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Foreword

Calcium signaling is a highly versatile system responsible for regulating a large
number of diverse cell functions in both excitable and non-excitable cells.
It initiates a new life at the time of fertilization and then guides many of the
subsequent developmental processes that orchestrate the emergence of all
the multiple cell types that constitute all the organ systems of the human body. The
enormous diversity and subtlety of these different signaling systems is quite
remarkable. At synaptic endings, for example, a brief highly localized pulse of
calcium can trigger transmitter release within microseconds, whereas global ele-
vations of calcium lasting for seconds to minutes activate fertilization and
metabolism in liver cells. To achieve this diversity, cells have access to an
extensive calcium signaling toolkit from which they can select out and assemble
unique signaling systems with the spatial and temporal properties necessary to
control their particular cell-specific functions.

One of the features of these cell-type-specific calcium signaling systems is their
relative stability. This stability depends on the turnover of signaling components
being tightly regulated, which depends on a balance between the degradation of
individual components and their replacement by ongoing transcription processes.
Despite this stability, it is clear that these signaling systems are remarkably flexible
and this has gradually come to light from knockout experiments where experi-
menters often are disappointed to find no apparent change in phenotype after
removing an apparent key calcium signaling component. Such negative results are
usually explained by invoking compensatory responses and are not investigated
further. However, when the phenotype is examined in more detail, some surprising
observations have emerged to indicate that when a particular component is
removed, cells can interrogate their extensive toolkit to come up with an alter-
native closely related component that will restore the same function with varying
degrees of effectiveness.

While this flexibility of the calcium signaling system enables organisms to
survive in the face of changes in individual components, these compensatory
changes are usually not perfect and the modified signaling systems often results in
the emergence of a multiple diseased states. There is no better way of illustrating
this point than to consider the contents of this remarkably complete anthology of
calcium channel pathologies. It highlights how so many human diseases are caused
by defects in calcium signaling systems in both excitable and non-excitable cells.
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It is extraordinary to see that mutations in voltage-gated calcium channels have
been linked to so many human pathologies and new examples are continuously
appearing. For example, mutations in the CACNA1C gene that codes for the a1C

subunit of the Cav1.2 L-type calcium channel, which causes Timothy syndrome as
described in this volume, has just been linked to a variety of psychiatric disorders
such as schizophrenia and bipolar disorder. The insights gained from under-
standing the genetic basis of all these debilitating diseases are providing essential
new information for our quest to understand how specific cell functions are con-
trolled in complex organ systems such as the brain.

The editors, Norbert Weiss and Alexandra Koschak, have been extraordinary
successful in bringing together so many of the major researchers in this rapidly
expanding field. To have all this information in a single volume is a fantastic
resource for both those workers actively involved in this exciting field and for
those wishing to find out more about particular diseases.

Cambridge, UK Sir Michael Berridge
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Preface

Calcium ions (Ca2?) represent one of the most versatile second messengers in
eukaryotic cells, and changes in the intracellular Ca2? concentration regulate
many cellular physiological functions as diverse as gene transcription, muscle
contraction, neurotransmission fertilization and more. In order to make use and
regulate the amplitude, duration and subcellular localization of the Ca2? signal,
cells have developed a complex machinery, the Ca2? signaling toolkit, initially
introduced by Sir Michael Berridge, where Ca2? channels play a key role in the
initiation of the Ca2? signal. Therefore, it is not surprising that mutations in Ca2?

channel genes, causing either a loss or a gain of channel function, can lead to
serious (chronic) disorders. We have not only learned much within the last two
decades regarding the structure/function basis of Ca2? channels, but also the list of
human diseases known to be associated with a defect in Ca2? channels has grown
considerably. This book aims to provide an informative and up-to-date account of
our present understanding of human diseases associated to the various Ca2?

channels, from their molecular basis to the point of clinical pharmacology.

Voltage-Gated Ca 21 Channels

Voltage-gated Ca2? channels (VGCCs) are pore-forming plasma membrane pro-
teins that convert an electrical signal into intracellular Ca2? elevations. To date, 10
genes encoding the pore-forming subunits of mammalian VGCCs have been
identified. 7 genes encode the high-voltage activated (HVA) channel subfamily
(comprising L-type (Cav1.1 to Cav1.4), P/Q-type (Cav2.1), N-type (Cav2.2) and
R-type (Cav2.3) channels) and 3 genes encode the low-voltage-activated (LVA)
channel subfamily (composed exclusively of T-type (Cav3.1 to Cav3.3). In addi-
tion to the Cav pore-forming subunit, HVA channels contain auxiliary subunits:
b (b1 to b4, a 55 kDa cytosolic protein of the membrane-associated guanylate
kinase (MAGUK) family), a2d (a2d1 to a2d4, a 170 kDa highly glycosylated
extracellular protein with a single transmembrane domain), and in some cases c (c1

to c8, a 33 kDa transmembrane protein). Calcium entry through neuronal Cav2.1
and Cav2.2 channels initiates fast neurotransmitter release at the central and
peripheral synapses, respectively, by triggering the fusion of secretory vesicles
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with the plasma membrane through actions on the SNARE synaptic protein
complex. Therefore, small changes in their biophysical properties or subcellular
expression result in alteration in neuronal excitability. In Chap. 1, Daniela
Pietrobon discusses the implication of Cav2.1 channels in the pathophysiology of a
rare form of migraine with aura, the familial hemiplegic migraine type I. Their
implication in various forms of cerebellar ataxia in then discussed in Chap. 2 by
Stephanie Schorge and Kinya Ishikawa. In contrast to Cav2 channels which are
widely expression through the nervous system, Cav1.3 and Cav1.4 channels pre-
dominate in sensory cells of the inner ear and in retinal neurons, respectively, and
have been linked to sensory disorders as discussed by Alexandra Koschak,
Alexandra Pinggera, Klaus Schicker and Jörg Striessnig in Chap. 3. In contrast to
HVA Ca2? channels, LVA channels (referred as T-type channels or Cav3 chan-
nels), because of their particular activation threshold around the resting membrane
potential of the cells, underlie neuronal burst-firing, often associated with spike-
and-wave discharges observed on electroencephalography recordings during cer-
tain forms of epileptic seizures as discussed in Chap. 4 by Stuart M. Cain, Michael
E. Hildebrand and Terrance P. Snutch. Finally, Annette Dolphin discusses the
implication of the voltage-gated Ca2? channel a2d-subunit in various neurological
disorders and most importantly its clinical relevance as therapeutic target for
gabapentinoid drugs (Chap. 5). In skeletal muscle, Cav1.1 functions as both a
slowly-activating, voltage-gated L-type Ca2? channel and as the voltage sensor
that triggers the opening of ryanodine receptor Ca2? release from the sarcoplasmic
reticulum during excitation–contraction (EC) coupling (voltage-induced-Ca2?

release (VICR) mechanism). In Chap. 6, Amaury Francois Anne Pizzoccaro,
Sophie Laffray and Emmanuel Bourinet review the current knowledge on the role
of the LVA T-type channels in the perception and modulation of pain. In Chap. 7,
Emma Matthews and Mike Hanna specifically discuss the implication Cav1.1
channels in hypokalemic periodic paralysis. Then, Viktor Yarotskyy and Robert T.
Dirksen analyse its implication in malignant hyperthermia (Chap. 8), while Julien
Fauré, Joël Lunardi, Nicole Monnier and Isabelle Marty investigate this functional
coupling from the side of the ryanodine receptor type I (Chap. 9). In Chap. 10,
Paul W. Wirtz, Maarten J. Titulaez and Jan J. G. M. Verschuuren discuss the
molecular physiopathology of the Lambert-Eaton Mysathenic Syndrome, an
autoimmune disease of the neuromuscular junction and the implication of Cav2.1
channels. In contrast to the skeletal Cav1.1 channel, cardiac Cav1.2 channels
trigger the opening of the ryanodine receptor via a Ca2?-induced-Ca2?-release
mechanism (CICR), and mutations in the gene encoding Cav1.2 channels have
been linked to various cardiac syndrome, including the Timothy syndrome dis-
cussed by Hua Huang, Juejin Wang and Tuck Wah Soong in Chap. 11, and the
Brugada syndrome discussed by Brett Simms in Chap. 12. In Chap. 13, Matteo
Mangoni specifically discusses the implication of Cav1.3 channels in sinoatrial
node dysfunction, and Stephan Herzig and Jan Matthes discuss in Chap. 14 how an
alteration in the expression pattern of the VGCCs b-subunit and its consequence
on the L-type current leads to an alteration of the cardiac function.
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As previously mentioned, Ca2? influx from VGCCs controls many cellular
processes including cell growth and differentiation, and not surprisingly these
channels have been implication in different form of cancer. This aspect is dis-
cussed in Chap. 15 by Maria Beatrice Morelli, Sonia Liberati, Consuelo Amantini,
Matteo Santoni, Massimo Nabissi, Valerio Farfariello and Giorgio Santoni in the
particular case of Cav3 channels. Finally, Ľubica Lacinová and Lucia Lichvárová
close this section by providing an up-to-date picture of the clinically relevant drugs
against VGCCs and associated diseases (Chap. 16).

Transient Receptor Potential Channels

In contrast to VGCCs, the Transient Receptor Potential (TRP) superfamily of
cation channels displays greater diversity in activation mechanisms and selectivity.
Based on the sequence homology, Mammalian TRP channels are divided into
seven subfamilies: TRP Canonical (TRPC; TRPC1 to TRPC7), TRP Vanilloid
(TRPV; TRPV1 to TRPV6), TRP Melastatin (TRPM; TRPM1 to TRPM8), TRP
Polycystin (TRPP; TRPP2, TRPP3 and TRPP5), TRP Mucolipin (TRPML,
TRPML1 to TRPML3), and TRP Ankyrin (TRPA; TRPA1). TRP channels are
membrane spanning proteins that share the common features of six putative
transmembrane segments and a non-selective permeability to cations. Although
the cytoplasmic amino and carboxy termini are variable between TRP subfamily
members, they contain different domains (i.e., ankyrin repeats, coiled–coiled,
calmodulin binding sites and more) critical for channel regulation. Functional TRP
channels form either homo- or heterotetramers assembled from identical or similar
TRP subunits, and play critical roles in sensory physiology like vision, taste,
olfaction, hearing, touch, but also thermo- and osmosensation. Although only few
TRP members have been linked to hereditary diseases, the implication of TRP
channels in the pathogenesis of many disease states has emerged. In Chap. 17,
Shoichi Irie and Takahisa Furukawa present the physiological role of TRPM1
channel in retinal bipolar cells, and the association of human TRPM1 mutations
with congenital stationary night blindness. In Chap. 18, Meredith C. Hermosura
discusses how alteration in TRPM2 and TRPM7 functions in the immune system
may lead to neurodegenerative diseases such as amyotrophic lateral sclerosis and
Parkinsonism dementia. Christian Grimm and Math P. Cuajungco then highlight
the cellular function of TRPML channels endolysosomal system and their impli-
cation in the lysosomal storage disorder mucolipidosis type IV (Chap. 19). As
previously mentioned, activation of TRP channels present a great diversity in
activation mechanisms, and are thus considered as polymodal cellular sensors.
This diversity is particularly well illustrated by the implication of TRP channels in
the signaling pathway of various painful stimuli, as discussed in Chap. 20 by
Alexandre Denadai-Souza and Nicolas Cenac.

Besides their role in neurological disorders, the contribution of TRP channels
has also been described in various muscular/skeletal and cardio-vascular disorders.
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In Chap. 21, Jeremy M. Sullivan, Thomas E. Lloyd and Charlotte J. Sumner
present the hereditary channelopathies (Charcot-Marie-Tooth disease, muscular
atrophy, dysplasia and brachyolmia) caused by mutations in the gene encoding
TRPV4 channel. Two chapters then discuss the role of TRPC channels in the
cardiovascular system. In Chap. 22, Nadine Kirschmer, Kristina Lorenz and Petra
Eder-Negrin explain how an alteration in TRPC channel activity may cause car-
diac hypertrophy, whereas in Chap. 23, Michael Poteser, Sarah Krenn, and Klaus
Groschner report on the contribution of these channels in the remodeling of the
vascular system.

The broad implication of TRP channels in multiple diseased states in then
further illustrated with the role of TRPP2 channel in hereditary polycystic kidney
disease in Chap. 24 by Andrew Streets and Albert Ong. In Chap. 25, Daniel
Landau and Hanna Shalev further illustrate the role of TRP channels in kidney
related diseases and discuss the contribution of TPM6 channel in the development
of hypomagnesemia and hypocalcemia.

Cell proliferation and differentiation highly relies on the Ca2? signal, and
alteration of the Ca2? homeostasis often leads to disruption of normal cell cycle
and, as a result, onset and progression of cancer. This aspect is further discussed in
the context of prostate cancer by George Shapovalov, Roman Skryma and Natalia
Prevarskaya in Chap. 26.

Finally, Ulrich Wissenbach concludes this section by discussing the pharma-
cological relevance of TRP channels as therapeutic targets (Chap. 27).

Ligand-Gated Channels

The third part of this book presents the channelopathies related to ligand-gated
channels. As VGCCs and TRP Channels, Ligand-Gated Ca2? channels form a
group of transmembrane proteins, which open in response to the binding of a
chemical messenger (ligand), allowing ions to pass through the membrane. This
part presents the few Ca2? channelopathies caused by alteration of the activity of
ligand-gated Ca2? channels.

IP3 Receptors

Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) are localized to intracellular
membranes (such as the endoplasmic reticulum, the mitochondria and the nucleus)
where they mediate the mobilization of intracellular Ca2? stores following binding
of IP3. There are three IP3 receptors subtypes (IP3R1, IP3R2 and IP3R3) exist as
homo- and heterotetramers, and play an important role in intracellular Ca2? sig-
naling in a variety of cell types including nerve cells. In Chap. 28, Masayoshi
Tada, Masatoyo Nishizawa and Osamu Onodera discuss the implication of these
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receptors in the development of neurodegenerative disorders including spinocer-
ebellar ataxias, and Huntington’s and Alzheimer’s diseases.

Ryanodine Receptors

Ryanodine Receptors (RyRs), localized in the membrane of the endoplasmic
reticulum and as IP3Rs they contribute to the release of Ca2?. There exist three
RyR isoforms (RyR1 to RyR3). Whereas RyR1 is primarily expressed in skeletal
muscle and shows a voltage-depend activation mode (see Chap. 9), RyR2 and
RyR3, are predominantly expressed in the heart and the brain, respectively, and are
activated by a local rise in cytosolic Ca2? thereby contributing to the CICR. In the
heart, Ca2? release via RyR2 plays a critical role in muscle contraction, and
mutations in RyR2 have been linked to cardiac disorders. In Chap. 29, Ineke
Nederend, Christian van der Werf and Arthur A. M. Wilde discuss the molecular
mechanisms by which RyR2 channel contribute to the development of an inherited
arrhythmia syndrome, the catecholaminergic polymorphic ventricular tachycardia.

P2X Receptors

Purinergic (P2X) receptors are plasma membrane proteins that open in response to
changes in extracellular ATP. Each receptor is made up of a trimer of identical
subunits (P2X1 to P2X7), or can also exist as heteromer (with the exception of
P2X6 which cannot form functional homomeric receptor). They share the common
structure of two transmembrane domains, a large extracellular loop and intracel-
lular amino- and carboxy-termini. P2X receptors are widely expressed throughout
the body, including the central and peripheral nervous system, smooth muscle,
heart and leukocytes, and are involved in a range of physiological processes such
as modulation of synaptic transmission, vascular tone, cardiac rhythm and con-
tractility, but also nociception as described in Chap. 30 by François Rassendren
and Lauriane Ulmann. In Chap. 31, Melissa L. Barron, Eryn L. Werry, Iain S.
McGregor and Michael Kassiou specifically elucidate the role of P2X7 receptor in
depressive and bipolar disorders.

NMDA Receptors

N-methyl-D-aspartate (NMDA) receptors are members of the ionotropic class of
glutamate receptors. They consist of two NR1 subunits combined with two NR2
(NR2A to NR2D) or NR3 (NR3A or NR3B) subunits. Activation of NMDA
receptors requires binding of glutamate or aspartate, as well as binding of co-
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agonist glycine for the efficient opening of the channel. NMDA receptors are non-
selective cation permeable channels, including Na?, Ca2? and K?. Calcium influx
through NMDA receptors is believed to be critical in synaptic plasticity, and it is
not surprising that his involvement in the pathophysiology of epilepsy has been
proposed, as discussed by Mehdi Ghasemi and Ahmad Reza Dehpour in Chap. 32.

Nicotinic Acetycholine Receptors

Nicotinic acetycholine receptors (nAChRs) are plasma membrane cholinergic
receptors, expressed in many neurons and on the postsynaptic side of the neuro-
muscular junction. Each receptor is composed of pentameric combinations of
subunits (a1 to a10, b1 to b4, d, e and c), and opening of the channel is triggered
by the binding of the neurotransmitter acetycholine (Ach). Neuronal nicotinic
receptors are found in the central nervous system and in autonomic ganglia where
they regulate neurotransmitter release, cell excitability and neuronal integration. In
contrast, nicotinic receptors located at the neuromuscular junctions of somatic
muscles are responsible for muscular contraction. The implication of nAChRs in
muscle pathophysiology is illustrated in Chap. 33 by Francesca Grassi and Sergio
Fucile in the context of congenital myasthenic syndromes.

CatSper Channels

CatSper channels are sperm-specific cations channels. There are four CatSper
isoforms (CatSper1 to CatSper4) surrounded by at least three auxiliary subunits (a,
b and c), and consist of six putative transmembrane segments with intracellular
amino- and carboxy-termini. These channels are weakly voltage-dependent and
are activated by intracellular alkalinization and several extracellular ligands, i.e.,
progesterone and prostaglandin E in human spermatozoa. CatSper channels are
essential for hyperactivation of sperm motility required for fertility. Hence, in their
chapter, Takuya Nishigaki, Ana Laura González Cota and Gerardo José Orta
Salazar present the functional importance of CatSper channels in sperm physiol-
ogy and discuss their implication in male infertility (Chap. 34).

Together, these expert contributions provide the current state-of-play in this
exciting and medically important area of physiology.

Calgary, Canada Norbert Weiss
Vienna, Austria Alexandra Koschak
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Part I
Pathologies of Voltage-Gated Calcium

Channels



Chapter 1
Cav2.1 Channels and Migraine

Daniela Pietrobon

Abstract Migraine is a common disabling brain disorder whose key manifestations
are recurrent attacks of unilateral headache that may be preceded by transient
neurological aura symptoms. Missense mutations in CACNA1A, the gene that
encodes the pore-forming a1 subunit of human voltage-gated Cav2.1 (P/Q-type)
calcium channels, cause a rare form of migraine with aura (familial hemiplegic
migraine type 1: FHM1). This chapter, first, briefly summarizes current under-
standing of the pathophysiological mechanisms that underlie migraine headache,
migraine aura, and the onset of a migraine attack. Then, the chapter describes and
discusses (i) the functional consequences of FHM1 mutations on the biophysical
properties of recombinant human Cav2.1 channels and native Cav2.1 channels in
neurons of knockin mouse models carrying the mild R192Q or severe S218L
mutations in the orthologous gene, and (ii) the functional consequences of these
mutations on neurophysiological processes in the cerebral cortex and trigemino-
vascular system thought to be involved in the pathophysiology of migraine
(including cortical spreading depression, cortical synaptic transmission, and several
trigeminal ganglion neuron functions) and the insights into migraine mechanisms
obtained from the alterations of these processes in FHM1 knockin mice.

1.1 Introduction

Migraine is an episodic neurological disorder characterized by recurrent attacks of
typically throbbing and unilateral, often severe, headache with certain associated
features such as nausea, phonophobia, and/or photophobia; in a third of patients
the headache is preceded by transient neurological symptoms, that are most
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frequently visual, but may involve other senses (migraine with aura: MA) (Lipton
et al. 2004). Migraine is remarkably common (e.g., it affects 17 % of females and
8 % of males in the European population (Stovner and Hagen 2006), very costly
(EUR 1.8 billion per year in Europe) (Olesen et al. 2012), and disabling (one of the
20 most disabling diseases according to the World Health Organization: (Leonardi
et al. 2005).

Migraine is a complex genetic disorder, with heritability estimates as high as
50 % and a likely polygenic multifactorial inheritance (de Vries et al. 2009).
Although recent genome-wide association studies have identified a few risk factors
for migraine (Anttila et al. 2010; Chasman et al. 2011; Freilinger et al. 2012), most
of our current molecular understanding comes from studies of familial hemiplegic
migraine (FHM), a rare monogenic autosomal dominant form of MA (Pietrobon
2007; de Vries et al. 2009; Russell and Ducros 2011).

Three FHM causative genes have been identified, all encoding ion channels or
transporters (Ophoff et al. 1996; De Fusco et al. 2003; Dichgans et al. 2005). FHM
type 1 (FHM1) is caused by missense mutations in CACNA1A (chromosome
19p13), that encodes the pore-forming a1 subunit of human voltage-gated Cav2.1
(P/Q-type) calcium channels (Ophoff et al. 1996).

The FHM1 mutations produce substitutions of conserved amino acids in
important functional regions of the Cav2.1 channel including the pore lining and
the voltage sensors (see (Pietrobon 2010; Russell and Ducros 2011; Pietrobon
2013) for recent reviews and references). Figure 1.1 shows the location of FHM1
(and a few sporadic hemiplegic migraine, SHM1) mutations in the secondary
structure of the Cav2.1a1 subunit.

Fig. 1.1 Location of FHM1 mutations in the secondary structure of the Cav2.1a1 subunit. FHM1
mutations are indicated with circles; a few SHM1 mutations not found in either controls or
parents and affecting conserved amino acids are indicated with rhombs. Reference sequence
Genbank Ac. N. X99897. The mutations written in black are those whose effects on the
biophysical properties of recombinant Cav2.1 channels have been studied in heterologous
expression systems; the mutations underlined are those whose effects have been studied also in
transfected neurons from Cav2.1-/- mice expressing human Cav2.1a1 subunits
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FHM1 can be considered a model for the common forms of migraine because,
apart from the motor weakness or hemiparesis during aura (and the possibly longer
aura duration), typical FHM attacks resemble MA attacks (Lipton et al. 2004) and
both types of attacks may alternate in patients and co-occur within families
(Pietrobon 2007; de Vries et al. 2009; Russell and Ducros 2011). However, several
FHM1 families show permanent cerebellar symptoms (such as slowly progressive
cerebellar ataxia and/or nystagmus with cerebellar atrophy in some cases), that are
usually not observed in common migraines. Pure FHM1 and FHM1 with cerebellar
symptoms are usually associated with different mutations. Moreover, in addition to
typical attacks, patients of some FHM1 families can have atypical severe attacks
with signs of diffuse encephalopathy, impairment of consciousness (coma) or
confusion, fever, prolonged hemiplegia lasting several days, and in a few cases
seizures (Ducros et al. 2001; Russell and Ducros 2011).

Two different FHM1 knockin mouse models have been generated by intro-
ducing the human R192Q and S218L mutations into the orthologous cacna1a
Cav2.1 channel gene (van den Maagdenberg et al. 2004, 2010). Whereas mutation
R192Q causes in humans pure FHM, mutation S218L causes a particularly dra-
matic clinical syndrome, that may consists of, in addition to attacks of hemiplegic
migraine, slowly progressive cerebellar ataxia and atrophy, epileptic seizures,
coma or profound stupor and severe, sometimes fatal, cerebral oedema which can
be triggered by only a trivial head trauma (Kors et al. 2001; van den Maagdenberg
et al. 2010). Whereas homozygous R192Q and heterozygous S218L knockin mice
did not exhibit an overt phenotype, homozygous S218L mice exhibited mild
permanent cerebellar ataxia, spontaneous attacks of hemiparesis and/or (some-
times fatal) generalized seizures, and brain edema after only a mild head impact,
thus modeling the main features of the severe S218L clinical syndrome (van den
Maagdenberg et al. 2004, 2010).

Cav2.1 channels are located in presynaptic terminals and somatodendritic
membranes throughout the mammalian brain and spinal cord (Westenbroek et al.
1995), and play a prominent role in initiating action potential (AP)-evoked neuro-
transmitter release at central nervous system synapses (Pietrobon 2005a). At many
central synapses P/Q-, N-, and R-type Ca2+ (Ca) channels cooperate in controlling
neurotransmitter release, but P/Q-type channels have a dominant role, partly because
of a more efficient coupling to the exocytotic machinery (Mintz et al. 1995; Wu et al.
1999; Li et al. 2007). Moreover, at many central synapses, there is a developmental
change in the Ca channel types mediating synaptic transmission, whereby the rel-
ative contribution of P/Q-type channels to release increases with postnatal age, until
release becomes exclusively dependent on P/Q-type channels (Iwasaki et al. 2000).
Among the presynaptic Ca channels, Cav2.1 channels are unique also in their
capacity of interacting with and being modulated in a complex manner by a number
of Ca-binding proteins ((Catterall and Few 2008) for review and references). As a
result, Cav2.1 channels may exhibit both Ca-dependent inactivation and
Ca-dependent facilitation. Ca-dependent regulation of presynaptic Cav2.1 channels
may play a crucial role in short-term synaptic plasticity during trains of action
potentials (Inchauspe et al. 2004; Mochida et al. 2008; Lin et al. 2012).
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The somatodendritic localization of Cav2.1 channels points to additional postsyn-
aptic roles, e.g., in neural excitability (Pineda et al. 1998; Womack et al. 2004), gene
expression (Sutton et al. 1999), and cell survival (Fletcher et al. 2001).

Cav2.1 channels are expressed in all brain regions that have been implicated in
the pathogenesis of migraine and/or migraine pain (cf. next Section), including the
cerebral cortex (see Sect. 1.5.1), the trigeminal ganglia, and brainstem nuclei
involved in the central control of nociception (see Sect. 1.5.2). Their expression is
particularly high in the cerebellum, a feature that explains the cerebellar symptoms
caused by several FHM1 mutations ((Pietrobon 2010) and Chapter 2 in this book).

1.2 Migraine Pathophysiology

It is generally recognized that most migraine attacks start in the brain, as suggested
by the premonitory symptoms (such as difficulty with speech and reading,
increased emotionality, sensory hypersensitivity), that in many patients are highly
predictive of the attack although occurring up to 12 h before it, and as suggested
also by the nature of some typical migraine triggers such as stress, sleep depri-
vation, oversleeping, hunger, prolonged sensory stimulation; moreover, psycho-
physical and neurophysiological studies have provided clear evidence that in the
period between attacks migraineurs show hypersensitivity to sensory stimuli and
abnormal processing of sensory information (see (Pietrobon and Striessnig 2003;
Aurora and Wilkinson 2007; Coppola et al. 2007; Vecchia and Pietrobon 2012;
Pietrobon and Moskowitz 2013) for reviews and references).

The neurophysiologial correlate of migraine aura is cortical spreading depres-
sion (CSD), a self-sustaining slowly propagating (2–5 mm/min) wave of nearly
complete depolarization of a sizable population of brain cells that lasts 1–2 minutes
(see (Lauritzen 1994; Pietrobon and Striessnig 2003; Ayata 2009; Charles and
Brennan 2009) for reviews and references). CSD can be induced in healthy brain
tissue by stimulation of the cerebral cortex with intense depolarizing stimuli.
Although the mechanisms of initiation and propagation of CSD remain unclear, the
initiation of the positive feedback cycle that ignites CSD and almost zeroes
the neuronal membrane potential is thought to depend on the local increase of the
extracellular concentration of K+ ions above a critical value and on the activation of
a net inward current at the pyramidal cell dendrites (Somjen 2001).

It is generally believed that the headache phase of migraine begins with the
activation and sensitization of trigeminal sensory afferents that innervate cranial
tissues, in particular the meninges and their large blood vessels; this then leads to
sequential activation (and, in most patients, sensitization) of second and third order
trigeminovascular neurons (in the trigeminal nucleus caudalis and specific tha-
lamic nuclei, respectively), which in turn activate different areas of the brainstem
and forebrain resulting in pain and other symptoms of migraine; the bidirectional
signaling between many of these areas contributes to the complexity of the
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symptoms (see (Olesen et al. 2009; Levy 2010; Akerman et al. 2011; Pietrobon
and Moskowitz 2013) for recent reviews and references).

Most dural trigeminovascular afferents can be activated and sensitized by an
inflammatory soup and are capsaicin-sensitive, thus exhibiting properties charac-
teristic of nociceptors in other tissues (Strassman et al. 1996; Bove and Moskowitz
1997; Strassman and Levy 2006; Levy et al. 2007; Levy 2010; Vaughn and Gold
2010; Fioretti et al. 2011; Yan et al. 2011). Activation of meningeal nociceptors
in vivo leads to release of vasoactive proinflammatory peptides such as CGRP and
substance P from their peripheral nerve endings, that produce vasodilation of
meningeal blood vessels (mainly due to CGRP), plasma extravasation and local
activation of dural mast cells, with ensuing release of cytokines and other
inflammatory mediators (neurogenic inflammation) (Waeber and Moskowitz 2005;
Levy 2010). Measurements of CGRP levels into the external and internal jugular
venous blood have provided evidence that CGRP is released during migraine
attacks, and several findings support a pivotal role of CGRP in migraine, including
the efficacy of CGRP receptor antagonists in migraine treatment (reviewed in
(Recober and Russo 2009; Villalon and Olesen 2009; Ho et al. 2010)). However,
the mechanism of actions of CGRP during a migraine attack and the exact sites of
action of CGRP receptor antagonists remain unclear and controversial. The
localization of CGRP receptors in the trigeminovascular system points to multiple
possible mechanisms at both peripheral and central sites (Lennerz et al. 2008).

Although a large body of indirect evidence supports the idea that a sterile
meningeal inflammation is a key mechanism that may activate and sensitize
perivascular meningeal afferents and lead to migraine pain (reviewed in (Waeber
and Moskowitz 2005; Levy 2009, 2010; Vecchia and Pietrobon 2012; Pietrobon
and Moskowitz 2013)), the endogenous processes that promote meningeal
inflammation and the mechanisms underlying the sustained activation and sensi-
tization of the trigeminovascular system resulting in the typical long-lasting
throbbing headache remain unclear.

The mechanisms of the primary brain dysfunction(s) leading to the onset of a
migraine attack, to CSD susceptibility and to episodic activation of the trigemi-
novascular pain pathway remain largely unknown and remain the major open
issues in the neurobiology of migraine.

Increasing evidence from animal studies support the idea that CSD can activate
trigeminal nociception and thus trigger the headache mechanisms (Vecchia and
Pietrobon 2012; Pietrobon and Moskowitz 2013). A direct nociceptive effect of
CSD has been demonstrated by the finding that a single CSD can lead to a long-
lasting increase in ongoing activity of dural nociceptors and central second order
trigeminovascular neurons (Zhang et al. 2010, 2011), and evokes alterations in the
meninges and brainstem consistent with the development of pain (Bolay et al.
2002). An interesting recent study provided evidence that CSD leads to opening of
neuronal pannexin channels and consequent release of proinflammatory mediators,
which initiates a parenchymal inflammatory response leading to sustained release
of inflammatory mediators from glia limitans; this CSD-induced inflammatory
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cascade may provide the sustained stimulus required for sensitization of trigeminal
nociceptors and lasting pain (Karatas et al. 2013).

The idea that CSD is noxious and may trigger headache is indirectly supported by
the finding that the electrical stimulation threshold for induction of CSD in the rat
cortex increases after chronic treatment with five different migraine prophylactic
drugs, that are effective in reducing the frequency of migraine attacks (both with and
without aura) (Ayata et al. 2006). Moreover, further support to the view of CSD as a
key migraine trigger has been provided by the analysis of experimental CSD in FHM
knockin mouse models, that revealed a lower electrical stimulation threshold for
CSD induction and a higher velocity of CSD propagation in both FHM1 and FHM2
knockin mice (van den Maagdenberg et al. 2004, 2010; Eikermann-Haerter et al.
2009b; Leo et al. 2011) (see Sect. 1.5.1). However, despite the strong support
provided by animal studies, the idea that CSD may initiate the headache mechanisms
in migraine is not generally accepted, mainly because it seems unable to explain
some clinical observations, in particular the lack of a fixed relationship between aura
and headache (reviewed in (Pietrobon and Striessnig 2003; Charles 2010; Vecchia
and Pietrobon 2012; Pietrobon and Moskowitz 2013)).

The analysis of interictal cortical excitability using psychophysical, electro-
physiological, and brain imaging methods has produced contradictory findings and
interpretations regarding the mechanisms underlying the abnormal processing of
sensory information in migraineurs (see (Pietrobon and Striessnig 2003; Aurora
and Wilkinson 2007; Coppola et al. 2007; Vecchia and Pietrobon 2012) for
reviews and references). Interestingly, recent transcranial magnetic stimulation
studies in MA patients point to deficient regulatory mechanisms of cortical
excitability and consequent reduced ability to dynamically maintain the cortical
excitatory-inhibitory balance and to prevent excessive increases in cortical exci-
tation, rather than merely hypo- or hyperexcitability, as the mechanisms under-
lying abnormal sensory processing (Antal et al. 2008; Conte et al. 2010;
Siniatchkin et al. 2012). The molecular and cellular mechanisms underlying the
abnormal regulation of cortical function and the increased susceptibility to CSD in
migraine remain largely unknown. As discussed in Sect. 1.4, the functional
analysis of FHM knockin mouse models supports the view of migraine as a dis-
order of brain excitability characterized by deficient regulation of the cortical
excitatory-inhibitory balance, and gives insights into the possible underlying
molecular and cellular mechanisms and their relationship to CSD susceptibility.

1.3 Effect of FHM1 Mutations on the Biophysical
Properties of Cav2.1 Channels

The analysis of the P/Q-type calcium current in different neurons (including cortical
and TG neurons) of R192Q and S218L FHM1 knockin mice revealed gain-of-
function of the Cav2.1 current in a wide range of relatively mild depolarizations,
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reflecting shifted activation of mutant Cav2.1 channels to more negative voltages
(van den Maagdenberg et al. 2004, 2010; Tottene et al. 2009; Inchauspe et al. 2010;
Fioretti et al. 2011 Gao et al. 2012). P/Q current densities were similar in knockin
and wild-type (WT) neurons at higher voltages (that elicit maximal Cav2.1 channel
open probability), indicating similar densities of functional Cav2.1 channels (van
den Maagdenberg et al. 2004, 2010; Tottene et al. 2009; Fioretti et al. 2011;
Gao et al. 2012). The shift to lower voltages of Cav2.1 channel activation and the
gain-of-function of the neuronal Cav2.1 current were about twice as large in
homozygous compared to heterozygous knockin mice, revealing an allele-dosage
effect consistent with dominance of the mutation in FHM1 patients (van den
Maagdenberg et al. 2010). In correlation with the severity of the clinical phenotype,
the gain-of-function of the P/Q Ca current at low voltages was larger in cerebellar
granule cells of S218L than R192Q knockin mice (van den Maagdenberg et al. 2004,
2010). Two photon microscopy in cerebellar slices of S218L knockin mice revealed
increased AP-evoked Ca transients in individual synaptic terminals of cerebellar
granule cells, a finding consistent with increased open probability of mutant pre-
synaptic Cav2.1 channels (Adams et al. 2010), that may be due to shifted activation
to lower voltages, as shown for the somatic channels (van den Maagdenberg et al.
2010), and/or to basal Ca-dependent facilitation of mutant channels as suggested by
the authors (Adams et al. 2010) (see sect. 1.4).

The gain-of-function effect of the FHM1 mutations on native neuronal mouse
Cav2.1 channels is in agreement with the increased open probability (mainly due to
shifted activation to lower voltages) of recombinant human Cav2.1 channels car-
rying eight different FHM1 mutations (including R192Q and S218L), that was
revealed by single channel recordings (Hans et al. 1999; Tottene et al. 2002; Tottene
et al. 2005; Catterall et al. 2008) (our unpublished observations). The larger gain-
of-function of the P/Q Ca current in neurons of S218L compared to R192Q knockin
mice at low voltages is in agreement with the lower threshold of activation of human
S218L Cav2.1 compared to human R192Q Cav2.1 channels (Tottene et al. 2005).

Consistent (and significant for the majority of the 13 FHM1 mutations analyzed
so far, shown in black in Fig. 1.1) shifts to lower voltages of activation of recom-
binant mutant channels were also revealed by measurements of whole-cell current in
heterologous expression systems (Kraus et al. 1998, 2000; Hans et al. 1999; Tottene
et al. 2002, 2005; Melliti et al. 2003; Mullner et al. 2004; Weiss et al. 2008; Adams
et al. 2009; Serra et al. 2009; Garza-Lopez et al. 2012) and transfected neurons
(where five FHM1 mutations, underlined in Fig. 1.1, were analyzed) (Tottene et al.
2002, 2005). Moreover, these studies have shown that the FHM1 mutations may also
alter the inactivation properties of Cav2.1 channels; the effects were different
depending on the mutation and, e.g., resulted in increased, decreased, or unaltered
inactivation during train of pulses, depending on the mutation.

For certain mutations, the specific alterations of channel gating, including the
magnitude (or even the presence) of the shift to lower voltages of channel acti-
vation, depended on the Cav2.1a1 splice variant and the type of coexpressed b
subunit (Mullner et al. 2004; Adams et al. 2009). The use of different Cav2.1 splice
variants and/or b subunits might explain some discrepancies existing in the
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literature regarding the functional effects of some FHM1 mutations in transfected
cells: e.g., the T666 M mutation was shown to produce a negative shift of Cav2.1
activation in (Kraus et al. 1998; Tottene et al. 2002) in contrast, a lack of effect on
activation gating was reported in (Barrett et al. 2005; Tao et al. 2012).

Moreover, the expression of specific Cav2.1 splice variants and/or auxiliary
subunits in different neurons might underlie the recent finding of a differential
effect of the R192Q mutation on activation gating of native P/Q-type Ca channels
in different TG neurons of knockin mice (Fioretti et al. 2011). In small capsaicin-
insensitive TG neurons characterized by expression of T-type Ca currents (CI-T
neurons) there was a larger P/Q-type Ca current density following mild depolar-
izations and a larger AP-evoked P/Q calcium current when compared to CI-T
neurons from WT mice. In striking contrast, the P/Q-type current density, voltage
dependence, and kinetics were not altered by the FHM1 mutation in small cap-
saicin-sensitive neurons of R192Q knockin mice (Fioretti et al. 2011).

Interestingly, while in cortical pyramidal cells of R192Q KI mice the shift to
lower voltages of Cav2.1 channel activation resulted in increased AP-evoked Ca
current, a similar shift of mutant R192Q channels at the Calyx of Held synaptic
terminals did not alter the AP-evoked Ca current (Inchauspe et al. 2010). The
different durations of the AP in pyramidal cells and Calyx (1.8 vs 0.44 ms AP half
width) may largely explain the differential effects of the FHM1 mutation on the
AP-evoked Ca current; in fact, the AP-evoked Ca current became larger in knockin
compared to WT Calyx terminals when the longer duration pyramidal cell AP was
used as depolarizing stimulus (Inchauspe et al. 2010).

The findings of (Fioretti et al. 2011) and (Inchauspe et al. 2010) have important
general implications for familial migraine mechanisms, in that neuron subtype-
specific (and/or subcellular compartment-specific) alterations of Cav2.1 channels
and/or AP-evoked Ca influx may help to explain why a mutation in a Ca channel
that is widely expressed in the nervous system (Westenbroek et al. 1995) produces
the specific neuronal dysfunctions leading to migraine (see Sect. 1.5).

In contrast with the unaltered densities of functional Cav2.1 channels in neurons
of FHM1 knockin mice (van den Maagdenberg et al. 2004, 2010; Tottene et al.
2009; Fioretti et al. 2011), overexpression of recombinant mutant Cav2.1 channels
in transfected cells leads to alterated (decreased for most mutations) density of
functional channels in the membrane, that results in reduced maximal whole-cell
P/Q-type Ca current in cells expressing mutant channels (Hans et al. 1999; Tottene
et al. 2002; Cao et al. 2004; Barrett et al. 2005; Cao and Tsien 2005; Tottene et al.
2005; Tao et al. 2012), including neurons expressing R192Q and S218L Cav2.1
channels (Tottene et al. 2002; Cao et al. 2004; Cao and Tsien 2005; Tottene et al.
2005) (cf. Fig. 3 in (Pietrobon 2010)).
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1.4 Effect of FHM1 Mutations on Modulation of Cav2.1
Channels

Studies of recombinant human Cav2.1 channels carrying five different FHM1
mutations have shown that the migraine mutations reduce G-protein-mediated
inhibitory modulation of Cav2.1 channels (Melliti et al. 2003; Weiss et al. 2008;
Serra et al. 2009; Garza-Lopez et al. 2012), an effect that may lead to further gain-
of-function of Ca influx through mutant channels during neuromodulation. The only
study that investigated voltage-dependent G-protein modulation using physiologi-
cal-like stimuli revealed a reduced Gbc-mediated inhibition of the Ca current
evoked by AP-like stimuli and a reduced facilitation of the Ca current carried by
mutant channels after a train of short depolarizing pulses in cells overexpressing
Gbc subunits; the reduction of G-protein modulation was dependent on the duration
of the AP, being larger with APs of longer duration (Serra et al. 2009).

Indirect evidence of reduced G-protein-mediated inhibition of native neuronal
Cav2.1 channels in R192Q knockin mice has been recently obtained in a study
investigating the effect of the FHM1 mutation on sleep regulation by adenosine
receptors in vivo; in fact, the FHM1 mouse models showed reduced responsiveness to
either inhibition or enhancement of adenosine receptor activation (Deboer et al. 2013).

Besides G-protein modulation, the FHM1 mutations may also reduce Ca-
dependent facilitation (CDF) of Cav2.1 channels. CDF of recombinant Cav2.1
channels was largely reduced by the R192Q mutation and almost eliminated by the
S218L mutation (Adams et al. 2010), suggesting that the increase in the open
probability of mutant channels (larger for S218L than R192Q: (Tottene et al.
2005)) partially or completely occludes further facilitation. CDF of native Cav2.1
channels in Purkinje cells of S218L knockin mice was also reduced (Adams et al.
2010). In contrast, CDF of native Cav2.1 channels in both Purkinje cells (Adams
et al. 2010) and Calyx of Held synaptic terminals (Inchauspe et al. 2010) of R192Q
knockin mice was not significantly affected, suggesting that also the effect of
FHM1 mutations on CDF likely depends on the specific Cav2.1 variant expressed
in a given neuron or neuronal subcompartment.

1.5 Insights into Migraine Pathophysiology from FHM1
Knockin Mouse Models

1.5.1 Cortical Synaptic Transmission and Cortical Spreading
Depression

In the cerebral cortex, excitatory synaptic transmission at pyramidal cell synapses
in different cortical areas depends predominantly on P/Q-type Ca channels (Iwa-
saki et al. 2000; Koester and Sakmann 2000; Rozov et al. 2001; Ali and Nelson
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2006; Zaitsev et al. 2007; Tottene et al. 2009) with a notable exception at synapses
between layer five pyramidal cells and burst-firing bipolar interneurons of motor
cortex (Ali and Nelson 2006). Activation of the cortex following thalamic stim-
ulation in thalamocortical slices was completely inhibited by blocking P/Q Ca
channels (Llinas et al. 2007). The Ca channel pharmacology of cortical inhibitory
synapses has been investigated only at fast spiking (FS) interneurons synapses;
neurotransmission was found to be exclusively dependent on P/Q-type channels in
many cortical areas (Zaitsev et al. 2007; Kruglikov and Rudy 2008; Tottene et al.
2009) (cf also (Sasaki et al. 2006)), but again with the exception of layer five of the
motor cortex, where it was exclusively dependent on N-type (Ali and Nelson
2006).

The analysis of cortical excitatory synaptic transmission in neuronal micro-
cultures and in brain slices from R192Q knockin mice revealed enhanced excit-
atory neurotransmission, due to enhanced action potential evoked Ca influx
through mutant presynaptic P/Q Ca channels and enhanced probability of gluta-
mate release at cortical pyramidal cell synapses (Tottene et al. 2009). Short-term
synaptic depression during trains of action potentials was also enhanced. Neither
amplitude nor frequency of miniature excitatory postsynaptic currents were
altered, indicating the absence of homeostatic compensatory mechanisms at
excitatory synapses onto pyramidal cells (Tottene et al. 2009). Although indirect,
evidence for gain-of-function of excitatory neurotransmission has also been
obtained at parallel fibers-Purkinje cell synapses in cerebellar slices of S218L
knockin mice (Adams et al. 2010) and at excitatory synapses onto dorsal sup-
rachiasmatic nucleus neurons of R192Q knockin mice (van Oosterhout et al.
2008).

In striking contrast with the enhanced glutamatergic transmission, paired
recordings of fast spiking (FS) inhibitory interneurons and layer 2/3 pyramidal
cells in acute cortical slices revealed that the inhibitory GABAergic transmission
at FS interneuron synapses was not altered in R192Q knockin mice, despite being
initiated by P/Q Ca channels (Tottene et al. 2009). The main explanation for the
unaltered GABA release at FS interneuron synapses appears to be the specific
expression in FS interneurons of a Cav2.1 subtype whose gating properties are
little affected by the mutation (Vecchia, Tottene and Pietrobon, unpublished
observations).

The investigation of experimental CSD, elicited either by electrical stimulation
of the cortex in vivo or high KCl in cortical slices, revealed a lower threshold for
CSD induction and an increased velocity of CSD propagation in R192Q and
S218L knockin compared to WT mice (van den Maagdenberg et al. 2004, 2010;
Tottene et al. 2009). Moreover, a single CSD, elicited by brief epidural application
of high KCl, produced more severe and prolonged motor deficits (including
hemiplegia) in FHM1 knockin mice, and, in contrast with WT mice, CSD readily
propagated into the striatum (Eikermann-Haerter et al. 2009b, 2011). The much
higher propensity of CSD to propagate to the striatum in FHM1 mutants compared
to WT mice may explain their motor deficits and the hemiplegia typical of FHM1
aura. In agreement with the higher incidence of migraine in females, the velocity
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of propagation and the frequency of CSDs, elicited by continuous epidural high
KCl application, were larger in females than in males of both mutant strains; the
sex difference was abrogated by ovariectomy and enhanced by orchiectomy,
suggesting that female and male gonadal hormones exert reciprocal effects on CSD
susceptibility (Eikermann-Haerter et al. 2009a, b).

The strength of CSD facilitation as well as the severity of the post-CSD neu-
rological motor deficits and the propensity of CSD to propagate into subcortical
structures in R192Q and S218L knockin mice were all in good correlation with the
strength of the gain-of-function of the Cav2.1 channel and the severity of the
clinical phenotype produced by the two FHM1 mutations (van den Maagdenberg
et al. 2004, 2010; Tottene et al. 2005; Eikermann-Haerter et al. 2009b, 2011; Kors
et al. 2001). Propagation of CSD to the hippocampus and thalamus and repetitive
CSD events following a single CSD-inducing stimulus were observed only in
S218L mutants (van den Maagdenberg et al. 2010; Eikermann-Haerter et al. 2011).
These unique CSD features might account for the severe attacks with seizures,
coma, and cerebral edema typical of patients with the S218L mutation. Moreover,
the recent finding of increased frequency of periinfarct ischemic depolarizations
during acute experimental stroke (and larger critical tissue perfusion level below
which infarction ensues) in S218L knockin compared to WT mice (Eikermann-
Haerter et al. 2012) suggests that the S218L mutation may lead to increased
vulnerability to ischemic stroke as a consequence of increased susceptibility to
ischemic depolarizations akin to CSD. The irregular firing patterns and hyperex-
citability of Purkinje cells recently uncovered in S218L knockin mice likely
contributes to the cerebellar ataxia produced by the S218L mutation in mice and
humans (Gao et al. 2012).

Tottene et al. (2009) provided direct evidence that the gain-of-function of
glutamate release at synapses onto cortical pyramidal cells may explain the
facilitation of experimental CSD in FHM1 knockin mice (Tottene et al. 2009). In
fact, the facilitation of CSD in acute cortical slices of R192Q knockin mice was
completely eliminated (both CSD threshold and velocity became similar to those
in WT slices) when glutamate release at pyramidal cell synapses was brought back
to WT values by partially inhibiting P/Q channels (Tottene et al. 2009). The data
are consistent with and support a model of CSD initiation in which Cav2.1-
dependent release of glutamate from cortical pyramidal cell synapses and acti-
vation of NMDA receptors (and possibly postsynaptic Cav2.1 channels) play a key
role in the positive feedback cycle that ignites CSD (Pietrobon 2005b; Tottene
et al. 2009). This model and in general the specific requirement of Cav2.1 channels
in the initiation and propagation of CSD (induced by electrical stimulation or brief
pulses of high K+ in healthy tissue) are further supported by the findings that (i)
after blockade of either the P/Q-type Ca channels or the NMDA receptors, CSD
could not be induced in cortical slices of WT mice even with largely supra
threshold depolarizing stimuli; in contrast, blockade of N- or R-type Ca channels
had only a small inhibitory effect on CSD threshold and velocity of propagation
(Tottene et al. 2011), and (ii) in the spontaneous mouse mutants leaner and tot-
tering, that carry loss-of-function mutations in cacna1a (Pietrobon 2010), the
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in vivo electrical threshold for CSD initiation was greatly increased and the CSD
velocity decreased compared to WT mice (Ayata et al. 2000).

In migraineurs, CSD is not induced by experimental depolarizing stimuli, but
arises ‘‘spontaneously’’ in response to specific triggers, that somehow create in the
cortex conditions for initiation of the positive feedback cycle that overwhelms the
regulatory mechanisms controlling cortical [K+]o and ignites CSD. Insights into
how this might occur have been provided by the differential effect of FHM1
mutations on cortical excitatory and inhibitory synaptic transmission (Tottene
et al. 2009). This finding suggests that, very likely, the neuronal circuits that
dynamically adjust the balance between excitation and inhibition during cortical
activity are altered in FHM1 (Tottene et al. 2009). Functional alterations in these
circuits are expected to lead to dysfunctional regulation of the cortical excitatory-
inhibitory balance and hence to abnormal processing of sensory information
(Monier et al. 2003; Shu et al. 2003). It has been hypothesized that this dysreg-
ulation may in certain conditions (e.g., in response to migraine triggers such as
intense, prolonged sensory stimulation) lead to disruption of the excitatory-
inhibitory balance and hyperactivity of cortical circuits, mainly due to excessive
recurrent excitation, that may create the conditions for the initiation of ‘‘sponta-
neous’’ CSDs (e.g., by increasing the extracellular [K+] above a critical value)
(Tottene et al. 2009; Vecchia and Pietrobon 2012).

Impairment of the cortical circuits that dynamically adjust the excitatory-
inhibitory balance during cortical activity, due to excessive recurrent glutama-
tergic neurotransmission, might also underlie the abnormal regulation of interictal
cortical function in some common migraine subtypes, for which there is indirect
evidence consistent with enhanced cortical glutamatergic neurotransmission
(Prescot et al. 2009; Siniatchkin et al. 2012) and enhanced cortico–cortical or
recurrent excitatory neurotransmission (Siniatchkin et al. 2007; Wilkinson et al.
2008; Conte et al. 2010; Battista et al. 2011).

The gain-of-function effects on cortical pyramidal cell Cav2.1 channels and on
cortical glutamatergic synaptic transmission derived from the functional analysis
of R192Q and S218L FHM1 knockin mice provide a coherent picture of molecular
and cellular mechanisms that may produce increased susceptibility to CSD and
thus explain the aura symptoms in FHM1 patients (Fig. 1.2). Most likely, the
conclusions are valid for all FHM1 mutations, given that the aura phenotype is
common to all FHM1 patients and that eight different FHM1 mutations produce a
consistent gain-of-function of single channel Ca influx through recombinant
human Cav2.1 channels (see Sect 1.3). The opposite conclusions derived from the
functional analysis of FHM1 mutations (including the R192Q mutation) in
transfected hippocampal neurons overexpressing human Cav2.1a1 subunits (i.e.,
loss-of-function of Cav2.1 channels with consequent decreased contribution of P/Q
Ca channels to glutamatergic synaptic transmission, and unaltered synaptic
strength due to compensatory mechanisms (Cao et al. 2004)) provide a picture that
seems unable to explain the increased susceptibility to CSD and the aura pheno-
type of FHM1 patients. Thus, to be able to draw meaningful conclusions regarding
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the neurophysiological processes involved in the pathogenesis of FHM1 (and
probably neuronal channelopathies in general), it seems essential to study these
processes in neurons expressing the channels at the native endogenous level.

1.5.2 Trigeminal Ganglion Sensory Afferents and Headache
Mechanisms

P/Q-type Ca channels account for a large proportion of the Ca current of disso-
ciated trigeminal ganglion (TG) neurons (Borgland et al. 2001; Fioretti et al. 2011;
Tao et al. 2012), and are involved in the control of CGRP release from capsaicin-
sensitive perivascular terminals of meningeal nociceptors (Hong et al. 1999;
Akerman et al. 2003) and of glutamate release from TG neurons in culture (Xiao
et al. 2008). P/Q channels are also involved in controlling tonic inhibition of
trigeminal nucleus caudalis neurons with input from the dura (Ebersberger et al.
2004), and in descending inhibitory and facilitatory pathways that regulate
trigeminal and spinal pain transmission (Knight et al. 2002; Urban et al. 2005).

Fig. 1.2 Functional alterations in the cerebral cortex of a familial hemiplegic migraine type 1
(FHM1) knockin mouse model. Action potential (AP)-evoked glutamate release and excitatory
synaptic transmission at pyramidal cell (PC) synapses are increased, due to increased AP-evoked
Ca influx through presynaptic Cav2.1 channels consequent to the increased open probability and
activation at lower voltages of mutant compared to WT channels. In striking contrast, AP-evoked
GABA release and inhibitory synaptic transmission at fast spiking (FS) interneuron synapses are
unaltered. The differential effect of the FHM1 mutation on excitatory and inhibitory synaptic
transmission likely results in dysfunctional regulation of the cortical excitatory/inhibitory
balance. Experimental cortical spreading depression (CSD) is facilitated, as revealed by a
decreased threshold for CSD induction, an increased rate of CSD propagation and an increased
propensity to propagate into subcortical structures in FHM1 mouse models
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The analysis of the pain responses in Cav2.1-/- null mice revealed a complex role
of Cav2.1 channels in pain: a pronociceptive role in inflammatory and neuropathic
pain but an antinociceptive role in response to acute non-injurious noxious thermal
stimuli (Luvisetto et al. 2006); this complex picture likely reflects the prominent
role of P/Q channels in controlling release of both excitatory and inhibitory
neurotransmitters and their wide distribution in different regions involved in pain.

As mentioned in Sect. 1.3, the analysis of the P/Q-type Ca current in two
defined subpopulations of small (capacitance B20 pF) TG neurons from adult
R192Q knockin mice showed gain-of-function of the Cav2.1 channel in capsaicin-
insensitive TG neurons expressing T-type Ca channels (CI-T neurons), but unal-
tered Cav2.1 channel gating properties in capsaicin-sensitive TG neurons lacking
T-type Ca channels (CS neurons) (Fioretti et al. 2011). WT CI-T and CS neurons
were both characterized by APs of long duration with typical shoulder and tonic or
slowly adapting firing. While the rheobase (i.e., the minimal current injection that
elicits APs) and the frequency of APs were not affected by the FHM1 mutation, the
duration of the AP in CI-T neurons of R192Q knockin mice was prolonged, due to
a delayed repolarization and more pronounced shoulder that correlated with the
larger AP-evoked P/Q-type Ca current measured in these neurons (Fioretti et al.
2011). In contrast, neither the AP shape nor any other excitability property were
affected by the FHM1 mutation in small capsaicin-sensitive neurons (in agreement
with the unaltered P/Q channel gating and unaltered AP-evoked P/Q current in
these TG neurons) (Fioretti et al. 2011).

Measurements of the Ca current in small TG neurons retrogradely labeled from
the dura revealed that a major fraction of small dural afferents were CS neurons
and none were CI-T neurons (Fioretti et al. 2011). Several lines of evidence
indicate that most small capsaicin-sensitive dural afferents are peptidergic neurons
expressing CGRP (Jansen et al. 1990; Messlinger et al. 1993; Shimizu et al. 2007).
Measurements of CGRP release from dura mater in fluid-filled hemisected skulls
revealed that neither basal nor K+ -evoked CGRP release were significantly dif-
ferent in R192Q knockin compared to WT mice (Fioretti et al. 2011); this finding
is consistent with and supports lack of effect of the FHM1 mutation on presynaptic
P/Q channels at the peripheral terminals of CGRP-expressing (including CS) dural
afferents, as demonstrated for P/Q channels at the soma of small CS TG neurons
(Fioretti et al. 2011). These data argue against the idea that the facilitation of
CGRP-dependent dural vasodilation and CGRP-dependent dural mast cell
degranulation contribute to the generation of migraine pain in FHM1 (Vecchia and
Pietrobon 2012; Pietrobon and Moskowitz 2013).

Despite the lower percent of CGRP-expressing neurons recently reported in the
trigeminal ganglion of R192Q knockin compared to WT mice (Mathew et al.
2011), the FHM1 mutation did increase evoked CGRP release from intact tri-
geminal ganglia (Fioretti et al. 2011) and both basal and evoked CGRP release
from cultured TG neurons (Ceruti et al. 2011) of R192Q knockin mice, suggesting
alternative roles. There is in vivo and in vitro evidence for non-synaptic intra-
ganglionic release of CGRP, substance P and ATP from TG neurons cell bodies in
response to depolarizing stimuli (Matsuka et al. 2001; Ulrich-Lai et al. 2001). It
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has been suggested that CGRP-mediated intraganglionic crosstalk between neu-
rons and between neurons and satellite glial cells could promote and maintain a
neuron-glia inflammatory cycle that might contribute to peripheral trigeminal
sensitization (Villalon and Olesen 2009; Ho et al. 2010). This suggestion is mainly
based on the evidence that prolonged application of CGRP to cultures of TG
neurons and/or satellite glial cells leads to increased gene expression and/or
membrane targeting of specific receptors (e.g., P2X3) in neurons and to increased
expression of inflammatory genes and release of inflammatory mediators from
satellite glial cells; these inflammatory mediators can sensitize TG neurons and act
back on glial cells further activating them ((Vecchia and Pietrobon 2012; Pietro-
bon and Moskowitz 2013) and references therein). Assuming that similar phe-
nomena occur in the trigeminal ganglion in vivo upon prolonged elevations of
CGRP, the enhanced intraganglionic CGRP release measured in FHM1 knockin
mice suggests, as a possible working hypothesis, that FHM1 mutations might
facilitate peripheral sensitization at the ganglion level. As a matter of fact, there is
some evidence suggesting facilitation of CGRP-mediated neuron to glia crosstalk
following exposure to proinflammatory stimuli in cultured TG neurons from
juvenile R192Q knockin mice (Ceruti et al. 2011). Moreover, a stronger basal
activation of macrophages, a larger basal release of TNFa, and an enhanced P2X3
receptor-mediated neuronal current have been recently reported in cultured TG
neurons from these mice (Franceschini et al. 2013a; Nair et al. 2010). Also intact
trigeminal ganglia of R192Q knockin mice appear enriched in activated macro-
phages both in the absence and presence of a standard inflammatory stimulus
(Franceschini et al. 2013b). On the basis of these findings, it has been suggested
that FHM1 mutations might lead to a basal inflammatory milieu within the tri-
geminal ganglion (Franceschini et al. 2013a) (but of similar levels of inflammatory
cytokines in TG extracts from WT and R192Q knockin mice in (Franceschini et al.
2013b)). Interestingly, in both cultured TG neurons and intact ganglia a larger
fraction of TG neurons was immunoreactive for active phosphorylated CaMKII in
R192Q knockin compared to WT mice. Blockade of P/Q channels in cultured TG
neurons eliminated the difference in amount of phosphoprotein between the two
genotypes, suggesting facilitation of basal Cav2.1-dependent Ca signaling (Nair
et al. 2010).

The functional analysis of TG neurons and dural afferents in R192Q knockin
mice supports the conclusions that (i) the FHM1 mutations may lead to gain-of-
function of the P/Q Ca current in certain TG neurons without affecting the P/Q
current in other TG neuron subtypes, including small capsaicin-sensitive dural
afferents; (ii) the FHM1 mutations lead to several gain-of-function effects at the
trigeminal ganglion level, but do not alter the functional properties of small
capsaicin-sensitive peptidergic dural afferents, including CGRP release from their
peripheral terminals at the dura.

Again, as in the case of the cortical neurophysiological processes discussed in
Sect. 1.5.1, different conclusions may be drawn from the recent functional analysis
of an FHM1 mutation in transfected neonatal TG neurons expressing human
mutant Cav2.1a1 subunits (Tao et al. 2012). In these neurons, the P/Q current
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density was much smaller than in neurons expressing the WT channel, and small
CGRP-expressing IB4-negative neurons showed a compensatory increase in low-
voltage-activated Ca current, a lower rheobase and higher AP frequency, with
unaltered AP duration, compared to neurons expressing the WT channel (Tao et al.
2012). Assuming that this subpopulation of TG neurons innervates the dura, one
could predict enhanced CGRP release at the dura as a consequence of the
enhanced excitability indirectly produced by the FHM1 mutation in transfected
neurons. This prediction contrasts with the unaltered CGRP release measured at
the dura of FHM1 knockin mice (Fioretti et al. 2011), further stressing the
importance of studying neurophysiological processes potentially involved in the
pathogenesis of FHM1 in neurons expressing the Cav2.1 channels at the native
endogenous level.
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Chapter 2
Ataxia and CACNA1A: Episodic
or Progressive?

Stephanie Schorge and Kinya Ishikawa

Abstract Two types of cerebellar ataxia are associated with variation in the
CACNA1A gene which encodes P/Q type calcium channels. As the genetic basis
of these two disorders is distinct, the different clinical manifestations are likely to
involve different mechanisms. Episodic ataxia can be caused by loss of a copy of
the CACNA1A gene, while spinocerebellar ataxia is associated with expansions of
a poly-glutamine repeat in the end of the gene (Fig. 2.1). By comparing the
‘typical’ clinical outcomes and the different pathological observations associated
with them, it is possible to begin to determine what characteristics of CACNA1A
gene activity may underlie the mechanisms in two different diseases.

2.1 Clinical Phenotypes: Similarities and Differences

Mutations in the gene CACNA1A have unusually variable clinical manifestations
(recently reviewed in (Rajakulendran et al. 2012)). This gene is associated with at
least four distinct clinical manifestations: Familial Hemipelagic Migraine (type 1,
FHM1), Episodic Ataxia (type 2, EA2), Spinocerebellar Ataxia (type 6, SCA6)
and epilepsy. FHM1 is covered elsewhere (see Chap.1). This chapter focuses on a
comparison of the causes and effects of EA2 and SCA6, the two clinical disorders
most strongly associated with cerebellar dysfunction.
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One key difference between these two disorders is that EA2 is episodic—that is,
patients can have discrete ‘episodes’ or attacks of symptoms that are interspersed
with periods of normal function. SCA6, in contrast, is a progressive disease, with
cerebellar function slowly deteriorating over time.

By comparing the two disorders, starting with their clinical features, and linking
these to cellular pathology and to genetic changes, it is possible to show how
different disruptions in one gene might lead to clinically distinct outcomes. This
type of analysis, which is facilitated by the ability to obtain detailed assessments of
the function of P/Q channels in knock-in mouse models, is a model for how
changes in DNA—even changes of individual nucleotides—can lead to altered
behaviours in humans. Moreover, comparison of allelic disorders can reveal how
different changes within one gene can lead to different phenotypes.

2.1.1 Clinical Overview of EA2

Episodes of EA2 are triggered by events in the environment, including alcohol,
caffeine and emotional stress (some recent reviews: (Baloh et al. 1997; Jen et al.
2004, 2007; Rajakulendran et al. 2012)). Once triggered, attacks can last for hours
or up to days. Attacks of ataxia associated with EA2 are characterised by inco-
ordination, nausea, vertigo and nystagmus. While EA2 begins as an episodic
disorder (usually in the second decade of life), up to half of patients go on to
develop progressive cerebellar symptoms in later life. This transition to progres-
sive cerebellar dysfunction is consistent with some overlap with SCA6, although,
as discussed below, there are differences in cellular pathology. A substantial
minority of EA2 patients also have migrainous features that are suggestive of some
overlap with the allelic disorder, FHM1. However, in patients with EA2 the
migraine is typically more vestibular, and is characterised by vertigo, rather than
the classic features of migraine with aura, which are more closely associated with
FHM1 (Pietrobon and Moskowitz 2012). Some EA2 patients also experience
seizures, with the incidence of epilepsy in patients with EA2 being approximately

Fig. 2.1 Position of SCA6 poly glu repeat (QQQ) and missense mutations associated with EA2
(black triangles). Only missense mutations are shown, to indicate clustering in pore regions (S5–
S6) compared to voltage sensors (S1–4). Most mutations associated with EA2 lead to truncation
or loss of the protein
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8-fold higher than in non-EA2 control populations (Rajakulendran et al. 2010a).
Most EA2 is inherited in a fashion consistent with autosomal dominance in
families; however, sporadic cases also occur.

A clinical hallmark of EA2 is an excellent response to treatment with aceta-
zolamide (Griggs et al. 1978), a drug thought to work as a carbonic anhydrase
inhibitor, but which—through an unknown mechanism—was serendipitously
found to be effective in treating EA2. Treatment with acetazolamide is so robust
that it may be used as a differential diagnosis for EA2, and has been used to
validate studies of patients where the genetics are ambiguous (for example in
(Rajakulendran et al. 2010a)).

2.1.2 Clinical Overview of SCA6

While a proportion of patients with EA2 develop progressive cerebellar ataxia in
later decades, patients with SCA6 are characterised by a progressive deterioration
of cerebellar function, but with few extracerebellar symptoms (Ishikawa et al.
1997; Takahashi et al. 2004; Zhuchenko et al. 1997). Onset of SCA6 is later than
EA2, typically in the fifth decade of life. Again, in contrast to EA2, SCA6 is not
notably an ‘episodic’ disease. Once established, cerebellar inco-ordination,
including loss of balance, limb inco-ordination and difficulty with speech, is
persistent, and not interrupted by periods of normal function. As with EA2, SCA6
is strongly associated with nystagmus. Patients with SCA6 do not generally suffer
non-cerebellar symptoms—such as migraine, epilepsy or cognitive effects—levels
higher than the control population (Ishikawa et al. 1997). This restriction to cer-
ebellar effects implies the mechanism driving this disorder may be one confined to
the cerebellum. However, it seems important to note that patients with SCA6 may
also show extra-cerebellar neurological dysfunctions such as Parkinsonism,
dementia. A recent study showed that SCA6 patients tend to show involvement not
only in the cerebellum but also in the thalamus, putamen and globus pallidus on
magnetic resonance imaging (Reetz et al. 2013).

The non-episodic nature of SCA6 is atypical of diseases associated with
mutations in ion channels (channelopathies) and has drawn attention to this dis-
order as potentially involving a different mechanism than disorders caused by
malfunctioning ion channels.

2.2 Cellular Pathologies

Both EA2 and SCA6 show signs of cerebellar degeneration, but the effects are
much more consistent and pronounced in SCA6, which is characterised like many
of the SCAs by pronounced cerebellar degeneration (Seidel et al. 2012).
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2.2.1 Cellular Pathology in EA2

There are relatively few families with genetically confirmed EA2, and few
imaging studies have been carried out. However, it has been noted that the later
stages of the disorder, where progressive ataxia is seen associated with atrophy in
the cerebellum, particularly of the vermis (Rajakulendran et al. 2012). One rela-
tively large study revealed variability of cerebellar atrophy within an individual
pedigree (Calandriello et al. 1997). However, this study notes the variable pene-
trance of atrophy in the disorder, citing other studies which have shown little or no
atrophy. Data from mice with comparable genetic changes suggest that atrophy
may be a late symptom, and episodes of ataxia may have an onset before cell loss
is notable (Saito et al. 2009).

2.2.2 Cellular Pathology in SCA6

In contrast to EA2, degeneration of the cerebellum is a defining feature of SCA6,
with patients showing pronounced loss of Purkinje cells that is similar to that seen
in other spinocerebellar ataxias associated with different genes (Seidel et al. 2012).
There have been several studies on the cellular pathology in tissue from patients
with SCA6. In human patients, Purkinje cells are marked by the presence of
protein aggregates particularly in the cytoplasm (Ishikawa et al. 1999), and these
aggregates were recently shown to comprise c-terminal fragments of P/Q channels,
containing the poly-glutamine repeats (Ishiguro et al. 2010) (Fig. 2.2a and b).

The P/Q type calcium channel seems to give rise to a carboxyl-terminal frag-
ment (CTF) of 75 kilodalton in size (Kordasiewicz et al. 2006). Similar CTF also
exists in L type calcium channel (Gomez-Ospina et al. 2006). The P/Q type
calcium channel CTF is located in the neuronal cytoplasmic component (Ishiguro

Fig. 2.2 Purkinje cell pathologies in human SCA6 subjects. a Hematoxylin and Eosin staining of a
patient with SCA6 showing axonal swelling (‘‘torpedo’’). b Presence of abundant Cav2.1 aggregates
demonstrated by an antibody against human-specific carboxyl-terminal portion of Cav2.1
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et al. 2010), and, when it contains an expanded polyglutamine causing SCA6, can
aggregate and confer toxicity against cultured cells (Takahashi et al. 2013). The
CTF may also cause SCA6 by entering into the Purkinje cell nuclei (Kordasiewicz
et al. 2006). Very recently, a mechanism by which the CTF is being expressed in
thecerebellum and relates to SCA6 pathophysiology is uncovered (Du et al. 2013).

2.3 Molecular Genetics: The Problem with P/Q Channel
Variability

The channels encoded by CACNA1A have many functions throughout the nervous
system, and they are also extensively regulated by signalling cascades. The
specificity and malleability of P/Q channel function represents an enormous
challenge to determining the causative functional impact of individual mutations.
The specificity of functions, many of which are restricted to sub-cellular com-
partments within neurons, means that there is growing unease with translating
functional consequences assessed in non-neuronal cells (such as Xenopus oocytes
or HEKs) to mechanisms for neurological disease.

