play a dual role by
acting as a Ca2+ buffering-sequestering system for intracellular Ca2+ and releasing
Ca2+ into the cytoplasm [58, 192–202]. Thus, there are at least two possible
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mechanisms by which ICS regulate Ca2+ homeostasis: (1) release of stored Ca2+ to
enhance Ca2+ signals and (2) removing cytosolic Ca2+ following a large influx.

Two independent pathways, Ca2+-induced Ca2+ release (CICR) and inositol
(1,4,5)-trisphosphate (IP3)-induced Ca2+ release (IICR) control Ca2+ release from
intracellular stores. The CICR is a Ca2+ augmentation process initiated by Ca2+
influx through the plasma membrane that activates ryanodine receptors (RyRs),
while IICR is IP3-acivated release of Ca2+ from intracellular sources [193]. The
release of Ca2+ from the ER is initiated by the activation of G protein-coupled
receptors (GPCRs). GPCRs activate phospholipase C (PLC) to form diacylglycerol
(DAG) and IP3 that act on IP3 receptors (IP3Rs) to release Ca2+ from ICS. Several
studies indicate age-related changes in GPCRs or PLC [203–205]. Despite a general
decrease in the receptor, the literature suggests that a decrease in IP3 induced Ca2+
release is either limited to cortical cells [206] or no age-related change is observed
[206–210]. The disconnect between a reduction in IP3R expression and the apparent
absence of an effect of age on IP3-induced Ca2+ release may be due to increased
oxidation of the IP3Rs which has been demonstrated to increase IP3R function in
brain cells [211, 212]. As such, reduced expression may act as compensation for an
altered redox state, in order to maintain proper IP3 signaling.

CICR is a Ca2+ amplification process that is initiated by influx of Ca2+ through
membrane channels or from ICS through the activation of IP3Rs. The intracellular
Ca2+ binds RyRs to release additional Ca2+ into the cytosol from the ER.
Accumulating evidence supports a role of altered CICR in contributing to altered
physiology of normal aging. Rather, an age-related increase in oxidative stress and
a shift in the intracellular redox state may enhance the responsiveness of RyRs
to intracellular Ca2+ [68, 213–215]. Ca2+ release from ICS contributes towards
enhancing NMDA-receptor mediated Ca2+ influx for induction of LTP [216–219].
Recent results reveal that activation of Ca2+ release from RyRs receptor facilitated
LTD while attenuation of RyR-mediated Ca2+ release significantly prevented the
induction of LTD in young animals [220]. Aging is associated with an increase RyRs
protein content in hippocampal tissue and enhanced oxidation of cysteine residues
located on RyRs [221]. Increased CICR appears to contribute to altered physiology
in hippocampal neurons [38, 177, 222–224]. As noted above, hippocampal cells
exhibit increase Ca2+ from L-type Ca2+ channels, which could provide a source
of Ca2+ to fill ICS and activate CICR from ICS. Thus, the contribution of CICR
to aging physiology in hippocampal cells may be due to a summation of various
mechanisms.

39.6 Influence of Aging-Associated Altered Ca2+ Regulation
on Synaptic Plasticity: LTP and LTD

Complex and synergistic molecular and cellular processes probably contribute to
memory formation and storage in the brain. Several evidence suggest that multiple
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mechanisms including synaptic changes and intrinsic neuronal excitability are
involved in information processing and storage [23–27, 225, 226]. Aging is a
complex process; in general, aging is associated with a shift in synaptic plasticity
favoring decreased synaptic transmission (i.e. LTD) and a reduced ability to enhance
synaptic transmission through LTP. Indeed, the impairment in LTP may begin in
middle age [227]. It has been suggested that the shift in synaptic plasticity, favoring
LTD over LTP, contributes to the decrease in synaptic transmission observed in
aged animals [21, 22, 63, 92]. In considering the mechanism for synaptic plasticity
involvement in regulating synaptic transmission during aging, it is important to note
that the shift in synaptic modifiability is not due to a change in the expression
mechanisms. For example, there is no age-related difference in the maximal LTP
magnitude observed under conditions in which strong burst of synaptic stimulation
is delivered [228–231]. In addition, maximal LTP can be observed in aged animals
when single pulses are combined with strong postsynaptic depolarization [232], or
weak stimulation is combined with increased Ca2+ in the recording medium [233]
suggesting that the NMDA receptor/Ca2+-dependent signaling pathways for the
induction of LTP are maintained.

Similarly, the increase in LTD in aged animals is not due to an enhancement
in the expression mechanism or an increase in the maximum amplitude of LTD.
Robust LTD can be observed in adults when Ca2+ levels are elevated in the
recording media [228]. In addition, a substantial level of LTD can be observed
by using more effective induction protocols involving paired-pulse low-frequency
stimulation [234, 235]. In fact, administration of multiple episodes of the paired-
pulse low-frequency stimulation produces similar levels of LTD in aged and adult
animals [231]. Thus, it can be concluded that the age-related difference in synaptic
modifiability is not due to a change in the expression mechanisms.

One possibility for a shift in the balance of LTP and LTD is an adjustment in the
induction mechanisms, which are engaged to initiate synaptic modifications. The
original reports of increased susceptibility to LTD in aged animals hypothesized that
altered Ca2+ regulation resulted in a shift in the threshold for induction of synaptic
plasticity over the life span [21, 60, 228]. Indeed, the ability to generate LTD
using the weaker stimulation protocol decreases as animals mature from juvenile
to adult [235, 236], and the propensity to induce LTD is once again augmented with
advanced age [38, 228, 237, 238]. The dependence on Ca2+ regulation for LTD
induction is readily demonstrated by altering the Ca2+/Mg2+ ratio in the recording
medium. While LTD is observed for aged animals and little or no LTD is observed
for adult animals under Ca2+/Mg2+ conditions that mimic cerebral spinal fluid,
LTD can be readily observed in adults if the level of Ca2+ is increased relative to
Mg2+. Moreover, the elevation of Ca2+/Mg2+ ratio may prevent LTD in the oldest
animals due to a shift in intracellular Ca2+ levels beyond the range needed for LTD-
induction or possibly due to increased susceptibility to toxic effects of higher Ca2+
in the oldest animals.

Interestingly, an age-related reduction in susceptibility to LTP is observed when
stimulation parameters are set near the threshold for LTP-induction [223, 237,
239–241]. The induction mechanism for LTP involves the activation of NMDA
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receptors through the coincident binding of glutamate to the receptor and sufficient
postsynaptic depolarization to remove the Mg2+ block from the NMDA receptor
channel. In turn, weaken synaptic depolarization or disruption of NMDA receptors
could contribute to impairments in induction of LTP. Evidence has been provided
that NMDA receptor function may be compromised due to altered Ca2+ regulation
leading to increased activity of the Ca2+-dependent phosphatase, CaN. The activity
of CaN depends on a modest rise in intracellular Ca2+ and aged memory impaired
animals exhibit an increase in CaN activity [165]. In turn, CaN can act on NMDA
receptors to reduce Ca2+ influx [157, 242].

The idea that induction of LTP is subdued as a result of a reduction in NMDA
receptor activation is supported by research showing that induction deficits can be
overcome by strong postsynaptic depolarization [232]. Indeed, there are several
reasons to believe that an inability to achieve sufficient postsynaptic depolarization,
a prerequisite for NMDA receptor activation, may be more problematic for LTP
induction during aging. The reduced synaptic strength of aged animals may result
in a reduced afferent cooperativity in depolarizing the postsynaptic neuron and an
inability to reach the level of depolarization needed for NMDA receptor activation.
The AHP, a Ca2+-dependent, K+ mediated process, contributes to hyperpolarization
and controls the cell excitability. Importantly, generation of the AHP depends on
Ca2+ and all three AHP components, fast (fAHP), a medium (mAHP), and a slow
(sAHP), rely on Ca2+ [243]. The amplitude and duration of AHP is significantly
enhanced in aged animals [44, 56, 66, 93, 94, 177, 222, 226, 244–246]. The
inability to depolarize the cell is compounded, during patterned stimulation, due
to the larger AHP. In fact, results suggest that it is the large AHP which underlies
much of the LTP impairment [21, 22, 63, 92] and may even mask the propensity
for enhanced LTP-induction during aging [223]. Normally, there is a relationship
between the frequency of afferent stimulation required for LTP induction and the
level of depolarization [247]. However, as noted above, a large and long-lasting
AHP is observed following an action potential in older animals [44, 56, 66, 93,
94, 177, 222, 244–246]. The large AHP disrupts the integration of depolarizing
postsynaptic potentials and the duration of this disruption is a function of the
extent and duration of the AHP [21, 60, 92]. The disruption would increase the
level of stimulation needed for LTP (Fig. 39.3). Result shows that pharmacological
manipulations that reduce the AHP shift the frequency response functions such that
LTP can be observed for much lower stimulation frequencies that would normally
not elicit LTP in young or aged animals. The reduction in the AHP amplitude
permits increased activation of NMDA receptor, to shift the threshold for induction
of synaptic plasticity [39, 229]. It should be noted that L-channel blockade does not
completely ameliorate age-related differences. The AHP amplitude is reduced but
not to the levels observed in young animals [248]. In aged rats, blockade of VDCCs
[39] or inhibition of Ca2+ stores [223] reduces the AHP and facilitates induction
of LTP. The process can be reversed such that an increase in the AHP following
the addition of an L-channel agonist prevents LTP-induction by 5 Hz stimulation
[223]. Thus, an interesting aspect of this work is the fact that while induction of
LTP depends on a large rise in intracellular Ca2+, LTP-induction is facilitated by
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Fig. 39.3 Diagrammatic illustration of the relationship between altered Ca2+ regulation and
synaptic plasticity during aging. An age-related alterations in Ca2+ regulation (increased release
from voltage-dependent Ca2+ channels-VDCCs, intracellular stores-ICS, and transient receptor
potential channels-TRP channels, and decreased NMDA receptor function) augments intracellular
Ca2+ concentration during neural activity, which facilitates LTD-induction in response to low
synaptic activity and increases the degree and duration of the afterhyperpolarization. In turn, a
reduction in the level of depolarization due to a decline in cooperativity of decreased strength of
synaptic contacts and an enhanced afterhyperpolarization acts to impair NMDA receptor activation
and subsequent LTP-induction. The shift in the balance of LTP/LTD, preferring LTD, acts to
decline synaptic strength with advanced age

blocking several Ca2+ sources that contribute to the AHP. The augmentation in the
AHP amplitude diminishes the activation of NMDA channels, further contributing
to impaired synaptic plasticity [60, 63]. The enhanced AHP with age is linked to
increased involvement of VDCCs and internal Ca2+ stores [44, 46, 66, 93, 94,
177, 222, 223, 237, 248–254]. Thus, changes in Ca2+ from VDCCs or ICS can
act through the AHP to impair NMDA receptor function.

A complimentary method for investigating the relationship between the AHP and
LTP threshold is to reduce the AHP through manipulation of the potassium channels.
For example, blockade of SK channels by apamin increases cell excitability and
facilitates LTP-induction [39]. Moreover, deletion of the Kvβ1.1 subunit results in
enhanced cell repolarization during repetitive firing by preventing A-type potassium
channel inactivation. In turn, the normal spike broadening and increased Ca2+ influx
through VDCCs is impaired by rapid repolarization. In aged, Kvβ1.1 knockout
mice, the AHP is reduced, LTP is facilitated, and spatial memory is enhanced [255].
The results emphasize that the source of Ca2+ provides an overriding control of
synaptic modifiability, shifting the threshold frequency of LTP-induction.
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The shift in Ca2+ sources, increased AHP, and altered Ca2+ signaling, involving
a shift in the activity of phosphatases and kinases also give rise to increased
susceptibility to induction of LTD during aging. As described earlier, the induction
of LTD depends on a modest rise in Ca2+, which activates a signaling cascade
to dephosphorylate glutamate receptors. Studies indicate that induction of LTD
depends on suppression of NMDA receptors through a process in which Ca2+ influx
through L-channels activates the Ca2+-dependent phosphatase, CaN, resulting in
reduced NMDA receptor function [247]. In aged animals, blockade of NMDA
receptors can reduce, but does not necessarily prevent LTD [39]. In fact, LTD
induction is facilitated by treatments that enhance potassium channel currents,
hyperpolarizing the cell and limiting NMDA receptor activity [256]. Treatments that
reduce the amplitude of the AHP including blockade of L-channels [39], depletion
of Ca2+ stores [38], or treatment with estrogen [93, 238] impairs LTD induction in
aged animals. The increase in CICR activates Ca2+-dependent potassium channels
in the membrane, inducing larger AHP. Attenuating CICR, by blocking RyR or
depletion of Ca2+ from ICS, has a greater influence in reducing the amplitude of
the AHP in aged animals [177, 222, 223], indicating an aging-specific mechanism.
Thus, like LTP, the source of Ca2+ is important in determining synapse modifiability
and LTD depends on Ca2+ from VDCCs and intracellular stores rather than NMDA
receptors.

These results suggest a shift in Ca2+ homeostasis such that aging cells exhibit
reduced Ca2+ influx from NMDA receptors and an increase contribution from
VDCCs and ICS to intracellular Ca2+ during neural activity [21, 22, 63, 92]. In
addition, it is likely that aged neurons exhibit changes in intracellular buffering and
processes for extrusion of Ca2+ [257]. Collectively, this shift results in changes in
Ca2+-related physiology including an increase in the AHP amplitude and impaired
LTP induction, at least under physiological Ca2+/Mg2+ conditions. The change
in Ca2 regulation, which shifts the cell away from Ca2+ influx through NMDA
receptors, may be neuroprotective against Ca2+ mediated damage and thus act
as compensation for increased vulnerability to neurotoxicity [258]. Physiological
studies consistently indicate that NMDA receptor mediated excitatory postsynaptic
potentials in the Schaffer collateral pathway of the hippocampus are significantly
reduced in aged animals [110, 111, 117–120, 128, 176]. In turn, a decrease in
NMDA receptor function is likely to influence induction of synaptic plasticity [259,
260] (i.e. metaplasticity [261]).

Alternatively, the shift in Ca2+ homeostasis could result from age-related
increase in oxidative stress [262–264]. Reactive oxygen species could induce a
rise in intracellular Ca2+ through release of Ca2+ from Ca2+ binding proteins
(i.e. decreased buffering), and oxidation of Ca2+ regulatory proteins (calmodulin,
SERCA, PMCA) would disrupt intracellular stores, and increase entry through
Ca2+ channels [263, 265]. In the hippocampus, oxidative stress has effects which
mimic aging; increasing Ca2+ influx through L-channels [266, 267], increasing
the function of Ca2+-dependent K+ channels [251, 268], and decreasing NMDA
receptor function [269]. Furthermore, oxygen radicals can influence the activity of
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Ca2+ dependent enzymes. The unstable super oxide (O.) or high levels of H2O2
(beyond the physiological range) inhibit CaN in tissue homogenates [270, 271].
However, in intact tissue, reactive oxygen species increase CaN activity, either
through changes in the CaN inhibitory protein [272] or altered Ca2+ regulation
involving increased Ca2+ from intracellular stores and VDCCs, leading to impaired
induction of LTP [270]. Recent results provide evidence that enhanced oxidative
stress also contributes to a reduction in Ca2+ influx [273].

Several recent studies have provided ample evidence that FK506-binding protein
12.6/1b (FKBP1b), a regulator of neuronal intracellular Ca2+, negatively regulates
Ca2+ release from RyRs, and attenuates influx of Ca2+ from L-type VDCCs.
In addition, selective down regulation of FKBP1b in the hippocampus of young
animals induced RyR-mediated dysregulation of Ca2+ homeostasis similar to that
observed in aged animals [56, 274, 275]. Finally, viral-mediated upregulation
of FKBP1b in the hippocampus reverses aging-associated dysregulation of Ca2+
signaling, reduces age-associated augmented AHP amplitude, restores genomic
regulation, and ameliorates cognitive performance [55, 56]. Latest results demon-
strated that age-associated enhanced oxidation of RyR contributes to decreased LTP
induction and cognitive impairment [221].

39.7 Conclusion

The Ca2+ ion is a central signaling molecule in a wide range of cellular pro-
cesses including synaptic plasticity, and the proper functioning of Ca2+ signaling
machinery is essential for normal neuronal function. Alterations in neuronal Ca2+
homeostasis and Ca2+-dependent physiological processes are the most consistent
neurobiological manifestations of normal brain aging. Ca2+ dysregulation is not
ubiquitous and mechanisms of altered regulation are restricted to specific cell
populations. For example, an age-related increase in L-type Ca2+ channels is
relatively specific to hippocampal pyramidal cells. Furthermore, an age-related
decrease in NMDA receptor function, specifically in the hippocampus, suggests
a possible compensatory mechanism to limit intracellular Ca2+ levels. However,
such a mechanism may protect the cell at the expense of cell function. Cell specific
susceptibility to Ca2+ dysregulation depends on environmental and genomic factors
in addition to the availability of mechanisms for handling Ca2+. The level of neural
activity may render some regions more susceptible to oxidative stress, resulting in
multiple changes to increase intracellular Ca2+ concentration including increased
release of Ca2+ from ICS, impaired Ca2+ pumps, and weakened Ca2+ buffering.
In turn, gene mutations may interact with age and cell specific alterations in Ca2+
regulation to produce the pattern of neuronal death, which characterizes neurode-
generative diseases. Due to the importance of Ca2+ as a crucial signaling molecule,
selective regulation of Ca2+ in a particular set of neurons may be a daunting task
for treating age-related diseases. Clearly, future studies are needed to delineate
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the contribution of several mechanisms in optimizing neuronal Ca2+ regulating
machinery and the influence of abnormal Ca2+ signaling in age-associated altered
synaptic plasticity processes and cognitive function.
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Chapter 40
Calcium Signaling in Endothelial Colony
Forming Cells in Health and Disease

Francesco Moccia

Abstract Endothelial colony forming cells (ECFCs) represent the only known truly
endothelial precursors. ECFCs are released in peripheral circulation to restore the
vascular networks dismantled by an ischemic insult or to sustain the early phases of
the angiogenic switch in solid tumors. A growing number of studies demonstrated
that intracellular Ca2+ signaling plays a crucial role in driving ECFC proliferation,
migration, homing and neovessel formation. For instance, vascular endothelial
growth factor (VEGF) triggers intracellular Ca2+ oscillations and stimulates angio-
genesis in healthy ECFCs, whereas stromal derived factor-1α promotes ECFC
migration through a biphasic Ca2+ signal. The Ca2+ toolkit endowed to circulating
ECFCs is extremely plastic and shows striking differences depending on the physio-
logical background of the donor. For instance, inositol-1,4,5-trisphosphate-induced
Ca2+ release from the endoplasmic reticulum is downregulated in tumor-derived
ECFCs, while agonists-induced store-operated Ca2+ entry is up-regulated in renal
cellular carcinoma and is unaltered in breast cancer and reduced in infantile
hemangioma. This remodeling of the Ca2+ toolkit prevents VEGF-induced pro-
angiogenic Ca2+ oscillations in tumor-derived ECFCs. An emerging theme of
research is the dysregulation of the Ca2+ toolkit in primary myelofibrosis-derived
ECFCs, as this myeloproliferative disorder may depend on a driver mutation in
the calreticulin gene. In this chapter, I provide a comprehensive, but succinct,
description on the architecture and role of the intracellular Ca2+ signaling toolkit
in ECFCs derived from umbilical cord blood and from peripheral blood of healthy
donors, cancer patients and subjects affected by primary myelofibrosis.
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40.1 Introduction

Endothelial progenitor cells (EPCs) are released in the bloodstream to replace senes-
cent or injured endothelial cells and to restore the vascular networks disrupted by an
ischemic insult [1, 2]. Moreover, EPCs sustain tumor angiogenesis and metastasis
by providing the building blocks for nascent vasculature and by stimulating local
angiogenesis in a paracrine manner [3]. Circulating EPCs can be subdivided into
two main cellular populations based on their hematopoietic or endothelial lineage
[1]. Myeloid angiogenic cells (MACs), also known as circulating angiogenic cells
(CACs) or “early” EPCs, represent a population of hematopoietic EPCs that are
released from bone marrow and promote vascular repair in a paracrine manner, even
though they are not able to physically engraft within neovessels and show limited
proliferative potential. Endothelial colony forming cells (ECFCs), also known as
blood outgrowth endothelial cells (BOECs) or “late” EPCs, constitute the only
known truly endothelial precursors with an enormous potential for vascular recon-
struction [1, 4]. ECFCs express the surface antigens CD31, CD105, CD144, CD146,
von Willebrand factor (vWF), VEGFR-2 (KDR) and display the ability to ingest the
ability to ingest acetylated low density lipoprotein (AcLDL). Furthermore, ECFCs
lack the hematopoietic or monocytes/macrophage surface antigens CD14, CD45, or
CD115 [5]. ECFCs mainly reside within vascular stem cell niches, display a robust
clonogenic potential, assemble into capillary-like structures in vitro and give raise
to durable and functional blood vessels in multiple murine models of cardiovascular
disorders [1, 4]. Moreover, ECFCs drive the angiogenic switch during the early
phases of vascular growth in many types of solid cancers, including melanoma and
breast cancer [4, 6]. Therefore, ECFCs are regarded as the most suitable cellular
candidates for regenerative stem cell therapy of cardiovascular disorders [7] and the
most promising target for anti-angiogenic therapy [3, 8].