The variability of P/Q channel function means that if one particular isoform of a
channel is altered in one way (for example, by reduced inactivation), it is not clear
that this effect will be replicated in different splice variants, or when one splice
variant is associated with different modulating subunits. As the mRNA encoding
P/Q channels is heavily modified by alternative splicing, and this splicing is
enough to generate functionally and pharmacologically distinct channels (Bourinet
et al. 1999; Chaudhuri et al. 2004; Krovetz et al. 2000), it is not always clear which
variant is most applicable to the mechanism of disease. Moreover, the behaviour of
the channels is dependent on which beta subunit is bound, and it is not clear which
beta dominates in cerebellum or elsewhere in the brain (Dolphin 2009; Richards
et al. 2007). Even individual channels can behave differently at different times.
Channels can be modulated by G-proteins, calmodulin and phosphorylation
(Dolphin 2009), meaning that the functional consequences of a mutation that
disrupts one of these processes may be missed in many recording conditions.
Finally, P/Q channels play distinct sub-cellular roles: they contribute to rhythmic
oscillations (Llinas et al. 2007), support bi-directional plasticity in Purkinje cells
of the cerebellum (Jorntell and Hansel 2006) and are probably best known for their
canonical role of supporting calcium-dependent release of neurotransmitter from
pre-synaptic terminals (Dolphin 2009).

For these reasons, functional characterisation of the impact of mutations is more
and more reliant on ‘knock-in mice’ where the mutation is introduced to the
CACNA1A gene and the endogenously produced mutant channels can be studied in
the cell-type, splice variant and subunit assembly that is driven by the normal
regulation of the proteins. Even so, mutations can produce conflicting data from
effects in different cells challenging efforts to link changes in channel function to
clinical pathology.
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2.3.1 Deletions Simplify the Genetic Mechanism of EA2

EA2 was originally identified as a disorder associated with frameshift or nonsense
mutations (Ophoff et al. 1996). In some cases these are associated with production
of truncated proteins that had dominant negative effects in heterologous systems
(Mezghrani et al. 2008; Raghib et al. 2001). However, a tremendous simplification
has been introduced with the advance of methods to detect intra-genic deletions,
those deletions which are too small to be seen as chromosomal aberrations, but too
large to be captured in a single sequencing reaction. These methods, including
MLPA, have identified many heterozygous deletions of multiple exons within
CACNA1A in patients with EA2 (Labrum et al. 2009; Riant et al. 2010). In these
cases, the disruption of the coding sequence, often with frameshifts introduced by
missing exons, is most likely to lead to a complete loss-of-function of the affected
allele. Patients with these sorts of deletions are essentially haploinsufficient for the
CACNA1A gene. Because patients with deletions are clinically indistinguishable
from patients with EA2 caused by missense mutations, a parsimonious explanation
is that the missense mutations also lead to symptoms via a loss-of-function of the
affected allele or its protein product. This explanation is supported by the frequent
location of EA2 mutations in conserved elements of the P/Q channels, including in
the pore-forming loops (Rajakulendran et al. 2010b) (Fig. 2.1), and is consistent
with reduced currents produced by heterologously expressed channels containing
missense mutations, even in non-neuronal cells (Fig. 2.3).

The realisation that EA2 may be caused by, and is often clinically indistin-
guishable from haploinsufficiency, vastly simplifies the comparison of functional

Fig. 2.3 Representative current reductions seen in human EA2 missense mutations. The left
panel shows sample data from a cell expressing human CACNA1A cDNA that has been given a
depolarising step from -80 to +10 mV. Current is inward, and reaches a peak that changes
according to the amount of depolarisation and the driving force of calcium. After the cell is
returned to -80 mV, a large amount of calcium current flows as the channels remain open and
the driving force for calcium ions is strong. This produces the tail current. The middle panel
shows an example of how a missense current can reduce the peak current uniformly across a
range of voltage steps (reduced current density). The right panel shows how a different missense
mutation changes the number of channels opened by different voltage steps, or a shift in the
voltage dependence of activation, producing a shift in the tail currents measured at -80 mV.
Both of these changes are consistent with a moderate loss of function of the channels. Data are
adapted from (Rajakulendran et al. 2010a)
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effects of mutations. In cases of halploinsufficiency, the channels produced by the
remaining allele may be expected to function normally (unless a patient is
unfortunate enough to inherit a second mutation), and the lost channels not to
function at all. Compared to cases where missense mutations leading to a disease
may have distinct effects in different cell types, channel variants or sub-cellular
compartments, the functional impact of haploinsufficiency in EA2 is
straightforward.

2.3.2 SCA6 Is Associated with a Poly-Glutamine Repeat
in CACNA1A

The genetics of SCA6 are also more straightforward than multiple missense
mutations would be: SCA6 is caused by the expansion of a polyglutamine repeat in
the tail end of the CACNA1A gene.

There are a number of spinocerebellar ataxias associated with expansions of
poly-glutamine repeats (recently reviewed in: (Seidel et al. 2012)). SCA6 is
unusual in that the repeat is often shorter (19–33 aa) than in other SCAs (Ishikawa
et al. 1997; Takahashi et al. 2004; Zhuchenko et al. 1997), and that SCA6 is more
restricted to pure cerebellar manifestation. The homogeneity of the genetic cause
did not initially lead to an easy interpretation of the mechanism. The position of
the repeat in an ion channel has suggested that altered channel function may
contribute to the pathology. Moreover, for many years the mechanism linking
poly-glutamine repeats to cellular pathology was unclear. However recent work
has converged on the ability of these glutamine repeat elements to disrupt calcium
signalling in cells (Bezprozvanny 2011). We have argued recently that the con-
sistent phenotype associated with these repeats, even when the gene containing
them is widely expressed (such as TATA binding protein), suggests a conserved
underlying mechanism (Schorge et al. 2010). The current proposed mechanism is
direct binding of the poly-glutamine stretch to an intracellular calcium channel
(ITPR1), and disregulation of calcium release from stores, by activating this
channel (Bezprozvanny 2011).

2.3.3 ITPR1, Purkinje Cells and Spinocerebellar Ataxia

Modification of ITPR1 activity may have particularly pronounced effects on cer-
ebellar Purkinje cells (even when the expression of a gene is widespread) because
Purkinje cells use ITPR1 in a relatively unusual way. Purkinje cells are marked by
a form of plasticity that depends on ITPR1 signalling, and which make them
particularly sensitive to disruption of ITPR1-dependent signalling (Jorntell and
Hansel 2006). The tight association between ITPR1 and Purkinje cells is supported
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by the recent discovery that individuals with mutations in this gene develop spi-
nocerebellar ataxia type 15 (van de Leemput et al. 2007). Consequently, it seems
disruption of ITPR1, either by poly-glutamine repeats, or by direct mutation, has
severe effects on the cerebellar Purkinje cells.

The poly-glutamine repeats in CACNA1A deserve extra scrutiny. P/Q channels
play an unusual role in Purkinje cells—linking glutamate receptor signalling to
ITPR1 signalling—and these channels are notoriously dense in Purkinje cells. In
fact, the first designation of ‘P type channel’ was due to their prevalence in Purkinje
cells (Mintz et al. 1992). Briefly, Purkinje cells use P/Q channels, which are densely
expressed in their somato-dendritic compartment, to allow calcium influx when the
powerful climbing fibre synapses fire. The climbing fibre releases glutamate which
activates AMPA receptors, and the AMPA receptors depolarise the cell enough to
open P/Q channels (Fig. 2.4). The calcium that enters from the P type channels binds
to ITPR1 receptors that are primed to release additional calcium from intracellular
stores, and if coincident parallel fibres are activated while the calcium is still bound,
the ITPR1-dependent calcium signal is enhanced, leading to downstream activation
of a signalling cascade that leads to long-term depression (LTD). The use of P type
calcium channels to link glutamate receptor activation to calcium influx appears
particularly important for bi-directional plasticity in Purkinje cells (Jorntell and
Hansel 2006), and the dense expression of P type calcium channels on these cells
may be required for effective triggering of LTD.

Because P/Q channels are richly expressed, and play a central role in Purkinje
plasticity, it is also likely that the presence of the poly-glutamine repeat in the
channel may have disproportionate impact on Purkinje cells—presenting both a
toxic glutamine-repeat element and a disruption of a channel that serves an

Fig. 2.4 Cartoon of how SCA6 and EA2 may be linked to altered ITPR1 function in Purkinje
cells. In normal cells (a) depolarisation caused by activated AMPA receptors opens P/Q channels,
and the calcium that enters these channels can bind to ITPR1 receptors on the endoplasmic
reticulum (ER). When ITPR1 is bound to calcium, it releases more calcium from stores in
response to binding of its ligand, IP3, and this serves as a coincidence detector linking AMPA-
dependent depolarisation to IP3 activity. In SCA6 (b) the coincidence detection is disrupted as it
is thought that fragments of poly-glutamine repeats (QQQ) can bind directly to ITPR1 and trigger
it to release calcium from stores—even when AMPA receptors and P/Q channels are silent. In
contrast, in EA2 (c) mutations reduce the amount of calcium entering P/Q channels even when
AMPA is activated, and this means ITPR1 is less likely to be bound to calcium and will have
reduced sensitivity for IP3
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essential function in these cells. The poly-glutamine repeat is encoded by an
alternate exon that is not included in all cells, but which is included in Purkinje
cells (Ishikawa et al. 1999). One possibility is that the presence of the repeat in the
mRNA alters the expression of the channels; a second possibility is that the
presence of the repeat changes the behaviour of the channels in such a way as to be
sufficient to lead to the atrophy of these cells. Indeed electrophysiological
recordings have demonstrated that channels containing the poly-glutamine repeat
may be expressed at higher levels than channels which lack the repeat in some
expression systems (Piedras-Renteria et al. 2001). However, the clinical evidence
suggests that the disease does not behave as a typical ‘channelopathy’: Unlike
virtually all known channelopathies, SCA6 is not characterised by episodes of
symptoms interspersed with normal behaviour. Instead it behaves similar to other
poly-glutamine repeat SCAs, and the phenotype may be caused by aberrant acti-
vation of ITPR1 by the poly-glutamine repeats (Fig. 2.4b). The cerebellar
restriction of clinical symptoms may be partly due to the enrichment of the channel
in Purkinje cells, and partly due to the distribution of the splice variant carrying the
repeat. As with other poly-glutamine-SCAs, even though CACNA1A is expressed
in many cells, the phenotype is strongly associated with cerebellar degeneration
and loss of Purkinje cells, and may be due to the critical role that ITPR1-dependent
signalling plays in these cells.

Thus, although the genetic basis of SCA6 is more uniform than that of EA2
(which is associated with missense, nonsense or frameshift mutations), the func-
tional impact of the genetic change in SCA6 is less clear than that of EA2, where
the decrease in calcium entry (either to fewer P/Q channels or to less active,
mutant channels) may lead to reduced ITPR1 signalling (Fig. 2.4c). The presence
of deletions, which gives haploinsufficiency in patients with EA2, provides a clear
argument for a loss-of-function mechanism leading to reduced ITPR1 activity and
thence to cerebellar dysfunction. SCA6 is caused by the expansion of the poly-
glutamine repeat, but how that expansion leads to cerebellar Purkinje cell death is
not yet clear, but evidence is mounting for a role of toxic glutamine accumulations
and possibly aberrant increases in activation of the ITPR1 signalling cascade.

2.4 Using Mouse Models to Understand Human
Mechanisms

Because P/Q channels serve so many functions in neurons, it is not always possible
to assess the full range of impacts of a mutation in a non-neuronal cell line.
Because the channels are so variable—existing in many splice variants, and in
association with many different accessory subunits—it is not always possible to
transfect a single cDNA that might recapitulate the functional effects of a mature
channel. For these reasons, the best insights into how mutations in channels can
alter neuronal function are being obtained from mice carrying modifications in
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their native Cacna1a gene. Mice with mutations in Cacna1a were identified long
before the gene was cloned, or even before the P/Q channel was identified. In
1962, Green and Sidman identified the ‘tottering mouse’ as a strain of mice that
had attacks of ataxia as well as seizures. Frequently, attacks were triggered after
being handled or stressed (Green and Sidman 1962). When molecular cloning
identified the tottering locus as the Cacna1a gene, it was presented as an epilepsy
gene, and the mouse was described as a model for studying epilepsy, in particular,
absence epilepsy (Fletcher et al. 1996).

2.4.1 Insights from Mouse Models: EA2 (and Epilepsy)

Additional alleles of tottering mice, notably Rolling Nagoya, have fewer (or no)
seizures, but more pronounced ataxia (Plomp et al. 2009). However, genetic
evidence suggests these mice, which have dominantly inherited ataxia, may be
more similar to models of FHM1 than to EA2 (Schorge and Rajakulendran 2012;
Xie et al. 2007). In particular, the loss of arginines in S4 voltage sensors of the
channel is more closely associated with human patients with FHM1 than with
patients with EA2 (Pietrobon 2010; Xie et al. 2007). The four alleles of CAC-
NA1A in mice that do not involve S4 arginines are characterised by episodes of
ataxia and absence like seizures (Schorge and Rajakulendran 2012). Electro-
physiological data has suggested that these mice all have reduced P/Q channel
currents in their neurons, including in Purkinje cells (Dove et al. 1998; Fletcher
et al. 1996; Kodama et al. 2006; Lorenzon et al. 1998; Miki et al. 2008; Wakamori
et al. 1998). The mice also have disruptions to the normal rhythmic firing pattern
of Purkinje neurons, which is linked to reduced calcium entry (Walter et al. 2006),
and this disrupted firing is another possible mechanism for triggering ataxia.
Moreover, a careful study showed a correlation between level of current reduction
and phenotype (Saito et al. 2009). These data are supportive of evidence sug-
gesting that the human ataxia is associated with reduced channel function—or
haploinsufficiency. Because Purkinje cells have some of the highest expressions of
this channel, it is not unreasonable to speculate that reduced function of the gene
may affect these cells disproportionately and lead to cerebellar symptoms. How-
ever, it is unclear why these mice with reduced P/Q function almost invariably
have seizures, while in humans seizures only occur in a minority (*8 %) of
patients (Rajakulendran et al. 2010a). Possibly, the difference is an indication of
the relative susceptibility of mutant mice to seizures (Frankel 2009). Alternatively,
the distribution of CACNA1A expression in mice may be different than in humans
(Schorge and Rajakulendran 2012).
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2.4.2 Insights from Mouse Models: SCA6

To study the effect of the poly-glutamine repeat on CACNA1A function in vivo,
Watase et al. (2008) engineered a series of mice with expanded poly-glutamine
tracts (Watase et al. 2008). In humans disease onset is correlated to length of
repeat, and as few as 19 repeats appear sufficient to lead to disease (Ishikawa et al.
1997, Takahashi et al. 2004; Zhuchenko et al. 1997). In mice, constructs con-
taining up to 84 repeats were used. While mice with 30 repeats (which would be
causative in humans) did not show defects in coordination, those with 84 repeats
did manifest with signs of motor difficulties consistent with SCA6 (Watase et al.
2008). Similarly, in a separate study with 28 repeats included in CACNA1A, mice
had only modest behavioural effects, even at 12 months of age (Saegusa et al.
2007). Expanding the CAG repeat up to 118 in new knock-in mice demonstrated
exaggerated polyglutamine aggregations (Unno et al. 2012), which resembled
human Purkinje cell degeneration in SCA6 (Ishikawa et al. 1999; Ishiguro et al.
2010).

Analysis of calcium currents in the Purkinje cells indicated that most param-
eters of the currents were similar, with a tendency for currents to be reduced,
which was not correlated with symptom onset (Saegusa et al. 2007; Watase et al.
2008). These data indicate that altered P/Q currents are not likely the cause of the
cerebellar defects, as the mice with shorter repeats had similar current deficits to
those with longer repeats (which had more pronounced cerebellar defects). As with
EA2, mice appear more resistant to SCA6 modifications in CACNA1A than
humans. This may be because the cerebellar symptoms are less observable in mice,
or because the channels have more compensatory backup.

The explanation, a potential gain of function of the poly-glutamine repeats, is
consistent with the altered ITPR1 signalling, although this has not been directly
assessed in the mice.

2.5 CACNA1A in Context

Both of the cerebellar phenotypes associated with mutations in CACNA1A
overlap with other diseases in humans. In many cases the mutations that cause
these overlapping phenotypes are known, thus it is possible to extrapolate from
related diseases, which presumably share some mechanisms, how changes in
CANCA1A lead to symptoms. For SCA6, it is possible to investigate the series of
genetically defined spinocerebellar ataxias, and EA2 may be compared to the other
members of the episodic ataxia family.
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2.5.1 SCA6: Insights from Spinocerebellar Ataxias

There are two potential mechanisms driving the cerebellar dysfunction in SCA6,
build-up of toxic glutamine repeats (which may disrupt calcium signalling in these
cells) and dysfunction of the P/Q channels themselves. These two mechanisms are
not mutually exclusive. It is possible that disruption of ITPR1-dependent calcium
release is compounded by irregular channel function. The shortness of the repeats
in SCA6 suggests that Purkinje cells are either particularly sensitive to glutamine-
repeats in P/Q calcium channels, or the presence of the repeats is indeed exac-
erbated by some possibly subtle dysfunction of the channels. These channels are
tightly regulated—in pre-synaptic terminals they are thought to be anchored into
precise ‘slots’ (Cao et al. 2004; Cao and Tsien 2010) that provide the nanometre
accuracy of their position which is required for accurate coupling of transmitter
release to action potential arrival at the terminal. It is possible that the glutamine
repeat in the c-terminal of the channel disrupts localisation in Purkinje cells,
perhaps allowing calcium to enter in locations which are not linked tightly enough
to the ITPR1 position to allow cerebellar LTD. In the end, however, given the
prevalence of glutamine repeats in spinocerebellar ataxias, it is difficult to imagine
that these repeats do not play a central role in the pathology of the disease,
independent of whether they occur in an ion channel.

2.5.2 EA2: Insights from Other Episodic Ataxias

Of the seven reported episodic ataxia syndromes, four have now been linked to
mutations in different genes. Most closely linked to EA2 is EA5, a rare form of
episodic ataxia, which is associated with mutations in CACNB4 (Escayg et al.
2000), which encodes the calcium channel beta4 subunit that is thought to form a
key part of P/Q channels (but see (Richards et al. 2007) for the potential impor-
tance of a different beta subunit in cerebellar ‘P type’ calcium channels). This
ataxia also responds to acetazolamide, and has pronounced vertigo and nystagmus
in the one family reported (Escayg et al. 2000). A third type of episodic ataxia,
EA6, is caused by mutations in the SLC1A3 gene which encodes a glutamate
uptake transporter (de Vries et al. 2009; Jen et al. 2005). This ataxia has pheno-
typic overlap with EA2 (it responds to acetazolamide) and with hemiplegic
migraine (in the families described, it is associated with headaches and episodes of
hemiparesis). For all three of these disorders, the mechanism of acetazolamide
may provide a strategy for determining the conserved elements of the cascade
leading to ataxia. As patients respond well to the drug, there is an implied shared
underlying fault that is compensated by acetazolamide, either at the level of the
cause or at the level of the symptoms.

Of the remaining episodic ataxias, EA1 is the only one linked to a single gene.
However, this ataxia appears clinically more distant from EA2 than the more
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similar EA5 and EA6. EA1 is characterised by shorter attacks (lasting a few
minutes) than EA2 and fewer vestibular symptoms, and is triggered by movements
rather than by alcohol, caffeine, stress or other triggers of EA2. Unlike EA2,
attacks of EA1 are not notably responsive to acetazolamide (Baloh 2012). How-
ever, EA2 can be responsive to the potassium channel blocker 4-aminopyridine
(Strupp et al. 2004, 2007), and EA1 is caused by dominant negative mutations in
KCNA1, which encodes shaker potassium channels Kv1.1 (Tomlinson et al. 2009).
In a mouse model these channels appear to be important for regulating release of
GABA onto cerebellar Purkinje cells, and preventing spontaneous action potentials
(Herson et al. 2003). It appears that EA1 may be driven by the interaction between
Kv1.1 and Kv1.2, with the mutant Kv1.1 subunits binding to and disrupting Kv1.2
channels (Tomlinson et al. 2009).

2.5.3 CACNA1A Context: Allelic Disorders

While several other related and unrelated genes give overlapping phenotypes with
CACNA1A, there are also allelic disorders associated with this gene. That is, there
are distinct diseases caused by mutations in the same gene.

The clinical genetics of CACNA1A is diverse, with migraine, seizures and
muscle weakness as well as cerebellar ataxia associated with dysfunction of the
channels. While there is some clinical overlap, the ability to distinguish between
phenotypes is associated with mutations that have different impacts on the chan-
nels. While EA2 is most associated with loss of function, and SCA6 with toxic
glutamine repeats, FHM is electrophysiologically more subtle, relying on careful
assessment of the channel function in neurons (data from heterologous systems are
too variable to give an unambiguous genotype–phenotype relationship for FHM1).
However, it appears that FHM1 is not associated with simple loss of channel
function, nor is it primarily associated with the glutamine repeats. Because, unlike
EA2 and SCA6, FHM1 is not primarily cerebellar in manifestation, it is possible to
speculate that cerebellar Purkinje cells are more sensitive to reduced current
density (such as that in EA2 through haploinsufficiency) or to accumulation of
poly-glutamine repeats (as in SCA6). The cerebellar nature of symptoms in EA2
and SCA6 suggest that other neurons throughout the human nervous system appear
far less sensitive to the sorts of defects associated with these syndromes. In con-
trast, the changes induced by FHM1 mutations are most closely associated with
headaches and may have more functional impact in cortical neurons, while sparing
cerebellar Purkinje cells.
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2.6 Episodic and Progressive and the Concept
of ‘Channelopathies’

A common dogma and a conundrum of diseases associated with ion channels is
that they are episodic. Long periods of normal function are interspersed with
episodes of symptoms, ataxia, migraine or seizures. Diseases associated with other
channels—sodium channels, potassium channels and chloride channels—are also
distinctly episodic in nature. In some cases, such as the severe seizures associated
with Dravet syndrome and mutations in the sodium channel SCN1A, what begins
as an episodic disease can lead to sustained deficits in cognition or developmental
delay (Guerrini and Falchi 2011). In epilepsy, it is thought that severe seizures can
cause lasting neurological defects, but it is not known whether attacks of ataxia
lead to permanent cerebellar defects. It is possible that monitoring the outcome of
EA2 patients successfully treated with acetazolamide will reveal whether blocking
attacks is sufficient to protect Purkinje cells, or whether the underlying shortage of
P/Q calcium channels is enough to eventually trigger atrophy.

The atrophy of Purkinje cells, a widespread feature of spinocerebellar ataxias, is
usually associated with progressive rather than episodic disorders. While neural
circuits appear able to compensate for defects in individual channels (until pro-
voked into an attack by some environmental trigger) the loss of cells leads to
uninterrupted disruption of the circuit, and a progressive disease.

2.7 Return to Clinical Phenotypes: Building a Genotype
Mechanism for Phenotype

SCA6 is generally a pure cerebellar phenotype. Some individuals experience
vertigo, suggesting there may be some involvement of brainstem, but the majority
of patients have pure cerebellar ataxia. The onset is late—typically in the fifth or
sixth decade of life—and progressive. Taken together these clinical details suggest
the underlying mechanism is largely restricted to cerebellar neurons, and takes
time to manifest. These data are consistent with a slow accumulation of toxic
effects from poly-glutamine repeat elements from P/Q calcium channels having a
relatively specific effect on cerebellar Purkinje cells. No treatments are currently
available, but current work investigating the mechanism by which poly-glutamine
repeats disrupt calcium signalling suggests an approach based on manipulating
ITPR1 may be the best way forward, and their impact on Purkinje cell plasticity is
already being investigated (Kimura et al. 2005). Recently it has been reported that
suppression of ITPR1-dependent signalling in the related spinocerebellar ataxia,
SCA2, may be effective in poly-glutamine disorders (Kasumu et al. 2012).

EA2 is a much more variable disorder, with episodes of cerebellar ataxia being
accompanied by vertigo, nausea and frequently interspersed with headaches. These
findings suggest that whatever deficits are caused by halploinsufficiency of
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CACNA1A (or similar mutations in the gene) are more widespread in their impact
than the poly-glutamine expansion that leads to SCA6. Notably, in humans, loss of
P/Q channel expression appears strongly associated with disruption of the ves-
tibular system and brainstem functions, while cognition (and other neocortical
functions) is largely spared. The fact that EA2 responds to treatment with aceta-
zolamide may mean that the consequences of reduced P/Q expression can be
mitigated by regulation of pH (carbonic anhydrases are important for regulating
extracellular pH); potentially, acetazolamide prevents changes in pH that are cues
which trigger attacks. There is evidence that pH is elevated in EA2, which may be
normalised by acetazolamide treatment, supporting a role for pH in the mechanism
of the drug (Bain et al. 1992; Sappey-Marinier et al. 1999). Alternatively, aceta-
zolamide may have an as yet unknown effect directly on the channels, although
mouse data suggests this is unlikely (Kaja et al. 2008; Spacey et al. 2004). Some
mutations in skeletal muscle ion channels also produce disorders that respond to
acetazolamide (Matthews et al. 2011), indicating either a common pH dependence,
or a similar modulation of the channels responsible by the compound. At present
the mechanism of acetazolamide response is unknown, but determining how this
drug effectively compensates for loss of P/Q expression is an obvious area of
investigation for determining how attacks are triggered, and how future treatments
may be targeted.

2.8 Summary and Future Directions

The two allelic ataxias associated with CACNA1A reveal how changes in a single
gene can have distinct manifestations. The single change associated with SCA6, an
expanded poly-glutamine repeat, and the pure cerebellar phenotype of this disease,
are clear indications that the repeat has an effect which is important in cerebellar
neurons, particularly Purkinje cells. The progressive and non-episodic nature of
the disease suggests that it may not be functioning as a ‘channelopathy’ but as a
poly-glutamine repeat disease which is particularly toxic to Purkinje cells because
the poly-glutamine repeat happens to be located in a channel that is enriched in
these cells.

The more diffuse nature of symptoms in EA2 is consistent with this disease
having effects on some neurons outside the cerebellum. The most likely mecha-
nistic explanation, given the prevalence of halploinsufficient patients is that neu-
rons in the brainstem and cerebellum that are involved in balance, nausea and
coordination are unable to compensate for the reduced P/Q currents as well as
neurons elsewhere in the brain can compensate. The more widespread nature of the
symptoms is consistent with them being associated with a function of P/Q channels
that is more widespread in the brain, potentially with transmitter release. However,
given the relatively small proportion of patients with cortical or thalamic symp-
toms, it appears that the neuronal function disrupted by haploinsufficiency of
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CACNA1A may be one which neurons of the cortex and thalamus can compensate
more completely than neurons of the cerebellum and vestibular system.

Future directions would involve mining ITPR1 modifying compounds for
treatments of SCA6 and using the efficacy of acetazolamide to dissect the
mechanism of suppression of ataxia in EA2.
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Chapter 3
Role of L-Type Ca2+ Channels in Sensory
Cells

Alexandra Koschak, Alexandra Pinggera, Klaus Schicker
and Jörg Striessnig

Abstract L-type Ca2+ channels play an important role in sensory cells present in
the inner ear and the retina. Cav1.3 predominates in sensory cells of the inner ear
(inner and outer cochlear hair cells and vestibular hair cells) and Cav1.4 in retinal
neurons. Their pore-forming a1-subunits are highly homologous but functionally
heterogeneous. Such variability is ensured either by differential interaction with
modulatory proteins (such as Ca2+-binding proteins), differences in alternative
splicing, posttranslational modification (RNA-editing) or in subunit composition.
We will discuss special structural features that stabilize properties required for
proper function in these cells and allow fine-tuning of Ca2+ signals. Whereas so far
only one Cav1.3 human disease mutation has been published more than 50
mutations have been reported for Cav1.4. Cav1.3 channels are currently discussed
as molecular target for neuroprotection in Parkinsons Disease. Are their regulatory
mechanisms also interesting for potential pharmacotherapeutic modulation? How
do loss- and gain-of-function mutations on the protein level both result in impaired
retinal synaptic transmission in patients carrying these mutations? We will sum-
marize our current knowledge about the role of L-type channels for human hearing
and visual disorders.
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3.1 Introduction

Voltage-gated Ca2+ channels (VGCCs) generate depolarization-induced Ca2+

signals for many important physiological functions such as muscle contraction,
secretion, neurotransmission, and gene expression (for review see Catterall 2011).
Like other ion channels they form part of signaling complexes together with
molecules, such as receptors, kinases, phosphatases, and calmodulin (for review
see, Buraei and Yang 2010; Catterall 2000). Most VGCCs exist as hetero-oligo-
meric assemblies of several subunits, with a so-called a1-subunit forming the
Ca2+-selective channel pore (Fig. 3.1). Ten different a1-subunit isoforms exist,
that can associate with one of four different b-subunit isoforms and one of four
different a2-d subunits. The a1-subunits determine most of the channel’s bio-
physical and pharmacological properties. Based on structural and pharmacological
similarities of their a1-subunits VGCCs can be classified into two major families.
L-type Ca2+ channels (LTCCs, Cav1 family) and non-LTCCs (Cav2 and Cav3
families). LTCCs were first described in muscle cells but are found in most
electrically excitable tissues. In contrast, expression of members of the Cav2
family is largely restricted to neurons and endocrine cells. In neurons Cav2
channels form the presynaptic channels providing Ca2+ for fast neurotransmitter
release. In contrast, in the central nervous system neuronal Cav1 channels are
found postsynaptically whereas they are located at presynaptic release sites in
(neuro-) sensory cells.

Fig. 3.1 Voltage-gated Ca2+ channel (VGCC) complex. VGCC consist of a pore forming,
transmembrane spanning a1 subunit (gray), responsible for ion-conductance and –selectivity, and
auxiliary b (blue) and a2d (green) subunits. The intracellular b subunit modulates biophysical
properties of the channel and is involved in membrane trafficking of the a1 subunit, as well as the
extracellular a2d subunit, which is attached through a glucosylphosphatidylinositol anchor to the
extracellular side of the membrane (Bauer et al. 2010). a1-subunits contain binding domains for
organic Ca2+ channel blockers (orange) such as dihydropyridines (Striessnig and Koschak 2008)
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3.2 L-Type Channels in the Inner Ear

As outlined above, fast neurotransmitter release in neurons is tightly regulated by
voltage-gated Cav2 channels. They conduct Ca2+ currents previously classified as
P/Q-, N- and R-type, respectively (for review see Catterall 2011), and initiate the
fast release of important neurotransmitters such as glutamate, GABA and acetyl-
choline. Ca2+ entering through these channels is efficiently coupled to neuro-
transmitter release by the third or fourth power. The channel-mediated Ca2+ signal
is locally contained by intracellular Ca2+ buffers, and Ca2+ concentrations quickly
drop within a distance of several tens of nanometers from the inner channel mouth.
This process requires anchoring of downstream signaling molecules within this so-
called Ca2+ nanodomain (Eggermann et al. 2012). Specialized presynaptic struc-
tures tether the channels to the presynaptic vesicle release machinery by direct and
indirect protein interactions with the channel complex (Müller et al. 2010). The
proteome of brain Cav2 channels has recently been reported (Müller et al. 2010).

Specialized presynaptic structures providing highly localized Ca2+ signals for
neurotransmitter release are also present in sensory cells. However, the Ca2+

channels involved there are members of the Cav1 family which in neurons are
mainly found postsynaptically in somatodendritic locations (Obermair et al. 2004).
Cav1.3 predominates in sensory cells of the inner ear (inner and outer cochlear hair
cells and vestibular hair cells) and, as outlined below, Cav1.4 in retinal photore-
ceptors. Since LTCCs are specifically inhibited by organic Ca2+ channel blockers,
such as dihydropyridines (DHPs), neurotransmitter release in this sensory cells is
DHP-sensitive. This in contrast to fast spiking neurons in which neurotransmitter
release is only blocked by Cav2-selective blockers such as x-conotoxin GVIA
(Cav2.2) or x-agatoxin IVA (Cav2.1). Why do sensory cells require a different set
of VGCCs? One explanation is that the gating properties of LTCCs are more
suitable to quickly respond to fluctuations in membrane voltage and sustain the
prolonged noise- or light-induced Ca2+ fluxes in sensory cells. In contrast to
neurons in which exocytosis is triggered by precisely timed action potentials,
exocytosis in IHCs is triggered by graded changes in membrane potential induced
by sound. Louder sounds elicit increasingly larger receptor potentials causing more
Cav1.3 channels to be activated, increased Ca2+ influx and faster vesicle fusion
(Goutman 2012), for review see Safieddine et al. (2012). At the same time the
acoustic signal at the afferent synapses (i.e., between the IHC and the afferent
fibers of the auditory nerve) is encoded with high temporal precision. Channel
activity and Ca2+ influx therefore follow the graded changes in receptor potentials
which requires that these channels must be active within the negative operating
range of receptor potentials (-70 to –20 mV, Oliver et al. 2003) and only slowly
inactivate so that the number of available channels does not vary too much with
sound intensity. As outlined below Cav1.3 channels perfectly fulfill these criteria.

Like Cav1.4 in photoreceptors, Cav1.3 LTCCs are closely associated with
specialized presynaptic active zones, so-called synaptic ribbons. These are mul-
tiprotein complexes tethering synaptic vesicles to provide a large pool of readily

3 Role of L-Type Ca2+ Channels in Sensory Cells 49



releasable glutamate-containing vesicles. In mature IHCs this ensures highly
efficient coupling between Ca2+ influx through nearby Cav1.3 channels and vesicle
release (Beutner and Moser 2001; Brandt et al. 2003). Ribbon-associated proteins
also stabilize normal targeting and function of Cav1.3 channels (see below).

AMPA receptors are located postsynaptically on the unbranched myelinated
afferent dendrite of the bipolar spiral ganglion neurons. Each spiral ganglion
neuron makes only contact with one IHC synapse, whereas each IHC (through up
to 20–30 ribbon synapses) can activate several ganglion neurons (for review
Meyer and Moser 2010). Individual afferent fibers respond at a defined frequency,
which depends on its location along the cochlear tonotopical axis (place-frequency
maps, Müller et al. 2005). AMPA receptor-induced EPSCs shape the spiking of the
afferent fibers which show heterogeneous spontaneous firing behavior even if they
originate from the same or a neighboring IHC. High spiking rate fibers (being of
larger diameter) increase spiking above their spontaneous rate already at low
sound pressure but saturate quickly at higher sound intensities and are therefore
tuned for high sensitivity. Low spiking rate fibers activate at higher sound inten-
sities and show lesser tendency to saturate. Seemingly they are tuned for providing
information about incremental sound intensity (Meyer and Moser 2010). Although
different mechanisms may account for this heterogeneity in ganglion fibers, a
presynaptic mechanism involving Cav1.3-mediated Ca2+ signals has recently been
proposed (Meyer et al. 2009). A thorough analysis of the structure and functional
properties of IHC hair cell synapses revealed that they differ in number in different
cochlear regions and are most dense in IHCs of the mid-cochlear region which is
most sensitive to sound. Interestingly, presynaptic Ca2+ signals measured by high
resolution fluorescence microscopy differed substantially among synapses of an
individual hair cell, regardless of location along the cochlear tonotopic axis.
Variability was found for both the size as well as the voltage for half maximal
activation of the Ca2+ signal (Meyer et al. 2009). This behavior may form a
presynaptic mechanism that contributes to the heterogeneous spiking properties of
individual spiral ganglion neurons driven by a given IHC (Meyer et al. 2009). It is
therefore possible that the number and/or properties of presynaptic channels differ
in individual ribbon synapses, and strongly suggests functional heterogeneity
within Cav1.3 channels which are the only LTCCs expressed in IHCs. This het-
erogeneity may be ensured either by differential interaction with (modulatory)
ribbon proteins, differences in structure through alternative splicing, posttransla-
tional modification or in subunit composition. We will discuss below several
molecular mechanisms that could account for functionally distinct Cav1.3 channel
complexes.
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3.2.1 Cav1.3 Channels are Essential for Normal Cochlear
Function

Studies in the chicken cochlea provided a first hint for a dominant role of Cav1.3
for presynaptic exocytosis in hair cells because Ca2+ currents were DHP-sensitive
and Cav1.3 a1-subunit mRNA was abundantly expressed (Kollmar et al. 1997).
Final proof for the essential role of this channel isoform in mammals was even-
tually obtained in Cav1.3-deficient (Cav1.3-/-) mice. Patch-clamp recordings in
Cav1.3-/- hair cells revealed that these channels carry 80 to [90 % (depending on
the hair cell position along the longitudinal axis of the cochlea) of the total Ca2+

current in both, inner and outer hair cells (Brandt et al. 2003; Dou et al. 2004;
Michna et al. 2003; Platzer et al. 2000). In up to 3 week old Cav1.3-/- IHCs the
remaining current still triggered a tiny fast secretory component which also cou-
pled to fast exocytosis with comparable efficacy than wild type channels (Brandt
et al. 2003). However, this residual current is insufficient to support hearing and
therefore Cav1.3-/- mice are completely deaf (Platzer et al. 2000). In addition to
defective excitation-secretion coupling a complex developmental cochlear phe-
notype must also contribute to deafness in homozygous (but not heterozygous)
knockouts (Dou et al. 2004; Glueckert et al. 2003; Platzer et al. 2000). Up to P3
electron microscopy revealed normal postnatal development of sensory hair cells,
and their afferent as well as efferent nerve endings (Glueckert et al. 2003; Platzer
et al. 2000). At P7 afferent nerve fibers started to degenerate and by P15, a loss of
OHCs in apical turns was observed. In IHCs and efferent axons no ultrastructural
changes occurred but intact efferent nerve fibers formed unusual direct contacts
with IHCs (Brandt et al. 2003; Glueckert et al. 2003). These contacts normally
disappear during the first postnatal week. At P15 spiral ganglion cells also notably
degenerated and by 8 months nearly all spiral ganglion and sensory cells
(including IHCs) of the organ of Corti were absent (Glueckert et al. 2003).

During development IHCs produce typical Ca2+ action potentials which dis-
appear with the onset of hearing. Interestingly, these action potentials were absent
in Cav1.3-/- IHCs (Brandt et al. 2003). Spontaneous firing during development
therefore seems to underlie the release of synaptogenic signals (such as neuro-
trophic factors) required for normal cochlear development. Their absence may be
one of the triggers initiating the degenerative processes described above. More-
over, the absence of Cav1.3 channels in developing IHCs was also associated with
a lack of functional BK potassium—channels in the IHC membrane, presumably
resulting from defective targeting (Brandt et al. 2003). Taken together these data
highlight the critical role of Cav1.3 channels for normal structure and function of
cochlear sensory cells. No compensatory upregulation of other VGCCs was
observed. Based on the unique gating properties of Cav1.3 such upregulation
would most likely not be able to compensate for Cav1.3 function.

Vestibular hair cells also have a large DHP-sensitive L-type current component.
Estimates range from 35 % (Bao et al. 2003) to [80 % (Almanza et al. 2003; Boyer
et al. 1998; Dou et al. 2004), and there is strong evidence that this L-type current is
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also mainly carried by Cav1.3. In utricular hair cells of Cav1.3-/- mice barium
current (IBa) amplitude was reduced by 50 % as compared to wild type. The missing
component completely accounted for the DHP-sensitive current (Dou et al. 2004).
Unlike in the cochlea, the substantial non-L-type current appeared to be sufficient to
maintain normal vestibular function and sensory cell viability (Dou et al. 2004).

In addition to deafness-inducing effects through compromised hair cell function
and aberrant cochlear development, retrocochlear defects must also contribute to
deafness in Cav1.3-/- mice. Cav1.3 deficiency is associated with a drastically
reduced volume in all auditory brainstem centers (but not other brain regions)
already before hearing onset (Hirtz et al. 2011). The lateral superior olive (LSO)
contains fewer neurons and is abnormally shaped. The remaining LSO neurons
receive functional glutamatergic input through normal dendritic trees but show an
abnormal firing pattern upon depolarization which is attributed to reduced K+-
channel function. Notably, this effect was not due to inner ear dysfunction because it
was also present in mice with Cav1.3 channels conditionally knocked out only in the
auditory brainstem, but preserved expression in the cochlea (Satheesh et al. 2012).

A crucial role of Cav1.3 was also discovered for synaptic refinement in the
auditory pathway. In general, neuronal circuits underlie a developmental process
in which initially imprecisely formed synapses become refined by selective
elimination of redundant immature synapses and strengthening of remaining ones.
In the auditory brainstem Cav1.3 crucially controlled the refinement of inhibitory
synapses in projections from the medial nucleus of the trapezoid body (MNTB) to
the LSO (Hirtz et al. 2012). Normally, during the first 2 postnatal weeks the
number of axons of MNTB neurons projecting to one LSO neuron declines sharply
whereas the remaining ones are consolidated in mice. In Cav1.3-/- mice projec-
tions were not eliminated up to hearing onset and synaptic strengthening was
strongly impaired. Moreover, the mediolateral topography was less precise and the
shift from a mixed GABA/glycinergic to a purely glycinergic transmission nor-
mally seen in wild type mice before hearing onset did not occur (Hirtz et al. 2012).

3.2.2 Functional Properties of Cochlear Cav1.3 L-Type
Currents

IHCs and OHCs are the only cells known in the mammalian organism so far that
express essentially pure Cav1.3 LTCC currents. This feature allows a detailed
study of Cav1.3 biophysical properties in their native environment at the synaptic
ribbons. One hallmark of Cav1.3 currents discovered in IHCs is their negative
activation voltage range with activation thresholds between -60 and -50 mV
when physiological extracellular Ca2+ concentrations were used as charge carrier
(Bock et al. 2011; Dou et al. 2004; Grant and Fuchs 2008; Zampini et al. 2010).
This is well within the operating range of the IHC receptor potential (see above)
and shows that channels operate at the foot of their current–voltage relationship.
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The negative activation voltage range of Cav1.3 is an intrinsic property of their
pore-forming a1-subunits and also observed when expressed heterologously in
mammalian cells (Bock et al. 2011; Huang et al. 2012; Koschak et al. 2001; Lieb
et al. 2012). Cav1.3 channels show more negative activation than other LTCCs
(including Cav1.4, see below) and the Cav2 channel family (Kiyonaka et al. 2007;
Lipscombe 2002; Shcheglovitov et al. 2012). Only the typical ‘‘low voltage
activated’’ T-type channels activate at more hyperpolarized voltages than Cav1.3
(Perez-Reyes 2003).

The low activation voltage range allows both Cav1.3 and T-type channels to carry
depolarizing Ca2+ inward currents at threshold potentials and thereby support
spontaneous pacemaking. For Cav1.3 we have already mentioned above their role
for spontaneous action potentials in IHCs during development. Cav1.3 also supports
diastolic depolarization in sinoatrial node cells (Cav1.3-/- mice are bradycardic and
display arrhythmic sinoatrial node pacemaking, for review Striessnig and Koschak
2008), spontaneous action potentials in adrenal chromaffin cells (for review see
Marcantoni et al. 2007) and contribute to the safety of pacemaking in dopaminergic
neurons (for review see, Putzier et al. 2009; Striessnig and Koschak 2008). T-type
currents support pacemaking in the heart (Mangoni et al. 2006) and underlie burst
firing in neurons (Astori et al. 2011; Kim et al. 2001). However, in contrast to T-type
currents with rapid voltage-dependent inactivation (Perez-Reyes 2003), Cav1.3
channels conduct low-voltage activated currents with very slow voltage-dependent
inactivation (Koschak et al. 2001; Yang et al. 2006). As discussed above, the need
for graded Ca2+ responses over prolonged periods of stimulation in IHCs requires
slow inactivation of the underlying Ca2+ current. This demand favors Cav1.3
channels not only over T-type channels but also over other VGCCs, including the
classical presynaptic Cav2.1 and Cav2.2 channels, which have faster voltage-
dependent inactivation kinetics (Kiyonaka et al. 2007). Although slow inactivation
benefits continuous Ca2+ supply to the synaptic vesicle pool of ribbon synapses, it
may support inappropriately long depolarization and excessive Ca2+ influx partic-
ularly in cells where depolarizing membrane potentials exceed those in IHCs, such
as in sinoatrial node cells or neurons. Indeed, Cav1.3 current components in sin-
oatrial node inactivate rapidly (Mangoni et al. 2003). Cav1.3 but also most other
members of the Cav1 and Cav2 channel family use an additional mechanism for fine-
tuning of inactivation in addition to voltage. This mechanism is Ca2+ dependent and
therefore termed Ca2+-dependent inactivation (CDI).

3.2.3 Voltage and Ca2+-Dependent Inactivation of Cav1.3

CDI occurs in a calmodulin-dependent manner and was first described for Ca2+

currents in paramecium (Brehm and Eckert 1978). Apo-calmodulin binds to the
proximal C-terminus of a1-subunits (Fig. 3.2) and can sense Ca2+ entering through
the pore (within the channels nanodomain) or global cellular Ca2+ concentrations
(Tadross et al. 2008). Although the orientation of bound calmodulin and the
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relative contribution of local versus global Ca2+ sources vary for different channel
isoforms (for review see Zamponi 2003), the basic regulatory response remains the
same: calmodulin binds Ca2+ and the resulting conformational change promotes
channel inactivation in addition to VDI. This mechanism provides channels with
the possibility to adjust their inactivation rate between ‘‘fast’’, by utilizing maxi-
mal CDI, and ‘‘slow’’ by turning off CDI allowing only (slower) VDI. As
described below, different molecular mechanisms were found to affect the strength
of CDI in LTCCs: the regulation of intracellular Ca2+ levels and Ca2+ buffering
(Grant and Fuchs 2008), intermolecular interactions with other proteins and, in the
case of Cav1.3, intramolecular interactions within the C-terminus and RNA-edit-
ing. CDI is fast in Cav1.3 channels heterologously expressed in HEK293 cells
(Koschak et al. 2001; Lieb et al. 2012), sinoatrial node (Mangoni et al. 2003) and
adrenal chromaffin cells (Marcantoni et al. 2010) which stands in contrast to IHC
currents. In adult IHCs, CDI is weak allowing primarily VDI to determine inac-
tivation (Grant and Fuchs 2008; Platzer et al. 2000). Because VDI is also slower in

Fig. 3.2 Schematic transmembrane topology of the Cav1.3 a1-subunit. It consists of four
homologous domains, each comprising six transmembrane segments (Catterall et al. 2005); pink
circle highlights the approximate position of the in-frame glycine insertion leading to SANDD-
syndrome (Baig et al. 2011); in addition mechanisms involved in regulation of CDI are shown:
apocalmodulin (CaM) interacts via EF-, preIQ-, and IQ-domain with the C-terminus, and due to a
conformational change after Ca2+ binding initiates CDI (Erickson et al. 2003; Peterson et al.
2000), note that interaction of DCRD with PCRD forms a functional CTM, which inhibits
binding of CaM to the C-terminus, thus slowing down CDI (Singh et al. 2008). RNA-editing in
the IQ-motif also leads to lower affinity for CaM and therefore to a weaker CDI (Huang et al.
2012); alternative splicing in exon 42 or exon 43, leading to short transcripts, missing either both,
DCRD and PCRD, or just DCRD, prevents modulatory function of CTM (Bock et al. 2011; Singh
et al. 2008); long splice variants also contain a PDZ-binding domain on the very end of the C-
terminus, which enables the a1-subunit to interact with a variety of different proteins, that can act
as scaffolds or modulate the biophysical properties of the channel (Calin-Jageman and Lee 2008)
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IHCs (and OHCs, Michna et al. 2003) than in other cells, overall inactivation
becomes very slow and Cav1.3 currents remain permanently available at voltages
within the operating range of the IHC (Grant and Fuchs 2008). This raises one
important question: how do IHCs reduce CDI and VDI?

3.2.3.1 Interaction With Ca2+ Binding Proteins (CaBPs)

Because CDI is calmodulin-dependent, other CaBPs with insufficient Ca2+ sensing
properties can compete with CaM binding to the channel and thereby inhibit CDI.
CaBP1, CaBP2, and CaBP4 abolish CDI of Cav1.3 channels heterologously
expressed in HEK293 cells (Cui et al. 2007; Schrauwen et al. 2012; Yang et al.
2006). All of them are present in IHCs (Cui et al. 2007; Schrauwen et al. 2012) but
so far their overall and individual contribution to the weak CDI observed in IHCs
is unclear. CaBP4-deficient mice hear normally and IHC Ca2+ currents were only
minimally altered (Cui et al. 2007). Recently, a human mutation in CaBP2 has
been identified as a novel gene associated with moderate to severe hearing loss
(Schrauwen et al. 2012). Due to a frameshift, a truncated CaBP2 protein lacking
the EF-hands 3 and 4 showed weaker Ca2+ binding properties. In functional
experiments the mutation reduced the inhibitory effect of CaBP2 on CDI. CaBPs
also reduced the current density of heterologously expressed channels, a property
also lost for mutant CaBP2 (Schrauwen et al. 2012). These data provided indirect
evidence for the important role of CaBP-dependent fine-tuning of Cav1.3 channel
activity, although the effects on hearing may also be caused by CaBP2 targets
other than Cav1.3.

Taken together association of CaBPs with the channel complex currently
appears as the most powerful mechanism to account for the unusually weak CDI of
Cav1.3 currents observed in IHCs. However, CaBPs do not explain reduced VDI.
Although CaBP1 somewhat slowed VDI, other mechanisms must be responsible
for this property.

3.2.3.2 Other Protein Interactions

Table 3.1 summarizes additional protein interactions with Cav1.3 channels in
sensory cells. Most of them are known to affect channel function, at least upon co-
expression in mammalian cells. Interesting candidates that stabilize slow VDI are
Rab3-interacting molecule (RIM) and syntaxin. Coexpression of syntaxin with
Cav1.3 in HEK293 cells slightly inhibited inactivation and treatment of bullfrog
saccule hair cells with botulinum toxin (an inhibitor of syntaxin) increased inac-
tivation. Unfortunately, only Ca2+ currents were reported (Song et al. 2003).
Therefore, it remains unclear if increased inactivation was due to changes in CDI
or VDI. A more detailed study was carried out with RIM. RIM2a mRNA is
expressed in immature cochlear IHCs and co-localized with Cav1.3 in the same
presynaptic compartment (Fig. 3.3). Co-expressed RIM proteins bound to the
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b-subunit of the channel complex in tsA-201 cells, slowed both CDI and VDI and
thereby stabilized a larger fraction of a non-inactivating current component
(Gebhart et al. 2010). Interestingly, this effect of RIM was not seen when b2a
subunits were part of the channel complex (Gebhart et al. 2010). Notably, the b2a
splice variant is palmitoylated at its N-terminus (Gebhart et al. 2010). In contrast
to non-palmitoylated b-subunits, such as b1, b3 and b4, b2a decelerates inacti-
vation kinetics of Cav1 and Cav2 channels which requires its palmitoylation.
Although b2 is the predominant b-subunit in IHCs (Kuhn et al. 2009; Neef et al.
2009) the contribution of the palmitoylated splice variant is unfortunately
unknown. Taken together RIM2 contributes to but does not fully explain the slow
Cav1.3 inactivation kinetics in IHCs. The search for other protein interaction
partners that slow VDI must therefore continue.

Harmonin is a scaffolding protein that is required for normal hair cell function.
It has recently been found in about half of the ribbon synapses in mature IHCs.
Harmonin can bind to Cav1.3 channels through the channels’ C-terminal PDZ-
binding motif (Fig. 3.2; Gregory et al. 2011). In deaf mice expressing a binding-
deficient harmonin mutant the Ca2+ current in mature IHCs was slightly enhanced
(33 %) as were presynaptic Ca2+ transients (although with large variability
(Gregory et al. 2011)). Upon coexpression with Cav1.3 channels in HEK293 cells
harmonin increased channel ubiquitinylation and reduced cell surface expression.
Therefore, reduction of channel availability through an ubiquitin-dependent
pathway by harmonin appeared as a plausible mechanism. However, it is unclear if
processing of overexpressed Cav1.3 channels in HEK293 cells also reflects the
situation in neurons or IHCs. Recombinant expression caused significant accu-
mulation of channels in intracellular compartments which may be prone to arti-
ficially enhanced ubiquitinylation and proteasomal degradation. Moreover, only
high molecular mass species of ubiquitinylated Cav1.3 a1 subunits were immu-
noprecipitated with Cav1.3 antibodies from transfected cells without evidence for
non-ubiquitinylated species (Gregory et al. 2011). This is in contrast to the finding

Fig. 3.3 Co-localization of Cav1.3 a1-subunit and CtBP2/Ribeye (a ribbon marker) in cochlear
inner hair cells. Double staining of mouse cochlear sections (P6) with anti-Cav1-3 a1 and anti-
CtBP2/Ribeye antibodies. a distribution of Cav1.3 a1-subunit (red), and b distribution of CtBP2
(green), on basal pole of inner hair cells, the merge in (c) shows partial co-localization of both
proteins, d magnification of the box in (c), arrows highlighting co-localization of Cav1.3 and
CtBP2 (modified from (Gebhart et al. 2010) with permission)
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that heterologously expressed a1-subunits usually migrate very close to their
predicted molecular mass (Koschak et al. 2003).

Ribeye is a self-interacting protein (Magupalli et al. 2008) that plays an
essential role in ribbon synapse formation and is highly specific for ribbon syn-
apses (Sheets et al. 2011). Its role for synaptogenesis has been studied in zebrafish
by suppressing (knockdown) or enhancing (overexpression) its expression during
development (Sheets et al. 2011). This approach revealed two distinct functions of
Ribeye for synaptogenesis: it is crucial for inducing clustering of Cav1.3 channels
at the presynapse and also for stabilizing contacts with afferent neurons.

3.2.3.3 RNA Transcript Diversity: RNA-Editing and Alternative
Splicing

Another mechanism reported to contribute to inhibition of CDI is RNA-editing.
Adenosine-to-inosine (A-to-I) editing is a site-selective posttranscriptional modi-
fication of double-stranded RNA by ADAR deaminases (Danecek et al. 2012). The
transcriptional machinery interprets inosine as guanosine leading to A-to-G mis-
matches in cDNA sequences. In coding regions this can cause changes of protein
sequence and increased transcript diversity (Danecek et al. 2012). RNA editing has
been found to occur in the Cav1.3 C-terminal tail within the calmodulin binding
domain (termed the IQ-domain based on the crucial amino acids isoleucine and
glutamine (Van Petegem et al. 2005)) in an ADAR-dependent manner (Huang
et al. 2012) (Fig. 3.2). Edited Cav1.3 channels exhibited reduced affinity for CaM
and consequently a strong reduction of CDI (Huang et al. 2012). Cav1.3 RNA
editing has so far only been demonstrated in brain and was absent in samples of rat
cochlea. However, mRNA specifically isolated from IHCs or OHCs has not been
analyzed so far, nor have potential age-dependent effects been studied (i.e., RNA-
editing pre- and post hearing).

Alternative splicing of the long C-terminal tail has also been found to generate
Cav1.3 species differing with respect to CDI. Transcripts completely lacking the
IQ-domain were found in the cochlea but are believed to be expressed mainly in
OHCs (Shen et al. 2006). These transcripts encode channels completely devoid of
CDI (Shen et al. 2006). In contrast, other splice variants exist which are expressed
in IHCs (unpublished observations) and stabilize CDI of different strengths due to
the existence of an intramolecular protein–protein interaction in which a putative
negatively charged a-helix in the distal C-terminus (DCRD) interacts with a
putative positively charged a-helix in the proximal C-terminus (PCRD). This C-
terminal modulatory domain (termed CTM) has been originally discovered in
Cav1.4 channels (see below) but also exists in Cav1.3. Its structural and modula-
tory features have been recently reviewed (Koschak 2010; Striessnig et al. 2010).

In Cav1.3 channels full length a1-subunits (Cav1.3L) contain both the PCRD
and DCRD domain (the latter is encoded by the last exon 49) (Fig. 3.2) and allows
the two domains to interact with each other as demonstrated in FRET studies
(Singh et al. 2008). Interestingly, structural diversity is generated by extensive
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alternative splicing within the C-terminus generating short transcripts yielding
either a1-subunits missing both domains (when truncated at exon 42 (Cav1.342A)
or containing only PCRD (when truncated at exon 43 (Cav1.343S) (Bock et al.
2011; Singh et al. 2008)) (Fig. 3.2). In both cases the modulatory function of the
CTM was lost. The functional CTM in the long variant has profound effects on
channel function as evident from heterologous expression experiments: it strongly
decreased the open probability of the channel, caused a further shift of its acti-
vation voltage range to more positive voltages, strongly (but not completely)
inhibited CDI and slightly accelerated VDI (Bock et al. 2011; Lieb et al. 2012;
Singh et al. 2008). Moreover, only the long splice variant also contains a C-
terminal PDZ-motif which, in addition to harmonin, can bind a variety of PDZ-
binding proteins (Table 3.1, Fig. 3.2) that modulate channel function and/or tether
the channel to defined signaling pathways (such as, e.g., M1R and D2R receptors
at corticostriatal synapses (Olson et al. 2005). The relative abundance of both short
and long variants seems to be tissue-specific (Bock et al. 2011) indicating fine-
tuning of channel function by alternative splicing. Quantitative mRNA analysis
predicted expression of both the long and the short Cav1.343S variant at roughly
equal abundance in the brain whereas the long variant predominated in the heart
(Bock et al. 2011). In the cochlea long and short variants have been detected by
qualitative rt-PCR but due to the overall very low abundance of Cav1.3 a1-subunit
mRNA their relative abundance is still unknown. The generation of a mutant
mouse model in which the DCRD has been replaced by an HA-antibody tag
thereby disrupting CTM function without truncating the C-terminus is underway
(unpublished). This model should be useful to unequivocally detect the long
variant in different tissues and reveal the functional significance of the CTM.

Taken together RNA-editing and C-terminal alternative splicing have profound
effects on Cav1.3 channel function and may explain the slow CDI observed in
IHCs. However, the slow VDI cannot be explained by these mechanisms sug-
gesting protein interactions as a more likely mechanism as discussed above.

3.2.4 Cav1.3-Related Diseases in Humans

3.2.4.1 SANDD

All of our knowledge about the molecular and physiological properties of Cav1.3
comes from studies in rodent tissues, Cav1.3-deficient mice or heterologous
expression studies with rat and human Cav1.3 channels. However, the recent dis-
covery of a rare human disease associated with the loss of Cav1.3 function strongly
indicated that Cav1.3 serves similar functions in humans and mice (Baig et al. 2011).
Using positional cloning in two consanguineous families with deafness a mutation
was identified in the Cav1.3 a1-subunit gene (CACNA1D). All deaf subjects also
showed pronounced SAN dysfunction at rest, very similar to the SAN dysfunction
found in mice (Platzer et al. 2000). This syndrome was therefore termed SANDD,
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Sinoatrial Node Dysfunction and Deafness (OMIM: #614896). The mutation
introduced in-frame an additional glycine residue within a highly conserved,
alternatively spliced region near the channel pore (Fig. 3.2). Patch-clamp studies
revealed that the mutated a1-subunit protein was still synthesized and integrated into
the plasma membrane of tsA-201 cells (Baig et al. 2011) because non-linear capa-
citative currents (so-called ON gating currents) resulting from intramembrane
movement of the channel’s positively charged voltage sensors could still be recor-
ded. However, this gating current was not accompanied by the appearance of inward
ionic current indicating a complete loss of channel function. The disease also pro-
vided another interesting biochemical detail because the mutation was localized
within the alternatively spliced exon 8. This allows the conclusion that the mutation-
containing exon 8B is the predominant variant in human IHCs and SAN. This
finding was confirmed in mouse tissues (Baig et al. 2011).

3.2.4.2 Parkinsons Disease

Cav1.3 channels are currently also discussed as a molecular target for neuropro-
tection in Parkinsons Disease (PD). Evidence is based on the finding that LTCC
are responsible for the dendritic Ca2+ transients in dopaminergic substantia nigra
pars compacta neurons. These transients are triggered during the spontaneous
action potentials of these spontaneously firing neurons. Some indication exists that
Cav1.3 channels may be mainly responsible for permanent Ca2+ load that could
underlie the selective susceptibility of these neurons to neurodegeneration (Pfeiffer
2010). In animal models of PD, DHP Ca2+ channel blockers are neuroprotective
(Surmeier et al. 2011). Together these finding provide a strong rationale to develop
Cav1.3 selective blockers as neuroprotective agents. Drug discovery efforts are
currently ongoing in pharmaceutical industry. However, one of the big questions is
how save these drugs would be based on the crucial role of these channels for
cochlear function and SAN pacemaking. It is reassuring that hearing impairment
has so far not been reported as a symptom during intoxications with extremely
high doses of brain permeable DHPs. Perhaps the unusual gating properties pro-
vide IHC Ca2+ channels also with pharmacological properties that would finally
allow also some selectivity of blockers for brain Cav1.3 channels.

3.3 L-Type Channels in the Retina

Photoreceptors are morphologically and physiologically highly specialized light
sensing cells of the retina. In darkness their membrane potential is depolarized up
to -36 mV (Bader et al. 1978) due to the activity of cGMP activated cation
channels (Karpen et al. 1992; Korenbrot 2012; Miller and Nicol 1979). These
receptor cells signal to second order neurons via constant release of glutamate
form their ribbon synapses (tom Dieck and Brandstätter 2006). This sustained

60 A. Koschak et al.



release is Ca2+ dependent (Heidelberger and Matthews 1994; Thoreson et al. 2004)
and LTCCs serve as the predominant source for Ca2+ entry (Bartoletti et al. 2011;
Mercer and Thoreson 2011). Cav1.4 channels—which are encoded by the CAC-
NA1F gene—are located in close vicinity to the typical horseshoe shaped ribbon
synapses as has been demonstrated by their colocalization with synaptic proteins
such as Bassoon, Ribeye, and Piccolo in mouse and rat retinas (Busquet et al.
2010; Mercer et al. 2011; Mercer and Thoreson 2011; Morgans 2001; Morgans
et al. 2001; Specht et al. 2009). In cultured mammalian cells, heterologously
expressed Cav1.4 currents activate rapidly, open at negative membrane potentials
and thereby allow the channel to conduct Ca2+ at potentials negative to -40 mV.
Only a minor fraction (&10–15 %) of channels might be available at a potential -

35 mV (Hoda et al. 2006) but sufficient for triggering neurotransmitter release and
tight photoreceptor tuning. Cav1.4 currents also show slow VDI accompanied by
complete absence of CDI during depolarizing pulses (Hoda et al. 2006; Koschak
et al. 2003). Inactivation was faster when measured at near physiological tem-
peratures but the window current was still preserved (Peloquin et al. 2008). Data
from beta2a and alpha2delta4 knock-out mice (Ball et al. 2002; Wycisk et al.
2006) inferred that Cav1.4 channels operate most likely in a complex with beta2a
and alpha2delta4 as accessory subunits. Intriguingly only 2–3 channel openings
are needed on average to initiate a vesicle fusion in bright light while around 1,000
LTCCs were estimated per cone terminal by Bartoletti and colleagues (Bartoletti
et al. 2011). The tight coupling of Ca2+ channel opening and fusion events under
these conditions should ensure precise timing of release which is crucial for
synchronizing synaptic signaling to decrements in light intensity.

Under low light conditions the rod pathway is activated and the released gluta-
mate binds to the metabotropic glutamate receptor mGluR6 on the postsynaptic rod
bipolar cells (RBC) (Masu et al. 1995). Receptor activation in turn leads to closure of
non-selective cation channels, most probably TRPM1 (Koike et al. 2010), and
hyperpolarization of the RBC cell membrane. This hyperpolarization closes LTCCs
in RBCs and decreases glutamate release. Cav1.4 immunostaining in mouse inner
plexiform indicated that Cav1.4 LTCCs may contribute to the regulation of release at
bipolar cell terminals (Berntson et al. 2003; Busquet et al. 2010; Mansergh et al.
2005; Morgans 2001). Only few RBCs seem to contact ganglion cells directly but
use amacrine cells as signal relays (Strettoi et al. 1990). As shown in Fig. 3.4,
glutamate release from RBCs activates AII and A17 (and probably A13, both not
indicated in the figure for clarity) amacrine cells (Bloomfield 2001). A17 cells
modulate the synaptic signal via a direct GABAergic feedback inhibition onto the
RBC (Grimes et al. 2010). Measurements of Ca2+ currents in these cells revealed L-
type currents with no or very slow inactivation (Grimes et al. 2009), pointing to a
contribution of Cav1.4 (but maybe also Cav1.3) channels. In contrast to A17, AII
cells form gap junctions to other AII cells as well as to ON cone bipolar cell axon
terminals (Bloomfield and Dacheux 2001). Activation of AII cells then leads to
activation of ON ganglion cells via transmitter release from ON cone bipolar cells
(Demb and Singer 2012). At the same time AII amacrine cells form glycinergic
synapses with OFF cone bipolar cell axon terminals and OFF ganglion cells and
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therefore actively inhibit the OFF pathway (Fig. 3.4). In addition to the RBC
pathway, also direct coupling between rod and cone photoreceptors via gap junc-
tions has been demonstrated (Seeliger et al. 2011). This pathway is used in twilight
conditions (Soucy et al. 1998; Tsukamoto et al. 2001). An additional OFF pathway
that has so far only been described in rodents shows direct coupling from rods to
cone OFF bipolar cells (Soucy et al. 1998).

3.3.1 Cav1.4-Related Diseases in Humans

The importance of Cav1.4 channels as the most predominant LTCC in retinal
neurons is well supported by the fact that mutations in the CACNA1F gene can
cause several forms of human retinal diseases (OMIM: 300071, 300476, 300600),
as such Åland Island Eye Disease (AIED) (Jalkanen et al. 2007), Cone-Rod

Fig. 3.4 Simplified rod photoreceptor signaling pathways. In the absence of light rod
photoreceptors constantly release glutamate (Glu), which binds to metabotropic glutamate
receptors (mGluR) on rod bipolar cells (RBC) resulting in a hyperpolarization and downstream a
reduction of transmitter release. When rod photoreceptors are excited Glu release from the
presynapse is diminished and thus RBCs are depolarized, leading to an increase in Glu release.
RBCs form depolarizing contacts with AII and A17 amacrine cells (the latter mediate a feedback
inhibition but are omitted in the figure for clarity). AII amacrine cells form synapses with
different neurons: i. inhibiting glycinergic synapses (Gly) with OFF cone bipolar cells (OFF CB
(Bloomfield and Dacheux 2001) or OFF ganglion cells (OFF GC; Arman and Sampath 2012), ii.
gap junctions (GJ) with other AII cells (not shown) or ON cone bipolar cells (ON CB), thus
activating these cells. ? excitatory synapse (red), - inhibitory synapse (green). Also cones
release glutamate and can—via ionotropic glutamate receptors (iGluR)—form excitatory
synapses with OFF CB. Horizontal cells and Müller glial cells are also omitted for clarity.
Adapted from Figures in Demb and Pugh (2002); Kim and Sheng (2004); Seeliger et al. (2011);
Wässle (2004)
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Dystrophy (CORDX3, Jalkanen et al. 2006), X-linked retinal disorder (XRD)
(Hope et al. 2005), night blindness-associated Transient Tonic Downgaze
(NATTD, Simonsz et al. 2009), and incomplete Congenital Stationary Night
Blindness (iCSNB, CSNB2, Bech-Hansen et al. 1998; Boycott et al. 1998, 2000,
2001; Strom et al. 1998) which share a variety of clinical symptoms (for review
see Stockner and Koschak 2013). Due to the X-linked condition of Cav1.4 channel
dysfunction CSNB2 mainly involves males. However, also heterozygote females
can be affected (Hemara-Wahanui et al. 2005; Hope et al. 2005) in case they show
cellular mosaicism for healthy/mutant Cav1.4 channels due to X-inactivation of the
CACNA1F gene. The majority of mutations were identified among patients orig-
inally diagnosed with CSNB2. Typical symptoms of CSNB2 are moderately low
visual acuity, myopia, nystagmus and night blindness but one or more of these
symptoms may be absent (Boycott et al. 2000). The severity of night blindness as a
symptom varies and in some cases was not even reported. CSNB2 is therefore
generally diagnosed on the basis of ERG abnormalities. In patients with CSNB2,
dark-adapted Ganzfeld ERGs showed reduced scotopic (very little ambient light)
rod b-waves and a negative bright flash ERG. This means that a large a-wave—
reflecting the general health of the photoreceptors—is followed by a small b-
wave—reflecting (intact) transmission from photoreceptors to bipolar cells—with
a peak below ERG baseline. Oscillatory potentials can be recorded but may show
abnormal implicit times (Boycott et al. 2000; Strom et al. 1998). In the light
adapted ERG the cone b-wave is also much reduced (with delay of peak times,
Tremblay et al. 1995). Under these photopic conditions no oscillatory potentials
were elicited, and the 30 Hz flicker is reduced (Strom et al. 1998). This ERG
phenotype is compatible with a defect in neurotransmission within the retina
between photoreceptors and second-order neurons.

3.3.2 Human Cav1.4 Channel Mutations

Whereas only one human disease-related CACNA1D mutation has been published
so far (Baig et al. 2011), more than 50 structural aberrations were identified in the
CACNA1F gene of CSNB2 patients comprising Cav1.4 a1-subunit missense or
truncation mutations as well as insertions or deletion (Stockner and Koschak
2013). Cav1.4 mutations can be categorized on the basis of their functional effects
as (i) loss-of-function (ii) impairment of the C-terminal modulator (CTM) function
or (iii) gain-of-function. Here we briefly summarize Cav1.4 mutations, that have
already been functionally characterized, under these criteria; the underlying
structure-(dys-) function relation, however, has already been discussed elsewhere
(Stockner and Koschak 2013).

The majority of mutations are predicted to form non-functional channels, often
because of severe structural changes incompatible with channel function, like
premature truncations. Some predicted truncated Cav1.4 channels might therefore
not even be expressed on the protein level because nonsense-mediated mRNA
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decay eliminates mRNA containing premature stop codons in regions followed by
splice sites at a distance of 50–55 nucleotides downstream (Maquat 2004). No
channel activity was observed for missense mutations Ser229Pro, Gly1018Arg,
Arg1060Trp, and Leu1079Pro expressed in Xenopus laevis oocytes (Hoda et al.
2005) or tsA-201 cells (Peloquin et al. 2007) although their a1 subunit proteins
were expressed at levels indistinguishable from wild type channels. Interestingly in
the Leu1079Pro mutant channel current was ‘rescued’ in the presence of the Ca2+

channel activator BayK8644, although showing slightly faster inactivation kinetics
compared to wild type in the presence of the activator (Hoda et al. 2005). Tem-
perature-dependent reduced protein expression was reported in mutants
Arg519Gln and Leu1375His whereas their gating properties were not (Arg519Gln)
or only slightly (Leu1375His) affected (Hoda et al. 2006). Likewise no gating
changes were detected for Gly674Asp and Ala928Asp (McRory et al. 2004).

The analysis of the truncation mutation Lys1602stop (named K1591X in ref-
erences Hoda et al. 2006; Wahl-Schott et al. 2006) uncovered that the lack of
CDI—which might be ‘the’ discriminating functional hallmark of Cav1.4 chan-
nel—is an intrinsic channel property that depends on the active suppression by a
C-terminal inhibitory domain. How C-terminal tailoring affects LTCC function is
briefly summarized in Sect. 3.2.3.3 (for review also see Striessnig et al. 2010;
Striessnig 2007). In contrast to Cav1.3, the DCRD domain of Cav1.4 has even
higher affinity for its upstream binding domain and therefore completely elimi-
nates CDI (Hoda et al. 2006; Liu et al. 2010). As a consequence of this modu-
lation, truncation mutations in the Cav1.4 C-terminus downstream of the CDI
machinery (i.e., removing the modulatory domain)—either natural, by alternative
splicing (Tan et al. 2012) or introduced by a disease mutation (Hoda et al. 2006;
Wahl-Schott et al. 2006) are of particular interest because they undergo a complex
functional change, including (i) a hyperpolarizing shift of the Cav1.4 mediated
window current (compatible with a gain-of-function); and (ii) reduced Ca2+ influx
due to occurrence of CDI (compatible with a loss-of-function, Hoda et al. 2006;
Wahl-Schott et al. 2006). The net effect on the strength of Ca2+ signaling and
retinal function by such mutations in vivo is therefore difficult to predict and
requires generation of mouse mutants carrying these human mutations.

Gain-of-function mutations confer new or enhanced activity. Apparently such
enhanced activity must have an unwarranted positive connotation because
increased sensitivity in gain-of-function mutations does not necessarily result in
improved signaling. Instead, this might result in a loss-of-control of existing Ca2+

signaling pathways. In the heterologous expression system, many Cav1.4 gain-of-
function mutations (Gly369Arg: Hoda et al. 2005; McRory et al. 2004, Ile756Thr:
Hemara-Wahanui et al. 2005 and Phe753Cys: Peloquin et al. 2007) promote
enhanced Ca2+ entry through the channel by vastly slowed VDI which is
accompanied by a strong hyperpolarizing shift in the voltage-dependence of
activation. The so far most pronounced hyperpolarizing shift in Cav1.4 channel
activation (around 30 mV) was found in mutation Ile756Thr, which was identified
in a New Zealand family. The affected family members showed an unusual
severity of the phenotype, associated with intellectual disability in males, and also
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heterozygote female family members had clinical and ERG abnormalities
(Hemara-Wahanui et al. 2005). Currently, we do not entirely understand how a
gain-of-function in the channel protein would result in a loss-of-function in retinal
synaptic transmission in patients showing CSNB2 symptoms. During illumination
a Cav1.4 gain-of-function could result in significant Ca2+ influx already at negative
voltages (* -55 mV physiologically) compared to a minor level of activation in
wild type (described also above). This would mean that for a light pulse of a given
intensity the dynamic range for fractional channel opening between dark and light
conditions will be less pronounced compared to wild type. Obviously, this effect
would also induce a change in glutamate release. Since transmitter release has
been found to depend in a linear fashion on the intracellular Ca2+ of photoreceptors
(Thoreson et al. 2004) one could envisage the following consequences for retinal
network activity function in a thought experiment: in the rod pathway a reduction
in the difference in transmission between darkness and light would mean less RBC
depolarization at a given light intensity. AII amacrine cells might also be activated
to a lesser degree and ON ganglion cell output in response to the stimulus will be
decreased. At the same time the inhibition of the OFF pathway (via glycinergic
synapses with OFF cone bipolar cell axon terminals and OFF ganglion cells,
Fig. 3.4) will be suppressed. Overall, these effects would lead to a decrease in
contrast sensitivity, a visual phenotype often observed in patients with congenital
stationary night blindness (Bodis-Wollner 1980; Marmor 1986). Assuming that
Cav1.4 channels are also expressed in second order neurons the matter becomes
even much more complicated. In bipolar cells transmitter release has been found
to depend in a highly nonlinear way on the intracellular Ca2+ concentration
(Heidelberger et al. 1994). So a Cav1.4 gain-of-function might even offset the
reduced depolarization at a given light intensity and lead to increased transmitter
release and thus AII amacrine cell activity, ultimately leading to higher ON
ganglion cell output. Due to the nonlinear nature of Ca2+-dependent release, sat-
uration might be reached quickly and thus also this effect could lead to a loss in
contrast sensitivity.

The above scenario assumes merely functional changes but does not take into
account the possibility that altered Ca2+ signaling by gain-of-function mutations
could change retinal morphology (such as defects in early stages of synapse for-
mation/maturation or cell death) resulting in an overall loss-of-function effect in
retinal transmission. So far no reports have been published that directly test and
corroborate these hypotheses in an in vivo gain-of-function mouse model.

3.3.3 Cav1.4 Rodent Models

Existing knock-out mouse models, however, indicate the important role of func-
tional Cav1.4 channels for retinal health. In Cav1.4-/- mice, the b-wave signal is
absent under scotopic conditions. At higher stimulus intensities the a-wave
appeared with a threshold comparable to the wild type, but neither a b-wave nor
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oscillatory potentials were detected. ERG recordings obtained under photopic
conditions to isolate cone response did not detect any reliable response in
Cav1.4-/- mice (Mansergh et al. 2005). This finding is in accordance with the
clinical status in CSNB2 patients (Boycott et al. 2000; Hope et al. 2005; Strom
et al. 1998). Moreover, also visual evoked potentials which record activation in the
cortex could not be detected while cortical potentials were identified in WT mice
(Mansergh et al. 2005). The cacna1fnob2 (nob2) mouse is reported as a naturally
occurring ‘null’ mutation for the Cav1.4 Ca2+ channel gene but the phenotype of
this mouse is not identical to that of the targeted gene knockout model because
10 % of the mRNA is intact due to alternative splicing (Doering et al. 2008). Still,
the reduction in the ERG b-wave and the reduced oscillatory potential amplitudes
are pointing to the prominent role of Cav1.4 channels. Immunocytochemistry data
showed unaffected photoreceptor cell bodies and inner and outer segments as well
as unaffected retinal inner layers judged by normal amacrine cell labeling. How-
ever, profound loss of photoreceptor synapses, the presence of ectopic synapses
deep into the outer nuclear layer and abnormal dendritic sprouting of second order
neurons was detected in Cav1.4-/- and nob2 mice (Chang et al. 2006; Mansergh
et al. 2005) as well as in a CSNB rat model (Gu et al. 2008; Zheng et al. 2012).
Antibody staining experiments that particularly target either rod or cone synapses
have not been reported so far. In histological sections outer plexiform layers
(OPLs) appeared thinner than normal (Mansergh et al. 2005), a finding that also
points to a distorted morphology of Cav1.4 deficient retinas. The Cav1.4 channel
loss-of-function due to either (much) reduced or completely abolished Ca2+ influx
is clearly compatible with defective retinal transmission and one could assume that
a Cav1.4-mediated Ca2+ signal is also critical for synapse formation and/or mat-
uration. Depending on the extent of synapse loss this could result in longer gan-
glion cell response latencies and therefore delayed/absent transfer of visual
information to the brain.

3.3.4 Cav1.4 Channel Protein Interactions

As described above Ca2+ binding proteins tune Cav1.3 channels in the auditory
system. They are also important regulators in the retina and mutations in Ca2+-
binding protein 4 (CaBP4) also cause CSNB2 (CSNB2B; OMIM 610427, Zeitz
et al. 2006). Like for Cav1.4, CaBP4 is located in photoreceptor synaptic terminals,
where it is directly associated with the C-terminal domain of Cav1.4 a1 subunit. In
transfected human embryonic kidney cells CaBP4 shifted the activation of Cav1.4
to hyperpolarized voltages. Mice lacking CaBP4 showed a thinner outer plexiform
layer (Haeseleer et al. 2004). Both morphological and functional alterations
observed were similar to Cav1.4-/- mice (Mansergh et al. 2005). Current
responses of rod photoreceptor outer segments in suction electrode recordings
showed faster and less sensitive responses upon light flashes in CaBP4-/- rods.
Downstream, light flashes applied to in retinal slice preparations also showed
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reduced responses. These differences in rod signaling were confirmed in ERG
responses (Haeseleer et al. 2004), and in addition also indicated a reduction in
cone synaptic function (Maeda et al. 2005). A recent report suggested that CaBP4
increased Cav1.4 channel availability by relieving the inhibitory effects of the
CTM on voltage-dependent Cav1.4 channel gating. For two CaBP4 mutants this
functional effect was only partially preserved, leading to a reduction of Cav1.4
channel availability and loss-of-function (Shaltiel et al. 2012).

3.3.5 Cav1.3 and Cav1.2 Channels in the Retina

Data that emphasize the role of the LTCC subtypes different from Cav1.4 come
only from studies in the non-human retina. All LTCCs have been reported to be
expressed in the retina. Expression of Cav1.3 was reported in multiple retinal cells
types and layers in various animal species (Busquet et al. 2010; Cristofanilli et al.
2007; Firth et al. 2001; Henderson et al. 2000; Kersten et al. 2010; Mizuno et al.
2010; Morgans 1999; Taylor and Morgans 1998; Welch et al. 2005; Xiao et al.
2007). In particular, Cav1.3 expression has been proposed in mouse cone terminals
(Morgans et al. 2005). However, this finding is controversial (Xiao et al. 2007).
Interestingly, Cav1.3-/- mice show a minor reduction in the b-wave (Busquet et al.
2010) so that a contribution of Cav1.3 channels on signal transmission in the outer
retina cannot be completely excluded. A potential regulatory role for Cav1.3 in the
retina is described in the retinal pigment epithelium (RPE) where these channels
are proposed to regulate the light peak of the ERG which is caused by a depo-
larization of the RPE basolateral plasma membrane (Wu et al. 2007). In the cell
membrane of the RPE, Cav1.3 subunits co-localize with bestrophin-1 (Uniprot
O76090) which is the product of a gene mutated in Best’s vitelliforme macular
degeneration (OMIM 607854). Bestrophin-1 binding to b4-subunits via a proline-
rich motif/SH3 interaction is suggested to accelerate time-dependent activation
and decreased the activity of Cav1.3 channels and thereby might explain the
changes in the light-peak amplitude observed in Cav1.3-/- mice. Kersten et al.
(2010) recently demonstrated that Cav1.3 co-localizes with the Usher Syndrome
associated protein Whirlin (Uniprot Q9P202) at distinct sites in the photoreceptor
including the outer limiting membrane, the OPL, and the region of the connecting
cilium. Already during murine development the expression patterns of Cav1.3 and
Whirlin overlap significantly, not only in the eye but also in the inner ear and the
central nervous system compatible with this most common form of human
hereditary deaf–blindness with autosomal recessive inheritance. A PDZ-domain
interaction was identified between the Whirlin N-terminus and the Cav1.3 C-
terminus through which Cav1.3 is suggested to be connected to the Usher protein
network. The complex, including also a calmodulin-dependent serine kinase
(CASK), may participate in the regulation of neurotransmission via the organi-
zation of Cav1.3 channels in the photoreceptor cell synapses. Moreover, Mizuno
and colleagues reported that Cav1.3 channels are subject to rapid glutamate-

3 Role of L-Type Ca2+ Channels in Sensory Cells 67



induced internalization, which may serve as a negative feedback mechanism
protecting retinal neurons against glutamate-induced excitotoxicity (Mizuno et al.
2010) implying a role of Cav1.3 in other processes than retinal transmission.

Expression of Cav1.2 in the mouse retina has recently been reported to be
pronounced in the inner plexiform as well as the ganglion cell layer and weak in
the OPL (Busquet et al. 2010; Specht et al. 2009). In cultured chicken cone
photoreceptors the expression of LTCCs is under circadian control showing noc-
turnal increases (Ko et al. 2004). MicroRNAs (miRNAs) influence the core
oscillator in the mouse master clock, the suprachiasmatic nucleus, and also several
miRNAs have been published in the mouse retina, some of which are highly
expressed in the photoreceptor layer (Karali et al. 2010, 2007). In the chicken
retina, Shi et al. (2009a, b) studied the regulation of Cav1.2 a1 subunits by
microRNA-26a and found decreased protein expression and current densities after
co-expression in vitro. Moreover, several signaling pathways as well as protein–
Protein interactions were reported to be involved in the regulation of rhythmic
expression. Ko and colleagues showed that both PI3 K–Akt and Erk signaling as
well as an interaction with retinoschisin contributed to the circadian phase-
dependent regulation of channel subunit trafficking (Ko et al. 2008; Shi et al.
2009a, b (interaction with Cav1.3 N-terminus)). Mutations in the retinoschisin
gene RS1 cause X-linked retinoschisis (OMIM 312700), a retinal dystrophy that
features disorganization of retinal cell layers, disruption of the synaptic structures
and neurotransmission between photoreceptors and bipolar cells, and progressive
degeneration of rod and cone photoreceptor cells.

Skeletal muscle subunit Cav1.1 a1 (a1S) staining has been reported in mouse
retinas to be present postsynaptically at ON-bipolar cell dendrites where it co-
localized with metabotropic glutamate receptor 6 (Specht and Sweadner 1984). This
finding is somewhat unexpected and the observed immunoreactivity might still have
to be judged with care due to the lack of a Cav1.1 knock-out control retina staining.
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Chapter 4
T-Type Calcium Channels and Epilepsy

Stuart M. Cain, Michael E. Hildebrand and Terrance P. Snutch

Abstract Epilepsy is characterized by spontaneous recurrent seizures in which
electrical activity in particular brain regions becomes over-excitable. As different
brain regions interact in cycle, one excites the next until they become locked into a
self-propagating loop. Low voltage-activated T-type calcium channels underlie the
burst-firing associated with spike-and-wave discharges observed on electroen-
cephalography recordings during certain forms of epileptic seizures. It is currently
estimated that around 50 million people in the world suffer from epilepsy. Of
these, around 30 % of patients are resistant to current medications and up to 90 %
of treatable patients experience significant side effects of the drugs. As such, there
is considerable need for new approaches towards the development of novel effi-
cacious therapeutics with fewer side effects.

4.1 T-Type Calcium Channels

Low voltage-activated T-type calcium channels are functionally distinct from
other members of the voltage-gated calcium channel family. Compared to high
voltage-activated (HVA) calcium channels, T-type channels have several unique
biophysical properties, including small single channel conductances, fast activa-
tion and inactivation kinetics, hyperpolarized voltage-dependences of activation
and inactivation and slow deactivation kinetics. The rates of T-type channel
activation and inactivation are strongly voltage-dependent, creating a character-
istic ‘‘crossing over’’ pattern in successively more depolarized traces of a
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conventional square-pulse current–voltage protocol. For neuronal T-type currents,
the time for half-inactivation can range from greater than 100 ms at activation
thresholds (between -70 and -50 mV) to less than 20 ms at maximal activating
potentials ([ -30 mV) (reviewed in, Huguenard 1996). Although T-type currents
exhibit strong voltage-dependent inactivation, they do not appear to inactivate in a
calcium-dependent manner similar to many members of the HVA class of calcium
channels.

The T-type calcium channel class is composed of three separate a1 subunit
encoding genes in the mammalian genome: CACNA1G (Cav3.1), CACNA1H
(Cav3.2 and CACNA1I (Cav3.3) (Fig. 4.1a) (Adams and Snutch 2007). The three
Cav subtypes have broad expression patterns, including the ovaries, placenta,
heart, kidney, smooth muscle, liver, adrenal cortex and neurons throughout the
peripheral and central nervous systems. Non-neuronal functions of T-type chan-
nels include smooth muscle contraction, hormone secretion and cardiac pacemaker
activity (reviewed in, Catterall et al. 2005). In many cell types, multiple distinct
functional variants of Cav3.1, Cav3.2 and Cav3.3 are also expressed through the
process of alternative splicing (Chemin et al. 2001; David et al. 2010; Emerick
et al. 2006; Mittman et al. 1999; Monteil et al. 2000; Murbartián et al. 2004;
Mittman et al. 1999).

The three main recombinant T-type channel isoforms have been extensively
studied and characterized (Perez-Reyes 2003). The Cav3.1 and Cav3.2 subtypes
exhibit biophysical properties consistent with prototypical T-type currents,
including fast activation and inactivation kinetics. In contrast, the Cav3.3 subtype
exhibits significantly slower activation and inactivation kinetics, faster deactiva-
tion kinetics and a more depolarized voltage dependence of both activation and
inactivation when compared with the other two T-type isoforms (Chemin et al.
2002; McRory et al. 2001). All three isoforms have a characteristically fast
recovery from inactivation, with the Cav3.1 and Cav3.3 channels recovering the
fastest (Klockner et al. 1999). Differences in biophysical properties, alternative
splicing, and differential expression of individual Cav3 subtypes all allow for
considerable functional specialization within the nervous system. The overlap
between the voltage-dependence of T-type activation and inactivation at potentials
near neuronal resting membrane potentials (McRory et al. 2001) creates the pos-
sibility for ‘‘window currents,’’ wherein a fraction of T-type channels remain open
at rest. The presence and relevance of T-type window currents (and T-type cur-
rents in general) is highly dependent on the resting membrane potential, as the
channels will become completely inactivated at more depolarized potentials
(Carter and Sabatini 2004). T-type window currents can also affect calcium-
mediated signaling pathways as well as the membrane potential and electrical
firing patterns of neurons, although inhibition of the T-type window current does
not affect tonic firing frequency (Chevalier et al. 2006; Dreyfus et al. 2010;
Williams et al. 1997).

The three T-type channel isoforms are differentially expressed in the brain
(Fig. 4.1b) (Talley et al. 1999), likely accounting for some of the observed het-
erogeneity in pharmacology, modulation and biophysical properties amongst
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native T-type currents (reviewed in Huguenard 1996). Studies combining immu-
nohistochemistry (Craig et al. 1999; McKay et al. 2006) with electrophysiological
recordings (Isope and Murphy 2005; Joksovic et al. 2005; Kavalali et al. 1997)
reveal that the Cav3 channels and their functional currents are predominantly
localized to the soma and dendrites of neurons, with highest expression often
occurring in dendritic regions. More recently, there has been good evidence that T-
type channels also contribute to neurotransmitter release at a subset of nerve
terminals (Huang et al. 2011; Jacus et al. 2012; Tang et al. 2011; Todorovic and
Jevtovic-Todorovic 2013).

The robust expression of T-type channels in neuronal dendrites suggests that
these channels may be involved in signal integration. For example, subthreshold
excitatory postsynaptic potentials (EPSPs) can cause the activation of T-type
currents to boost dendritic calcium concentrations in hippocampal and cortical
neurons (Magee and Johnston 1995; Markram and Sakmann 1994). This T-type
activity may lead to localized feed-foward dendritic depolarization or alterna-
tively, could activate calcium-activated outward currents to mediate dendritic
hyperpolarization (Wolfart and Roeper 2002).

Besides modulating synaptic integration, T-type channel activity can also shape
overall neuronal excitability. As originally demonstrated in the inferior olive,
removal of T-type inactivation with hyperpolarization can initiate a spontaneous
‘‘rebound-burst’’ low-threshold calcium spike (Fig. 4.2b) (Llinas and Yarom
1981). Indeed, T-type channel activation is essential for regenerative low-thresh-
old spikes and burst-firing in neurons across the CNS, including in the cerebellum,
cortex, hippocampus, inferior olive, neocortex and thalamus (reviewed in Hu-
guenard 1996). Within a subset of neurons, low threshold spikes and burst-firing
can alter neuronal oscillations, causing a switch from high frequency tonic neu-
ronal firing to a phasic firing mode characterized by regular intervals of high
frequency bursts (Diana et al. 2007; Suzuki and Rogawski 1989). These T-type
mediated changes in rhythmic oscillations are essential for both physiological
sleep-wake gating and pathophysiological epileptic seizure activity. Of note, in the
thalamus Cav3.1 is predominantly expressed in thalamocortical relay cells (TCs) at
high levels, while Cav3.2 and Cav3.3 are highly expressed in thalamic reticular
(nRT) neurons (Talley et al. 1999).

b Fig. 4.1 a Phylogenic relationship between the 10 known calcium channel a1 subunits (left
panel). The Cav1 subunits (L-types) and Cav2 subunits (P/Q-type, N-type and R-type) are
grouped as HVA calcium channels, and the Cav3 subunits form the Low Voltage-Activated
(LVA) ‘‘T-type’’ calcium channels. Representative traces of calcium currents recorded from
reticular thalamic neurons (right panel). The upper trace shows a slow inactivating HVA current
and the lower trace shows the fast inactivating low voltage-activated (LVA) current. b Schematic
of the primary neuronal projections in the thalamocortical network between the somatosensory
cortex, the sensory thalamic relay neurons and the reticular thalamic nucleus. The distribution of
the three T-type channel subtypes is indicated. c Schematic representation of the T-type calcium
channel a1 subunit with its four domain structure. Black dots denote regions of the T-type calcium
channel wherein single nucleotide polymorphisms have been identified in human patients with
various forms of genetic generalized epilepsy
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4.2 T-Type Calcium Channel Single Nucleotide
Polymorphisms in Human Epilepsy Patients

Epilepsy is a general disorder of the nervous system that is primarily characterized
by hyperexcitability and hypersynchronization of thalamic and cortical neuronal
circuits. Genetic Generalized Epilepsy (GGE) represents a major group of epi-
lepsies that have no clear etiology, are partly caused by complex non-Mendelian
genetics, and includes disorders such as juvenile myoclonic epilepsy, juvenile
absence epilepsy, and childhood absence epilepsy. Absence epilepsy is charac-
terized by brief seizures that cause impairments of consciousness through 3–6 Hz
spike-and-wave discharges (SWDs) mediated by oscillations within the thalamo-
cortical circuit (reviewed in McCormick and Contreras 2001). In human studies, a
number of single nucleotide polymorphisms (SNPs) have been identified in the
genes encoding for the Cav3.1 and Cav3.2 T-type calcium channels in patients with
GGEs (Fig. 4.1c) (Adams and Snutch 2007; Cain and Snutch 2011; Chen et al.
2003; Heron et al. 2007; Liang et al. 2007; Singh et al. 2007; Zamponi et al. 2009).
Upon exogenous evaluation of T-type calcium channel biophysical properties
using heterologous expression systems some of the alterations induce a gain-of-
function, some a loss-of-function while others have no apparent effect on channel
characteristics. While these varied effects may reflect the polygenic nature of
epilepsy, some genetic variability may also represent SNPs unrelated to the epi-
leptic condition.

4.3 Burst-Firing in Epilepsy

A key functional consequence of large-scale T-type calcium channel activation in
neurons is called ‘‘burst-firing.’’ Providing that the current density of T-type calcium
channels is of sufficient magnitude in a particular neuron and that the membrane
potential passes the activation threshold, calcium will surge through T-type channels
with enough charge to generate a low threshold calcium spike (LTS). This depo-
larization lasts around 50–100 ms and peaks at around -40 mV before calcium
channel inactivation combined with calcium-activated potassium channel inacti-
vation allows the cell membrane potential to repolarize (Cain and Snutch 2010).
Importantly, the depolarization is sufficient to allow activation of voltage-gated
sodium and potassium channels and resulting in action potential firing on the crown
of the LTS. These action potentials occur at a high frequency, presumably producing
a powerful drive to interconnected neurons. The downstream consequence of burst-
firing activity can include facilitated neurotransmitter release, long-term potentia-
tion, improved signal-to-noise ratio and a reduced chance of synaptic transmission
failure (Lisman 1997; Reinagel et al. 1999; Sherman 2001). It should be noted that
high threshold bursts can be produced by activation of HVA calcium channels and
intermittent periods of high frequency tonic firing can be observed in some neurons
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(Fig. 4.2c) (Hughes and Crunelli 2005, 2007; Tennigkeit et al. 1998; Timofeev and
Steriade 1998). While these non-LTS-mediated bursts may resemble those produced
by T-type calcium channels with regards to action potential firing and, therefore the
synaptic output they lack the LTS, which appears to have its own unique influence on
neuronal excitability. When an LTS occurs it not only propagates to the neuronal cell
body, but from there the calcium signal back-propagates throughout the entire
dendritic tree (Errington et al. 2010). It is thought that this process prevents further
out-of-phase depolarization and therefore acts as a frequency filter for the relay or
propagation of only time-locked network activity that is synchronized with the LTS.

During epileptic seizures, it is thought that populations of neurons can become
synchronized in their firing behavior, although de-synchronization is sometimes
observed in the period immediately before the seizure starts (Jiruska et al. 2013).
As seizures progress from a focal point, they propagate to interconnected brain
regions which also become synchronized in their firing properties. The tendency to
synchronize during seizures could be seen as normal behavior in non-epileptic

Fig. 4.2 a Oscillatory burst-firing recorded in a reticular thalamic neuron in response to sine-
wave hyperpolarizing/depolarizing current injection. b Rebound burst-firing recorded in a
ventroposterior medial thalamic neuron in response to a hyperpolarizing current step. c Tonic
firing recorded in a ventroposterior medial thalamic neuron in response to a depolarizing current
step. All recordings were performed in current clamp using physiological solutions at 33–35 �C.
Expanded time scales of the same recordings are shown in the right panels. Cain and Snutch,
unpublished data
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brain regions triggered by the epileptic focus, or as an abnormality in an epilep-
togenic brain region that allows the atypical progression and propagation of the
hyperexcitable activity. Burst-firing during seizures typically occurs in a repetitive
pattern, appearing on an oscillating basal membrane potential as the bursts of
action potentials are followed by periods of quiescence (Cain and Snutch 2010,
2013; Contreras 2006). As these synchronized cellular oscillations within specific
neuronal regions recruit other regions within the same neuronal network, this leads
to network oscillations as these brain regions burst in cycle. It is these large-scale
depolarizations followed by periods of silence within entire brain loci that give rise
to the spikes and waves that can be observed on electroencephalography (EEG)
recordings during seizures, particularly absence seizures (Pinault et al. 2001;
Slaght et al. 2002). It is not known how these cellular and network oscillations
cause seizures, nor why some types of seizure recruit brain structures that lead to
convulsions while other do not.

Burst-firing mediated by T-type calcium channels has been identified in retic-
ular thalamic and thalamic relay neurons in a number of animal models of absence
seizures. Burst-firing occurs in reticular thalamic neurons that closely correlates
with spikes in spike-wave-discharges (SWDs) (Fig. 4.2a) (Pinault et al. 1998;
Slaght et al. 2002) in a rat absence seizure model called Genetic Absence Epilepsy
Rats from Strasbourg (GAERS) (Akman et al. 2010; Marescaux et al. 1992).
Reticular thalamic neurons in this model display T-type currents (Tsakiridou et al.
1995) with increased current density due to up-regulation of the Cav3.2 channel
(Talley et al. 1999, 2000), which is also mutated in this strain increasing the rate of
channel recovery from inactivation (Powell et al. 2009). This hyperexcitable
Cav3.2 channel is predicted to enhance calcium conductance and burst depolari-
zations in GAERS reticular thalamic neurons. Similarly, enhanced Cav3.1 and
Cav3.3 currents have been observed in lateral geniculate and centrolateral TCR
neurons (Broicher et al. 2008) in the Wistar Albino Glaxo Rats from Rijswijk
(WAG/Rij) model of absence epilepsy that display spontaneously acquired sei-
zures, (Akman et al. 2010; Coenen and Van Luijtelaar 2003). Furthermore,
genetically modified mice with HVA calcium channel dysfunction display absence
seizures accompanied by enhanced T-type (likely Cav3.1-mediated) calcium cur-
rents in thalamocortical relay neurons (Zhang et al. 2002) and the genetic
enhancement of Cav3.1 currents in mouse thalamocortical relay neurons, induces
absence seizures (Cheong et al. 2008, 2009; Ernst et al. 2009). In support, genetic
ablation of Cav3.1 reduces sensitivity to some types of pharmacologically induced
absence seizures (Kim et al. 2001). It appears that there are differences in the
particular regions involved in different animal models and some controversies
remain regarding the specific roles of those regions. This may reflect the diverse
and polygenic nature of epilepsy in general with the large variety of underlying
mechanisms that can lead to the genesis of seizures. For example, it may be that
hyperexcitability in any thalamocortical region has the ability to cause thalamo-
cortical oscillations and therefore, absence seizures. In addition, while burst-firing
has also been identified in cortical neurons in both animal models and human brain
tissue excised from epilepsy patients the evidence thus far suggests that the
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persistent sodium current, not a T-type calcium current, may underlie burst firing
in this area (de Curtis et al. 1999; Leresche et al. 1998; Polack and Charpier 2009;
Polack et al. 2009; Tryba et al. 2011), despite cortical expression of all three T-
type calcium channel isoforms (Talley et al. 1999). This is of particular interest
since the focus of absence seizures seems to reside in the cortex in a number of
animal models (Polack et al. 2007; Zheng et al. 2012).

In addition to the thalamic role of T-type calcium channels in burst-firing and
absence epilepsy, there is also a growing amount of evidence that suggests that
burst-firing in the limbic areas of the brain may play a role in temporal lobe
epilepsy. Systemic administration of pilocarpine is used in rats and mice as a
model of complex-partial and temporal-lobe epilepsy, in the short- and long-term,
respectively (Cavalheiro 1995; Cavalheiro et al. 1996). Several days after pilo-
carpine treatment animals develop chronic seizures concurrently with an up-reg-
ulation in Cav3.2 expression. Furthermore, these animals develop an increase in T-
type calcium current density that correlates with an increase in the number of
burst-firing neurons, predicted to originate from T-type calcium channel over-
expression in the dendrites of hippocampal CA1 pyramidal neurons (Sanabria
et al. 2001; Su et al. 2002; Yaari et al. 2007). Similarly, CA1 neurons also show
upregulation of T-type currents following electrical kindling of the hippocampus
in a different model of temporal lobe epilepsy (Faas et al. 1996). Cav3.2 knock-
down mice are resistant to pilocarpine-induced seizures and do not display the
seizure-induced increase in T-type currents or increased number of burst-firing
neurons seen in normal pilocarpine-treated mice. Furthermore, Cav3.2 knockdown
in these mice also attenuates the neuronal damage observed in the CA1 and CA3
regions following initial status epilepticus (Becker et al. 2008). Mice suffering
from pilocarpine-induced seizures also display enhanced burst-firing in subiculum
neurons (Wellmer et al. 2002) and in midline thalamic neurons that project to the
hippocampal CA1 and entorhinal cortex with a correlating increase in Cav3.2-
mediated T-type calcium currents (Graef et al. 2009).

4.4 T-Type Calcium Channel Pharmacology

The physiological functions of native T-type channels were originally difficult to
characterize, as some HVA calcium channel subtypes (e.g. Cav1.3 and Cav2.3)
activate in the negative membrane potential range historically used to define LVA
calcium channels. Until recently, there were also no high affinity selective
antagonists that could definitively distinguish between specific T-type isoforms
and HVA channels. Thus, early studies which identified T-type currents based on
biophysical properties and sensitivity to the inorganic antagonist, nickel (Ni2+),
revealed calcium currents with varying Ni2+-sensitivities, biophysical properties
and cell-type specific expression patterns. The subsequent identification of three T-
type calcium channel isoforms demonstrated that while the Cav

3.2 T-type channel
is highly sensitive to Ni2+ (IC50 of *12 uM), both the Cav3.1 and Cav3.3 subtypes
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are approximately 18–20 times less sensitive to Ni2+ (IC50’s [200 lM for Cav3.1
and Cav3.3 (Lee et al. 1999). In fact, the HVA Cav1.2 L-type and Cav2.3 R-type
channels are more sensitive to Ni2+ blockade than either Cav3.1 or Cav3.3 T-type
channels (Lee et al. 1999; Zamponi et al. 1996) and, in retrospect, Ni2+ can only be
effectively used in situations wherein the molecular nature of the underlying
calcium channel isoforms is at least known to some extent.

Another polyvalent cation often used for studying T-type channel functions is
cadmium (Cd2+). Low concentrations of Cd2+ (20–100 lM) completely block the
HVA calcium current classes, while leaving T-type currents relatively unaffected
(Berrow et al. 1997; Fox et al. 1987; Tai et al. 2006). Thus, application of Cd2+ has
been used to study LVA calcium currents largely in isolation from the HVA
channels. The search for selective T-type channel antagonists present in nature
initially revealed the peptide toxin, kurtoxin, purified from Parabuthus trans-
vaalicus scorpion venom. Although originally described as a selective, high-
affinity blocker of Cav3.1 and Cav3.2 but not of HVA calcium channels (Chuang
et al. 1998), subsequent studies with native thalamic and sympathetic neurons
demonstrated that kurtoxin also inhibits N-type, R-type, and L-type currents with
nanomolar affinities, thereby limiting its utility as a selective T-type antagonist
(Sidach and Mintz 2002).

A number of small organic agents nonspecifically inhibit T-type channels. One
such compound is mibebradil, a T-type channel blocker that was used for treating
hypertension and angina (Massie 1997, 1998), until it was removed from the
market for a potentially fatal inhibition of essential metabolic enzymes (reviewed
in, Welker et al. 1998). In some neuronal systems, nanomolar concentrations of
mibefradil inhibit T-type currents but not HVA calcium currents, with increased
inhibition at more depolarized potentials (McDonough and Bean 1998). However,
studies in other cell types have shown that mibefradil is a nonspecific ion channel
antagonist that can potently block R-type, N-type, L-type and P-type currents
(Randall and Tsien 1997; Viana et al. 1997). Certain dihydropyridines (DHPs) can
also block native LVA currents at low micromolar concentrations, although sen-
sitivity is highly variable and may be partly due to the presence of dihydropyri-
dine-sensitive Cav1.3 L-type currents that are low voltage-activated (Akaike et al.
1989) (reviewed in Yunker 2003; Yunker and McEnery 2003). Of note however,
some DHPs that are less effective at blocking L-type channels (IC50 * 40 lM)
have been shown to be reasonably potent T-type blockers (IC50 * 1 lM) and it
remains that novel T-type specific antagonists might potentially be generated from
derivatives of these compounds (Kumar et al. 2002).
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4.5 Anti-Epileptic Drug Action on T-Type Calcium
Channels

Calcium currents are inhibited by many of the existing anti-epileptic drugs (AEDs)
available for treating seizures (Weiergraber et al. 2010). Unfortunately, the rele-
vance of the findings can be difficult to determine, since the neuron in which the
AED is tested in vitro, may not be from the region where the drug has its effect
in vivo. In addition, the accurate measurement of clinical AED concentration in
specific human brain areas is often not viable, resulting in the concentrations
in vitro being estimated from human plasma concentrations and animal cerebral
spinal fluid (CSF) to plasma concentration ratios. In effect, variable concentrations
may be tested in comparison to those found in the brain of patients with epilepsy.
Regardless, 100 % block of calcium channel activity is rarely seen at therapeutic
concentrations of the clinically available AEDs in most in vitro studies undertaken
to date. However, evidence supporting the involvement of T-type calcium chan-
nels in AED pharmacology is mounting for some of the currently used AEDs and
T-type calcium channels are, therefore becoming an attractive new target for novel
AEDs therapies with some small molecules showing promising results in early
stage studies.

4.6 Blockade of T-Type Calcium Channels by Clinical
Agents

4.6.1 Ethosuximide

Ethosuximide (ETX) is a front line anti-absence seizure treatment, with a some-
what controversial pharmacology with respect to T-type calcium channels. Studies
investigating its effect in vitro have varied in the cell type investigated, isolation
method and concentration of ETX and, therefore results have been somewhat
inconclusive. ETX has a clinically relevant concentration of 40–100 lg/ml
(280–700 lM) in CSF (Browne et al. 1975). Initial studies investigating its effect
on T-type channels established that it inhibited the T-type current (now known to
be Cav3.1) in acutely isolated thalamic TC neurons with block of around 22–40 %
with 300 lM to 700 lM ETX, respectively, although 24 % of cells tested were
unresponsive (Coulter et al. 1989a). This was later shown to be voltage-dependent
with the drug being most efficacious at more hyperpolarized potentials (Coulter
et al. 1989b). This was partially supported by recent work showing that ETX
(750 lM) blocked the T-type current in acutely isolated TC lateral geniculate
neurons, which project to the visual cortex, by 20 % in WAG/Rij rats, but only by
10 % in a nonepileptic control strain (Broicher et al. 2007). However, using
computer modeling the authors concluded that the effect was not sufficient to
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reduce SWDs alone and predicted that it would also require inhibition of persistent
sodium currents and calcium-activated potassium currents. This theory partially
corroborated data from an earlier study where ETX (1 mM) was shown to have no
effect on T-type or HVA currents expressed in dissociated rat TC and RTN neu-
rons, but instead inhibited persistent sodium currents and calcium-activated
potassium currents (Crunelli and Leresche 2002; Leresche et al. 1998). Similarly,
little effect (\10 % inhibition) of ETX (50 0 lM) was observed on T-type or HVA
currents on dissociated neocortical neurons removed from human temporal lobe
epilepsy patients (Sayer et al. 1993). In a study undertaken in sensory dorsal root
ganglion neurons, known to express Cav3.2 (Bourinet et al. 2005), 10 lM ETX
was capable of blocking 90 % of the T-type current, although 100 lM was
required for 95–99 % block of the T-type current (Kostyuk et al. 1992). However,
a similar study also using DRG neurons (although in adult instead of neonatal rats)
found that 100 mM ETX was required for 100 % block of the T-type current
(IC50 = 23 mM), which is significantly above the clinically relevant concentration
required (Todorovic and Lingle 1998). It has been suggested that as the procedure
for dissociation removes most neuronal processes and T-type calcium channels are
thought to be primarily dendritic in their expression. Therefore, in the studies
described above, a large percentage of the T-type channels would have been
removed and so attempts to assess the pharmacological profile of these channels in
such preparations may not be entirely accurate with respect to in vivo effects.

In pituitary cells which express Cav3.1 and Cav3.3 (Mudado et al. 2004) ETX
was found to only block the T-type current by 10 % at concentration of 2.5 mM
(Herrington and Lingle 1992). However, using cloned T-type channels exoge-
nously expressed in HEK293 cells, it was demonstrated that ETX blocked Cav3.1
by around 10 % at 100 lM, whereas 100 mM ETX was required for 100 % block
(EC50 = 12 mM) (Gomora et al. 2001). Similar affinities were reported for the
Cav3.3 channel.

Although the numerous in vitro studies investigating the mechanisms of ETX
action on calcium channels have been inconclusive, more success has been
achieved in identifying its site-of-action. Systemic injection of ethosuximide
(*200–300 mg/kg) induces an almost immediate reduction in seizures
(*50–80 %) within 30 min (Richards et al. 2003). However, direct microinfusion
of ETX (1 mM) into the ventro-basal thalamus results in only a 25 % reduction in
seizures. Microinfusion of a much lower concentration of ETX (20 nM) into the
RTN reduces seizures by 70 %, however this is delayed by up to 60 min. Con-
versely, microinfusion of the same concentration of ETX (20 nM) into the SCX
results in 90 % reduction of seizure activity within 30 min, similar to systemic
administration (Manning et al. 2004). This cessation of seizures in GAERS has
been shown to correlate with a reduction in hyperactivity in the somatosensory
cortex (Polack and Charpier 2009) and ETX administration in this region can also
reduce sensitivity to electrical kindling seizures (Gulhan Aker et al. 2009). Fur-
thermore, intracortical infusion of ETX into the lateral somatosensory cortex
WAG/Rij rats suppresses absence seizures whereas intrathalamic injection only
serves to delay seizure onset (Chen et al. 2011). These studies support the theory
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that absence seizures initiate in the somatosensory cortex in GAERS and WAG/Rij
animal models and indicate that ETX induces its primary effects in this region,
although there may also be secondary action of ETX in the TC and RTN regions.
Despite this, whether the anti-epileptic properties of ETX involve the blockade of
T-type calcium currents remains controversial.

4.6.2 Valproic Acid

Valproic acid is a widely used AED including use as an anti-absence treatment,
although fewer studies have examined the effects of this AED on calcium chan-
nels. Application of valproic acid (250 lM) to nodose ganglion neurons inhibited
the T-type current by approximately 12 % (Kelly et al. 1990). Higher concen-
trations (500 lM) reduced the current further, however these were above the range
of clinical relevance (Rogawski and Porter 1990). Similarly, valproic acid (1 mM)
was shown to reduce T-type currents in dissociated TC neurons of WAG/Rij
absence seizure model rats by 50 % and of an anti-epileptic control strain by 20 %
(Broicher et al. 2007). However, 1 mM is significantly above the concentrations
observed clinically in CSF. At the clinically relevant concentration of 200 lM
valproic acid does not affect HVA or T-type currents in dissociated epileptic
human temporal lobe neocortical neurons (Sayer et al. 1993).

4.6.3 Zonisamide

Zonisamide is used in the treatment of partial-onset seizures and with secondary
generalization and thought to be particularly effective in progressive myoclonic
epilepsies that are often resistant to AED treatment (Biton 2007; Kwan et al.
2001). In cultured cerebral cortical neurons zonisamide (500 lM) was shown to
inhibit T-type currents by 60 % without affecting L-type HVA currents in the same
neurons, although this is above the maximum clinically relevant concentration of
250 lM (Suzuki et al. 1992). Further studies in cultured neuroblastoma cells also
demonstrated that their T-type current was inhibited by 39 % upon application of
zonisamide (50 lM) and shifted the voltage-dependence of inactivation by around
-20 mV (Kito et al. 1996). Using cloned T-type channels expressed exogenously
in HEK293 cells, zonisamide was shown to inhibit all three T-subtypes within
clinically relevant concentrations, with most efficacy at Cav3.2 (15–30 % at
50–200 lM, respectively) (Matar et al. 2009).
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4.6.4 Phenytoin

Phenytoin is commonly used to control complex-partial and tonic–clonic seizures,
but not absence seizures. It has been shown to inhibit the T-type current expressed
in neuroblastoma NG-108 cultured cells by around 40 % at a clinically relevant
concentration of 10 lM with no effect on HVA currents (Twombly et al. 1988).
However, no effect was observed on T-type currents and variable minimal effects
(1–16 %) were observed on HVA currents at clinical concentrations in acutely
dissociated human neocortical neurons (Sayer et al. 1993).

4.7 Preclinical T-Type Calcium Channel Blockers
in Epilepsy

4.7.1 Z944

Z944 was developed by Zalicus Pharmaceuticals and is currently undergoing
Phase I clinical trials at the time of writing. Z944 blocks all three T-type calcium
channel isoforms with submicromolar affinity when expressed exogenously and at
1 lM is capable of inducing 95 % blockade of T-type calcium currents in both
reticular thalamic neurons (Tringham et al. 2012) and ventrobasal thalamic relay
neurons (Cain and Snutch, unpublished data) recorded in acute brain slices. At this
concentration, Z944 completely abolished burst-firing without preventing tonic
firing. Systemic administration of Z944 to GAERS rats resulted in a dose-
dependent reduction in the total time spent in the SWD state and also reduced the
duration and spike frequency of SWDs. This was compared to ETX which dem-
onstrated a lower percentage reduction in time spent in the SWD state at a higher
dose and which had no effect on SWD duration or spike frequency.

4.7.2 TTA Compounds

A number of T-type blockers with submicromolar affinities for all three T-type
calcium channel isoforms (TTA-P1, TTA-P2, TTA-A1, TTA-A2) have been
developed by Merck Pharmaceuticals and some of these have been shown to
suppress SWDs in the WAG/Rij model of absence seizures (Dreyfus et al. 2010;
Kraus et al. 2010; Shipe et al. 2008; Uebele et al. 2009; Yang et al. 2008). A report
indicating that TTA-A2 promotes sleep may detract from the usefulness of this and
potentially the other TTA compounds as clinical anti-epileptic therapies (Kraus
et al. 2010). However, structural differences between the compounds as well as
clinical therapeutic ranges may vary sufficiently enough between their sleep and
seizure-reducing effects for the sedative issue to be avoided.
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Chapter 5
The Involvement of Calcium Channel a2d
Subunits in Diseases and as a Therapeutic
Target

Annette C. Dolphin

Abstract The a2d subunits are auxiliary subunits of voltage-gated calcium
channels that may also have roles independent of calcium channels. Four mam-
malian a2d subunits have been identified, and all of them have been identified to
play a role in a variety of pathologies. Furthermore, two a2d subunits (a2d-1 and
a2d-2) are pharmacological targets for the gabapentinoid drugs, which are used
therapeutically in the treatment of epilepsies and neuropathic pain.

5.1 Introduction

Voltage-gated calcium channels can be formed from one of ten different mam-
malian calcium channel a1subunit genes products. In the case of the high-voltage
activated (HVA) Cav1 and Cav2 channels, these co-assemble with one of four a2d-
and four b- subunits, all of which can exist in a number of variants owing to
alternative splicing. This makes for an enormous potential diversity of properties
and function in calcium channel complexes. The c subunit c1 is found associated
with skeletal muscle calcium channels (Jay et al. 1990), but c subunits do not
appear to form a part of cardiac (Walsh et al. 2009) or neuronal (Moss et al. 2002;
Müller et al. 2010) calcium channel complexes.

Although the a1 subunits provide the main physiological and pharmacological
properties of the channels, this is modified by the auxiliary subunits. The auxiliary
a2d and b subunits also have major roles in trafficking the channels to the plasma
membrane and specific domains of cells, including neurons. Here I will focus on
the roles of the auxiliary a2d subunits, since there are a surprising number of
different disease processes, associated with this protein family. Furthermore, some
isoforms are also involved in therapeutic intervention as a drug binding site.
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5.2 The a2d Auxiliary Subunits

5.2.1 a2d Isoforms

There are four mammalian genes encoding a2d subunits, termed CACNA2D1-4,
encoding a2d-1-4 (for reviews, see Felix 1999; Davies et al. 2007; Dolphin 2012).
All the a2d proteins have a similar structure. The N-terminus has a signal sequence
indicating it is extracellular, and there are a number of recognised domains in the
structure, including a Von Willebrand Factor-A domain (Whittaker and Hynes
2002), and two bacterial chemosensory-like or Cache domains (Anantharaman and
Aravind 2000; Dolphin 2012) (Fig. 5.1). The C-terminus possesses a hydrophobic
potentially transmembrane domain (Ellis et al. 1988; Jay et al. 1991), leading to
the widely accepted view that a2d proteins are single pass type I transmembrane
proteins. However, at least two of the a2d subunits (a2d-3 and a2d-4) are strongly
predicted to be glycosylphosphatidyl inositol (GPI)-anchored because of the
brevity of the hydrophobic domain and its presence at the extreme C-terminus, and
a2d-1 has also previously been predicted to be GPI-anchored (Pierleoni et al.
2008). We have obtained experimental evidence for this topology for the a2d
subunits a2d-1–a2d-3 (Davies et al. 2010). For all the a2d subunits, the genes
encode a pre-protein that is proteolytically cleaved (Jay et al. 1991), leaving the
two subunits to remain associated by disulfide bonding. For a2d-1, the cysteines
residues involved in disulfide bridge formation have been identified (Calderon-
Rivera et al. 2012).

5.2.2 Association of a1 Subunits with a2d Subunits

All the high voltage-activated calcium channels (Cav1 and Cav2 classes) are able to
associated with a2d subunits (Tanabe et al. 1987; Witcher et al. 1993; Liu et al.
1996), although the association of the a2d subunit with the complex is more easily
disrupted than that of the b subunit (Müller et al. 2010), leading to the possibility that
not all calcium channel complexes contain a2d under all conditions. The finding that
a2d subunits may be isolated in part separately from calcium channel complexes in

Fig. 5.1 Domain structure of a2d subunits
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both muscle and brain (Jay et al. 1991; Gee et al. 1996; Müller et al. 2010) also lends
support to the idea that these proteins may have other functions in tissues.

5.2.3 Mechanism of Action of a2d Subunits with Respect
to Calcium Channel Function

The a2d subunits are all found to increase the maximum current density for the
HVA Cav1 and Cav2 calcium channels (for review see Dolphin 2003). They also
influence the kinetic and voltage-dependent characteristics of the calcium channel
currents, increasing the inactivation rate to varying extents. In some studies, the
different a2d subunits also hyperpolarised the steady-state inactivation (Singer
et al. 1991; Canti et al. 2005; Hendrich et al. 2008; Davies et al. 2010). In a study
in which the cardiac calcium channel Cav1.2 was expressed in dysgenic skeletal
muscle myoblasts, and a2d-1 was knocked down with siRNA, a number of con-
sequences were recorded, including a reduction in calcium currents, a depolarizing
shift in activation and slowed inactivation. An increase in action potential duration
was also recorded, mainly as a result of the slowed calcium current inactivation
(Tuluc et al. 2007). In a2d-1 knockout mice, a reduction in cardiac ventricular
calcium channel currents and a depolarizing shift in their steady state inactivation
were observed (Fuller-Bicer et al. 2009).

Both a2d and b subunits increase plasma membrane expression of Cav1 and Cav2
channels. Evidence suggests that a2d subunits are not effective unless b subunits are
also present, and the b subunits are known to bind to the intracellular I-II linker of
these channels (Pragnell et al. 1994) and protect them from endoplasmic reticulum
associated proteasomal degradation (Waithe et al. 2011; Altier et al. 2011). The
main mechanism for the increased current resulting from the presence of a2d is likely
to be an increase in the plasma membrane expression of Cav1 and Cav2 a1 subunits
(Canti et al. 2005), possibly due to a decrease of their turnover (Bernstein and Jones
2007), although how this occurs is still unclear. We have shown the MIDAS motif in
a2d subunits to be essential for this process (Canti et al. 2005; Hoppa et al. 2012).
Mutation of this motif markedly reduced the functionality of both a2d-1 (Hoppa et al.
2012) and a2d-2 (Canti et al. 2005) subunits, with respect to increasing calcium
currents in expression systems. We also found that the MIDAS mutant of a2d-2
caused intracellular retention of a1 subunits (Canti et al. 2005). Although the
location where the a2d subunits influence the trafficking process of the calcium
channel complex is not yet known, it is assumed that the a2d proteins interact with an
extracellular motif on the a1 subunits. For example, it has been described that the a2

subunit of a2d-1 binds to domain III of Cav1.1 (Gurnett et al. 1997). Increased
trafficking may not be the only mechanism of action to increase calcium channel
currents, as in an early study the reconstitution of skeletal muscle calcium channels
into liposomes in vitro resulted in greater calcium flux in the presence of a2d sub-
units (Gutierrez et al. 1991).
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We have also studied the trafficking of a2d subunits themselves, and our evi-
dence indicates that a2d subunits are likely also to interact with other cellular
trafficking proteins (Davies et al. 2006; Hendrich et al. 2008; Tran-Van-Minh and
Dolphin 2010). The a2d subunits are all strongly localised to lipid raft domains
(Davies et al. 2006, 2010), and substrates for phosphatidylinositol phospholipases
(Davies et al. 2010), like other GPI-anchored proteins. Interestingly, a truncated
a2d subunit, lacking its C-terminal membrane anchor, despite being mainly
secreted, still shows some extrinsic plasma membrane association, via an unknown
binding partner (Kadurin et al. 2012).

At presynaptic terminals, overexpression of a2d-1, a2d-2 or a2d-3 markedly
increased presynaptic transmitter release in response to a single action potential,
while reducing calcium influx, likely as a result of reducing action potential
duration (Hoppa et al. 2012). This indicates that there is a key effect of a2d on
channel localization at presynaptic active zones.

5.2.4 a2d Subunit Splice Variants

The main a2d-1 subunit splice variant expressed in rat brain was found to be
different from that in skeletal muscle (Kim et al. 1992). Three regions, termed A, B
and C, were then identified from multiple sequence alignments to show alternative
splicing (Angelotti and Hofmann 1996). Five different transcripts consisting of
different combinations of these alternatively spliced regions were found in mouse
brain, skeletal muscle, heart and smooth muscle (Angelotti and Hofmann 1996).
We have found that a2d-1 DA ? B ? C is the main splice variant in dorsal root
ganglion (DRG) neurons, as well as in brain (Angelotti and Hofmann 1996), but
we also identified the presence of a minor splice variant (a2d-1DA ? BDC) in
DRG neurons (Lana et al. 2012). Alternative splicing of the other a2d subunits has
also been described (Barclay and Rees 2000; Qin et al. 2002).

5.2.5 Distribution of a2d Subunits in the Nervous System

The a2d-1, a2d-2 and a2d-3 subunits are expressed widely in both the central and
peripheral nervous systems, with a2d-1 being found in many neuronal cell types
(Cole et al. 2005), including DRG neurons (Newton et al. 2001; Bauer et al. 2009).
The a2d-1 protein is localised in presynaptic terminal regions, and to a much lower
extent in cell bodies under physiological conditions (Taylor and Garrido 2008;
Bauer et al. 2009).

The expression of the a2d-1 transcript was also found to be correlated with
excitatory rather than inhibitory neurons (Cole et al. 2005). In contrast, a2d-2
expression is lower in most brain regions, with restricted regions of high
expression including cerebellum (Cole et al. 2005). The distribution of a2d-2
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correlates partially with GABAergic neurons, including cerebellar Purkinje neu-
rons (Barclay et al. 2001; Cole et al. 2005). The a2d-3 protein is expressed
throughout the brain, particularly in the caudate-putamen (Cole et al. 2005). In
contrast, a2d-4 protein is found in specific endocrine tissues, and at a low level in
the brain (Qin et al. 2002). It is also present in the retina where genetic mutations
result in a form of night blindness (Wycisk et al. 2006a).

5.3 Pathologies Relating to a2d Subunits

All the a2d subunits have been associated with pathology. This encompasses an
unexpectedly large range of genetic and other pathologies, highlighting the fun-
damental roles of these proteins in the function of many cell types.

5.3.1 Pain

Peripheral sensory nerve damage may result in chronic pain that long outlives the
injury. Nerve damage may occur due to direct physical trauma, or to nerve damage
as a result of poorly regulated plasma glucose in diabetes, herpes virus infection,
certain chemotherapeutic drugs and other causes. Sensory nerve injury has as one
consequence a change in transcription of many genes, which may be either up or
down-regulated (Newton et al. 2001; Wang et al. 2002; Xiao et al. 2002). One of
the many molecular consequences of experimental peripheral nerve injury is an
increase in the level of a2d-1 mRNA in damaged sensory neurons (DRGs), shown
by in situ hybridization (Newton et al. 2001), microarray analysis (Wang et al.
2002; Xiao et al. 2002) and quantitative PCR (Bauer et al. 2009). There is a
corresponding increase in a2d-1 protein in DRGs and spinal cord, as determined by
Western blot (Luo et al. 2001) and immunohistochemistry (Bauer et al. 2009). In
contrast, Cav2.2 mRNA and protein is not up-regulated following sensory nerve
damage (Wang et al. 2002; Li et al. 2006), although there is a change in splicing
(Altier et al. 2007). This leads to the possibility that up-regulated a2d-1 enhances
Cav2.2 trafficking and presynaptic function, although it may also have other
functions, beyond calcium channels.

In transgenic mice engineered to over-express a2d-1, there is a neuropathic
phenotype of baseline hyperalgesia and allodynia (Li et al. 2006), indicating that
the a2d-1 level in DRG neurons is a key component in determining the neuropathic
phenotype. In accordance with this conclusion, we have recently found that in a2d-
1 knockout mice (Fuller-Bicer et al. 2009) there are defects in mechanical and
thermal sensitivity and a delay in response to nerve injury compared to wild type
mice (Patel et al. 2012).

Straitjacket, the Drosophila homolog of CACNA2D3, was recently identified in
a Drosophila melanogaster screen to be involved in pain sensation, since in both
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Drosophila and mice mutants lacking this gene, there is impaired avoidance of
noxious heat (Neely et al. 2010). The authors concluded that this was a result of
impaired central processing of nociceptive signals. They also found that two
intronic single nucleotide polymorphisms (SNPs) within the CACNA2D3 gene
showed association with reduced acute and chronic pain in humans, although the
mechanism behind this difference is unknown, and the effect of the intronic
mutations on gene expression was not determined. Indeed a2d-3 is not up-regu-
lated in DRG neurons following peripheral nerve injury leading to neuropathic
pain, rather there is a small down-regulation (Bauer et al. 2009), therefore the role
of a2d-3 in this process may reflect the extensive distribution of a2d proteins in the
brain (Cole et al. 2005; Schlick et al. 2010), and widespread effect of a2d proteins
on synaptic transmission (Hoppa et al. 2012).

5.3.2 Epilepsies

Identification of the gabapentin receptor provided the first evidence that the a2d
subunits could be involved in the epilepsies, since gabapentin was already known
to be efficacious in the treatment of some epilepsies, as an add-on drug to improve
control of epileptic seizures (Marson et al. 2000). Gabapentin binds to both a2d-1
and a2d-2, but not to the other a2d subunits (see Sect. 5.4 below). Subsequently,
the spontaneously arising mouse mutants, ducky, ducky2J and entla were all found
to involve disruption of the cacna2d2 gene. These mice exhibit paroxysmal dys-
kinesia and absence seizures in the case of the ducky mutations in which no full
length protein is produced (Barclay et al. 2001; Brodbeck et al. 2002; Donato et al.
2006), and in the case of entla in which there is a duplication of exon 3 (Brill et al.
2004). Mice with a targeted cacna2d2 gene deletion also show en epileptic/ataxic
phenotype (Ivanov et al. 2004).

CACNA2D1 and CACNA2D2 show a large number of SNPs (Klassen et al.
2011). Judging by the lack of phenotype in heterozygote mice lacking a2d-1
(Fuller-Bicer et al. 2009; Patel et al. 2012) or a2d-2 (Barclay et al. 2001), it was
predicted that this would any overt epileptic phenotype will most likely involve a
recessive mutation in humans. Indeed one such recessive human mutation has
recently been identified (Edvardson et al. 2013).

5.3.3 Cerebellar Ataxia

The a2d-2 protein is strongly expressed in cerebellar Purkinje cells, and deletion or
disruption of the cacna2d2 gene results in cerebellar ataxia (Barclay et al. 2001;
Brill et al. 2004; Ivanov et al. 2004), which is associated with altered Purkinje cell
morphology (Brodbeck et al. 2002) and reduced Purkinje cell spontaneous activity
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(Donato et al. 2006). Interestingly, ataxia is one of the adverse events observed
with gabapentin (Beal et al. 2012) and pregabalin treatment (Zaccara et al. 2012).

5.3.4 Night Blindness

Mutations in CACNA2D4 (encoding a2d-4 subunits) produce photoreceptor dys-
function, resulting in a type of night blindness. As well as the human mutations, a
spontaneous mouse mutation in this gene has been identified, both showing
autosomal recessive cone dystrophy resulting in night blindness (Wycisk et al.
2006a, b). This highlights the importance of a2d-4 in photoreceptor function.

5.3.5 Autism Spectrum Disorder

A splice site mutation in CACNA2D3 was found to be one of a number of ‘Likely
Gene-Disrupting Mutations’ (Iossifov et al. 2012) in autism spectrum disorders.
Given the evidence that this spectrum of disorders involves synaptic dysfunction,
and the involvement of mutations and copy number of variations in a number of
synaptic proteins (Ting et al. 2012; Malhotra and Sebat 2012), it is perhaps not
surprising that mutation in an important presynaptic protein, a2d-3, is found to be a
potential cause of autism in some people.

5.3.6 Cardiac Dysfunction

The a2d-1 protein is highly expressed in skeletal, cardiac and smooth muscle (Ellis
et al. 1988; Jay et al. 1991; Klugbauer et al. 1999), and is associated with the L-
type calcium channels in these muscles (Jay et al. 1991; Wolf et al. 2003; Walsh
et al. 2009). Mutations in CACNA2D1 have been found to be associated with
cardiac dysfunction, including Brugada (Burashnikov et al. 2010) and short QT
(Templin et al. 2011) syndromes. In agreement with this, the knockout of cac-
na2d1 in mice also resulted in a cardiac phenotype, the mice had a decrease in
basal myocardial contractility and relaxation, and reduced cardiac calcium channel
current density (Fuller-Bicer et al. 2009). These mice were also reported to have
some bladder dysfunction, although whether the basis for this is of neuronal or
smooth muscle origin is not yet determined (Fuller-Bicer et al. 2009).
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5.3.7 Modification of a2d Subunit Genes in Tumour Cells

Other roles for a2d subunits unrelated to calcium channel function have recently
been proposed. One suggestion that these proteins have multiple roles comes from
the finding that the genes for both a2d-2 (Gao et al. 2000; Carboni et al. 2003;
Senchenko et al. 2004) and a2d-3 (Hanke et al. 2001; Ji et al. 2005) have been
localised to known tumour suppressor regions. Their suppression, by methylation-
dependent silencing of transcription, has been associated with tumour suscepti-
bility, tumour growth and poor prognosis in several different cancers (Wanajo et al.
2008; Palmieri et al. 2012; Leone et al. 2012), suggesting that they might normally
play a role in intercellular communication and growth suppression (Fig. 5.2a).
Furthermore, CACNA2D2 showed increased expression in breast cancer cell lines
following treatment with a demethylating agent (da Costa et al. 2011).

5.4 a2d Subunits as a Therapeutic Target

As auxiliary subunits of voltage-gated calcium channels, the a2d subunits would
never have been investigated as de novo drug targets, since they were not known to
have an endogenous functional ligand. They were only discovered heuristically, by
identification of the protein to which gabapentin bound, as described below. In the
absence of 3H-gabapentin, their identification would not have been possible,
because of the lack of a defined assay or known mechanism of action.

5.4.1 Identification of a2d Subunits as Receptors
for Gabapentin

Gabapentin (2-[1-(aminomethyl)-cyclohexyl]acetic acid) and pregabalin (S(+)-3-
isobutyl GABA) were synthesized as analogs of the inhibitory neurotransmitter
GABA, with the aim of mimicking GABA function or inhibiting GABA break-
down (Taylor et al. 2007). These drugs were found to be efficacious antiepileptic
drugs, but their mechanism of action was unclear, as they were later found to have
no consistent effect on GABA-A or GABA-B receptors, GABA metabolism or
GABA transport (Taylor et al. 2007; Silverman 2008; Li et al. 2011).

Purification of the neuronal 3H-gabapentin binding site from brain led to its
subsequent identification as the a2d-1 subunit (Gee et al. 1996). 3H-gabapentin was
subsequently also found to bind to a2d-2 (Gong et al. 2001). A number of residues
on these proteins have been shown to be involved in the binding of gabapentinoid
drugs, in particular, the third arginine (R) in triple R motif, situated N-terminal to
the VWA domain (Field et al. 2006; Davies et al. 2006). In a homology model of
the tertiary structure of these two domains, this loop is structurally juxtaposed to
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the first chemosensory domain (Dolphin 2012) (Fig. 5.1). It is possible that the
basis of the binding of these drugs to a2d subunits relates to the presence of these
ancestral chemosensory domains. Furthermore, it is likely that an endogenous
modulator might also bind to these subunits, which can be displaced by gaba-
pentin. There is indeed evidence for the presence of an endogenous bound sub-
stance that occludes gabapentin binding, since the binding affinity for 3H-
gabapentin increases as the a2d protein is purified or dialysed (Brown et al. 1998;
Davies et al. 2006). It is also worth speculating that the binding of gabapentin
might perturb the function(s) of the VWA domain (Dolphin 2012).

5.4.2 Use of Gabapentinoid Drugs in Therapy of Epilepsies

Gabapentin is effective as an adjunct therapy in several forms of epilepsy (Marson
et al. 2000) and as a monotherapy for elderly adults with partial-onset seizures

Fig. 5.2 Some examples of how a2d subunits may affect cell function independently from its
role as a calcium channel subunit. a Potential role for a2d subunits in tumour progression.
Reduced expression of a2d-2 and a2d-3 may be associated with increased progression (Gao et al.
2000; Carboni et al. 2003; Wanajo et al. 2008). b The D.melanogaster homolog of a2d-3 is
involved in synaptic bouton formation (Kurshan et al. 2009). c The interaction of postsynaptic
a2d-1 and thrombospondins derived from glia has been found to promote the synaptogenesis of
excitatory mammalian synapses (Eroglu et al. 2009)
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(Glauser et al. 2006). Pregabalin is also of use in some forms of epilepsy (for
review see Taylor et al. 2007). Although there are no published studies concerning
the effectiveness of the gabapentinoids against seizures in mice in which a2d
subunits are mutated so that they do not bind gabapentin (Field et al. 2006), it is
likely that this effect is via binding to a2d-1 and/or a2d-2.

5.4.3 Use of Gabapentinoid Drugs in Neuropathic Pain

Gabapentin and pregabalin are effective treatments in some patients for various
forms of neuropathic pain. Neuropathic pain can be caused by direct trauma,
damaging or impinging on sensory nerves. Trigeminal neuralgia which causes face
and jaw pain is often caused by impingement. Cancer-induced pain can be also
result from direct impingement onto sensory nerves. Neuropathic pain can also be
caused by chemical damage to nerves, and examples of this would be diabetic
neuropathy as a result of nerve damage due to elevated glucose levels, and neu-
ropathy induced by chemotherapeutic drugs including taxanes, platinum-based
drugs, and vinca alkaloids such as vincristine. Viral infection of sensory nerves can
also result in neuralgia, including post-herpetic neuralgia (which often occurs
following shingles), or human immunodeficiency virus (HIV)-induced neuralgia.

Gabapentin and pregabalin have a relatively slow onset of action when used
clinically (Taylor et al. 2007; Stacey et al. 2008). Furthermore, these drugs have no
effect on acute nociceptive pain perception in naive animals or humans, whereas
they are effective in some patients for chronic neuropathic pain, indicating that
their efficacy is state-dependent (Dickenson et al. 2005; Moore et al. 2009). It has
been found that the binding of gabapentin and pregabalin to a2d-1 subunits is
essential for their therapeutic effect in animal neuropathic pain models (Field et al.
2006). This result indicates that binding to a2d-2 is not important in this process,
and a2d-2 was found to be down-regulated in damaged DRG neurons (Bauer et al.
2009). Pregabalin is also licensed for use in the treatment of fibromyalgia, which is
defined as generalised widespread pain that may also have a neuropsychiatric
component (Smith and Moore 2012).

We have recently observed changes in alternative splicing of a2d-1 in DRG
neurons following spinal nerve ligation (SNL) in rats; specifically, the increased
expression of a low abundance splice variant (DA ? BDC a2d-1) with a reduced
affinity for gabapentin (Lana et al. 2012). It is possible that variable up-regulation
of this splice variant in patients treated with a2d ligand drugs has relevance to the
inconsistent therapeutic efficacy of these drugs within the population.
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5.4.4 Mechanism of Action of the Gabapentinoid Drugs,
Following Binding to a2d Subunits

It was initially surmised that since a2d proteins are subunits of voltage-gated
calcium channels, gabapentin would inhibit calcium currents in DRG neurons.
Indeed, small inhibitory effects have been observed (Stefani et al. 1998; Martin
et al. 2002; Sutton et al. 2002). However, other studies have reported no acute
effect of gabapentin on expressed calcium currents (Hendrich et al. 2008; Heblich
et al. 2008), and those in brain (Schumacher et al. 1998; Davies et al. 2006) and
DRG neurons (Hendrich et al. 2008). In another study, it was found that there was
no effect of gabapentin on calcium channel currents in wild-type mouse DRG
neurons, although when DRGs from a2d-1-overexpressing mice were used, the
currents were sensitive to inhibition by gabapentin (Li et al. 2006). These results
suggest that gabapentin is unlikely to be a direct channel blocker but more likely to
affect the plasma membrane insertion, turnover or stability of the channel
complex.

5.4.5 Effects of Gabapentinoids on Calcium Channel
Trafficking

We have found that chronic application of gabapentin markedly reduced calcium
channel currents, both in expression systems and in DRG neurons (Hendrich et al.
2008; Tran-Van-Minh and Dolphin 2010). There was a corresponding reduction in
cell surface localization of a2d and a1 subunits (Hendrich et al. 2008; Tran-Van-
Minh and Dolphin 2010). In a development of these findings, we further identified
that gabapentin inhibited post-Golgi trafficking of a2d-2, in a process involving
Rab11, which is involved in trafficking through the recycling endosome com-
partment (Tran-Van-Minh and Dolphin 2010). Furthermore, we observed that a
chronic anti-hyperalgesic dosing regime of pregabalin markedly reduced the
increase of a2d-1 in the presynaptic terminals of the injured DRGs in the dorsal
horn in vivo, an effect we also interpreted as being due to impaired trafficking
(Bauer et al. 2009).

5.4.6 Role of a2d Subunits in Synaptogenesis, and Effects
of Gabapentinoids

The a2d subunits can be isolated from various tissues in the absence of a1 subunits
(Gee et al. 1996; Müller et al. 2010), indicating that they are only loosely asso-
ciated with a1 subunits, and suggesting the possibility that they may have func-
tions other than as calcium channel subunits. In agreement with this, the a2d-3
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proteins have been found to have a role in synaptogenesis in Drosophila, which
appears to be independent of the association with calcium channels (Kurshan et al.
2009) (Fig. 5.2b). Furthermore, the a2d-1 protein has been described to be one of
the binding partners of the extracellular matrix proteins of the thrombospondin
family (Eroglu et al. 2009), although thrombospondins also bind to many other
proteins (Kazerounian et al. 2008). Thrombospondin-induced excitatory synapse
formation were found to require postsynaptic a2d-1 (Eroglu et al. 2009)
(Fig. 5.2c). Gabapentin has been reported to disrupt in vitro the interaction
between a2d-1 and thrombospondins, and by this means to disrupt synaptogenesis,
although it did not affect pre-formed synapses (Eroglu et al. 2009) (Fig. 5.2c). This
effect on synaptogenesis is unlikely to be relevant to its mechanism of action either
as an antiepileptic drug, or in neuropathic pain, since any synaptic remodelling
would have occurred before the onset of therapy. However, an effect of gabapentin
on synaptogenesis could have major clinical implications for chronic use of this
drug, if confirmed. Nevertheless, birth defects in babies following chronic gaba-
pentin exposure in utero were found to be very uncommon from several studies
(Morrow et al. 2006; Molgaard-Nielsen and Hviid 2011), indicating that syna-
ptogenesis in humans is little affected in vivo by clinically used concentrations of
these drugs.

5.5 Conclusion

The a2d subunits, accessory subunits of voltage-gated calcium channels, play
major roles in trafficking and stability of these channels, as well as influencing
their biophysical properties. However, the influence of the physiologically relevant
a2d subunits on the properties of calcium currents, characteristics of action
potentials and depolarization-induced calcium flux are likely to differ significantly
for skeletal muscle (Cav1.1), cardiac muscle (Cav1.2) and the neuronal Cav2
channels. For example, the effects of a2d subunits on numbers of calcium channels
in the plasma membrane appears to be less important for Cav1.2 than for the Cav2
class of channels, possibly because of the lower turnover of Cav1.2 channels.