Intracellular Ca2+ signaling has long been known to stimulate angiogenesis
under both physiological and pathological conditions [9]. Growth factors and
cytokines, such as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), angiopoietins, and stromal
cell-derived factor-1α (SDF-1α), stimulate endothelial proliferation, migration, and
tube formation through an increase in intracellular Ca2+ concentration ([Ca2+]i)
[10–17]. Recent studies demonstrated that Ca2+ signaling plays a key role in
ECFC proliferation, tube formation and neovessel formation [18, 19]. This review
discusses how insulin-like growth factor 2 (IGF2), SDF-1α and VEGF impinge on
distinct Ca2+ waveforms to regulate the angiogenic behavior of ECFCs derived
from human peripheral blood and umbilical cord blood (PB-ECFCs and UCB-
ECFCs, respectively). Furthermore, this review discusses how the remodeling of
the Ca2+ toolkit in PB-ECFCs may contribute to the development of resistance to
anti-angiogenic therapies in renal cellular carcinoma (RCC), breast cancer (BC),
and infantile hemangioma (IH) patients. Finally, this review discusses how the Ca2+
signaling machinery undergoes an extensive rewiring also in ECFCs deriving from
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subjects affected by primary myelofibrosis (PMF-ECFCs), a myeloproliferative
disorder that may include a driver mutation in the calreticulin gene [20].

40.2 The Intracellular Ca2+ Toolkit in Peripheral
Blood-Derived Endothelial Colony Forming Cells

The concerted interaction of multiple Ca2+-transporting systems contributes to
maintain the resting [Ca2+]i in ECFCs and to clear cytosolic Ca2+ upon extracel-
lular stimulation [18, 19]. A thorough transcriptomic analysis revealed that ECFCs
express some of the most widespread endothelial transporter and pump isoforms
[21]. These include Sarco-Endoplasmic Reticulum Ca2+-ATPase 2B (SERCA2B),
which sequesters cytosolic Ca2+ into the endoplasmic reticulum (ER) lumen, the
most abundant intracellular Ca2+ reservoir; Plasma Membrane Ca2+-ATPase 1B
(PMCA1B) and PMCA4B, which extrude Ca2+ towards the extracellular space.
Surprisingly, ECFCs lack the endothelial isoforms of the Na+/Ca2+ exchanger
(NCX), e.g. NCX1.3 and NCX1.7, which sustain PMCA-mediated Ca2+ extrusion
across the plasma membrane in vascular endothelial cells [22]. In agreement
with this observation, reverting the Na+ gradient through Na+ substitution, which
induces NCX to switch from the forward (3 Na+ in: 1 Ca2+ out) to the reverse (3
Na+ out: 1 Ca2+ in) Ca2+ entry mode [23], did not cause any detectable increase in
[Ca2+]i in ECFCs [18].

ECFCs impinge on two main Ca2+ sources to generate intracellular Ca2+
signals in response to extracellular stimulation [18, 19], namely the ER and the
extracellular milieu (Fig. 40.1). Growth factors and cytokines bind, respectively, to
their specific Tyrosine Kinase Receptors (TRKs), such as VEGFR2 (for VEGF),
and G-Protein Coupled Receptors (GPCRs), such as IGF2 receptor (IGFR2) and
CXCR4 (for SDF-1α), thereby causing an increase in [Ca2+]i through the activation
of multiple isoforms of phospholipase C (PLC) [19, 24–26]. Accordingly, GPCRs
and TKRs recruit, respectively, PLCβ and PLCγ, which cleave phosphatidylinositol
4,5-bisphosphate (PIP2), a minor phospholipid component of the plasma membrane,
into the intracellular second messengers, inositol-1,4,5-trisphosphate (InsP3) and
diacylglycerol (DAG) [19]. ECFCs are endowed with PLCβ2, which may be
recruited by IGF2 and SDF-1α through the Gβγ dimer [24], while it is still unclear
which PLCγ isoforms (PLCγ1–4) they express. In addition, ECFCs express all the
three InsP3 receptor isoforms (InsP3Rs), namely InsP3R1, InsP3R2 and InsP3R3
(Table 40.1) [26]. InsP3, therefore, binds to ER-embedded InsP3Rs and causes
transient or rhythmical Ca2+ release into the cytosol, leading to a massive reduction
in ER Ca2+ concentration [24, 26, 27]. Conversely, ECFCs lack ryanodine receptors
(RyRs) (Table 40.1) and do not produce Ca2+ signals in response to caffeine [27,
28]. In addition, endogenous Ca2+ may be accumulated within the acidic vesicles
of the endolysosomal (EL) compartment [29]. ECFCs express high protein levels of
the two-pore channel 1 (TPC1) (Table 40.1), which is gated by the newly discovered
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Fig. 40.1 The intracellular Ca2+toolkit in human endothelial colony forming cells. Extracel-
lular autacoids bind to specific G-protein Coupled Receptors (GPCRs) or Tyrosin Kinase Receptors
(TKRs), thereby activating PLCβ2 and PLCγ, respectively, which cleave PIP2 into InsP3 and DAG.
InsP3 triggers ER-dependent Ca2+ release through InsP3Rs, while DAG gates TRPC3 in UCB-
ECFCs. The newly discovered second messenger NAADP stimulates TPC1 to cause Ca2+ release
from the acidic vesicles of the endolysosomal (EL) system. NAADP-induced Ca2+ release could,
in turn, recruit InsP3Rs through the Ca2+-induced Ca2+ release process. The InsP3-dependent drop
in ER Ca2+ levels induces SOCE, which is mediated by the interaction between STIM1, Orai1 and
TRPC1. Moreover, extracellular Ca2+ entry may occur through TRPV1, TRPV4 and TRPM7.
TKRs and GPCRs are representative of IGFR2 and VEGFRs and of P2Y receptors and CXCR4,
respectively

second messenger, nicotinic acid adenine dinucleotide phosphate (NAADP), and
mediates massive EL Ca2+ release into the cytoplasm [28, 30]. Mitochondria
may also modulate intracellular Ca2+ signals by buffering InsP3-dependent Ca2+
release and extracellular Ca2+ influx in ECFCs [21, 31]. For instance, InsP3-driven
mitochondrial Ca2+ signals sustain ECFC bioenergetics [32], as reported in vascular
endothelium [33].

Extracellular Ca2+ entry in ECFCs is mediated by store-operated Ca2+ entry
(SOCE) and members of the Transient Receptor Potential (TRP) superfamily
of non-selective cation channels (Table 40.1) [19, 34]. SOCE is physiologically
activated by the InsP3-induced depletion of the ER Ca2+ store and is accomplished
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by the interaction between Stromal Interaction Molecule 1 (STIM1), a sensor of
ER Ca2+ levels, and Orai1 and Transient Receptor Potential (TRP) Canonical 1
(TRPC1), which form the Ca2+-permeable channel(s) on the plasma membrane [19,
27, 35, 36]. InsP3-evoked ER-dependent Ca2+ release induced STIM1 aggregation
into ER-plasma membrane clusters, known as puncta, in which STIM1 interacts
with and activates Orai1 and TRPC1 [19, 36]. It is, however, still unknown whether
Orai1 and TRPC1 assemble into a unique supermolecular complex, as observed
in human megakaryocytes [37] and platelets [38], or mediate two distinct STIM1-
dependent channels, as described in human submandibular gland cells [39], mouse
salivary acinar cells [40] and mouse pancreatic acinar cells [41]. TRPC1 has been
shown to contribute to SOCE also in mouse bone marrow-derived ECFCs [42].
SOCE in ECFCs is blocked by 10 μM La3+ or Gd3+, YM-58483/BTP-2, which
lacks side effects in ECFCs [34], Pyr6 and carboxyamidotriazole (CAI) [27, 35,
43].

The TRP superfamily consists of 28 (27 human) members which fall into six
subfamilies based on amino acid sequence similarity and function [44]: TRPC
for canonical (TRPC1–7), TRPV for vanilloid (TRPV1–6), TRPM for melastatin
(TRPM1–8), TRPA for ankyrin (TRPA1), TRPML for mucolipin (TRPML1–3), and
TRPP for polycystin (TRPP; TRPP2, TRPP3 and TRPP5) [44]. Little information
is available regarding TRP channel expression in human ECFCs. Apart from
TRPC1, PB-ECFCs express TRPC4, while they lack TRPC3, TRPC5 and TRPC6,
which play a crucial role in angiogenesis and blood pressure regulation in vascular
endothelial cells [45–47]. Nevertheless, TRPC3 is abundantly expressed in UCB-
ECFCs (Table 40.1) [48]. On the other hand, PB-ECFCs possess multiple TRP
channel isoforms, i.e. TRPV1, TRPV4 and TRPM7 (Table 40.1) [19]. TRPV1 is
a polymodal non-selective cation channel that is gated by noxious heat (>43 ◦C),
protons (pH < 5.9), endovanilloids, and many natural products, including dietary
compounds, such as capsaicin, eugenol, and gingerol [49]. A recent study showed
that TRPV1 mediates cell proliferation and tube formation in ECFCs by promoting
anandamide uptake in a Ca2+-independent manner [50]. This effect was further
enhanced by capsaicin [50]. Similar to TRPV1, TRPV4 is a polymodal Ca2+-
permeable channel that is activated by a disparate array of stimuli, including
heat (>25 ◦C), hypotonicity, acidic pH, arachidonic acid (AA) and phospholipase
A2-mediated AA metabolites [51]. AA stimulates TRPV4 to stimulate ECFC
proliferation by recruiting the endothelial nitric oxide (NO) synthase (eNOS) and
triggering robust NO release [28, 52]. Finally, TRPM7 is a constitutively active non-
selective cation channel which is highly permeable to extracellular divalent cations,
i.e. Ca2+ and Mg2+, and is physiologically regulated by multiple mechanisms,
including: a reduction in intracellular Mg2+ and Mg-ATP, depletion of PIP2 in the
plasma membrane upon PLC activation, laminar shear stress and membrane stretch
[53]. Recent work showed that TRPM7 has no impact on ECFC growth, although it
stimulates proliferation in human microvascular endothelial cells [54].
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40.3 IGF2 and SDF-1α Stimulate ECFC Homing Through
an Increase in [Ca2+]i

Ischemic tissues release a multitude of cytokines, including IGF2 and SDF-1α,
which recruit circulating ECFCs or stimulate ECFC mobilization from the vascular
niches and promote their physical incorporation within nascent neovessels [24, 55].
IGF2 stimulated IGFR2 to cause an increase in [Ca2+]i through the recruitment
of PLCβ2 [24]. Intracellular Ca2+ mobilization was, in turn, required to drive
UCB-ECFC chemotaxis and adhesion to a fibronectin matrix in vitro. Furthermore,
IGF2-evoked Ca2+ signals induced UCB-ECFC recruitment to injured vessels and
incorporation into newly formed vessels in vivo, thereby promoting vascular repair
in a murine model of hindlimb ischemia [24]. Subsequent work demonstrated
that also SDF-1α stimulates PB-ECFC migration in vitro and neovessel formation
in vivo through intracellular Ca2+ signaling [25]. SDF-1α-evoked increase in
[Ca2+]i was mediated by CXCR4 and achieved the largest magnitude at 10 ng/mL,
whereas it desensitized at higher concentrations (i.e. 50 ng/mL). The Ca2+ response
to SDF-1α consisted in an initial Ca2+ peak, which was mediated by InsP3-
dependent ER Ca2+ release, followed by a prolonged plateau phase, which was
due to SOCE activation [25]. SDF-1α induced Ca2+ signaling, in turn, engaged
the phosphoinositide 3-kinase (PI3K)/Akt and extracellular signal–regulated kinase
(ERK) signaling pathways [25], which are both necessary for ECFC migration and
neovessel formation [25, 56]. Therefore, intracellular Ca2+ signaling plays a crucial
role in promoting ECFC homing to hypoxic tissues by mediating the chemotactic
effect of multiple cytokines.

40.4 VEGF-Induced Intracellular Ca2+ Oscillations
Stimulate ECFC Proliferation and Tube Formation

VEGF is massively released from hypoxic cells to stimulate sprouting angiogenesis
and promote proliferation in EPCs (i.e. MACs and ECFCs) recruited to injured
vessels [2, 57]. VEGF promotes the angiogenic activity of ECFCs by binding to
VEGFR-2 [57, 58], which activates multiple downstream signaling pathways [59],
including an increase in [Ca2+]i [10, 14, 60]. A recent investigation demonstrated
that VEGF-induced intracellular Ca2+ oscillations drive cell proliferation and
tube formation in PB-ECFCs (Table 40.1) [26, 36]. VEGF-induced Ca2+ spikes
were asynchronous between individual PB-ECFCs from the same coverslip and
displayed a dose-response activity. The magnitude of the first Ca2+ spike increases
while latency of the oscillatory response decreases when VEGF concentration
was increased from 1 ng/ml to 50 ng/ml, with maximal frequency of Ca2+
oscillations attained at 10 ng/mL [26]. Pharmacological manipulation revealed
that VEGF-induced intracellular Ca2+ oscillations were triggered by rhythmical
InsP3-dependent Ca2+ release from the ER and maintained over time by SOCE
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in a SERCA-dependent manner [26]. The transcription factor, Nuclear factor
kappa enhancer binding protein (NF-κB), represents the Ca2+-dependent decoder
which translates intracellular Ca2+ oscillations into a mitogenic output in vascular
endothelial cells [61, 62]. The NF-κB family of transcription factors comprises
five members: p50, p52, p65 (also known as REL-A), c-REL and REL-B, which
assemble with each other into homo- or heterodimeric complexes [63]. Under rest-
ing conditions, NF-κB dimers are retained within the cytosol through the physical
interaction with the inhibitory IkB proteins, which masks their nuclear localiza-
tion sequence (NLS). Intracellular Ca2+ oscillations recruit the Ca2+/Calmodulin
(CaM)-dependent protein kinase IV (CaMKIV), which phosphorylates and activates
two IκB kinases, i.e. IKKα and IKKβ. In turn, these kinases phosphorylate IκB at
S32 and S36, respectively [19, 61, 62]. In particular, IKKβ-induced phosphorylation
leads to IκB ubiquitination and subsequent proteosomal degradation, thereby
exposing the previously masked NLS of NF-κB, which is free to translocate
into the nucleus and initiate the transcription of target genes [63, 64]. VEGF-
induced intracellular Ca2+ oscillations promoted IκB phosphorylation, whereby
thimoquinone, a rather selective NF-κB inhibitor, prevented VEGF-dependent PB-
ECFC proliferation and tube formation [26].

Earlier work demonstrated that UCB-ECFCs are more sensitive to VEGF
compared to their circulating counterparts [65], although there is no significant
difference in VEGFR-2 expression between the two cell types [27, 48]. This
finding suggests that the pro-angiogenic signaling pathway recruited downstream
of VEGFR-2 is more robustly activated in UCB-ECFCs [2, 66]. In agreement with
this hypothesis, the oscillatory Ca2+ activity induced by VEGF is significantly
enhanced in UCB-ECFCs compared to PB-ECFCs (Table 40.1) [2, 48]. The
oscillatory response to VEGF was triggered by TRPC3, which is gated by DAG
and is selectively expressed in UCB-, but not PB-ECFCs (Fig. 40.1) [48]. TRPC3-
mediated extracellular Ca2+ entry, in turn, triggered the dynamic interplay between
rhythmical InsP3-dependent ER Ca2+ release and SOCE, which maintains the
oscillations over time [48]. This observation showed that the Ca2+ toolkit endowed
to ECFCs is extremely plastic and varies depending on the source (Table 40.1),
i.e. PB vs. UCB. Furthermore, it led to the hypothesis that introducing TRPC3 in
autologous aging or dysfunctional ECFCs could rejuvenate or partially rescue their
reparative phenotype [66].

40.5 The Intracellular Ca2+ Toolkit Is Remodeled
in Tumor-Derived ECFCs

The Ca2+ toolkit is dramatically altered not only in cancer cells [67, 68], but
also in tumor stromal cells [69–74], thereby contributing to establish many cancer
hallmarks, such as aberrant angiogenesis, invasion and metastasis. Tumor-derived
ECFCs were isolated from peripheral blood of cancer patients, as described in
the pioneering study by Yoder and coworkers [65]. The frequency of ECFCs is
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significantly increased in peripheral blood of RCC and BC patients [75], which
is consistent with their role in tumor vascularization [4, 6]. Furthermore, RCC- and
BC-derived ECFCs (termed, respectively, RCC-ECFCs and BC-ECFCs) show sig-
nificant ultrastructural differences when compared to healthy ECFCs. For instance,
the mitochondria were more numerous and displayed an elongated and branched
shape, which reflects fusion or incomplete separation, in tumor-derived ECFCs [21,
76]. Moreover, cisternae of rough ER (rER) were more widely spaced and occupied
a wider area in RCC- and BC-ECFCs compared to healthy ECFCs. Similarly,
smooth ER (sER) vesicles occupied a large part of the cytoplasm in tumor-derived,
but not healthy, ECFCs [21, 76]. Ca2+ imaging recordings revealed that these
major morphological differences were accompanied by a dramatic remodeling
of the Ca2+ toolkit. An earlier report showed that InsP3-dependent ER Ca2+
release was significantly reduced in RCC-ECFCs [35], due to the reduction in the
ER Ca2+ concentration ([Ca2+]ER) (Table 40.1) [21] and the downregulation of
InsP3R transcripts (Table 40.1) [35]. Conversely, SOCE amplitude was enhanced
due to the up-regulation of STIM1, Orai1 and TRPC1 expression (Table 40.1)
[35]. The reduction in [Ca2+]ER could be due to the slowing down of SERCA
pump activity [21], which is associated with the up-regulation of TMTC1, a
tetratricopeptide repeats (TPR)-containing protein that physically interacts with and
inhibits SERCA [77]. On the other hand, there was no difference in the expression
levels of SERCA2B, PMCA1B, PMCA4B and of the two major ER Ca2+ buffering
proteins, calreticulin and calnexin, between normal and RCC-derived ECFCs [21].
Remodeling of the Ca2+ toolkit has the potential to modulate ECFC resistance to a
number of anticancer therapies [18, 69]. For instance, the reduction in [Ca2+]ER and
InsP3R expression resulted in lower sensitivity to pro-apoptotic stimulation in RCC-
ECFCs [21], as routinely observed in cancer cells [68, 78], due to the impairment
of InsP3-driven ER-to-mitochondria Ca2+ transfer [21]. Conversely, there was no
difference in the expression levels of the anti-apoptotic protein, Bcl-2, and of the
pro-apoptotic protein, Bak [21]. Furthermore, RCC-ECFCs became insensitive to
VEGF (Table 40.1), which failed to trigger InsP3-dependent intracellular Ca2+
oscillations [18, 35]. This finding could explain why anti-VEGF therapy does not
improve the overall survival of RCC patients and why a remarkable fraction of these
subjects manifest resistance at the start of treatment [3, 18, 79]. Nevertheless, the
pharmacological blockade of SOCE with 10 μM La3+ or Gd3+, YM-58483/BTP-2
or CAI, inhibited RCC-ECFC proliferation and tube formation [35]. This finding
suggested that SOCE could provide a reliable target for anti-angiogenic therapies in
RCC [18, 34, 79].