The a2d subunits are also implicated in a number of genetic and other diseases,
and form a target site for the gabapentinoid drugs. These drugs, gabapentin and
pregabalin have major effects on synaptic transmission in damaged DRG neurons,
in which a2d-1 is up-regulated, but they do not significantly affect skeletal muscle
or cardiac function. It is therefore possible that they influence the trafficking and
membrane stability of Cav2 channels in cells where there is a high concentration of
a2d-1, and where there is little a2d-3, that does not bind gabapentin, present for
compensation.

Thus, the diverse physiological and pharmacological properties of the four a2d
subunits, as well as their differential distribution in particular cell types, gives rise
to a wide variety of pathologies resulting from their mutation, loss or overex-
pression in different disease states.
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Chapter 6
T-Type Calcium Channels in Pain
Neuronal Circuits

Amaury Francois, Anne Pizzoccaro, Sophie Laffray
and Emmanuel Bourinet

Abstract Pain is a quite frequent complaint accompanying numerous pathologies.
Among these pathological cases numerous neuropathies are retrieved with iden-
tified etiologies (chemotherapy induced peripheral neuropathies (CIPN), diabetes,
surgeries) and also more diffuse syndromes such as fibromyalgia, migraine. More
broadly, pain is one of the first and dramatic consequences of the majority of
inherited diseases. Despite their importance for the quality of life, current therapies
in symptomatic pain management are limited to drugs that are either old, or with a
limited efficacy or that possess a bad benefit/risk ratio. Morphine and opioids for
example have severe side effects. As no new pharmacological concept has led to
new analgesics in the Past, the discovery of new medications is needed. It is
necessary to identify new targets (such as ionic channels, the primary molecules of
cellular excitability) in pain transmission before hoping to find specific molecules
to treat different kinds of pain. Therefore studies of ion channels in pain pathways
are extremely active. This is particularly true with ion channels in peripheral
sensory neurons in dorsal root ganglia known now to express unique sets of these
channels. Moreover, both spinal and supra spinal levels are clearly important in
pain modulation with a key role of limbic areas such as thalamus filtering
upcoming noxious information in their way to the cortex in the so called pain
matrix representing a network of cerebral regions involved in the building of pain
sensation, which comprises cortical somatic areas, insula, cingulate cortex, and
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associated with multiple other regions. Among these ion channels, we and others
revealed the important role of low voltage-gated calcium channels (T-type chan-
nels) in cellular excitability in different steps of the pain pathways. These chan-
nels, by being activated nearby resting membrane potential have biophysical
characteristic suited to facilitate action potential generation and rhythmicity. In
this chapter we will review the current knowledge on the role of these channels in
the perception and modulation of pain.

6.1 Anatomy of the Pain Pathways

Pain signaling is initiated by the detection of noxious stimuli through specialized
primary nociceptors located in peripheral endings within the skin and in internal
organs. The cell bodies of these neurons are contained within the dorsal root
ganglia (DRG) or in the trigeminal ganglia (for cephalic sensory innervation),
whereas their presynaptic nerve terminals are localized in the superficial layers
(laminae I and II) of the dorsal horn of the spinal cord (for DRG) or in the brain
stem (for trigeminal ganglia) (Basbaum et al. 2009). In humans, 29 pairs of DRG
(at each vertebral level) and 1 pair of trigeminal ganglia contain sensory neurons.
These neurons have a peculiar morphology with a pseudo unipolar axonal pro-
jection arising from the cell body and bifurcating in two branches: one very long
projection targets the peripheral receptive fields, and a second projection connects
to the CNS in the spinal cord or brain stem (Tandrup 1995) (Fig. 6.1). Therefore,
that vast majority of the afferent neuron is comprised of axonal structures (more
than 99 % of the cell membrane; Devor 1999) dedicated to detecting external
stimuli in the distal receptive field. These structures serve to transduce information
in the form of in fiber depolarization that gives rise to action potentials propagating
along the axonal fibers up to central synapses in the CNS. The role of the sensory
neuron cell body in coding sensory information is less defined (Devor 1999). More
globally, peripheral sensory neurons convey a diversity of sensory modalities
including pain and itch, discriminative touch, and perception of body muscle
tension (proprioception). The classification of sensory fiber subtypes depends both
on their function (i.e., conduction velocity, CV) and on their anatomical features
(such as axonal fiber size and myelination; Erlanger 1927; Erlanger and Gasser
1930; Perl 2007; Zotterman 1939). Fast conducting Aa and Ab fibers (CV: Aa
70–120 m/s, Ab 70–30 m/s) have large calibers (5–20 lm) and a large cell body
([40 lm). They are heavily myelinated and correspond to proprioceptive neurons
(Aa) and proprioceptive and tactile neurons (Ab). Some subclasses of Ab fibers
also support nociceptive signals (Djouhri and Lawson 2004; Fang et al. 2005).
Lightly myelinated Ad fibers, with a slower CV (12–30 m/s) and a smaller
diameter (2–5 lm) and cell body size (30–40 lm), convey tactile and nociceptive
information. Finally, slow conducting C fibers (CV 0.5–2 m/s) with unmyelinated
thin axons (0.4–1.2 lM) and small soma size (\25 lm) are mainly involved in
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detecting pain and itch signals but also participate in light touch related to tickling
(Julius and Basbaum 2001; Zotterman 1939). Studies using skin-nerve prepara-
tions (Reeh 1986; Zimmermann et al. 2009) or in vivo single unit recording of
peripheral nerve axons with microneurography (Reeh 1986; Serra 2010; Vallbo
et al. 1999; Zimmermann et al. 2009) further highlight their diversity. To mirror
these functional data gathered over the years, detailed description of the anatomy
of the distal and central nerve endings required novel technical approaches. The
use of genetically modified mice for specific labeling of fiber subtypes allowed
researchers to address this issue, revealing that the structural organisation of distal
fibers in the skin (Wu et al. 2012) and the central fibers in the dorsal horn of the
spinal cord (Li et al. 2011) is extremely complex. Thus, based on these criteria,
nociceptive neurons encompass a highly heterogeneous population of neurons with

Dorsal Root Ganglion
TrkC(+): Aα-β fibers
Proprioception/ Touch/

TrkB(+): A δ fibers
Touch/

TrkA(+) andc-Ret (+): C-fibers
/ Touch

Spinothalamic and
spinoparabrachial tracts

Thalamus

Cortex

Brain Pain Networks

Processing and plasticity
in spinal dorsal horn

Stimulus detection by 
sensory nerve endings 

Action potential
propagation

Synaptic 
transmission 

to the CNS

Limbic

Parabrachial

Fig. 6.1 Ascending pain neuraxis. Pain sensing neurons in the peripheral nervous system have
their soma located in the dorsal root ganglia (DRG). These neurons have a peripheral axon
innervating the distal territories (skin, viscera, etc.) where they detect painful stimuli leading to
an action potential that travels along the fibers up to the DRG and then to the first relay in the
dorsal spinal cord. Sensory neurons within the DRGs are diverse and can be separated based on
the expression of neurotrophin receptors. The majority are TrkA and c-Ret positive small
diameter sensory afferents that correspond to unmyelinated C-fibers mainly involved in
nociception. TrkB and TrkC positive myelinated larger diameter afferents correspond to A-d and
A-a/b fibers respectively. They convey touch and proprioception signals although both of these
subclasses contain nociceptive neurons. The sensory information is processed locally in neuronal
circuitry within the dorsal horn of the spinal cord before being sent to the thalamus to convey
nociceptive information. Following thalamic filtering the information is sent to the cortical
structures of the pain matrix
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respect to their morphological, anatomical and electrophysiological properties
(Lallemend and Ernfors 2012; Marmigere and Ernfors 2007; Reed-Geaghan and
Maricich 2011).

Over the past few years the molecular characterization of nociceptive neurons
has been intensively explored, revealing that a number of factors/markers define
specific subsets of neurons. For example, nociceptive neurons in the adult animal
have been classified into two major categories according to their expression of
neurotrophin receptors: (1) neurons dependent on the neurotrophin nerve growth
factor (NGF) that express TrkA receptors and (2) neurons responsive to members
of the Glial Derived Neurotrophic Factor (GDNF) family that express Ret
receptors (Molliver et al. 1995, 1997). These populations are even more diverse
than just two ensembles since they originate from distinct lineages during devel-
opment with early and late TrkA or Ret neurons (Bachy et al. 2011; Luo et al.
2007). Therefore sub categories can be separated by distinct molecular markers.
Interestingly, these markers include ion channels such as the cold/menthol receptor
TRPM8 (Peier et al. 2002) and the heat/vanilloid receptor TRPV1 (Caterina et al.
1997) that segregate into non overlapping classes of nociceptors. Multiple other
signaling proteins such as Mrgpr/SNSR class G-protein coupled receptors
(GPCRs) are largely expressed in a mutually exclusive fashion (Liu et al. 2008).
Deciphering how these subpopulations of nociceptive neurons are molecularly
specified and functionally diversified will greatly expand the understanding of pain
biology, but this also represents a challenge in many laboratories working on
molecular pain physiology.

The spinal cord dorsal horn is the essential CNS sensory processing hub con-
necting the periphery to the brain. In this nociceptive pathway, dorsal horn neurons
integrate inputs from peripheral nociceptors, local interneurons and descending
projections and transmit processed signals to the brain pain network (Basbaum and
Braz 2010) (Fig. 6.1). Neurons in the superficial layers of the dorsal horn (laminae
I and II) primarily receive nociceptive-specific inputs through Ad- and C-fiber
primary afferents. Laminae I and II neurons display considerable heterogeneity in
molecular, functional, and morphological properties and can be divided into
subpopulations based on their morphological, biochemical and electrophysiolog-
ical profiles (Graham et al. 2007). Excitatory and inhibitory interneurons pre-
dominate in laminae I and II, while a subset of lamina I neurons project directly to
brain pain centers which include the lateral parabrachial area, the periaquedecutal
grey matter and the thalamus (spinobulbar tract). Within deeper laminae of the
dorsal horn (laminae V), wide dynamic range neurons respond to both innocuous
and noxious inputs and project to brain pain networks through the spinothalamic
tract. These anatomical connections mediate altogether the discriminative, emo-
tional/affective, mnemonic, and autonomic features of pain. (Casey 1999).
Moreover, the integration of nociceptive inputs in the spinal cord is under the
control of descending influences that have either facilitatory or inhibitory roles.
These involve largely bulbo spinal pathways where descending tracts via peri-
aqueductal grey, locus coerelus and rostromedial medulla play central roles
(Millan 2002).
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6.2 Calcium Channel Subtypes and Molecular
Composition

While a number of ionic conductances contribute to neuronal firing, voltage-gated
calcium channels are unique in being involved in both shaping the action potential
and triggering downstream an array of physiological cytoplasmic processes. Cal-
cium entry via voltage gated calcium channels triggers cytoplasmic processes
including the activation of calcium dependent enzymes, gene transcription, and the
release of neurotransmitter from presynaptic nerve terminals. Most neurons
express multiple types of calcium channels which have been classified into high
and low voltage activated channels based on their voltage-dependences of acti-
vation (Nowycky et al. 1985). High voltage-activated calcium channels include
pharmacologically distinct N-, P/-, Q-, R- and L-types, all of which are hetero-
multimers that consist of a pore forming a1 subunit which defines the channel
type, plus one of four different types of b subunits and one of four different a2-d
subunits as largely described in the present book. The low voltage-activated
channels (also known as T-types) appear to consist only of the a1 subunit since its
sole expression in recombinant systems recapitulates the properties of native
channels. Moreover, no evidence of essential auxiliary subunits has been provided
to date. The present picture arising from the completion of sequencing of multiple
mammalian genomes shows that ten different types of calcium channel a1 subunits
are distributed into three families (Cav1, Cav2, and Cav3) based on their homology
of sequence. They correspond to the native calcium channel functionally identified
in excitable cells by electrophysiological means. These subunits share a similar
transmembrane topology, being comprised of four homologous domains, each
containing six putative transmembrane helices (S1–S6) plus a re-entrant pore
forming loop. The four domains are connected via large cytoplasmic linker regions
which are molecular platforms for protein kinases, and form interaction sites for
multiple regulatory proteins, such as G protein bc subunits or the calcium channel
b subunits in the case of Cav1 and Cav2 a1 subunits.

Different calcium channel isoforms show distinct cellular and subcellular dis-
tributions, and fulfill specific functional roles. The Cav1 family is more involved in
excitation contraction coupling, while the Cav2 family members by being
expressed at presynaptic terminals are more involved in the control of neuro-
transmitter release from nerve terminals. These two 1 families may also partake in
the activation of calcium dependent enzymes and gene transcription (Wheeler
et al. 2012). However, the exact roles and distributions of each channel subtypes
are neuron subtype dependent, such that most types of calcium channels are
expressed at various subcellular loci and do in fact support a wider range of
functions. These diverse functional roles ultimately pose a challenge when
designing new calcium channel therapeutics with a low risk of side effects.

At the molecular and biochemical level, T-type calcium channels are formed by
a single Cava1 subunit—a *250 kDa protein that is comprised, as for the HVA
calcium channel subunits of four membrane domains that are connected by
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cytoplasmic regions and whose N- and C-termini are also cytoplasmic (Catterall
2011). Each membrane domain contains six membrane spanning helices (S1–S6)
that include a voltage sensor region plus a re-entrant p-loop motif that lines the
pore of the channel and controls ion selectivity. The mammalian genome encodes
three distinct T-type calcium channel a1 subunits, termed Cav3.1, Cav3.2 and
Cav3.3 (Perez-Reyes et al. 1998; Cribbs et al. 1998; Lee et al. 1999; Perez-Reyes
2003) and which show distinct brain tissue distributions (McKay et al. 2006;
Talley et al. 1999). In addition to the multiplicity of genes, all of the known Cava1
subunits undergo alternate splicing, in some cases giving rise to channels with
dramatically different functional behavior (Tang et al. 2004; Shen et al. 2006; Tan
et al. 2012; Allen et al. 2010; Lipscombe et al. 2013; Bourinet et al. 1999). Each of
the Cav3.x subunits are subject to alternate splicing (Senatore and Spafford 2012;
Chemin et al. 2001a; David et al. 2010) with alteration of functional properties.
The consequence of splicing for Cav3.x subcellular or tissue distribution is
unknown so far.

Primary afferent neurons as well as spinal and supra spinal neurons of the pain
circuitry express multiple types of voltage gated calcium channels, including the
three Cav3 isoforms coding for T-type channels. Below, we will highlight the roles
of Cav3.1, Cav3.2 and Cav3.3 in pain transmission, and their usefulness as targets
for analgesics.

6.3 The Role of T-Type Calcium Channels in Pain
Signaling

By virtue of their hyperpolarized voltage-activation range and window current, T-
type (Cav3) calcium channels are ideally suited to regulate neuronal excitability, as
evident from their role in the development of spike and wave discharges in the
epileptic brain (for review, see Zamponi et al. 2010; Khosravani and Zamponi
2006). In addition, T-type calcium channels also support secretion from neuro-
endocrine cells (Okayama et al. 2006; Gackiere et al. 2008) and are capable of
associating with the synaptic vesicle release machinery (Weiss et al. 2012). In
addition T-type channels have been firstly well described functionally in primary
sensory neurons (Fedulova et al. 1985; Carbone and Lux 1984; Bossu et al. 1985;
Fox et al. 1987). Following this initial discovery, DRG neurons subtypes have
been show to deferentially express T-type calcium channels with medium sized
neurons being the cells with the highest expressers followed with small putative
nociceptors (Scroggs and Fox 1992). In addition kinetics differences suggested the
presence of two distinct T-type channels in these neurons (Coste et al. 2007;
Pinchenko et al. 2005). With the molecular identification of the Cav3.x gene family
and the subsequent in situ hybridization analysis, it was clearly shown that Cav3.2
is highly expressed in small and medium sized DRGs as well as Cav3.3 to a lower
extent in small neurons (Shin et al. 2003; Talley et al. 1999) (Allen Brain Atlas:
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www.brain-map.org). Along these lines, T-type calcium channels have been
implicated in synaptic release in the dorsal horn of the spinal cord (Jacus et al.
2012; Todorovic and Jevtovic-Todorovic 2013). Cav3.2 calcium channels are
expressed in various subpopulations of primary afferent neurons (Bourinet et al.
2005; Todorovic and Jevtovic-Todorovic 2006) altogether suggesting a role of
these channels in pain processing. Consistent with this idea, systemic or intrathecal
delivery of T-type calcium channel blockers such as ethosuximide and mibefradil
mediates analgesia in rodents (Flatters and Bennett 2004; Dogrul et al. 2003). On
the flip side, T-type calcium channel activity is increased in afferent pain fibers in a
number of chronic pain conditions, such as after different types of traumatic nerve
injury (Yue et al. 2013; Jagodic et al. 2008; Wen et al. 2010), metabolic nerve
alteration in diabetic neuropathy (Jagodic et al. 2007; Cao et al. 2011), or toxic
neuropathies induced by chemotherapies (Kawabata 2013; Okubo et al. 2011;
Flatters and Bennett 2004). At least in the case of diabetic neuropathy, blocking T-
type channel activity restores a normal pain phenotype (Messinger et al. 2009;
Latham et al. 2009). Of particular note, Cav3.2 activity is modulated by glyco-
sylation that is altered in diabetic situation (Orestes et al. 2013; Weiss et al. 2013)
offering a molecular substrate to pharmacologically control Cav3.2 cell surface
expression in a therapeutic perspective. Redox modulation is another means that
effectively affect Cav3.2 function and that could be a major component of
inflammatory or neuropathic pain via the action of L cysteine of the gasotrans-
mited hydrogen sulfide (Maeda et al. 2009; Todorovic et al. 2001). As a conse-
quence, anti-oxidants could be analgesic by targeting Cav3.2 (Lee et al. 2009;
Nelson et al. 2007a, b) In vivo silencing of Cav3.2 calcium channels (but not other
T-type calcium channel isoforms) via antisense oligonucleotides or siRNA reduces
mechanical nociception, and tactile allodynia arising from traumatic or metabolic
nerve injury (Bourinet et al. 2005; Messinger et al. 2009; Takahashi et al. 2010).
This fits with observations showing that Cav3.2 channels regulate mechanosensi-
tivity of D-hair receptors (Wang and Lewin 2011; Dubreuil et al. 2004). Fur-
thermore, these findings on somatic nociception extend to painful situations linked
to visceral origin. In a rodent model of colonic hypersensitivity mimicking the
Irritable Bowel Syndrome (Bourdu et al. 2005), in vivo knockdown of Cav3.2
channels reverses pain hypersensitivity in response to colorectal distension
(Marger et al. 2011). These findings are further supported by analysis of other
visceral pain models (Maeda et al. 2009; Matsunami et al. 2011). Altogether, these
data indicate that T-type channel membrane expression is dynamically regulated
and increased under conditions of chronic pain, and that counteracting this aber-
rant upregulation may constitute an effective means of mediating analgesia. It is
interesting to note that mice lacking Cav3.2 (Chen et al. 2003) altogether show
hyposensitivity to basal nociception, to formalin induced pain in both phases, and a
more limited effect on neuropathic pain (Choi et al. 2007) suggesting possible
compensatory phenomenon.

Compared to the DRGs, at the spinal level little is known on the impact of T-
type channels but nickel sensitive low voltage gated evoked and spontaneous
neurotransmitter release has been described between primary afferent neurons and
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outer laminas spinal projection or interneurons (Bao et al. 1998). Recent evidences
using the Cav3.2 KO mice confirmed these results (Jacus et al. 2012). Moreover
the implication of Cav3.2 in the presynaptic neurotransmitter release machinery is
an emerging concept (Weiss and Zamponi 2012; Weiss et al. 2012; Huang et al.
2011). Postsynaptically, spinal projection and/or interneurons also express T-type
channels (Walsh et al. 2009; Ikeda et al. 2003; Ku and Schneider 2011) with a
selective expression in a subclass of lamina II interneurons whose function remain
to be established (Walsh et al. 2009). Considering that the vast majority of spinal
neurons are interneurons, the wiring underlying the spinal networks relaying
sensory signaling is clearly not fully understood. In this context, a lot of explo-
rations remain to be performed. Are T-type channels expressed in excitatory or
inhibitory inter-neurons, in projection neurons? Specific genetic inactivation
within the spinal cord sparing the primary afferent neurons is still waiting for
behavioral analysis.

At the supraspinal level, the thalamus is the important relay of the somato-
sensory information on their way to the cortex. Among the sensory modalities,
noxious stimuli are mainly conveyed to the thalamus by the spinothalamic tract
arising from the dorsal horn of the spinal cord and the medulla, respectively.
Although the importance of the ventral posterior nucleus which projects to the
primary somatosensory cortex in the localization and appreciation of the intensity
of a noxious stimuli has been shown, other thalamic nuclei including several nuclei
of the intralaminar thalamus are innervated by these afferent tracts (Jones 1998)
and project to other cerebral areas of the pain matrix including the insula and the
anterior cingulate cortex. In addition, nociceptive information reach the thalamus
through indirect pathway like in the case of the lateral habenula via the lateral
hypothalamus (Shelton et al. 2012) or via the amygdala (Braz et al. 2005)
implicated in the emotional aspects of pain perception. The dialog between thal-
amus and cortex is based on reciprocal connections organizing the thalamo-cor-
tico-thalamic loop since thalamocortical (TC) relay neurons projecting to the
cortex receive a dense cortical excitatory feedback. Within this loop, the nucleus
reticularis thalami (NRT) exclusively composed of GABAergic neurons, that
receive excitatory input from both thalamocortical collaterals and cortical affer-
ences and provide inhibitory input to the relay neurons, plays a key role in
organizing the different modes of activity displayed by the thalamus according to
the state of vigilance. The most remarkable feature characterizing the transition of
the thalamocortical activity from wakefulness to sleep is the changes in the firing
patterns of thalamic neurons from tonic to burst mode. This dichotomic firing
mode is tightly linked to the biophysical properties of the low-threshold activated
T-type calcium channels, that are highly expressed in both TC (Cav3.2) and NRT
(Cav3.2 and Cav3.3) neurons (Talley et al. 1999). T channels are fully inactivated
in the range of membrane potentials believed to be associated with the wake state
and require the substantial and prolonged hyperpolarization associated to the sleep
states to de-inactivate and promote low threshold Ca2+ spikes (LTS) generation
and the occurrence of rhythmic high frequency bursting activities (Steriade et al.
1993). The cortical consequences of this shift in firing mode is reflected on the

122 A. Francois et al.



electroencephalogram (EEG) which is dominated during sleep by high amplitude,
low frequency oscillatory activity (\15 Hz) and by contrast during activated states
(waking and paradoxical sleep), by low amplitude, high frequency oscillatory
activity in the gamma band (30–50 Hz). Interestingly, an increasing number of
clinical studies have reported the presence of slow TC oscillations in the theta
frequency band (4–8 Hz) in patients awake who present a wide variety of neu-
rological and psychiatric conditions, including neurogenic pain (Jeanmonod et al.
1996; Llinas et al. 1999; Walton and Llinas 2010). Moreover, single unit thalamic
recordings in patients suffering of neurogenic pain demonstrated the presence of
high frequency action potential bursts (Lenz et al. 1989, 1994; Modesti and
Waszak 1975; Rinaldi et al. 1991) associated to this theta rhythmicity (Jeanmonod
et al. 1996; Sarnthein et al. 2006). The pattern of these bursts indicates that they
are underlain by T type current mediated LTS. Accordingly, thalamic lesions
decreasing in the EEG theta band have proven to be an effective treatment in
patients with chronic pain. Experimental evidences obtained in vivo in animal
studies also strengthen the hypothesis of a crucial role played by thalamic T
currents in pain processing. Extracellular recordings of thalamic neurons, per-
formed mainly in the somatosensory ventral posterior nucleus of either anesthe-
tized or freely moving mice, have shown bursting behavior in response to acute
pain stimulation (Kim et al. 2003). Moreover, in rat peripheral and central models
of chronic pain, the enhanced bursting behavior was associated to spontaneous
slow rhythmic oscillation (Iwata et al. 2011; Gerke et al. 2003). This feature is also
present in a gain of function mutant mouse having a single amino acid change in
the sensory neuron specific Nav1.8 channel leading to episodic periods of spon-
taneous pain with a shift in EEG rhythms pattern reminiscent of the clinical
situations (Blasius et al. 2011).

A more direct way to estimate the involvement of T channels in pain response is
the use of genetically modified mice for the different Cav3 isoforms. However,
experiments performed so far have involved general KO mice for the Cav3.1 or
Cav3.2 channels and non-specific T channel pharmacology (Mibefradil, Ethosux-
imide). The Cav3.3 KO model has not been explored for pain behavior. Hyper-
algesia was first reported in response to visceral stimulation in the Cav3.1 null
mice (Kim et al. 2003) exhibiting a total absence of T-type currents in somato-
sensory TC neurons (Kim et al. 2001; Tscherter et al. 2011). In contrast and
presented earlier, the global Cav3.2 KO exhibits an analgesic phenotype regarding
different models of pain (Chen et al. 2010; Choi et al. 2007; Jagodic et al. 2007;
Barbara et al. 2009; Francois et al. 2013). Moreover our recent work shows that the
analgesic effects of per os administered newly developed T-type channel agonist
(affecting all three Cav3 isoforms) are abolished in the null mice showing that the
blockade of T-type channels overall mediates analgesia (Francois et al. 2013).
Direct proof of central pronociceptive role of Cav3.x channels will require either
local pharmacological approaches using specific T channel antagonist (Dreyfus
et al. 2009; Francois et al. 2013; Choe et al. 2011) or conditional Cav3.x KO mice.
This conclusion stands equally to unravel the impact of Cav3.x in the other regions
of the pain matrix in the ascending as well as in the descending pathways.
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Although little is known on the impact of Cav3.x channels in descending pain
modulation, it should be noted that in the bulbo spinal area, namely in inhibitory
periaqueductal gray gabaergic neurons, the lack of Cav3.1 KO mice perturb
morphine analgesia (Park et al. 2010). These findings could indicate that PAG
located Cav3.1 may limit persistent pain, but the use of TTA-A2, a Cav3.x pan
antagonist do not result in similar effects. Further work need to be done to clarify
this issue.

For all the aspects presented the precise spatial and temporal resolution of
Cav3.x expression in the pain neuronal pathways both at the cellular and subcel-
lular levels are crucial. Up to recently the state of the art on this aspect was
inexistent. However, recently two independent groups reported that T-type cal-
cium channels are concentrated in the axon initial segment (AIS), where they
contribute to local subthreshold membrane depolarization and thereby influence
action potential initiation. These data where based on conclusion from functional
studies on isolated neurons using cell attached patch clamp recordings as well as
calcium and sodium imaging. Furthermore, these studies shows that this locali-
zation is a dynamically regulated process enabling a fine tuning of intrinsic
plasticity of neuronal excitability (Bender et al. 2010; Grubb and Burrone 2010;
Bender and Trussell 2009). This tuning of T-type channel localization is moreover
regulated by membrane receptors such as the dopamine receptors also expressed in
regions enriched in Cav3.2 (Splawski et al. 2006; Bergquist and Nissbrandt 2003;
Talley et al. 1999). The plastic alterations of T-type channels distribution are likely
involved during chronic pain states.

6.4 T-Type Channel Pharmacology: Towards a New Class
of Analgesics?

Most of the work done so far validates the Cav3.2 isoform as a target for mediating
analgesia, especially by acting in the periphery. It may be possible to exploit state
dependence of drug action as a means to further preferentially inhibit T-type
calcium channels in highly active pain fibers. Indeed, new generation state
dependent blockers such as TTA-P2 and more prominently TTA-A2 which appear
to interact preferentially with inactivated T-type calcium channels, both mediate
analgesia in rodent models of pain (Choe et al. 2011; Francois et al. 2013).
Z123212, a mixed blocker of voltage dependent sodium channels and T-type
calcium channels mediates analgesia by selectively targeting the slow inactivated
state of these channels (Hildebrand et al. 2011). In this context it is interesting to
note that the local anesthetic binding domain of voltage gated sodium channels is
partially conserved in T-type calcium channels (Bladen and Zamponi 2012). Given
that there is now a crystal structure of a bacterial voltage gated sodium channels
(Payandeh et al. 2011, 2012) this knowledge may help guide further development
of T-type channel blocking drugs. Finally, Z944, another state dependent T-type
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channel inhibitor is currently in phase I clinical trials for pain. Several pharma-
ceutical companies have T-type channels on their list of targets and near future
will show if clinical drugs emerge.

6.5 Direct Inhibition of T-Type Channels by GPCR
Ligands

T-type calcium channels are regulated though a number of different second
messenger pathways in response to activation of various GPCRs (Huc et al. 2009;
Iftinca and Zamponi 2009). Some GPCR agonists have been shown to directly
regulate T-type channel activity, rather than acting via G protein signaling. For
example, the endocannabinoid anandamide potently blocks T-type channels
(Chemin et al. 2001b). Naturally occurring anandamide derivatives also inhibit T-
type channels, and by doing so, mediate analgesia (Barbara et al. 2009) in normal
mice, but not in Cav3.2 channel knockout mice. Along these lines, mixed T-type
channel/cannabinoid receptor ligands have been shown to be efficacious in
inflammatory pain (Gadotti et al. 2013; You et al. 2011). The CCR2 receptor
agonist monocyte chemoattractant protein-1 (MCP-1) also directly and selectively
inhibits Cav3.2 channels (You et al. 2010). T-type channel inhibition occurs at
nanomolar concentrations of this ligand, and is partial with a plateau of about
50 % inhibition of current activity. MCP-1 activation of CCR2 receptors is pro-
algesic whereas CCR2 receptor antagonists mediate analgesia. Some of these
CCR2 receptor antagonists also block T-type channels (You et al. 2010) and it is
thus possible that such a mixed Cav3.2 channel/CCR2 receptor antagonist may
have synergistic effects in treating pain. The observation that agonists of two
different sets of GPCRs interact directly with T-type calcium channels raises an
interesting evolutionary question with regard to the conservation of GPCR binding
pockets in a voltage gated ion channel.

6.6 Concluding Remarks

A number of questions concerning the role of T-type channels in pain remain
unresolved. First, it is unclear precisely how T-type channels contribute to pain
signaling. Possibilities include: (1) a lowering of the firing threshold for afferent
pain fibers, (2) a direct contribution to neurotransmitter release at primary afferent
synapses, (3) a direct function of T-type channels as mechanosensors, (4) acti-
vation of pathways such as ERK which in turn is linked to increased pain (Chen
et al. 2010) and (5) perhaps via interactions with other types of ion channels such
as voltage- and calcium-activated potassium channels as described for different
types of CNS neurons. Second, the mechanism by which T-type calcium channel
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activity is enhanced in chronic pain conditions remains to be determined such as
direct modulations, post-translational modifications, and altered membrane turn-
over. This could potentially include the Cava2d subunit which has been shown to
increase T-type channel amplitude in expression systems (Dubel et al. 2004).
Finally, a number of inherited mutations have been described for the Cav3.2
coding gene in rats (Powell et al. 2009) and more importantly in humans
(Khosravani et al. 2004; Vitko et al. 2007; Splawski et al. 2006). Although they are
linked to some forms of epilepsies of autism, it remains to be explored if these
patients suffer from altered pain perception.

In summary, among the calcium channel family the T-type calcium channels
and in particular the Cav3.2 isoform appear to have a critical role in the excitability
of pain neuronal circuits, and as a result are vigorously pursued as therapeutic
targets.
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Chapter 7
Cav1.1 Channel and Hypokalemic
Periodic Paralysis

Emma Matthews and Michael G. Hanna

Abstract Hypokalaemic periodic paralysis is a rare inherited autosomal dominant
neuromuscular disorder due predominantly to dysfunction of the alpha subunit of
the Cav1.1 ion channel, although a significant minority of cases are due to dys-
function of another sarcolemmal ion channel, Nav1.4. Hypokalaemic periodic
paralysis has been phenotypically described for several centuries but it was not
until 1994 that the first causative gene CACNA1S was identified, followed later by
a second gene, SCN4A. Electrophysiologic studies attempted to understand how
mutations in these genes affected channel function to account for the described
phenotype, but early studies were frustratingly inconclusive. Not least because, a
satisfactory explanation eluded researchers as to how two ion channels with very
different roles could cause the same disease. In 2007, however, an aberrant gating
pore current was identified in several Nav1.4 mutations that revolutionised the
hypothesis of the pathogenesis of hypokalemic periodic paralysis. In this chapter
we review the evolution of our current understanding of this important skeletal
muscle channelopathy.

7.1 Clinical Features

Periodic attacks of transient muscle paralysis followed by complete recovery have
been recorded for hundreds of years. Many were considered to represent hysteria.
In 1727, Musgrave used the term ‘‘periodic palsy’’ to describe the case of a young
woman (Musgrave 1727). This has been attributed as one of the earliest descrip-
tions of a case of periodic paralysis although some have criticised atypical features
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of this case such as a disturbance of speech (Viets 1951). In the late nineteenth
century more definitive reports appeared (Goldflam 1890; Westphal 1885) and in
1941 Talbot reviewed 400 sporadic and familial cases of ‘‘periodic paralysis’’
(Talbot 1941). The precipitating cause of the attacks of paralysis was initially
unclear, however, and several hypotheses were postulated including an unidenti-
fied metabolic toxin or muscle ischaemia (Biemond and Daniels 1934). It was not
until the 1930s that it was realised that serum potassium levels were low during an
attack of paralysis (Allott and McArdle 1937) and conversely muscle strength
could be restored by the administration of potassium heralding the first treatment.

The phenotype of hypokalemic periodic paralysis as described in these early
reports has little changed over time. Typically, attacks of flaccid muscle paralysis
with areflexia begin in the second decade of life. They characteristically occur
during the night or early hours of the morning and last from a few hours to several
days (Miller et al. 2004). Predominantly, the limb muscles are affected. Rarely are
respiratory, facial or bulbar muscles involved (Kil et al. 2010). Attacks often
follow rest after strenuous exercise or can be precipitated by factors that lower
serum potassium, e.g. large carbohydrate meals. Gentle exercise may help to abort
an attack. In the early stages of the disease recovery of muscle strength between
attacks appears to be complete. As a result muscle strength and all other param-
eters are often normal if a patient is examined interictally. Even today many
patients are still misdiagnosed as ‘‘hysterical’’ as a consequence. It is reported that
attacks of paralysis become less frequent with increasing age. Permanent proximal
myopathy does develop with time however, and proximal weakness can then be
found on examination. The extent of this and its age of onset vary greatly from one
individual to another (Fouad et al. 1997; Sternberg et al. 2001). It is unclear
whether the number of paralytic attacks actually directly influences this myopathy.
There is some anecdotal data to suggest myopathy is a process independent of the
attacks (Biemond and Daniels 1934; Buruma and Bots 1978; Links et al. 1990) and
studies on recently engineered mouse models lend some support to this (Hayward
et al. 2008; Wu et al. 2012).

Accordingly, muscle biopsies taken from patients with periodic paralysis often
display non-specific myopathic features. Additionally, vacuoles are a common
finding. The exact mechanism underlying production of these vacuoles or their
composition is unknown but they are not an exclusive finding to hypoPP, occurring
in other types of primary periodic paralysis (Pearson 1964; Miller et al. 2004;
Venance et al. 2006), and myopathy associated with secondary causes of hypo-
kalemia (Finsterer et al. 1998).

HypoPP is a skeletal muscle disorder with no systemic manifestations. The
heart is primarily normal (Schipperheyn et al. 1978). However, the low serum
potassium levels experienced during an attack can provoke the same changes in
cardiac conductance as any other cause of hypokalemia. These include flattened
ST segments, u waves and prolonged QT interval which if untreated can cause
significant cardiac arrhythmia (Hecht et al. 1997; Kim et al. 2005).
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7.2 Diagnosis

A clear history, especially if combined with a positive family history, is often
enough to suggest a diagnosis of hypoPP but advancements in neurophysiologic
studies and ultimately genetics have helped to achieve a more definitive diagnosis.

7.3 Provocative Tests

The realisation that serum potassium levels were low during an attack of paralysis
was used to devise the first diagnostic tests. Recording hypokalemia during a
spontaneous attack can be difficult as attacks of paralysis are often unpredictable
and the frequency varies greatly. It may be many weeks or months between attacks
in any individual. As such, physicians sought to provoke attacks of weakness by
infusing insulin and dextrose which drives serum potassium intracellularly. If
successful, an attack of paralysis would ensue and could then be demonstrated to
recover with administration of potassium (Hyland 1949). Such provocative tests
although carefully supervised were not without some risk however, of potential
cardiac arrhythmias secondary to the induced hypokalemia. A final caution in
relying on serum potassium levels for diagnosis is that the levels may fall during a
spontaneous attack but not be necessarily out with the normal range; so ideally a
pre-attack baseline is required. These tests are largely historical and not performed
routinely today as they have generally been replaced by electrophysiological
studies.

7.4 Electrophysiologic Studies

Electrophysiology is a technique used to record the electrical activity of muscle.
Early studies demonstrated that the weak muscles of an afflicted individual during
an attack were electrically inexcitable (Hyland 1949) supporting the fact the
weakness was an involuntary manifestation of disease. A motor unit action
potential is reflective of the stimulus received from a motor nerve to all the muscle
fibres innervated by that nerve and their subsequent contraction. More detailed
electrophysilogical studies described a reduction in motor unit action potential size
and duration with a progressive reduction in the number of motor units which
could be voluntarily activated in a weak muscle precipitated by administration of
glucose (Engel et al. 1965). This is the electrical reflection of symptoms described
by the patient and the observed clinical weakness. Patients also describe weakness
typically occurring following rest after physical exertion, and these studies further
illustrated that electrical changes could be provoked by exercise. Following
repeated abduction of the little finger for 5-7.5 min the amplitude of the
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compound motor unit action potential (CMAP) was seen to initially increase in
size over the first few minutes but subsequently decrease over 35-40 min to
between 8 and 41 % below the baseline level (Engel et al. 1965).

Later Mcmanis standardised this exercise test in a cohort of patients with both
primary (including hypokalemic and hypercalcemic disorders) and secondary
periodic paralysis (McManis et al. 1986). He demonstrated a typical pattern of
initial increase in CMAP with subsequent slow progressive decrement in all
groups of periodic paralysis but not in controls (see Fig. 7.1). This important
diagnostic test has become known as the long exercise or Mcmanis test and is one
of the principle investigations used today in the diagnosis of periodic paralysis
(Fournier et al. 2004; Tan et al. 2011). Spontaneous attacks of paralysis almost
never occur when a patient is in the examination room, so the ability to provoke a
focal attack of muscle weakness without disabling widespread weakness or the
potential disadvantages of inducing systemic hypokalemia was significant progress
in diagnostic ability. The long exercise test does not however, distinguish between
the type of periodic paralysis and false negatives can occur (McManis et al. 1986).

7.5 Genetics

In 1994, the first genetic mutations underlying hypokalemic periodic paralysis
were identified. Initial studies on affected families mapped the locus to chromo-
some 1q31-32 and ultimately the CACNA1S gene (Fontaine et al. 1994; Ptacek
et al. 1994; Jurkat-Rott et al. 1994). This gene codes for the alpha subunit of the
voltage gated calcium channel Cav1.1 (or dihydropyridine receptor) that is
expressed in skeletal muscle. It comprises four transmembrane domains (DI-IV),
each domain having six segments (S1-6) with the fourth segment (S4) of all
domains acting as the channel voltage sensors. The first mutations described were
all point mutations that resulted in substitutions of arginine residues in two of the
channel’s voltage sensing segments in DII and DIV—R528H, R1239H and

Fig. 7.1 Effect of exercise
on amplitude of compound
muscle action potentials in a
patient with primary periodic
paralysis. Dots indicate
amplitude in response to a
single stimulus. Reproduced
with permission from
McManis et al. 1986
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R1239G. However, one French family did not map to the identified locus and
genetic heterogeneity was implicated (Plassart et al. 1994).

Five years later a family was reported who did not have any identifiable
mutations in CACNA1S but did carry a point mutation in the SCN4A gene that
codes for the alpha subunit of the sarcolemmal voltage gated sodium channel
Nav1.4 (Bulman et al. 1999) 4. This channel has a similar structure to Cav1.1 in
that it also consists of four transmembrane domains each having six subunits. It
was also of note that the mutation described, R669H, again neutralised an arginine
residue in one of the channel voltage sensors (DII, S4). Numerous other mutations
in both genes have subsequently been reported (see Table 7.1). All but two in
CACNA1S, V876E in DIII-S3 (Ke et al. 2009) and H916Q in the DIII S4-5
interlinking loop (Li et al. 2012), are voltage sensor mutations.

Table 7.1 Mutations in CACNA1S and SCN4A associated with hypokalemic periodic paralysis

Mutation Gene Protein
position

Effect on
channel gating

Reference

R528G/H CACNA1S DII/S4 Slower kinetics of
activation

(Lapie et al. 1996;
Morrill et al. 1999)

Reduced current
density

V876E CACNA1S DIII/S3 Unknown (Ke et al. 2009)
R897S CACNA1S DIII/S4 Unknown (Chabrier et al. 2008)
R900S CACNA1S DIII/S4 Unknown (Matthews et al. 2009)
H916Q CACNA1S DIII/S4-5 loop Unknown (Li et al. 2012)
R1239G/H CACNA1S DIV/S4 Slower kinetics of

activation
(Morrill et al. 1999)

Reduced current
density

R225 W SCN4A DI/S4 Unknown (Matthews et al. 2009)
R669H SCN4A DII/S4 Enhanced slow

inactivation
(Struyk et al. 2000;

Kuzmenkin et al. 2002)
Enhanced fast

inactivation
Reduced current

density
R672C/G/

H/S
SCN4A DII/S4 Enhanced

inactivation
(Kim et al. 2004; Jurkat-Rott et al.

2000; Bendahhou et al. 2001)
Reduced current

density
R1129Q SCN4A DIII/S4 Unknown (Hong et al. 2010)
R1132Q SCN4A DIII/S4 Enhanced fast and

slow
inactivation

(Carle et al. 2006)

R1135H SCN4A DIII/S4 Unknown (Matthews et al. 2009)
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The first two mutated residues that were described, R528 and R1239, in
CACNA1S account for the majority of cases of hypoPP with CACNA1S mutations
overall being implicated in approximately 70-80 %. SCN4A mutations account
for another 10 % leaving a significant minority without genetic characterization
(Sternberg et al. 2001) suggesting the possibility of further genetic heterogeneity.
Overwhelmingly, the majority of mutations disrupt the voltage sensors, accounting
for 90 % of all hypoPP cases in one series (Matthews et al. 2009). This finding is
integral to the current hypothesis of the disease pathomechanism.

7.6 Pathomechanisms

Both Cav1.1 and Nav1.4 channels are expressed exclusively in skeletal muscle
although isoforms are prevalent in other tissues. Both consist of a core a subunit
and one or more accessory subunits. In each case, the a-subunits form the ion
conducting pore of the channel. While ion selectivity, activation and inactivation
are thought to be processes which are intrinsic to a subunits the full physiological
function of these channels, as is common to most ion channels, is dependent on the
assembly of several proteins, including the accessory subunits (Catterall 1995). To
date only mutations in the a-subunits have been associated with muscle disease.

The a subunits of each channel have similar structures (four domains each with
six transmembrane subunits) consistent with a shared evolutionary history linked
to a single ancestral channel (Cannon 2007). The four domains fold together with
the S5 and S6 segments from each domain assembling to create a central channel
pore (alpha pore) through which ions enter the cell (Varadi et al. 1999; Catterall
1995). Although structurally related the channels have very different permeabili-
ties with Cav1.1 most permeable to calcium ions and Nav1.4 being highly selective
for sodium. A small number of amino acid residues in the P loops between seg-
ments S5 and S6 determine the ion selectivity for each respective channel. For
calcium channels four glutamic acid residues (EEEE) have been identified as the
key amino acids that determine selectivity for calcium (Tang et al. 1993; Mikala
et al. 1993).

The amino acids occupying the comparable positions in the voltage-gated
sodium channels (aspartate, glutamate, lysine, alanine, DEKA) have similarly been
implicated in setting the ion selectivity of the channel (Heinemann et al. 1992;
Favre et al. 1996).

Both Nav1.4 and Cav1.1 are activated by depolarisation of the muscle mem-
brane. In the case of Nav1.4 the activation is rapid, and the main role of the
channel is to allow sodium ions to enter the cell, further depolarizing it, and
allowing more voltage-gated channels to open. Upon depolarisation by Nav1.4,
Cav1.1 channels are activated. These channels, although designated voltage-gated
calcium channels, are physically coupled to ryanodine receptors (RyR1) in the
sarcoplasmic reticulum, and the activation of Cav1.1 leads to opening of RyR1 and
release of calcium from intracellular stores. It is thought that the activation of
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RyR1 via physical coupling, not via calcium influx, is the main function of Cav1.1
in healthy muscle cells (Catterall 1995; Brini 2004). However, Cav1.1 proteins still
contain a channel pore that is opened in response to depolarization, and which
allows calcium to enter the muscle cell.

In common with many voltage gated channels, both Nav1.4 and Cav1.1 use
positively charged segments within the pore-forming a subunits to detect changes
in membrane voltage (Catterall 2010). The S4 segments of both channels contain
positively charged residues (arginines or lysines) at every third position sur-
rounded by hydrophobic residues. These segments with their abundance of elec-
trical charge behave as the voltage sensors (Yang et al. 1996) by moving towards
the cytoplasmic side of the membrane in response to membrane depolarisation. It
is this outward movement that produces a conformational change at the intracel-
lular surface of the channels (Catterall 1995), and opens the central pore of the
channel to allow influx of ions.

Initial electrophysiological experiments focused on the consequences of the ion
channel mutations on the gating properties and conductance of this ion selective
pore. Each mutation had an overall ‘‘loss of function’’ effect, with relatively
minimal alteration of channel gating and variable reduction in current density (see
Table 7.1).

However, studies concentrating on native muscle taken from affected patients
had indentified several other abnormalities. Hypokalemia is known to occur during
an attack of paralysis. Healthy muscle fibres will hyperpolarise when placed in a
low potassium solution but fibres from hypoPP patients depolarised and became
inexcitable (Rudel et al. 1984; Ruff 1999). Rudel hypothesised the abnormal
depolarisation was contributed to by an increase in membrane sodium conduc-
tance. However, the sodium channel blocker TTX, known to inhibit Nav1.4
channels, had no effect suggesting if increased sodium conductance was present it
was not via the Nav1.4 channel alpha pore (Rudel et al. 1984). Ruff also identified
an aberrant inward depolarising current in diseased muscle fibres that was acti-
vated when the fibres were placed in a low potassium extracellular solution. He
demonstrated this current was further insensitive to the calcium channel blocker
nitrendipine suggesting a pathway or trigger for the pathological depolarisation
that was independent of ion conductance via either the Cav1.1 or Nav1.4 channels
ion selective pores (Ruff 1999).

Furthermore, he showed the muscle fibres had a reduced membrane conduc-
tance to potassium (Ruff 1999). This finding was substantiated in another study
using native muscle fibres from hypoPP patients in which reduced KATP current
was demonstrated (Tricarico et al. 1999). Further parallels were drawn from
barium toxicity. Barium blocks inward rectifying potassium channels (Standen and
Stanfield 1978) and reduces the twitch force of the skeletal muscles of mammals
when these fibres are placed in a low potassium solution (Gallant 1983).

Overall, it was suggested that a reduced membrane conductance to potassium,
specifically a reduced outward current of the inward rectifying potassium channels
may cause the extracellular hypokalemia seen during paralytic attacks.
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What was unclear was how a relatively moderate reduction in current density of
the Cav1.1 and Nav1.4 channels could produce such a detrimental effect on
potassium channel function. Additionally, what was the source of the depolarising
inward current if it was not via the alpha pore of either Cav1.1 or Nav1.4, the only
two channels to be genetically implicated in the synthesis of hypoPP.

7.7 The Anomalous Gating Pore Current

Each domain of the Cav1.1 and Nav1.4 channels mirrors the structure of a voltage
gated Shaker potassium channel. Exploration of the shaker potassium channel
function illustrated key S4 arginine residues moved through the membrane in
response to changes in voltage acting as a ‘‘voltage sensor’’ (Starace and Bezanilla
2001). Movement of these amino acids was through a pathway termed the omega
pore. The omega pore in health is intended only to allow passage or movement of
the VSD arginines and not as a route of entry or exit for other ions. It was proposed
the omega pore was not uniform in diameter and consequently could be occluded
by residence of different arginines depending on whether the membrane was de-
polarised or hyperpolarised and consequently whether the VSD had moved
extracellularly to open the alpha pore or was resting intracellularly as the alpha
pore was closed (Bezanilla 2002). However, reliance on the arginine residue to
block the passage of other ions suggested removal of the arginine could open a
‘‘gate’’ that was subsequently demonstrated to allow cations to enter the cell via an
anomalous route (Tombola et al. 2005) described as a gating pore current.

In 2007 S4 arginine mutations of Nav1.4 associated with hypokalemic periodic
paralysis were also shown to introduce an anomalous gating pore current (Sokolov
et al. 2007; and Cannon 2007). The substituted amino acid directly influenced this.
For histidine substitutions, a proton selective current was detected, but for glycine
substitutions other small monovalent cations were also conducted into the cell via
this aberrant pathway. Gating pore currents were further demonstrated in other
hypoPP Nav1.4 mutations (Struyk et al. 2008b; Francis et al. 2011).

This anomalous pathway for entry of protons and other cations into the cell was
proposed as a unifying mechanism by which two separate ion channels may dis-
rupt the excitability of the sarcolemma with the same result. The convergence of
mutations on the voltage sensors of Nav1.4 and Cav1.1 genetically supported this.
Cav1.1 mutations account for the majority of cases of hypoPP however, and there
remained some speculation as the demonstration of gating pore currents had not
been attempted in this channel due to technical restraints. Recently, experiments
examining the muscle fibres of a genetically engineered mouse model carrying the
R528H CACNA1S mutation have illustrated findings consistent with a gating pore
current (Wu et al. 2012) strengthening the argument that this is the principle
pathomechanism of hypoPP.

In simple terms, it is proposed that the abnormal influx of protons and other ions
such as sodium may influence the pH and sodium homeostasis of the cell both
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directly and via secondary activation of other ion transporters or exchangers
(Jurkat-Rott and Lehmann-Horn 2007) (see Fig. 7.2). Muscle fibre resting mem-
brane potential (VREST) is determined by the membrane permeability to K+ ions.
The evidence of reduced potassium permeability in native muscle fibres from
hypoPP patients (Ruff 1999), impaired KATP channel conductance (Tricarico
et al. 1999) and the effects of barium toxicity (Standen and Stanfield 1978; Gallant
1983; and Cannon 2008a) all argue for disturbed potassium conductance as the
trigger for paradoxical membrane depolarisation in low extracellular potassium
environment and the gating pore current has been shown to enhance the probability
of membrane depolarisation in reduced extracellular potassium (Struyk et al.
2008b; Jurkat-Rott et al. 2009; Cannon 2010). The exact mechanistic link how-
ever, between an anomalous influx of protons and other cations, their influence on
the intracellular ionic and acidic environments and ultimately the dysfunction of
IRK channels requires clarification. An initial hypothesis centres on the knowledge
that IRK channels are known to be inhibited by an acidic pH (Struyk and Cannon
2008a) which may be produced by a proton selective gating pore current.

7.8 Treatment of Hypokalemic Periodic Paralysis

Once the association was made between attacks of skeletal muscle weakness and
low serum potassium levels in the 1930s, administration of potassium salts became
the first significant treatment. However, although there was some benefit in terms
of symptom control it was not clear whether this actually reduced the overall
frequency of paralytic attacks or whether there was any influence on the devel-
opment of proximal myopathy.

In the late 1950s, Conn performed extensive experiments on two patients with
hypokalemic periodic paralysis and reported that the attacks of paralysis were not
only associated with hypokalemia but also hypernatremia. He proposed that it was
even possible the hypernatremia was the primary stimulus for the paralytic attacks
with hypokalemia being secondary (Conn et al. 1957). While he did not suggest
hyperaldosteronism was the cause per se he did identify raised aldosterone levels

Fig. 7.2 Potential influence
of an aberrant gating pore
current on other cell
transporters. MCT
monocarboxylate transporter
NHE Sodium hydrogen anti-
port exchanger NBC sodium-
dependant bicarbonate
transporter CAcarbonic
anhydrase. Reproduced with
permission from Matthews
and Hanna (2010)
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during attacks in his patients although others did not corroborate these findings
(Poskanzer and Kerr 1961). Conn suggested a low sodium diet was beneficial in
reducing both paralytic attacks and myopathy. He also proposed carbonic anhy-
drase inhibitors may be effective due to their ability to increase sodium excretion
in the urine. In practical terms the restrictive sodium diet proposed by Conn was
difficult for patients to tolerate and others did not find sodium restriction to be as
beneficial (Poskanzer and Kerr 1961).

Based on his research however, spironolactone, a known inhibitor of aldoste-
rone, was tried as therapy for hypokalemic periodic paralysis. In the initial patient
studied, subjective and objective observations not only reduced paralytic attacks,
but also improved inter-attack muscle strength was noted. This treatment with
spironolactone did produce a slight increase in sodium excretion with normal
potassium serum levels being maintained but the authors argued that the effects on
sodium and potassium balance were too minimal to adequately explain the full
mechanism of action of spironolactone in producing such significant symptom
reduction in hypokalemic periodic paralysis (Poskanzer and Kerr 1961). Despite
this the main mechanism of benefit from spironolactone and other potassium
sparing diuretics is believed to be their ability to maintain serum potassium levels
within the normal or high normal range. There is anecdotal evidence to support
their use and they remain common current day therapies although there is no
randomised trial data to substantiate this.

Although Conn proposed carbonic anhydrase inhibitors may be useful therapies
due to their ability to increase urinary sodium excretion, they also increase
potassium and bicarbonate excretion (Matthews and Hanna 2010). It was for this
reason acetazolamide was initially given to patients with hyperkalaemic periodic
paralysis in which attacks of paralysis occur in conjunction with raised serum
potassium levels (McArdle 1962). Despite seeming to be an unlikely candidate for
treatment of hypokalaemic periodic paralysis, a prophylactic benefit was subse-
quently also reported in this disorder (Resnick et al. 1968; Griggs et al. 1970). For
more than half a century, carbonic anhydrase inhibitors such as acetazolamide and
dichlorphenamide have been popular treatments with numerous case reports and
small series relaying positive outcomes (Matthews et al. 2011). A placebo con-
trolled crossover trial has been undertaken using dichlorphenamide (Tawil et al.
2000) and a larger multi-centre, multinational trial is currently underway although
not yet reported on.

Carbonic anhydrase inhibitors primarily act by inhibiting the enzyme carbonic
anhydrase from catalysing the reversible conversion of water and carbon dioxide
to protons and bicarbonate with corresponding effects on pH balance. In addition
to anecdotal clinical reports, experimental work also supported a rationale for their
benefit in terms of effect on pH (Kuzmenkin et al. 2002), improved sarcolemmal
conductance of potassium via calcium activated potassium channels (Tricarico
et al. 2000, 2004) and observation of a reduced number of vacuoles seen in the
muscle biopsies of potassium depleted rats administered acetazolamide (Tricarico
et al. 2008).

144 E. Matthews and M. G. Hanna



Not all patients were noted to respond to acetazolamide however and some in
fact reported worsening of their symptoms. Initially, it was proposed that this lack
of benefit or detrimental effect was related to disease-causing gene, with SCN4A
mutation carriers more likely to have a poor outcome. This was debated with
conflicting reports of response to treatment with various SCN4A mutations (Ve-
nance et al. 2004). A recent retrospective analysis of acetazolamide treatment in
two large cohorts of hypoPP patients indicated two main outcomes. First, aceta-
zolamide appeared to be beneficial for only 50-60 % of patients overall. Second,
rather than a gene-specific effect, there tentatively appears to be a mutation-spe-
cific effect with arginine to histidine substitutions more likely to respond to
acetazolamide than those with other amino acid substitutes (Matthews et al. 2011).
This observation is potentially supported by the differences in gating pore ionic
conductance between histidine and other substitutions, i.e., histidine allows a
proton selective current, whereas others allow additional small cations to be
conducted. The exact mechanisms by which acetazolamide may act and how these
relate to the gating pore current are still speculative to some degree and require
further exploration (Matthews and Hanna 2010).

7.9 Future Considerations

The identification of an anomalous gating pore current in hypoPP has revolu-
tionized our understanding of this skeletal muscle channelopathy. Although many
questions remain unanswered, the implication that an anomalous current may have
secondary consequences on other membrane channels, transporters and exchangers
points to a host of novel potential future therapeutic targets. Already, bumetanide
has been proposed due to its effects on the Na–K–2Cl transporter (Wu et al. 2013).
In experiments exposing muscle fibres from the Nav1.4 mutant hypoPP mouse
model to low potassium solution bumetanide was shown to significantly reverse
the decline in tetanic force that was observed and even prevent a decline in force if
infused at the same time as lowering the potassium concentration in the solution. It
was also shown to be vastly superior to acetazolamide. It remains to be seen
whether the effect can be replicated in humans or whether bumetanide treatment
would be tolerable, but it is a promising step towards improving treatment options
for those with hypoPP.

Isoforms of both Cav1.1 and Nav1.4 are expressed in numerous other tissues and
mutations of these associated with other human diseases, e.g. hemiplegic migraine,
long QT cardiac syndromes and epilepsy syndromes. Whilst none of these display
such an exclusive relationship between phenotype and voltage sensor mutations,
voltage sensor mutations do occur. Continued advances in our understanding and
treatment of hypoPP may ultimately be extrapolated and applied to a variety of
disabling human diseases.
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Chapter 8
Cav1.1 in Malignant Hyperthermia

Viktor Yarotskyy and Robert T. Dirksen

Abstract Cav1.1 is the pore-forming subunit of the dihydropyridine-sensitive L-
type Ca2+ channel in skeletal muscle. Cav1.1 functions as both a slowly activating,
voltage-gated L-type Ca2+ channel and as the voltage sensor that triggers the
opening of ryanodine receptor Ca2+ release from the sarcoplasmic reticulum during
excitation–contraction (EC) coupling. To date, five different point mutations in
Cav1.1 (R174W, R1086C, R1086H, R1086S, and T1354S) have been linked to
malignant hyperthermia (MH) in humans, a potentially lethal autosomal dominantly
inherited pharmacogenetic disorder of skeletal muscle Ca2+ regulation associated
with an uncontrolled increase in muscle activity and heat production. Interestingly,
functional studies for three of these identified MH mutations in Cav1.1 (R174W,
R1086H, and T1354S) indicate that each mutation enhances susceptibility to MH via
fundamentally different mechanisms. This chapter describes the dual functionality
of Cav1.1 in skeletal muscle as both as Ca2+ channel and voltage sensor for EC
coupling, the genetics, and pathophysiology of MH, and the mechanisms by which
MH mutations in Cav1.1 alter the Ca2+ channel and voltage sensor functions in a
manner that results in an increased susceptibility to MH.

8.1 Introduction

It is difficult to underestimate the importance of Cav1.1 channel in muscle phys-
iology. The primary role of Cav1.1 is to transform an electrical signal in the
transverse tubule (t-tubule) membrane (an action potential) into an intracellular
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chemical signal (a global myoplasmic Ca2+ transient) used to drive skeletal muscle
contraction. This function of the Cav1.1 channel, referred to as being a voltage
sensor for excitation–contraction (EC) coupling, is orchestrated through a complex
bidirectional mechanical interaction with the type I ryanodine receptor (RYR1)
Ca2+ release channel located in the adjacent terminal cistern of the sarcoplasmic
reticulum (SR) (Dirksen 2002). During an MH crisis, the Cav1.1-RYR1 interaction
is unusually susceptible to the ability of triggering agents (e.g., isoflurane, suc-
cinylcholine) to cause uncontrolled muscle contractures and hypermetabolism that
result in severe hyperthermia, acidosis, hypercapnia/hypoxia, rhabdomyolysis, and
hyperkalemia (Rosenberg et al. 2013). Cardiac arrhythmias, severe tissue damage,
multiorgan failure, and eventually death will result if the MH crisis is not quickly
recognized and appropriately treated. Treatment of MH includes discontinuation
of triggering agent, whole body cooling to control hyperthermia, ventilation with
100 % O2, and IV administration of the MH antidote dantrolene. MH susceptibility
in humans is linked to mutations in both RYR1 and Cav1.1, demonstrating that
these crises reflect a dysfunction in EC coupling and the proper control of SR Ca2+

storage and release. In this chapter, we consider the functional role of Cav1.1 as
both a Ca2+ permeable L-type Ca2+ channel and voltage sensor for EC coupling
through a prism of the Cav1.1- RYR1 bidirectional signaling interaction. Specif-
ically, we focus on the mechanisms by which mutations in Cav1.1 promote MH
susceptibility by altering Cav1.1- RYR1 communication.

8.2 Role of Cav1.1 in Excitation–Contraction (EC)
Coupling

The Cav1.x family of dihydropyridine-sensitive (or L-type) voltage-gated Ca2+

channels consists of four channel subtypes: Cav1.1—exclusively expressed in
skeletal muscle, Cav1.2—cardiac type, but also expressed in other tissues
including neurons, Cav1.3—found in neuronal and secretory glands cells, and
Cav1.4—expressed in retinal photoreceptors and bipolar cells. Cav1.x channels are
sensitive to three clinically relevant drug classes: dihydropyridines, phenylalkyl-
amines, and benzothiazepines, which together with the respective biophysical
properties of each channel, were used to categorize the different Cav1.x channel
subtypes prior to the molecular cloning era. In general, Cav1.x channels are rel-
atively slower to activate and inactivate compared to those within the Cav2.x or
Cav3.x families. However, the kinetic properties of channels even just within the
Cav1.x family are quite variable. For example, the activation kinetics of Cav1.1
channels in skeletal muscle are [10x slower compared to that of cardiac Cav1.2
channels. In addition, as opposed to Cav1.2 and Cav1.3 channels, Cav1.1 and
Cav1.4 channels essentially lack Ca-dependent inactivation and exhibit extremely
slow voltage-dependent inactivation.
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Cav1.1, the first cloned pore-forming subunit of a voltage-dependent Ca2+

channel (Tanabe et al. 1987), is expressed within the junctional membranes of the
t-tubule system in skeletal muscle. The Cav1.1 protein consists of intracellular N-
and C-termini and four homologous transmembrane repeat domains connected by
three intracellular linkers; I–II loop, II–III loop, and III–IV loop (Fig. 8.1). Each of
the four repeats exhibit six transmembrane segments (S1 through S6). The fourth
transmembrane segment of each domain (S4) contains positively charged amino
acids, every third amino acid that together form the core voltage sensing module of
the channel. In addition, the loops between the fifth and sixth segment of each
domain (S5–S6 loops) arrange to form the channel pore and Ca2+ selectivity filter.

Fig. 8.1 Subunit structure of the Cav1.1 channel. The Cav1.1 channel consists of one major pore-
forming a1S subunit and three auxiliary b1a, c1, and a2d-1 subunits. The pore-forming a1S subunit
is a polypeptide folded in a four homologous repeat domains, with each repeat domain consisting
of six transmembrane segments (S1 through S6). The S1–S4 parts of each domain comprise the
voltage sensing module, where S4 segments contain positively charged residues every third
amino acid that serve as the primary voltage sensor while S1–S3 provides a supportive
substructure for S4 movement across the transmembrane voltage drop. The linker between the
S5–S6 segments of each repeat form the pore-lining and selectivity filter region of the channel.
The N- and C-termini and loops linking each of the four repeats are located on the intracellular
aspect of the channel. The guanylate cyclase (GK) domain of the auxiliary b1a subunit (blue)
interacts with a highly conserved region of the intracellular loop between domains I–II of Cav1.1.
The linker between repeats II and III (i.e., ‘‘II–III loop’’) is critical for mechanical coupling
between the Cav1.1 channel and the type I ryanodine receptor. The extracellular a2d-1 subunit
(green) forms a complex whereby the d-1 subunit is covalently associated with the heavily
glycosylated a2 subunit via disulfide linkage. While the d-1 subunit was originally thought to be
anchored to the membrane via a single transmembrane segment, recent evidence indicates that
a2d-1 membrane association is mediated through a glycophosphatidylinositol (GPI) anchor
attached to the d-1 subunit (Davies et al. 2010). The c1 subunit (orange) contains four
transmembrane domains. MH mutations in the pore-forming a1S subunit are shown as red balls
with red text indicating the identified amino acid residue substitutions
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Elegant freeze fracture studies have shown that Cav1.1 is grouped into units of
four intramembrane particles (or ‘‘tetrads’’) that are specifically aligned and
directly opposed to the four subunits of every other RYR1 homotetrameric release
channel in the membrane of the adjacent SR terminal cisternae (Block et al. 1988).
Skeletal myotubes derived from Cav1.1-null mice lack L-type Ca2+ currents, in-
tramembrane charge movements or ‘‘gating currents,’’ voltage-gated SR Ca2+

release, and tetrads, all of which are restored upon re-expression of Cav1.1 (Tanabe
et al. 1988; Adams et al. 1990; Takekura et al. 1994). Thus, Cav1.1 is essential for
L-type Ca2+ channel activity, voltage sensor function, EC coupling, and tetrad
formation in skeletal muscle. Indeed, the disposition of Cav1.1 tetrads specifically
aligned with each of the four corners of alternate RYR1 homotetrameric SR Ca2+

release channels provides strong structural evidence for direct Cav1.1-RYR1
conformational coupling. Subsequent Cav1.1–Cav1.2 chimeric studies revealed
that the intracellular II–III loop, and specifically a critical region that includes
amino acids 720–765 in the central part of this loop (Fig. 8.1), is required for
Cav1.1-RYR1 conformational coupling (Tanabe et al. 1990; Nakai et al. 1998;
Kugler et al. 2004).

The complete L-type Ca2+ channel (or voltage sensor) in skeletal muscle is
actually a multiprotein complex consisting of the pore-forming Cav1.1 subunit (or
a1S) plus auxiliary b1a, a2d-1, and c1 subunits (Fig. 8.1). Like Cav1.1, the auxiliary
b1a subunit is also required for both L-type Ca2+ channel and voltage sensor
function in skeletal muscle (Gregg et al. 1996; Strube et al. 1996; Schredelseker
et al. 2005). Similar to the effect of Ca2+ channel b subunits in other tissues, the b1a

subunit enhances trafficking of a1S subunit to the plasma membrane. In addition,
like Cav1.1 and RYR1, the auxiliary b1a subunit is also required for voltage-gated
Ca2+ release during EC coupling (Gregg et al. 1996; Strube et al. 1996; Beurg et al.
1999), at least in part because the b1a subunit coordinates the proper formation and
positioning of tetrads (Schredelseker et al. 2005). Effects of the a2d-1 and c1

subunits on Cav1.1 function are more modest, with channel activation kinetics
being slowed by the a2d-1 subunit (Obermair et al. 2005, 2008; Gach et al. 2008)
and the c1 subunit modulating the voltage dependence of channel inactivation
(Freise et al. 2000). Finally, the ability of RYR1 to enhance Cav1.1 Ca2+ current
magnitude, expression, activation kinetics, modulation by DHP agonists, and
divalent conductance (Nakai et al. 1996; Avila and Dirksen 2000) via retrograde
coupling demonstrates that RYR1 is an important allosteric modulator of the
Cav1.1 channel, analogous to that of a more conventional Ca2+ channel auxiliary
subunit.

In summary, depolarization of the transverse tubule membrane drives
rearrangements of the Cav1.1 S4 segments that result in a conformational change
in II–III loop critical domain and b1a subunit that promote RYR1 channel opening
and SR Ca2+ release during a process referred to as orthograde Cav1.1-RYR1
coupling (for an excellent review see (Bannister and Beam 2012)). In addition, the
junctional expression of RYR1, in turn, enhances L-type Ca2+ channel function
(e.g., conductance and gating kinetics) via a process referred to as retrograde
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Cav1.1-RYR1 coupling (Nakai et al. 1996; Avila and Dirksen 2000). Thus, the
signaling between the Cav1.1 channel complex and RYR1 is bidirectional, such
that the channel activity associated with each protein is strongly dependent upon
this unique interaction. As a result, Cav1.1 functions both as an L-type Ca2+

channel and a voltage sensor that drives RYR1-mediated SR Ca2+ release during
EC coupling. While the essential role of the Cav1.1 complex as a voltage sensor
for EC coupling is widely appreciated, the importance of Cav1.1 Ca2+ channel
function, though still unclear, has recently attracted renewed interest (Bannister
and Beam 2012).

8.3 Malignant Hyperthermia

Malignant hyperthermia (MH) is a potentially fatal pharmacogenetic disorder in
which susceptible individuals experience a life-threatening hypermetabolic reac-
tion of skeletal muscle following exposure to certain volatile anesthetics (e.g.,
desflurane, enflurane, ether, halothane, isoflurane, methoxyflurane, and sevoflu-
rane) and depolarizing skeletal muscle relaxants (e.g., succinylcholine) (Rosenberg
et al. 2013). Following exposure to one of these triggering agents, an MH sus-
ceptible individual can undergo a hypermetabolic crisis characterized by skeletal
muscle rigidity, a dramatic rise in core body temperature, respiratory acidosis,
hypermetabolism, rhabdomyolysis, hyperkalemia, and cardiac arrhythmias. MH
crises are lethal if not reversed immediately by removal of triggering agents,
cooling the patient, and administration of dantrolene, the only FDA-approved
antidote for an MH reaction (Larach et al. 2008). Recent reports indicate that a
subset of MH susceptible individuals, particularly young children, have experi-
enced similar nonanesthetic or ‘‘awake’’ MH-like reactions during strenuous
exercise, emotional stress, febrile illness, exposure to environmental heat stress, or
a combination of these triggers (Hopkins et al. 1991; Tobin et al. 2001; Wappler
et al. 2001; Davis et al. 2002; Capacchione and Muldoon 2009; Nishio et al. 2009;
Groom et al. 2011; Lavezzi et al. 2013).