A subsequent investigation showed that the intracellular Ca2+ toolkit is also
remodeled in BC-ECFCs [76]. These cells displayed a significant reduction in
the InsP3-regulated ER Ca2+ pool (Table 40.1), although InsP3Rs were normally
expressed. Although [Ca2+]ER has not been directly measured in BC-ECFCs [76],
TMTC1 was overexpressed in these cells and may be responsible for the down-
regulation of InsP3-sensitive Ca2+ store [75]. Conversely, the amplitude of SOCE
was not enhanced as only STIM1, but not Orai1 and TRPC1, was up-regulated
(Table 40.1) [76]. Similar to RCC-ECFCs, the reduction in the InsP3-releasable ER
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Ca2+ pool prevented VEGF from triggering robust intracellular Ca2+ oscillations in
BC-ECFCs (Table 40.1), although there was no difference in VEGFR-2 expression
compared to healthy cells. As a consequence, VEGF failed to promote proliferation
and tube formation in BC-ECFCs [76]. As for RCC, this feature could explain why
anti-VEGF drugs do not significantly improve the overall survival of BCC patients
[80]. It should, however, be pointed out that the pharmacological blockade of SOCE
did suppress BC-ECFC proliferation and tube formation.

Finally, the Ca2+ toolkit is also subtly remodeled in ECFCs derived from children
suffering from infantile hemangioma (IH-ECFCs) [43]. IH is a benign vascular
tumor that arises a few weeks after birth and can undergo spontaneous regression
over the next 7–10 years [81]. Unfortunately, 24–38% of IH patients can develop
complications that induce severe comorbidities and require medical interventions
in 24–38% of the patients [82]. The aberrant vascular growth that results in IH is
exacerbated by a population of resident endothelial precursors [81, 83], that are
likely to be ECFCs. A recent study revealed that the InsP3-releasable ER Ca2+ pool
is dramatically reduced in IH-ECFCs, although InsP3Rs are normally expressed
(Table 40.1). Interestingly, the amplitude of SOCE was dampened, although there
was no change in the expression levels of STIM1, Orai1 and TRPC1 (Table 40.1)
[43]. These findings led to the hypothesis that SOCE was constitutively activated
in IH-ECFCs, so that STIM1, Orai1 and TRPC1 could not be fully recruited by
extracellular stimulation [43]. The Mn2+ quenching technique is a widely employed
strategy to evaluate resting Ca2+ permeability in vascular endothelial cells [84,
85]. This approach revealed that IH-ECFCs, but not healthy ECFCs, exhibit a
constitutive SOCE which refills the ER and maintains the Ca2+ response to InsP3
in a SERCA-dependent manner [43]. Similar to agonists-induced SOCE [35, 76],
this constitutive Ca2+ entry was blocked by YM-58483/BTP-2 and 10 μM La3+
[43]. Therefore, it has been suggested that the chronic reduction in [Ca2+]ER leads
to the basal activation of store-operated channels to prevent excessive ER Ca2+
depletion. Constitutive SOCE, in turn, drives IH-ECFC proliferation by recruiting
eNOS and enhancing basal NO release [43]. Of note, VEGF was not able to
stimulate intracellular Ca2+ oscillations in IH-ECFCs (Table 40.1) [28].

Overall, these findings confirm that the Ca2+ toolkit in ECFCs is differently
remodeled depending on the tumor type (Table 40.1). Nevertheless, tumor-derived
ECFCs share three common features: (1) they display a significant reduction in the
InsP3-releasable ER Ca2+ pool, which could be due to a reduction in [Ca2+]ER
(and to InsP3Rs down-regulation in RCC-ECFCs); (2) they are insensitive to VEGF,
which does not trigger intracellular Ca2+ oscillations and do not promote in vitro
angiogenesis; and (3) they require SOCE to proliferate and assemble into capillary-
like tubular structures. The molecular determinants that remodel the Ca2+ toolkit
in tumor-derived ECFCs are not clear. It has been shown that BC-derived TRPC5-
containing exosomes determine the up-regulation of TRPC5 expression in human
dermal microvascular endothelial cells [86]. Moreover, the angiogenic behavior
of several EPC subsets, including ECFCs, may be reprogrammed by circulating
microRNAs (miRNAs) resident in exosomes and microvesicles [58, 87–89].



40 Calcium Signaling in Endothelial Colony Forming Cells in Health and Disease 1023

40.6 The Intracellular Ca2+ Toolkit Is Remodeled
in Primary Myelofibrosis-Derived ECFCs

Primary myelofibrosis (PMF) is a Philadelphia chromosome-negative (Ph-neg)
chronic myeloproliferative neoplasm which is characterized by bone marrow
fibrosis, myeloid metaplasia, and splenomegaly. Splenomegaly, in turn, is sustained
by enhanced mobilization of bone marrow-derived hematopoietic stem cells and
circulating ECFCs, which support neovessel formation in the spleen [90, 91].
PMF is caused by somatic mutation in the JAK2 gene, resulting in a valine to
phenylalanine substitution at position 617 (JAK2-V617F) in ≈60% of patients,
in the calreticulin gene in 25% of patients, or in the gene encoding for the
receptor for thrombopoietin (myeloproliferative leukemia virus oncogene, MPL) in
5% of patients [92]. Conversely, ≈10% of patients do not harbor any recognized
mutation in their hematopoietic cells [20]. Calreticulin is a major ER Ca2+-binding
protein that exerts a multilevel control of intracellular Ca2+ dynamics. For instance,
calreticulin determines the amount of ER-releasable Ca2+ [93], controls SOCE
[94], and finely modulates SERCA2B activity [95]. The CALR mutation in PMF
consists of either a 52-bp deletion (type 1) or a 5 bp TGTC insertion at the
COOH-terminal, which contains the Ca2+-binding site and the ER-retention domain
[96]. Since the high capacity Ca2+-binding domain of calreticulin is also able to
impede SOCE activation [94], a mutation in this domain causes a decrease in the
ER Ca2+ storage ability and an increase in SOCE amplitude in megakaryocytes
from PMF patients, which are more evident for type 1 CALR mutation [97].
Long before the discovery of the driver role of calreticulin in PMF, a dramatic
remodeling of the Ca2+ toolkit was described in ECFCs isolated from subjects
carrying the JAK2 mutation (PMF-ECFCs). Although PMF-ECFCs do not belong to
the neoplastic clone [98], they displayed a remarkable increase in the ER-releasable
Ca2+ pool (Table 40.1) [99]. Nevertheless, InsP3-dependent Ca2+ mobilization was
attenuated (Table 40.1), although all the InsP3R isoforms were up-regulated [99].
SOCE was up-regulated and displayed additional molecular, pharmacological and
functional differences when compared to healthy ECFCs (Table 40.1). Expression
of STIM1, Orai1, Orai3, TRPC1 and TRPC4 proteins were also sup-regulated in
PMF-ECFCs (Table 40.1). Intriguingly, two distinct store-operated channels were
activated upon ER Ca2+ depletion in PMF-ECFCs. One channel was activated by
InsP3-dependent Ca2+ mobilization and was inhibited by YM-58483/BTP-2 and
10 μM La3+ and Gd3+. The other channel was stimulated by pharmacological
depletion of the ER Ca2+ pool with cyclopiazonic acid (CPA), a selective inhibitor
of SERCA activity, but was insensitive to Gd3+. The pharmacological profile of
the InsP3-sensitive SOCE was compatible with that described in RCC-ECFCs [35],
BC-ECFCs [76] and IH-ECFCs [43] and strongly suggests that this pathway is
mediated by STIM1, Orai1 and TRPC1. Molecular identity of the CPA-induced,
Gd3+-resistant SOCE is far less clear. Nevertheless, it has been shown that Orai1
may interact with TRPC1 and TRPC4 to form a STIM1-regulated channel that is
insensitive to Gd3+ in a heterologous expression system, such as HEK-293 cells
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[100]. Of note, YM-58483/BTP-2 only weakly affected PMF-ECFC proliferation,
while Gd3+ was ineffective [99]. A subsequent report demonstrated that VEGF
is able to trigger intracellular Ca2+ oscillations in PMF-ECFCs (Table 40.1), but
this oscillatory activity is down-regulated compared to normal ECFCs and does not
promote proliferation and tube formation [101]. Furthermore, the dynamic interplay
between InsP3-dependent ER Ca2+ release and SOCE, which shapes the periodic
Ca2+ transients, was initiated by TRPC1-mediated Ca2+ entry. TRPC1 was, in
turn, gated by DAG in a store-independent manner [52]. Notably, 1-oleoyl-2-acetyl-
sn-glycerol, a membrane permeable DAG analogue, did not cause any detectable
increase in [Ca2+]i in PB-ECFCs [45]. The data described above can be attributed
to the changes observed in the intracellular Ca2+ toolkits of differently sourced
ECFCs (as shown in Table 40.1).

40.7 Conclusion

ECFCs represent a sharp double-edged sword. They are released in the blood
to restore local blood perfusion by regenerating the vascular network injured by
an ischemic event. Hence, these cells are regarded as one of the most suitable
candidates for regenerative treatment of multiple cardiovascular disorders. On
the other hand, ECFCs sustain the early phases of the angiogenic switch in a
growing number of solid tumors and provide a promising target for developing
alternative anti-angiogenic therapies. Intracellular Ca2+ signaling plays a key role
in promoting proliferation, tube formation, homing and neovessel formation in both
healthy and tumor-derived ECFCs. Therefore, it has been suggested that the Ca2+
toolkit could be genetically manipulated to rejuvenate or restore the reparative
phenotype of autologous ECFCs [2, 66], or to interfere with tumor vascularization
and prevent cancer growth and metastasis [18, 79]. For instance, autologous
senescent ECFCs could be engineered to overexpress TRPC3, thereby increasing
their sensitivity to VEGF, as reported in umbilical cord blood-derived ECFCs [2,
66, 102]. The molecular components of SOCE can be pharmacologically targeted
to either prevent or minimize neovascularization in RCC, BC and IH [18, 79]. A
fascinating feature of the Ca2+ toolkit expressed by ECFCs resides in its sensitivity
to the pathophysiological conditions of the donors. Peripheral blood-derived ECFCs
differ from UCB-ECFCs and from tumor-derived ECFCs. For instance, they lack
InsP3R1, but are endowed with TRPC3 which boosts their sensitivity to VEGF
[48]. Furthermore, RCC-, BC-, IH- and PMF-derived ECFCs display distinct Ca2+
signaling machineries, although they all show a reduction in [Ca2+]ER, which
prevents them from responding to VEGF. Understanding how solid cancers and
myeloproliferative disorders, such as PMF, differently alter the Ca2+ toolkit in
ECFCs will be a challenging field of research. Furthermore, it is predictable that
the Ca2+ toolkit is also remodeled in ECFCs deriving from individuals affected by
cardiovascular disorders, as recently shown in mouse MACs [103].
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Abstract The calcium-sensing receptor (CaSR) is a G protein-coupled receptor
that plays a key role in calcium homeostasis, by sensing free calcium levels in
blood and regulating parathyroid hormone secretion in response. The CaSR is highly
expressed in parathyroid gland and kidney where its role is well characterised, but
also in other tissues where its function remains to be determined. The CaSR can
be activated by a variety of endogenous ligands, as well as by synthetic modulators
such as Cinacalcet, used in the clinic to treat secondary hyperparathyroidism in
patients with chronic kidney disease. The CaSR couples to multiple G proteins, in
a tissue-specific manner, activating several signalling pathways and thus regulating
diverse intracellular events. The multifaceted nature of this receptor makes it a valu-
able therapeutic target for calciotropic and non-calciotropic diseases. It is therefore
essential to understand the complexity behind the pharmacology, trafficking, and
signalling characteristics of this receptor. This review provides an overview of the
latest knowledge about the CaSR and discusses future hot topics in this field.

Keywords Extracellular calcium · Parathyroid hormone · G protein-coupled
receptor · G proteins · Biased signalling · Calcimimetics · Calcilytics ·
Allosteric modulators · Orthosteric ligands · Cellular trafficking

Abbreviations

1,25D3 1α,25-dihydroxyvitamin D3
AC Adenylate cyclase
ADH Autosomal dominant hypocalcaemia
AP2 Adaptor protein-2
cAMP Cyclic adenosine monophosphate
Ca2+ Calcium
CaSR Calcium-sensing receptor
CR Cysteine rich domain
[Ca2+]o Extracellular calcium concentration
Ca2+

i Intracellular calcium
[Ca2+]i Intracellular calcium concentration
CKD Chronic kidney disease
DAG Diacylglycerol
ECD Extracellular domain
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
FHH Familial hypocalciuric hypercalcaemia
GABA Gamma-aminobutyric acid
GAPs GTPase-activating proteins
GEFs Guanine nucleotide exchange factors
GDIs Guanine nucleotide dissociation inhibitors
GPCR G protein-coupled receptor
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GRKs G protein-coupled receptor kinases
GSK3 Glycogen synthase kinase-3
HEK Human embryonic kidney
HEK-CaSR HEK293 cells stably expressing the CaSR
ICD Intracellular domain
IGF-1 Insulin-like growth factor 1
IP3 Inositol 1,4,5-trisphosphate
JNK C-Jun amino-terminal kinases
mGlu Metabotropic glutamate receptor
NAM Negative allosteric modulator
LB Lobe-shaped domain
MAPKs Mitogen-activated protein kinases
NAM Negative allosteric modulator
NSHPT Neonatal severe hyperparathyroidism
NKCC2 Na-K-Cl cotransporter 2
PA Phosphatidic acid
PAM Positive allosteric modulator
PDEs Phosphodiesterases
Pi Inorganic phosphate
PI3Ks Phosphoinositide 3-kinases
PIP2 Phosphatidylinositol 4,5-bisphosphate
PKA Protein Kinase A
PKB Protein Kinase B
PKC Protein Kinase C
PLA2 Phospholipase A2
PLC Phospholipase C
PLD Phospholipase D
PreProPTH Prepro-parathyroid hormone
PT Parathyroid
PTH Parathyroid hormone
PTHrP Parathyroid hormone-related protein
PTx Pertussis-toxin
RGS Regulator of G protein signalling
RAMPs Receptor activity-modifying proteins
TMD Transmembrane domain
TAS1R Taste 1 receptors
VFD Venus flytrap domain

41.1 Introduction

Calcium (Ca2+) is a macro element representing 1.5–2% of an adult’s total body
weight and is mostly found in bones and teeth. Only 1% of the body’s Ca2+ is
located in cells and tissues, where it regulates numerous critical cellular responses.



1034 S. Chavez-Abiega et al.

The extracellular calcium concentration [Ca2+]o is much higher (20,000-fold) than
in the cytosol and changes in this balance trigger various signalling pathways. This
gradient allows Ca2+ to act as a second messenger in intracellular signalling [1].
Many tissues are equipped with a cell-surface sensor for Ca2+ that extends the
signalling properties of Ca2+ to being an extracellular first messenger also. This
receptor is known as the extracellular calcium-sensing receptor (CaSR) and is a G
protein-coupled receptor (GPCR).

CaSR is a member of the class C GPCRs which also includes the metabotropic
glutamate (mGlu) receptors, the gamma-aminobutyric acid (GABA) receptors, the
taste 1 receptors (TAS1R) and 8 orphan receptors [2]. The class C orphan receptor
GPRC6 shares the highest sequence similarity with the CaSR (Fig. 41.1).

The CaSR plays an essential role in calcium homeostasis and its existence
was confirmed by cloning in 1993 [3]. CaSR senses changes in [Ca2+]o and also
interacts with other multivalent cations (Mg2+, Gd3+), organic cations (neomycin),
polyamines (spermine, polyarginine and polylysine) and possibly even beta amyloid
[4]. It is highly expressed in the parathyroid glands, pancreas, duodenum and
kidney and less in the digestive system, stomach and respiratory system [5]. This
review will give an overview of the (patho)physiological roles, structure, ligands,
trafficking, signalling pathways and tissue specific functions of the CaSR.

Fig. 41.1 Phylogenetic tree of the class C GPCRs generated with the neighbour-joining method
of the full receptor sequences; The different colors represent the receptor families based on the
endogenous ligand affiliation: CaSR family: calcium-sensing receptor (green), GPR family: class
C orphan receptors with unknown endogenous ligands (blue), GABA family: gamma-aminobutyric
acid receptors (yellow), mGlu family: metabotropic glutamate receptors (red), TAS1R family: taste
1 receptors (orange)



41 Sensing Extracellular Calcium – An Insight into the Structure and Function. . . 1035

41.1.1 Physiological Role of the CaSR in Calcium Regulation

The blood [Ca2+]o is influenced by parathyroid hormone (PTH), 1α,25-
dihydroxyvitamin D3 (1,25D3) and calcitonin [4, 6]. PTH is expressed by and
secreted from chief cells of the parathyroid gland and acts upon the kidneys, bones,
and intestines. In the kidney, CaSR stimulates Ca2+ and Mg2+ reabsorption in the
distal tubules whereas in the proximal tubules it promotes the excretion of hydrogen
phosphate and dihydrogen phosphate. PTH induces the 25-hydroxyvitamin D3 1α-
hydroxylase to produce 1,25D3 which is essential for intestinal Ca2+ absorption
[7]. Hypercalcaemia is prevented by CaSR, which inhibits PTH secretion and
suppresses the transcription of PreProPTH and cell proliferation (Fig. 41.2) [8].
PTH stimulates bone remodelling. Calcitonin protects against hypercalcaemia and
inhibits osteoclast activity and consequently the release of Ca2+ from bones. The
transcription of calcitonin in thyroidal C-cells is inhibited by increasing 1,25D3
concentrations [6]. However, the impact of calcitonin in maintaining systemic

Fig. 41.2 Overview of the calcium homeostasis. (a) Location of the parathyroid glands (red dots);
(b) Chief cell of the parathyroid gland, 1) CaSR is inactive at low [Ca2+]o and PTH is secreted; 2)
PTH stimulates Ca2+ release from bone, the reabsorption from the kidney and the 1,25D3 synthesis
which induces Ca2+ uptake from the intestine (c); 3) The resulting increase in blood Ca2+ activates
CaSR and at high concentrations calcitonin secretion; (d) Calcitonin inhibits the osteoclast activity
and transiently the Ca2+ release from bone; 4) The active CaSR inhibits the PTH expression and
secretion and consequently lowers the blood Ca2+ level; 5) Until the process starts again at 1)
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blood Ca2+ is still contradictory because its absence or excess does not result in
any significant metabolic abnormalities.

The physiological range of serum [Ca2+]o is tightly regulated between 2.2 and
2.4 mM by the CaSR, facilitated by the high cooperativity of Ca2+ on the receptor.
About half of the [Ca2+]o is free, and the rest of it is bound mainly to albumin.
PTH secretion is induced when the free [Ca2+]o drops below 1.2 mM (to ∼2.2 mM
total Ca2+) and it is effectively suppressed by CaSR activation when free [Ca2+]o
rises above 1.2 mM (towards 2.5 mM) [9]. High free [Ca2+]o activates renal CaSR
leading to inhibition of Ca2+ reabsorption resulting in elevated renal Ca2+ excretion
[10, 11].

41.1.2 Pathophysiological Role of the CaSR

After the successful cloning of the bovine parathyroid CaSR [3], a number of
diseases were identified which are caused by CaSR mutations.

Heterozygous loss-of-function mutations in CaSR are associated with familial
hypocalciuric hypercalcaemia (FHH1) and homozygous CaSR mutations to neona-
tal severe hyperparathyroidism (NSHPT) [12]. FHH1 is characterised by disabled
Ca2+ reabsorption causing hypocalciuria, moderate hypercalcaemia, hypermagne-
saemia and a disabled inhibition of PTH secretion which leads to an elevated
steady-state [Ca2+]o level [4, 13]. Usually this disease remains asymptomatic over
one’s lifetime, but a few patients show signs of pancreatitis or chondrocalcinosis.
FHH2 and FHH3 are the result of mutations in the G protein GNA11 and APS1
gene, respectively [13], these proteins acting downstream of CaSR signalling.

NSHPT is characterised by severe hypercalcaemia and very high PTH levels.
The defective feedback regulation of the CaSR leads to bone demineralisation and
to pathological fractures [4]. It is currently treated with bisphosphonates, dialysis,
calcimimetics or by total parathyroidectomy [13, 14].

In contrast, autosomal dominant hypocalcaemia type 1 (ADH1) and type 2
(ADH2) are caused by gain-of-function mutations of the CaSR and the GNA11
gene, respectively. ADH1 results in a reduced steady-state of blood [Ca2+]o
and causes low PTH levels, hypercalciuria, hypomagnesaemia, and hyperphos-
phataemia. Symptoms of type 1 are paraesthesia, tetany, epilepsy, severe hypocal-
caemia and basal ganglia calcification which are the same for ADH2 but without
hypercalciuria and hypomagnesaemia [12]. Another gain-of-function disease is
connected to a renal salt-wasting form called Bartter Syndrome type-5. It is
the result of unrestrained CaSR activity which leads to dysfunctional Na-K-Cl
cotransporter (NKCC2)-dependent NaCl reabsorption [4].

Autoimmune diseases of the CaSR have also been described in rare cases
due to the presence of anti-CaSR antibodies. These antibodies can have CaSR-
stimulating or CaSR-blocking effects causing a form of acquired autoimmune
hypoparathyroidism or autoimmune hypocalciuric hypercalcaemia, respectively
[13].
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Mutations of the CaSR are also observed in a variety of non-calciotropic diseases,
for example the R990G variant is associated with an elevated risk for hypercalciuria
and nephrolithiasis [15]. Other diseases are connected to changed expression levels
of the receptor. In colorectal and parathyroid cancer CaSR expression is decreased
or lost, attenuating its tumour preventive effect. In breast and prostate tumours,
CaSR is overexpressed which correlates with an increasing risk for metastases to
the bone [16]. There is also evidence that changes in CaSR activity or expression
are associated with alterations in cardiac function, insulin secretion, postprandial
blood glucose regulation, lipolysis and inhibition of myocardial cell proliferation.
In the digestive tract, CaSR shows anti-inflammatory, anti-secretory, pro-absorbent,
and obstructive properties while in the respiratory tract CaSR activation is associated
with inflammation and nonspecific hyperresponsiveness in asthma [13, 17].

41.2 Structure of the CaSR

The CaSR functions as a disulphide-tethered homodimer composed of three main
domains: an extracellular domain (ECD), a heptahelical transmembrane domain
(TMD) and an intracellular C-terminal domain (ICD) [18] (Fig. 41.3).

Fig. 41.3 Structure of the CaSR including the crystal structure of the ECD from the human CaSR,
formed by LB1, LB2 and CR (PDB: 5k5s), and a schematic representation of the TMD formed by
the seven transmembrane helixes followed by the ICD. Calcium ions are represented as red spheres
in the ECD
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The human CaSR ECD contains 612 amino acids and consists of two lobe-
shaped domains (LB1 and LB2) that form the N-terminal Venus Fly Trap (VFT)
domain, and the cysteine-rich (CR) domain [19]. The VFT is the ligand-binding
region, reminiscent of gram-negative bacterial periplasmic binding proteins [20].
Both LB domains are formed by typical β-sheets and α-helices, where the central
parallel β-sheets are sandwiched by α-helices [21]. The CR region, located between
the ECD and the TMD contains nine-conserved cysteines. It transmits and amplifies
signals from the VFT domain to the intracellular loops of the TMD [22]. The CR
region is present in all class C GPCRs except in GABA B receptors and is required
for receptor activation [21–23].

CaSR is expressed on the cell surface as a homodimer formed by direct
interactions involving the ECD and the TMD. The ECDs of both monomers interact
in a side-by-side fashion by a covalent disulphide bridge involving residues Cys-129
and Cys-131, whereas the TMDs establish hydrophobic interactions between them
[24, 25]. However, there is also evidence suggesting heterodimerisation with other
class C GPCRs. These heterodimers are considered new types of receptors that lead
to changes in CaSR expression, signalling and sensitivity. For instance, CaSR may
form dimers with mGlu1a or mGlu5, in hippocampal and cerebellar neurons, and
with GABA B receptors [26, 27].

The CaSR ECD also includes 20–40 kDa of either high mannose or complex
carbohydrates. These glycosylations are believed to be important for cell-surface
localisation of the CaSR, intracellular trafficking, protein folding and secretion [25].

Recently, two different groups have simultaneously resolved the crystal struc-
tures of the human CaSR ECD in resting and active conformations [28, 29].
Zhang and partners crystallised the ECD in the active conformation and identified
two Ca2+ binding sites plus an additional orthosteric binding site for L-Trp. The
Ca2+ binding sites can also be occupied by other divalent metals such as Mg2+
whereas, the additional orthosteric binding site was occupied by a L-Trp derivate,
L-1,2,3,4,-tetrahydronorharman-3-carboxylic acid and it was located in the hinge
region between the two subdomains. The L-Trp binding site was described as
crucial for receptor activation and stabilisation of the active conformation [29].
Meanwhile, Geng and colleagues crystallised the receptor in its active and inactive
conformations. The active structure was obtained in the presence of 10 mM Ca2+
and 10 mM L-Trp, when the receptor is in its closed conformation (active state,
closed-closed) (Fig. 41.4 left). They also identified the same orthosteric binding
site described by Zhang and partners, located in the ligand-binding cleft of each
protomer and also occupied by L-Trp. In this model, the authors defined four
different Ca2+-binding sites in the active structure, including one Ca2+-binding site
in each protomer that is common in the active and inactive structures suggesting an
integral part of the receptor. On the other hand, the inactive CaSR ECD structure was
obtained in the presence and absence of 2 mM Ca2+, when the receptor is in open
conformation (inactive state, open-open) and the interdomain cleft is empty (Fig.
41.4 right). In this model, they also defined three anion-binding sites. The authors
proposed a CaSR activation model where L-Trp facilitates the CaSR-ECD closure
by contacting LB1 and LB2 domains of the VFT module to bring the CR domains
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Fig. 41.4 Crystal structure of the human CaSR ECD in its active (left) and inactive (right)
conformations. In the active conformation the VFT is closed and LB1 and LB2 interact to bring
the CR domains closer together. In the inactive conformation the VFT is open and the interactions
between LB1 and LB2 are minimal, therefore the CR domains do not interact. Calcium ions are
shown as red spheres. PDB accession numbers: 5k5s and 5k5t [28]

closer together. These interactions form a large homodimer interface that is unique
for the active state, reduce the distance between the C-terminal tails and might cause
a rearrangement of the TMD [28] (Fig. 41.4).

Results from both groups suggest that the CaSR follows a universal activation
mechanism similar for all class C GPCRs, despite the low sequence similarity (20–
30%) [30]. This mechanism can be summarised in three steps. First, agonist binding
causes the closure of the VFT. Second, membrane-proximal domains associate
forming a homodimer interface between LB2 and CR domains. Third, agonist
binding is accompanied by an approach between the C-terminal ends of ECDs of
both protomers suggesting rearrangement of the TMD [31].

The ICD allows accurate receptor-specific control of diverse downstream sig-
nalling pathways. It represents the most diverse region of the class C GPCRs and
determines selectivity of CaSR by coupling to different G proteins through the
intracellular loops [32]. The ICD is exposed to the cytoplasm and begins with
Lys-863 [33]. The amino acid sequence of the ICD is well conserved among
species, although amino acids in the C-terminal tail are quite diverse [32]. Until
now, two residues (Phe-706 and Leu-703) in intracellular loop two and eight
residues (including Leu-797 and Phe-801) in intracellular loop three have been
shown to be important for activating phospholipase C (PLC), the major pathway
of the CaSR intracellular signalling [34]. Furthermore, there are several well-
defined phosphorylation sites, especially Thr-888, in the ICD that are important
for protein kinase C (PKC)-dependent inhibition of CaSR [22, 35, 36]. Also, this
inhibitory effect may be counteracted by a protein phosphatase (most likely PP2A)
that dephosphorylates Thr-888, restoring CaSR responsiveness [37].
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41.3 CaSR Modulation

GPCRs can recognise diverse extracellular stimuli and are one of the most suc-
cessful pharmaceutical target classes for different disorders. The ligands for GPCRs
are typically polypeptides, amino acids and/or other small biological molecules that
bind in well-defined pockets [38]. The CaSR, as a multifaceted receptor, is able
to bind a broad range of molecules in addition to Ca2+, its primary ligand. CaSR
modulators can be divided into two groups: type I or orthosteric modulators, which
bind to the active site, and type II or allosteric modulators, which bind elsewhere in
the receptor.

41.3.1 Orthosteric Modulators of the CaSR

Orthosteric modulators are type I CaSR agonists and include all ligands that are
thought to compete with Ca2+ for the same binding sites on the receptor. In addition,
they are sufficient to activate the CaSR on their own, in the absence of Ca2+.

Although Ca2+ is crucial for CaSR function, many other organic cations can
activate CaSR in vitro for instance the divalent cations Mg2+ and Sr2+ and trivalent
cations such as Gd3+, as well as heavy metals such as Pb2+ and Co2+ which
are more potent than Ca2+ [39]. In fact, the order of agonist potency for inositol
metabolism in bovine parathyroid cells depends on two factors; the charge of the
ion and the ionic radii. Thus, among ions with the same charge, those with greater
radius have a greater potency and among ions of a similar size those with greater
charge have a greater potency [40]. The order of potency for the main orthosteric
modulators is as follows: Gd3+ > La3+ > Ca2+ = Ba2+ > Sr2+ > Mg2+ [39]. Many
organic polycations, such as the poly-amino acids poly-L-lysine or poly-arginine
and aminoglycoside antibiotics such as neomycin, are also orthosteric modulators
of the CaSR [41–43]. Polyamines produced in the gut and in the synaptic cleft in
vivo, are also CaSR agonists. Spermine is the most potent polyamine followed by
spermidine and putrescine. In this case, potency is linked to the number of amine
groups in the ligand [44].

41.3.2 Allosteric Modulators of the CaSR

In addition to orthosteric agonists, the CaSR can also be activated by allosteric
modulators, sometimes referred to as type II CaSR agonists, and these do not
compete for the same binding sites as Ca2+, instead they allosterically modify
the endogenous affinity of the receptor for Ca2+

o [45]. The allosteric modulators
affect the conformational equilibrium of the receptor and they can be divided into
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two groups: activators or positive allosteric modulators (PAM) if they shift the
equilibrium towards the active state, and inhibitors or negative allosteric modulators
(NAM), if they stabilise the inactive state. Both types of modulators include
compounds that can be found in the body under physiological conditions like L-
aromatic amino acids, glutathione, ionic strength and alkalinisation [46], but also
synthetic compounds like calcimimetic drugs [47].

L-aromatic amino acids were the first endogenous PAMs identified and these
include L-Phe, L-Tyr, L-His and L-Trp, with the short aliphatic amino acids L-
Thr and L-Ala also effective [48]. L-amino acids increase CaSR sensitivity in
the presence of other agonists, such as Ca2+ or Gd3+. This demonstrates that
CaSR is able to sense a broad range of nutrients having special relevance in the
gastrointestinal tract where the CaSR has been identified as an L-amino acid sensor
for macronutrient-dependent hormone secretion [49, 50]. In addition, increased
aromatic L-amino acid concentration suppresses PTH secretion stereoselectively by
activating endogenous CaSR [51]. Therefore, L-amino acids may play an important
role as physiological regulators of PTH secretion and calcium metabolism via CaSR
modulation.

Interestingly, pH and ionic strength play a double role in modulating CaSR
sensitivity. In the case of pH, CaSR sensitivity can be enhanced when pH is elevated
(>7.5), but also reduced when pH is low (<7.3) [52]. Decreasing blood pH by only
0.2–0.4 units significantly increases PTH secretion, suggesting a functionally less
active CaSR [53]. In contrast, moderate alkalinisation equivalent to that seen in
metabolic alkalosis significantly inhibits PTH secretion independently of a change
in [Ca2+]o, suggestive of a more sensitive CaSR [54]. This has been confirmed in
vitro, whereby small pathophysiologic pH changes (0.2 units) significantly inhibit
CaSR-induced intracellular calcium Ca2+

i mobilisation (and also extracellular
signal-regulated kinase (ERK1/2) phosphorylation and actin polymerisation [55])
in CaSR-HEK cells and in bovine parathyroid cells [34]. Similarly, increasing the
ionic strength of the surrounding buffer can also reduce CaSR sensitivity, whereas
reducing the buffer’s ionic strength enhances CaSR sensitivity [46]. This suggests
that protons and Na+ can both act as NAMs of the CaSR.

41.3.3 Synthetic Modulators of the CaSR

Over the last 20 years, scientists have been looking for drugs to alleviate pathologi-
cal abnormalities in plasma PTH and Ca2+ levels. As the secretion of PTH is mainly
regulated by CaSR, compounds that affect this receptor are good candidates to treat
PTH disorders. Thus, new synthetic allosteric modulators with higher potency and
specificity have been developed.

Nemeth and colleagues at NPS Pharmaceuticals Inc. successfully identified two
small organic molecules that caused a leftward shift in the concentration-response
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curve of the CaSR for [Ca2+]o. They named them calcimimetics. These compounds
are able to potentiate the effects of [Ca2+]o probably by stabilising the active
conformation of the receptor by binding to the TMD [56–58]. Calcimimetics are
considered type II CaSR agonists and most of them are phenylalkylamines and
derivatives of Ca2+ channel blockers [57, 59]. Some Ca2+ channel blockers can
also activate the CaSR, worsening the effects in pulmonary arterial hypertension
[60].

Cinacalcet, a calcimimetic molecule more easily absorbed than the initially
identified analogue NPS R-568, was the first PAM acting on a GPCR to receive FDA
approval and enter the clinic. It represents a targeted therapy for the treatment of
disorders linked to hyperparathyroidism, including chronic kidney disease (CKD),
life-threatening NSHPT, and parathyroid carcinoma [61–63]. In patients with end-
stage CKD, treatment with Cinacalcet lowers PTH levels after 2–4 h [64]. However,
calcimimetics can evoke significant side effects including adverse gastrointestinal
effects, due to the fact that the CaSR is expressed in many other tissues, where it
activates different signalling pathways [64, 65]. Apart from nausea, the main side
effect of Cinacalcet is hypocalcaemia [66]. Recently, a new peptide calcimimetic
called Etelcalcetide (Parsabiv) has just received FDA approval for the treatment of
secondary hyperparathyroidism in adult haemodialysis patients with CKD [66, 67].
Other calcimimetics in use either as research tools or as potential clinical agents
include Calindol (AC265347) and Velcalcetide (AMG416) [68].

In contrast, synthetic CaSR NAMs called calcilytics have opposite effects to
calcimimetics. Calcilytics include the substituted phenyl-O-alkylamine NPS 2143
and NPS 89636 [56]. Their binding site is located within the CaSR TMD and
is partly overlapping with the calcimimetic binding site. Two other structural
types of compounds, amino alcohols (e.g. Ronacaleret) and quinazolinones (e.g.
ATF936), were identified by high-throughput screening and shown to reduce
CaSR affinity for [Ca2+]o [56, 69]. As calcilytics can increase endogenous PTH
secretion by inhibiting CaSR they were initially developed to treat osteoporosis by
delivering endogenous, anabolic pulses of PTH but they had insufficient efficacy
[65]. Currently, calcilytics are being studied in different drug repurposing projects,
including asthma and other lung-related diseases [70].

41.4 CaSR Trafficking

Receptor trafficking plays a critical role in GPCR activity through tight regulation
of GPCR expression levels at the cellular surface. This regulation can be divided
into two opposing routes: (1) trafficking of newly synthesised GPCRs to the cellular
surface (i.e. exocytic trafficking) and (2) removal of GPCRs from the cell surface to
intracellular compartments (i.e. endocytic trafficking) [71]. This section will focus
on the processes and interacting partners involved in CaSR trafficking.
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41.4.1 From Protein Synthesis to the Cellular Surface

To initiate downstream signalling, a GPCR is required to be present at the cellular
surface where the agonist binding site is accessible to ligand stimulation and its
intracellular part can interact with G proteins or other binding partners [71–73]. The
outward motion of newly synthesised GPCRs to the cellular surface is driven by
exocytic receptor trafficking. In this section, the term exocytic trafficking will be
used in the broadest sense to refer to protein synthesis, protein maturation and the
transport of newly synthesised GPCRs from the endoplasmic reticulum (ER) and
Golgi system to the cellular surface [74].

To date, the processes and binding partners involved in exocytic CaSR trafficking
are poorly understood. In humans, the gene that encodes for CaSR is located on
chromosome 3q13.3-21 [75]. The CaSR protein is transcribed from six out of
the eight mapped exons in this gene and transcription can be initiated from two
different promoter sites (i.e. promoter P1 or P2) [76, 77]. In an investigation into
the regulation of CaSR transcription, Canaff and Hendy have identified functional
vitamin D and NF-κB response elements within both promoters of the CaSR gene
[78, 79]. In agreement with these findings, vitamin D and several proinflammatory
cytokines have been reported to upregulate rodent and human CaSR expression
[79–82].

Correct protein folding and protein maturation through post-translational modi-
fications are essential for cell-surface targeting of GPCRs. Protein folding into the
GPCR’s functional three-dimensional conformation is assisted by chaperones. To
date, a large number of chaperones or GPCR-interacting proteins with chaperone
function have been identified, but none of these proteins have been associated with
CaSR folding [72, 83]. CaSR maturation involves extensive N-linked glycosylation
in the ECD. A total of 11 potential N-linked glycosylation sites have been
identified in the CaSR protein. Glycosylation of at least three sites have been
found crucial for cell-surface expression. Moreover, western blot analyses of cell
lysates containing CaSR demonstrate immunoreactive bands at approximately 140–
160 kDa corresponding to immature monomeric CaSR and fully mature monomeric
CaSR respectively [25, 84–86].

As mentioned earlier, the CaSR predominantly exists on the cell surface as a
homodimer, but with evidence suggesting potential heterodimerisation with other
class C GPCR members including mGlu and GABA B receptors [26, 87]. The CaSR
homodimerisation process takes place in the ER and is directed by the formation
of disulphide linkages and non-covalent interactions at the dimer interface, as
confirmed by the recently resolved crystal structures of the CaSR ECD [28, 29].

Protein synthesis and maturation are strictly regulated by the cell to ensure that
only correctly folded and fully matured GPCRs are targeted for trafficking towards
the cellular surface. This quality control system is proposed to be regulated by
GPCR-interacting proteins such as the previously mentioned chaperones as well
as by recognition of conserved retention or export motifs [71, 83]. Bouschet et al.
have investigated the involvement of receptor activity-modifying proteins (RAMPs)
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in exocytic CaSR trafficking. According to Bouschet et al., CaSR interaction
with RAMP subtype 1 or 3 facilitates delivery to the cellular surface [88]. This
view is supported by Desai and co-workers who demonstrated direct interactions
between CaSR and both RAMP subtypes at the cellular surface using FRET-based
stoichiometry [89]. The CaSR-interacting protein dorfin mediates ER-associated
degradation of the receptor, while filamin A, another interacting protein, pro-
tects CaSR from degradation [90–93]. Furthermore, an extended phosphorylation-
regulated arginine-rich region was identified in the carboxyl terminus of CaSR
which has been shown to be involved in intracellular retention through interaction
with 14-3-3 proteins [94–97].