Standardized in vitro caffeine and halothane contracture tests were developed in
North America and Europe, and together with the clinical presentation of an MH
event, are used as the ‘‘gold-standard’’ for diagnosis of MH susceptibility
(Rosenberg et al. 2013). The contracture test determines the sensitivity of a muscle
biopsy to contractures induced by graded concentrations of caffeine and halothane.
If certain contracture thresholds are reached in the presence of low concentrations
of caffeine and halothane, then a diagnosis of MH susceptibility is rendered.
Enhanced sensitivity to either caffeine or halothane identifies patients as being MH
susceptible according to the North American protocol, while sensitivity to both
caffeine and halothane are required for such a designation according to the
European protocol. Sensitivity to only caffeine or halothane is identified as ‘‘MH
equivocal’’ in the European protocol.
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8.4 Genetics of MH Susceptibility

MH follows an autosomal dominant mode of inheritance (Rosenberg et al. 2013).
To date, MH susceptibility has been definitively linked to mutations in the genes
that encode RYR1 (MHS1: RYR1) and Cav1.1 (MHS5: CACNA1S). Additional
MH gene loci have been linked to chromosomal loci 17q11.2–q24 (MHS2), 7q21–
q22 (MHS3), 3q13 (MHS4), and 5p (MHS6), though specific genes and mutations
at these loci have not been identified. Up to 70 % of all MH cases are caused by
mutations in RYR1, while only *1 % of cases result from Cav1.1 mutations
(Rosenberg et al. 2013).

Malignant hyperthermia (MH) crises are initiated by exposure of susceptible
individuals to triggering agents including volatile anesthetics, depolarizing muscle
relaxants, strenuous exercise, or exposure to excessive environmental heat stress.
Each of these seemingly distinct triggers converge to promote uncontrolled SR
Ca2+ release in skeletal muscle to an extent sufficient to result in the hyperme-
tabolism, contractures, and damage to skeletal muscle that are characteristic of
MH (MacLennan and Phillips 1992; Rosenberg et al. 2013). Since the Cav1.1–
RYR1 bidirectional interaction plays such a central role in controlling SR Ca2+

release under normal conditions (see Sect. 8.2), it is not unexpected that MH
mutations have been identified in both RYR1 and Cav1.1.

Over 200 point mutations and small in-frame deletions in RYR1 have been
linked to MH in humans (Rosenberg et al. 2013). While only a small fraction of
these MH mutations in RYR1 have been functionally characterized, the majority
appear to destabilize the RYR1 resting closed state, and thus hypersensitize the
RYR1 release channel to activation by triggering agents. Indeed, many RYR1
mutations are located at interdomain/subunit interfaces that are important for
maintaining allosteric domain–domain stability (Ikemoto and Yamamoto 2000).
MH mutations located at these interfaces are proposed to disrupt these important
domain–domain interactions, ultimately leading to a destabilization of the channel
closed state. As a result, MH mutations at these domain interfaces make it ener-
getically more favorable for any RYR1 activator (e.g., voltage, caffeine, halothane,
4-chloro-m-cresol) to drive the channel into the open state (Ikemoto and Ya-
mamoto 2000; Kobayashi et al. 2005, 2004). Accordingly, some MH mutations in
RYR1 are thought to destabilize or ‘‘unzip’’ important domain–domain interac-
tions, and thus render the release channel hypersensitive to activation (Kobayashi
et al. 2005). This mechanism is supported by X-ray crystallography studies con-
firming that many identified MH mutations in RYR1 are indeed located at inter-
domain and intersubunit interfaces (Van Petegem 2012; Tung et al. 2010).

Interestingly, mice that lack type 1 calsequestrin (CASQ1-null), a high-
capacity, moderate affinity Ca2+ binding protein in the terminal SR, were recently
shown to exhibit lethal halothane- and heat-induced MH-like responses (Dainese
et al. 2009; Protasi et al. 2009). CASQ1 increases the Ca2+ capacity of the SR,
modulates RYR1 luminal Ca2+ sensitivity (Beard et al. 2002) and also influences
terminal SR lumen size, geometry, RYR1 content and SR/transverse tubule
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interactions (Protasi et al. 2011). The increased MH susceptibility of CASQ1-null
mice is proposed to result in part from reduced CASQ1-mediated inhibition of
RYR1 Ca2+ release (Dainese et al. 2009) resulting in increased sensitization of
RYR1 to activation and greater susceptibility to deep SR store depletion sufficient
to activate store-operated Ca2+ entry (Canato et al. 2010). Indeed, CASQ1 defi-
ciency enhances store-operated Ca2+ entry in skeletal muscle (Zhao et al. 2010).
Although loss-of-function mutations in the CASQ1 gene have yet to be linked to
MH in humans, genes involved in controlling SR Ca2+ content and coordinating
store-operated Ca2+ entry in skeletal muscle represent intriguing potential novel
candidate MH loci.

8.5 MH Mutations in Cav1.1

Five mutations of three different Cav1.1 residues have been linked to MH in
humans. The three mutated residues involve very different regions of the channel
including the intracellular III–IV loop (R1086C, R1086H, and R1086S), the
extracellular pore region of repeat IV (T1354S), and a positively charged residue
in the S4 voltage sensing region of repeat I (R174W) (Fig. 8.1). The identification
and functional analyses of these mutations in Cav1.1 have provided important new
insights into both Cav1.1 structure/function and the pathophysiological mecha-
nisms of MH (Fig. 8.2). The results of these studies are discussed in detail in the
following subsections.

8.5.1 Mutations to R1086 in the Intracellular III–IV Linker

A point mutation of a highly conserved arginine to a histidine residue (R1086H) in
the intracellular III–IV loop of Cav1.1 was found to be responsible for MH sus-
ceptibility in a large French kindred, where the proband died from a fulminant MH
crisis during anesthesia (Monnier et al. 1997). Results from contracture tests and
genetic analyses of family members tightly linked MH susceptibility in this family
to a G3333A substitution in the CACNA1S gene, which results in a R1086H
mutation in the intracellular III–IV loop of Cav1.1 (Monnier et al. 1997). The
identical mutation was subsequently identified in a second independent family
(Stewart et al. 2001). The relevance of mutations in R1086 to MH susceptibility is
underscored by the fact that subsequent studies linked MH in other families to
additional amino acid substitutions of the same residue (R1086S and R1086C)
(Toppin et al. 2010; Jurkat-Rott et al. 2000).

The R1086H mutation in Cav1.1 was the first MH mutation identified in a
protein other than RYR1. While the identification of an MH-linked mutation in a
second protein essential for skeletal muscle EC coupling was not unexpected, the
location of this mutation in the Cav1.1 III–IV loop was surprising since prior
structure/function studies did not identify this region as being uniquely important
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for EC coupling, voltage gating, or ion selection/permeation. For example,
transferring the III–IV loop of Cav1.2 into Cav1.1 did not significantly alter either
the Ca2+ channel or voltage sensor functions of Cav1.1 (Tanabe et al. 1990).
However, chimeric studies fail to reveal important functional domains that are
highly conserved between the two homologous proteins. Thus, the functional
studies of the R1086H MH mutation provided important new insights into a

Fig. 8.2 Proposed mechanisms by which MH mutations alter Cav1.1 and RYR1 function. This
schematic depicts how specific MH mutations in Cav1.1 affect both Ca2+ release through RYR1
and Cav1.1 gating. Wild-type and mutant Cav1.1 channels (blue shades) are expressed within the
t-tubule membrane. Cav1.1 is mechanically coupled via the II–III loop with RYR1 Ca2+ release
channels (orange) expressed in the terminal cisternae of the sarcoplasmic reticulum. Red arrows
show the direction of net Ca2+ flux and arrow thickness reflects the relative magnitude of Ca2+ ion
flux. Effects of MH mutations in Cav1.1 on the sensitivity of voltage- and caffeine-induced Ca2+

release are shown in the left panels. Dashed curves represent data obtained from myotubes
expressing WT Cav1.1 and solid curves depict data obtained from myotubes expressing MH
mutant Cav1.1 channels. The R1086H mutation produces a hyperpolarizing shift in the voltage
dependence of RYR1 Ca2+ release. The T1354S and R174W mutations either accelerate the
activation or ablate Cav1.1 Ca2+ currents, respectively. ‘‘Caffeine’’ and ‘‘Halothane Isoflurane’’
labels with black arrows represent enhanced sensitivity RYR1 to activation by these agents.
Expression of each of the MH mutants in Cav1.1 in myotubes results in increased sensitivity of
RYR1 to activation by caffeine. Expression of the R174W mutation in Cav1.1 in myotubes is
proposed to increase SR Ca2+ leak through a ryanodine-insensitive pathway. Effects of MH
mutations in Cav1.1 on L-type Ca2+ channel gating are shown in the right panels. The R1086H
mutation reduces Cav1.1 current density. For the T1354S mutation, the rate of channel activation
is faster compared that of the wild-type Cav1.1 channel. The R174W mutation results in the
ablation of ionic Ca2+ currents, but not gating currents
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previously unappreciated role of the III-IV loop in Cav1.1-RYR1 signaling (Weiss
et al. 2004).

Functional studies of the R1086H mutant expressed in Cav1.1-null myotubes
revealed several alterations consistent with the mutation being linked to increased
MH susceptibility (Weiss et al. 2004) (see Fig. 8.2, row 2). First of all, the sen-
sitivity of caffeine-induced Ca2+ release was *5-fold higher in R1086H-
expressing myotubes compared to that of wild-type RYR1-expressing myotubes.
In addition, the voltage dependence of RYR1 Ca2+ release was also shifted to more
negative voltages in R1086H-expressing myotubes. These results indicate that the
R1086H mutation in Cav1.1 increases the sensitivity of the SR Ca2+ release
machinery to activation by RYR1 triggers (e.g., caffeine and voltage). The
R1086H mutation also resulted in *2-fold reduction in Ca2+ current density
through Cav1.1 that was attributable to reduced channel open probability rather
than an effect on either channel expression or retrograde coupling with RYR1.
Indeed, a similar reduction in channel conductance was observed for the analogous
mutation introduced into Cav1.2. Together, these results suggest that the III–IV
linker acts as a negative regulatory module for RYR1 activation by caffeine/
voltage and that the R1086H mutation promotes MH susceptibility by disrupting
this critical negative allosteric regulatory mechanism (Weiss et al. 2004). There
are two potential mechanisms by which the III–IV loop could influence RYR1
channel sensitivity to activation: (i) the III–IV loop could directly bind RYR1 as
suggested previously from biochemical experiments (Leong and MacLennan
1998) or (ii) the III–IV loop could influence the structural conformation of the
critical domain within the adjacent II–III loop that is required for proper Cav1.1-
RYR1 coupling.

Overall, results from the functional analysis of the R1086H MH mutation in
Cav1.1 are remarkably similar to those reported for MH-linked mutations in RYR1
where the mutations increased the sensitivity of the SR Ca2+ release mechanism to
activation by both pharmacological (caffeine) and endogenous (voltage sensor)
activators (Tong et al. 1997; Dirksen and Avila 2004; Yang et al. 2003; Avila and
Dirksen 2001). MH mutations in RYR1 are thought to enhance channel sensitivity to
activation by triggers by disrupting important interdomain interactions that desta-
bilize the channel closed state (see Sect. 8.4). Apparently, the R1086H mutation in
Cav1.1 accomplishes a similar destabilization of the RYR1 closed state by disrupting
a negative regulatory module contained within the III–IV loop of Cav1.1.

8.5.2 T1354S Mutation in the Extracellular Pore Region
of Repeat IV

A novel conservative point mutation (T1354S) in Cav1.1 located in the extracel-
lular linker between the pore loop and S6 transmembrane domain of repeat IV was
identified in a MH susceptible family of Italian origin (Pirone et al. 2010). The
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location of this particular MH mutation was unexpected since it was unclear how a
residue on the extracellular face of Cav1.1 would influence the RYR1 Ca2+ release
channel sensitivity to activation. However, functional analyses of the T1354S
mutant following expression in Cav1.1-null myotubes revealed a novel mechanism
by which a mutation in Cav1.1 can increase MH susceptibility (Pirone et al. 2010).

The T1354S mutation in Cav1.1 produced two major changes in L-type Ca2+

channel function and RYR1-dependent Ca2+ release (Fig. 8.2, row 3). The first
effect was a significant increase in the rate of depolarization-induced Ca2+ current
activation through Cav1.1 (Pirone et al. 2010). Although the rate of Ca2+ current
activation was *33 % faster for the T1354S mutant channel compared to that of
wild-type Cav1.1, no difference was found between the magnitudes or voltage
dependences of either the L-type Ca2+ current or voltage-gated Ca2+ release.
Second, T1354S-expressing myotubes also exhibited increased sensitivity of caf-
feine-induced Ca2+ release (similar to that observed previously for R1086H (Weiss
et al. 2004)) and an increase in action potential evoked Ca2+ release in the presence
of subthreshold caffeine concentrations. Consistent with a Ca2+ influx-dependent
amplification mechanism in T1354S-expressing myotubes, this increase in action
potential evoked release was abolished upon removal of extracellular Ca2+. These
findings suggest that the T1354S mutation in Cav1.1 promotes MH susceptibility
through an amplification of SR Ca2+ release that results from the combined effects
of an increased Ca2+ influx via more rapidly activating T1354S channels and an
enhanced caffeine sensitivity of RYR1 Ca2+ release.

It is worth noting that a similar dramatic increase in the rate of Cav1.1 channel
activation is also observed for the embryonic Cav1.1 splice isoform that involves
the excision of exon 29 located within the adjacent extracellular S3–S4 loop of
repeat IV (Tuluc and Flucher 2011). However, the embryonic Cav1.1 splice iso-
form also exhibits a significant hyperpolarizing shift in the voltage dependence of
channel activation and an increase in maximal channel conductance (Tuluc and
Flucher 2011). Interestingly, expression of the embryonic Cav1.1 splice isoform is
increased in adult patients with myotonic dystrophy and the expression level of
this splice isoform correlates strongly with the severity of muscle weakness in
these patients (Tang et al. 2012). Thus, structure/function studies of Cav1.1-related
disease mutants/splice variants have revealed an unexpected importance of the
extracellular regions of repeat IV in Cav1.1 channel properties and have also led to
significant advancements in our understanding of the pathomechanisms that
underlie MH and myotonic dystrophy.

8.5.3 R174W Mutation in the S4 Region of Repeat I

Sequencing the entire CACNA1S coding region from 50 confirmed MH patients in
whom RYR1 mutations were excluded resulted in the identification of a novel
R174W mutation in Cav1.1 (Carpenter et al. 2009). Consistent with the R174W
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variant being pathogenic, the mutation was identified in the proband, its presence
was concordant with disease in other family members, and the variant was not
detected in control samples. The R174W mutation results in the neutralization of a
highly conserved and positively charged residue in the innermost portion of the S4
voltage sensing region of repeat I. As detailed below, functional studies revealed
that the impact of the R174W mutation on Cav1.1 channel function is considerably
more severe than that observed previously for either the R1086H or T1354S MH
mutants. Surprisingly, unlike the other Cav1.1 MH mutants, the R174W mutation
did not significantly alter orthograde Cav1.1-RYR1 signaling during EC coupling.
Rather, the R174W mutation in Cav1.1 is proposed to promote MH susceptibility
by causing an increase in SR Ca2+ leak (Fig. 8.2, row 4) (Eltit et al. 2012).

Expression of the R174W mutant in Cav1.1-null myotubes revealed a complete
ablation of ionic Ca2+ currents that occurred in the absence of a change in the
magnitude or voltage dependence of either channel gating (i.e., gating currents) or
depolarization-induced Ca2+ release (Eltit et al. 2012). Thus, while the R174W
mutation ablates the Ca2+ channel function of Cav1.1, it does not impact its
function as a voltage sensor for EC coupling. Nevertheless, R174W-expressing
myotubes exhibited *2-fold increase in sensitivity to caffeine-induced Ca2+

release and enhanced responses to halothane/isoflurane exposure, consistent with
the mutation being responsible for enhanced susceptibility to MH.

How does the R174W mutation enhance RYR1 release channel sensitivity to
activation by caffeine if it does not alter Cav1.1-RYR1 orthograde coupling (like
R1086H) or increase Ca2+ influx through Cav1.1 (like T1354S)? Additional
experiments found that resting myoplasmic Ca2+ levels were significantly elevated
and SR Ca2+ content reduced in R174W-expressing myotubes, suggesting that the
R174W mutant enhances the basal rate of SR Ca2+ leak. Consistent with this idea,
elevated resting Ca2+ levels in R174W-expressing myotubes were normalized by
addition of dantrolene (Eltit et al. 2012). Since low concentrations of Ca2+ are
known to promote RYR1 activity, the R174W-mediated elevation in resting Ca2+

may act as a sensitizing co-agonist that potentiates RYR1 activation by other
triggers such as caffeine and volatile anesthetics.

While the R1086H and T1354S mutations in Cav1.1 act by either destabilizing
the RYR1 closed state or enhancing Cav1.1-mediated Ca2+ entry, the R174W
mutation appears to disrupt the ability of Cav1.1 to suppress basal RYR1 Ca2+

leak. In support of this unique hypothesis for MH pathogenesis, prior studies
reported that Cav1.1-null myotubes exhibit a ryanodine-insensitive SR Ca2+ leak
pathway that also results in increased levels of resting myoplasmic Ca2+ and
reduced SR Ca2+ content (Eltit et al. 2011, 2010). However, the validity of this
hypothesis must await future structural and/or single channel evidence for a sep-
arate ryanodine-insensitive Ca2+ permeation pathway in RYR1 channels as pro-
posed and schematically depicted in Fig. 8.2.
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8.6 Conclusion

Admittedly, mutations in Cav1.1 account for only a small fraction (*1 %) of all
MH cases in humans. However, detailed functional characterization of MH-linked
mutations in Cav1.1 has resulted in tremendous advances in our understanding of
both Cav1.1 structure/function and MH pathogenesis. For example, such studies
have revealed regions of Cav1.1 important of orthograde coupling (III–IV loop)
and the rate of Cav1.1 channel activation (repeat IV pore region). In addition, these
studies have also identified three distinct pathogenic mechanisms by which
mutations in Cav1.1 increase MH susceptibility (RYR1 closed state destabiliza-
tion, increased Cav1.1 Ca2+ entry, and enhanced SR Ca2+ leak). Future genetic
studies of additional MH families are almost certain to not only unearth new MH-
linked mutations Cav1.1, but ultimately, also lead to new fundamental insights into
Cav1.1 function and MH pathogenesis.
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Chapter 9
Ryanodine Receptor 1 and Associated
Pathologies

Julien Fauré, Joël Lunardi, Nicole Monnier and Isabelle Marty

Abstract In skeletal muscle a rise in the cytosolic calcium concentration is the
first trigger able to initiate the contraction of the sarcomere. Intracellular calcium
levels are tightly controlled by channels and pumps, and it is not surprising that
many inherited skeletal muscle disorders arise from mutations altering the players
regulating calcium ions concentration (Betzenhauser and Marks 2010). In this
chapter, we will focus on the pathologies linked to the sarcoplasmic reticulum
calcium channel-RyR1 mutations.

9.1 The Muscle Excitation-Contraction Coupling: Calcium
Release Complex and RyR1

Skeletal muscle contraction is initiated by a burst of calcium out of its major store,
the sarcoplasmic reticulum. This rise in intracellular calcium concentration is
triggered by a post synaptic action potential which propagates along the muscle
fiber and reaches plasma membrane invaginations called transverse tubules.
Transverse tubules (T-tubules) form regular invaginations along the muscle axis
and make close and periodic contacts with the sarcoplasmic reticulum (SR) that is
wrapped around the myofibril apparatus. These peculiar membrane structures are
called triads (Fig. 9.1). Triads are formed by the tight apposition of two terminal
cisternae of SR on both sides of a T-tubule, and are specifically localized at the A-I
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bands transition in mammalian skeletal muscle. The transformation of an action
potential into a massive calcium release, a process called the Excitation-Con-
traction (EC) coupling, is performed by a macromolecular complex, the Calcium
Release Complex (CRC). This complex is anchored both in the T-tubules mem-
brane and in the SR membrane, and has specific triad localization. The main
players of CRC are the dihydropyridine receptor (DHPR), an L-type calcium
channel of the T-tubules membrane, and the ryanodine receptor (RyR1), the sar-
coplasmic reticulum calcium channel (Fig. 9.1). When an incoming action
potential reaches the T-tubules, it activates the voltage gated DHPR, which
functions both as a calcium channel and a voltage sensor. This first step triggers a
conformational modification in the alpha 1 subunit of DHPR (Cav1.1) which is in
direct contact with RyR1. The physical coupling allows a structural modification
in the RyR1 channel upon DHPR activation that results in its opening and in a
massive calcium efflux from the terminal cisternae of SR. The released calcium
interacts with the myofilaments and induces the muscle contraction. Muscle
relaxation occurs when RyR1 closes as a result of high cytosolic calcium con-
centration, and calcium is reuptake into the sarcoplasmic reticulum by the SERCA
(Sarcoplasmic Endoplasmic Reticulum ATPase) calcium pump.

Fig. 9.1 The calcium release complex in the triad of skeletal muscle
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When analyzed by electron microscopy (EM), triad membranes appear as
regular structures, with a 15 nm space between T-tubule and SR membrane. In this
space, the cytosolic part of the 2.3 MDa RyR1 tetramer is so large that it forms an
electron dense structure, the characteristic ‘‘feet’’ early observed between T-tubule
and SR terminal cisternae (Franzini-Armstrong et al. 1983). The protein was
identified thanks to its binding to ryanodine, an alkaloid extracted from the tropical
plant Ryana speciosa, and shown to be the intracellular calcium channel of muscle
cells (Inui et al. 1987). In mammals, three isoforms of ryanodine receptor have
been cloned from three different genes arising from a common ancestor. RyR1 is
the major skeletal muscle isoform, but is also expressed in lymphocytes and
dendritic cells (Bracci et al. 2007; Uemura et al. 2007) or in specific areas of the
central nervous system (Giannini et al. 1995). RyR2 is predominantly expressed in
the heart, but it is also in the main brain isoform. RyR3 is weakly expressed in a
large panel of tissues, among which skeletal muscle and brain. The repertoire of
ryanodine receptors may vary in gene composition and expression among species.
In teleost fishes RYR2 and RYR3 are conserved but the RYR1 gene has been
duplicated in a and b isoforms, respectively expressed in fast- or slow-twitch
muscles (Franck et al. 1998; Hirata et al. 2007), whereas in the genome of Cae-
norhabditis elegans and Drosophila melanogaster, only one RYR homologous
gene is found (Hasan et al. 1992; Maryon et al. 1996).

The human RYR1 gene is located on chromosome 19q13.2. It spans 153 865
base pairs, and contains 106 exons. RYR1 is alternatively spliced for the exons 70
and 83, but the functional role of these splicing events is unclear. The 560 kDa
protein RyR1 consists of 5038 amino acid that share 60–70 % identity with RyR2
and RyR3. The functional RyR1 channel is a homotetramer whose structure is so
far only partially solved. Cryo-electron microcopy images have allowed 9.6 Å
resolution reconstitutions of the 3D structure of the channel (Serysheva et al. 2008)
in different activation states (Samsó et al. 2009). More recently, portions of the
molecule have been crystalized and their structure identified at atomic resolution
(Tung et al. 2010; Yuchi et al. 2012).

Nevertheless, in the absence of precise localization, most of the functional
domains that have been identified for RyR1 are mapped on the linear sequence of
the protein (Fig. 9.2): E–C domains allowing interaction with the DHPR or reg-
ulatory proteins of the CRC such as calmodulin and FKBP12, modulatory regions
allowing the interaction with kinases (PKC and PKA), ATP, and calcium ions. The
major part (4,000 first amino acids) of the RyR1 sequence is cytosolic, and forms
the so-called ‘‘feet’’ of the molecule observed in EM. A number of modulators of
RyR1 have their binding domain in this huge cytosolic region: Ca2+, ATP, Mg2+ as
well as pharmacological agents (ryanodine, caffeine, halothane, dantrolene, or
ruthenium red). It is also in the cytosolic part that RyR1 undergoes phosphory-
lation and nitrosylation, both modifications being involved in the regulation of the
channel activity (Lanner et al. 2010). The last 1,000 amino acids, the C-terminal
part of the protein, contain 6–8 transmembrane helices responsible for SR mem-
brane anchoring and form the pore domain of the channel (Du et al. 2002). In its
isolated form, the RyR1 channel is activated by Ca2+ or ryanodine at low
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concentration (lM), by ATP, caffeine, or halothane. On the other hand, elevated
concentrations ([100 lM) of Ca2+, Mg2+, and ryanodine inhibit its activity
(Meissner 1994). Hence the sensibility of RyR1 to different ranges of calcium
concentration allows the channel to be in a closed state at resting calcium levels
(50–150 nM) and to be inactivated when cytosolic calcium concentration rise
above the mM range, preventing a deleterious prolonged activation (Fill and
Copello 2002).

9.2 Implication of RYR1 in Muscle Pathologies

Two classes of pathologies that differ in their presentation have been so far
associated to the RYR1 gene: The first one is triggered by external stimuli and the
second one appears at birth (Fig. 9.3). The first pathology ever associated to RyR1
was Malignant Hyperthermia (MH) in 1991 (Gillard et al. 1991). Mutations in
RyR1 were further identified in association with Central Core Disease (CCD), a
congenital myopathy of moderate severity, characterized by the presence of
‘‘cores’’, abnormalities in the muscle fiber revealed either by histology or electron
microscopy studies (Magee et al. 1956). The description of severe forms of

Fig. 9.2 Schematic representation of the structure of RyR1 showing the different functional
domains on the linear structure
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myopathies with cores and of other myopathies with histological abnormalities has
then led to the notion that a whole class of myopathies, now called RyR1-Related
Congenital Myopathies or RyR1-RCM, can be related to RyR1 dysfunction.

9.2.1 Induced Myopathies

9.2.1.1 Malignant Hyperthermia

Malignant Hyperthermia (OMIM:145600) is a pharmacogenetic disease of the
skeletal muscle with a dominant mode of inheritance. The MH crisis is triggered
by exposition to inhalational anesthetics, like halothane or isoflurane, and results in
a hypermetabolic state of skeletal muscles. It is actually the clinical expression of
an otherwise infra-clinic metabolic myopathy (Rosenberg et al. 2007). The
exposition of susceptible individuals to the triggering agent leads to an increase in
the myoplasmic calcium concentration followed by a generalized muscle con-
tracture and by hyperthermia. A MH crisis will rapidly result in acidosis of both
respiratory and metabolic origin, in a progressive degradation of muscle with a
major rhabdomyolysis, together with hyperkalemia responsible for cardiac
arrhythmia, hypercapnia and central hyperthermia. Hence, a MH crisis can be
lethal in absence of the prompt administration of sodium dantrolene, a calcium
channel blocker.

The exact prevalence of MH susceptibility is difficult to evaluate because
patients do not present with symptoms apart from exposition to the triggering
agent. Empirically, it has been estimated that each year 1 MH crisis arise among a
population of 2 million people in Europe or North-America. This estimation
probably underestimates the genetic MH susceptibility in the general population.
Indeed, it has been shown that some patients undergo a MH crisis only at the
second or third exposition to the triggering agent. Based on the genetic studies, it
was calculated that the frequency of RYR1 mutations responsible for MH could
reach 1/2,000 in the general population (Monnier et al. 2002).

Fig. 9.3 Pathologies associated to RyR1 dysfunction
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In vitro studies demonstrated that contraction of skeletal muscles fibers from
MH susceptible patients in response to caffeine or halothane was enhanced
compared to control. This observation was pivotal in the development of a biologic
testing allowing the identification of individuals at risk for MH, the in vitro
contracture test (IVCT). Two protocols are prevailing today, one used in North
America and the other in Europe, and although they are based on the very same
principle they differ in their experimental details and interpretation. In Europe, the
contraction level of muscle fibers bathed in buffers containing increasing doses of
caffeine or halothane allows to define phenotypes as normal (MHN), equivocal
(MHE, when fibers contract in response to low doses of only one of the triggering
agent), or susceptible (MHS, when muscle contracts in response to both agents).
Noticeably, patients tested as MHE are regarded as clinically susceptible to MH. In
the North American protocol, individuals are considered as susceptible to MH
whenever the fibers contract with caffeine or halothane. Positive testing in IVCT is
still the gold standard for MH diagnosis (EMHG 1984), but despite a 99 % sen-
sitivity and a 94 % specificity, this test can still lead to false positive results. In
Japan, a muscle biopsy is also required to test MH susceptibility, but the protocol
uses the measure of calcium induced calcium release on skinned fibers (Ibarra
et al. 2006). Independently of the protocol used to test MH susceptibility, genetic
analysis is mandatory to identify the mutation thus allowing less invasive testing of
relatives.

The RYR1 gene was linked to MH in 1990 (MacLennan et al. 1990; McCarthy
et al. 1990), and the first mutation described 1 year later (Gillard et al. 1991). To
date, more than 160 mutations have been associated to MH (Monnier et al. 2005;
Robinson et al. 2006; Sambuughin et al. 2005). The mutations are clustered in
three regions of the gene: MH1, corresponding to the N-terminal part of the protein
between amino acids 35 and 614; MH2, a central zone between amino acids 2,163
and 2,458; and MH3, localized in the C-terminal transmembrane domain
(Fig. 9.2). In the European population, exhaustive sequencing showed that 60–75
% of the MH susceptible families have a RYR1 mutation (Robinson et al. 2006),
suggesting the involvement of other genes. MH genetic heterogeneity was con-
firmed when the gene encoding the a1-subunit of the DHPR, was also linked to the
pathology, with different mutations being described in CACNA1S (Monnier et al.
1997; Pirone et al. 2011; Stewart et al. 2001; Toppin et al. 2010). However, genetic
detection of a RYR1 mutation has been accepted as an established cause of MH
only for 30 well-characterized RYR1 variants (http://www.emhg.org), and so far
only the identification in a patient of one of these 30 mutations can replace a
positive IVCT test as a formal MH diagnosis (Urwyler et al. 2001).

RYR1 mutations associated to MH are inherited on a dominant mode and are for
most of them missense mutations or small DNA deletion leading to in-frame
amino acids deletions. Some mutations are highly recurrent and patients with
homozygous RyR1 MH mutation have been characterized. Their phenotype was
similar to heterozygous patients, except for elevated plasma creatine kinase levels
(Monnier et al. 2002). Although MH is considered as a non-symptomatic syn-
drome without exposition to the triggering agent, clinical manifestations such as
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myalgias, cramps, and rhabdomyolysis have been reported among few MH sus-
ceptible patients, most of them after physical exercise (Wappler et al. 2001).

9.2.1.2 Exertional Heat Stroke

Exertional Heat Stroke (EHS) is characterized by hyperthermia, central neurologic
disorders, and variable levels of rhabdomyolysis during, or after, an intense or
prolonged physical exercise. EHS is considered as exercise-induced hyperthermia.

EHS should be distinguished from Heat Stroke (HS) arising from exposure to
overheated environment and Exercise-linked Rhabdomyolysis (ER), which usually
happens after an intense exercise inducing skeletal muscles damages resulting to
mechanical or metabolic stress. Notably, ER can precede EHS.

MHS, EHS, and ER are characterized by abnormal metabolic states with
enhanced oxidative stress and increased cytosolic calcium levels (Capacchione
et al. 2009). A common genetic defect has been hypothesized to explain this
hypermetabolic state. Accordingly, a few studies have shown that mutations in the
RYR1 gene are detected in ER or EHS patients (Tobin et al. 2001; Wappler et al.
2001), without a clear evidence of clustering (Fig. 9.4). Our laboratory has
recently shown in collaboration with the medical health service of the French
Army that 15 % of the patients presenting with an EHS phenotype had a positive
IVCT (unpublished data). Moreover, 25 % of these EHS/MHS patients had a
RYR1 variation. Without further analysis of these RYR1 gene variations, it is
however difficult to demonstrate their role in the pathophysiology of EHS. It can
still be concluded form this study that individuals with RYR1 MH-related varia-
tions could be at risk of EHS during intensive physical exercise, which is in
accordance with the usual recommendation made to MHS patients not to practice
prolonged and intensive physical activities (Hopkins et al. 2007).

9.2.2 Congenital Myopathies

9.2.2.1 A Heterogeneous Family of Pathologies

Congenital myopathies (CM) are a group of muscle diseases with heterogeneity in
clinical, genetic, and histological presentations whose discovery has been tightly
correlated with the development of histology and electron microscopy in the
1960s. The estimated incidence of CM is 6/100,000, which would rank CM among
the most frequent myopathies. CM are often associated with a neonatal hypotonia
of variable severity and a non-progressive muscle weakness. A primary diaphragm
dysfunction can be the major sign for severe dominant phenotypes. Molecular
genetic studies have revealed several genes responsible for the various forms of
CM: ACTA1, NEB, RYR1, SEPN1, MTM1, DNM2 … A first attempt of CM
classification has been performed based exclusively on the histological
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observations. However, the recent molecular studies have shown the existence of
various clinical presentations with overlapping histological and genetic bases
(Dubowitz and Swery 2007). The RYR1 gene was initially associated only with
dominant forms of Central Core Disease (CCD), but is now also linked to Multi-
minicore Disease (MmD), Core Myopathies with rods, CentroNuclear Myopathy
(CNM), and Congenital Fiber Type disproportion (CFTD) (Wilmshurst et al. 2010;
Clarke et al. 2010). Altogether, the pathologies involving the RYR1 gene, although
variable in their clinical signs, should be classified as RyR1-Related Congenital
Myopathies (RyR1-RCM).

Fig. 9.4 Occurrence of RyR1 mutations in association with different pathologies. Each mutation
is represented by a vertical bar on the sequence of RyR1, the length of which correspond to the
number of independent probands identified with the same mutation, and is classified by disease
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9.2.2.2 Dominant Myopathies Linked to RYR1

Central Core Disease and Other Moderate Forms

In 1956, Shy and Magee described a new non-progressive myopathy, inherited on
a dominant mode and affecting 5 patients from 2–65 years of age in three gen-
erations of the same family. The initial clinical description showed a congenital
hypotonia, a delayed motor acquisition during childhood, and a slow evolution
toward legs proximal muscles weakness (Shy and Magee 1956). Histological
analysis revealed the presence in central portion of the fiber of numerous zones
devoid of oxidative and phosphorylative activities (Fig. 9.5a), spanning along the
entire longitudinal axis of the muscle. In 1958 the name ‘‘Central Core Disease’’

(a) (b)

(c) (d)

Fig. 9.5 Histological abnormalities observed in RyR1-RCM. a Central Cores (NADH-TR
staining). b Minicores (NADH-TR staining). c Nuclear centralization (Hematoxyline-eosin
staining). d Cores (star) and rods (arrow)
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was proposed for such a clinical presentation (Greenfield et al. 1958). Cores
morphology observed in electron microscopy is in agreement with histological
data, showing absence of mitochondria and of sarcoplasmic reticulum in these
regions associated with massive sarcomeric disorganization. Although the Central
Core Disease initially described by Shy and Magee is the main dominant form,
other histological presentations have been described (cores and rods, multiple
cores, minicores) (Table 9.1 and Fig. 9.5) (Romero et al. 2005), associated with
moderate hypotonia in early childhood, delay in motor milestone acquisition, and
muscle weakness. The walking ability is usually preserved and the evolution is
slowly progressive, although orthopedic complications often give rise to scoliosis.
In less than 10 % of the cases, a severe neonatal hypotonia is associated to delay in
motor function acquisition, however the evolution is usually favorable. The
involvement of the 19q13.1 locus, which contains the RYR1 gene, has been pro-
posed since 1990 by linkage analyses performed in families with dominant forms
of CCD (Haan et al. 1990). To date, tenths of mutations in RYR1 have been
associated with dominants forms of CCD, with more than 85 % of them being
localized in the C-terminal pore forming region of the protein (Lynch et al. 1999;
Monnier et al. 2000; Monnier et al. 2001; Scacheri et al. 2000). The identified
CCD mutations are until now exclusively missense mutations or in-frame micro
deletions of one or few amino acid. From our experience on a cohort of 116
patients with moderate forms of CCD, 40 % of the 71 mutations we have found are
recurrent or highly recurrent (Fig. 9.4). Mutation p.Arg4861His was for instance
identified in 13 % of the patients, and mutation p.Arg2508Cys in 6 % of the
patients. De novo mutations are very frequent (25 %) in these dominant CCD
forms.

Severe Dominant Neonatal Cores Myopathy

Although the majority of dominant mutations of RYR1 are associated with mod-
erate forms of the disease, in our experience 15 % of them were associated with a
severe neonatal hypotonia that led to respiratory failure and could be lethal in the
first weeks. Half of these patients required respiratory assistance, 2/3 did not

Table 9.1 Major histological presentations in RyR1–RCM

Dominant RyR1–RCM
(n = 136) (%)

Recessive RyR1–RCM
(n = 106) (%)

Central cores 74,3 17
Cores + rods 5,9 9,4
Multiple cores 11,8 43,4
Centralized nucleus 0 12,3
CFTD 0 2,8
Atypical 8 15,1
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acquire walking and 1/3 showed signs of multiple arthrogyposis from birth. These
severe forms of CCD were associated with de novo missense mutations localized
in the C-terminal domain (Fig. 9.2), half of them being clustered in the last luminal
loop forming the pore of the RyR1 channel.

Inter- and Intra familial Phenotypic Heterogeneity

Recurrent mutations have allowed the study of interfamilial phenotypic hetero-
geneity for CCD. Among the 83 dominant mutations our laboratory has identified,
5 are responsible for both severe and moderate clinical signs. For instance the
p.Arg4861Cys mutation detected in 30 % of de novo severe forms has also been
identified in 3 % of the moderate forms of CCD. Along the same line, the
p.Ile4898Thr mutation associated to moderate phenotypes has been associated to a
lethal de novo myopathy in twins (Hernandez-Lain et al. 2011). Such variability in
phenotypic expression can be observed among members of the same family and in
8 % of the families we have explored, clinical signs worsened from one generation
to the next. Only once was the aggravation associated to another variation in the
RYR1 gene (Monnier et al. 2008) showing that intrafamilial variability could arise
from genetic background or variations in modifying genes.

9.2.2.3 Recessive Mutations Associated to RyR1

The description of recessive forms of congenital myopathies linked to RyR1 is
more recent (Ferreiro et al. 2002a; Monnier et al. 2003; Romero et al. 2003).
Congenital Multi-minicore Disease (MmD) of recessive mode of inheritance was
defined on histological bases by the observation of multiple small regions devoid
of oxidative activity, of only few sarcomers length, in both type I and II fibers
(Ferreiro et al. 2000). The selenoprotein N gene (SEPN1) was first associated with
50 % of the severe so-called ‘‘classical’’ forms of MmD (Ferreiro et al. 2002b).
However, RYR1 mutations were further identified in families with MmD forms
associated with external ophtamloplegia, as an indication of the genetic hetero-
geneity of MmD (Monnier et al. 2003).

Further molecular studies showed that the number of MmD patients harboring
RyR1 mutations was more important than initially suspected (Klein et al. 2012;
Monnier et al. 2008; Zhou et al. 2006). Recessive RyR1 mutations have been
identified in 30 % of the severe MmD cases we have analyzed. Clinical signs of
MmD comprise neonatal hypotonia, severe respiratory failure, sucking and
swallowing difficulties, eye muscle involvement (ophtalmoplegia, ophtalmopare-
sis, ptosis), arthrogryposis, and skeletal deformations in 1/3 of the cases (scoliosis,
cyphoscoliosis, hyperlordosis). The generalized muscle weakness leads to lethality
in 30 % of the severe cases. The clinical signs associated to moderate recessive
forms of MmD linked to RyR1 mutations are similar to those of moderate
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dominant forms of CCD, except for eye muscle involvement, usually not associ-
ated to CCD.

Histologically, the analysis of MmD can be confusing because of the large
spectrum of signs, which can even be associated to other forms of congenital
myopathies. First the cores can vary in size, number or morphology, depending on
the muscle explored or the age of the patient. Cores presentation can vary for a
same patient on biopsies performed at different ages. Cores can also be associated
with rods, or nuclei internalization, that are the main sign for the Centronuclear
Myopathy (CNM). Nevertheless, opposite to CNM, internalizations of nuclei are
usually associated in MmD with myofibrilar disorganization. At last, nonspecific
histological presentations have also been reported, with a few centralized nuclei,
local myofibrilar disorganization, predominance or hypotrophy of type I fibers. In
rare cases a fiber type disproportion has also been described (Fig. 9.5).

Whereas mutations in the RYR1 gene leading to CCD are clustered in hot spots,
mutations linked to MmD are spread all along the coding sequence (Fig. 9.4). Our
laboratory has entirely sequenced the RYR1 gene in 106 families with recessive
RyR1-RCM. Seventy five percent of the mutations we have detected are missense
or small duplication/deletion mutations, among which 8 % are also known to be
responsible for MH when expressed at the heterozygous state. The remaining 25 %
of the mutations are nonsense mutation or are mutations affecting mRNA or
protein stability, leading to a quantitative defect of RyR1 in the affected muscle
(Monnier et al. 2008). A compound heterozygous status with 2 associated mis-
sense mutations was found for 58 % of the patient with a recessive form of RyR1-
RCM. In 37 % of these cases a missense mutation was associated with a mutation
affecting the quantity of RyR1 protein (nonsense or splicing mutation). Two
mutations affecting RyR1 quantities were associated with only 5 % of the cases,
(Klein et al. 2012; Monnier et al. 2003; Monnier et al. 2008; Zhou et al. 2006).
However, a RyR1-RCM with complete loss of RyR1 protein has never been
described so far, in good agreement with studies performed on mice showing that
deletion of the RYR1 gene is lethal (Takeshima et al. 1994).

9.2.2.4 Complexity of RyR1-RCM Diagnosis

RyR1-RCM are among the most frequent congenital myopathies. Historically,
RyR1-RCM were classified into clearly distinct entities: MH, which manifestation
follows exposition to inhalational anesthetics, and CCD, characterized by muscle
weakness and histologically diagnosed after analysis of muscle biopsies. The
identification of core structures on muscle sections has remained a strong hint of a
pathology linked to the RYR1 gene, especially with the increasing number of
recessive mutations involved in MmD. The presence of cores as a sign of Core
Myopathy should nonetheless be taken with care. A study realized in our labo-
ratory on a panel of 242 Malignant Hyperthermia patients without any muscle
weakness has shown the presence of cores in 20 % of the biopsies (Monnier et al.
2005). These patients harbored a RYR1 mutation, cores had been observed on

178 J. Fauré et al.



muscle sections, but they did not show clinical signs of a myopathy. They should
therefore be classified as ‘‘MHS patients with cores’’ rather than MH/CCD patients
as it is sometimes stated in the literature. The ‘‘CCD/MH’’ phenotype should
exclusively be attributed to patients that present with clear signs of both pathol-
ogies, on the histological and clinical point of view, which mean they have both a
muscle weakness together with a positive susceptibility to MH.

With the increasing heterogeneity of clinical presentations that can be linked to
RYR1 mutations, histopathology analysis has to be backed by other techniques to
refine the diagnosis. Interestingly, the skeletal muscles MRI profile from RyR1-
RCM patients has been described as typical and could be used as a strong indi-
cation for investigations of the RYR1 gene. The gluteus maximus from limb girdle,
the vastus lateralis, adductor magnus, and sartorius from tight as well as the
soleus from the leg are often altered, whereas the rectus femoris, biceps femoris,
gracilus, and gastrocnemius are preserved (Jungbluth et al. 2004; Quijano-Roy
et al. 2011). Genetic studies are nevertheless mandatory to show the involvement
of RYR1. Although RyR1 mutations are frequent and spread all over the coding
sequence, about 40 % of patients with well-characterized forms of CCD analyzed
in our laboratory have no mutation in their entire RyR1 coding sequence, showing
also a genetic heterogeneity of this congenital myopathy.

The ongoing introduction of massive parallel sequencing (or Next Generation
Sequencing, NGS) in clinical diagnosis will most probably modify the strategies
used to investigate heterogeneous muscle diseases. With such powerful sequencing
capacity, it will be tempting to systematically sequence RYR1 gene for any clinical
presentation with minimal signs of RyR1-RCM. This approach will probably be
useful but must be balanced with the complexity of the pathophysiological
mechanisms so far revealed. With an expected increase in the number of detected
RyR1 variants, it will soon be mandatory to have clear information regarding the
functional effect for each of these variations in order to unambiguously confirm
their role in the pathology: disease causing mutation, modifying factor or poly-
morphisms. The detailed investigation of pathophysiological mechanisms for
RyR1-RCM is thus a key step in the diagnosis process of these myopathies.

9.3 Pathophysiological Mechanisms Associated to RyR1
Mutations

Several mechanisms have been proposed to explain the impact of missense RyR1
mutations (Betzenhauser and Marks 2010; Lanner et al. 2010; MacLennan and
Zvaritch 2011), as a result of functional studies performed using different tools. A
number of studies used cells produced from the patients (primary muscle cultures,
myotubes produced from patient’s fibroblasts transformed into muscle progenitors
by MyoD expression, or immortalized lymphocytes). Other studies used expres-
sion of mutant RyR1 in non-muscle cell lines (HEK cells) or in mouse muscle cells
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devoid of endogenous RyR1 (primary culture from RyR1 KO mouse muscles).
Some mutations have been studied with the different expression systems, and the
proposed mechanisms are different, indicating that each expression system has its
limitation and drawback. Therefore the actual pathophysiological mechanisms
resulting from a precise mutation are probably more complex than the simplified
and schematic mechanisms described thereafter.

9.3.1 RyR1 Gain of Function

Some of the studies led to the conclusion that mutant forms of RyR1 have a gain of
function, i.e., the channel is releasing an increased amount of calcium in some
conditions. This gain of function could have two expressions. First it can result in a
hypersensitivity of the channel to pharmacologic agents (halothane, caffeine,…),
which is characteristic of the so-called ‘‘MH mutation.’’ This is typically what is
assayed when performing IVCT, and correspond to the shift in the dose response
curve representing the amplitude of calcium released by increasing concentrations
of caffeine or chlorocresol. It has been proposed that these MH mutations lower
the threshold of RyR1 activation by luminal calcium in the presence of triggering
agents, thus inducing massive and physiologically mis-regulated calcium efflux
(Tong et al. 1997). This calcium overload would then be responsible for the
generalized muscle contraction and the hypermetabolic state typical for the MH
crisis. The second expression of a RyR1 gain of function is a calcium leak in
physiological situations where the channel should be closed, at very low (\lM) or
very high ([mM) calcium concentration. If this calcium leak is not compensated
by an increased calcium flux toward the SR, it will result in a reduction in the
amount of calcium stored in the SR. As a consequence the amount of calcium
released upon stimulation will be reduced, and so will be the muscle contraction
(Tong et al. 1999). Depending on the expression system used to assay such
mutations (muscle cells equipped with all the calcium channels and pumps, or non-
muscle cells expressing only few of them) and on the type of expression performed
(transient expression or long term, chronic expression) a compensation of the
calcium leak can be in place or not. This compensation can be performed for
example by overexpression of SERCA pumps or of the membrane calcium channel
involved in SOCE (Store Operated Calcium Entry), both mechanisms leading to an
increase in the calcium flux toward the SR. But the compensatory overexpression
of proteins will only occur upon chronic alteration. As a consequence, discordant
results have been reported for the same mutation. For example, an increase in the
basal cytosolic calcium concentration has been observed in some expression
systems but not in other for the p.R2435L mutation (Dirksen et al. 2004; Ghassemi
et al. 2009). The ‘‘physiological’’ calcium leak does not always lead to a detectable
increase in the cytosolic calcium concentration at rest, but it is always translated in
a reduction in the amount of calcium stored, explaining why mutations resulting in
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a gain of function in RyR1 at rest could be also associated with congenital
myopathies (Ghassemi et al. 2009).

The molecular mechanisms leading to RyR1 gain of function and to calcium
leak has been related to redox state of the muscle fiber. For many years, RyR1 has
been known as sensitive to oxidizing agents (Eu et al. 2000), and has been pro-
posed as a redox sensor in the skeletal muscle cell (Hidalgo et al. 2005). The
amino acids involved in this sensibility have been identified (Aracena-Parks et al.
2006), and it has been shown that oxidative modification like S-nitrosylation of
RyR1 results in a reduction in its association to FKBP12 (Aracena et al. 2005;
Zissimopoulos et al. 2007). FKBP12 stabilizes RyR1 closed state (Brillantes et al.
1994), and dissociation of FKBP12 from RyR1 leads to a leaky calcium channel.
This calcium leak increases the production of oxygen or nitrogen reactive species,
which in turn increase the oxidative modifications of RyR1 and the calcium leak,
in a deleterious circle. This mechanism has been observed in association with other
pathologies such as Duchenne Muscular dystrophy (Bellinger et al. 2009) and
aging (Anderson et al. 2011), where it amplified the muscle weakness but it has
also been observed as a direct consequence of a RyR1 mutation, for example the
p.Y522S mutation (Durham et al. 2008).

9.3.2 RyR1 Loss of Function

A second mechanism has been described to explain the effect of missense RyR1
mutation associated with congenital myopathies. An alteration of the E–C cou-
pling, i.e., the coupling between the DHPR and RyR1, has been proposed to be at
the origin of the pathology, and has been named ‘‘E–C uncoupling’’ (Dirksen et al.
2002). The observed effect of different mutations showed that membrane depo-
larization induced a reduction in calcium release although resting calcium levels
were normal, excluding the presence of a leaky RyR1. The p.I4898T mutant form
of RyR1 is for instance not able to mediate calcium efflux when stimulated by the
DHPR (the coupling mechanism called ‘‘orthograde’’). However the presence of
the p.I4898T mutation does not alter the regulation of DHPR by RyR1, also called
‘‘retrograde coupling,’’ a mechanism that requires the sole presence of RyR1
channel in front of the DHPR, showing that the RyR1 tetramer is correctly targeted
to the triad (Avila et al. 2001). More than an ‘‘E–C uncoupling,’’ this mechanism is
in fact an alteration of the permeability of RyR to calcium, which has now been
clearly demonstrated in a mouse model reproducing this p.I4898T mutation (Loy
et al. 2011). The consequence of this kind of mutation, lethal at the homozygous
state in mouse, is a muscle weakness, which most probably correlates to inefficient
coupling between the excitation stimulus mediated by DHPR and RyR1 channel
opening. A physical ‘‘E–C uncoupling,’’ namely the abolition of the interaction
between DHPR and RyR1, has never been observed up to now, either because it
too damaging for the cells, or because it relies on multiple contact points,
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involving different regions of RyR1, and could not be altered by a single point
mutation.

9.3.3 Reduction in RyR1 Amount

The description of patients with mutations affecting RyR1 expression level has led
to the most recent pathophysiological mechanism hypothesized (Monnier et al.
2008; Zhou et al. 2006). This mechanism is mostly associated to recessive forms,
i.e., with two simultaneous RyR1 mutations. In this case, the presence of a ‘‘null’’
mutation (resulting in the complete absence of protein production from one allele)
leads to the expression of the second RyR1 variation in a hemizygous context. The
severity of the pathology in such a case depends on the nature of the expressed
second mutation as well as on the residual expression level of the hypomorphic
allele. In these patients, all the RyR1 expressed at the protein level could be
mutated, as there is only one allele able to produce a protein. Therefore there is not
only a reduction in the amount of channel expressed in the SR membrane, but also
the expression of mutant RyR1 monomer in high proportion. This elevated per-
centage of mutant monomer can be very damaging, although its impact would
have been milder if expressed together with a normal RyR1 allele. The overall
reduction in RyR1 expression level could also have an impact on the stoichiometry
of proteins of the CRC and its function. If the expression level of regulatory
proteins (triadin, junctin, calmodulin…) is unchanged, reduced amounts of RyR1
could lead to an excess of these free regulatory proteins, which could have a
negative effect on CRC function.

The tetrameric organization of RyR1 and its physical interaction with DHPR
add complexity to the interpretation of the effect of mutations. The balance of
combinations between normal or mutant monomers of RyR1 arising from domi-
nant forms of myopathies, or between mutant monomers in recessive forms, is a
factor that may influence the apparent discrepancy of clinical outcome and his-
tological presentation for identical genotypes (MacLennan and Zvaritch 2011).

9.4 Conclusion

In the past decade, the class of pathologies involving RyR1 has expanded beyond
its ‘‘classical’’ manifestation, MH, and CCD. While the complete analysis of RyR1
sequence became more accurate despite the complexity of the gene, it appeared
that variations present on almost every exon of RYR1 could be associated to some
form of myopathy. The heterogeneity of RyR1-related myopathies described so far
may increase when routine massive parallel sequencing will be available in
diagnosis, pointing to the necessity of understanding the intimate mechanisms
leading to mis-regulation of calcium release in these pathologies. So far, the mouse
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models expressing some of the RyR1 mutations associated to human pathologies
have confirmed important observations: morphologic alterations due to RyR1
mutation can have various forms, and structural abnormalities linked to different
congenital myopathies (CCD, MmD, rods myopathies) could share the same eti-
ology (MacLennan and Zvaritch 2011). These models, as well as future mice lines,
will be pivotal in deciphering RyR1 pathophysiological mechanisms, together with
cellular models reproducing the function of RyR1 in the calcium release complex.
Although general mechanisms leading to RyR1 dysfunction seem to be under-
stood, a detailed analysis of cellular and physiological models are still required to
decipher the precise pathophysiology of RyR1-RCM. Several questions are in
particular still unsolved such as: why is the characteristic feature of RyR1-RCM a
depletion of mitochondria from focal zones of the muscle cells? Why are the
myofibrillar apparatus of these cells also disorganized? How do the cellular default
progress and why is the pathology usually not progressive?

Finally, it is tempting to speculate that if the RYR1 gene is associated to so
many forms of muscle dysfunction due to calcium efflux dysregulation, it could
also be associated to pathologies based on neuronal dysfunction. RyR1 is
expressed in some neurons and recent data showed that a mutant form of RyR1 has
indeed an impact on neuronal function (De Crescenzo et al. 2012). The future
exploration of neuronal disorders with next generation sequencing technologies
will probably provide new directions to explore in the pathophysiology of RyR1.
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Chapter 10
The Lambert-Eaton Myasthenic
Syndrome

Paul W. Wirtz, Maarten J. Titulaer and Jan J. G. M. Verschuuren

Abstract The Lambert-Eaton myasthenic syndrome (LEMS) is an autoimmune
disease of the neuromuscular junction. The main symptom in LEMS is proximal
muscle weakness in the legs, which is the presenting symptom in most patients.
Autonomic dysfunction is also part of the clinical spectrum. Neurological exam-
ination generally reveals low or absent tendon reflexes. The muscle weakness and
autonomic dysfunction are caused by pathogenic autoantibodies directed against
voltage-gated calcium channels (VGCC) present on the presynaptic nerve termi-
nal, causing a decreased release of acetylcholine from nerve terminals. Half of the
patients have an associated tumour, usually a small cell lung carcinoma, which
expresses VGCC on its surface. If the diagnosis of LEMS is suspected from the
distinctive clinical features, confirmation of the diagnosis depends on detection of
VGCC autoantibodies or characteristic electrodiagnostic findings. Treatment of
LEMS is based on drugs which act at the neuromuscular synapse by increasing
either the release or the concentration of acetylcholine, drugs which suppress the
immune response or treatment of the underlying tumour.

P. W. Wirtz (&)
Department of Neurology, Haga Teaching Hospital, The Hague, The Netherlands
e-mail: p.wirtz@hagaziekenhuis.nl

M. J. Titulaer
Department of Neurology, Erasmus Medical Center, Rotterdam, The Netherlands

M. J. Titulaer
Department of Neurology, Hospital Clinic, The University of Barcelona, Institut
d’Investigacions Biomèdiques August Pi i Sunyer [IDIBAPS], Barcelona, Spain

J. J. G. M. Verschuuren
Department of Neurology, Leiden University Medical Center, Leiden, The Netherlands

N. Weiss and A. Koschak (eds.), Pathologies of Calcium Channels,
DOI: 10.1007/978-3-642-40282-1_10, � Springer-Verlag Berlin Heidelberg 2014

189



10.1 Introduction

In 1953, Anderson and colleagues described a 47-year-old man with progressive
muscle weakness of the legs, subsequently of the arms and neck, with transient
diplopia and swallowing difficulties (Anderson et al. 1953). Neurological examination
revealed proximal muscle weakness and diminished tendon reflexes. Prolonged apnea
followed succinylcholine administration during general anaesthesia, but the symp-
toms improved on edrophonium and neostigmine. The patient improved dramatically
after removal of a small cell lung carcinoma (SCLC). The authors concluded to ‘‘a
possible relation between the carcinoma of the lung and myasthenia’’. This was the
first description of a patient with the Lambert-Eaton myasthenic syndrome (LEMS).

Lambert, Eaton and Rooke noticed that the small group of patients with the
clinical features of myasthenia and a lung carcinoma had electromyographical
(EMG) evidence of a defect in neuromuscular transmission that was different from
that of myasthenia gravis (MG) (Lambert et al. 1956). These findings were of low
amplitude of the compound muscle action potential (CMAP), a further decline
during repetitive nerve stimulation (RNS) at a rate of 1–10 Hz, but a marked
facilitation, up to 10 times the initial amplitude, during stimulation at higher
frequencies or during voluntary contraction. As the authors stated, these EMG
findings resembled that of MG, ‘‘however the depression of the initial response and
the phenomenon of facilitation were more marked than is usually observed in the
latter disorder’’. Until today, these electrophysiological abnormalities are used in
establishing the diagnosis of LEMS.

However, insights in other parts of the disease have changed considerably.
Research in the 1980–1990s into the pathophysiology made LEMS to be the second
disease, with MG, to meet all criteria for an antibody-mediated autoimmune disease.
These criteria by Witebsky, Rose et al. from 1957 were derived from the Koch’s
postulates (Witebsky et al. 1957), and adapted in 1990 and 1993 by Drachman and
Rose, respectively (Drachman 1990; Rose and Bona 1993). In the last decennium,
new information became available about the HLA association, and important
developments have been published about the clinical picture, the relation with
respect to tumours (frequency, timing and risk assessment) and about treatment.

10.2 Pathophysiology

Elmqvist and Lambert showed a decreased release of acetylcholine from motor
nerve terminals in a microphysiological study on intercostal muscle of a patient
(Elmqvist and Lambert 1968). The miniature endplate potentials, as produced by
spontaneously released quanta of acetylcholine, were normal in frequency and
amplitude, but the quantal content after stimulation was reduced, as shown by a
reduced endplate potential amplitude. This reduction of number of acetylcholine
quanta released from the nerve terminal in response to a stimulus proved that the
defect in neuromuscular transmission was presynaptic.
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10.2.1 Antibody-Mediated Autoimmune Disease

Lambert and Rooke already noted that not all patients with this myasthenic syn-
drome had a carcinoma (Lambert and Rooke 1965). Gutmann et al. described the
concurrence with several autoimmune disorders (Gutmann et al. 1972) and organ-
specific antibodies found in other autoimmune diseases were shown in 24 % of
LEMS patients with SCLC and 44 % of LEMS patients with no detectable tumour
(O’Neill et al. 1988). Autoimmune diseases were more frequently found in family
members of LEMS patients without a tumour as well (Wirtz et al. 2004a). Fur-
thermore, LEMS without SCLC was associated with HLA-B8 (Willcox et al.
1985; Wirtz et al. 2001). The HLA genotype is considered the most important
genetic marker of susceptibility to many autoimmune diseases. HLA-B8 was
known to be associated with other autoimmune diseases like MG and coeliac
disease as well. In LEMS with SCLC, no HLA association was found (Wirtz et al.
2005b). Clinical improvement of LEMS after immunosuppressive therapy was
another observation supportive of an autoimmune aetiology (Streib and Rothner
1981). More recently, transient neonatal LEMS caused by passive placental
transfer of maternal antibodies was described (Lecky 2006; Reuner 2008).

An important step in identifying Voltage-gated calcium channels (VGCC) as
the target antigen in LEMS were freeze fracture electron microscopy studies of
motor nerve terminals in LEMS patients (Fukunaga et al. 1983). These showed
loss of active zone particles, believed to be the morphological representation of
VGCC. Injection of LEMS serum IgG into mice produced the same clinical and
electrophysiological signs (Lang et al. 1987; Fukunaga et al. 1983). Moreover, IgG
could be demonstrated on the motor nerve terminal at the position where VGCC
are thought to be concentrated (Fukuoka et al. 1987).

Several studies which followed showed evidence that the neuromuscular as well
as the autonomic symptoms are caused by the antibodies against P/Q-type VGCC,
which are found in most patients with LEMS. Antibodies can be detected by
radioimmunoprecipitation of VGCC extracted from human or mammalian cere-
bellum that are labelled with 125I-x-Conotoxin (w-CmTx) MVIIC, a snail toxin
that binds to the P/Q-type VGCC and inhibits neuromuscular transmission (Mo-
tomura et al. 1995; Lennon et al. 1995). SCLC cells are derived from the neuro-
ectoderm and secrete a variety of neuropeptides including serotonin and ACTH.
SCLC express different types of VGCC on their surface, and LEMS IgG reduces
the numbers of VGCC in these cells and in other cell lines expressing the calcium
channels (Pinto et al. 1998). Active immunisation with VGCC-peptides results in
mild myasthenic symptoms in rats (Komai et al. 1999). Autonomic dysfunction is
likely to be caused by antibodies against, particularly, the P/Q-type VGCC as well.
P/Q-type and N-type VGCC are present at the presynaptic nerve terminals of the
autonomic nervous system, both parasympathetic and sympathic. Mice injected
with LEMS IgG showed a reduction in transmitter release subserved by P/Q-type
VGCC, and to a lesser extent by N-type VGCC (Waterman et al. 1997).
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Altogether, these data prove LEMS to be an antibody-mediated autoimmune
disorder.

10.2.2 VGCC and Other Antigens

The a1A-subunit, which forms the central ion pore in P/Q-type VGCC, presumably
is a functional important immunogen in LEMS. This was shown in a study in
which the effect of LEMS serum on calcium influx in human embryonic kidney
cells transfected with different cloned a1-subunits was recorded, the cells
expressing the x1A-subunit being the most effectively blocked (Pinto et al. 1998).
In part of LEMS patients antibodies to the S5-6 extracellular region of the four
domains that form the a1A-subunit were found (Takamori et al. 1998; Parsons et al.
2002). Antibody response to domain I and III was similar in LEMS without tumour
and paraneoplastic LEMS, but response to domain IV was more common in LEMS
without tumour (Pellkofer et al. 2008). Even the intracellular portion of the b-
subunit of the VGCC is found to be an antigenic target in more than half of the
LEMS patients (Verschuuren et al. 1998; Raymond et al. 1999).

VGCC link to the muscle-derived synapse organiser laminin b to organise
presynaptic active zones in motor nerve terminals, mice with mutations hindering
this link showed a loss of aggregation of active zones, but no clinical or electro-
physiological features (Nishimune et al. 2004; Chen et al. 2011).

Mutations in the CACNA1A gene, which codes for the a-subunit of P/Q-type
VGCC, cause hemiplegic migraine or episodic ataxia type 2. Ataxia is seen in both
disorders, as P/Q-type VGCC is also expressed in Purkinje cells in the cerebellum.
A small part of the LEMS patients has cerebellar ataxia, often being paraneoplastic of
origin as well (Titulaer et al. 2008a). A post-mortem study showed a marked reduction
in P/Q-type VGCC in the cerebellum of a LEMS patient with SCLC and cerebellar
degeneration (Fukuda et al. 2003). Mice with P/Q-type VGCC CACNA1A mutations
showed, similar to humans, ataxia and muscle weakness and the characteristic elec-
trophysiological abnormalities of LEMS (Kaja et al. 2007). These observations
suggests that in a small proportion of LEMS patients the immune response extends to
the cerebellum, although it is unknown if the epitopes are similar in the neuromuscular
synapse and the cerebellum.<Query ID="Q5" Please note that part labels a, b and c are
mentioned in Fig caption, but not given in the art work for Fig. 10.1" –>

The presence of VGCC antibodies against different parts of the calcium channel
is presumably the result of presentation of these antigens after the initial immune-
mediated attack on the VGCC. In line with this, antibodies against other synapse-
associated proteins are found in LEMS patients, like synaptotagmin, a synaptic
vesicle protein (Leveque et al. 1992). Especially in LEMS patients with SCLC,
antibodies against Hu and SOX are found (Mason et al. 1997; Sabater et al. 2008;
Titulaer et al. 2009). Hu proteins are expressed in neurons and play an important
role in the development and maintenance of the nervous system. SOX proteins are
transcription factors that have critical roles in the regulation of developmental
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processes (Bylund et al. 2003; Sandberg et al. 2005). Both proteins are expressed by
SCLC, like VGCC. This suggests that the immune response elicited by the tumour
is directed against several SCLC-related proteins. SOX antibodies had a sensitivity
of 67 % and a specificity of 95 % to discriminate between LEMS with SCLC and
non-tumour LEMS. Neither clinical picture nor difference in survival was observed
between SOX positive and SOX negative SCLC patients (Titulaer et al. 2009).

10.3 Clinical Characteristics

10.3.1 Symptoms

The main symptom in LEMS is proximal muscle weakness in the legs, which is the
presenting symptom in most patients (O’Neill et al. 1988; Titulaer et al.
2008a).Weakness is often accompanied by muscle aching or stiffness (O’Neill et al.
1988). Limb weakness can be worse in hot weather (O’Neill et al. 1988). Weakness
in the arms is less prominent, but does occur in most patients. During the course of
the disease, weakness of extraocular muscle can occur, presenting as a ptosis or
diplopia, being often transiently present. Bulbar symptoms are also often mildly
present. Generally, weakness in LEMS tends to develop in a caudocranial direction,
while in the opposite direction in MG (Wirtz et al. 2002b). In contrast to MG, it is
very rare to find isolated extraocular muscle weakness in LEMS, although it has been
reported (Wirtz et al. 2002b; Rudnicki 2007; Titulaer et al. 2008c). Cerebellar ataxia
is seen in some LEMS patients (Titulaer et al. 2008a).

Most patients have signs of autonomic dysfunction, most frequently a dry
mouth (O’Neill et al. 1988; Titulaer et al. 2008a; Pellkofer et al. 2009a). Other
frequent manifestations of autonomic dysfunction are male impotence and con-
stipation. Less frequent autonomic signs are orthostatic hypotension, micturition
difficulties and dry eyes (Titulaer et al. 2011a).

Neurological examination generally reveals low or absent tendon reflexes.
Immediately after contraction of the muscle being tested the reflexes may increase.
This post-exercise facilitation is the characteristic of LEMS. This facilitation may
also be seen when testing muscle strength, the strength increasing after initial
voluntary contraction. However, being present in only 40 % of patients it is not a
very sensitive sign (Odabasi et al. 2002; Oh et al. 2005). This facilitation can mask
the reduced tendon reflexes. Therefore, tendon reflexes should be tested after a
period of rest if a diagnosis of LEMS is suspected.

10.3.2 Small Cell Lung Cancer

Small cell lung cancer (SCLC) is a neuroendocrine tumour strongly related to
smoking. SCLC is found in about half of the patients with LEMS (O’Neill et al.
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1988; Nakao et al. 2002; Wirtz et al. 2004b). LEMS has been described in patients
with several other types of tumours, but is unclear if there is a causal relation
(Wirtz et al. 2002a). SCLC is found after the onset of LEMS in most patients,
generally within 2 years. Using chest X-ray only is inadequate for the detection of
SCLC (Titulaer et al. 2008b). Screening with CT-thorax or PET scans detected
SCLC in 91 % of patients within 3 months after the diagnosis of LEMS (Titulaer
et al. 2008b). Specific symptoms do not distinguish between patients with and
without underling SCLC, but LEMS associated with SCLC has a more progressive
course (Wirtz et al. 2005c).

10.3.3 Differential Diagnosis

LEMS can be difficult to recognise initially. In most patients with LEMS an
alternative diagnosis is made at first (Titulaer et al. 2011a). Diagnostic delay is
often long, particularly in patients without a tumour (Wirtz et al. 2004b).

MG is the most common alternative diagnosis made in patients with LEMS
(O’Neill et al. 1988). Like LEMS, MG is an acquired autoimmune disorder with a
defective neuromuscular transmission, characterised by variable weakness. How-
ever, 90 % of MG patients start with oculobulbar symptoms, as opposed to only
5 % in LEMS (Wirtz et al. 2002b). Generally, muscle weakness in MG evolves in
a craniocaudal direction, as opposed to the reverse in LEMS (Wirtz et al. 2002b).
Decreased tendon reflexes and autonomic dysfunction are features of LEMS, and
not of MG (O’Neill et al. 1988). MG can be distinguished from LEMS by different
findings after RNS and by autoantibody testing.

Myopathies often present with proximal, symmetric muscle weakness, like
LEMS. Especially, inclusion body myositis is common in older patients and
typically presents with weakness of quadriceps muscles. Creatine kinase (CK) is
substantially elevated in many myopathies, but not in LEMS. Autonomic symp-
toms point towards LEMS. In some patients, a psychiatric disorder is considered,
because the patient’s symptoms often sound disproportionate to the rather limited
signs on neurological examination.

If only standard nerve conduction without RNS in a patient with LEMS is
performed, the low CMAP amplitude can be mistaken for an axonal polyneu-
ropathy or motor neuron disease. Some patients with a rather acute development of
symptoms may wrongly be diagnosed with Guillain-Barré syndrome, although
sensory symptoms or radicular pain are not found in patients with LEMS. In motor
neuron disease, fasciculations, atrophy and asymmetry contrast the signs and
symptoms in LEMS.

Especially, in patients with a SCLC the symptoms of LEMS could be misin-
terpreted as a consequence of cachexia or chemotherapy.
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10.4 Diagnosis

If the diagnosis of LEMS is suspected from the distinctive clinical features,
confirmation of the diagnosis depends on detection of VGCC autoantibodies or
characteristic electrodiagnostic findings.

10.4.1 Anti-Voltage-Gated Calcium Channel Antibodies

Using a standard radioimmunoassay, antibodies against 125I-x-CmTx MVIIC
labelled (P/Q-type) VGCCs are detected in significant titers in 85–90 % of LEMS
patients (Motomura et al. 1997). About 33 % of these sera are also positive for
125I-x-CgTx GVIA labelled (N-type) VGCC antibodies (Motomura et al. 1997).
Some patients also have antibodies to L-type VGCC (Johnston et al. 1994). Anti-P/
Q-type VGCC antibodies were detectable in 1–4 % of patients with SCLC and no
neurological symptoms (Titulaer et al. 2009; Lang et al. 1998) Also, 24 % of
patients with SCLC and paraneoplastic cerebellar degeneration had anti-P/Q-type
VGCC antibodies, half of whom had no manifestations of LEMS (Mason et al.
1997). In clinical practice, only P/Q-type VGCC antibodies are important in the
diagnostic phase, and not the more rare N-type of L-type VGCC antibodies.