In general, the number of receptors expressed at the cellular surface influences
the magnitude of downstream signalling responses. Multiple studies have demon-
strated that differences in cell surface expression levels influence CaSR-mediated
signalling. Cell surface expression levels of CaSR can be influenced by multiple
factors [84, 98, 99]. First, CaSR expression is affected by numerous naturally occur-
ring mutations and polymorphisms. Interestingly, cell surface expression levels of
most CaSR mutants could be effectively rectified towards wild-type expression
levels upon treatment with calcimimetics or calcilytics [90, 94, 100–102]. Second,
phosphorylation at residue Ser-899, a protein kinase A (PKA) phosphorylation site
located next to the extended arginine-rich region, has been reported to increase
CaSR surface localisation by disruption of 14-3-3 protein binding [94, 95]. Third,
a novel trafficking mechanism, referred to as agonist-driven insertional signalling,
has been proposed to regulate cell surface expression in response to CaSR activation.
According to this mechanism, agonist binding promotes an increase in the forward
trafficking of newly synthesised CaSR to the cellular surface from a consistently
present intracellular CaSR pool [95].

41.4.2 From the Cellular Surface to Protein Degradation

Endocytic receptor trafficking, also commonly referred to as receptor endocytosis
or receptor internalisation, regulates the duration and magnitude of GPCR-activated
G protein signalling responses by effective removal of GPCRs from the cellular
surface. Besides its crucial role in the termination of GPCR activity, multiple
studies have linked receptor endocytosis to the initiation of non-canonical G protein-
independent signalling pathways [71, 103]. Endocytic trafficking of CaSR was
described to play a role in parathyroid hormone-related protein (PTHrP) secretion
and ERK1/2 activation [104, 105].

The molecular mechanism underlying endocytic CaSR trafficking is still poorly
investigated. The reported experimental data is rather controversial, and there is
no general agreement about the endocytic trafficking route of CaSR. One of the
main findings related to CaSR endocytosis is the ability to initiate endocytic
trafficking independently of ligand activation [95, 104, 106]. Pi and colleagues
stated that phosphorylation preferentially by GRK4 promotes ß-arrestin binding
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[107]. However, Lorenz et al. argue that phosphorylation by PKC rather than GRKs
mediates ß-arrestin recruitment [108]. This disagreement could potentially be linked
to receptor origin as Pi et al. measured desensitisation of rat CaSR while the studies
of Lorenz et al. were conducted with human CaSR.

The internalised CaSR can be either recycled or degraded [95, 104, 106, 109].
Similarly as for the exocytic trafficking pathway, the endocytic trafficking pathway
is strongly regulated by GPCR-interacting proteins and conserved motifs [103, 110,
111]. In 2012, a presumed internalisation motif linked to lysosomal degradation
has been discovered at the CaSR carboxyl terminus [106]. Interestingly, this motif
shows an overlap with the filamin A binding site indicating that filamin A might
be involved in both exocytic and endocytic trafficking of the CaSR [91]. This
hypothesis is supported by the finding that filamin A contributes to the localisation
of CaSR to caveolae, a specialised cell membrane region known to be involved in
clathrin-independent endocytosis [92, 112, 113]. Furthermore, the CaSR-interacting
protein AMSH-1 (associated molecule with the SH3 domain of STAM) has
been reported to promote ubiquitin-mediated degradation of internalised CaSR
[104, 114].

The ability to rectify the expression of disease-related mutants by calcimimetics
and calcilytics highlights the therapeutic potential of modulating endocytic CaSR
trafficking in the treatment of CaSR-related diseases. However, further research is
needed to fully understand the molecular mechanism underlying CaSR trafficking
and its potential as therapeutic target.

41.5 Overview of Signalling Pathways Activated by the CaSR

This section will focus on the signalling pathways mediated by the CaSR, with
special attention to the diversity of responses elicited upon activation of the receptor
in different tissues. Figure 41.5 shows a simplified overview of what is known to
date about CaSR signalling.

41.5.1 G Proteins Activated by the CaSR

G proteins, also called guanine nucleotide-binding proteins, can bind the guanine
nucleotides GDP and GTP. GTP-bound, active G proteins have GTPase activity,
hydrolysing GTP into GDP and inorganic phosphate (Pi), returning the G protein
to its inactive GDP-bound form. The equilibrium of GDP- and GTP-bound forms
of the G proteins is a result of the activities of three groups of molecules. Guanine
nucleotide exchange factors (GEFs) activate the G proteins by exchanging GDP for
GTP. GTPase-activating proteins (GAPs) accelerate the GTPase activity of the G
protein and thus terminate its activity. Guanine nucleotide dissociation inhibitors
(GDIs) bind GDP-bound G proteins and inhibit activation by the GEFs. G proteins
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Fig. 41.5 General representation of the signalling pathways activated by CaSR. Arrows, bar-
headed lines, and dashed arrows represent activation, inhibition, and a chemical reaction
respectively. In green and blue, a CaSR homodimer; in light blue and yellow, the α and βγ subunits
of the G proteins; in dark blue, kinases; in light green, phospholipases; in light brown, MAP
kinases; in light yellow, Rho GTPases; in grey, second messengers and derivatives

can be either heterotrimeric or monomeric. In this section we will refer to them as
“G proteins” and “small GTPases” respectively.

G proteins are heterotrimers composed of α, β, and γ subunits. To date, a total of
21 α, 6 β, and 12 different γ subunits have been identified in humans. G proteins
are activated by GPCRs, such as the CaSR, which act as GEFs. The exchange
of GDP for GTP, bound to the α subunit, results in the dissociation of the α

subunit from the βγ dimer. Subsequently, both the GTP-bound α subunit and the
βγ heterodimer activate signalling pathways until the GTP is hydrolysed into GDP
and the heterotrimer is reassembled. GAPs accelerate the hydrolysis and are also
known as regulators of G protein signalling (RGS). These events are illustrated in
Fig. 41.6.

Among the well-accepted effects of the βγ dimer are the regulation of K+
and voltage-dependent Ca2+ channels, adenylyl cyclases (ACs), phospholipases C
(PLCs), and phosphoinositide 3-kinases (PI3Ks) [115]. In addition, βγ heterodimers
have been suggested to affect transcription, trafficking and signalling at different
subcellular locations [116].
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Fig. 41.6 Simplified representation of the cycles of activation and deactivation of G proteins

As for many GPCRs, the CaSR couples to more than one family of heterotrimeric
G proteins, especially to Gq/11 and Gi/o. However several studies also suggest that
the CaSR may couple to members of the G12/13 family, and also to Gs in cancer-
derived cell lines [18].

41.5.1.1 Gq/11

Gq and G11 share 90% sequence homology, are ubiquitously expressed, and have
similar functions. For historic reasons, most studies focus on Gq and to a lesser
extent on G11 [117]. The α subunits of Gq/11 activate PLCβ, which cleaves
membrane-located phosphatidylinositol 4,5-bisphosphate (PIP2) into the second
messengers 1,2-diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3
diffuses into the cytosol and binds the IP3 receptors that reside in the ER, causing
the release of Ca2+

i. IP3 is then metabolised to IP2 and IP1. Increased [Ca2+]i
together with DAG, localised in the plasma membrane, results in the recruitment
and activation of multiple isoforms of PKC. PKC phosphorylates numerous other
proteins [118], including CaSR at Thr-888 to regulate Ca2+

i oscillations [119].
CaSR-induced IP3 generation and Ca2+

i mobilisation was first shown in Xenopus
laevis oocytes expressing the bovine parathyroid CaSR in the original cloning paper
[3] but is more commonly investigated in HEK293 cells stably expressing the CaSR
(HEK-CaSR) [18] [120] thus confirming the central role of the Gq/11-PLCβ pathway
in CaSR signalling.
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In addition to the classic Gq/11-PLCβ pathway, recent studies have shown that
Gq/11 can also activate other signalling pathways via RhoGEFs such as RhoA
[121–123], although the relevance of this pathway for the CaSR has not yet been
determined.

41.5.1.2 Gi/o

The members of the Gi/o family are characterised by their sensitivity to pertussis
toxin (PTx), which inhibits their interaction with the GPCR, the only exception
being Gz [124]. Gi1, Gi2, Gi3 and Go subtypes share a high sequence homology
and probably have overlapping functions, although Go is localised predominantly
in the central nervous system [125]. Due to the relatively high abundance of this
family of G proteins compared to the others, and since the majority of signalling
events activated by βγ are sensitive to PTx [126], the signalling by βγ dimers is
often attributed to activation of Gi/o [127].

Activation of Gi inhibits several types of ACs. ACs increase cytosolic levels
of cAMP and therefore Gi activation lowers cAMP levels. Studies in HEK-CaSR
cells show that increased [Ca2+]o decreases forskolin-induced increase in cAMP,
suggesting the activation of Gi [120]. In bovine parathyroid and HEK-CaSR cells,
CaSR stimulates ERK1/2 phosphorylation via Gq/11 and Gi pathways [128]. A later
study suggested that Gi2 is the Gi/o subtype responsible for ERK1/2 activation [105].

41.5.1.3 G12/13

The activation of G12/13 proteins recruit to the membrane and activate RhoGEFs
that specifically activate RhoA, such as p115-RhoGEF, which also acts as a GAP
through its RGS domain terminating the activity of G12/13 [129]. Using Madin-
Darby canine kidney cells stably overexpressing CaSR, Miller and collaborators
found that [Ca2+]o activated phospholipase D via RhoA, and that this was mediated
by G12/13 and independent of Gq/11 and Gi [130]. Another study, suggested a
pathway specifically activated by L-Phe via G12/13 in mouse embryonic fibroblasts
that resulted in Ca2+

i oscillations [131].

41.5.1.4 Gs

A few studies have reported Gs coupling to the CaSR. Wysolmerski and collabo-
rators first showed that CaSR couples to Gi in healthy mammary epithelial cells,
but then switches to Gs in both MCF-7 human breast cancer cells, and in Comma-
D immortalised murine mammary cells. Surprisingly, no IP1 accumulation was
observed, whereas the levels of active mitogen-activated protein kinases (MAPKs)
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were increased upon stimulation with high [Ca2+]o. They also found that cAMP
regulated the secretion of PTHrP via PKA [132], which was corroborated in a recent
study [133]. In mouse pituitary gland tumour derived AtT-20 cells, the same group
showed that CaSR activation stimulated PTHrP via the same mechanism, Gs-cAMP-
PKA, independently of PLC or PKC [134]. In a previous study using the same cell
line, increases in IP1 concentrations were sensitive to PTx, showing simultaneous
coupling both to Gi and Gs [135]. G protein switching has been observed also for
the β2-adrenergic receptor, where PKA phosphorylates the receptor, increasing its
affinity for Gi versus Gs. As a result, it switches signalling from cAMP/PKA to
MAPK activation [136].

41.5.2 Rho GTPases

Rho GTPases belong to the Ras family of GTPases, which are the most known small
monomeric GTPases. Among the Rho GTPases, the best characterised are RhoA,
Rac1 and Cdc42. Rho GTPases play a central role in cell migration, cell polarity, and
cell cycle progression, by regulating cell adhesion and actin cytoskeleton dynamics
[137]. The activation of RhoA has been traditionally associated exclusively with
G12/13 signalling, however there is increasing evidence of activation by Gq/11 via
RhoGEFs and independent of PLCβ [138]. It has been suggested that the CaSR
activates PI4-kinase via Rho [139]. CaSR activation produced actin stress fibre
assembly in HEK-CaSR, in a Rho kinase-dependent mechanism. This phenomenon
was PTx-insensitive and the PLCβ inhibitor U73122 showed no effect [140]. Since
U73122 can activate ion channels at the concentrations used to inhibit PLCβ [141]
the recently available potent and specific Gq/11 inhibitors FR900359 and YM-
254890 may prove better reagents for the investigation of Gq/11 signalling [142].

A study in human keratinocytes showed that CaSR-dependent activation of RhoA
plays a role in cell-cell adhesion [143], whereas experiments in human podocytes
showed that CaSR activated RhoA via Ca2+

i mobilisation, in a mechanism depen-
dent of the ion channel TRPC6 [144].

The activation of Rac and Cdc42 by G proteins is less clearly defined. In
highly motile cells βγ-mediated activation of PI3K and the GEF PRex resulted
in Rac1 activity. Whether these signalling modules play a role in CaSR signal
transduction remains to be demonstrated [145]. In primary human monocyte-
derived macrophages CaSR activated Rac and/or Cdc42, but no RhoA, to regulate
membrane ruffling via a mechanism dependent on PI3K [146]. A study in a human
T cell line found that CaSR can promote cell migration by activating Cdc42,
also via a PI3K-dependent mechanism [147]. A study in HEK-CaSR cells showed
that membrane ruffling is Gq/11-dependent and G12/13-independent, suggesting
activation of Rho GTPases by Gq/11 [148].
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41.5.3 β-Arrestins

In addition to their key role in terminating G protein signalling pathways activated
by GPCRs, β-arrestins can also activate signalling events [149]. Specifically in
HEK-CaSR cells, β-arrestin 1 is involved in CaSR-induced plasma membrane
ruffling [150] while β-arrestins 1 and 2 are involved in CaSR-induced ERK1/2
activation [151].

41.5.4 CaSR-Induced Protein Kinase Activation

The CaSR activates a number of protein kinase families including glycogen synthase
kinase-3 (GSK3), Akt, and the MAPKs, and these will be detailed in turn.

41.5.4.1 Akt and GSK-3β

Akt, or protein kinase B, is a protein kinase that regulates multiple functions such
as growth, proliferation and transcription. The first step for Akt activation is binding
to PIP3 in the membrane. PIP3-bound Akt is sequentially phosphorylated first at
Thr-308 and then at Ser-473 for full activation [152]. GSK3 is involved in the
phosphorylation of over a hundred substrates, and it interacts with multiple types
of receptors. It exists in two isoforms, α and β, and it can be phosphorylated by
PKA, PKC, and Akt, among others. Phosphorylation of GSK3-β at Ser-9 results in
inhibition of the binding to certain substrates that require binding to a domain in the
protein prior to phosphorylation [153].

Studies in fetal rat calvarial cells, murine osteoblast 2T3 cells, and human
osteoblasts, show that CaSR activation results in phosphorylation of Akt at Thr-
308 and Ser-473, and of GSK3-β at Ser-9 [154, 155]. Further, in proximal
tubular opossum kidney cells, the CaSR ligands neomycin and gentamicin elicit
phosphorylation of Akt and GSK3-β in a PI3K-dependent fashion [42].

41.5.4.2 MAPKs

Several studies have recently explored the role played by CaSR in the phosphory-
lation of protein kinases, both in healthy tissue and in disease models. The MAPKs
include ERK, c-Jun amino-terminal kinases (JNK), and P38. These proteins are
activated by phosphorylation and thus we will refer to the active phosphorylated
forms as p-ERK1/2, p-JNK and p-P38.

Activation of ERK1/2 can be Ras- or PKC-dependent. Ras-dependent activation
involves PI3K, Src family kinases, and receptor tyrosine kinases such as the
epidermal growth factor receptor. A study in HEK-CaSR cells showed that ERK1/2
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activation by CaSR was Ras-dependent, relied largely on PI3K activity, and was
independent of tyrosine kinase activity [156]. In contrast, another study in HEK-
CaSR cells and in bovine parathyroid cells, showed that the cytoplasmic tyrosine
kinase inhibitor, herbimycin, inhibited ERK1/2 phosphorylation [128]. A similar
result was observed for ERK1 in Rat-1 fibroblasts [157]. In proximal tubular
opossum-kidney cells, activation of CaSR by neomycin induced P38 activation via
a PI3K-mediated mechanism [41].

Across different tissues, increased CaSR expression and activation correlates
positively with an increase in p-ERK1/2 levels [41, 154, 158–162], except for a
study on hearts of a rat epilepsy model where p-ERK1/2 levels decreased [163]. A
similar positive correlation was observed for p-JNK [161–164], whereas one study
showed no effect [160]. As for p-P38, a similar number of studies show a positive
correlation [41, 161, 163, 164] or no effect [158, 160, 162].

Overall, a prolonged exposure to CaSR agonists increases mRNA or protein
expression levels of CaSR, and this phenomenon often correlates positively with
an increase in active ERK1/2, JNK, and P38. Differences in phosphorylation are
observed reflecting the different signalling profiles of CaSR in different tissues.

41.6 Ligand-Biased Signalling Through the CaSR

Ligand-biased signalling is a relatively new concept based on the idea that a receptor
can exist in multiple active conformations, each stabilised by a specific ligand,
with characteristic binding kinetics, and therefore with a particular signalling profile
[165]. For GPCRs, this would translate into different coupling behaviours towards
G proteins and β-arrestins [166]. For allosteric modulators, the concept extends to
how these molecules affect positively or negatively each of the pathways activated
by the orthosteric ligands. Exploiting this phenomenon offers great potential for the
discovery and development of new drugs with increased efficacy and safety, which
is of course of interest for the pharmaceutical industry [167].

Several studies have used the CaSR as a model to study ligand-biased signalling,
given that it can activate multiple signalling pathways and it can be modulated by
a wide range of different ligands [168]. This phenomenon has been studied using
pharmacological assays, applied in a high-throughput manner, and using multiple
agonists. The receptor readouts usually follow changes in Ca2+

i mobilisation, IP1
accumulation, cAMP levels, phosphorylation of ERK1/2, and plasma membrane
ruffling. The first two provide information on the Gq/11-PLCβ pathway; cAMP on
Gi and Gs activity; p-ERK1/2 on Gq, Gi, and β-arrestins; and PM ruffling on Rho
GTPases and β-arrestins.

These studies often rely on obtaining concentration-response curves for different
ligands, and comparing calculated values such as EC50, dissociation constant,
maximum response, or cooperativity αβ for allosteric modulators. Additionally,
receptor expression levels are often also determined, and in fact regulation of
cell surface expression has been proposed as a mechanism of bias by allosteric
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Fig. 41.7 Representation of bias by the positive allosteric modulators R-568 and AC265347 in
Ca2+

i mobilisation and phosphorylation of ERK1/2 upon activation of the CaSR by Ca2+
o

modulators [100, 169]. Multiple studies in HEK-CaSR cells have addressed ligand-
bias by orthosteric ligands, as well as positive and negative allosteric modulators
[151, 170–173], including one that explored the effect of naturally occurring CaSR
mutations on ligand-bias [102].

These systematic in vitro studies provide valuable information to understand
the differences in the effects of the ligands in vivo. For example, Leach and
collaborators found that the calcimimetic AC265347 tunes the effect of [Ca2+]o
to favour phosphorylation of ERK1/2 and accumulation of IP1, as compared to
Ca2+

i mobilisation. Interestingly, AC265347 did not increase trafficking of loss-
of-expression CaSR mutants, an effect observed by other calcimimetics, suggesting
that it may act via a new mechanism [170]. Figure 41.7 shows an example of the
signalling bias caused by two of the allosteric modulators used in this study.

41.7 Tissue-Specific Signalling of the CaSR

The pleiotropy of the CaSR arises as a result of its ability to couple to various
G proteins and thus to mediate distinct signalling pathways. Consequently, the
CaSR may fine-tune several physiological processes in a tissue-specific manner.
The ability of GPCRs to mediate tissue-specific signalling is dictated by the cellular
environment, as evidenced by recombinant systems where the same GPCR can
have different pharmacological profiles in different cellular backgrounds. This
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phenomenon is termed tissue-specific signalling or system bias. It arises when
ligands favour the interaction of a receptor ensemble to auxiliary proteins, or when
receptors form heterodimers with distinct pharmacological signatures [174]. The
capacity of CaSR ligands to promote coupling to multiple G proteins and to differing
extents was previously discussed in the context of biased signalling. Here, tissue-
specific signalling is discussed in light of the evidence showing interaction of the
CaSR with other proteins and the formation of heterodimers in different cellular
environments.

The CaSR interacts with various proteins that influence its signalling signature.
Several CaSR interacting proteins have been identified and these include inwardly-
rectifying potassium channels [175] and the previously described filamin A [92, 93,
176] as well as the RAMPs [88]. In addition, the CaSR may form heterodimers with
other class C GPCRs including mGlu1a, mGlu5 and GABA B receptors, as shown
in endogenous and recombinant systems [87]. Such heterodimerisation could thus
provide the CaSR another mechanism for tissue-specific signalling.

41.8 Future Topics and Concluding Remarks

The recently published crystallographic data of the CaSR ECD structure has shed
some light on CaSR ligand recognition, receptor activation, allosteric modulation,
as well as on the structural basis of dimerisation. The medicinal importance of
CaSR modulation is clear and therefore obtaining the ECD structure will facilitate
structure-based drug discovery and might open up further therapeutic approaches.
These data also raise the question of whether L-aromatic amino acids and relevant
anions should be added to the experimental buffers when studying CaSR function to
preserve the receptor’s native conformation. The full structure of the CaSR has yet
to be determined and thus obtaining the crystal structures of the CaSR’s TMD and
ICD is a high priority in the field as this will help understanding effector interactions.
In addition, the current structural data provides only a snapshot of the receptor in
a fixed conformation, whereas in physiology the receptor is a dynamic molecule
wobbling between multiple conformations. Thus, we need a new and more dynamic
approach able to reveal a protein’s structure in its transition states, ideally allowing
us to see conformational changes upon agonist/antagonist binding at the receptor.

The CaSR field would also benefit from new reagents such as a CaSR-selective
radioligand, as calcium itself is a too low-affinity ligand to be of use in binding
studies. Such a radioligand would allow researchers to investigate whether CaSR
biased signalling might be driven by ligand binding kinetics. Moreover, the radioli-
gand could be used to study CaSR expression in native tissues and cells as CaSR
expression analysis is currently hampered by nonspecific staining of commercially
available CaSR antibodies. Next, the newly emerging FRET-based biosensors can
be used to observe G protein activation of the CaSR directly, providing dynamic
information on the first step in the signalling cascade [177]. Indeed by taking
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advantage of the plethora of fluorescent biosensors available, given particular
spectroscopic properties, it is possible to measure activation of multiple proteins
simultaneously and in real-time [178]. This would be of particular value when
studying biased signalling, as current protocols are susceptible to time- and assay-
specific artefacts.

Finally, a recent publication suggested that internalised CaSR could have a role
in sustained signalling [148]. This phenomenon has been proposed before for some
class A GPCRs [179], and implies a new signalling mechanism by CaSR. The
relevance of the observations for internalised CaSR signalling needs to be addressed
in follow-up studies.

We can conclude therefore that CaSR activation results in a wide range of down-
stream signals and functions at different timescales and across a variety of tissues.
To make sense of this complexity will require better understanding of a range of
factors including differential ligand affinity and bias, receptor heterodimerisation,
as well as downstream effector selection. The benefit of such information could be
the rational development of novel drugs with improved efficacy and safety.
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Chapter 42
Extracellular Ca2+ in Bone Marrow

Ryota Hashimoto

Abstract Our blood serum Ca2+ levels are maintained within a narrow range
(Ca2+ homeostasis) through a complex feedback system. However, local bone
marrow Ca2+ levels can reach high concentrations, at least transiently, due to
bone resorption, which is one of the notable features of the bone marrow stroma.
Bone homeostasis is maintained by both the balance between osteoblastic bone
formation and osteoclastic bone resorption and the balance of mesenchymal stem
cell differentiation into osteoblasts and adipocytes. It has been reported that under
culture conditions of infrequent adipocyte differentiation (no treatment with insulin
or dexamethasone), high extracellular Ca2+ enhances osteoblast but not adipocyte
accumulation in bone marrow stromal cells. In contrast, under culture conditions of
predominant adipocyte differentiation (treatment with insulin and dexamethasone),
high extracellular Ca2+ enhances adipocyte but not osteoblast accumulation in
bone marrow stromal cells. Thus, the increased extracellular Ca2+ caused by bone
resorption might enhance osteoblast development to reform missing bone under
conditions of infrequent adipocyte differentiation (such as the normal physiological
state) and might accelerate adipocyte accumulation instead of osteoblastic bone
formation under conditions of predominant adipocyte differentiation (such as aging,
obesity, use of glucocorticoids, and postmenopause). Moreover, increased adipocyte
accumulation in bone marrow suppresses lymphohematopoiesis and contributes to
a dysfunction of osteogenesis.
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42.1 Introduction

The concentration of calcium ions (Ca2+) is well-controlled both intracellularly
and extracellularly to maintain homeostasis in various vertebrates. Although the
extracellular concentration of Ca2+ is on the order of 1 mM, the intracellular Ca2+
concentration ([Ca2+]i) is maintained on the order of 100 nM. Cells can increase
their [Ca2+]i to approximately 1 μM after stimulation. Increased intracellular
Ca2+ works as a second messenger to control various cell functions (including
fertilization, proliferation, differentiation, muscle contraction, and secretion) [1,
2]. The reader can reference other chapters in this book for more information
regarding intracellular Ca2+. Changes in extracellular Ca2+ concentration also seem
to be important in cell functions. The molecular identification of the extracellular
calcium-sensing receptor (CaSR), which is a monitor for extracellular Ca2+, has
opened up the possibility that Ca2+ might also function as a first messenger [3–5].
In this chapter, I focus on extracellular Ca2+, particularly in bone marrow.

42.2 Significance of Maintaining Extracellular Ca2+ Levels
within a Narrow Range

There is approximately 1.2 kg of total body Ca in adult humans, and approximately
99% of total body Ca exists in bones and teeth, where it is important for supporting
the three-dimensional structure of the body. Approximately 1% of total body Ca is
present in cells, and 0.1% is present in the extracellular fluid [6–8]. These numbers
appear contradictory because the volume of intracellular fluid is approximately
twice as great as that of the extracellular fluid,and the intracellular concentration
of Ca2+ is approximately 10,000 times lower than the extracellular Ca2+ concentra-
tion. Although the cytoplasmic Ca2+ concentration is low, a substantial amount of
Ca is intracellularly stored in the endoplasmic reticulum (ER; the ER in striated
muscle is structurally and functionally different from that in other cells and is
named the sarcoplasmic reticulum (SR)) and mitochondria [9], which results in
more Ca content in cells than in the extracellular fluid. Despite the low amount
of extracellular Ca2+, the concentration of extracellular Ca2+ in blood serum must
be strictly regulated within a narrow range. The normal range of blood serum Ca
concentrations is 2.2–2.6 mmol/L (8.5–10.5 mg/dL). Blood serum Ca levels greater
than 2.6 mmol/L are defined as hypercalcemia, whereas levels less than 2.2 mmol/L
are defined as hypocalcemia [10, 11]. Approximately 40% of plasma Ca is protein-
bound, and 10% of Ca is in a complex with anions, such as phosphate and citrate;
thus, approximately half of plasma Ca is in its free form (ionized form; Ca2+), which
is physiologically important [1, 2].

The symptoms of hypercalcemia include drowsiness, constipation, nausea, car-
diac arrhythmias, etc., while the typical symptom of hypocalcemia is a tetany,
which is a continuous tonic muscle spasm. As Ca2+ blocks sodium channels
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and inhibits the depolarization of neurons, hypercalcemia raises the threshold for
depolarization, while hypocalcemia lowers the threshold for depolarization [12–
14]. Thus, high levels of Ca2+ decrease the conductance of the neuronal membrane
to Na+, which leads to decreased excitability, resulting in hypotonus of muscles.
This relation can explain the drowsiness, constipation and nausea in hypercalcemia
and tetany in hypocalcemia. This mechanism can also explain bradycardia and
atrioventricular block in hypercalcemia. On the other hand, QT shortening in
hypercalcemia is explained by a rapid influx of Ca2+ through L-type Ca2+ channels
in cardiomyocytes. The rapid influx of Ca2+ quickly reaches the threshold to close
the L-type Ca2+ channels, thus reducing the duration of phase 2 of the myocardial
action potential, which results in QT shortening in hypercalcemia [15, 16]. It has
also been suggested that reducing the duration of both phases 2 and 3, during which
time Ca2+-activated K+ channels increase outward K+ currents and accelerate the
process of repolarization, contributes to shortening the QT interval in hypercalcemia
[17].

42.3 Mechanisms to Maintain Extracellular Ca2+ Levels
Within a Narrow Range

To prevent these unfavorable symptoms, our blood serum Ca2+ levels are main-
tained within a narrow range (Ca2+ homeostasis) through a complex feedback
system that involves hormones. First, the CaSR is a G protein-coupled receptor and
a monitor of extracellular [Ca2+] [3–5]. In response to increased serum Ca2+ levels,
the C cells (parafollicular cells) of the thyroid gland [18, 19] increase the secretion
of calcitonin (CT). In response to decreased serum Ca2+ levels, the chief cells of
the parathyroid gland increase parathyroid hormone (PTH) secretion [20].

The main target organs of these hormones are bone, the small intestine, and the
kidney (Fig. 42.1). Bone is a vast reservoir of Ca, and the resorption of bone mineral
releases Ca2+ into the blood [21]. The small intestine is the site where dietary
Ca2+ is absorbed [22], and the kidney regulates Ca2+ excretion [23]. The input
of Ca2+ into the blood can originate from bone mineral resorption and intestinal
Ca2+ absorption. Moreover, the output of Ca2+ from the blood can occur through
bone formation and renal Ca2+ excretion. The Ca2+ balance is the net sum of these
Ca2+ inputs and outputs in the body.

PTH increases Ca2+ levels in the blood through bone and the kidneys (Figs. 42.2
and 42.4):

1. PTH promotes the absorption of Ca2+ from the bone in 2 ways. The rapid phase
is an increase in serum Ca2+ within minutes. Bone surfaces are covered with
a cellular layer containing both osteocytes and osteoblasts that is referred to
as the osteocytic membrane. Between the osteocytic membrane and the solid
bone, there is bone material, which is not fully crystallized and is referred to
as the bone fluid. When PTH binds to receptors on osteoblasts and osteocytes,
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Fig. 42.1 Ca inputs and outputs in the body
Arrows show Ca flows; arrows indicating the increasing and decreasing of blood Ca2+ are red and
blue, respectively. Bone is a vast reservoir of Ca, and resorption of bone mineral releases Ca2+
into the blood. The small intestine is the site where dietary Ca2+ is absorbed, and the kidney
regulates Ca2+ excretion. Input of Ca2+ into the blood can originate from bone mineral resorption,
intestinal Ca2+ absorption, and reabsorption from the kidney. Output of Ca2+ from the blood can
occur through bone formation, secretion in the colon, and filtration in the kidney. The Ca2+ balance
is the net sum of these Ca2+ inputs and outputs in the body. In response to increased blood Ca2+
levels, the C cells of the thyroid gland increase the secretion of calcitonin. In response to decreased
blood Ca2+ levels, the chief cells of the parathyroid gland increase parathyroid hormone (PTH)
secretion

the osteocytic membrane pumps Ca2+ from the bone fluid into the extracellular
fluid. The slow phase of bone resorption occurs over several days. When
osteoblasts and osteocytes are stimulated by PTH, they upregulate the expression
of RANK ligand (RANKL) on the plasma membrane. RANKL binds to the
receptor activator of the nuclear factor-kappa B (RANK) of osteoclast precursors,
which activates signaling pathways that promote osteoclast differentiation and
activation. Osteoclasts are bone-resorbing cells and produce a release of Ca2+
[24–27].

2. PTH increases the reabsorption of Ca2+ in the kidney (i.e., PTH suppresses renal
Ca2+ excretion) [23].
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Fig. 42.2 Bone is a vast reservoir of Ca
Bone is a vast reservoir of Ca, and absorption of bone mineral releases Ca2+ into the blood. PTH
promotes the absorption of Ca2+ from the bone in 2 ways. The rapid phase is an increase in
serum Ca2+ within minutes, which appears to occur through the activation of osteoblasts. The
slow phase of bone resorption occurs over several days. When osteoblasts are stimulated by PTH,
they upregulate the expression of RANK ligand (RANKL). RANKL binds to receptor activator of
nuclear factor-kappa B (RANK) of osteoclast precursors, which activates signaling pathways that
promote osteoclast differentiation and activation. Osteoclasts are bone-resorbing cells and produce
a release of Ca2+. Calcitonin inhibits the activity of osteoclasts. Active vitamin D enhances the
mobilization of osteoclast precursors from the bone to the blood. Thus, calcitonin and vitamin D
suppress the absorption of Ca2+ from the bone

PTH also converts 25-hydroxyvitamin D to its most active metabolite, 1,25-
dihydroxyvitamin D-3 [1,25-(OH)2D3], in the kidney. Active vitamin D, in turn,
acts to suppress PTH production in the parathyroid gland, which is a mild inhibitory
system of PTH release [28, 29]. The inhibition of PTH release primarily occurs
by a direct effect of the Ca2+ concentration at the parathyroid gland as previously
described.

Active vitamin D works as a hormone and increases Ca2+ levels in the blood
through the small intestine and kidney (Figs. 42.2, 42.3 and 42.4):

1. Active vitamin D increases intestinal Ca2+ absorption from ingested food [30,
31].

2. Active vitamin D increases the reabsorption of Ca2+ in the kidney (i.e., active
vitamin D suppresses renal Ca2+ excretion) [23].

Active vitamin D has been widely used in the treatment of rickets, osteomalacia,
and osteoporosis to prevent bone loss. Active vitamin D enhances the mobilization
of osteoclast precursors from the bone to the blood through the suppression of
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Fig. 42.3 The small intestine is the site where dietary Ca is absorbed
Intestinal Ca2+ absorption results in the input of Ca2+ into the blood through the transcellular and
paracellular pathways. Active vitamin D causes changes in the function of epithelial cells, which
enhance Ca2+ transport across the intestine

Fig. 42.4 The kidney regulates Ca excretion
The ionized and complexed form of blood Ca (excluding the protein bound form) is freely filtered
through the renal glomerulus. Approximately 99% of filtered Ca is reabsorbed in the normal
condition into the blood along the renal tubules through the transcellular and paracellular pathways.
PTH and active vitamin D change the function of tubular cells, which increase the reabsorption of
Ca2+ in the kidney (i.e., PTH and active vitamin D suppress renal Ca excretion)

sphingosine-1-phosphate receptor-2 (S1PR2) expression, thereby contributing to
limiting osteoclastic bone resorption [32]. This report resolves the discrepancy of in
vitro studies that have shown active vitamin D increases the expression of RANKL
in osteoblasts and osteocytes, thereby acting as osteoclastogenic, bone-resorbing
factors, which is inconsistent with the action of vitamin D on bone in vivo [33].

Calcitonin reduces Ca2+ levels in the blood through bone (Fig. 42.2):

1. Calcitonin inhibits the activity of osteoclasts. The osteoclast inhibition reduces
the amount of Ca2+ released into the blood from bone [34].
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The importance of human calcitonin for Ca2+ homeostasis in humans has
not been established. However, calcitonin of fish (particularly salmon) actively
affects human Ca2+ homeostasis [34]. In fact, salmon calcitonin has been used
therapeutically for the treatment of hypercalcemia and osteoporosis. However, the
use of salmon calcitonin is limited because of its involvement in prostate cancer and
bone metastasis [35]. Thus, in various ways, these hormones and organs participate
in supplying Ca2+ to the blood and removing it from the blood when necessary
(Figs. 42.1, 42.2, 42.3 and 42.4).

42.4 Extracellular Ca2+ in Bone Marrow

42.4.1 In the Developing Skeletal Tissue

Our body length rapidly increases during fetal life and early childhood; however,
linear growth progressively slows and eventually ceases during adolescence. Thus,
skeletal development begins in the early stages of embryogenesis and continues
postnatally until the peak bone mass is achieved in early adulthood. Longitudinal
bone growth occurs at the growth plate of the long bone by endochondral ossifi-
cation, a two-step process in which cartilage is first formed and then remodeled
into bone. In the growth plate, chondrocytes proliferate, mature, hypertrophy,
reach terminal differentiation and then deposit Ca2+/phosphate-containing mineral
in the surrounding matrix. Within this mineralized matrix, chondrocytes release
growth factors to induce vascular invasion and guide the differentiation of incoming
osteoclast progenitors and osteoblasts, which have respective bone resorbing and
bone forming activities that replace cartilage with bone [24, 36, 37]. It has also
been reported that hypertrophic chondrocytes can survive and become osteoblasts
and osteocytes during endochondral bone formation [38]. Growth plates exist
throughout adolescence to support longitudinal bone growth by repeating the
previously described cell differentiation programs until the time of growth plate
closure in early adulthood.

Accelerated or delayed chondrocyte differentiation leads to disorganized growth
plates and retarded bone growth. Various factors, such as PTH-related protein
(PTHrP) and insulin-like growth factor 1 (IGF1), and their receptors control the
pace of chondrocyte differentiation [39, 40]. Here, I introduce Ca2+ and the CaSR
as key modulators of chondrocyte differentiation. As previously described, blood
serum Ca2+ levels are maintained within a narrow range. However, local bone
marrow Ca2+ levels can reach high concentrations due to bone resorption [41],
which is one of the notable features of the bone marrow stroma, indicating that bone
marrow stroma can have elevated extracellular Ca2+ in vivo, at least transiently. It
has been reported that high Ca2+ reduces the expression of early differentiation
markers of chondrocytes, increases the expression of late differentiation markers,
and increases mineral accumulation [42, 43]. In the growth plates, the CaSR is
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detected in chondrocytes, and its expression increases as cells hypertrophy [44].
In addition, mice with chondrocyte-specific ablation of the CaSR gene exhibit a
shorter, undermineralized skeleton due to delayed differentiation of hypertrophic
chondrocytes [45]. These reports suggest that Ca2+ promotes chondrocyte differen-
tiation.

42.4.2 In Adulthood – Under a Normal Physiological State

The mature skeleton in adulthood (following growth plate closure) is subsequently
maintained by continuous bone remodeling; approximately 10% of the total adult
bone mass turns over each year, resulting in a complete regeneration of the adult
skeleton every 10 years [46, 47]. Bone remodeling is the replacement of old bone
tissue by new bone tissue. It involves the processes of bone resorption by osteoclasts
and bone deposition by osteoblasts. Bone homeostasis is maintained by the balance
between osteoclastic bone resorption and osteoblastic bone formation [48].

Bone resorption by osteoclasts, which are derived from hematopoietic stem cells,
gives rise to the release of Ca2+. Increased Ca2+ enhances the proliferation [49, 50],
differentiation [51, 52], and chemotaxis [49, 53] of osteoblasts to reform missing
bone under a normal physiological state. In bone, the CaSR is detected in osteoblasts
and osteocytes [44]. In mice that lack CaSR in immature osteoblasts, bone defects,
which result from decreased osteoblast numbers, abnormal mineralizing activities,
and increased osteoclast numbers and activities, are observed [45, 54]. These results
indicate that the CaSR is directly essential for the proliferation, survival, and
maturation of immature osteoblasts and that both the numbers and activities of
osteoclasts are regulated through the CaSR of osteoblasts.

The increased Ca2+ also directly affects osteoclasts to prevent their further
expansion and aberrant bone resorption. High Ca2+ inhibits the differentiation [55,
56] and bone-resorbing functions in osteoclasts [57–59] and increases the apoptosis
of osteoclasts [56]. CaSR expression has been detected in osteoclasts, and the CaSR
is involved in these functions [55, 56, 59]. These balanced bone-resorbing and bone-
forming activities through Ca2+ sustain a steady bone turnover rate to continuously
remodel the skeleton without bone loss [24, 36, 37].