10.4.2 Electrodiagnostic Features

Eaton and Lambert first defined the classical electrophysiological characteristics of
LEMS (Eaton and Lambert 1957). They demonstrated reduced amplitude of the
resting CMAP obtained by supramaximal nerve stimulation in patients with
LEMS. Further decrement was seen with slow RNS at rates less than 10 per
second. However, following high rate RNS ([10 Hz) or 10 s of maximal voluntary
contraction, there was an increase in CMAP amplitude, typically over 100 %.
These results suggested that the neuromuscular transmission disorder was pre-
synaptic. The combination of a low first CMAP, decrement on low rate RNS, and
increment after high rate RNS in a patient with acquired proximal muscle weak-
ness is pathognomonic for LEMS (Fig. 10.1). RNS may be abnormal in other
neuromuscular disorders. If other neuromuscular disorders are considered as well,
nerve conduction studies and needle EMG must be performed. Needle EMG
demonstrates increased low amplitude, short duration motor unit action potentials.
Amplitudes may enlarge with sustained contraction.

Although weakness in LEMS predominates in proximal muscles, RNS by
stimulating the ulnar nerve at the wrist with recording from the abductor digiti
minimi is very sensitive in detecting typical electrophysiological abnormalities in
LEMS (Maddison et al. 1998). Almost all LEMS patients had incremental CMAP
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responses over 100 % in abductor digiti minimi, abductor pollicis brevis, or
anconeus after 10 s of voluntary contraction (Maddison et al. 1998). In another
study, an increment of 60 % rather than 100 % was sufficient to diagnose LEMS
with the same specificity over healthy control patients (Oh et al. 2005). The
increment of the CMAP amplitude is in fact a normalisation of the previous low
CMAP amplitude. Thus, the higher the first, original CMAP is the less the
increment that can be obtained.

In clinical practice, the differential diagnosis is often whether a patient has
LEMS or MG. The post-synaptic disorder of MG characteristically shows a dec-
remental response in CMAP amplitude, which is found in LEMS during low-
frequency RNS as well. In MG, however, no significant incremental pattern is
found, because the original CMAP amplitude is not or only marginally decreased.
Oh observed that in MG, a 60 % increment was observed in only 4 of 538 patients
by high frequency RNS and in none by post-exercise testing (Oh et al. 2005). The
use of a 60 % increment showed a sensitivity of 97 % for the diagnosis of LEMS,
while the specificity in excluding MG was 99 %.

Single-fibre EMG detects defects of neuromuscular transmission with high
sensitivity. Abnormal jitter and blocking, typical of defective neuromuscular
transmission, is seen in all LEMS patients (O’Neill et al. 1988). However, it lacks
specificity and cannot reliably be used in differentiating from MG, although the

Fig. 10.1 Repetitive nerve stimulation studies. Repetitive nerve stimulation studies of the
adductor digiti minimi muscle in a healthy person (a), in a patient with myasthenia gravis (MG)
with acetylcholine receptor antibodies (b), or in a patient with Lambert-Eaton myasthenic
syndrome (LEMS) (c). The left-hand column shows the results after low frequency 3 Hz nerve
stimulation. The right-hand side shows the recordings obtained directly after high frequency
30 Hz nerve stimulation. Both patients with MG and LEMS show decrement at low frequency
stimulation (b, c). Only the patient with LEMS shows increment more than 60 % after maximal
voluntary contraction (c). Courtesy to Prof. Gert van Dijk for providing these figures
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degree of jitter and blocking seen in LEMS is usually less when high frequency
nerve stimulation is used, a finding more specific to LEMS (Trontelj and Stålberg
1991; Sanders 1992).

10.4.3 DELTA-P Score

Diagnosis of LEMS alerts the physician to look for an SCLC. A clinical score was
developed that predicts the presence of SCLC by using only clinical criteria at the
time of diagnosis of LEMS (Table 10.1) (Titulaer et al. 2011b). This simple
Dutch-English LEMS Tumour Association Prediction Score (DELTA-P score)
proved to be easy, sensitive, specific and reproducible. The probability for SCLC
in a LEMS patient can be calculated as early as 3 months from onset of LEMS
using only clinically defined signs and symptoms. A DELTA-P score of 0–1 gives
a risk of 0–2.6 %, rising up steeply to 83.9 % and up to 100 % respectively, with a
DELTA-P score of 3–6. The score can be used to determine the frequency of
screening for SCLC (Fig. 10.2).

10.5 Treatment and Prognosis

Treatment of LEMS is based on drugs which act at the neuromuscular synapse by
increasing either the release or the concentration of acetylcholine, drugs which
suppress the immune response or treatment of the underlying tumour.

Table 10.1 DELTA-P score. This score helps to estimate the chance for the presence of a small
cell lung carcinoma in a patients presenting with clinical signs and symptoms of Lambert-Eaton
myasthenic syndrome

Categories \3 months of onset Score

D Dysarthria, dysphagia, chewing,
neck weakness: bulbar
weakness

absent 0
present 1

E Erectile dysfunction female 0
male: absent 0
male: present 1

L Loss of Weight absent or \5 % 0
C5 % 1

T Tobacco use at onset absent 0
present 1

A Age of onset \50 years 0
C50 years 1

P Karnofsky Performance Score 70–100 0
0–60 1

DELTA-P score 0–6
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10.5.1 3,4-Diaminopyridine and Pyridostigmine

Aminopyridines increase the release of acetylcholine by blocking voltage-gated
K+ channels, which prolongs the action potential. The beneficial effect of 3,4-
diaminopyridine (3,4-DAP), both orally and intravenously, was shown in four
randomised trials (McEvoy et al. 1989; Sanders et al. 2000; Wirtz et al. 2009; Oh
et al. 2009). This effect was significant on both muscle strength and resting CMAP
amplitude. Although two trials reported an additional effect of pyridostigmine as
well (McEvoy et al. 1989; Sanders et al. 2000), this effect was not quantified or
studied during the randomised phase of the studies. The only trial comparing the
effects of 3,4-DAP with pyridostigmine and studying the effects of the combina-
tion of the two drugs found no significant effects of pyridostigmine alone or added
to 3,4-DAP (Wirtz et al. 2009). Most patients commence 3,4-DAP treatment at
10 mg 3–4 times daily, increasing up to a 100 mg maximum per day. Symptomatic
improvement usually occurs within an hour of ingestion.

3,4-DAP was well tolerated and serious adverse events were uncommon in
clinical trials (McEvoy et al. 1989; Sanders et al. 2000; Wirtz et al. 2009; Oh et al.
2009). In general, side effects are mild and occur especially at higher doses. Most
frequently reported were perioral or acral paresthesias. Fatigue, insomnia and
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Fig. 10.2 Predicted percentage of small cell lung carcinoma in patients with Lambert-Eaton
myasthenic syndrome, based on the Dutch-English LEMS Tumour Association Prediction
(DELTA-P) score (Titulaer et al. 2011b). DELTA-P score is calculated as a sum score according
to the different categories listed below. The DELTA-P score can vary from 0 to 6. Point sizes
proportionate to the number of patients with a specific score, also represented by the percentage
inside the circle. Vertical bars indicate SEM
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epigastric distress were reported by some patients. Epileptic seizures have been
described in patients using 100 mg a day (McEvoy et al. 1989; Sanders 1998)
Based on these observations, some authors report to limit the dose to 80 mg a day
(Sanders et al. 2000). However, in all patients described having seizures during
treatment with 3,4-DAP, it was not made clear how the daily dose was divided
during the day, which is an important aspect since seizures are most likely related
to peak-dose concentrations. During intravenous treatment with 3,4-DAP, patients
reported transient pain at the site of intravenous administration of 3,4-DAP (Wirtz
et al. 2009; Lundh et al. 1984).

10.5.2 Immunosuppressive Therapy

When response to above mentioned therapy is insufficient, immunosuppressive
therapy can be used. Plasmapheresis and intravenous immunoglobulins have a
swift, but rather short lasting effect, and are used for patients with severe symp-
toms requiring prompt treatment (Bain et al. 1996; Newsom-Davis and Murray
1984). The efficacy of immunoglobulins was significantly shown in a cross-over
study (Bain et al. 1996). The improvement in muscle strength after administration
of immunoglobulins was maximal after 2 to 4 weeks and then subsided (Bain et al.
1996). To obtain a long lasting clinical response immunosuppressive drugs like
prednisone or azathioprine are used, most often in combination. The choice and
dosing of the drugs are similar to MG. In LEMS patients without tumour, this was
used in 80 of 114 (70 %), whilst 46 of 104 (44 %) of patients with SCLC needed
these drugs (Titulaer et al. 2011a). Effectiveness of this combination therapy has
been demonstrated only in a retrospective study (Newsom-Davis and Murray
1984), but is supported by the positive results of the combined treatment in a
closely related disorder, MG (Palace et al. 1998). Other immunosuppressive drugs
like ciclosporin or methotrexate have been used effectively in LEMS patients as
well (Maddison et al. 2001). Recently, rituximab was described to be effective in
some LEMS patients with severe weakness, who were resistant to treatment with
several different immunosuppressive drugs (Maddison et al. 2011; Pellkofer et al.
2009b).

10.5.3 Tumour Therapy

In LEMS patients with SCLC, the third treatment option is tumour therapy. To
achieve tumour control and improve the condition and survival of the patient,
patients with SCLC are usually treated with chemotherapy, like cisplatinum and
etoposide (Jansen-Heijen et al. 2011). LEMS tends to improve as well with che-
motherapy. Chemotherapy has a powerful immunosuppressive effect, which will
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contribute to the remission of LEMS. Furthermore, it removes an important
antigenic stimulus for the immune system, thereby improving the symptoms of
LEMS. In a series of 11 LEMS patients with SCLC, LEMS in 10 patients
improved after treatment for their SCLC (Chalk et al. 1990). If remission of
symptoms is incomplete, additional immunosuppressive treatment may induce
improvement. There are indications that the immune response against VGCC helps
to control tumour growth (Maddison et al. 1999). This implies that immunosup-
pressive treatment of LEMS patients with SCLC could potentially allow the
tumour to escape immune-mediated suppression and enhance its growth. Clinical
follow-up studies of these patients, however, did not indicate that immunosup-
pressive treatment is contraindicated (Chalk et al. 1990). If myasthenic weakness
severely impairs daily function, the evidence favours trying to achieve short-term
symptomatic benefits and not withhold immunosuppressive treatment because of a
theoretically disadvantageous influence on tumour growth.

10.5.4 Prognosis

In a long term, outcome study of 47 LEMS patients without SCLC, sustained
clinical remission was achieved by 20 (43 %) of whom only four remained in
remission without the need for immunosuppression (Maddison et al. 2001). The
only independent predictor of sustained clinical remission was initial pretreatment
clinical score, and not anti-VGCC antibody titers or EMG results. Muscle strength
scores were improved in 88 % of patients.

In SCLC patients with LEMS, survival seems favourable in comparison to
SCLC patients without LEMS, although still poor (Maddison et al. 1999; Wirtz
et al. 2005a). These studies suggest that the immune response in LEMS against the
SCLC may retard tumour growth, but only rarely will cure the patient from the
tumour. Tumour eradication by an autoimmune response is difficult to prove, but
has been described in some case reports of SCLC-associated paraneoplastic
autoimmunity (Gill et al. 2003).

10.6 Conclusion

LEMS is a neuromuscular autoimmune disease, in which the characteristic prox-
imal muscle weakness is caused by pathogenic autoantibodies directed against P/
Q-type VGCC present on the presynaptic nerve terminal. Half of patients with
LEMS have an associated SCLC, which also expresses functional VGCC. Insights
in the pathophysiology have made LEMS a model for autoimmunity and tumour
immunology.
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Chapter 11
Alternative Exon Effect on Phenotype
of Cav1.2 Channelopathy: Implications
in Timothy Syndrome

Hua Huang, Juejin Wang and Tuck Wah Soong

Abstract Timothy Syndrome is a multiorgan disorder that results from de novo,
gain-of-function mutations within the voltage-gated Cav1.2 calcium channel.
While G406R mutation occurs within exon 8, G402S and G406R are located in the
mutually exclusive exon 8a. All three mutations similarly produced a drastic
slowdown of channel inactivation. Excessive Ca2+ currents flowing through the
Cav1.2 channels in different tissues underlie pathologies such as arrhythmia,
dysregulation of functions in the endocrine and immune systems, autism spectral
disorder, and other developmental defects such as syndactyly. Here, we discuss the
diverse patterns and regulation of alternative splicing of the Cav1.2 channels, the
functional impacts of the TS mutations on channel properties to relate to clinical
features, and the possible therapeutic approaches in the future.

11.1 Introduction

The voltage-gated calcium channel Cav1.2 are known to be expressed diversely in
different organs and perform critical physiological functions ranging from main-
taining long-term potential (LTP), contraction of cardiac and vascular myocytes to
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hormonal secretion. It is therefore not surprising that drastic alteration of channel
properties leads to multiorgan failure as observed in the Timothy Syndrome. TS
mutations were found to be located within a pair of mutually exclusive exon 8a
and 8. Conventionally, between exons 8a and 8, the exon upstream in the genomic
DNA sequence was named as exon 8a and the downstream, exon 8 (Soldatov
1994; Tang et al. 2007; Zuhlke et al. 1998). However, some other reports named
exon 8 as 8A and exon 8a, 8 (Splawski et al. 2004, 2005). For the purpose of
consistency, we will adopt the nomenclature of exon 8a and 8 throughout the
whole discussion. Mutually exclusive exon 8a and 8 represent only a type of
alternative splicing in the context of complex splicing pattern of Cav1.2 channels
transcripts and in human; 20 out of 56 exons were identified to undergo alternative
splicing. To offer a more holistic picture, this review starts with a discussion of
functional roles and regulation of alternative splice pattern within Cav1.2 channels.
Subsequently, we will discuss the recent progress in understanding the mecha-
nisms that underlie the drastic functional effects of the TS mutations on channel
properties. The discussion is further supplemented with a review of clinical fea-
tures of TS and lastly, the application of cutting-edge induced pluripotent stem
cells (iPSC) as a potential therapeutic approach in future.

11.2 Functional Impacts of Alternative Splicing on Cav1.2
Calcium Channels

11.2.1 Introduction

The transcripts of Cav1.2 channels undergo complex alternative splicing patterns
(Fig. 11.1) that are often developmentally and tissue-specifically regulated, gen-
erating a variety of channel variants with unique or subtle changes in channel
properties that could be customized for various physiological or pathophysiolog-
ical conditions. Identifying and characterizing different splice isoforms not only
aid in the understanding of basic calcium channel physiology but also provide
important answers on how native Cav1.2 currents support normal physiological
processes, and on how dysregulation of alternative splicing in channels leads to
diseases. The splice variants implicated in disease could be potential targets for
future drug design and therapy.

11.2.2 N-Terminus

The expressions of exon 1a and 1b of human Cav1.2 channels are under the control
of different promoters upstream of the respective exons (Dai et al. 2002; Pang et al.
2003; Saada et al. 2003). Exon 1a lies upstream of exon 1b in the genomic
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mapping of the CACNA1C gene and activation of the respective promoter induces
the expression of respective exon 1a or 1b in a tissue-specific manner. While exon
1a containing Cav1.2 transcripts (Cav1.2[e1a]) are selectively expressed in the
adult and neonatal cardiac muscles (Cheng et al. 2007; Dai et al. 2002; Tang et al.
2004), alternative use of the other promoter upstream of exon 1b drives the
expression of Cav1.2[e1b] mainly in smooth muscle (Saada et al. 2003) and more
ubiquitously in other tissues including heart, brain, uterus, small intestine, kidney,
and adrenal gland (Pang et al. 2003; Tang et al. 2004). Functionally, the inclusion
of exon 1a allows the cardiac Cav1.2 current to be regulated by PKC-mediated
mechanism (McHugh et al. 2000; Shistik et al. 1998). However, whether exon 1a
is subjected to phosphorylation by PKC remains controversial (McHugh et al.
2000; Shistik et al. 1998; Yang et al. 2009). On the other hand, the presence of
exon 1a is also required for b-subunit-mediated enhancement of maximal open
probability of Cav1.2 channels (Shistik et al. 1999).

A novel exon 1c was more recently identified in rat arterial myocytes and to a
much lower level in cardiac myocytes (Cheng et al. 2007). In comparison, exon 1a
was not detected and 1b showed very low expression in arterial smooth muscles
(Cheng et al. 2007). Consistently, shRNA targeting exon 1c reduced the Cav1.2
current recorded from arterial myocytes and induced more efficient vasodilatation

Fig. 11.1 Schematic representation of the pore-forming Cav1.2-subunit adapted from Liao et al.
(2005), highlighting identified sites of alternative splicing. The site of G402S and G406R
mutations are indicated by green and red circles, respectively. The channel is composed of four
domain repeats, each containing six transmembrane segments. The S5 and S6 segments and the
associated re-entrant loop serve as the selective filter, while S1 through to S4 segments function
collaboratively as voltage sensor. The four domains are linked by three intracellular loop domains
including I–II loop, II–III loop, and III–IV loops. The exons are indicated numerically and the
exon boundaries between exons are marked by lines
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as compared to the knockdown of exon 1b (Bannister et al. 2011). Biophysically,
the rat Cav1.2[e1c] has more negative window current and lower current density
due to less efficient membrane insertion as compared to Cav1.2[e1b] (Cheng et al.
2007). Physiologically, selective expression of more hyperpolarized activated
Cav1.2[e1c] could be essential for maintaining basal myogenic tone in small
resistance cerebral arteries (Cheng et al. 2009). The rat exon 1c lies in between
exon 1b and exon 2 in the genomic DNA sequence. While the sequence that codes
for rat exon 1c was not found in human, a human genomic DNA sequence at the
same position shares high sequence homology to the upstream 5’ untranslated
region of rat exon 1c, indicating possibly another alternate exon 1 in human Cav1.2
channels besides exon 1a and 1b (Cheng et al. 2009).

11.2.3 IS6, IIIS2, and IVS3 Segments

The IS6, IIIS2, and IVS3 segments of Cav1.2 channels are coded by three pairs of
mutually exclusive exons: 8a/8, 21/22, and 31/32. Electrophysiologically, alternate
inclusion of exon 8a results in more hyperpolarized shift in the steady-state-
inactivation, slower voltage-dependent inactivation, and twice less sensitivity to
DHP inhibition as compared to exon 8 (Welling et al. 1997; Zuhlke et al. 1998).
While Cav1.2[e8a] is strongly expressed in cardiac muscles and brain, Cav1.2[e8]
prevails in vascular smooth muscles (Splawski et al. 2004; Tang et al. 2007;
Welling et al. 1997). De novo mutation G406R in exon 8 was associated with
Timothy syndrome type 1 (TS-1), a multi-organ, developmental dysfunction
characterized by symptoms including lethal arrhythmia, congenital heart disease,
cognitive abnormality, autism, immune deficiency, intermittent hypoglycemia, and
webbing of fingers and toes (Splawski et al. 2004). Biophysically, G406R mutation
almost completely abolishes voltage-dependent inactivation (VDI) and signifi-
cantly slows down calcium-dependent inactivation (CDI). Long-lasting channel
opening therefore explains certain pathological features such as prolonged QT
interval, leading to arrhythmia while chronic calcium overload in neurons could
result in cognitive impairment and mental retardation. Subsequently, two other de
novo mutations, G402S and G406R in exon 8a were identified in a more severe
variant of TS, known as TS-2. Similarly, G402S and G406R mutations in exon 8a
also slowed down channel inactivation. The extreme long prolongation of the QT
interval and more severe mental retardation observed in TS-2 patients as compared
to TS-1 could be explained by the dominant expression of Cav1.2[e8a] in both
brain and heart.

On the other hand, inclusion of exon 21 or 22 did not alter the gating properties
of the channel but the sensitivity of the Cav1.2 channel to DHP was significantly
reduced with inclusion of exon 21 (Zuhlke et al. 1998) and the expression of
Cav1.2[e21] is specifically upregulated in the aorta (Tang et al. 2007). Lastly,
Cav1.2 channels with either exon 31 or 32 display similar electrophysiological and
pharmacological properties (Tang et al. 2007; Zuhlke et al. 1998). Interestingly, a
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developmental switch from exon 31 to exon 32 was observed from fetal to adult
heart (Diebold et al. 1992). Moreover, the expression level of Cav1.2[e31]
increased significantly in cardiac hypertrophy induced by myocardial infarction in
the adult rat (Gidh-Jain et al. 1995). The reversion of adult channel isoform to a
fetal form could therefore be a useful genetic marker for cardiac failure.

11.2.4 I–II Loop

The cassette exon 9* codes for 25 amino acids immediately downstream of exon 9
in the I–II loop domain of the channel. The expression pattern of exon 9* is
spatially regulated with higher abundance in vascular myocytes but limited
expression in brain and heart (Cheng et al. 2009; Liao et al. 2004; Nystoriak et al.
2009). Inclusion of exon 9* induces hyperpolarizing shift in the window current
closer to the resting membrane potential of vascular myocytes, thereby allowing
the channels to be activated with slight depolarizing stimuli. The tonic calcium
influx could thus be critical for maintaining the basal vascular tone (Liao et al.
2004). Downregulation of Cav1.2[e9*] with anti-sense RNA alone resulted in
drastically reduced constriction of cerebral arteries in response to K+-induced
depolarization (Nystoriak et al. 2009). A recent discovery showed splice-variant
selective modulation of Cav1.2 channels by galectin-1, a lectin that binds beta-
galactoside that is expressed in arterial smooth muscle, but not in cardiac muscle.
The mechanism by which Cav1.2De9* channels, that lacked exon 9*, are down-
regulated is via the masking of the export signal upon galectin-1 binding and the
overall consequence leads to the dominant expression of Cav1.29* variants on the
cell surface (Wang et al. 2011).

11.2.5 IVS3–IVS4 Linker

The extracellular IVS3–IVS4 linker represents another hotspot for alternative
splicing. The peptide sequence of this loop is encoded by distal sequence of
mutually exclusive exon 31/32, alternate exon 33, and proximal part of constitu-
tive exon 34 (Tang et al. 2004). In addition, alternate use of splice donor site
within exon 32 results in deletion of 6 nucleotides and consequently, shortening of
two amino acids within IVS3–IVS4 linker. The combinatorial assortment of dif-
ferent alternative splice exons including 31/32, 32 ±6nt, and ±32 therefore could
generate 8 combinations just within this 24 amino acid loop region. While the
Cav1.2[e32, e33] is the dominant isoform in human brain and heart, exon 33 is
developmentally downregulated in human heart, resulting in significant expression
of Cav1.2[e32, -e33] in the adult human heart (Tang et al. 2004). Biophysically,
the length of IVS3–IVS4 linker serves to regulate the activation potential of
Cav1.2 channel; the longer amino acid sequence the more depolarized is the
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activation potential (Tang et al. 2004). In addition, deletion of exon 33 alone
resulted in functional variations including hyperpolarized window current, faster
voltage-dependent inactivation and higher sensitivity to DHP blockers (Liao et al.
2007). Thus, similar to exon 9*, expression of Cav1.2[-e33] in vascular myocytes
serves to customize the Cav1.2 isoforms with lower activation threshold to the
maintaining basal vasotone and more sensitive contractility in arteries.

11.2.6 C-Terminus

Two cassette exon 45a and 45 are located at the C-terminus of the channel.
Alternative inclusion or exclusion of either or both exons did not result in
observable changes in the electrophysiological properties of the channel (Klockner
et al. 1997). However, interestingly, the proximal section of exon 45a was shown
to be important for the hypoxia and carbon monoxide (CO)-induced reversible
inhibition of Cav1.2 current (Fearon et al. 1997, 2000; Scragg et al. 2008). The
mechanism appeared to involve redox modification of the three cysteine residues
including C1789, C1790, and C1810 located at the proximal section of exon 45a as
a result of reactive oxygen species (ROS) production specifically from complex III
of mitochondria (Scragg et al. 2008). Carbon monoxide is produced under con-
ditions of stress, such as myocardial infarction. The upregulation of heme oxy-
genase (HO-1) in the arterial and ventricular myocytes results in increase CO
production, a product of heme catabolism (Lakkisto et al. 2002). The decrease of
the calcium influx through Cav1.245a variant could be an inherent adaptive
mechanism that prevents further cell death during ischemic heart attack and
myocardial infarction. Indeed, ischemia-induced necrotic cell death could be
similarly prevented by L-type channel blockers or reducing external Ca2+ (Uemura
et al. 2005).

11.2.7 Other Aberrant Alternative Splicing Patterns

Beyond the above splice variants that have been relatively better characterized,
additional alternative splicing patterns have also been described (Liao et al. 2005).
More interestingly, aberrant splicing patterns that result in production of non-
functional channels have been reported. Exclusion of both exon 8 and 8a was
detected on the transcript level that could potentially result in the deletion of the
critical IS6 segment (Tang et al. 2004). Exclusion of exon 19 and exclusion of both
exon 17 and 18 have been identified in the rabbit Cav1.2 channels (Wielowieyski
et al. 2001). In silico prediction suggested that both splice forms lead to frame-
shifting of downstream sequence and early termination in exon 20 which codes for
part of the II–III loop region, resulting in the production of hemichannels with only
transmembrane domain I and domain II. The expression of the hemichannels could
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be confirmed on both the transcript and protein level in rabbit heart (Wielowieyski
et al. 2001). Although the exact function of such membrane protein is currently
unknown, similar truncated two-domain channels have also been reported for
Cav2.1 and Cav2.2 channels. Functionally, co-transfection with the truncated
Cav2.1 and Cav2.2 suppressed the expression of full-length channels via either
competing for the binding to the b-subunit (Arikkath et al. 2002) or through
activation of the unfolded protein response system (Page et al. 2004; Raghib et al.
2001), respectively.

11.2.8 Full-Length Cav1.2 Clones

More importantly, studies that reported on the full-length sequence of Cav1.2
transcripts allow a more comprehensive understanding of tissue-specific expres-
sion of dominant splice isoform. While Cav1.2[e1a, 8a, -9*, 21/22, 32, 33] has
been identified to be the major isoform expressed in the rat heart, Cav1.2[e1b,
8, ± 9*, 21, 32, ±33] is dominantly expressed in the aorta (Tang et al. 2007).
Interestingly, additional information such as exon linkage could also be revealed
via examining the full-length clones. For example, the expression of exons 1a and
8a are *100 % linked in rat heart, meaning the expression of exon 1a coincides
with the expression of exon 8a (Tang et al. 2007). On the other hand, in the small
resistant arterial myocytes, expression of exon 9* occurs in 72 % of clones con-
taining exon 1c but only 33 % in clones that contained exon 1b (Cheng et al.
2009).

11.2.9 Altered Alternative Splicing Patterns in Pathology

Cav1.2 transcripts have been shown to undergo differential splicing patterns in
various pathological conditions, leading to the generation of various channel
isoforms with altered channel properties that possibly underlie certain aspects of
disease development or adaptation. Analysis of vascular smooth muscle cells
samples extracted from human arterial region of atherosclerotic plaques revealed
downregulation of exon 9* and 41A and upregulation of exon 22, 32, and 33 in the
diseased tissue as compared to the nearby normal tissue (Tiwari et al. 2006). The
altered splicing pattern was associated with increased calcium influx that could
possibly contribute toward proliferation and migration of VSMC during the pro-
gression of atherosclerosis (Tiwari et al. 2006).

On the other hand, altered alternative splicing pattern was also observed in
spontaneously hypertensive rats (SHRs) as compared to the normotensive Wistar
Kyoto Rats (WKYs). Particularly, the amount of aberrant splice isoforms whereby
the mutually exclusive exons 21 and 22 were both included increased drastically in
the hypertensive rats as compared to the normal rats (Tang et al. 2008).
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Interestingly, although Cav1.221+22 channels upon transiently transfected in HEK
293 cells did not yield any measurable current, co-transfection of such splice
variants with normal functional channels resulted in substantial reduction of
observed current density (Tang et al. 2008). Although native Ca2+ current recorded
from both SHR and WKY ventricular myocytes did not differ substantially in the
gating properties and pharmacological sensitivity toward DHP blockers (Tang
et al. 2008), it is yet to be determined if in the native system, upregulation of
aberrantly spliced channel isoforms serve to modulate the expression or activity of
calcium channel as a compensatory mechanism to counteract hypertension.

11.2.10 Regulatory Mechanism of Alternative Splicing

Although Cav1.2 transcripts are subject to extensive alternative splicing, often in a
developmental and tissue-specific regulated manner, only several recent studies
have started to elucidate how alternative splicing of the Cav1.2 transcripts could be
regulated by splicing factors such as the Fox protein family. Expression of Fox 1,
2, and 3 proteins in the mouse cortex increased from embryonic day 12 through to
embryonic day 18, correlating with increasing exclusion of exon 9* and pro-
gressive inclusion of exon 33 (Tang et al. 2009). As demonstrated using heterol-
ogously transfected cell lines, downregulation of Fox 2 protein promoted inclusion
of exon 9* while repressed inclusion of exon 33. The reverse experiment over-
expressing either Fox 1 or Fox 2 decreased inclusion of exon 9* and increased
inclusion of exon 33. Terminologically, when splicing occurs in a particular exon,
it means the exon is included in the final mature transcript and when the splicing is
repressed for a particular exon, it means exon is skipped and therefore excluded.
While Fox 1 and 2 binds to the Fox binding element downstream of exon 33 to
promote its splicing, the regulation of splicing of exon 9* is more complicated and
requires binding of two Fox binding elements; one upstream and one within exon
9* (Tang et al. 2009). In addition, in silico prediction suggested that exon 32 and
exon 37 were also subjected to Fox 2 regulation, while exon 32 is a mutually
exclusive to exon 31, exon 37 is constitutively expressed (Zhang et al. 2008).

On the other hand, the splicing pattern of mutually exclusive exon 8 and 8a was
found to be controlled by another regulatory factor known as polypyrimidine tract-
binding protein (PTB). PTB represses the splicing of exon 8a by binding to the
regulatory element upstream of exon 8a, resulting in the dominant expression of
exon 8 during embryonic mouse brain. Downregulation of PTB and also its
neuronal homologue nPTB during neuronal differentiation therefore mediate a
switch from exon 8 to 8a splicing (Tang et al. 2011). More importantly, under-
standing the spatial and temporal regulation of exon 8/8a splicing in human via
correlation with the activity of PTB would offer better understanding of the
spectrum of defects in Timothy syndrome due to either exon 8 or 8a mutations.
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11.3 Functional Impacts of Timothy Syndrome Mutations

11.3.1 Introduction

The gain-of-function G406R in exon 8 and G402S and G406R in exon 8a sig-
nificantly diminish the voltage-dependent inactivation (VDI) kinetic of Cav1.2
channels, leading to the multiorgan defects observed in Timothy syndrome.
Numerous studies following the initial reports by Splawski et al. (2004, 2005) have
been performed in order to understand the drastic change of channel properties due
to such mutations (Barrett and Tsien 2008; Cheng et al. 2011; Depil et al. 2011;
Raybaud et al. 2006; Thiel et al. 2008; Yarotskyy et al. 2009). More detailed
analysis of elementary currents revealed that G406R enhanced the ‘mode 2’ gating
of the channels, leading to more frequent and prolonged channel opening (Er-
xleben et al. 2006). Further electrophysiological recording showed that G406R
display more hyperpolarized activation (Raybaud et al. 2006) and slower deacti-
vation (Yarotskyy et al. 2009). Subsequent in silico modeling demonstrated that
slower inactivation kinetic and deactivation were sufficient to cause prolonged
cardiac action potential duration, leading to cardiac arrhythmia (Yarotskyy et al.
2009). Despite the well-established biophysical impacts of G402S and G406R
mutations, the mechanism underlying such effects of the mutations on channel
properties remains unclear. Several hypotheses have been proposed.

11.3.2 Structure–Function Implications of Timothy
Syndrome Mutations

Structural prediction indicates that G402 is situated close to the cytoplasmic end of
the IS6 helical structure while G406 is located within a short stretch of nonhelical
motif at the start of the cytoplasmic I–II loop (Fig. 11.2). The process of VDI is
initiated upon voltage-dependent conformational rearrangement of the voltage-
sensing domain, which includes the S1–S4 segments (Swartz 2008), leading to the
opening of the S6 gate which comprises of the distal part of four S6 segments (Liu
et al. 1997; Xie et al. 2005). Inactivation, which is coupled to activation, is a process
that involves the occlusion of the gate by the I–II loop via a ‘hinge lid’ mechanism.

It has been suggested that the small glycine residues offer flexibility to allow for
the I–II loop to interact with the intracellular pore of the channel (Bannister et al.
2011; Depil et al. 2011; Raybaud et al. 2006; Splawski et al. 2004; Stotz et al.
2004). Mutations of respective glycines to more bulky residues therefore impede
the movement of the I–II loop, leading to slower channel inactivation (Fig. 11.3).
In addition, the glycine residue at 402 position of IS6 contributes to the formation
of G/A/G/A motif with the alanine or glycine residues found at the same positions
in the IIS6, IIIS6, and IVS6 segments. Each of the residues of the G/A/G/A motif
interacts with the corresponding bulky hydrophobic residues in the adjacent S6
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helices to stabilize the inactivation gate. Mutating G402 to a more bulky serine
residue could therefore destabilize the tight packing of the S6 helices in the close
state, resulting in slower deactivation (Depil et al. 2011) (Fig. 11.4).

11.3.3 Creation of New Phosphorylation Site Due to G406R
Mutation

It has also been shown that increase of frequency and duration of channel opening
associated with G406R mutation was due to the creation of a novel target for
calmodulin-dependent protein kinase II (CaMKII) at position S409 in the I–II loop
region (Erxleben et al. 2006). The phosphorylation of S409 could be demonstrated
in vitro using Cav1.2 peptides and purified CaMKII. Pharmacological inhibition of
CaMKII or S409A mutation prevented the increase of mode 2 gating in the

Fig. 11.2 The secondary structure prediction of Cav1.2 IS6 and immediate downstream loop
domain. The secondary structure was predicted by Jpred 3 Secondary Structure Prediction Server
(Cole et al. 2008). H, helix structure. Top panel, modeling with exon 8a and part of exon 9
sequences, the exon boundaries were highlighted above. G402 (green) lie in the helical structure
with G406 (red) located in the short random structure. The putative phosphorylated serine 409, as
a result of G406R mutation, is colored blue. Bottom panel, modeling with exon 8 and exon 9
sequences

Fig. 11.3 Proposed model showing G406R mutation disrupts the flexible hinge domain via
introduction of bulky arginine side chain. The additional steric hindrance impedes the movement
of the lid domain in the process of pore occlusion, therefore delaying the channel inactivation
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presence of G406R (Erxleben et al. 2006). Moreover, mutating S409 to the neg-
atively charged glutamate residue, mimicking phosphorylation, similarly slowed
down VDI (Yarotskyy et al. 2009). Additional support for the phosphorylation
hypothesis was derived from results of experiments using rat ventricular myocyte
transfected with the G406R Cav1.2 construct. Such myocyte model of TS dis-
played proarrhythmic features such as slower inactivating Ca2+ current, prolon-
gation of action potential duration, and after-depolarizations which were rescued
by inhibiting the CaMKII (Thiel et al. 2008).

11.3.4 Enhanced Coupled Gating as a Result of G406R
Mutation

Adding to the complexity, Cav1.2 channels were found to dimerize through the C-
terminal preIQ-IQ motifs in complex with multiple Ca2+-bound calmodulin

Fig. 11.4 Illustration of the disruption of tight packing of S6 inner gate via G402S mutation
(adapted from Depil et al. 2011). Top panel, G402 in IS6 and hydrophobic residue located at the
IVS6 residue form adhesion point to allow for tight closure of the inner gates. Bottom panel,
G402S mutation introduce additional steric hindrance that could possibly disrupt the tight
packing of the inner gate during channel closure
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molecules (Fallon et al. 2009). The use of extended peptide of preIQ-IQ region
improved the previous derived structure of IQ peptide and calmodulin in a simple
1:1 complex (Fallon et al. 2005; Van Petegem et al. 2005). Remarkably, it was
shown more recently that such clustered channels exhibit transient, coordinated
opening and closing, in a process known as coupled gating (Navedo et al. 2010).
Interestingly, Cav1.2 channels bearing G406R mutation (Cav1.2_G406R) dis-
played enhanced coupled gating, correlating with stronger interaction as observed
by fluorescent resonance energy transfer (FRET) (Navedo et al. 2010). Although
the mechanism is currently unclear, several factors appeared to be involved. While
coupled gating was enhanced by activation of PKC and displacing calmodulin
from the C-terminus of the channel, it was inhibited by the absence of scaffolding
protein known as A-Kinase Anchoring Proteins 150 (AKAP150) (Navedo et al.
2010). AKAP150 has been shown to traffic PKC to the cell membrane (Klauck
et al. 1996) and to also interact with the C-terminus of the channel via leucine
zipper (LZ) motifs to facilitate interactions between Cav1.2 carboxyl tails (Oliveria
et al. 2007). In support of this mechanism, deletion of the AKAP150 binding site
within Cav1.2 channels suppressed coupled gating (Navedo et al. 2010). More
mechanistic insights came from the further experiments showing that pharmaco-
logical inhibition of calmodulin enhanced coupled gating even with deletion of
PKC but not in AKAP150 null cells, suggesting activation of PKC triggered the
displacement of calmodulin from the channel which subsequently allows for
interaction between Cav1.2 channels and AKAP150, leading to enhanced coordi-
nation of channel activity (Navedo et al. 2010).

The coupled gating mechanism may be critical for excitation–contraction (EC)
coupling in ventricular myocytes as only the coordinated opening of several cal-
cium channels existing in clusters could generate sufficient Ca2+ influx to induce
the opening of apposed ryanodine receptors (RyRs) that are located in the sar-
coplasmic reticulum (SR) (Inoue and Bridge 2003). The Ca2+-induced Ca2+ release
(CICR) from SR then increase the global Ca2+ concentration to trigger muscle
contraction. However, excessive Ca2+ influx in TS could prolong ventricular
contraction and lead to arrhythmia. Indeed, in a more physiological setting,
analysis of ventricular myocytes of mice model of TS which carry the
Cav1.2_G406R mutation revealed enhanced coupled gating, correlating with
slower inactivation of macroscopic whole cell current and also arrhythmia, typical
of Timothy syndrome. Further deletion of AKAP150 in Cav1.2_G406R rescued all
the phenotypic abnormalities to the wildtype therefore suggesting that Cav1.2
bearing G406R preferentially coupled to AKAP150 and such interaction stabilized
the open conformation of the channel and increased the propensity of coupled
gating (Cheng et al. 2011). A more recent study further suggested that optically
induced coupling of wildtype (WT) Cav1.2 and Cav1.2_G406R channels induced
WT channels to behave like a TS channel with prolonged sustained channel
opening, offering a possible explanation to the autosomal dominant effect of TS
mutations (Dixon et al. 2012).
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11.4 Clinical Features

11.4.1 Introduction

In 1992, patients with syndactyly (webbing of fingers and toes) and suffering from
a novel form of arrhythmia syndrome were reported (Reichenbach et al. 1992). It
was then postulated that this syndrome might be a new form of long QT disorder
associated with sudden death and syndactyly (Marks et al. 1995a, b). In 2004,
Splawski et al. formally named this disorder as Timothy Syndrome (TS) (Splawski
et al. 2004), and now it is also known as long QT syndrome 8 (LQT8).

Cav1.2 calcium channels are widely distributed in multiple organs, especially in
the cardiovascular and nervous systems and they play essential roles during
development and in physiological functions. Dysfunctions of the Cav1.2 channels
will lead to multiorgan disorders, recognized as Cav1.2 channelopathies, including
TS (Liao and Soong 2010). TS mutant channels with gain-of-function mutation of
the a1-subunit of the Cav1.2 channels are characterized by a slowing of their
voltage-dependent inactivation (VDI) property (Splawski et al. 2004, 2005). The
net result was predicted to be an increase in cellular Ca2+ influx that in turn
contributes to failure in multisystems, but especially in cardiac and neural tissues.
The two forms of TS are type 1 (classic) and type 2 (atypical), which were caused
by mutations in an alternative transcript variant of the exon 8 or exon 8a in
CACNA1C gene, respectively (Splawski et al. 2004, 2005). Moreover, TS-1
patients with somatic mosaicism were presented with less severe clinical features
than the typical TS-1 patients (Etheridge et al. 2011).

11.4.2 Timothy Syndrome Type 1

Phenotypic features of classic TS-1 (type 1) include cardiac arrhythmia, cutaneous
syndactyly, craniofacial and neuropsychiatric disorders (Marks et al. 1995a, b;
Reichenbach et al. 1992; Splawski et al. 2004, 2005).

11.4.2.1 Cardiac Manifestations

It has been demonstrated experimentally that the G406R mutant Cav1.2 channels
have an impaired VDI, which led to a sustained increase of Ca2+ influx that in
cardiomyocytes resulted in the prolongation of the action potential duration
(APD). TS patients’ electrocardiographs (ECG) display a longer QT interval and
they could develop cardiac arrhythmia and may die from it (Splawski et al. 2004).
A rate-corrected QT interval (QTc) in TS patients is between 480 ms and 700 ms
(Marks et al. 1995a, b; Reichenbach et al. 1992; Splawski et al. 2004). In contrast
to other long QT syndromes, TS patients also commonly display atrioventricular

11 Alternative Exon Effect on Phenotype of Cav1.2 Channelopathy 217



(AV) block and T-wave alternans (TWA). About 80 % of classic TS patients have
2:1 AV block (Marks et al. 1995a, b; Gillis et al. 2011; Splawski et al. 2004;
Krause et al. 2011; Etheridge et al. 2011), which is not a result of malfunction of
the AV node, but is more likely caused by the severe prolongation of ventricular
repolarization and refractory periods; while TWA can be found in *70 % of TS
patients (Gillis et al. 2011; Splawski et al. 2004) and these TWAs displayed on a
beat-to-beat basis, both positive and negative T waves. Ventricular tachyarrhyth-
mia (ventricular tachycardia and ventricular fibrillation) is the leading cause of TS
mortality, and accounts for 80 % of death of TS patients. The average age at death
with classic TS is 2.5 years in children (Splawski et al. 2011).

Furthermore, congenital heart defects are present in approximately 61 % of
individuals and include patent ductus arteriosus (PDA), patent foramen ovale
(PFO), ventricular septal defect (VSD), tetralogy of Fallot (TOF), and hypertro-
phic cardiomyopathy (HCM) (Marks et al. 1995a; Splawski et al. 2004).

11.4.2.2 Extracardiac Manifestations

Other phenotypic features of TS-1 include bilateral cutaneous syndactyly of toes
two and three or cutaneous syndactyly that involve the index, middle, ring, and
little fingers (Splawski et al. 2011). The craniofacial findings include baldness
followed by thin scalps, ears that are low-set, flat nasal bridge, and small upper jaw
(Splawski et al. 2004).

Moreover, in approximately 80 % of individuals there are neuropsychiatric
involvement. Developmental delays in the central nervous system were observed
in TS patients, and that may lead to a series of symptoms such as generalized
impairments in cognition, language, or motor abilities (Splawski et al. 2004,
2005). Children with TS were impaired in all areas of adaptive functions affecting
daily living and including communication skills and socialization. Some children
babbled and were unable to produce speech sounds during infancy, while others
had difficulties in articulating expressive language. Splawski et al. evaluated five
children for autism and among them, three were diagnosed with autism spectrum
disorders (ASD), and one with severe delays in the development of language
(Splawski et al. 2004).

In addition, episodic hypoglycemia and hypocalcemia have also be described in
the individuals with TS (Splawski et al. 2004), which may be due to the irregular
function of endocrinal organ because of TS-mutant Cav1.2 channels, correlating
with the essential role of Cav1.2 channels in regulating insulin release (Nitert et al.
2008; Schulla et al. 2003). Frequent infections, such as in the sinus, ear, or
respiratory system, secondary to altered immune responses and intermittent
hypoglycemia, were also found in TS patients, suggesting an important role Cav1.2
channels may play in the immune system is yet to be fully elucidated.
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11.4.3 Timothy Syndrome Type 2

Due to the dominant expression of CACNA1C exon 8a (about 80 %) in cardiac and
brain tissue, mutation of exon 8a in TS-2 were associated with more severe cardiac
and neurological defects (Splawski et al. 2005). Two cases of TS-2 were reported
and patients suffered from multiple arrhythmias and sudden death owing to
extreme prolongation of the QT interval (QTc ranging from 620 to 730 ms), but
syndactyly was not manifested (Splawski et al. 2005). One severe intellectually
disabled child had nemaline rods detected in the muscle biopsy and this condition
was considered to arise secondarily to prolonged immobility rather than to being a
primary muscle disorder (Splawski et al. 2005). However, in these two TS-2
individuals, their deaths were not related to tachyarrhythmia. Instead, one patient
died from severe infection while the other died from complications arising from
intractable hypoglycemia. More recently, the mouse model with TS-2 (G406R in
exon 8) has displayed some traits of autism, indicating TS-2 mutation can influ-
ence multiple and distinct behavioral defects (Bader et al. 2011).

11.5 Genetic Diagnosis of Timothy Syndrome

Mutations found in CACNA1C, the gene encoding the Cav1.2 calcium channel, are
known to be associated with TS as revealed by genetic screenings (Splawski et al.
2004, 2005). While all patients with the classical TS-1 have been identified with
the G406R mutation in exon 8 of the CACNA1C gene (Splawski et al. 2004),
patients with atypical TS-2 phenotypes carried two mutations, G406R or G402S,
in exon 8a (Splawski et al. 2005). However, the milder phenotype resulting from
somatic cell mosaicism could be hard to detect (Etheridge et al. 2011). Mosaicism
implies that in an organism from a single zygote there is the presence of geneti-
cally distinct cell lines (Youssoufian and Pyeritz 2002). For instance, as described
by Splawski et al., in 2004, G406R mutation in exon 8 could be detected in the oral
muscosa sample but not in the blood sample while the germline mosaicism in the
mother could have gone unnoticed (Splawski et al. 2004). Careful screening of
parental tissue in family with incidence of TS, prenatal DNA screening, and
monitoring of the fetal echocardiogram are therefore extremely important. Fur-
thermore, in addition to the two widely known de novo G406R or G402S muta-
tions, recently, another mutation in exon 38 was reported in a patient with TS but
who did not have the G406R or G402S mutations (Gillis et al. 2011), thus
expanding the molecular basis of TS.
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11.6 Potential Therapeutic Approaches in Future

The advent of induced pluripotent stem cells (iPSC), a type of pluripotent stem
cells artificially reprogrammed from somatic cells has created much excitement
because of the possibility of producing unique patient- and disease- specific human
iPSC (hiPSC) lines (Takahashi et al. 2007; Takahashi and Yamanaka 2006; Yu
et al. 2007). The Dolmetsch’s group has generated iPSCs, which were repro-
grammed from human skin cells from TS patients, and differentiated them into
cardiomyocytes and cortical neuronal precursor cells. Analysis of such cells
uncovered cellular phenotypes associated with TS which could be reversed with
roscovitine which is both an atypical L-type—channel blocker and a cyclin-
dependent kinase inhibitor (Yazawa et al. 2011; Pasca et al. 2011). The iPSC
approach could potentially be a powerful tool for diagnosis and prognosis of TS. It
could also provide a cellular model of TS to enable detailed analysis and discovery
of the pathomechanisms of the disease and to serve as substrates for testing of
potential drugs for therapy (Huttner and Rakic 2011).

11.7 Conclusion

Timothy Syndrome is a life-threatening multiorgan disorder correlating with
diverse expression patterns and physiological roles of Cav1.2 channels. Given the
autosomal dominant effect of TS mutations, careful paternal screening especially
in the germline and prenatal monitoring of the fetus are therefore critical. The de
novo nature and somatic mosaicism of TS mutations also imply the possibility of
milder tissue-specific symptoms in the population that could have evaded the
typical clinical diagnosis. Recent progress in research has provided mechanistic
insights toward the better understanding of the impacts of TS mutations on channel
properties and the ensuing physiological consequences. Deriving iPSCs from
affected patients and subsequent differentiation of such cells into multiple cell
lines would hopefully allow better understanding of the multiorgan manifestations
of such disorder and opportunity of possible discovery of drugs for therapeutic
treatment in future.
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Chapter 12
Brugada Syndrome and Voltage-Gated
Calcium Channels

Brett Simms

Abstract Brugada Syndrome is an inherited disease affecting ion channels of the
heart leading to arrhythmia and sudden cardiac death. Brugada Syndrome typically
manifests in middle age men after or during periods of rest, with the vast majority
of sudden death occurring in individuals without structural heart defects. Cardiac
ion channel dysfunction in Brugada Syndrome is well recognized; however, how
voltage-gated calcium channel genes, specifically CACNA1C, CACNB2b, and
CACNA2D1 are implicated, is a recent development. This chapter addresses why
VGCCs are important for the ventricular action potential and how Brugada Syn-
drome is visualized on ECG, in particular the two types of elevated ST segments
commonly used for clinical diagnosis. We also examine voltage-gated calcium
channel mutations linked to Brugada Syndrome and how specific mutations cause
a loss-of-function of the channel complex.

12.1 Brugada Syndrome is an Idiopathic, Cardiac Ion
Channel Disease

Brugada Syndrome(BS) is an inherited cardiac illness characterized by a defect in
repolarization of the right ventricular outflow tract, leading to phase 2 (discussed
below) reentry and polymorphic ventricular tachycardia (Napolitano and Antz-
elevitch 2011). BS has an estimated prevalence of 1/10,000–5/10,000 in Europe,
and 12/10,000 in Southeast Asia (Hermida et al. 2000; Sinner et al. 2009; Miya-
saka et al. 2001). Men account for 80 % of BS patients, with most arrhythmic
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events occurring between the ages of 40 and 45 years and typically after large
meals, in periods of rest, or during sleep (Sacher et al. 2008; Antzelevitch et al.
2005; Probst et al. 2010). BS is responsible for 4 % of all sudden deaths and 20 %
of sudden deaths in people without structural heart problems (Antzelevitch et al.
2005). Emerging clinical evidence suggests that sudden unexpected nocturnal
death syndrome (SUNDS) and sudden infant death syndrome (SIDS) may in fact
be an infant forms of BS (Kanter et al. 2011). The most common gene mutated in
BS patients is SCN5A (Nav1.5), which is also aberrant in several SUNDS and SIDS
patients (Skinner et al. 2005; Vatta et al. 2002b). Further genetic screening is
needed, but it is likely that SUNDS, SIDS, and BS require common ion channel
backgrounds, which when disrupted can lead to sudden cardiac death.

BS was first described by Pedro and Josep Brugada who recognized a previ-
ously undiagnosed patient population with structurally normal hearts, and who
exhibited idiopathic ventricular fibrillation (Brugada and Brugada 1992). Exces-
sive use of tricyclic antidepressants, lithium, diphenhydramine, and cocaine have
all been shown to promote BS-like ECG patterns in individuals without a prior
history of cardiac disease (Brahmi et al. 2007; Darbar et al. 2005; Lopez-Barbeito
et al. 2005; Littmann et al. 2000). Several instances of fever induced BS have also
been reported (Suzuki et al. 2012; Lamelas et al. 2012). The broad range of
environmental factors capable of promoting BS-like symptoms is explained by the
fact that any condition which causes a gain of repolarization, or loss of depolar-
ization during ventricular contraction, can manifest as BS-like on ECG (Shimizu
2005). We will address what a BS pattern looks like on ECG in the next section.
Despite environmental aggravates causing BS-like phenomena, BS is considered
as inherited disorder and is linked to mutations in several ion channel genes
including: voltage-gated sodium (SCN5A/SCN1B/SCN3B), potassium (KCND3/
KCNE3/MiRP2/KCNJ8), hyperpolarization activated cation (HCN4), and voltage-
gated calcium channel subunits (CACNA1C/CACNB2b/CACNA2D1), the latter of
which is the focus of this chapter (Antzelevitch et al. 2007; Burashnikov et al.
2010; Delpon et al. 2008; Hu et al. 2009; Watanabe et al. 2008; Giudicessi et al.
2011; Rook et al. 1999; Barajas-Martinez et al. 2012). It should be noted that a
gain-of-function of Kv4.3 (ITO) or conversely a loss-of-function of Nav1.5, or
Cav1.2 (INA/ICA) underlie the BS phenotype. Pharmacological treatment therefore
targets some of these channels (i.e., Quinidine for block of ITO) but direct block of
voltage-dependent calcium channels (VGCCs) is contraindicative for BS (Yatani
et al. 1993). Beta adrenergic stimulation (isoproterenol) or phosphodiesterase
inhibition (cilostazol) on the other hand is helpful for managing ICa in BS patients
(Riera et al. 2007; Tsuchiya et al. 2002). Only the implantable cardioverter defi-
brillator (ICD)—an electrical impulse generator designed to detect and correct
arrhythmias—is considered an effective long-term treatment for BS (McGregor
and Chen 2004).
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12.2 Understanding the Ventricular Action Potential,
ECG, and BS Diagnosis

BS is an electrical disease of the ventricles and therefore it is worth revisiting the
ventricular action potential (VAP) to understand how ion channels contribute to
the VAP, and how a VAP is displayed on an electrocardiograph (ECG). The VAP
which was first modeled by G.W. Beeler in 1977 proposed that two depolarizing
and two repolarizing currents govern ventricular contraction (Beeler and Reuter
1977). Beeler’s model although simplistic was correct in the fact that it identified
time and voltage sensitive currents whose coordinated activity shaped the VAP.
Figure 12.1 illustrates the five phases of the VAP. An inward rush of sodium
through Nav1.5 gives the initial peak of VAP depolarization (Phase 0), which is
recessed by the exit of potassium through Kv4.3 channels and voltage-dependent
inactivation (VDI) of Nav1.5 (Phase 1) (Bennett et al. 1995; Levi and DeFelice
1986). The plateau (Phase 2) of the VAP is maintained by the opening and pro-
longed influx of calcium through Cav1.2 channels, and efflux of potassium by the
delayed rectifier hERG (IKr) (Levi and DeFelice 1986; Cohen and Lederer 1987;
Sanguinetti et al. 1995). Cav1.2 conductance during the VAP provides the initial
influx of calcium necessary to trigger calcium release from the sarcorplasmic
reticulum causing muscle fibers in the heart to physically contract, in other words
excitation–contraction coupling (Romey et al. 1988) (for reviews see (Benitah
et al. 2010; Dulhunty 2006)). During repolarization of the VAP (Phase 3) Cav1.2
channels close limiting depolarization, while the slow outward rectifier KCNQ1
(IKs) opens, driving the membrane potential down toward resting levels (Barhanin

Fig. 12.1 Ion channel conductances which contribute to the five phases of the VAP. The VAP
begins with Phase 0 (red) which is the rapid inward current carried by Nav1.5 (INa) leading to
immediate depolarization of the ventricles. In Phase 1(purple) partial repolarization of the
ventricles occurs as Nav1.5 channels close and Kv4.3 (ITO) open, permitting potassium to exit.
During Phase 2 (green) sustained inward calcium via Cav1.2 (ICa) and outward delayed potassium
currents through hERG maintain the VAP plateau. Phase 3 (blue) leads to complete repolarization
of the VAP as Cav1.2 channels close, and slow outward potassium currents (KCNQ1) activate.
Phase 4 (orange) is maintenance of the resting membrane potential by inward rectifying Kir2.1
channels
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et al. 1996). The fourth phase of the VAP is the maintenance of resting membrane
potential by Kir2.1 (IK1) an inward rectifying potassium channel (Nakamura et al.
1998).

Figure 12.2 equates the electrical activity of the VAP to that of the whole heart
beat as seen on ECG. The first ECG recorded was by William Einthoven in 1903,
but not until 1942 was the ECG given its modern 12-lead (with precordial leads)
configuration by Emanual Goldberger (Rivera-Ruiz et al. 2008; Goldberger 1946).
Precordial leads, also denoted V1, V2, V3, are placed laterally across the fourth
intercostal space and are vital for BS diagnosis. Note that in Fig. 12.2 the VAP
encompasses the QRST portion of the ECG. Phases 0 and 1 of the VAP are
depicted by the QRS complex which represents depolarization of the ventricles.
Phase 2 or maintenance of ventricular contraction is represented by the ST seg-
ment of the ECG. It is this segment of the ECG which is most critical for BS
diagnosis. BS patients present with abnormally elevated ST segments, commonly
called J-waves, in one or all of the ECG precordial leads (Berne and Brugada
2012). A J-wave signifies early repolarization or premature ventricular contraction
and if left untreated can lead to arrhythmias and sudden cardiac death. Finally,
Phase 3 of the VAP is represented by a T-wave on an ECG and represents proper
ventricular repolarization in healthy individuals.

Fig. 12.2 The VAP can be visualized on ECG. The VAP encompasses the QRST portion of the
ECG. The preceding P wave represents depolarization of the atria. Phase 0 and 1 of the VAP are
depicted by the QRS complex which represents depolarization of the ventricles and repolarization
of the atria, but because ventricular depolarization is so large, atrial repolarization is masked on
ECG. The plateau phase of the VAP (Phase 2) is represented by the ST segment on ECG. Phase 3
of the VAP is represented by the T-wave on an ECG and signifies ventricular repolarization
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With VAP and ECG background in place we can now visit the extended def-
inition of BS which as the field, is ever evolving. The current criteria for diagnosis
of BS includes an elevated ST segment of the right precordial leads in the pres-
ence, or absence of a sodium channel blocker with one of the following: Ven-
tricular fibrillation (VF), inducibility of VT with programmed electrical
stimulation, polymorphic ventricular tachycardia (PVT), a family history of sud-
den cardiac death under the age of 45, or syncope (Antzelevitch et al. 2005). This
lengthy definition for BS is necessary clinically because of related J-wave syn-
dromes with similar electrical characteristics (Ogawa et al. 2005). BS patients can
present with one of two types of elevated ST segment differentially characterized
by shape and degree of elevation. The first type displays a coved ST elevation
([2 mm) followed by a negative T-wave, the second an elevated ST segment
([1 mm) with a saddleback appearance and a positive, or bi-phasic T-wave (Berne
and Brugada 2012; Bayes de Luna et al. 2012). Figure 12.3 highlights the two
types of ECG patterns commonly observed. Also common in clinical diagnosis is
the ‘‘unmasking’’ of BS patterns on ECG by sodium channel block (Fowler and
Priori 2009). Challenging cardiac sodium channels with a blocker differentially
reveals elevated ST segments in BS patients, but not healthy individuals.

Clearly voltage-gated calcium channels play a role in the VAP, but how are
these channels implicated in BS The next section will discuss the studies which
proved pharmacologically and genetically that CACNA1C, CACNB2b, and CAC-
NA2D1 are disease alleles of (BS).

Fig. 12.3 There are two ECG patterns used to diagnosis Brugada Syndrome. The Type I ECG
pattern displays an elevated, coved ST segment (red arrow) followed by a negative T-wave (blue
arrow). In this trace, the diagnostic pattern appears on both the V1 and V2 precordial leads. The
Type II pattern displays an elevated ST segment with a saddleback appearance (green arrow) and
in this example, a positive T-wave (orange arrow). The saddleback ST segment is most clear on
the V2 lead, and positive T-wave on the V3 lead. These example traces are modeled after (Berne
and Brugada 2012) Fig. 12.1

12 Brugada Syndrome and Voltage-Gated Calcium Channels 229



12.3 Pharmacology and Genetics Link Voltage-Gated
Calcium Channels to BS

It is accepted that voltage-gated sodium channel block unmasks ST elevation in
BS patients and implicates Nav1.5 dysfunction in this disease. There is an abun-
dance of literature demonstrating that mutations in SCN5A, or pharmacological
block of Nav1.5 promote ST elevation in BS patients (Rook et al. 1999; Yan and
Antzelevitch 1999). Several well written reviews summarize the molecular (Rook
et al. 2012; Wilde and Brugada 2011) and pharmacological (Antzelevitch and Fish
2006) association between Nav1.5 and BS. Unraveling how, or if voltage-gated
calcium channels were implicated in BS has only recently begun.

The first clue that VGCCs were involved in BS came from work done by
Miyazaki et al. who showed that ST elevation in the precordial leads of three BS
patients could be exacerbated by b adrenergic blockers, a adrenergic stimulants,
and the muscarinic receptor stimulant, acetylcholine (Miyazaki et al. 1996). This
data agreed with previously published literature which showed that L-type calcium
channels could be stimulated and suppressed by b and a adrenergic stimulation,
respectively (Petit-Jacques et al. 1993; Hess et al. 1986; Keung and Karliner
1990). Around this time it was also demonstrated that b adrenergic stimulation
could potentiate excitation–contraction coupling, again suggesting the importance
of L-type calcium channels in the VAP (Hussain and Orchard 1997; Viatchenko-
Karpinski and Gyorke 2001). The first direct evidence that L-type calcium chan-
nels could contribute to the BS phenotype came from Fish et al. who showed that
L-type channel block with terfenadine (also verapamil) was sufficient to dramat-
ically increase ST segment elevation in dissociated ventricular myocytes (Fish and
Antzelevitch 2004). Verapamil has since been disputed in its ability to promote J-
waves in all BS patients, but this likely reflects the variety of compensatory ion
channel mutations possible in individual patients (Chinushi et al. 2006; Chinushi
et al. 2009).

The landmark study which first showed genetic evidence that VGCC mutations
were linked to BS came from Antzelevitch et al. who showed that two point
mutations (A39 V/G490R) in the pore forming Cav1.2 channel and one in the
accessory Cavb2b (S481L) subunit, reduced L-type channel function in CHO-K1
cells (Antzelevitch et al. 2007). Burashnikov et al. have recently expanded the
number of known BS mutations found in VGCC subunits to nine for Cav1.2, ten
for Cavb2b, and four for Cava2d1 (Burashnikov et al. 2010; Cordeiro et al. 2009).
Figure 12.4 summarizes the location of currently known BS mutations in VGCC
subunits. We will now examine the types of mutations found at the DNA level in
BS patients and the mechanisms of action for some of these VGCC mutations.
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12.4 Brugada Syndrome Mutations in VGCCs: There
Location and Functional Consequence

BS mutations in VGCC subunits promote a loss of channel function by: 1)
decreasing conductance via gating malfunctions or pore aberrations, or 2) by
decreasing surface expression of the channel complex. BS mutations in VGCC
subunits thus reduce ICa in Phase 2 of the VAP, which is seen as a J-wave on ECG.
At the molecular level most BS mutations are missense mutations, but a dupli-
cation event has been reported (see Fig. 12.4). We will now discuss some of the
characterized BS mutations found in VGCC subunits.

One of the first BS mutations described for Cav1.2 was A39V, an N-terminal
mutation which causes the channel to distribute in a peri-nuclear manner (Antz-
elevitch et al. 2007). Peri-nuclear localization is equivalent to reduced surface
expression because channel complexes remain intracellular and do not travel to the

Fig. 12.4 The nature and location of BS mutations in VGCC subunits. The Cav1.2 pore forming
subunit (blue) has four domains (DI-IV), each with six transmembrane segments (S1-S6). The
alpha interaction domain (AID) and IQ domain of Cav1.2 are highlighted for reference in the I-II
and C-terminal linkers, respectively. The Cavb2 subunit is displayed in green with its SH3 and
GK-like domains highlighted. The Cava2d subunit (orange) is cleaved after translation into a2
and d components (see Chap. 1 for review), which are then disulfide linked (vertical black lines)
in the intact protein. All currently known BS mutations are shown in this diagram with missense
mutations (open circles) and a duplication event (dark circle) noted. This figure is modeled after
Burashnikov et al. (2010) Fig. 12.3
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cell membrane. Co-expression of Cavb with wild-type channel typically and
robustly increases the surface expression of the entire channel complex by Cavb
binding the intracellular I-II linker of Cav1.2 (Bichet et al. 2000; Fang and
Colecraft 2011; Altier et al. 2011). In the case of A39V-Cav1.2 however, Cavb2b

could not reconstitute proper surface expression of the channel complex (i.e., peri-
nuclear localization), perhaps indicating the presence of a previously unknown
trafficking determinant in the N-terminus of the channel. For this reason A39V-
Cav1.2 was a particularly interesting mutation to explore further; however, a
follow up paper reexamining this effect was unable to duplicate a lack of surface
expression in the rat brain isoform of Cav1.2, highlighting the phenotypic
restriction of this particular mutation (Simms and Zamponi 2012). Interestingly,
N-terminal mutations recently discovered in Nav1.5 have been shown to exhibit
trafficking defects reminiscent of A39 V-Cav1.2, perhaps suggesting that the N-
terminus contains motifs more generally associated with trafficking of cardiac
voltage-gated channels (Clatot et al. 2012).

Another VGCC mutation identified by Antzelevitch et al. (G490R) located in
the I-II linker of Cav1.2 may also suffer from a lack of Cavb mediated surface
expression given its prime location to influence Cavb mediated forward trafficking,
and greatly reduced current density (Antzelevitch et al. 2007). However, because
Cavb and the I-II linker are also involved in voltage-dependent gating of the
channel, G490R-Cav1.2 may have a functional abnormality yet to be revealed at
the single channel level, and so improper trafficking cannot be confirmed (Dafi
et al. 2004).

One further BS mutation with greatly reduced current density is a result of a
duplication of five amino acids in the distal C-terminus of Cav1.2 (Burashnikov
et al. 2010). Much like G490R-Cav1.2 the exact mechanism for why
E1829_Q1833-dup-Cav1.2 has severely reduced current is unknown, but could be
because the duplication event created a sequence which reduces membrane traf-
ficking of the channel. The C-terminus of Cav1.2 contains critical trafficking and
ER retention motifs in various regions including the residues in and around E1829-
Q1833 (Altier et al. 2011; Fang and Colecraft 2011). Much like the I-II linker,
however, the C-terminus of Cav1.2 is intimately tied to channel function and
participates in voltage and calcium-dependent gating, so whether E1829_Q1833-
Cav1.2 is defective in trafficking remains to be seen. (Kobrinsky et al. 2005; Pitt
et al. 2001; Erickson et al. 2001).

BS mutations do not always effect channel trafficking, but in many cases reduce
channel function once at the cell membrane. VGCCs preferentially pass calcium
because of sequence specific pore loops or calcium selectivity filters which are
located between S5 and S6 of each domain (Catterall 2000; Yang et al. 1993). A
single point mutation in a ‘‘p loop’’ residue for instance can transform a calcium
selective channel into one which prefers sodium (Heinemann et al. 1992). The BS
mutation E1115K-Cav1.2 has reduced calcium flux through its pore because of
such a mutation (Burashnikov et al. 2010). The E1115K mutation does not alter
voltage or calcium-dependent gating of the channel, but strictly reduces single
channel conductance of calcium. Extrapolating this cellular phenotype to whole
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heart, it is easy to understand why a calcium channel which no longer prefers
calcium could promote premature repolarization of the ventricles. In other words,
less calcium influx through Cav1.2 would mean excitation–contraction coupling
would be weakened in the ventricles and so the ST segment would be shortened.
E1115 K-Cav1.2 is a unique mechanism for loss-of-function of VGCCs in BS,
however, an analogs mutation in the pore of Nav1.5 has been identified suggesting
commonality between channel families (Vatta et al. 2002a).

So far we have considered BS mutations exclusive to the pore forming Cav1.2.
Although the pore is arguably the most important component of any channel, BS
mutations have been characterized for the accessory Cavb2b subunit as well.
Among the many functional attributes Cavb subunits impart on high voltage
activated calcium channels, regulation of voltage-dependent inactivation (VDI) is
among the most prominent (Buraei and Yang 2010). Cavb subunits modulate VDI
of channels in a manner which depends on both the composition, and length of the
Cavb N-terminus (Herzig et al. 2007). Therefore, that the BS mutation T11I-
Cavb2b mildly accelerates VDI and increases steady-state inactivation of Cav1.2 is
not surprising, yet offers an explanation for why this mutation is associated with
BS (Cordeiro et al. 2009). A channel complex which inactivates quicker and is
more sensitive to steady-state inactivation could undoubtedly shorten ventricular
contraction. The T11I-Cavb2b mutation brings up another interesting point to
consider, which is, that even subtle functional deficits can promote a disease
phenotype in the right context. The dramatic loss of current density and trafficking
described for some of the aforementioned mutations are impressive experimen-
tally, but dramatic losses in Cav1.2 function are lethal early in life, at least in
animal models (Weissgerber et al. 2006). Recall that most BS patients first show
disease symptoms in middle age, and 20 % of them have structurally normal
hearts. In essence it could be argued that BS mutations should be subtle and that
dramatic losses of cell surface expression seen in expression systems, for example,
might not occur in heart.

With the subtlety of T11I-Cavb2b in mind, we will close out this section by
considering an interesting duo of offsetting polymorphisms found in Cav1.2 and
Cavb2b. The BS mutation V2014I-Cav1.2, and the rare polymorphism D601E-
Cavb2b, were isolated from the same patient and together emphasize the impor-
tance of multiple genetic variations in disease progression. Burashnikov et al.
showed that while V2014I-Cav1.2 had reduced current density in CHO cells—
likely attributed to reduced open probability—D601E-Cavb2b actually increased
channel activity by slowing the kinetics of inactivation (Burashnikov et al. 2010;
Hu et al. 2010). In other words, D601E-Cavb2b is capable of prolonging calcium
influx through Cav1.2 channels, which is especially important if V2014I-Cav1.2
has compromised conductance. Furthermore, without D601E-Cavb2b prolonging
conductance of V2014I-Cav1.2 it is possible the functional deficit of the mutant
channel may have been too severe for this patient to live in middle age. This rare
combination of polymorphisms may be the first example of allelic compensation
between cardiac VGCC subunits in heart, although examples do exist for other
proteins involved in cardiac calcium signaling (Rizzuto and Pozzan 2003).
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BS mutations in VGCC subunits decrease either Cav1.2 surface expression, or
conductance once at the cell surface. As a result ICa is decreased during Phase 2 of
the VAP and in turn causes premature ventricular repolarization, or J-waves on
ECG. Although most characterized BS abnormalities are missense mutations in
Cav1.2 and Cavb2, a duplication event in the C-terminus of Cav1.2 has been
identified at the DNA level.

12.5 Conclusion

BS is an inherited disorder which effects 1/10,000-5/10,000 people and shows a
preference for men. Electrically BS is characterized by premature ventricular
contraction which if left untreated by ICD, can lead to arrthymia and sudden
cardiac death. BS is verified on ECG by the presence of an elevated ST segment,
or J-wave, and can be unveiled by sodium channel blockade. SUNDS and SIDS
are likely variants of BS and future genetic evidence could link mutations in
VGCC subunits to all three diseases.