42.4.3 In Adulthood – Under Aging, Obesity, Use
of Glucocorticoids, and Postmenopause

Bone marrow stromal cells include mesenchymal stem cells, which are capable
of differentiating into osteoblasts, chondrocytes, and adipocytes [60]. Bone home-
ostasis is maintained by both the balance between osteoblastic bone formation
and osteoclastic bone resorption [48] and the balance of mesenchymal stem cell
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differentiation into osteoblasts and adipocytes. As described in (42.4.2), high Ca2+
enhances the chemotaxis, proliferation, and differentiation of osteoblasts. However,
despite the increased Ca2+ that results from bone resorption, bone mass declines
and adipocyte levels in the marrow increase during aging [61], obesity [61], the use
of glucocorticoids [62, 63], and postmenopause [64, 65]. Adipocyte accumulation
in bone marrow suppresses lymphohematopoiesis [66, 67] and contributes to a
dysfunction of osteogenesis [68–71]. Aging impairs the osteogenic lineage, and
high-fat diet feeding activates the expansion of the adipogenic lineage in bone
marrow [61]. Glucocorticoids are used in the treatment of a wide range of
diseases, and glucocorticoid-induced osteoporosis is the most common secondary
cause of osteoporosis. Glucocorticoids commit the differentiation of stem cells
to adipocytes in preference to osteoblasts, which results in decreased numbers of
osteoblasts. In addition, glucocorticoids enhance the differentiation and activities
of osteoclasts [62, 63]. Postmenopausal osteoporosis is associated with estrogen
deficiency because the loss of estrogens leads to a reduction in bone formation,
an increase in bone resorption, and higher levels of marrow adipogenesis [72–75].
Estrogen promotes osteoblast differentiation and inhibits adipocyte differentiation
in bone marrow stromal cells [76]. Osteoporotic fractures are common in patients
with chronic kidney disease [77]. However, there are no significant differences in
the gene expression of stemness markers or the morphology of adipocytes and
osteoblasts differentiated from mesenchymal stem cells between chronic kidney
disease and control groups [78].

We have reported that under culture conditions of infrequent adipocyte differ-
entiation (no treatment with insulin or dexamethasone), high extracellular Ca2+
enhances osteoblast but not adipocyte accumulation in bone marrow stromal cells
[79]. It is important to note that under culture conditions of predominant adipocyte
differentiation (treatment with insulin and dexamethasone), high extracellular Ca2+
enhances adipocyte but not osteoblast accumulation in bone marrow stromal
cells (Fig. 42.5, [79]). In addition, we have reported that another CaSR agonist,
Sr2+, enhances adipocyte accumulation under culture conditions of predominant
adipocyte differentiation [80]. We have also reported that high extracellular Ca2+
enhances the proliferation of bone marrow stromal cells by increasing [Ca2+]i and
enhances their differentiation into adipocytes by decreasing intracellular cAMP
(Fig. 42.5, [80, 81]). I propose that the increased extracellular Ca2+ caused by bone
resorption might enhance osteoblast development to form bone under conditions of
infrequent adipocyte differentiation (such as the normal physiological state) and
might accelerate adipocyte accumulation instead of osteoblastic bone formation
under conditions of predominant adipocyte differentiation (such as aging, obesity,
the use of glucocorticoids, and postmenopause). Moreover, increased adipocyte
accumulation in bone marrow suppresses lymphohematopoiesis and contributes to
a dysfunction of osteogenesis.
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Fig. 42.5 Effects of extracellular Ca2+ on bone marrow cells
Bone marrow contains mesenchymal stem cells, which are capable of differentiating into
osteoblasts, chondrocytes, and adipocytes. Under conditions of infrequent adipocyte differentia-
tion, high Ca2+ enhances the proliferation and osteochondrogenesis of mesenchymal stem cells and
suppresses the differentiation of osteoclast precursors. Under conditions of predominant adipocyte
differentiation, high Ca2+ enhances the proliferation and adipogenesis of mesenchymal stem cells,
which might accelerate adipocyte accumulation instead of osteoblastic bone formation. High Ca2+
enhances the proliferation of bone marrow stromal cells by increasing [Ca2+]i and enhances their
differentiation into adipocytes by decreasing intracellular cAMP
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Chapter 43
Calcium in Cell-Extracellular Matrix
Interactions

Sandeep Gopal, Hinke A. B. Multhaupt, and John R. Couchman

Abstract In multicellular organisms, the cells are surrounded by persistent,
dynamic extracellular matrix (ECM), the largest calcium reservoir in animals. ECM
regulates several aspects of cell behavior including cell migration and adhesion,
survival, gene expression and differentiation, thus playing a significant role in
health and disease. Calcium is reported to be important in the assembly of ECM,
where it binds to many ECM proteins. While serving as a calcium reservoir, ECM
macromolecules can directly interact with cell surface receptors resulting in calcium
transport across the membrane. This chapter mainly focusses on the role of cell-
ECM interactions in cellular calcium regulation and how calcium itself mediates
these interactions.

Keywords Extracellular matrix · Cell adhesion · Calcium · Proteoglycans ·
Integrins · Syndecans · TRP channels · Focal adhesions · Actin cytoskeleton ·
Mechanosensing

43.1 Introduction

Extracellular matrix (ECM) is a complex network of proteins and polysaccharides
that provides mechanical stability for tissues while maintaining its dynamic nature.
Major structural proteins in the ECM include collagens, elastin and their associated
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glycoproteins, laminins, fibronectin, proteoglycans and matricellular proteins (e.g.
tenascins, osteopontin, thrombospondins). The proportion of structural proteins in
the ECM varies between tissue types, thus providing a varying degree of stiffness
and elasticity to ECM as required [1]. ECM composition is known to change both
spatially and temporally as well as in response to inflammation and disease. ECM,
initially purported to be an inert support structure, in fact regulates many functions in
animals including cell adhesion, durotaxis, gene expression and cell differentiation.

ECM is the largest source of free calcium ions in a multicellular organism,
with a 10,000 fold higher concentration than cytosol [2]. The free calcium ion
concentration in ECM is approximately 1.2 mM. From the ECM, calcium enters
cells via voltage gated or ligand gated calcium channels present in the plasma
membrane. As with many interactions, ECM-calcium cross-talk is a two-way
conversation that plays a significant role in cell signaling pathways. While ECM
regulates the calcium entry into the cell by various means, the calcium maintains
a strong influence over several cell-ECM interactions. The entry of calcium from
ECM into the cells is a tightly regulated process that involves several calcium
channels and regulators, and sometimes cell structures such as focal adhesions and
cytoskeleton [3–5].

Calcium can affect most of the aspects of a cell’s life from fertilization to
apoptosis [6, 7]. At cellular level, calcium ions are a key second messenger in many
signaling pathways. It can bind to hundreds of molecules, in some cases to trigger
various cellular signaling pathways and in others to regulate intracellular calcium
level itself. Binding affinities of calcium to cellular proteins range from nM to mM
range with many protein conformational properties dependent on the interaction.
This chapter focusses on the role of calcium in regulating cell-ECM interactions
and the role of ECM in controlling cellular calcium.

43.2 Role of Calcium in ECM and Cells

In a multicellular mammalian system, cells are always under persistent, dynamic
mechanical tension [8–10]. Cells exert tension not only on extracellular matrix
but also on neighboring cells. The mechanical tension exerted on the matrix is
mediated through junctions such as focal adhesions that are connected to the actin
cytoskeleton. Intra- and extracellular calcium levels are powerful regulators of
cytoskeletal dynamics and cell-matrix adhesion [11]. Such effects of calcium on
cytoskeletal assembly and contractility are due to the results of calcium interaction
with several cytoskeletal proteins [12–14] . Roles for calcium in cytoskeletal
maintenance are well known, though a comprehensive picture of the mechanisms
remains unclear. This is mainly due to the presence of a multitude of protein
networks in the cytoskeleton and junctions, which are subject to both rapid and
long-term dynamics.
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43.2.1 Matrix proteins

Mechanotransduction is an important component of cell survival, where mechanical
forces influence signaling cascades and cell behavior. As ECM directly interacts
with cells, there will be a significant tension applied to the cell membrane. While
mechanotransduction pathways involve cell surface receptors, ion channels, actin
cytoskeleton and tyrosine protein kinases, the role of ECM proteins appears to be
essential. Previous reports have shown that the several of the ECM components
regulate cytosolic calcium levels. At the same time, they have the ability to bind
to calcium in the ECM. Depleting or enriching ECM components can significantly
alter the mechanical properties of the matrix, which in turn affects the mechanically
sensitive channels. For instance, TRP channels, also known as stretch activated
channels, are regulated by extracellular tension derived from cell-ECM interactions.
This section lists some ECM proteins and how they are connected with calcium
homeostasis in the tissues.

43.2.1.1 Fibronectin

Fibronectin is a well characterized and abundant ECM proteins of vertebrates
[15]. It can interact with transmembrane proteoglycans and integrins, two major
cell surface receptor families that can initiate an array of downstream signaling.
Early reports using Entamoeba histolytica trophozoites, an active feeding stage of a
sporozoan parasite, showed that direct contact with fibronectin induces the cytosolic
calcium spikes [16]. Similar results were observed in multiple cell types where
fibronectin influenced the cytosolic calcium level [17]. The effect of fibronectin
on calcium was later shown to be the result of engagement of its integrin-binding
Arg-Gly-Asp motif with subsequent activation of stretch-activated calcium channels
(Fig. 43.1) [18]. On the other hand, the significant increase in the fibronectin
deposition in the ECM during wound healing is achieved through the TRPC3-
induced transcription of fibronectin [19]. Recently identified role of syndecan-4
proteoglycan in cytosolic calcium regulation also appeared to be initiated by
fibronectin. It has been demonstrated that the fibroblasts plated on the integrin-
binding region of fibronectin (FN110-KDa, Fig. 43.1a) have an elevated calcium
level, which can be reduced to the levels observed on whole fibronectin by the
addition of solution containing the heparin-binding region, Hep II (fibronectin type
III repeats 12–15, Fig. 43.1) [20]. This addition of Hep II domain also rectified
the defects in focal adhesions and cytoskeleton observed in the fibroblasts plated
on FN110-KDa [21]. Other syndecans also regulate cytosolic calcium, though
their connection with fibronectin is unclear. This role of proteoglycans in calcium
regulation will be discussed below.
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Fig. 43.1 Schematics of major calcium responsive/ regulating ECM molecules. (a) Fibronectin
structure showing the integrin and heparin (heparan sulfate analogue) interacting domains. (b)
Laminins are formed of one α, one β and one γ chains. The integrin and heparin interacting regions
are shown in the figure. Calcium binding domains of laminins are located on the α and γ arms.
(c) Fibrillin-1 structure showing the integrin and heparin interacting domains and high calcium
affinity cbEGF like domains. (d) Collagen I monomer is comprised of three alpha chains forming
a supercoiled triple helix. Final structure of collagen monomer assumes a rod-like structure of
300 nm length. Like other ECM molecules, collagen interacts with integrins and heparan sulfate
chains. E Vitronectin interacts with integrins and heparan sulfate chains
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43.2.1.2 Laminins

Laminins are the second most abundant structural component of basement mem-
branes, with an ability to interact with integrins, dystroglycan receptors and
negatively charged moieties such as heparan sulfate chains and sulfatides. A total
15 laminin polypeptides are expressed in vertebrates and several of them appear to
have calcium binding sites or calcium-induced self-assembly mechanisms [22–24].
Laminins are composed of three distinct subunits (α, β, and γ) (Fig. 43.1b) that
self-assemble in a calcium-dependent manner [24]. The self-assembly of laminin is
further enhanced during their aggregation onto lipid bilayers where both aggregation
and self-assembly depends on calcium binding [25]. There is a limited knowledge
regarding the role of laminins in regulating cytosolic calcium. Addition of soluble
laminin-211 (α2β1γ1), but not laminin-111 (α1β1γ1) to osteoclast precursor cells
resulted in the release of calcium from intracellular calcium stores [26]. The more
recent reports suggest that the laminin β2 chain interacts directly with voltage-gated
calcium channels in neuromuscular junctions [27–29] where they control calcium
sensitivity during neurotransmission [30]. This interaction between laminin β2 and
voltage gated calcium channels may involve cytoskeletal proteins such as spectrins,
plectin 1, dystrophin, myosin-1and α3 integrin cell surface receptor, though the
details remain unknown [29, 31]. It is unclear how widespread the interaction
between laminin β2 and voltage gated calcium channel property may be. However, a
mutation in laminin α1 subunit in patients with cerebellar ataxia resulted in defective
cellular calcium homeostasis [32]. Taken together, it is clear that laminins require
calcium for structural integrity, but in turn may influence cytosolic calcium levels.

43.2.1.3 Fibrillin

Fibrillins are large ECM proteins that polymerize to form microfibrils, which can
contribute to the architecture of extracellular matrix, including elastic fiber assem-
blies. Mutations in fibrillins are known to be associated with Marfan syndrome
[33], a genetic disease leading to structural defects in connective tissue. At least
four isoforms (fibrillin 1–4) of fibrillins are identified so far, with fibrillin-1 being
the most studied. The role of calcium in microfibril organization was identified
when incubation with EGTA or EDTA resulted in the disintegration of microfibril
structure [34, 35]. Fibrillins possess multiple tandem repeats of epidermal growth
factor-like motifs that can bind calcium with high affinity, an essential requirement
in microfibril formation [36, 37]. Reports suggest that fibrillins contain calcium-
binding epidermal growth factor (cbEGF) like domains that are interspersed with
TGF-β binding protein like domains [38]. The interdomain interactions between
cbEGF and TGF-β binding protein like domain appear to be strongly dependent
on calcium [39]. It was shown that the calcium binding to cbEGF like domain
plays a major role in maintaining fibrillin-1 structure by restricting the mobility
of the interdomain regions [40]. In addition, calcium also appears to be essential
for the homotypic and heterotypic interactions between fibrillin isoforms [41, 42].
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Finally, calcium plays important role in fibrillin interactions with several matrix
proteins including versican, aggrecan, fibulins and HSPGs [43–46]. The presence
of calcium ions in the ECM embued fibrillin with resistance to proteolytic enzymes
such as trypsin, matrix metalloproteinases and plasmin [47, 48]. While fibrillins can
initiate cell signaling through cell surface receptors such as integrins and syndecan
HSPGs [43, 49, 50], currently there is no direct evidence to suggest they can regulate
cytosolic calcium, but seems likely given other data on these receptor systems.

43.2.1.4 Collagen

Collagens are the most abundant proteins of the ECM. There are at least 28 types of
chronologically named (I–XXVIII, Fig. 43.1d) collagens identified in vertebrates.
While collagens are important in calcification of cartilage during aging, this section
of the chapter focuses only on the role of collagen in calcium mobility in cells. It
has been debated for a long time whether the collagen can induce a calcium rise
in cells. Most of the information about the role of collagen in calcium regulation
comes from platelets. Some reports suggest that collagen raises cytosolic calcium
levels in human platelets, possibly by activating calcium channels via phospholipase
C and inositol 1,4,5 trisphosphate [51–53]. This observation was later supported
when the platelets showed a steep increase in calcium levels when they were in
contact with type 1 Collagen [54]. As the most abundant protein in ECM, the
collagen contributes to the stiffness and tensile strength of the matrix. As mentioned
previously, the ECM-mediated tension can alter calcium levels in cells. Studies
using human mesenchymal stem cells plated on the collagen showed that calcium
oscillations in the cells vary depending on the rigidity of the collagen matrix
[55]. The average calcium spikes in the cells were increased with the increase in
rigidity of the collagen matrix, indicating the calcium oscillations are sensitive to
mechanical cues. While the study addressed the role of collagen rigidity, it may
well be true for several other proteins since nearly all structural ECM proteins can
contribute to matrix stiffness.

43.2.2 Focal Adhesions

Aside from hemidesmosomes, the major points of contacts with cells and ECM
are focal adhesions (Fig. 43.2), a group of mechanosensitive, macromolecular
assemblies that anchor cells to ECM. While multiple studies collectively identified
a total of 2000 proteins in the focal adhesions depending on the cell types and the
analysis methods, the core adhesome formed of approximately 60 proteins [56].
Focal adhesions are formed at a specific range when the plasma membrane is at
a distance of 15 nm from the ECM. Focal adhesions are present at the termini of
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Fig. 43.2 Cell surface receptors in the focal adhesion formation, cytoskeletal organization and
calcium regulation. The cell surface receptors integrins and syndecan-4 bind with ECM proteins to
activate a large group of downstream signaling molecules to control focal adhesion and cytoskeletal
dynamics. Integrins bind directly or indirectly to FAK, talin, kindlin and paxillin through its
cytoplasmic domain to trigger focal adhesion formation, whereas syndecan-4 interacts with PKCα

and trigger further downstream signaling. The focal adhesions are attached to the actin cytoskeleton
formed by F-actin bundles connected by α-actinin, where the vinculin acts as a mechano-transducer
between the cytoskeleton and focal adhesions. The synergistic action of integrins and syndecan-4 is
essential for the formation of focal adhesions and organized cytoskeleton. Mechano-sensitive (TRP
channels) and/or voltage gated channels are regulated by both integrins and syndecans, where they
form complexes and appear to co-localize with other focal adhesion molecules

actin bundles (stress fibers), where, in a protein-dense plaque, they are connected
to receptors, notably integrins (Fig. 43.2). Key protein components of the plaque
include talin, vinculin, paxillin, kindlins and kinases (Fig. 43.2) [56–58]. Focal
adhesion dynamics are maintained by localized cooperative signaling between
integrins and syndecan-4 proteoglycans [59, 60]. While integrins and syndecans
may be mechanoreceptors and have limited effects on transcription, they control
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the localization of several focal adhesion proteins and signal survival in anchorage-
dependent cells. It has been shown that the absence of integrin or syndecan can
cause a significant reduction in the number and size of focal adhesions formed by
cells.

It is well known that the focal adhesions respond to calcium changes in the cells.
An early report showed that calcium affects the morphology of spreading human
platelets. While the report did not specifically use the terminology ‘focal adhesions’,
it mentioned the calcium dependent formation of small discrete, optically denser
regions suggesting the presence of focal specializations at the ventral cell surface
[61]. Later reports showed cells attach to fibronectin in calcium dependent manner.
Even though the cell surface receptors involved was unknown at the time, one mech-
anism of attachment to fibronectin was shown to be mediated by glycosaminoglycan
sugar chains, specifically heparan sulfate chains [62].

The role of calcium in adherent cells was further emphasized when enhanced
calcium influx was shown to induce phosphorylation of focal adhesion-associated
tyrosine kinase, FAK in adherent cells [63, 64]. Later reports suggested that FAK
phosphorylation was coordinated by protein kinase C and integrins [65] and calcium
spikes have been reported in focal adhesion complexes. Reports later indicated that
protein kinase C inhibition resulted in marked reduction in tyrosine phosphorylation
of paxillin [66, 67]. Recently, it was found that the PKC inhibition indeed resulted
in an elevation of cytosolic calcium [20]. Similar mechanisms were identified with
FAK and paxillin phosphorylation in response to external mechanical force, a known
inducer of calcium changes in the cytosol [18, 68, 69]. A clearer observation
regarding the role of calcium in focal adhesion turnover came from studies where
fluorescent-tagged FAK was followed during focal adhesion formation. It appeared
that the post photo-bleaching recovery of FAK at the focal adhesions was slowed by
calcium elevation [11].

Until recently, no calcium channels were identified in any focal adhesion specific
proteomic analysis (see review by [70]. However, it could be due to the low
expression of channels in the focal adhesions making them difficult to detect.
One of the latest mass spectrometry analyses of focal adhesions revealed that
the presence of SLC9A1, SLC16A3, KCNH2, PKD-1 and TRPM7 in the focal
adhesions. Recent studies by immunofluorescence showed that focal adhesions
contain stretch-activated channels TRPC7 (Fig. 43.3) and TRPM4 whose expression
changes appears to affect focal adhesion size [20, 71]. Currently, there is no
evidence indicating that these channels form heterodimers in the focal adhesions.
The observation that these channels are present in focal adhesions is very recent and
their function in the focal adhesions remains unclear. TRPM4 itself is not a calcium
channel, though it can be activated by calcium. Given the presence of TRPC7,
it is possible the TRPM4 is activated by the calcium entry through TRPC7. The
transient silencing of TRPM4 appears to lead to larger focal adhesions, leading to
the speculation that TRPM4 is involved in focal adhesion turnover [71].
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Fig. 43.3 The cells showing
staining for TRPC7 channel
(green) and filamentous actin
(red). The TRPC7 channels
appears to localize at the end
of actin filaments, where the
actin cytoskeleton attaches to
the focal adhesions

43.2.3 The Actin Cytoskeleton

Cytoskeleton provides rigidity to the cells and facilitates cell shape maintenance.
In addition, the actin cytoskeleton plays important roles in cell migration and
tension sensing [72–74]. Actin forms filamentous bundles that are bridged by
a second protein called α-actinin [75, 76]. In non-muscle cells, these structures
are mostly visible in activated (myo)fibroblasts. Over 20 years ago the ability of
the cells to contract in response to external mechanical forces was shown to be
dependent on calcium influx from the ECM [77]. One of the initial observations
showed that the addition of calcium to Dictyostelium, an eukaryotic, phagotrophic
bacterivore led to restricted depolymerization of actin filaments where ends of
the actin filaments were resistant to depolymerization [78]. Later, α-actinin, a
34 kDa actin-bundling protein and gelation factor (ABP-120) were identified as the
components that bind to calcium in order to promote this process [79–81]. Studies
using mutant α-actinin, 34 kDa actin-bundling protein, and knock-out models
showed that the actin bundling was reduced in the cells and leading to a fragile,
loose cytoskeleton [82]. Research from Edwards and Booth suggested a number of
cytoskeletal proteins of molecular mass 72, 69, 38, 36 and 32 kDa were regulated by
calcium concentration. Depletion of calcium using EGTA suggested the release of
these proteins from their complexes led to a more open meshwork of disorganized
cytoskeleton. This research also provided the first evidence for a possible effect of
local calcium concentration on cytoskeletal proteins [83]. Previously, it was shown
that increase in calcium concentration induced degeneration of monkey and human
peripheral nerves due to cytoskeletal collapse [84]. Peripheral nerves already have
comparatively high calcium concentrations and further increase in this calcium
initiated the cytoskeletal collapse. However, lowering the calcium concentration
did not produce significant changes during the examined time period [84]. These
findings were further consolidated when the role of calcium in actin cytoskeletal
organization was identified in osteoblasts [85]. Parathyroid hormone is necessary
for maintaining optimum blood calcium concentration level by controlling calcium
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release from bone. The treatment of osteoblasts with parathyroid hormone resulted
in changes in osteoblast cytoskeletal organization due to an elevation in cytosolic
calcium. This increase in the intracellular calcium concentration resulted in an
impaired cytoskeleton leading to the retraction of the cells and a reduction of triton
X-100 insoluble cytoskeletal components, suggesting a decrease in polymerized
actin and tubulin in the cytoskeleton [85]. Furthermore, later research showed that
the force-induced actin reorganization depended on cytosolic calcium levels and
tyrosine phosphorylation of several cytoskeletal proteins including paxillin [86].
Another output of calcium-cytoskeleton cross-talk is the rapid actin assembly and
disassembly caused by calcium oscillations in response to local flux through the
membrane [87]. These observations essentially led to the idea that the integrity of
cytoskeleton depends on maintaining optimum intracellular calcium concentrations.

Eukaryotic cells respond to a calcium-mediated effect on cytoskeleton mainly
through calmodulin (CALcium-MODULated proteIN, CaM), a calcium binding
messenger protein [88]. Calmodulin is a small protein (17 kDa) with four helix-
loop-helix structural domains called EF hands. Similar to another cytoskeleton
protein α-actinin, calmodulin can sequester calcium ions in the EF hands which
are essential for their structure [89, 90]. Calmodulin also possesses a hinged region
giving structural flexibility to the backbone that helps to wrap around the target
molecule. The calcium interaction property of calmodulin is interesting since it can
target several cellular proteins that are not able to interact directly with calcium, thus
acting as a signal transducer. The role of calcium/calmodulin in cell signaling is best
exemplified by the major effector protein, calcium/calmodulin-dependent protein
kinase II (CaMKII), a family of serine/threonine-specific protein kinases. CaMKII
is often identified as a ‘structural kinase’ that can interact with cytoskeleton, a
process that can be influenced by laminin interactions at the cell surface [91]. For
instance, the variable region of oligomeric CaMKIIβ has an F-actin binding domain
that directs CaMKIIβ to stress fibers. This promotes the localization of CaMKIIβ
to the cytoskeleton [92, 93]. Calcium/calmodulin interactions triggers CaMKII
phosphorylation by direct binding. As the calcium/calmodulin and F-actin binding
site in CaMKII are located in proximity, it is possible that calcium/calmodulin
binding may block CaMKII-F-actin interaction leading to cytoskeletal changes
[93]. This observation was supported by using CaMKII mutant that was unable to
interact with calcium/calmodulin, where the CaMKII interaction with filamentous
actin was enhanced. Taken together, current knowledge suggests that the increase in
calcium in cells may lead to calcium/calmodulin binding to CaMKII that governs the
removal of CaMKII from actin cytoskeleton. Since binding of CaMKII to F-actin is
required for stability of F-actin bundles [94], the increase in calcium may eventually
results in a disassembled cytoskeleton. These observations were confirmed by
biochemical assays suggesting CaMKII indeed regulates actin assembly, structure
and remodeling [95]. In addition, in vitro studies suggested that actin could be
phosphorylated exclusively by CaMKIIβ but not by other isoforms. This could be
enhanced by the depletion of calcium/calmodulin complexes [96]. A more recent
observation aligns with the findings where elevation of calcium through TRPC7
channel resulted in disorganized cytoskeleton [20]. The GTPase activating protein,
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IQGAP was identified as another modulator between calmodulin and cytoskeleton.
Knocking down of IQGAP1 led to the reduction of calmodulin in the actin rich
cortex of mast cells. Cells exhibited changes in local calcium concentration followed
by reorganization of cytoskeleton [97].

Importantly, cytosolic calcium regulates not only the cytoskeletal organization
but also contractility. In this respect, myosin is the key protein. Myosins are family
of at least 20 motor proteins involved in actin-based eukaryotic cell motility [98–
100]. The head of the myosin protein contains the actin- and nucleotide-binding sites
and the catalytic domain consisting of an α-helical strand, which is stabilized by the
binding of calmodulin or calmodulin-like light chain subunits [101]. The C-terminal
region, which is distinct for each myosin class, mediates the association of myosins
with each other and anchoring them for movement relative to actin filaments [102].
Intracellular calcium levels heavily influence the activity of specific myosins. Most
of the members of myosin family are inactive in the absence of calcium. For
example, myosin V and VII have been shown by electron microscopy and analytical
ultracentrifugation to fold into a more compact, inactive structure in the absence of
calcium [103]. On the other hand increased cytosolic calcium leads to reductions
in the progressive movement of motor proteins, which is speculated to result from
the dissociation of calmodulin light chain from heavy chain affecting the stability
of myosin [104]. Moreover, calcium levels have a major influence on interactions
mediated by myosin head and tail [105]. Another calcium binding molecule that
controls cytoskeletal contractility is troponin, which consists of a calcium binding
subunit (troponin C), inhibitory subunit (troponin L) and tropomyosin-binding
subunit (troponin T). Troponin mainly appears on the actin bundles of striated
muscles, where they activate muscle contraction. Like several other cytoskeletal
proteins, troponin C contains multiple EF hand domains. The two EF hands at
the C-terminus troponin C harbor two high affinity calcium binding sites, whereas
the single EF hands on the N-terminus have a low affinity calcium binding site
[106, 107]. Depending on calcium levels, troponin regulates the interaction between
myosin and actin filaments in striated muscles, thus affecting the contractility of the
cytoskeleton [108–111].

The ability of calcium to alter cytoskeletal organization and contractility may
have a broad impact on the life of an organism, emanating from the control of cell
morphology. For example, the organization of dendritic spines depends on the local
calcium concentration in neurons [112, 113]. Dendritic spines are highly motile
structures whose morphology is cytoskeleton-dependent. Rapid reorganization of
spines is crucial for the synapses residing on it, which eventually affects the neural
transmission [114]. Observations from starfish oocytes suggest that calcium signals
are increased with the increase in the expression of cofilin, an actin-depolymerizing
factor that modulates cytoskeletal dynamics, cell motility and cytokinesis. Increased
cofilin expression promotes hormone-induced oocyte maturation and fertilization
[115]. More important aspects of cytosolic calcium levels came from the studies
of cardiac physiology. The impaired diastolic function of the heart is believed be
the result of dysfunctional calcium regulation, which can be improved through
modulation of myofilament calcium sensitivity [116]. At this point it is worthy
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to note that none of the studies indicated a change in protein level expression of
any of the cytoskeletal proteins in response to change in cytosolic calcium. This
means the changes in cytoskeletal structures are simply due to altered localization
and function of various cytoskeletal proteins. For example, studies on roles of the
cytoskeleton in exocytosis suggested that increased cytosolic calcium concentration
directly affecting F-actin organization might cause the relocation of actin from the
bundles, rather than affecting protein synthesis [117].

43.2.4 Cell Surface Receptors

43.2.4.1 Proteoglycans

Proteoglycans are composed of a core protein with glycosaminoglycan sugar chains
covalently attached to the core protein. Proteoglycans are an important component
of the ECM, but others at the cell surface function as receptors. Proteoglycans
interact with ECM molecules, mainly through their glycosaminoglycan chains. Over
30 proteoglycans are encoded in mammals where many maintain tissue specific
expression [118]. Proteoglycans of the syndecan family control multiple cellular
functions, including cell adhesion, cytoskeletal organization, cell migration and
protein transport [118–120]. Syndecans are the only proteoglycans identified to
regulate cytosolic calcium (Fig. 43.4). They are transmembrane receptors that can
interact with the extracellular ligands such as fibronectin, laminin and collagen [22].
Recently, syndecans were identified as regulators of mechanosensitive transient
receptor potential (TRP) channels. Syndecans-1 and -4 were shown to regulate
transient receptor potential (TRP) channels. Syndecan-1, a prominent syndecan of
epithelial cells appeared to control TRPC4 channels [20]. Similarly, ubiquitously
expressed syndecan-4 controls TRPC7 channels in mesenchymal cells [20]. While
these two syndecans can associate with TRPC channels, it is highly likely that
other syndecans regulate other members from TRP family, not least since similar
properties could be shown in the single syndecan of Caenorhabditis elegans [20].
Syndecan-4 mediated regulation of TRP channel seems to be maintained through
PKC activation and direct complex formation between syndecan, the channels and
the cytoskeletal protein α-actinin [20]. This agrees with a previous observation made
in goldfish retinal bipolar cells where calcium was altered with the activation of
PKC by PMA. Both researches, performed over a decade apart in two different
systems, found that the PKC induced calcium modification results in F-actin
filament reorganization.

Syndecan-4, perhaps through ligand-induced clustering, can activate PKCα

through direct interaction. It has been reported that TRP channels are negatively
regulated by a PKC mediated phosphorylation of a regulatory serine residue situated
near the C- terminus of the channel [121]. It is speculated that the active PKCα

near the cytoplasmic domain of syndecan-4 can phosphorylate this regulatory serine
residue of the channel, thus leading to the closure of the channel (Fig. 43.4).
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Fig. 43.4 Syndecan mediated regulation of TRP channels: In the presence of syndecan-4, the
active PKCα phosphorylates TRP channels. This leads to the closing of the channel

The complex formed between TRP channels and syndecan-4 should enable the
channel to be in the close proximity of the PKCα. Interestingly, the complex
formation between syndecan-4 and the TRP channels appears to be independent
of heparan sulfate chains on the ectodomain of syndecan-4, whereas the channel
regulation results from heparan sulfate chain interactions with extracellular matrix
[20]. Syndecan-4 interacts with the fibronectin, specifically the 31kD HepII domain
of fibronectin through heparan sulfate chains. This classic interaction is known to
trigger PKCα activation in the presence of the membrane phospholipid, PtdIns4,5P2
[122–125]. Therefore, it can be speculated that the active PKCα phosphorylates the
TRP channel and other cytoskeletal regulatory proteins [121, 126, 127]. Overall,
these findings support the idea that the syndecan mediated calcium control is
initiated by the heparan sulfate chain engagement with ECM, that transduces PKCα

activation and channel regulation. Currently, fibronectin is the paradigmatic ECM
component that was shown to have the ability to initiate syndecan-4 mediated
control of TRP channels. This property could, however, be common to many ECM
molecules and awaits investigation. Previous observations support the idea that
heparan sulfate chains are essential for this process. One report showed that adding
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heparin, a highly sulfated analogue of heparan sulfate, to epithelial cells inhibited
calcium oscillations [128]. This could be due to the competition between heparin
and endogenous heparan sulfate for interactions with ligands such as fibronectin.
Recent reports reiterate this, where syndecan-4 without heparan sulfate chains failed
to maintain the cytosolic calcium levels in embryonic fibroblasts [20].

The syndecan-4 mediated control of TRP channels is essential for the mainte-
nance of cytoskeleton and formation of focal adhesions. Experiments in embryonic
fibroblasts revealed that elevated calcium levels seen in syndecan-4 null fibroblasts
result in disorganized cytoskeleton and smaller focal adhesions [20]. Currently,
several syndecan-dependent phenotypes may be explained as secondary effects
of their role in cytosolic calcium regulation. However, there is no significant
information available regarding the organismal effect of syndecan-TRP channel
cross talk in mammals. However, one report suggests that syndecan-4 and TRPC6
may regulate glomerular permeability [129]. Recent reviews also highlighted that
syndecan controlled calcium may be of importance in cardiac diseases, cancers,
neuronal patterning and development [130–134].

43.2.4.2 Integrins

The role of integrins in calcium regulation has been known for over three decades.
Like syndecans, integrins are transmembrane receptors that can interact with a
large number of cell ECM molecules such as fibronectin, vitronectin, collagens and
laminins, and participate in signal transduction (Figs. 43.1 and 43.2). Integrins are
composed of transmembrane α- and a β- subunits, where they can assume active
or inactive conformations. There are 24 integrin heterodimers in vertebrates formed
by different combinations of 18 α- and 8 β- subunits [135, 136]. Structural analysis
revealed that calcium ions compete with manganese ions for integrin binding [137–
139], in regulating the switch between active and inactive integrin conformations.
This was further confirmed when removal of calcium appeared to increase ligand
binding affinity of the integrin [140]. The divalent ion interaction with integrin
also known to stabilize the integrin interaction with its ligands [139], though this
is attributed to manganese rather than calcium ions.

A number of integrins can facilitate calcium entry into cells, thus affecting
cellular processes including cell-ECM adhesion and cytoskeletal regulation. On
the other hand, integrin -mediated cell adhesion was also shown to be controlled
by cytosolic calcium levels. A subset of integrins interact with ECM proteins
through an Arg-Gly-Asp motif on the ECM protein (e.g. fibronectin and vitronectin
interactions with αV or α5β1 integrins) [141–144]. It has been shown that supplying
cells with Arg-Gly-Asp peptides elicited a transient change in intracellular calcium
levels [145–147], likely due to the integrin engagement with the peptide ligand.

Integrin-induced calcium changes are mainly associated with voltage-gated
calcium channels. For instance, integrins differentially control L-type calcium
channels in vascular smooth cells, where αVβ3 integrin may negatively regulate
the channel while α5β1 integrin may enhance calcium entry [148]. Subsequent
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research showed that the α5β1 integrin mediated control of L-type channels may
be maintained via a tyrosine phosphorylation cascade, signaling between focal
adhesion kinase, vinculin, paxillin and c-Src [12, 149]. This signaling appeared
to be initiated by the interaction of integrins with extracellular proteins such as
fibronectin and vitronectin, probably through the Arg-Gly-Asp motif. Currently
the reason behind differential regulation of channels in response to Arg-Gly-Asp
interaction is unclear. One possibility is that other calcium channels or internal
calcium stores might be compensating the effects of integrin-ECM induced calcium
changes. Alternatively, each integrin may associate with distinct channels, an area
in need of further research. A more recent report showed that α4β1 integrin can
similarly influence L-type calcium channels as a result of their interaction with the
Leu-Asp-Val sequence of an alternately spliced fibronectin variant [150]. Finally,
the interaction of α7 integrin with laminin in skeletal muscle resulted in not only the
activation of L-type channels, but also calcium release from intracellular calcium
stores [151]. As mentioned before, integrins and laminins may form complexes with
voltage gated channel Ca(v)α in other systems such as synapses. However, the direct
role of integrin in calcium release from intracellular calcium stores remains unclear.
Finally, integrins are also involved in controlling mechanosensitive channels either
directly or indirectly. Applying mechanical forces directly to integrins evoked an
increase in cytosolic calcium levels, which seems to require a reciprocal force from
the cytoskeleton [152, 153]. However, the application of the force may lead to more
global effects on the plasma membrane. Therefore, the increase in calcium might be
a combined result of the force applied on the plasma membrane and cytoskeleton
instead of, or in addition to, an integrin-specific one.

While the role of integrin in calcium regulation is well established, the direction-
ality of the regulation appeared to depend on cell and mode of integrin involvement.
For instance, αVβ3 integrin appears to negatively regulate calcium entry in vascular
smooth cells [148] whereas it increases calcium levels in rat osteoclasts [154]. These
experiments were, however, different in terms of integrin presentation to cells. The
experiments with vascular smooth cells were based on the integrin present on the
cell surface whereas the αVβ3 integrin was supplied in solution to rat osteoclasts.
This may have resulted in a competition for ligand binding between cell surface
and exogenous integrins. Overall, the consensus is that integrin-controlled calcium
regulation is initiated by the clustering of integrins on the cell surface following
their interaction with ECM proteins [155].

43.3 Conclusions

The ability of ECM proteins to regulate cytosolic calcium levels in addition to
signaling through kinase networks is an indicator of the complexity of cell-ECM
interactions. Over last two decades the role of ECM in controlling cell behavior
has been increasingly elucidated and some of the pathways are controlled through
calcium. On the other hand, the ability of calcium to control cell-ECM interactions,
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mainly though focal adhesions is also well known. This two-way interaction
indicates feedback mechanisms, though the precise control mechanisms remain
elusive. Since cell surface receptors are the gatekeepers of these interactions, it is
highly likely the decisive factor is the localization of these receptors on the cell
surface and the formation of localized and functional signaling complexes. The
recent addition of syndecans as calcium regulators along with integrins reveals
a complex, yet a delicately controlled mechanism, subject to the balance of cell
surface receptor expression and function.

43.4 Future Research

As expected, the role of calcium in cell-ECM cross talk is a complex research
area. While ECM and tissue fluids remain the largest calcium storage sites,
intracellular calcium stores play a significant role in calcium regulation that impacts
cell adhesion and morphology. The most challenging aspect of calcium studies
is the identification of relevant calcium sources that are involved in specific cell
signaling. Secondly, there is a need to identify exactly how the localized calcium
is controlled. Microdomains within the cell with regard to ions, mRNAs and
junctions are apparent. For example, calcium dynamics in focal adhesions may
have a decisive effect on the focal adhesion turnover, yet there is no significant
information available on its regulation. In addition, further information needs to be
elucidated on the mechanosensitive calcium channels where cell-ECM interactions
play a major role. It is not yet fully clear which TRP channels are regulated by which
syndecans and how much redundancy may be in the system. It is also possible that
other TRP subfamilies could be similarly regulated, but this is currently unknown.
Applying computational models may be in the realm of possibilities to elucidate
mechanotransduction between cell and ECM. By incorporating calcium regulation
in the computational models may help to understand the complexity of calcium in
cell-ECM interactions.
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