Cav1.2 channel activity is important for prolonged depolarization of the VAP, a
fact supported by recent pharmacological and genetic evidence. Missense and
duplication mutations have been found in CACNA1C, CACNB2b, and CACNA2D1
which directly link these genes to BS. While BS mutations can reduce Cav1.2
activity in a variety of ways, a loss of surface expression, or a reduction in
conductance once at the cell membrane, explain the lack of ICa in ventricles of BS
patients.

References

Altier C, Garcia-Caballero A, Simms B, You H, Chen L, Walcher J, Tedford HW, Hermosilla T,
Zamponi GW (2011) The Cavbeta subunit prevents RFP2-mediated ubiquitination and
proteasomal degradation of L-type channels. Nat Neurosci 14 (2):173-180

Antzelevitch C, Brugada P, Borggrefe M, Brugada J, Brugada R, Corrado D, Gussak I, LeMarec
H, Nademanee K, Perez Riera AR, Shimizu W, Schulze-Bahr E, Tan H, Wilde A (2005)
Brugada syndrome: report of the second consensus conference. Heart Rhythm 2 (4):429-440

Antzelevitch C, Fish JM (2006) Therapy for the Brugada syndrome. Handb Exp Pharmacol
(171):305-330

Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC, Aizawa Y, Guerchicoff A,
Pfeiffer R, Oliva A, Wollnik B, Gelber P, Bonaros EP, Jr., Burashnikov E, Wu Y, Sargent JD,
Schickel S, Oberheiden R, Bhatia A, Hsu LF, Haissaguerre M, Schimpf R, Borggrefe M,
Wolpert C (2007) Loss-of-function mutations in the cardiac calcium channel underlie a new
clinical entity characterized by ST-segment elevation, short QT intervals, and sudden cardiac
death. Circulation 115 (4):442-449

Barajas-Martinez H, Hu D, Ferrer T, Onetti CG, Wu Y, Burashnikov E, Boyle M, Surman T,
Urrutia J, Veltmann C, Schimpf R, Borggrefe M, Wolpert C, Ibrahim BB, Sanchez-Chapula
JA, Winters S, Haissaguerre M, Antzelevitch C (2012) Molecular genetic and functional

234 B. Simms



association of Brugada and early repolarization syndromes with S422L missense mutation in
KCNJ8. Heart Rhythm 9 (4):548-555

Barhanin J, Lesage F, Guillemare E, Fink M, Lazdunski M, Romey G (1996) K(V)LQT1 and lsK
(minK) proteins associate to form the I(Ks) cardiac potassium current. Nature 384 (6604):78-
80

Bayes de Luna A, Brugada J, Baranchuk A, Borggrefe M, Breithardt G, Goldwasser D, Lambiase
P, Riera AP, Garcia-Niebla J, Pastore C, Oreto G, McKenna W, Zareba W, Brugada R,
Brugada P (2012) Current electrocardiographic criteria for diagnosis of Brugada pattern: a
consensus report. J Electrocardiol 45 (5):433-442

Beeler GW, Reuter H (1977) Reconstruction of the action potential of ventricular myocardial
fibres. J Physiol 268 (1):177-210

Benitah JP, Alvarez JL, Gomez AM (2010) L-type Ca(2 +) current in ventricular cardiomyocytes.
J Mol Cell Cardiol 48 (1):26-36

Bennett PB, Yazawa K, Makita N, George AL, Jr. (1995) Molecular mechanism for an inherited
cardiac arrhythmia. Nature 376 (6542):683-685

Berne P, Brugada J (2012) Brugada syndrome 2012. Circ J 76 (7):1563-1571
Bichet D, Cornet V, Geib S, Carlier E, Volsen S, Hoshi T, Mori Y, De Waard M (2000) The I-II

loop of the Ca2 ? channel alpha1 subunit contains an endoplasmic reticulum retention signal
antagonized by the beta subunit. Neuron 25 (1):177-190

Brahmi N, Thabet H, Kouraichi N, Driss I, Amamou M (2007) [Brugada syndrome and other
cardiovascular abnormalities related to tricyclic antidepressants ans related drugs intoxica-
tion]. Arch Mal Coeur Vaiss 100 (1):28-33

Brugada P, Brugada J (1992) Right bundle branch block, persistent ST segment elevation and
sudden cardiac death: a distinct clinical and electrocardiographic syndrome. A multicenter
report. J Am Coll Cardiol 20 (6):1391-1396

Buraei Z, Yang J (2010) The Beta subunit of voltage-gated Ca2 ? channels. Physiol Rev 90
(4):1461-1506

Burashnikov E, Pfeiffer R, Barajas-Martinez H, Delpon E, Hu D, Desai M, Borggrefe M,
Haissaguerre M, Kanter R, Pollevick GD, Guerchicoff A, Laino R, Marieb M, Nademanee K,
Nam GB, Robles R, Schimpf R, Stapleton DD, Viskin S, Winters S, Wolpert C, Zimmern S,
Veltmann C, Antzelevitch C (2010) Mutations in the cardiac L-type calcium channel
associated with inherited J-wave syndromes and sudden cardiac death. Heart Rhythm 7
(12):1872-1882

Catterall WA (2000) Structure and regulation of voltage-gated Ca2 ? channels. Annu Rev Cell
Dev Biol 16:521-555

Chinushi M, Iijima K, Tagawa M, Komura S, Furushima H, Aizawa Y (2009) Effects of
verapamil on anterior ST segment and ventricular fibrillation cycle length in patients with
Brugada syndrome. J Electrocardiol 42 (4):367-373

Chinushi M, Tagawa M, Nakamura Y, Aizawa Y (2006) Shortening of the ventricular fibrillatory
intervals after administration of verapamil in a patient with Brugada syndrome and
vasospastic angina. J Electrocardiol 39 (3):331-335

Clatot J, Ziyadeh-Isleem A, Maugenre S, Denjoy I, Liu H, Dilanian G, Hatem SN, Deschenes I,
Coulombe A, Guicheney P, Neyroud N (2012) Dominant-negative effect of SCN5A N-
terminal mutations through the interaction of Nav1.5 alpha-subunits. Cardiovasc Res

Cohen NM, Lederer WJ (1987) Calcium current in isolated neonatal rat ventricular myocytes.
J Physiol 391:169-191

Cordeiro JM, Marieb M, Pfeiffer R, Calloe K, Burashnikov E, Antzelevitch C (2009) Accelerated
inactivation of the L-type calcium current due to a mutation in CACNB2b underlies Brugada
syndrome. J Mol Cell Cardiol 46 (5):695-703

Dafi O, Berrou L, Dodier Y, Raybaud A, Sauve R, Parent L (2004) Negatively charged residues
in the N-terminal of the AID helix confer slow voltage dependent inactivation gating to
Cav1.2. Biophys J 87 (5):3181-3192

Darbar D, Yang T, Churchwell K, Wilde AA, Roden DM (2005) Unmasking of brugada
syndrome by lithium. Circulation 112 (11):1527-1531

12 Brugada Syndrome and Voltage-Gated Calcium Channels 235



Delpon E, Cordeiro JM, Nunez L, Thomsen PE, Guerchicoff A, Pollevick GD, Wu Y, Kanters JK,
Larsen CT, Hofman-Bang J, Burashnikov E, Christiansen M, Antzelevitch C (2008)
Functional effects of KCNE3 mutation and its role in the development of Brugada syndrome.
Circ Arrhythm Electrophysiol 1 (3):209-218

Dulhunty AF (2006) Excitation-contraction coupling from the 1950s into the new millennium.
Clin Exp Pharmacol Physiol 33 (9):763-772

Erickson MG, Alseikhan BA, Peterson BZ, Yue DT (2001) Preassociation of calmodulin with
voltage-gated Ca(2 +) channels revealed by FRET in single living cells. Neuron 31 (6):973-
985

Fang K, Colecraft HM (2011) Mechanism of auxiliary b-subunit-mediated membrane targeting of
L-type (Cav1.2) channels. J Physiol

Fish JM, Antzelevitch C (2004) Role of sodium and calcium channel block in unmasking the
Brugada syndrome. Heart Rhythm 1 (2):210-217

Fowler SJ, Priori SG (2009) Clinical spectrum of patients with a Brugada ECG. Curr Opin
Cardiol 24 (1):74-81

Giudicessi JR, Ye D, Tester DJ, Crotti L, Mugione A, Nesterenko VV, Albertson RM,
Antzelevitch C, Schwartz PJ, Ackerman MJ (2011) Transient outward current (I(to)) gain-of-
function mutations in the KCND3-encoded Kv4.3 potassium channel and Brugada syndrome.
Heart Rhythm 8 (7):1024-1032

Goldberger E (1946) Significance of downward T waves in precordial leads of normal children.
Am J Dis Child 71:618-621

Heinemann SH, Terlau H, Stuhmer W, Imoto K, Numa S (1992) Calcium channel characteristics
conferred on the sodium channel by single mutations. Nature 356 (6368):441-443

Hermida JS, Lemoine JL, Aoun FB, Jarry G, Rey JL, Quiret JC (2000) Prevalence of the brugada
syndrome in an apparently healthy population. Am J Cardiol 86 (1):91-94

Herzig S, Khan IF, Grundemann D, Matthes J, Ludwig A, Michels G, Hoppe UC, Chaudhuri D,
Schwartz A, Yue DT, Hullin R (2007) Mechanism of Ca(v)1.2 channel modulation by the
amino terminus of cardiac beta2-subunits. Faseb J 21 (7):1527-1538

Hess P, Lansman JB, Nilius B, Tsien RW (1986) Calcium channel types in cardiac myocytes:
modulation by dihydropyridines and beta-adrenergic stimulation. J Cardiovasc Pharmacol 8
Suppl 9:S11-21

Hu D, Barajas-Martinez H, Burashnikov E, Springer M, Wu Y, Varro A, Pfeiffer R, Koopmann
TT, Cordeiro JM, Guerchicoff A, Pollevick GD, Antzelevitch C (2009) A mutation in the beta
3 subunit of the cardiac sodium channel associated with Brugada ECG phenotype. Circ
Cardiovasc Genet 2 (3):270-278

Hu D, Barajas-Martinez H, Nesterenko VV, Pfeiffer R, Guerchicoff A, Cordeiro JM, Curtis AB,
Pollevick GD, Wu Y, Burashnikov E, Antzelevitch C (2010) Dual variation in SCN5A and
CACNB2b underlies the development of cardiac conduction disease without Brugada
syndrome. Pacing Clin Electrophysiol 33 (3):274-285

Hussain M, Orchard CH (1997) Sarcoplasmic reticulum Ca2 ? content, L-type Ca2 ? current
and the Ca2 ? transient in rat myocytes during beta-adrenergic stimulation. J Physiol 505 (Pt
2):385-402

Kanter RJ, Pfeiffer R, Hu D, Barajas-Martinez H, Carboni MP, Antzelevitch C (2011) Brugada-
like syndrome in infancy presenting with rapid ventricular tachycardia and intraventricular
conduction delay. Circulation 125 (1):14-22

Keung EC, Karliner JS (1990) Complex regulation of calcium current in cardiac cells.
Dependence on a pertussis toxin-sensitive substrate, adenosine triphosphate, and an alpha 1-
adrenoceptor. J Clin Invest 85 (3):950-954

Kobrinsky E, Tiwari S, Maltsev VA, Harry JB, Lakatta E, Abernethy DR, Soldatov NM (2005)
Differential role of the alpha1C subunit tails in regulation of the Cav1.2 channel by membrane
potential, beta subunits, and Ca2 ? ions. J Biol Chem 280 (13):12474-12485

Lamelas P, Labadet C, Spernanzoni F, Saubidet CL, Alvarez PA (2012) Brugada electrocar-
diographic pattern induced by fever. World J Cardiol 4 (3):84-86

236 B. Simms



Levi R, DeFelice LJ (1986) Sodium-conducting channels in cardiac membranes in low calcium.
Biophys J 50 (1):5-9

Littmann L, Monroe MH, Svenson RH (2000) Brugada-type electrocardiographic pattern induced
by cocaine. Mayo Clin Proc 75 (8):845-849

Lopez-Barbeito B, Lluis M, Delgado V, Jimenez S, Diaz-Infante E, Nogue-Xarau S, Brugada J
(2005) Diphenhydramine overdose and Brugada sign. Pacing Clin Electrophysiol 28 (7):730-
732

McGregor M, Chen J (2004) Should the implantable cardiac defibrillator be used for primary
prevention of sudden death? A review of the issues relevant to hospital decision making. Can
J Cardiol 20 (12):1199-1204

Miyasaka Y, Tsuji H, Yamada K, Tokunaga S, Saito D, Imuro Y, Matsumoto N, Iwasaka T
(2001) Prevalence and mortality of the Brugada-type electrocardiogram in one city in Japan.
J Am Coll Cardiol 38 (3):771-774

Miyazaki T, Mitamura H, Miyoshi S, Soejima K, Aizawa Y, Ogawa S (1996) Autonomic and
antiarrhythmic drug modulation of ST segment elevation in patients with Brugada syndrome.
J Am Coll Cardiol 27 (5):1061-1070

Nakamura TY, Artman M, Rudy B, Coetzee WA (1998) Inhibition of rat ventricular IK1 with
antisense oligonucleotides targeted to Kir2.1 mRNA. Am J Physiol 274 (3 Pt 2):H892-900

Napolitano C, Antzelevitch C (2011) Phenotypical manifestations of mutations in the genes
encoding subunits of the cardiac voltage-dependent L-type calcium channel. Circ Res 108
(5):607-618

Ogawa M, Kumagai K, Yamanouchi Y, Saku K (2005) Spontaneous onset of ventricular
fibrillation in Brugada syndrome with J wave and ST-segment elevation in the inferior leads.
Heart Rhythm 2 (1):97-99

Petit-Jacques J, Bois P, Bescond J, Lenfant J (1993) Mechanism of muscarinic control of the
high-threshold calcium current in rabbit sino-atrial node myocytes. Pflugers Arch 423 (1-
2):21-27

Pitt GS, Zuhlke RD, Hudmon A, Schulman H, Reuter H, Tsien RW (2001) Molecular basis of
calmodulin tethering and Ca2 ? -dependent inactivation of L-type Ca2 ? channels. J Biol
Chem 276 (33):30794-30802

Probst V, Veltmann C, Eckardt L, Meregalli PG, Gaita F, Tan HL, Babuty D, Sacher F, Giustetto
C, Schulze-Bahr E, Borggrefe M, Haissaguerre M, Mabo P, Le Marec H, Wolpert C, Wilde
AA (2010) Long-term prognosis of patients diagnosed with Brugada syndrome: Results from
the FINGER Brugada Syndrome Registry. Circulation 121 (5):635-643

Riera AR, Zhang L, Uchida AH, Schapachnik E, Dubner S, Ferreira C (2007) The management of
Brugada syndrome patients. Cardiol J 14 (1):97-106

Rivera-Ruiz M, Cajavilca C, Varon J (2008) Einthoven’s string galvanometer: the first
electrocardiograph. Tex Heart Inst J 35 (2):174-178

Rizzuto R, Pozzan T (2003) When calcium goes wrong: genetic alterations of a ubiquitous
signaling route. Nat Genet 34 (2):135-141

Romey G, Garcia L, Rieger F, Lazdunski M (1988) Targets for calcium channel blockers in
mammalian skeletal muscle and their respective functions in excitation-contraction coupling.
Biochem Biophys Res Commun 156 (3):1324-1332

Rook MB, Bezzina Alshinawi C, Groenewegen WA, van Gelder IC, van Ginneken AC, Jongsma
HJ, Mannens MM, Wilde AA (1999) Human SCN5A gene mutations alter cardiac sodium
channel kinetics and are associated with the Brugada syndrome. Cardiovasc Res 44 (3):507-
517

Rook MB, Evers MM, Vos MA, Bierhuizen MF (2012) Biology of cardiac sodium channel
Nav1.5 expression. Cardiovasc Res 93 (1):12-23

Sacher F, Meregalli P, Veltmann C, Field ME, Solnon A, Bru P, Abbey S, Jais P, Tan HL,
Wolpert C, Lande G, Bertault V, Derval N, Babuty D, Lacroix D, Boveda S, Maury P, Hocini
M, Clementy J, Mabo P, Lemarec H, Mansourati J, Borggrefe M, Wilde A, Haissaguerre M,
Probst V (2008) Are women with severely symptomatic brugada syndrome different from
men? J Cardiovasc Electrophysiol 19 (11):1181-1185

12 Brugada Syndrome and Voltage-Gated Calcium Channels 237



Sanguinetti MC, Jiang C, Curran ME, Keating MT (1995) A mechanistic link between an
inherited and an acquired cardiac arrhythmia: HERG encodes the IKr potassium channel. Cell
81 (2):299-307

Shimizu W (2005) Acquired forms of the Brugada syndrome. J Electrocardiol 38 (4 Suppl):22-25
Simms BA, Zamponi GW (2012) The Brugada syndrome mutation A39 V does not affect surface

expression of neuronal rat Cav1.2 channels. Mol Brain 5:9
Sinner MF, Pfeufer A, Perz S, Schulze-Bahr E, Monnig G, Eckardt L, Beckmann BM, Wichmann

HE, Breithardt G, Steinbeck G, Fabritz L, Kaab S, Kirchhof P (2009) Spontaneous Brugada
electrocardiogram patterns are rare in the German general population: results from the KORA
study. Europace 11 (10):1338-1344

Skinner JR, Chung SK, Montgomery D, McCulley CH, Crawford J, French J, Rees MI (2005)
Near-miss SIDS due to Brugada syndrome. Arch Dis Child 90 (5):528-529

Suzuki M, Shiroshita-Takeshita A, Kuruihara T, Takatsuki S, Satoh T, Sato Y, Fukuda K, Hori S
(2012) Fever-induced ST-segment elevation in a syncopal patient with Brugada syndrome.
Am J Emerg Med 30 (1):263 e261-265

Tsuchiya T, Ashikaga K, Honda T, Arita M (2002) Prevention of ventricular fibrillation by
cilostazol, an oral phosphodiesterase inhibitor, in a patient with Brugada syndrome.
J Cardiovasc Electrophysiol 13 (7):698-701

Vatta M, Dumaine R, Antzelevitch C, Brugada R, Li H, Bowles NE, Nademanee K, Brugada J,
Brugada P, Towbin JA (2002a) Novel mutations in domain I of SCN5A cause Brugada
syndrome. Mol Genet Metab 75 (4):317-324

Vatta M, Dumaine R, Varghese G, Richard TA, Shimizu W, Aihara N, Nademanee K, Brugada
R, Brugada J, Veerakul G, Li H, Bowles NE, Brugada P, Antzelevitch C, Towbin JA (2002b)
Genetic and biophysical basis of sudden unexplained nocturnal death syndrome (SUNDS), a
disease allelic to Brugada syndrome. Hum Mol Genet 11 (3):337-345

Viatchenko-Karpinski S, Gyorke S (2001) Modulation of the Ca(2 +)-induced Ca(2 +) release
cascade by beta-adrenergic stimulation in rat ventricular myocytes. J Physiol 533 (Pt 3):837-
848

Watanabe H, Koopmann TT, Le Scouarnec S, Yang T, Ingram CR, Schott JJ, Demolombe S,
Probst V, Anselme F, Escande D, Wiesfeld AC, Pfeufer A, Kaab S, Wichmann HE, Hasdemir
C, Aizawa Y, Wilde AA, Roden DM, Bezzina CR (2008) Sodium channel beta1 subunit
mutations associated with Brugada syndrome and cardiac conduction disease in humans.
J Clin Invest 118 (6):2260-2268

Weissgerber P, Held B, Bloch W, Kaestner L, Chien KR, Fleischmann BK, Lipp P, Flockerzi V,
Freichel M (2006) Reduced cardiac L-type Ca2 ? current in Ca(V)beta2-/- embryos impairs
cardiac development and contraction with secondary defects in vascular maturation. Circ Res
99 (7):749-757

Wilde AA, Brugada R (2011) Phenotypical manifestations of mutations in the genes encoding
subunits of the cardiac sodium channel. Circ Res 108 (7):884-897

Yan GX, Antzelevitch C (1999) Cellular basis for the Brugada syndrome and other mechanisms
of arrhythmogenesis associated with ST-segment elevation. Circulation 100 (15):1660-1666

Yang J, Ellinor PT, Sather WA, Zhang JF, Tsien RW (1993) Molecular determinants of
Ca2 ? selectivity and ion permeation in L-type Ca2 ? channels. Nature 366 (6451):158-161

Yatani A, Wakamori M, Mikala G, Bahinski A (1993) Block of transient outward-type cloned
cardiac K ? channel currents by quinidine. Circ Res 73 (2):351-359

238 B. Simms



Chapter 13
Cav1.3 Channels and Sino-Atrial
Node Dysfunction

Pietro Mesirca and Matteo E. Mangoni

Abstract Cardiac pacemaker activity controls the heartbeat in everyday life. The
heart impulse originates in the sino-atrial node, which is formed by a small pop-
ulation of myocytes generating automatic action potentials. Automaticity is due to
the presence of the slow diastolic depolarization, which leads the membrane
voltage at the end of an action potential toward the threshold of the following
action potential. The functional role of voltage-dependent Ca2+ channels (VDCCs)
to the generation of the slow diastolic depolarization and its regulation by the
autonomic nervous system has been matter of debate for almost 30 years. During
the last 10 years, however, increasing evidence obtained from genetically modified
mice, genomic analysis, and human genetics clearly demonstrated that L-type
Cav1.3 channels play a major role in the genesis of cardiac automaticity. First,
studies on mice lacking Cav1.3 channels have shown that Cav1.3 loss-of-function
leads to bradycardia and atrioventricular conduction block in vivo. Second, patch
clamp recordings of pacemaker cells demonstrated that Cav1.3 channels bring
critical inward current in a voltage range spanning the diastolic depolarization.
Third, genomic analysis demonstrated that Cav1.3 channels are widely expressed
in pacemaker tissue of mice, rabbits, and humans. Fourth, two congenital diseases
of pacemaking have been attributed to Cav1.3 loss-of-function. In this chapter, we
will discuss recent advances in the understanding of the physiological relevance of
Cav1.3 channels in cardiac pacemaker activity and review the current knowledge
in the involvement of these channels in the determination of heart automaticity and
atrioventricular conduction in humans.
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13.1 Introduction: Ion Channels and Dysfunction
in the Generation of the Cardiac Impulse

The heart automaticity is a fundamental physiologic and naturally intriguing
phenomenon for the physiologist. The readout of cardiac automaticity is heart rate,
which is a primary determinant of the capability of the organism to fulfill the
physiological demand of the environment. In the adult heart of higher vertebrates,
automaticity is generated in the sino-atrial node (SAN) by specialized ‘‘pace-
maker’’ cells having low contractility and generating a periodic electrical oscil-
lation. The two major rhythmogenic centers of the heart, the atrioventricular node
(AVN), and the Purkinje fibers network are normally devoted to impulse con-
duction but can generate viable pacemaker activity in case of SAN failure.

Nevertheless, failure of generating the cardiac impulse underlies SAN brady-
cardia and disease. In addition to bradycardia, clinical studies have established that
elevated heart rates also constitute an important independent risk factor in car-
diovascular disease (Gillman et al. 1993; Bohm et al. 2010; Diaz et al. 2005). SAN
disease accounts for more than 450,000 electronic pacemaker implantations each
year in Europe and North America. SAND is characterized by a combination of
symptoms including fatigue, syncope, and atrial fibrillation. Bradycardia, SAN
arrest or exit blocks are all typical features of SAND (Mangrum and DiMarco
2000). In some cases, alternating periods of bradycardia and tachyarrhythmias can
be observed in SND patients (Bertram et al. 1996). In a substantial number of
cases, SND is associated with acquired cardiac conditions, such as heart failure,
ischemia, cardiomyopathy, or administration of antiarrhythmic drugs. However, in
a significant percentage of patients, SND is unrelated to structural abnormalities of
the heart, but shows familial legacy (Sarachek and Leonard 1972; Lehmann and
Klein 1978; Mackintosh and Chamberlain 1979). Mutations in genes regulating
ion channels involved in sino-atrial automaticity such as L-type Cav1.3 (Mangoni
et al. 2003; Baig et al. 2011), hyperpolarization-activated (f-) channels HCN4
(Milanesi et al. 2006), as well as ryanodine receptors (RYRs) (Neco et al. 2012),
ankyrin-B, and T-box transcription factors (Postma et al. 2008) are associated with
various forms of previously unexplained tachy-brady syndromes and conduction
defects (Mangoni and Nargeot 2008; Pfeufer et al. 2010).

13.2 Current Models of Generation of Pacemaker Activity:
Which Role for L-Type VDCCs?

It is generally accepted that pacemaker activity requires a complex functional
interplay between ion channels, membrane transporters, and intracellular Ca2+

release (Mangoni and Nargeot 2008). However, the relative importance of these
mechanisms is still hotly debated. Among ion channels families, both T-type and
L-type voltage-gated Ca2+ channels (VDCCs) are highly expressed in
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spontaneously active cells of the SAN and AVN. To date, two models for the
generation of heart automaticity have been highlighted. In the first, ‘‘pacemaker’’
f-(HCN) channels mediating the hyperpolarization-activated non-selective cation
current (If) are considered the key player of heart rate control: the so-called If–
based model of pacemaking (Lakatta and DiFrancesco 2009). The If–based
pacemaker model postulates that heart rate is regulated on a beat-to-beat basis by
intracellular 3’5’ cyclic adenosine monophosphate (cAMP) concentration. cAMP
controls the open probability of f-channels in such a way that the degree of
activation of f-channels permanently tunes the steepness of the diastolic depolar-
ization. Recently, an alternative model of heart rate control has been proposed.
According to this view, pacemaker cells spontaneously generate rhythmic ryano-
dine receptor (RYR)-dependent local Ca2+-induced Ca2+ release (LCICR) with a
mechanism which is independent from membrane voltage (Lakatta and DiF-
rancesco 2009). Spontaneous LCICR stimulates the activity of the Na+/Ca2+

exchanger that drives the membrane voltage to the action potential threshold. In
the spontaneous LCICR–based model of pacemaking, cAMP controls heart rate by
regulating the phase and frequency of LCICR. Both the If –and LCR–based model
of pacemaking do not adequately consider the role of L-type VDCCs in pace-
making. The If–based model of pacemaking postulates that ICa,L controls the
upstroke phase of the action potential. The LCICR–based model of pacemaking
assumes that L-type VDCCs are not involved in the pacemaker mechanism per se,
but constitute an important mechanism for controlling the Ca2+ load of the sar-
coplasmic reticulum (DiFrancesco 2010; Lakatta et al. 2010).

Both these views, however, cannot explain a substantial amount of experi-
mental and genetic evidence on Cav1.3 channels. We will discuss this in-depth.

13.3 How do L-type VDCCs Contribute to Pacemaking?
Historical Perspective

H. Reuter was the first to show the existence of Ca2+ currents in the heart auto-
matic tissue by voltage-clamp recording of spontaneously active sheep Purkinje
(Reuter 1967). At first, Ca2+ currents were not considered as part of the heart
pacemaker mechanism but were indicated as connected to the control of action
potential plateau phase and myocyte contraction. The cardiac Ca2+ current was
named Isi, for ‘‘slow’’ or ‘‘secondary inward’’ current, to distinguish ‘‘slow’’ Ca2+

currents from the ‘‘fast’’ Na+ current (Noble 1984). Isi was found in all cardiac
cells including the multicellular rabbit SAN preparation (Brown et al. 1979).
During the first half of the 1980s it became evident that Isi was a mixed current
composed by an inward Ca2+ current and a secondary Ca2+–dependent processes
identified as the Na+/Ca2+ exchanger (INCX) (Noble 1984). In multicellular rabbit
SAN preparations and in amphibian sinus venosus (Giles and Shibata 1985; Shi-
bata and Giles 1985) Isi was found to be highly sensitive to adrenaline, a property
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that fitted with the high sensitivity of SAN pacemaking to b-adrenergic receptor
agonist (Brown et al. 1979). As a consequence, the Japanese School leaded by A.
Noma and H. Irisawa proposed that Isi played a major role in the generation of the
diastolic depolarization and in the positive chronotropic effect of the sympathetic
nervous system (Noma et al. 1980, 1983). Expression of Isi explained also the
Ca2+–dependence of the upstroke phase of the SAN action potential (Noble 1984).
The biophysical and pharmacologic interpretation of Isi has been changed sub-
stantially by the use of the patch-clamp technique (Hamill et al. 1981). L-type Ca2+

channels are now known as the ionic basis of the SAN Isi. Hagiwara, Irisawa, and
Kameyama were the first to report the expression of ICaL, in isolated SAN pace-
maker cells (Hagiwara et al. 1988) and to describe its kinetic and pharmacologic
properties. In particular, Hagiwara and co-workers defined ICa,L as a ‘‘high’’-
threshold Ca2+ current-activated from about –30 mV and distinguished from ICa,T,
a ‘‘low’’ threshold Ca2+ current activated at –50 mV. Based on the observation
that, contrary to ICa,T, ICa,L was sensitive to isoproterenol, Hagiwara and coworkers
proposed that ICa,L importantly contributed to the positive chronotropic effect of
the sympathetic nervous system.

During the 1990s several groups have tried to assess the relevance of ICa,L in the
generation of the diastolic depolarization (see Irisawa et al. for review (Irisawa
et al. 1993)). In this respect, different authors have disagreed as to the relative
importance of ICa,L with respect to If (Petit-Jacques et al. 1993; Zaza et al. 1996).
In the rabbit SAN ICa,L density is expressed heterogeneously, which is reflected at
the SAN tissue level with a differential contribution of ICa,L to the pacemaker
action potential. Indeed, nifedipine blocks automaticity in the center of the SAN
(Kodama et al. 1997). In contrast, tissue samples from the SAN periphery show
moderate negative chronotropism following perfusion of nifedipine (Kodama et al.
1997). These results are consistent with the view that the pacemaker action
potential in the center of the rabbit SAN depends from ICa,L, as opposed to the
periphery, where INa is robustly expressed, thereby compensating for the blockade
of ICa,L. The differential role of ICa,L in the center and the periphery of the SAN
underlines the problem of separating the possible contribution of ICa,L to the
diastolic depolarization from that of the upstroke phase of the action potential.

A major problem in evaluating the contribution of ICa,L in pacemaking is the
difficulty in transposing the steady-state properties of the current into the effective
current transported by the channels during the pacemaker action potential cycle.
Doerr and co-workers tried to evaluate the contribution of ICa,L in the pacemaker
cycle in rabbit SAN cells, by using the action potential clamp technique (Doerr
et al. 1989) and nifedipine to block ICa,L. They reported a net nifedipine-sensitive
current measurable during the early diastolic depolarization as well a long lasting
component during the plateau phase. Verhejick and co-workers have recorded the
net DHP-sensitive ICa,L at different times during the diastolic depolarization and
the action potential upstroke. Contrary to expectations, they demonstrated that
ICa,L activates during the early diastolic depolarization, and then progressively
increases up to the threshold of the action potential upstroke. They also demon-
strated that activation of ICa,L in the diastolic depolarization is due to a ‘‘low

242 P. Mesirca and M. E. Mangoni



voltage’’-activated ICa,L These observations have been the first to challenge the
view that only ICa,T and If can be activated at negative voltages during the diastolic
depolarization and paved the way to the description of the functional role of
Cav1.3 channels in pacemaking.

13.4 Expression and Distribution of Cav1.3 in the Rodent
and Human Heart

In the heart, expression of Cav1.3 is restricted to the supraventricular regions, the
SAN, the AVN, and the atria (Mangoni et al. 2003; Marionneau et al. 2005; Tellez
et al. 2006; Chandler et al. 2009). Quantitatively, rhythmogenic centers express
higher amounts of Cav1.3. Expression of Cav1.3 in the atria does have functional
consequences. First, it has been shown that loss-of-function of Cav1.3 induces
susceptibility to atrial fibrillation in Cav1.3-/- mice (Zhang et al. 2005). Second,
Cav1.3 channels regulate the atrial action potential duration via functional cross-
talk with Ca2+-activated K+ channels (Xu et al. 2005). It is possible, but not yet
demonstrated that atrial fibrillation in Cav1.3-/- mice are caused by dysregulation
of Ca2+-activated K+ channels.

Besides atrial tissue, expression of Cav1.3 channels is now considered as a
hallmark of the pacemaker function. In restricted genomic studies of ion channels
expression in the mouse (Marionneau et al. 2005) and human hearts (Chandler
et al. 2009), high expression of mRNA coding for Cav1.3 groups with other ion
channels and proteins that are highly expressed in SAN and AVN. These include
the HCN4 and the Cav3.1 channel subunits, the Ca2+ channel accessory subunit
a2–r2, as well as the Nav1.1 and Nav1.3 Na+ channel isoforms that are typically
expressed in neurons (Fig. 13.1). Importantly, in the rabbit SAN, Cav1.3 shows an
increasing gradient of expression from the SAN periphery to the center suggesting
that Cav1.3 expression is higher in the SAN center, which is the dominant pace-
maker region (Tellez et al. 2006). The existence of ‘‘low’’ voltage-activated ICa,L

in rabbit Purkinje fibers suggests that Cav1.3 is also functionally expressed in this
tissue (Mangoni and Nargeot 2008). The specific role of Cav1.3 channels in
Purkinje fibers automaticity is still unknown. On the other hand, Cav1.3 is poorly
or not expressed in ventricular tissue. This is in agreement with the preserved
ventricular function in mice with loss-of-function of Cav1.3

13.5 Contribution of Cav1.3 Channels to in Vivo Heart
Rate in Genetically modified Model Mice

Substantial genetic evidence data support the view that Cav1.3-mediated ICa,L

contribute to the diastolic depolarization (Mangoni et al. 2003, 2006a). Involve-
ment of Cav1.3 channels in pacemaking in vivo is also strongly suggested by
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in vivo ECG recordings showing that DHPs induce bradycardia in anesthetized
mice (Lande et al. 2001; Sinnegger-Brauns et al. 2004). Probably the best dem-
onstration of the importance of Cav1.3 channels in SAN physiology is the
observation that mice lacking Cav1.3 channels (Cav1.3-/-) are bradycardic and
present major dysfunction of SAN pacemaking at the cellular level (Platzer et al.
2000; Mangoni et al. 2003). Bradycardia persists after block of the autonomic
nervous system and intact atria and SANs from Cav1.3-/- mice have slower
pacing rate than wild-type counterparts (Platzer et al. 2000; Zhang et al. 2002).

I

II

III

IV

(a) (b)

Fig. 13.1 Expression of Cav1.3 in heart chambers and rhythmogenic centers. a Two-way
hierarchical agglomerative clustering applied to 71 selected genes (vertically) and to 6 pools of
SAN (SAN1–SAN6), AVN (AVN1–AVN6), atria (A1–A6), and ventricles (V1–V6) from the
mouse heart. The input consisted of the ratio for each pool and gene versus HPRT. Each gene is
represented by a single row of colored boxes and each pool by a single column. The entire gene
clustering is shown on the left. Four selected gene clusters are shown on the right (I, II, III, IV)
containing relevant genes to the nodal and working tissue discrimination (I, III) and to the atria
and ventricle discrimination (II, IV). Each color patch in the resulting visual map represents the
gene expression level, with a continuum of expression levels from dark green (lowest) to bright
red (highest). Missing values are coded as silver [Adapted from (Marionneau et al. 2005), with
permission]. b 2-way hierarchical cluster analysis (Pearson distances) of 66 ‘‘indicator’’ mRNAs
between sinus node, paranodal area, and right atrium in human heart. Red squares indicate values
above average for a given transcript, white squares indicate average values, and blue squares
indicate values below average. These calculations were performed on normalized log10
expression values [Adapted from (Chandler et al. 2009), with permission]
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Two studies demonstrated that Cav1.3 channels play a major role in automaticity
of isolated SAN (Zhang et al. 2002) and in pacemaker cells (Mangoni et al. 2003).
Indeed, pacemaker cells from Cav1.3-/- mice show irregular pacemaking. Fur-
thermore, some Cav1.3-/- SAN cells do not show pacemaker activity (Mangoni
et al. 2003).

In conclusion, insights gained from Cav1.3-/- mice show a distinction in the
functional role of Cav1.3 and Cav1.2 channels, the first contributing to automa-
ticity, and Cav1.2 channels triggering myocardial contraction. Indeed, inactivation
of Cav1.3-mediated ICa,L impairs pacemaking and atrioventricular conduction, but
has no effect on myocardial contractility (Matthes et al. 2004). The differential
roles of Cav1.3 and Cav1.2 channels has been shown pharmacologically by
employing a knockin mouse strain in which Cav1.2 channels are insensitive to
DHPs (Cav1.2DHP-/- mouse) (Sinnegger-Brauns et al. 2004). Experiments in
these mice show that the in vivo bradycardic effect induced by DHPs is not
changed in Cav1.2DHP-/- mice indicating that the dominant L-type VDCC iso-
form participating to automaticity is Cav1.3 (Sinnegger-Brauns et al. 2004).

13.6 Mechanistic Links Between Cav1.3 Channels
and the Generation of the Diastolic Depolarization
in SAN Cells

The kinetic and activation properties of Cav1.3–mediated ICa,L are distinct from
those of Cav1.2–mediated ICa,L. Native Cav1.3 channels activate at negative
potentials from about -50 mV (Fig. 13.2). In SAN cells, loss of Cav1.3 channels
shifts the activation of total ICa,L to more positive potentials (Mangoni et al. 2003).
Such a shift eliminates all ICa,L in the voltage range corresponding to that of the
diastolic depolarization (Mangoni et al. 2003). Knockout of Cav1.3 channels
reduces ICa,L density by about 70 % in SAN (Mangoni et al. 2003) and by almost
100 % in AVN (Marger et al. 2011) cells. Residual ICa,L in SAN mediated by
Cav1.2 (Mangoni et al. 2003; Christel et al. 2012). Consistent with this hypothesis,
ICa,L in pacemaker cells from Cav1.3 knockout mice is more sensitive to DHPs
(Mangoni et al. 2003) and has faster inactivation kinetics (Zhang et al. 2002). b-
adrenergic receptors activation negatively shifts the activation of Cav1.3–mediated
ICa,L, to -55 mV (Mangoni et al. 2003). Interestingly, this threshold is comparable
with that observed for the nifedipine-sensitive ICa,L measured in spontaneously
beating rabbit SAN cells (Verheijck et al. 1999). This indicates the functional
existence and importance of Cav1.3 channels also in rabbit SAN cells. The
maximal pacing rate in Cav1.3-/- in the presence of isoproterenol is slightly
slower than that of wild-type hearts (Matthes et al. 2004). This observation can be
explained by taking into consideration that stimulation of ICa,L by saturating
concentrations of noradrenaline cannot compensate for the lack of ICa,L in the
diastolic depolarization range (Mangoni et al. 2003). Beside the fact that Cav1.3
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and Cav1.2 channels have different activation properties, recent evidence also
shows that these channels are differentially regulated by membrane voltage.
Indeed, contrary to Cav1.2 channels, Cav1.3 channels undergo voltage-dependent
facilitation (Mangoni et al. 2000; Christel et al. 2012). Voltage-dependent facili-
tation increases Cav1.3 current at slow heart rate, when the channel recovers from
inactivation and is maximal at voltages spanning the diastolic depolarization
(Mangoni et al. 2000). In comparison to Cav1.3, Cav1.2 channels undergo little
voltage-dependent facilitation. We have proposed that voltage-dependent facili-
tation constitutes a safeguard mechanism which increases the availability of ICa,L

during excessive heart rate slowing (Mangoni et al. 2000; Christel et al. 2012).
Conversely, reduction in voltage-dependent facilitation at high heart rates may
prevent excessive tachycardia (Mangoni et al. 2000). The lack of voltage-depen-
dent facilitation in Cav1.2 renders these channels less capable of stimulating

Fig. 13.2 Cav1.3 channels activate in the diastolic depolarization range. a voltage-dependent
Ca2+ currents in pacemaker SAN cells from wild type (WT) and Cav1.3-/- mice. Currents are
evoked from a holding potential of -80 mV at the indicated test potentials. Current stimulation
by BAK K 8644 is used to detect activation of ICa,L at a given test voltage. In Cav1.3-/- SAN
cells, BAY K 8644 (red traces) has no effect at test potentials negative to -30 mV. This
observation indicates that inactivation of Cav1.3 channels abolishes a ICa,L component which has
intermediate activation threshold between ICa,T and Cav1.2-mediated ICa,L. Cav1.3-mediated ICa,L

is activated in the diastolic depolarization range (DD, shaded gray box). [From (Mangoni et al.
2003), with permission] b Current-to-voltage relationships (left) and steady-state inactivation
(right) of native SAN Cav3.1, Cav1.3, and Cav1.2 channels. [Adapted from Mangoni et al.
(Mangoni et al. 2006b), with permission]
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normal pacemaking despite a significant contribution (30–40 %) to the total whole
cell ICa,L in SAN cells.

Another characteristic of Cav1.3 channels is their colocalization with RYRs of
the sarcoplasmic reticulum in primary SAN pacemaker cells (Christel et al. 2012).
In comparison, relatively poor colocalization between Cav1.2 channels and sar-
comeric RYRs is found in SAN cells (Christel et al. 2012). Characterization of
interactions between Cav1.3 and RYRs will reveal additional insights as to how
sarcoplasmic reticulum Ca2+ release stimulates pacemaking.

The strong colocalization of Cav1.3 with RYR2 may be relevant for the func-
tional role of RYR-mediated Ca2+ release in pacemaking (Vinogradova et al. 2002).
During the late phase of the diastolic depolarization, RYR-mediated Ca2+ release
promotes NCX activation, which accelerates reaching the threshold of the SAN
action potential upstroke. Close apposition of Cav1.3 with RYRs may facilitate SR
Ca2+ release since ICa,L stimulates RYR open probability (Christel et al. 2012).

We recently developed a numerical model of SAN automaticity that implements
both voltage-dependent facilitation of Cav1.3 and preferential coupling of these
channels to RYR-dependent Ca2+ release (Christel et al. 2012). This model suggests
that facilitation stimulates SAN pacemaker activity. In particular, numerical sim-
ulations predict that the slope of rise of diastolic RYR-dependent Ca2+ release
increases as a function of Cav1.3-mediated ICa,L half-activation voltage.

In conclusion, differences in activation/inactivation, voltage-dependent facili-
tation and co-localization with RYRs contribute to the differential roles of Cav1.2
and Cav1.3 in controlling SAN automaticity.

13.7 Functional Role of Cav1.3 Channels in AVN

Cav1.3-/- mice show strong slowing of the atrioventricular conduction (Platzer
et al. 2000; Zhang et al. 2002; Matthes et al. 2004; Marger et al. 2011). Freely
moving Cav1.3-/- mice show 1st and 2nd degree atrio-ventricular blocks (Platzer
et al. 2000; Marger et al. 2011). Some mice also display complete atrioventricular
block with dissociated atrial and ventricular rhythms (Mesirca et al., unpublished
observations). Second degree atrioventricular block is observed also in anesthe-
tized animals (Zhang et al. 2002) and in isolated Cav1.3-/- hearts (Matthes et al.
2004). The prominent impact of Cav1.3 inactivation in atrioventricular conduction
of Cav1.3-/- mice suggests that these channels play an important role in AVN
physiology. Others and we have shown that Cav1.3 channels play a critical role in
pacemaking of AVN cells (Marger et al. 2011; Zhang et al. 2011). Indeed, under
normal conditions Cav1.3-/- AVN cells do not show automaticity even in the
presence of saturating doses of isoproterenol (Marger et al. 2011). In Cav1.3-/-

AVN cells, pacemaking can be initiated by injection of negative current. However,
this ‘‘initiated’’ automaticity is relatively slow and irregular. Furthermore, no
diastolic depolarization could be recorded even in current-injected cells and the
membrane voltage during the diastolic phase showed only sub-threshold
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oscillations of the membrane potential. This observation indicates that Cav1.3
channels are critical for generating the diastolic depolarization of AVN pacemaker
cells (Marger et al. 2011). Third, while initiated pacemaking of current-injected
Cav1.3-/- AVNC cells is sensitive to isoproterenol, maximal rates are still lower
than those of wild-type AVN cells. An interesting observation is that quiescent
Cav1.3-/- AVN cells show positive resting membrane potential. It is likely that
the loss of crosstalk between Cav1.3 channels and SK2 K+ channels (Zhang et al.
2008) in Cav1.3-/- AVN cells induces depolarization of the membrane resting
potential. The lack of spontaneous automaticity in Cav1.3-/- AVNC cells in vitro
may not imply unexcitability in vivo . Indeed, Cav1.3-/- AVNCs are still able to
fire INa-dependent action potentials (Marger et al. 2011). It is possible that in the
intact AVN, Cav1.3-/- cells are also sufficiently hyperpolarized to enable INa-
dependent action potentials to be triggered by SAN impulse. In vivo, both the SAN
and AVN is subject of the hyperpolarizing load imposed by the electrical coupling
with the right atrium. This phenomenon explains why IKr blockers completely stop
pacemaker activity of isolated SANCs, but not in rabbit intact atrio-sinus prepa-
rations (Verheijck et al. 2002) or pacemaking of intact mouse hearts (Clark et al.
2004). Hyperpolarizing load by the right atrium could also explain why in another
Cav1.3-/- mouse line, Zhang and co-workers (Zhang et al. 2011) were able to
record residual AVN automaticity in intact atrial preparations containing the AVN.
Finally, it is worth of note that the AVN is a highly heterogeneous structure in
which different cell types, possibly serving different conduction pathways, can co-
exist. Cell–cell interactions between automatic and non-automatic AVNCs, toge-
ther with the alternative use of different conduction pathways could also explain
why Cav1.3-/- mice can also explain the variability in the degree of atrioven-
tricular dysfunction observed in Cav1.3-/- mice.

13.8 Cav1.3 Channels and Human Disease of Heart
Automaticity

The importance of Cav1.3 channels in the generation of pacemaker activity in
model mice has been demonstrated in the early 2000s. However, some authors
questioned the relevance of these channels in pacemaking of large mammals and
humans. Reason for this stood for the high heart rate in mice in comparison to that
of human heart. In other words, it has been suggested that Cav1.3 channels might
have been a form of adaptation in mice due to the necessity of keeping high heart
rates. However, the discovery of two congenital pathologies of heart automaticity
and atrioventricular conduction that could be attributed to Cav1.3 downregulation
or loss-of-function rendered this argument outdated. These pathologies underscore
the importance of Cav1.3 channels in the generation of heart automaticity, but also
highlight their physiological relevance in the determination of heart rate and
atrioventricular conduction in humans.
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13.8.1 Involvement of Cav1.3 in Congenital Heart Block
(CHB)

Beside diseases due to pure SAN dysfunction, bradycardia is also observed in
association with atrioventricular block. An example of this type of disease is con-
genital heart block (CHB) in infants (Hu et al. 2004). CHB is characterized by
progressive partial or complete atrioventricular block and affects foetuses and
newborns (see Ref. (Boutjdir 2000) for review). CHB is generally detected just
before or immediately after birth and can carry severe consequences (Waltuck and
Buyon 1994). In the clinical practice, treatment of CHB can necessitate the
implantation of an electronic pacemaker. CHB is due to production by pregnant
mothers of auto-antibodies against intracellular soluble ribonucleoproteins 48-kDa
SSB/La, 52-kDa SSA/Ro, and 60-kDa SSA/Ro (Waltuck and Buyon 1994). While
the aetiology of this disease has remained obscure for long time, there is now strong
evidence that loss-of-function of Cav1.3 and probably Cav3.1 channel underlie this
pathology. Indeed, Hu et al. (Hu et al. 2004) have reported inhibition of ICa,L and
ICa,T by IgGs isolated from mothers having CHB-affected children. SAN brady-
cardia and CHB can be explained at least in part by downregulation of Cav1.3 and
Cav3.1 channels by maternal antibodies (Hu et al. 2004). This hypothesis has been
validated in vitro by a study showing that the Cav1.3 channel protein is expressed in
the human fetal heart and that anti-Ro/La antibodies can effectively inhibit Cav1.3-
mediated ICa,L expressed in tsA201 cells (Qu et al. 2005).

13.8.2 Cav1.3 in Congenital SAN Dysfunction

As discussed above Cav1.3-/- mice are phenotypically characterized by deafness
and bradycardia. The discovery of two consanguineous families from Pakistan
with congenital deafness and bradycardia constituted a major insight into the
functional role of Cav1.3 channels in the determination of heart rate in humans. It
also demonstrated that Cav1.3 channels are a conserved pacemaker mechanism
between mice and humans (Baig et al. 2011). Because of the association between
deafness and bradycardia, this newly described disease was named Sino-atrial
Node Dysfunction and Deafness syndrome (SANDD). After proper scaling of the
average heart rate for a human subject in respect to that of mice, the similarity
between SAN dysrhythmia observed in Cav1.3-/- mice and affected SANDD
individuals is striking (Fig. 13.3). Indeed, patients with SANDD present with SAN
bradycardia at rest. Bradycardia can be deep, with mean heart rates of about 35
beat per minutes, especially during nighttime. SANDD patients also exhibit var-
iable degree of atrioventricular block and dissociated rhythms (Fig. 13.3). This last
observation can be explained by our recent result showing that Cav1.3 is important
for automaticity of AVN cells (Marger et al. 2011). Cav1.3 loss-of-function in
SANDD patients is due to a homozygous insertion of 3 base pairs in the
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alternatively spliced exon 8B, which is preferentially used in the SAN and the
inner hear (Baig et al. 2011). Selective usage of exon 8B of the CACNA1D may
explain why the SANDD mutation does not cause a systemic disease. The SANDD
insertion mutation renders Cav1.3 channels non-conductive. In a heterologous
expression system, mutated Cav1.3 channels are correctly inserted in the plasma
membrane. Gating currents can also be recorded from mutated SANDD channels
but the gating movement does not lead to current activation.

Beside SANDD, human mutations in the gene encoding the multifunctional
scaffolding protein, ankyrin B, cause reductions in Cav1.3-mediated ICa,L in SAN
cells and atrial myocytes, which is associated with bradycardia and atrial fibril-
lation, respectively (Cunha et al. 2011; Le Scouarnec et al. 2008). With respect to
defects in Cav1.3 causing SAN dysfunction, loss of the rapid activation kinetics
and negative activation thresholds of Cav1.3 weakens the diastolic depolarization,
thus slowing pacemaking (Mangoni et al. 2003).

250 ms

# # #

a

b

527

338

(a)

(b)

Fig. 13.3 a ECG sample recordings from wild type (a) and Cav1.3-/- mice (b). b ECG
recordings from an unaffected person (a) and three individuals who are homozygous for the
CACNA1D SANDD mutation (b–d). Asterisks mark P waves that precede QRS complexes;
arrows indicate waveforms that suggest P waves coinciding with T waves; hashes indicate not
conducted P waves. In Cav1.3-/- mice as in affected individuals, both P–P and R–R intervals are
variable (SAN arrhythmia). Numbers indicate heart rate (bpm) calculated from the corresponding
beat-to-beat R–R interval. [Adapted from (Baig et al. 2011), with permission]
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13.9 Concluding Remarks

The relevance of Cav1.3 channels in the generation and regulation of cardiac
pacemaking, atrioventricular conduction, and heart rate determination is now well
established. Cav1.3 channels activate in the diastolic depolarization range facili-
tating reaching of the action potential threshold. Activation, inactivation, and
voltage-dependent facilitation of Cav1.3 channels are designed to promote pace-
making. Importantly, the functional role of Cav1.3 channels is conserved between
rodents and humans. Cav1.3 channels also play a major role in atrioventricular
conduction as underscored by the presence of dissociated rhythms in Cav1.3-/-

mice and SANDD patients (Baig et al. 2011). Future studies will further address the
role of Cav1.3 channels in pacemaker activity and in particular their importance with
respect to other ion channels involved in automaticity such as HCN4 and RyRs.
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Chapter 14
Auxiliary b-Subunits of L-Type Ca2+

Channels in Heart Failure

Jan Matthes and Stefan Herzig

Abstract The cardiac L-type Ca2+ channel consists of an ion-conducting channel
pore Cav1.2 and auxiliary subunits, namely a2d- and b-subunits (Cavb). Four Cavb
isoforms and several splice variants are known to date. Cavb subunits modulate L-
type Ca2+ channels by significantly increasing its activity with Cavb2 isoforms
having the strongest effect. Furthermore, Cavb subunits are involved in modulation
of membrane expression of the channel pore Cav1.2. In human heart failure,
density of Ca2+ currents mediated by L-type Ca2+ channels is unchanged and the
activity of single L-type Ca2+ channels is significantly increased suggesting a
reduced channel expression. The ‘‘heart failure phenotype’’ of single-channel
gating might be explained by an altered expression pattern of Cavb subunits.
Indeed cardiac Cavb2 isoforms are upregulated in human heart failure. Targeted
overexpression of Cavb2 subunits in murine hearts mimicked L-type Ca2+ channel
features typical for human heart failure and furthermore induced cardiac hyper-
trophy and contractile dysfunction. Lowering cardiac Cavb2 expression attenuated
pressure-induced ventricular hypertrophy in rats and appeared to be well tolerated
in mice. These findings strongly support the idea that Cavb2 subunits are of
pathophysiological relevance for development of cardiac hypertrophy and heart
failure and a promising target for future treatment options.

14.1 Cardiac L-Type Ca2+ Channels

L-type Ca2+ channels belong to the family of voltage-gated calcium channels and
are involved in intracellular processes such as contraction, secretion, neurotrans-
mission, or gene expression by mediating calcium influx in response to membrane
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depolarisation (Catterall et al. 2005). The L-type subfamily includes channels
containing Cav1.1, Cav1.2, Cav1.3, or Cav1.4 pore subunits (formerly a1S, a1C,
a1D, and a1F, respectively; Ertel et al. 2000) and among others its members differ
regarding gating kinetics, tissue distribution, and physiological functions (Catterall
et al. 2005). The cardiac L-type Ca2+ channel consists of an ion-conducting
channel pore Cav1.2 and auxiliary subunits, namely a2d- and b-subunits (Bodi
et al. 2005). The a2d-subunit is composed of two parts both coded by the same
gene: the extracellular a2-part and the transmembrane d-part, post-translationally
cleaved but remaining associated by disulfide bonds. To date, four different iso-
forms (a2d1-4) encoded by separate genes have been identified with at least a2d1

and a2d2 being expressed in the heart (Klugbauer et al. 2003; Bodi et al. 2005). In
heterologous expression systems coexpression of the a2d-subunit affects Cav1.2
expression as shown by increased channel density, charge movement, and maxi-
mum of drug binding (e.g., of the dihydropyridine calcium-channel blocker (S)-
isradipine). Four b-subunit isoforms (Cavb1-4) have also been described, all of
which are expressed in human myocardium (Dolphin 2003; Hullin et al. 2003;
Foell et al. 2004). b-subunits significantly modulate L-type Ca2+ channels as
described in detail in the following sections.

14.2 Expression and Function of Cardiac L-Type Ca2+

Channel Cavb Subunits

14.2.1 Expression of Cavb Subunits in the Heart

In general, all four isoforms Cavb1-4 have been found at mRNA and protein level
to be expressed in cardiac preparations of different species (Chu et al. 2004; Foell
et al. 2004; Buraei and Yang 2010). In murine hearts, expression of Cavb isoforms
other than Cavb2 normally seems to be rather negligible (Link et al. 2009; Mei-
ssner et al. 2011). This is supported by findings from murine knockout models of
Cavb genes (Cacnb1-4) with only Cavb2 knockouts showing morphological and
functional impairment of the heart (Gregg et al. 1996; Burgess et al. 1997;
Namkung et al. 1998; Murakami et al. 2003 Weissgerber et al. 2006). However,
cardiac Cavb2 gene deletion induced in adult mice caused only a moderate
decrease of ICaL and was well tolerated (Meissner et al. 2011). In rabbit heart,
Cavb2 protein has also been shown to predominate with only low levels of Cavb3

and Cavb1 yet below detection limits (Reimer et al. 2000). In contrast, in the
human heart, Cavb1 and Cavb3 subunits seem to be expressed at relevant levels
although still less abundant than Cavb2 isoforms (Hullin et al. 2003, 2007; Foell
et al. 2004). In addition to the differences between several species, the subcellular
distribution of Cavb subunits has to be considered. In murine hearts, Serikov et al.
found Cavb2 proteins to be predominantly located in sarcolemmal fractions
whereas Cavb1 and Cavb3 were mostly cytosolic (Serikov et al. 2002). In canine
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heart, Cavb2 protein expression was higher in t-tubular sarcolemma compared to
non t-tubular sarcolemmal membrane (Foell et al. 2004). The same was true for
Cavb1b while Cavb1a and Cavb4 dominated in non t-tubular sarcolemma. At least
for the pore-forming cardiac L-type Ca2+ channel subunit Cav1.2, it has been
indicated that subpopulations are specifically located to caveolae, i.e., sarcolem-
mal microdomains characterized by caveolin-3 (Balijepalli et al. 2006). Recent
work suggests that this subcellular distribution is related to differential regulation
and distinct functions of L-type Ca2+ channels (Makarewich et al. 2012).

14.2.2 Cavb Subunits Differentially Modulate L-Type Ca2+

Channel Activity

The whole-cell Ca2+ current ICaL can be defined as ICaL = N � i � Po � factive (with
N being the number of channels in the investigated membrane, i the unitary current
through a single channel, Po the probability of an available channel to be in the
open state, and factive the fraction of channels being available, i.e., those that
contribute to ICaL). Thus, both the activity (Sects. 14.2.2 and 14.2.3) and the
number of channels in the plasmalemma (Sect. 14.2.4) are critical for regulation of
Ca2+ influx via L-type Ca2+ channels.

As well as enhancing whole cell Ca2+ current (ICaL) density, Cavb isoforms
affect ICaL kinetics (reviewed by Buraei and Yang 2010) suggesting an influence
on single-channel gating. Indeed Cavb overexpression enhances open probability
(Po) of single L-type Ca2+ channels compared to no Cavb co-expressed and Cavb2a

appears to have the strongest stimulatory effect on Po (Colecraft et al. 2002; Hullin
et al. 2003, 2007; Herzig et al. 2007). Using an adenoviral approach, Colecraft
et al. expressed different Cavb isoforms in primary cultures of adult rat ventricle
cells (Colecraft et al. 2002). Comparison of open probability revealed a rank order
of Cavb2 [ Cavb3 [ Cavb1. In addition to the common caveats regarding over-
expression approaches, two possible confounders must be kept in mind: first the
use of native cardiomyocytes and thus the expression of endogenous Cavb subunits
at relevant levels, and second the experimental expression of non-rat Cavb subunits
in rat cardiomyocytes possibly giving rise to artificial interactions. Using exclu-
sively human L-type Ca2+ channel subunits expressed in HEK293 cells, we
obtained the same ranking as Colecraft et al. but found all investigated Cavb
isoforms to increase open probability compared to coexpression of no Cavb
(Hullin et al. 2007). There was a differential effect on L-type Ca2+ channel activity
even within the group of Cavb2 isoforms: Cavb2a and Cavb2b showed stronger
enhancement of channel activity than Cavb2c and Cavb2d. Similar results obtained
in another study furthermore revealed that the effect on single-channel gating
depends on the N-terminal length of the particular Cavb2 (subsequently confirmed
with a set of Cavb1 isoforms) (Herzig et al. 2007; Jangsangthong et al. 2010). Of
note, we recently found that within a time range of minutes several Cavb isoforms
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can switch at the channel as distinguishable by a corresponding switch of the
respective typical gating behaviors (Jangsangthong et al. 2011). Proteins inter-
acting with a Cavb subunit might hamper its stimulation of L-type Ca2+ channel
activity as suggested for Rem, a member of the RGK protein family (Sect. 14.2.4)
(Yang et al. 2010). Taken together, single L-type Ca2+ channel behavior is dif-
ferentially modulated by the particular Cavb isoforms associated with the channel
pore. Thus, composition of the heterologous channel complex appears to be one
critical factor of Ca2+ current regulation.

14.2.3 Role of Cavb Phosphorylation for L-Type Ca2+

Channel Activity

b-adrenergic stimulation leads to an increased ICaL via enhanced cAMP levels and
PKA activity (reviewed by McDonald et al. 1994; Kamp and Hell 2000; van der
Heyden et al. 2005). At the single-channel level, a hallmark feature of b-adren-
ergic stimulation is an increased mode 2 gating, i.e., an increased number of long-
lasting channel openings and an increased open probability (Tsien et al. 1986; Yue
et al. 1990; Kamp and Hell 2000). To date, it remains unclear which phosphor-
ylation sites are necessary. Though there is a bulk of potential and at least some
proven phosphorylation sites (van der Heyden et al. 2005) several studies indicated
that phosphorylation of serine 1928 of the (rabbit or rat) Cav1.2 pore subunit is the
mediator of b-adrenergic ICaL stimulation (De Jongh et al. 1996; Mitterdorfer et al.
1996; Gao et al. 1997; Hulme et al. 2006), but more recent studies question this
(Ganesan et al. 2006; Lemke et al. 2008). Using mass spectrometry Emrick et al.
showed that other sites on the skeletal muscle Cav1.1 pore (S1575, T1579) are
phosphorylated in vivo (Emrick et al. 2010). These sites are conserved in cardiac
Cav1.2 of several species (S1700, T1704; van der Heyden et al. 2005) and seem to
be another target of interest regarding b-adrenergic regulation of cardiac L-type
Ca2+ channels (Fuller et al. 2010). In vivo phosphorylation of Cavb2 subunits has
also been shown (Haase et al. 1993, 1996). Bünemann et al. found that impeding
phosphorylation of S478 or S479 of a rat Cavb2a by mutagenesis (S ? A) com-
pletely abolished PKA-mediated ICaL increase in tsA-201 cells while exchanging
S459 to alanine did not (Bünemann et al. 1999). In contrast, recent studies with
(guinea pig or murine) cardiomyocytes showed that deletion of the corresponding
phosphorylation sites by an adenoviral approach in vitro (Miriyala et al. 2008) or
by mutagenesis in vivo (Brandmayr et al. 2012) did not abolish PKA-dependent
ICaL modulation. In addition, Cavb phosphorylation does not exclusively involve
PKA-specific sites. For example, Grueter et al. showed that T498 of a rat Cavb2a is
phosphorylated by Ca2+/calmodulin-dependent protein kinase II (CaMKII) and
that mutation of T498 to alanine prevents CaMKII-mediated facilitation of
recombinant L-type Ca2+ channels (Grueter et al. 2006). This CaMKII-resistant
mutation furthermore reverses Cavb2-induced increase of single-channel activity in
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rabbit ventricular myocytes (Koval et al. 2010). Besides modulation of L-type
Ca2+ channel activity Cavb phosphorylation seems to be involved in plasmalem-
mal expression of L-type Ca2+ channels (Sect. 14.2.4). It has to be kept in mind
that b-adrenergic regulation of L-type Ca2+ channels is even more complex:
regulatory mechanisms include scaffolding (e.g., by A kinase anchoring protein
AKAP15; Catterall 2010), dephosphorylation and cAMP degradation (e.g., by
protein phosphatases PP1 or PP2A, and phospho-diesterases PDE3 and PDE4;
Herzig and Neumann 2000; Dai et al. 2009), or compartmentalisation (e.g., by
caveolin-3; Best and Kamp 2012; Makarewich et al. 2012).

14.2.4 Effect of Cavb on Plasmalemmal Localization of L-
Type Ca2+ Channels

Cavb is involved in regulation of plasmalemmal expression of the L-type Ca2+

channel pore Cav1.2 (reviewed in Dolphin 2003; Correll et al. 2008; Buraei and
Yang 2010). Two main mechanisms have been described. First, Cavb seems to act
as a chaperone that allows trafficking of the pore subunit of voltage-gated Ca2+

channels from the endoplasmic reticulum to the plasmalemma (Dolphin 2003).
While this has mainly described for Cav2.x (i.e., P/Q-, N- and R-type Ca2+

channels), there are experimental findings suggesting this for Cav1.2, too (Chien
et al. 1995). Members of the RGK protein family (Ras-related GTP-binding pro-
teins Rem-Gem-Kir but also Rad) reduce ICaL density obviously by interfering
with Cavb-mediated Cav1.2 trafficking (reviewed by Correll et al. 2008). More
recent data suggest that—as the second main mechanism—RGK proteins also
influence the dwell-time of L-type Ca2+ channel pore subunits in the plasmalemma
(Yang et al. 2010). Indeed, Cavb has been shown to prevent ubiquitination and
proteasomal degradation of L-type Ca2+ channels, i.e., to affect the time the
channel pore spends in the plasmalemma (Altier et al. 2011). Other studies indi-
cated that homodimerisation of the Cavb SH3 domain leads to dynamin-dependent
endocytosis of Cav1.2 (Gonzalez-Gutierrez et al. 2007; Miranda-Laferte et al.
2011). Akt-dependent phosphorylation of a Cavb2 at S625 antagonizes Cav1.2
protein degradation thus indicating Cavb phosphorylation to be involved in both
channel activity (Sect. 14.2.3) and expression, though, obviously, involving dis-
tinct phosphorylation sites (Catalucci et al. 2009) (Fig. 14.1).

14.3 L-Type Ca2+ Channels and ICaL in Heart Failure

Most studies found that ventricular ICaL density in heart failure is similar compared
to non-failing myocytes (Table 14.1; Mukherjee and Spinale 1998; Richard et al.
1998; Pitt et al. 2006; Bénitah et al. 2010). This is also true for human cardiac
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preparations (Beuckelmann and Erdmann 1992; Beuckelmann et al. 1992; Mewes
and Ravens 1994; Beuckelmann 1997; Schröder et al. 1998; Chen et al. 2002,
2008; but: Ouadid et al. 1995). In apparent contradiction activity of single L-type
Ca2+ channels in myocytes from human failing ventricles is increased (Fig. 14.2;
Schröder et al. 1998). Since ICaL density is based on both expression and activity
(Sect. 14.2), this discrepancy might be resolved by a decreased number of chan-
nels in the membrane. Indeed, binding studies have suggested a reduced number of
L-type Ca2+ channels in human heart failure (Tomaselli and Marban 1999). This is
further supported by functional data: though in ventricular myocytes from non-
failing and failing human hearts ICaL density was similar under basal conditions
the L-type Ca2+ channel agonist BayK 8644 caused a higher increase of ICaL

density in non-failing myocytes suggesting a higher number of available channels
(Chen et al. 2002). Studies on tachycardia-induced heart failure in dogs as well
showed a decreased sarcolemmal L-type Ca2+ channel expression (He et al. 2001;

Fig. 14.1 Interaction partners of Cavb. The scheme displays interaction partners that have been
shown to directly interfere with Cavb effects on L-type Ca2+ channel activity and/or expression
(cp. Sects. 14.2.2, 14.2.3, 14.2.4). Akt: protein kinase B; CaMKII: Ca2+/calmodulin-dependent
kinase II; LTCC: L-type Ca2+ channel; PKA: protein kinase A; RGK/Rad: members of the Ras
Gem/Kir protein family including Rad
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Balijepalli et al. 2003). Of interest, in this canine model a loss of t-tubular sar-
colemma was observed. Since a loss of ventricular t-tubules has been shown to be
accompanied by reduced synchrony of SR Ca2+ release (Louch et al. 2004), this
might in part explain why despite mostly unchanged ICaL density the excitation–
contraction coupling gain (i.e., ratio of Ca2+ released from sarcoplasmic reticulum
per Ca2+ influx via the sarcolemma) was markedly impaired in heart failure
(Gomez et al. 1997; Cannell et al. 2006; Bito et al. 2008; Heinzel et al. 2008).
Though contribution of slowed ICaL decay has repeatedly been discussed as a
reason for the prolonged action potential observed in human failing ventricles data
on ICaL kinetics in heart failure are rather heterogeneous and do not confirm this
interpretation so far (Bénitah et al. 2002; Beuckelmann et al. 1992; Chen et al.
2002; Gwathmey et al. 1987, 1990; Mewes and Ravens 1994; Pitt et al. 2006;
Tomaselli and Marban 1999). The finding by Chen et al. of ICaL activation to be
shifted toward more hyperpolarised potentials might reflect an increased basal
stimulation of L-type Ca2+ channels in human heart failure (Chen et al. 2002,
2008; Schröder et al. 1998).

Fig. 14.2 ‘‘Heart failure
phenotype’’ of L-type Ca2+

gating. Representative
consecutive traces showing
single L-type Ca2+ channel
activity obtained in human
ventricular myocytes from an
explanted terminally failing
heart and a non-failing donor
heart (not transplanted for
technical reasons). Channel
openings were evoked by
depolarizing steps (150 ms,
120 mV amplitude). Bottom
rows ensemble average
current of all 240 (left) or 300
(right) traces. Scale bars
20 ms and 2 pA (unitary
current traces) or 17.5 fA
(ensemble averages). Figure
was taken from the original
publication (Schröder et al.
Circulation 1998)
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The molecular mechanisms underlying the increased activity of single L-type
Ca2+ channels in human heart failure are not yet fully elucidated. Blunted response
of ICaL and single L-type Ca2+ channel activity to adrenergic stimulation
(Table 14.1) indicates an increased basal stimulation, e.g., by enhanced phos-
phorylation levels (Schröder et al. 1998; Chen et al. 2002, 2008). Particular Cavb
subunits (namely Cavb2) can cause single-channel gating similar to the ‘‘heart-
failure phenotype’’ observed with human ventricular myocytes (Sect. 14.2.2) and
Cavb2 is a putative target of (hyper-) phosphorylation (Sect. 14.2.3). Thus, the role
of Cavb subunits in heart failure is subject to intensive research (Sect. 14.4).

14.4 Role of Cavb Subunits in Heart Failure

14.4.1 Expression of Cavb Subunits in Human Heart Failure

Studies on expression of Cavb subunits in human heart failure have been hetero-
geneous and rather inconclusive so far (Table 14.1; Hersel et al. 2002; Hullin et al.
2007). In Northern blot analyses Schröder et al. could not find a change in Cavb
mRNA expression in hearts from patients suffering from ischemic or dilative
cardiomyopathy possibly due to large scatter, especially for the values from non-
failing control hearts (Schröder et al. 1998). Hullin et al. examined Cavb
expression in biopsies of cardiac allografts that developed diastolic heart failure
(Hullin et al. 1999). Compared to non-failing allografts, 75 % reduction of Cavb
mRNA was detected in hearts with ventricular dysfunction while mRNA levels of
the channel pore were unchanged. Using specific antibodies Haase et al. tested
heart samples from humans suffering from hypertrophic obstructive cardiomyop-
athy (Haase et al. 1996). Their immunoprecipitation experiments suggested an
upregulation of Cavb2 protein—along with the pore-forming L-type Ca2+ channel
subunit. We performed a more detailed analysis of human cardiac specimens
(Hullin et al. 2007). Comparison of mRNA copy numbers obtained by real time
PCR revealed that the overall mRNA expression of neither Cavb1 nor Cavb3

subunits was altered in failing myocardium. Of note, Cavb2 expression (in par-
ticular of the Cavb2a splice variant but also the quantitatively predominant Cavb2b)
was increased. At the protein level, Cavb2 upregulation was confirmed while Cavb3

was significantly reduced. Expression of the pore-forming subunit was unchanged.
Since among Cavb subunits Cavb2 isoforms have turned out to be the strongest
stimulators of L-type Ca2+ channel activity an (overall and/or relatively) increased
Cavb2 expression might underlie the ‘‘heart-failure phenotype’’ of single-channel
gating, i.e., enhancement of open probability and fraction of active sweeps
(Schröder et al. 1998; Colecraft et al. 2002; Hullin et al. 2003, 2007). Animal
studies addressing the role of Cavb in heart-failure development are described in
the Sect. 14.4.2, (Table 14.2).
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14.4.2 Animal Studies on the Role of Cavb in Cardiac
Hypertrophy and Heart Failure

Ca2+ influx via L-type Ca2+ channels affects both contraction and gene tran-
scription, and impaired ventricular Ca2+ cycling including diastolic Ca2+ overload
have early been suggested to be involved in development of heart failure (Beuc-
kelmann et al. 1992; Bers 2008). Several animal studies have addressed the role of
L-type Ca2+ channels in general and Cavb in particular in heart-failure develop-
ment (Table 14.2). Muth et al. created a mouse model of increased sarcolemmal
Ca2+ influx by cardiac overexpression of the human L-type Ca2+ channel pore
Cav1.2 (formerly a1C; Muth et al. 1999, 2001). Transgenic mice displayed no
cardiac hypertrophy at an age of 2 months, a slightly increased heart to body
weight ratio without contractile dysfunction at an age of 4 months but severe
cardiac hypertrophy and impaired contraction at an age C8 months (Muth et al.
1999; Bodi et al. 2003). Despite a 3-fold increased expression of L-type Ca2+

channel pore subunits ICaL density was enhanced by only 50 % (Muth et al. 1999,
2001; Song et al. 2002; Groner et al. 2004). We were able to resolve this dis-
crepancy by showing a reduction of the single-channel activity by 60 % in
4 months old Cav1.2 transgenics (Groner et al. 2004). As a putative underlying
mechanism we detected a significantly decreased protein expression of the strong
stimulatory Cavb2 subunits. Of note, at an age of C8 months (i.e., when already
showing overt heart failure) single-channel activity was significantly increased
compared to non-failing hearts from 4 months old transgenics although ICaL

density still was only moderately increased (Muth et al. 2001; Hullin et al. 2007).
Again Cavb expression pattern can explain single-channel activity; compared to
age-matched wildtype littermates Cavb2 protein expression was significantly
increased by ca. 4-fold in Cav1.2 transgenics (Hullin et al. 2007). In summary, this
mouse model showed increased activity of single L-type Ca2+ channels and
enhanced Cavb2 expression in failing hearts thus resembling findings of human
heart failure (Tables 14.1 and 14.2). To further elucidate the pathophysiological
relevance of cardiac Cavb2 we aimed for a mouse model with cardiac-specific
overexpression of a (rat) Cavb2a subunit. Since mice constitutively overexpressing
Cavb2 subunits are not viable (David T. Yue, personal communication) we
developed genetically engineered mice that allowed for induction of cardiac
transgene expression at an adult age (Hullin et al. 2007). Within 48 h after
treatment with the inducing drug ventricular Cavb2 protein expression was clearly
increased in transgenic mice compared to either untreated transgenic or treated
wildtype littermates. Continuous application of the inducing drug by miniosmotic
pumps and thus Cavb2 overexpression over a period of 4 weeks also caused a
significant increase of single L-type Ca2+ channel activity (Fig. 14.3). This was
mainly based upon a 3-fold increase of open probability. Of note, maximum whole
cell ICaL density was only moderately increased by 23 % or even unchanged at
potentials positive to 0 mV (Beetz et al. 2009). In accordance with previous
in vitro studies on effects of Cavb2 overexpression inactivation and—as also shown
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for human heart failure—activation kinetics revealed a shift towards more hy-
perpolarized potentials (Perez-Reyes et al. 1992; Chen et al. 2002; Colecraft et al.
2002). As in human heart failure the response of ICaL to b-adrenergic stimulation
(here: 8-Br-cAMP in the presence of a phosphatase inhibitor) was blunted in mice
overexpressing Cavb2. Taken together our mouse model of inducible Cavb2

overexpression mimicked many L-type Ca2+ channel features observed with
human failing cardiomyocytes (Tables 14.1 and 14.2). We then examined the
effect of inducing additional Cavb2 overexpression in mice transgenic for the L-
type Ca2+ channel pore. Cav1.2 transgenics at an age of 4 months were used, i.e.,
when normally showing Cavb2 downregulation and still no hypertrophy or con-
tractile dysfunction (Muth et al. 2001; Bodi et al. 2003; Hullin et al. 2007). The
induced overexpression of Cavb2 caused a 33 % increase of ventricular ICaL

Fig. 14.3 Cavb overexpression in murine hearts mimics ‘‘heart failure phenotype’’ of L-type
Ca2+ gating. Representative consecutive traces showing single L-type Ca2+ channel activity
obtained in murine ventricular myocytes from a wildtype and a Cavb overexpressing heart (tgind

b2a). Cells were isolated after applying the transgene inducing drug tebufenozide over a period of
4 weeks. Channel openings were evoked by depolarizing steps (150 ms, from -100 mV to
+10 mV). Bottom rows ensemble average current of all traces from the particular recording
(C180). Scale bars 25 ms and 2 pA (unitary current traces) or 50 fA (ensemble averages). Figure
was taken from the original publication (Beetz et al. 2009)
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density (61 % compared to wildtype) and a significant increase of single-channel
activity, too. Cavb2 overexpression on either genetic background (wildtype or
Cav1.2-transgenic) did not alter hemodynamic function in vivo. In Cav1.2-trans-
genic mice the additional overexpression of Cavb2 aggravated cardiac fibrosis and
furthermore caused arrhythmia in the majority of analyzed animals. In this context
an in vitro study is noteworthy. In adult rabbit ventricular myocytes Cavb2a

overexpression by viral infection significantly increased the risk of early after
depolarisations (EADs) and reduced cell survival (Koval et al. 2010). This was
obviously mediated by Cavb2a phosphorylation or binding by CaMKII since
expression of CaMKII-resistant Cavb2 mutants (T498A and L493A) significantly
reduced the number of cells displaying EADs and reconstituted normal survival
rate of cultured cardiomyocytes. Furthermore, single L-type Ca2+ channel activity
that was increased by wildtype Cavb2a overexpression was significantly reduced
when expressing the Cavb2a mutations resistant to modulation by CaMKII.

Another independently developed mouse model of Cavb2 overexpression has
been extensively investigated in the last years (Nakayama et al. 2007; Table 14.2).
Using doxycycline-regulated cardiac overexpression of a rat Cavb2, the authors
were able to examine Cavb2 effects over a period of several months. Even at the
lowest level of Cavb2 overexpression (i.e. 3-fold at the protein level) maximum
ventricular ICaL density was nearly doubled. At the same age (i.e., 14 weeks)
contractile properties like cellular fractional shortening or contractility of working
heart preparations were improved. At an age of 6–12 months fibrosis, ventricular
dysfunction, and premature lethality emerged. In animals with high Cavb2

expression levels (i.e., 7.4-fold) signs of cardiomyopathy already occurred at an
age of 12–14 weeks and fractional shortening in vivo was significantly reduced at
4 months of age. Treating mice overexpressing Cavb2 at high levels with the Ca2+

channel blocker verapamil for 14 weeks prevented hypertrophy and cardiac fail-
ure. b-adrenergic stimulation by isoproterenol infusion (and thus putatively a
further increase of ventricular Ca2+ influx) aggravated cardiac dysfunction and
mortality. Even in the absence of isoproterenol treatment the b-adrenoceptor
blocker metoprolol normalized cardiac hypertrophy and cellular fractional short-
ening and attenuated ventricular fibrosis. Nakayama et al. found Ca2+- and mito-
chondrial-dependent necrosis to underlie development of heart failure in their
mouse model. A subsequent study using isolated ventricular myocytes from the
same mouse line showed that cardiomyocyte death induced by b1-adrenoceptor
activation was mediated by both L-type Ca2+ channel dependent and independent
pathways (Wang et al. 2010). Excitation–contraction coupling efficiency and
excitation–contraction coupling gain were reduced in isolated ventricular myo-
cytes from these Cavb2 transgenic mice (Tang et al. 2010). Furthermore, cardiac
contractility in vivo was significantly less affected by acute isoproterenol treat-
ment. Accordingly, in isolated ventricular myocytes isoproterenol effects on Ca2+

transients, ICaL density, fractional shortening, and SR Ca2+ load were abolished
(cp. Wang et al. 2010). Zhang et al. subjected these Cavb2 overexpressing mice to
myocardial infarction (MI) by permanent coronary artery occlusion at an age of
4–6 months (Zhang et al. 2010). In myocytes isolated from Cavb2 transgenic mice
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ICaL was decreased after myocardial infarction but the remaining ICaL was still
even higher than in wildtype myocytes without MI. As expected from previous
studies ICaL response to isoproterenol application was blunted in myocytes isolated
from Cavb2 overexpressing mice before MI. Surprisingly, ICaL increase due to b-
adrenergic stimulation was reconstituted after MI in transgenic myocytes, while it
did not change in wildtype cells. Peak Ca2+ transient amplitude was still higher in
myocytes obtained from transgenic mice following MI and its stimulation by
isoproterenol was preserved. One week after MI contraction was similarly
impaired in both wildtype and Cavb2 transgenic mice but further declined during
the next 5 weeks in the transgenic group only. Furthermore, at 6 weeks after MI
cardiomyocyte hypertrophy of Cavb2 overexpressing mice exceeded that of
wildtype animals and survival rate was significantly worse. In summary, the
authors concluded that—taking wildtype mice without MI as reference—Cavb2

overexpression maintains Ca2+ handling following MI while this depresses rather
than improves pump function and outcome. Chen et al. subjected the Cavb2

transgenic mice introduced by Nakayama et al. to transverse aortic constriction
(TAC; Chen et al. 2011). Four weeks after TAC cardiac hypertrophy and fibrosis
were significantly more pronounced in transgenic compared to wildtype mice and
only the former developed contractile dysfunction. The authors furthermore
overexpressed the rat Cavb2a in cultured adult feline (AFVM) and neonatal rat
ventricular myocytes (NRVM) by adenoviral infection to investigate pathological
signaling involved in the observed in vivo and ex vivo effects. In both cell types
Cavb2a overexpression-induced cardiomyocyte hypertrophy within 4 days. In case
of AFVM enhancement of Ca2+ handling (e.g., increase of ICaL, Ca2+ transient
amplitude and fractional Ca2+ release) and fractional shortening depended on
multiplicity of infection. Coexpression of GFP-labeled NFAT3 (Nuclear factor of
activated T-cells 3, a well-known Ca2+/calcineurin-dependent mediator of cardiac
hypertrophy) revealed an increased translocation of NFAT3 to the nucleus in
AFVM overexpressing Cavb2. In another set of experiments, HDAC5 (histone
deacetylase 5, a Ca2+/CaMKII-dependent repressor of hypertrophic signaling) was
dislocated from the nucleus in Cavb2 overexpressing AFVM. Thus, the authors
identified two pathways that likely underlie the hypertrophic response to enhanced
Ca2+ entry via L-type Ca2+ channels. Another study has shown that enhancing
Ca2+ entry into murine cardiomyocytes by in vivo overexpression of the T-type
Ca2+ channel pore Cav3.1 did not cause cardiac hypertrophy (Jaleel et al. 2008).
Though compared to Cav3.1 transgenic animals net Ca2+ influx during an action
potential was slightly (but not statistically significant) higher in cardiomyocytes
from Cavb2 overexpressing mice, this suggests that the particular mode of Ca2+

entry is of importance for induction of cardiac disease.
Studies on the RGK protein Rad gave indirect hints toward a role for Cavb

subunits in the development of heart failure. Rad was reduced at the mRNA and
protein level in human failing hearts (Chang et al. 2007). The same was true for
cardiomyocytes from mice subjected to pressure-induced cardiac hypertrophy by
transverse aortic constriction (TAC). Of interest, mice deficient for Rad were more
susceptible for hypertrophy following TAC and showed increased heart to body
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weight ratio, cross-sectional cardiomyocyte area and expression of the hypertrophy
markers atrial natriuretic factor and brain natriuretic peptide. Similar to our
findings with induced cardiac Cavb2 overexpression Rad deficient mice developed
severe cardiac fibrosis and mice expressing a dominant negative Rad isoform
showed ventricular arrhythmia (Yada et al. 2007; Beetz et al. 2009; Zhang et al.
2011). Given the Cavb2 impeding effects of RGK proteins (Sects. 14.2.2 and
14.2.4), it is tempting to speculate that the effects observed in Rad deficient mice
are due to an increased action of Cavb2 subunits.

In 2007, Cingolani et al. published an exciting study using short hairpin RNA to
induce knockdown of Cavb2 (Cingolani et al. 2007). Five days after in vivo
injection of lentiviral plasmids that code for the Cavb2-silencing shRNA the ICaL

density was reduced by 60 % in isolated rat ventricular myocytes. Cavb2 knock-
down in cultured neonatal rat ventricular myocytes reduced Ca2+ transient
amplitude by 34 % and attenuated phenylephrine-induced hypertrophy by 54 %.
Subjecting rats treated with a non-silencing lentiviral vector to transverse aortic
constriction (TAC) caused a 2-fold increase of Cavb2 mRNA within 4 weeks while
in rats treated with Cavb2 shRNA a 23 % decrease of Cavb2 mRNA was observed
at the same time after TAC. The expression of the pore-forming L-type Ca2+

channel pore was unchanged. Of interest, in Cavb2 shRNA treated rats ventricular
hypertrophy and expression of hypertrophy markers like atrial natriuretic peptide
(ANP) were significantly attenuated compared to rats treated with non-silencing
lentiviral vectors. Neither rats with cardiac Cavb2 knockdown nor rats treated with
non-silencing vectors developed contractile dysfunction compared to sham-oper-
ated animals. Taken together, this study indicated that lowering ventricular Ca2+

influx via L-type Ca2+ channels by reducing expression of Cavb2 subunits is an-
tihypertrophic in vitro and in vivo. Goonasekera et al. showed that reducing
expression of the L-type Ca2+ channel pore in murine hearts by either constitutive
heterogeneous or loxP mediated induced knockout led to a ventricular ICaL

decrease by only 25 % but caused impaired cellular Ca2+ handling, cardiac
hypertrophy, and pump failure (Goonasekera et al. 2012). A [70 % cardiac
knockdown of Cavb2 induced in mice at an age of 10–12 weeks resulted in a
similar reduction of ventricular ICaL by \29 % but did not cause any obvious
impairment (e.g., of heart rate or heart to body weight ratio) for up to 12 weeks
(Meissner et al. 2011).

14.5 Conclusion

Taken together it has been shown that increased cardiac expression of Cavb2

subunits in mice mimicked features typical for human heart failure and further-
more induced cardiac hypertrophy and contractile dysfunction. Lowering cardiac
Cavb2 expression attenuated pressure-induced ventricular hypertrophy in rats and
appeared to be well tolerated in mice. These findings strongly support the idea that
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Cavb2 subunits are of pathophysiological relevance for development of cardiac
hypertrophy and heart failure and a promising target for future treatment options.
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Chapter 15
Epigenetic, Genetic, and Acquired
Regulation of Cav3 T-Type Calcium
Channel Expression and Function in
Tumor Growth and Progression

Maria Beatrice Morelli, Sonia Liberati, Consuelo Amantini, Matteo
Santoni, Massimo Nabissi, Valerio Farfariello and Giorgio Santoni

Abstract T-type Ca2+ channels are a specific channel family controlling prolif-
eration, differentiation, angiogenesis, and invasion of tumor cells. Molecular
biology has identified three main subfamilies of a1 subunits, called Cav1, Cav2,
and Cav3. The third subfamily contains three members, called T-types: Cav3.1
(a1G), Cav3.2 (a1H), and Cav3.3 (a1I). The Cav3 channels are expressed in normal
tissues throughout the body as well as in different types of tumors such as breast,
glioma/neuroblastomas, colorectal, gastric, hepatic and prostate tumors, T cell
leukemia, retinoblastoma (RB), and phaeochromocytoma. It has been shown that
increased functional expression of Cav3 channels plays a role in abnormal pro-
liferation of tumor cells. In addition, a crosstalk between the Rho-ROCK pathway
and Cav3 channels in tumor cell migration and invasion has been demonstrated.
Cav3 expression is strictly regulated during cell differentiation and tumor forma-
tion. Inactivation of Cav3 genes by aberrant methylation plays a major role in
tumor development and progression. In this regard, since hypermethylation of
CpG islands is thought to be the major epigenetic modification repressing gene
transcription, Cav3.1 has been regarded as a candidate tumor suppressor gene. In
contrast, CpG sites in the Cav3.2 gene were hypomethylated, and thus this gene is
considered to be a candidate oncogene, regulated by methylation. Finally, Cav3
functional diversity may also result from the generation of splice variants.
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Alterations in the expression of different splice variants, and their expression
during tumor development and progression, may trigger variety in Ca2+ signaling,
which may contribute to the generation of more aggressive tumor clones.

15.1 Involvement of T-Type Calcium Channels in Tumor
Growth and Progression

15.1.1 Hypoxia Regulates T-Type Calcium Channel Gene
Induction

Extreme hypoxia, a hallmark of solid tumors, leads to phenotypic alterations
promoting tumor growth and progression (Harris 2002). In this regard, the
hypoxia-inducible factors (HIFs) regulate the expression of a wide repertoire of
oxygen-sensitive genes with roles in diverse cellular functions such as angio-
genesis, glucose and energy metabolism, apoptosis, and proliferation (Bunn and
Poyton 1996). Among these genes, the expression of T-type channel genes is
influenced by hypoxia, and the respective protein channels are predominantly
expressed in the G1/S transition stage of the cell cycle (Kuga et al. 1996).

Studies conducted in an oxygen-sensitive pheochromocytoma-derived PC12
cell line evidenced the expression of mRNA for both a1H and a1G subunits of T-
type Ca2+ channels, with a1H being the most abundant (Del Toro et al. 2003).
Lowering oxygen tension in PC12 cells induces membrane depolarization,
increase of extracellular Ca2+ influx, and catecholamine secretion (Zhu et al. 1996;
Taylor and Peers 1999). Accumulation of a1H mRNA in response to hypoxia
paralleled the increase in the density of T-current. Moreover, functional inhibition
of HIF-2a protein accumulation using antisense HIF-2a oligonucleotides reverses
the effect of hypoxia on T-type Ca2+ channel expression. Importantly, regulation
by oxygen tension is T-type-specific, since it is not observed with L-, N-, and P/Q-
channel types (Del Toro et al. 2003). T-type channels may have a role in the
modulation of cell excitability, and have been suspected of participating in cell
cycle progression and proliferation, although the evidence is still being debated
(Chemin et al. 2000). It is therefore possible that Ca2+ entry through T-type
channels is implicated in the hypoxic environment of proliferating tumor cells. In
this regard, the a1H channels are found to be overexpressed in human prostate
cancer (LNCaP) cells in their more aggressive and invasive stages (Mariot et al.
2002).
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15.1.2 Role of T-Type Calcium Channels in Triggering
Tumor Cell Proliferation

Calcium has an essential role in signal transduction and is involved in the regu-
lation of many eukaryotic cellular functions including proliferation, differentiation,
cell death, and apoptosis (Berridge et al. 1998). In tumor cell proliferation, Ca2+

fluxes regulate membrane potential, volume, secretion, as well as DNA synthesis
and transcription (Berridge et al. 1998). It has been shown that increased T-type
Ca2+ channel expression and function play a crucial role in abnormal proliferation
of different types of tumors (Perez-Reyes 1999; Taylor et al. 2008; Monteil et al.
2000). T-type channels are voltage-gated Ca2+ channels with a unique low-volt-
age-dependent opening and slow-deactivation kinetics. These special electro-
physiological characteristics allow these channels to open at low membrane
potential and play a role in the regulation of intracellular Ca2+ homeostasis in non-
excitable cells, including a variety of primary cancer cells (Panner and Wurster
2006; Lory et al. 2006; Díaz-Lezama et al. 2010; Santoni et al. 2012) and cancer
cell lines (Table 15.1). Molecular biologists have expanded our knowledge of the
repertoire of these Ca2+ channels, identifying three main subfamilies of the a1

subunit, namely Cav1, Cav2, and Cav3. The third subfamily contains three mem-
bers called T-types: Cav3.1 (a1G), Cav3.2 (a1H), and Cav3.3 (a1I). The Cav3.1 and
Cav3.2 T-types are broadly expressed in various tissues (Taylor et al. 2008; Li
et al. 2011), while Cav3.3 expression is more restricted to the central nervous
system, thyroid, and adrenal gland tissue (Bertolesi et al. 2002). T-type Ca2+

channels are expressed in numerous types of tumors or cell lines as well as in
normal tissues throughout the body. The function of regulating Ca2+ homeostasis
may allow T-type Ca2+ channels to play an important role in controlling cell
proliferation, which is critical in understanding the mechanism of cancer pro-
gression. Therefore, loss of T-type Ca2+ channels and alterations in calcium sig-
naling may lead to aberrant growth and tumor progression. T-type channel
expression was found in breast (Bertolesi et al. 2002), neuroblastoma (Chemin
et al. 2004), glioma (Latour et al. 2004), colorectal (Toyota et al. 1999a), gastric
(Toyota et al. 1999b), renal (Panner and Wurster 2006), hepatic (Li et al. 2009)
and prostate tumors (Mariot et al. 2002), leukaemic cells (Yoshida et al. 2004),
RBs (Hirooka et al. 2002), and pheochromocytomas (Harkins et al. 2003).

The expression of a1G and a1H subunits in human MCF-7 breast carcinomas has
been demonstrated (Taylor et al. 2008). In addition, the selective T-type inhibitor,
NNC-55-0396, has been found to inhibit MCF-7 (ERa+) breast cancer cell pro-
liferation. Knockdown of the expression of T-type Ca2+ channels through siRNA
targeting of both a1G and a1H resulted in 45 % growth inhibition (Taylor et al.
2008). T-type channel current was elevated during the S phase of the cell cycle,
resulting in a transient increase in [Ca2+]i required for cell cycle progression. In
addition, overexpression of Cav3.1 channels in MCF-7 cells suppressed cell pro-
liferation and, by enhancing Ca2+ influx, increased the number of Annexin V+

apoptotic cells. Moreover, knockdown of the Cav3.1 gene by siRNA, or treatment
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with ProTx-I, a relatively selective inhibitor for Cav3.1, promoted proliferation of
MCF-7 cells. In addition, siRNA for Cav3.1 opposed cyclophosphamide-induced
apoptosis (Ohkubo and Yamazaki 2012).

Table 15.1 Cancerous cell lines that express Cav3 T-Type Ca2+ channels

Cell type Cell line T-type
isoform

References

Adrenocarcinoma H295R a1H Lesouhaitier et al. (2001)
Breast carcinoma MCF-7, MDA-435 a1G, a1H Taylor et al. (2008), Gray et al.

(2004), Toyota et al. (1999a),
Latour et al. (2004)

MDA-231, MDA-
361 MB-468, MB-474,
BT-20, CAMA1,
SKBR-3

a1G Gray et al. (2004), Toyota et al.
(1999a), Latour et al. (2004)

Colorectal
carcinoma

Caco2, DLD-1, Lovo,
SW837

a1G Toyota et al. (1999a)

Esophageal
carcinoma

TE1, TE10, TE12,
KYSE150, KYSE180,
KYSE450

a1H Lu et al. (2008)

SKGT4, TE3, TE7,
KYSE70

a1G, a1H Lu et al. (2008)

COLO-680 N, SEG1,
TE8, TE11, KYSE30,
KYSE410, KYSE510

a1G, a1H,
a1I

Lu et al. (2008)

Fibrosarcoma HT1080 a1G Huang et al. (2004)
Glioma Primary (biopsy) a1G Latour et al. (2004)

U87 a1G, a1H Panner et al. (2005)
Hepatocellular

carcinoma
HuH-1, PLC/PRF5,

SMMC7721, SNU182,
SNU449, SNU475

a1G, a1H,
a1I

Li et al. (2009)

Hep3B, HepG2, SKHep1 a1H, a1I Li et al. (2009)
SNU387 a1I Li et al. (2009)

Neuroblastoma SK-N-SH, NG 108-15,
SK-N-MC

a1G Gray et al. (2004), Panner et al.
(2005), Leuranguer et al.
(1998), Assandri et al. (1999)

N1E-115 a1G, a1H Panner et al. (2005)
Ovarian cancer HO8910, A2780 a1G, a1H Li et al. (2011)
Pheochromocytoma MPC 9/3L a1G Harkins et al. (2003)

PC-12 a1H Del toro et al. (2003)
Prostate carcinoma TSU-PRL, DUPRO a1G Latour et al. (2004), Wang et al.

(2002)
LNCaP a1H Gray et al. (2004), Toyota et al.

(1999b)
PC-3, DU-145 a1G, a1H Gray et al. (2004), Toyota et al.

(1999c)
Retinoblastoma Y-79, WERI-Rb1 a1G, a1H,

a1I

Hirooka et al. (2002)
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The expression of a1H subunits was recently found in SNU499 hepatocarcinoma
(HCC) cells (Li et al. 2009), and T-type current was recorded in SNU449 cells. In
these cells, the growth inhibition caused by mibefradil, a mixed T/L channel
blocker (Panner and Wurster 2006), was associated with persistent increase of
phosphorylated ERK1/2 protein. Finally, cyclin E2 and cyclin-dependent kinase-
like 3 were down-regulated in SNU449 cells by mibefradil (Li et al. 2009).

Recently, the expression of both Cav3.1 and Cav3.2 subunits in human ovarian
cancer tissues and H08910 and A2780 ovarian cancer cell lines has been reported
(Li et al. 2011). Increased expression of Cav3.1 and Cav3.2 was observed in the
cytoplasm and membrane of cancerous ovarian tissues compared to normal
ovarian tissue by immunocytochemistry, with a1H channels mainly elevated in
ovarian tumor tissues. Blockade of T-type Ca2+ channels with NNC55-0396,
mibefradil, or with siRNA- Cav3.1/3.2 suppressed proliferation and increased G0/
Gl phase distribution (Li et al. 2011).

Ghrelin, a multifunctional peptide hormone, significantly decreased prolifera-
tion and induced apoptosis in human PC3 prostate cancer cells; these processes
were prevented by T-type channel antagonists. In addition, consistent with their
role in apoptosis, an increase in intracellular free Ca2+ levels accompanied by up-
regulation of Cav3.1 expression was observed in ghrelin-treated cells (Díaz-Lez-
ama et al. 2010). Alternatively, an increase in both a1H mRNA and T-current was
found in LNCaP cells. Cav3.2 channels have been found to facilitate the neurite
lengthening of LNCaP cells (Mariot et al. 2002), which is thought to be related to
decrease in malignancy (Shimizu et al. 2000).

The expression of T-type channels can vary depending on tumor stage. For
instance, differentiation of prostate cancer cells into more aggressive neuroendo-
crine cells expressing functional T-type Ca2+ channels triggers the release of
growth factors stimulating the proliferation of neighboring prostate cancer cells
(Gackière et al. 2008) (Fig. 15.1a–c).

Moreover, overexpression of a1H alone or together with a1G and a1I has been
demonstrated in human oesophageal tumors, as compared with the normal coun-
terpart that shows lower a1 expression. In accordance with T-type channel func-
tional expression, their blockade diminished the proliferation of TE8 oesophageal
cancer cells through p53-dependent p21CIP1 up-regulation (Lu et al. 2008)
(Fig. 15.2).

Panner and colleagues have demonstrated that a decrease of Cav3.1 (a1G),
Cav3.2 (a1H) channel expression is associated with decreased U87 glioma cell
proliferation, while stable overexpression of Cav3.2 resulted in an increase in
proliferation of glioma and neuroblastoma cell lines (Panner et al. 2005).

Zhang and colleagues, using HEK-293 or CHO transfected cells, found that
Cav3.1 and Cav3.2 currents were significantly inhibited by endostatin (ES) (Zhang
et al. 2012). Moreover, pretreatment of U87 glioma cells with the T-type Ca2+

channel blocker, mibefradil, inhibited cell proliferation and migration. The data
from Zhang and colleagues also demonstrate that the ES-mediated effects on the
induced proliferation and migration of U87 glioma cells are not mediated by G-
proteins or tyrosine-kinase signaling pathways, raising a crucial question regarding
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the nature of the signaling pathways involved in ES inhibition of Ca2+ T-type
channels and how they regulate Cav3.1/2 activity. T-channel activity can be
modulated by hormones and neurotransmitters acting through signaling interme-
diates such as protein kinases A and C, calmodulin dependent protein kinase II,
tyrosine kinase, G-proteins, and lipid derivatives such as arachidonic acid. Recent
reports suggest a role for PKC and ERK pathways in T-type channel activation.
Phorbol-12-myristate-13-acetate potently enhances, although to different extents,
the current amplitude of Cav3.1, Cav3.2, and Cav3.3 channels, via PKC activation
(Park et al. 2006). At present, it is not completely understood if the PKC-mediated
stimulation might depend on direct phosphorylation of Cav3 channels or whether it
is an indirect consequence of phosphorylation of associated targeting, anchoring,
or signaling protein(s). Finally, T-type channels mediate release of growth factors

Fig. 15.1 Fluorescence imaging of FM1-43 and T-type calcium channel expression in human
prostate neuroendocrine LNCaP cells. a Dynamic confocal measurement of FM1-43 fluorescence
in an LNCaP cell preloaded with FM1-43 (5 lm) for 12 h. FM1-43 fluorescence appeared as a
punctuated pattern inside the cell showing that FM1-43 had been trapped inside intracellular
compartments. b Current/voltage (I/V) relationship (left panel) and example of T-type currents in
a typical LNCaP-NE cell (right panel). Membrane potential was depolarized for 100 ms from -

80 to -20 mV. c Labeling of LNCaP-CTL and LNCaP-NE cells with anti-Cav3.2 (green in all
panels) and neuroendocrine markers (serotonin or chromogranin A labeled in red). c(a) LNCaP-
CTL cells labeled with anti-chromogranin A (red) and anti-Cav3.2 (green). c(b) LNCaP-CTL
cells labeled with anti-serotonin (red) and anti-Cav3.2 (green). c(c) LNCaP-NE cells labeled with
anti-chromogranin A (red) and anti-Cav3.2 (green). c(d) LNCaP-NE cells labeled with anti-
serotonin (red) and anti-Cav3.2 (green). Bar, 10 lm. From: (Gackière et al. 2008) Cav3.2 T-type
calcium channels are involved in calcium-dependent secretion of neuroendocrine prostate cancer
cells. J Biol Chem. 283(15):10162–73
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in pheochromocytomas (Harkins et al. 2003); in RBs, the decreased proliferation
was accompanied by a reduced expression of T-type channels mRNA and
decreased T-currents (Hirooka et al. 2002).

The mechanisms underlying the in vivo anti-tumoural action of T-type Ca2+

channel antagonists are less well understood. In athymic nude mice implanted with
MCF-7 breast cancer cells, injection of mibefradil (0.5 mg�100 mL-1, twice a
week) at tumor sites resulted in marked tumor degeneration and necrosis (Taylor
et al. 2008). Furthermore, local intra-cerebral micro-infusion of ES improved
treatment efficiency and survival in an orthotopic xenograft model of human
glioblastoma multiforme, and the specific inhibitor of T-type calcium channel,
NNC 55-0396, suppressed the growth of Cav3.1+ and Cav3.2+ HO8910 ovarian
cancer formation in nude mouse xenografts (Li et al. 2011). Finally, the TH-1177
blocker of T-type channels (Gray et al. 2004) was shown to extend the lifespan of
SCID mice inoculated with human prostate cancer cells (Haverstick et al. 2000).

15.1.3 Role of Cav3 Channels in Tumor Invasion
and Metastasis Formation

The invasion and metastasis of tumor cells require cell migration (Mareel and
Leroy 2003). Cell migration is a cyclic process involving the repetitive extension
of invadopodia/lamellipodia at the leading edge, the formation of adhesion sites,
the contraction of cell body, and release of trailing adhesion sites. The cyclic
morphological and adherence changes observed during cell migration are
accompanied by repetitive Ca2+ signals, which take the form of Ca2+ spikes or
oscillations. These oscillations are thought to participate in coordinating the cyclic

Fig. 15.2 Expression analysis of T-type Ca2+ channel a1-subunits in in situ esophageal cancer
foci by RT-PCR. a1G-, a1H-, and a1I-subunits mRNA expression from the primary focus of
esophageal cancer and normal mucosa adjacent to the focus from each of the eight patients
pathologically diagnosed with esophageal squamous cell carcinoma. The mRNA for a1G, a1H, and
a1I was detected in different combinations in esophageal cancer foci but not normal mucosa.
From Lu F, Chen H, Zhou C, Liu S, Guo M, Chen P, Zhuang H, Xie D, Wu S (Lu et al. 2008) T-
type Ca2+ channel expression in human esophageal carcinomas: a functional role in proliferation.
Cell calcium 43(1):49–58
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temporal features of cell migration, such as pseudopod extension, actin assembly,
integrin regulation, the phosphorylation-mediated regulation of focal adhesion
formation, and pericellular proteolysis (Ronde et al. 2000; Giannone et al. 2002).
Thus, repetitive Ca2+ signals likely play an important role in the repetitive
structural and functional changes required for cell movement. Intracellular Ca2+

spikes may involve Ca2+ release from intracellular stores as well as Ca2+ entry
from the extracellular environment that is mediated by Ca2+ permeable ion
channels of the plasma membrane, the best characterized of which are the voltage-
gated Ca2+ channels (Hofmann et al. 1999; Huang et al. 2004). Previous studies
have demonstrated that mibefradil inhibits leukocyte adhesion and locomotion
(Blaheta et al. 1998; Nebe et al. 2002).

There is a considerable overlap between Rho-ROCK activation and T-type
channel activity during migration and invasion of tumor cells. The last step of
invasion requires cytoskeletal rearrangements and formation of lamellipodia and
fillopodia, for which the family of Rho GTPases plays an important role. Most Rho
proteins cycle between the GTP-bound active and the GDP-bound inactive state.
From the Rho GTPases family members, RhoA stimulates the formation of stress
fibers and focal adhesion, whereas Rac is required for the formation of lamelli-
podia and Cdc42 regulates cell polarity and fillopodia formation (Teodorczyk and
Martin-Villalba 2009). The Ca2+ T-type mediated entry may contribute to invasion
by promoting actin-myosin interaction and the formation and disassembly of cell-
substratum adhesions that are important for migration.

Activation of ROCK via the endogenous ligand lysophosphatidic acid (LPA)
reversibly inhibited the peak current amplitudes of rat Cav3.1 and Cav3.3 channels;
conversely, Cav3.2 currents showed a depolarizing shift. LPA-induced inhibition
of Cav3.1 was dependent on intracellular GTP, and was antagonized by treatment
with ROCK and RhoA inhibitors, LPA receptor antagonists or GDPbS. ROCK
activation by LPA reduced native T-type currents in Y79 retinoblastoma and in
neurons, and upregulated native Cav3.2 current in dorsal root ganglion neurons
(Iftinca et al. 2007). Overall, these data suggest that ROCK is an important reg-
ulator of T-type calcium channels, with potential implications for multiple phases
of cell locomotion.

15.1.4 Involvement of T-Type Channels in Tumor Cell
Differentiation

Calcium channels, mostly T-types, are also regulated during cell differentiation
and tumor formation (Chemin et al. 2002; Hirooka et al. 2002; Mariot et al. 2002;
Bertolesi et al. 2003; Latour et al. 2004). For example, in human RB cells capable
of differentiating into photoreceptors, neurons, and glia (Gallie et al. 1999; Seigel
1999), the current–voltage relation of undifferentiated cells is dominated by a
transient inward current that disappears shortly after differentiation. RT-PCR
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analysis reveals the presence of a1G and a1H mRNA and T-currents in undiffer-
entiated cells, but following differentiation, consistent with a role of T-type
channels in embryonic tissue, a striking reduction of both a1G and a1H mRNA
expression and loss of T-currents was found. The a1I mRNA levels were low in
undifferentiated and differentiated cells. Collectively, these results suggest that T-
type channels play a role in undifferentiated RB cell physiology, since a1G and a1H

channel expression are reduced in cells that have differentiated and exited the cell
cycle (Hirooka et al. 2002).

In neuroblastoma NG108-15 cells, only the a1H subunit or Cav3.2 displays
nickel-sensitive T-currents (Perez-Reyes 1999), suggesting a specific role for this
subunit in neuronal development. Calcium influx via low-voltage activated a1H

(Cav3.2) T-currents is involved in the onset of the morphological and electrical
differentiation process, leading to the arrest of cell proliferation in neuroblastoma
NG108-15 cells (Chemin et al. 2004).

Calcium channels are classically modulated by hormones and neurotransmit-
ters. By RT-PCR, a1H mRNA was evidenced in human adrenocarcinoma cells. In
this regard, aldosterone brought about a 39 % increase in the density of a1H

currents in human H295R adrenocarcinoma cell lines, and induced qualitative
change in calcium influx, thus favoring calcium flow through T-channels (Le-
souhaitier et al. 2001).

The androgen-independent stage of prostate cancer has been shown to be
associated with the development of neuroendocrine differentiation with over- (or
neo-) expression of neuron-specific enolase, chromogranin A, neurotensin, para-
thyroid hormone-related peptide (Abrahamsson 1999). Neuroendocrine differen-
tiation of prostate epithelial cells is usually associated with increased aggressivity
and invasiveness of prostate tumors and poor prognosis (Abrahamsson 1999).

Voltage-dependent calcium channels are also expressed in normal rat prostate
cells (Martin et al. 2000), and it has been shown that a1G channels are underex-
pressed in prostate cancer because of CACNA1G gene hypermethylation (Burc-
hardt et al. 1999). In addition, by RT-PCR, a small proportion of undifferentiated
LNCaP cells has been found to express a1H mRNA, and functional T-type calcium
currents were found in LNCaP cells (Zelivianski et al. 2001). As evaluated by
using the FMI-43 dye and confocal microscopy (Fig. 15.1a, b), neuroendocrine
differentiation of LNCaP cells (LNCaP-NE) has been associated with neuritic
extensions, secretory granules, and overexpression of the Cav3.2 (a1H) subunit
(Zelivianski et al. 2001). The Cav3.2 (a1H) channel promotes the secretion of
prostatic acid phosphatase (PAP) in LNCaP cells. The LNCaP-NE cells secrete
more PAP than non-differentiated cells. Basal PAP secretion by LNCaP-NE cells
depends on calcium entry through a1H. In addition, in a1H siRNA LNCaP-NE
transfected cells, a decrease of basal release and PAP synthesis and secretion was
observed (Fig. 15.1c). In addition, prostate cancer cells, obtained from surgical
prostate biopsies, express a1H channels which colocalize with serotonin and
chromogranin A and cytokeratin 18 and are more abundant in LNCaP tissue
samples than in hyperplasia (Gackière et al. 2008).
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In tumor cells, T-type calcium channel functional diversity may result not only
from different expression of the three a1 subunits, but also from the generation of
splice variants (Mittman et al. 1999; Chemin et al. 2002; Yunker et al. 2003;
Bertolesi et al. 2006) that affect the differentiation in different tumor cells. For
example, in undifferentiated RB cells, Ca2+ influx via Cav3.1 channels is essential
for cell cycle progression and survival of mitogenic cell types (Hirooka et al. 2002;
Bertolesi et al. 2006). A decrease in Cav3.1 mRNA and protein as well as T-
current, and Cav3.1 alternative splicing have been reported during neuronal dif-
ferentiation of RB cells (Bertolesi et al. 2006). In this study, Bertolesi and col-
leagues found that Cav3.1 alternative splicing induced variations that produce the
isoforms e+ and e-, ac, bc, b, f, and d. Cav3.1ac, Cav3.1bc, and Cav3.1b were all
identified in undifferentiated RB cells, while in differentiated cells, the expression
was restricted to Cav3.1bc isoform. Cav3.1f was expressed independently of dif-
ferentiation status of RB cells with or without Cav3.1d. The variant Cav3.1e was
not expressed in either undifferentiated or differentiated RB cells (Table 15.2).
Examination of the functional contribution of Cav3.1 protein to differentiation
reveals that knockdown of Cav3.1 in RB cells transfected with Cav3.1 antisense
oligodeoxynucleotides did not alter the time-course of differentiation or neurito-
genesis, but contributed to the heterogeneity in Ca2+ signaling via differences in
biophysical and pharmacological properties, protein expression and alterations in
intracellular regulation, essential for the establishment of a mature differentiated
phenotype (Bertolesi et al. 2006). In vivo, splice variants may give rise to different
patterns of tissue distribution as well as different post-translational modifications
(Klugbauer et al. 1999; Yunker et al. 2003; Bertolesi et al. 2006). Alterations in
splice variant expression and distribution during development may lead to variety
of Ca2+ signaling that may underlie alterations in cancer behavior. For example,
differential electrophysiological properties result in reduction of the inactivation
rates of Cav3.1ae and Cav3.1be versus Cav3.1a and Cav3.1b (Chemin et al. 2001;
Bertolesi et al. 2006). An important observation in RB cells was the partial loss of
Cav3.1b, with the Cav3.1bc remaining the principal splice variant in differentiated
cells and the expression of Cav3.1ac splice variant in undifferentiated, but not in
differentiated cells. The Cav3.1ac splice variant was recently evidenced in U251 N

Table 15.2 Specific Variants of Isoforms of Cav3.1 in Undifferentiated and Differentiated Y-79
Cells

Cytoplasmic region Exon Variants Undifferentiated Differentiated

II-III domains Exon 14 e+ - -

Exon 14 e- + +
III-IV domains Exon 25, Exon 26 ac + -

Exon 25, Exon 26 bc + +
Exon 25 b + -

C-terminal Exon 34, Exon 35 f+ d+ + +
Exon 34 f+ d- + +

+ expressed, - not expressed
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glioma cells and samples, but not in normal tissues (Latour et al. 2004; Bertolesi
et al. 2006). Interestingly, the Cav3.1ac splice variant was expressed alone in
undifferentiated proliferating RB cells expressing glial markers, suggesting that ac
isoforms have a dominant functional role in undifferentiated RB cycling cells with
a glial-phenotype that is lost when RB cells undergo neuronal differentiation
(Latour et al. 2004; Bertolesi et al. 2006).

15.2 Epigenetic Changes of T-Type Channel Genes
in Cancers

15.2.1 DNA Hypermethylation

CpG islands are GC-rich regions of DNA that are coincident with the promoters of
60 % of human genes (Antequera and Bird 1993) and are normally unmethylated,
regardless of gene expression. Methylation of CpG islands was detected in genes
that are located on the inactive X chromosome and genes that are inactivated by
imprinting (Razin and Cedar 1994). Aberrant cytosine methylation in the promoter
region was also implicated as one mechanism of tumor suppressor gene inacti-
vation in cancer. To date, various tumor suppressor genes, including Rb1, VHL,
p16, BRCA1, hMLH1, and E-cad (Schmutte and Jones 1998), have been shown to
be inactivated by hypermethylation in sporadic cancers. Moreover, CpG island
hypermethylation of tumor suppressor genes and tissue specific genes seems to be
crucial for immortalization of normal cells (Foster et al. 1998; Antequera et al.
1990; Ueki et al. 2002). Inactivation of calcium channel genes plays an important
role in cancer development and progression. It has previously been shown that
Ca2+ influx via T-type channels is an important factor during the initial stages of
apoptotic cell death (Berridge et al. 1998). A high level of Ca2+ in mitochondria is
essential to activate genes associated with programmed cell death (Trump and
Berezesky 1995). Furthermore, calcium channel antagonists, which specifically
block T-type channels, inhibit cell death by decreasing Ca2+ influx (Newsholme
et al. 1993). Finally, T-type calcium channels are down-regulated in fibroblasts
transformed by platelet-derived growth factor (Estacion and Mordan 1997).

The Cav3.1 (CACNA1G) gene has been reported to be a target of aberrant
methylation and silencing in human tumors. Since the hypermethylation of CpG
islands located in the promoter region is thought to be a major epigenetic modi-
fication that represses the transcription of tumor suppressor genes, the Cav3.1
(CACNATG) gene has been regarded as a candidate tumor suppressor gene
(Toyota et al. 1999a). In this regard, hypermethylation of the CACNA1G gene on
17q21 was identified by methylated CpG island amplification in human colorectal
and lung cancers (Castro et al. 2010). By RT-PCR, CACNA1G expression was
detected in normal colon and bone marrow. Aberrant methylation of CACNA1G
was examined in various human primary tumors and was detected in 17 of 49
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(35 %) colorectal cancers, 4 of 16 (25 %) gastric cancers, and 3 of 23 (13 %) acute
myelogenous leukemia cases. Inactivation of CACNA1G modulates calcium sig-
naling, which potentially affects cell proliferation and apoptosis (Toyota et al.
1999a). These data were subsequently confirmed by methyLight assays on 920 and
889 colorectal cancers (Ogino et al. 2007; Kawasaki et al. 2008). Promoter CpG
island methylation was shown to occur early in colorectal carcinogenesis (Jass
2005).

The causes of CACNA1G methylation remain to be determined. Methylation
was not detected in normal colon mucosa, placenta, normal breast epithelium, and
normal bone marrow, including samples from aged patients, suggesting that
methylation of this region is cancer specific.

The CACNA1G gene has been used to identify specific clinicopathological
features and determine the prognosis of patients with different cancers. Currently,
the CACNAIG gene is regarded as a marker of the CpG island methylation phe-
notype (CIMP) which results in a form of epigenetic instability with simultaneous
inactivation of multiple genes (Toyota et al. 1999a, b, c). A subsets of cancers
(e.g., bladder, prostate cancer, colorectal carcinoma, leukemia, and gastric cancer)
harbor this CIMP1 phenotype (Melki et al. 1999; Toyota et al. 1999a, b, c). The
CIMP-positive colorectal tumors with extensive promoter methylation have a
distinct clinical, pathological, and molecular profile, such as associations with
proximal tumor location, female sex, mucinous and poor tumor differentiation,
microsatellite instability, and high BRAF and low TP53 mutation rates (Toyota
et al. 1999b; Hawkins et al. 2002; Ogino et al. 2007).

Similarly, Ueki and colleagues analyzed 45 pancreatic carcinomas and 14
normal pancreata (Ueki et al. 2000) as well as 10 pancreatic cancer cell lines (Ueki
et al. 2002) for aberrant DNA methylation of CpG islands of multiple genes and
clones using methylation-specific PCR. They found that hypermethylation was
mainly confined to carcinomas (60 %), rather than normal pancreata. Their
identification of genes targeted by hypermethylation provides insight into tumor-
suppressive pathways that are inactivated in pancreatic cancer. In addition, in
pancreatic carcinoma, aberrant promoter methylation was detected in the CAC-
NA1G gene. Promoter methylation of these genes was shown to be associated with
loss of their expression, suggesting that aberrant hypermethylation may be a
common mechanism of tumor suppressor gene inactivation in pancreatic carci-
noma (Ueki et al. 2002).

In addition to CACNA1G gene expression, also CACNA1H expression was
found hypermethylated in MCF-7, MDA-MB-435, and T-47D cell lines, and in six
breast cancer samples. Based on this single study, the rate of expression of the
CACNA1H gene in breast cancer appears to be about 60–70 %, as expression
occurred in 6 of the 9 tissue samples examined (Asaga et al. 2006).

288 M. B. Morelli et al.



15.2.2 DNA Hypomethylation

Hypomethylation has been reported in cancer cells (Feinberg and Vogelstein 1983)
and demethylation due to decreased expression of DNA methyltransferase has
been shown to be associated with oncogenesis (Gaudet et al. 2003). It has been
associated with genetic instability and aberrant gene expression (Ehrlich 2002),
and most hypomethylated genes have been identified as oncogenes and genes
associated with drug resistance. Two mechanisms mainly link DNA hypomethy-
lation with oncogenesis: (1) DNA hypomethylation directly induces genetic
instability, and (2) aberrant transcription is linked with DNA hypomethylation.
Undermethylation of the CpG sites is closely linked with organization and sta-
bilization of chromatin structures. Although DNA hypomethylation in cancer cells
was frequently observed in both highly and moderately repetitive DNA sequences
(Ehrlich 2002), it was also detected in transcriptional units of single-copy genes
such as MAGE-1,27, MDR1,28, and HOX11 (De Smet et al. 1996).

Since CpG sites in both the 50 and 30 regions in CACNA1H were hypome-
thylated in adult T cell leukemia (ATL-55T) cells compared with peripheral blood
mononuclear cells (Yoshida et al. 2004), the CACNA1H gene is considered to be a
candidate oncogenic gene, perhaps regulated by methylation. The CACNA1H
mapping on human chromosome 16p13.3 was normally transcribed in kidney and
heart tissues. Hypomethylation of the CACNA1H gene was associated with
aberrant expression in ATL cells (2 of 6 ATL cell lines). Transcripts for the
CACNA1H gene were detected in some HTLV-I–associated T- or non–HTLV-I–
associated T-cell lines. In addition, antagonists of Cav3.2 channels inhibited cell
proliferation (Bertolesi et al. 2002), suggesting that its aberrant expression is
associated with cell proliferation.

15.3 Expression of T-Type Alternative Splice Variants
in Tumor Cells

In tumor cells, alternative splicing generates additional variants of these channels
with distinct biophysical properties such as the kinetics and voltage dependence of
activation, inactivation, and deactivation (Monteil et al. 2000; Chemin et al. 2001;
Latour et al. 2004); it is thus possible that these splice variants exhibit different
functions in different tumors. In human gliomas, three Cav3.1 splice variants have
been reported as a result of alternate splicing of exons 25 and 26 (Cav3.1a,
Cav3.1b, or Cav3.1bc). The analysis of glioma samples and cell lines (U87, U563,
and U251 N), primary cultures of human fetal astrocytes, as well as adult and fetal
human brain cDNA, revealed that in normal adult brain, Cav3.1a transcripts pre-
dominate, while Cav 3.1b is mostly fetal-specific. RT-PCR results on glioma tissue
and cell lines showed that Cav3.1 expression in tumor cells resembles the pattern
of fetal brain expression, as Cav3.1bc is predominantly expressed. In addition, a
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glioma-specific novel T-type splice variant, Cav 3.1ac, was found to be expressed
in some glioma biopsies and cell lines, but not in normal brain or fetal astrocytes.
The presence of the Cav3.1ac splice variant showing a slower recovery from
inactivation suggests that there is glioma-specific Cav3.1 gene regulation (Latour
et al. 2004). Thus, the existence of a novel Cav3.1 splice variant, and the fact that
voltage-gated calcium channel inhibition decreases glioma cell proliferation
(Kunert-Radek et al. 1989; Latour et al. 2004), suggest that regulation of T-type
gene expression may contribute to the pathophysiology of certain tumors.

In the NG 108-15 neuroblastoma/glioma cell line, the atypically slow kinetics
displayed by T-type calcium channel a1I (Cav3.3) compared to native T-channels
(Chemin et al. 2001) suggest the expression of alternative splicing of the a1I

subunit. In this regard, two human a1I and a1I-a and a1I-b splice variants that
harbor distinct carboxy-terminal regions have been identified and functionally
expressed in the NG 108-15 neuroblastoma/glioma cell line. Results indicate that
the a1I-b splice variant showed significantly slower deactivation kinetics both in
NG 1080-15 and HEK-293 cells (Chemin et al. 2001). This study of two human
a1I-a and a1I-b splice variants confirmed the importance of intracellular sequence
variations in establishing the gating properties of T-type channels, (Chemin et al.
2001) and suggests that the expression of a1I subunits, especially a1I-b, in neuronal
cells contributes to ‘normalize’ a1I current kinetics to more typical fast-gating T-
type Ca2+ currents.

Finally, a d25B splice variant of Cav3.2 (a1H) was found in PC3 prostate cancer
cells, MDA,231, MDA-361, and MDA-435 breast cancer cell lines and in SK-N-
SH neuroblastoma cells (Gray et al. 2004). The analysis of 320 base amplicons
from SK-N-SH cells showing a 95 % identity with the d25B splice variant, evi-
denced the presence of an unspliced intron containing a stop codon resulting in a
truncated two domain protein. The d25B splice variant participates in Ca2+ entry
into cancer cells. In this regard, treatment of mice bearing xenografted human PC3
prostate cancer cells expressing the d25B splice variant with the mibefradil-like
compound, TH-1177, significantly extended their lifespan. (Tang et al. 1988).

15.4 Conclusion

T-type Ca2+ channels are a distinct channel family controlling tumor growth and
progression. Three Cav3 a1 subunits, called Cav3.1 (a1G), Cav3.2 (a1H), and Cav3.3
(a1I), have been identified. Overexpression of the Cav3 channels seems to play an
important role in abnormal proliferation of tumor cells. In addition, interaction
between Rho GTPases and Cav3 channels has been demonstrated to regulate tumor
migration and invasion. Cav3 channel also regulated tumor cell differentiation by
the generation of Cav3 splice variants that trigger different Ca2+ signaling path-
ways. Finally, it has been demonstrated that inactivation of Cav3 genes by aberrant
methylation (hypermethylation and hypomethylation) of CpG islands is involved
in tumor development and progression.
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Chapter 16
Pharmacology of Voltage-Gated Calcium
Channels in Clinic

Lubica Lacinová and Lucia Lichvárová

Abstract The diversity of voltage-gated calcium channels (VGCC) allows precise
time- and voltage-dependent regulation of calcium ions entry into cells. Individual
calcium channel subtypes participate in the initiation of neuronal action potential
and repetitive action potential firing; in cardiac pacemaking and signal conduction;
in shaping an action potential plateau; and in action potential repolarization.
Calcium entry through VGCC is necessary for cardiac and smooth muscle cell
contraction. Since disrupted regulation of calcium homeostasis accompanies var-
ious pathologies, the complex pattern of regulation of cell physiology by VGCC
makes them an attractive target for pharmaceutical agents. The most common
pathologies treated with VGCC blockers are cardiovascular diseases, especially
hypertension, angina, and tachycardia. In addition, calcium channels have been
identified as targets of some antiepileptic and anesthetic drugs. More recently,
specific VGCC blockers were introduced in the treatment of chronic pain, and
these have also proved beneficial as support therapy in neurodegenerative diseases
and cognitive impairment.

16.1 Introduction

Voltage-gated calcium channels (VGCC) are a family of voltage-gated ion channels
which are far less diverse than the voltage-gated potassium channel family—in
respect to the number of representatives and also to the diversity of the current
waveform. It is, however, much more diverse than the voltage-gated sodium channel
family in respect to its kinetics and voltage dependencies of channel gating. Since
the calcium current is ionic, it flows through the VGCC and modulates the dynamics
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of transmembrane potential changes in excitable cells. Low-voltage-activated
(LVA) calcium channels participate in the initiation of action potentials, and they are
responsible for generation of ‘low threshold calcium spikes’ in specific neuronal
tissues. They are a prerequisite for neuronal-burst firing, contribute to repetitive
action potential firing and also participate in pacemaking during heart diastolic
depolarization (Perez-Reyes 2003). High-voltage-activated calcium channels
(HVA) participate in shaping an action potential plateau in cardiac myocytes and
may also contribute to action potential repolarization in neurons. Furthermore,
Cav1.3 calcium channels serve as pacemaker in the sinoatrial node (Mangoni et al.
2003) and in chromaffin cells (Comunanza et al. 2010). VGCC also contribute to
rhythmic depolarization waves in smooth muscle tissue.

In contrast to potassium and sodium ions entry to cells by voltage-gated
potassium and sodium channels, calcium ions also play an additional role as a
second messenger. Calcium entry into cardiac and smooth muscle cells through L-
type calcium channels is necessary for muscle contraction. Further, calcium ions
participate in enzyme regulation, neurotransmitter release, regulation of gene
transcription, cell growth and proliferation, and fertilization. It has been long
established that disrupted regulation of calcium homeostasis accompanies various
pathologies. The cloning era commencing in the1980s enabled identification of the
specific contribution of individual calcium channel subtypes to cellular regulation.
This was followed by identification of mutations in both the VGCC principal a1

subunit and the auxiliary subunits responsible for hereditary diseases. The complex
pattern of cell physiology regulation by VGCC makes them an attractive target for
pharmaceutical agents, where cardiovascular diseases are the most common
pathologies treated with VGCC blockers. While calcium channels were later
identified as targets for some antiepileptic and anesthetic drugs, specific VGCC
blockers have more recently been introduced in treatment of chronic pain.

16.2 L-Type Calcium Channels

L-type calcium channels (LTCC) are the most investigated and most ubiquitous
VGCC in the human organism. In mammalian cells, the calcium current was first
described in cardiac Purkinje fibers (Reuter 1967) and in cardiac ventricular
myocytes (Reuter and Beeler 1969). An L-type calcium current was apparently
reported in those works before such classification was introduced. In the 1960s,
verapamil was introduced as the first clinically used calcium antagonist, and this
was soon followed by Dihydropyridines such as nifedipine, niludipine, and
nimodipine (Fleckenstein 1983). Initially, these drugs were not recognized as
calcium channel blockers, but their binding to calcium channel complexes was
soon appreciated, and this aided purification of the first VGCC a1 subunit as a
Dihydropyridine receptor (Tanabe et al. 1987). Currently, three major classes of
LTCC blockers are used for treatment of cardiovascular disease: dihydropyridines
(DHPs), phenylakylamines (PAAs), and benzothiazepines (BTZs).
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Blockage of the two Cav1.2 and Cav1.3 LTCC subtypes by DHPs, PAAs, and
BTZs is relevant in understanding their cardiovascular effects. These channels
share up to 90 % sequence homology, yet they have distinct biophysical properties
(Zuccotti et al. 2011). Different electrophysiological properties, together with
different distribution of these channel subtypes in the cardiovascular system, form
the basis for their different roles therein. While the Cav1.2 channel is the main
channel responsible for initiation of both cardiac and smooth muscle contraction,
the Cav1.3 channel is predominantly expressed in the sinoatrial node where it
contributes to pacemaking (Mangoni et al. 2003), and also in the atrioventricular
node where it controls conduction velocity (Marger et al. 2011).

Inhibition of calcium entry through LTCC has complex effects on cardiovas-
cular system physiology. Attenuated contractility in vascular smooth muscle
results in vasodilatation and consequently lower blood pressure. Contractility is
also reduced in cardiac muscle as negative inotropy. These effects are based on the
inhibition of Cav1.2 channels. The heart rate is reduced in the sinus node (negative
chronotropy) and conduction velocity is slowed in the atrioventricular node
(negative dromotropy), both mainly due to the inhibition of Cav1.3 channels.

16.2.1 1,4-Dihydropyridines

1,4-dihydropyridines (DHPs) are the best known group of calcium channel ligands.
Although both agonist and antagonist DHPs are recognized, only antagonists are
used in clinical work. DHP calcium channel blockers are easily identified by the
suffix ‘‘-dipine.’’ The dihydropyridine molecule is based on pyridine, but is semi-
saturated with two substituents replacing one double bond. The presence of a C-4
phenyl group is a preferential requirement to optimize biological activity. The
structure of several DHPs commonly used in clinical practice is shown in Fig. 16.1.

DHPs are still among the most widely used drugs in the treatment of cardio-
vascular disease. Four generations of DHPs are currently available. The first-
generation drugs were effective in hypertension treatment, but their main disad-
vantage was the rapid onset and short duration of vasodilatory action. A typical
representative of this class is nifedipine. Second-generation DHPs were charac-
terized by improved control of the therapeutic effect due to either an intrinsically
long-acting preparation or to the slow-release preparation of otherwise fast acting
drugs. Amlodipine and nitrendipine are representatives of third-generation DHPs
and possess more stable pharmacokinetics. Fourth-generation DHPs, including
lercanidipine and lacidipine, are highly lipophilic. They are characterized by stable
activity, reduced adverse effects, and a broad therapeutic spectrum.

The rapid onset of nifedipine (Procardia) action activated a sympathetic reflex
and consequently significantly increased heart rate. This defect is alleviated in the
long-acting formulation of Procardia XL. Due to its ability to suppress smooth
muscle contraction, nifedipine is used to prevent preterm labor. Currently,
nifedipine has 5 % share of the calcium channel blocker market (Elliott and Ram
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Fig. 16.1 Structural formulae of 1,4-dihydropyridines commonly used in clinical practice in the
treatment of cardiovascular diseases. Compounds are listed in alphabetical order
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Fig. 16.1 (continued)
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2011). Amlodipine (Norvasc) is a second-generation intrinsically long-acting
agent. In contrast to neutral DHPs such as nisoldipine and isradipine, it is pre-
dominantly in a charged form at physiological pH. Amlodipine is the most com-
monly prescribed DHP with 71 % of the calcium channel blocker market (Elliott
and Ram 2011). It is used alone or in combination with other medications to treat
high blood pressure and angina. It lowers blood pressure by relaxing the blood
vessels and controls chest pain by increasing the supply of blood to the heart.
Isradipine (DynaCirc, Prescal), felodipine (Plendil), nicardipine (Cardene, Carden
SR), and nifedipine (Procardia, Adalat) are used in the treatment of hypertension,
and now also for angina. Felodipine (Plendil) is used not only for hypertension
treatment but also to treat Raynaud’s syndrome and congestive cardiac failure.
Nisoldipine (Sular) is effective in treatment of essential hypertension, while Be-
nidipe (Coniel) has exhibited significant beneficial effects compared to other DHP
blockers. This may be related to its ability to also block T-type calcium channels
(see Sect. 16.4.2).

16.2.2 Phenylalkylamines and Benzothiazepines

PAAs and BTZs are a further two classes of drugs with a long history of use in
treatment of cardiovascular disease. Similar to DHPs, these drugs are predomi-
nantly LTCC blockers. The binding sites for DHPs, PAAs, and BTZs on the a1

subunit of the Cav1.2 channel were mapped to the IIIS5, IIIS6, and IVS6 segments.
Since they share several common amino acids and are allosterically linked (Lac-
inova 2005), there is a rationale for combination therapy. Most commonly, dil-
tazem (a benzothiazepin) and Dihydropyridines are used in combination.

PAAs and BTZs are not strictly selective for LTCC. PAAs inhibit T-type
calcium channels (Bergson et al. 2011), and also potassium channels including the
delayed rectifier potassium channel (Catacuzzeno et al. 1999) and the hERG
channel (Zhang et al. 1999). BTZs inhibit various potassium channels (Gao et al.
2005; Caballero et al. 2004). While DHPs mainly induce peripheral vasodilatation,
PAAs and BTZs primary mode of action is negative cardiac inotropy and
chronotropy.

The prototypical PAA is verapamil (Calan, Isoptin; Fig. 16.2), which was also
the first clinically used VGCC blocker. Currently, verapamil has 8 % share of the
calcium channel blocker market (Elliott and Ram 2011). Due to its vasodilator
effect, verapamil is used in treatment of arterial hypertension and angina pectoris.
In addition, it depresses the activity of the sinus node, decreases conduction rate at
the atrioventricular node, and suppresses myocardial contractility. Intra-coronary
administration of verapamil can safely and rapidly terminate reperfusion-induced
ventricular tachyarrhythmias (Kato et al. 2004).

The clinically used BTZ diltiazem (Cardizem; Fig. 16.2) is a short-acting drug.
This disadvantage was overcome by design of an extended-release drug delivery
system (ditiazem XR, cardizem SR). Various forms of dilatiazem share
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approximately 11 % of the calcium channel blocker market (Elliott and Ram
2011). Dihydropyridine calcium antagonists can increase heart rate due to reflex
activation of the sympathetic nervous system. Since this is not the case with
diltiazem, oral sustained-release diltiazem may be a preferable drug for arterial
hypertension treatment (Kawano et al. 2000). In its injectable form, it is used in the
treatment of tachycardia.

16.2.3 Cardiovascular Selectivity of DHPs, PAAs, and BTZs

While L-type calcium channels as such are ubiquitously expressed in the cardio-
vascular system, their subtypes and/or splice variants are selectively distributed.
Cav1.3 channels were found in sinoatrial and atrioventricular node cells. The
predominant LTCC in cardiac myocytes is the Cav1.2a splice variant of a Cav1.2
channel, while Cav1.2b is a splice variant expressed in smooth muscle, including
vascular muscle. Little is known about the selectivity of LTCC blockers for the
Cav1.2 channels compared to the Cav1.3 channels where in vitro experiments
suggest that these are about one decimal order less sensitive to all three clinically
used calcium channel blocker classes DHPs, PAAs, and BTZs (Tarabova et al.
2007; Michna et al. 2003).

Dihydropyridines, phenylalkylamines, and bezothiazepines interact with LTCC
in a state-dependent manner. Individual blockers mainly differ in their affinity for
inactivated and open channel states. Generally, DHPs have higher affinity for an
inactivated channel state while PAAs and BTZs bind preferentially to the channel in
an open state. Membrane depolarization favors channel inactivation and therefore
facilitates current inhibition by DHPs. For a long time this was considered to be the
sole cause of their relative vascular selectivity, since the resting membrane potential
of vascular tissue is more positive than the resting membrane potential in cardi-
omycytes. Later, it was shown that the difference between the amino acid sequence
of vascular (Cav1.2b) and cardiac (Cav1.2a) splice variants in transmembrane seg-
ment IS1 also contributes to this phenomenon (Welling et al. 1997).

Fig. 16.2 Structural formulae of phenylalkylamine verapamil and benzothiazepine diltiazem
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Preferential binding to an open channel state is responsible for use-dependent
current inhibition. This infers that an increase in the frequency of channel acti-
vation facilitates drug binding and enhances current inhibition. Increased heart rate
increases the efficiency of a use-dependent drug which then attenuates the heart
rate in a negative feedback mechanism. Frequency-dependent action is charac-
teristic for current inhibition by verapamil and diltiazem. These effects may
explain the anti-arrhythmic properties of verapamil and the general vascular
selectivity of the 1,4-Dihydropyridines (Table 16.1).

16.2.4 L-Type Calcium Channels in Central Nervous System

LTCC are also ubiquitously expressed in the central nervous system. Although
whether verapamil and diltiazem are present at therapeutic level concentrations in
the brain is currently unknown, several neutral DHPs are known to penetrate the
blood–brain barrier (felodipine, isradipine, nicardipine, nifedipine, nimodipine,
nitrendipine, lacidipine, and lercandipine) while charged DHPs such as amlodipine
can not cross it so readily. Therefore, DHP channel blockers have also been tested
as support therapy in neuronal diseases. Nimodipine (Nimotop) which readily
penetrates the blood–brain barrier was effective in pharmacotherapy of age-related
mental deficits including primary degenerative dementia, multi-infarct dementia
(Fischhof 1993) and also in HIV-related neurological disorders (Navia et al. 1998)
and migraine headaches. Intra-arterial, intra-ventricular, or intra-cisternal appli-
cation of nicardipine has proven effective in prophylaxis and treatment of cerebral
vasospasm. In addition, patients with mild cognitive impairment treated with ni-
valdipine for hypertension demonstrated an improved score in memory tests
(Hanyu et al. 2007).

Table 16.1 Selectivity of LTCC blockers in the cardiovascular system expressed as a ratio of
IC50 for half-maximal contraction inhibition in vascular muscle to IC50 for half-maximal con-
traction inhibition in cardiac muscle; based on (Godfraind et al. 1992)

Drug Selectivity

Diltiazem (BTZ) 1
Verapamil (PAA) 1
Nifedipine, amlodipine (DHPs) 10
Felodipine, isradipine, nitrendipine, nicardipine, lacidipine (DHPs) 100
Nisoldipine (DHP) 1,000
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16.3 Neuronal Voltage-Gated Calcium Channels

Three neuronal calcium channels are currently recognized: Cav2.1, Cav2.2, and
Cav2.3. With their quite restricted expression pattern in the central and peripheral
nervous systems, they contribute to the pathology of neurodegenerative (Parkinson
and Alzheimer diseases), neurological (chronic pain), and psychiatric (anxiety)
disorders. Therefore, specific and effective blockers of these channels should have
important therapeutic potential.

16.3.1 Cav2.2 Channel and Pain Therapy

Currently, one relatively selective Cav2.2 calcium channel blocker ziconotide
(Prialt) has been approved for clinical use. It is a synthetic analogue of a cono-
peptide known as SNX-111 or x-conotoxin MVIIA isolated from the venom of the
Conus magus marine snail. Inhibition of the Cav2.2 channels in the spinal cord
inhibits the release of pain-related neurotransmitters from the central terminals of
primary afferent neurons. Ziconotide was shown to be effective for intrathecal
treatment of severe refractory chronic cancer and non-cancer pain. It can be
applied either as a monotherapy or in combination with opioids (Staats et al. 2004;
Raffaeli et al. 2011; Smith and Deer 2009). However, because of its substantial
side-effects, ziconotide has a narrow therapeutic window and the treatment is
appropriate only in patients suffering severe chronic pain. Several other conotoxin
calcium channel blockers are currently in preclinical and/or clinical testing (Es-
sack et al. 2012).

16.3.2 Gabapentin and Pregabalin

The pathophysiology of neuropathic pain exhibits many similarities with the
pathology of epilepsy. Therefore, several antiepileptic drugs, including those
acting as VGCC blockers were tested for the treatment of neuropathic pain.
Positive results have been achieved with gabapentin (1-(aminomethyl)cyclohex-
aneacetic acid) and also with its successor, pregabalin (S-(+)-3-isobutylgaba)
which has improved bio-availability. Both drugs are lipophilic analogues of the
inhibitory neurotransmitter c-aminobutyric acid (GABA) (Fig. 16.3) designed to
facilitate diffusion across the blood–brain barrier. Clinical studies demonstrated
their effectiveness in the treatment of epilepsy (Taylor et al. 2007). Although the
functional effects of gabapentin were attributed to activation of GABA-B recep-
tors, direct evidence of such interaction has not been ascertained, and gabapentin
does not mimic GABA physiologically. It was found that both gabapentin (Neu-
rontin, Grimodin, Gabagamma) and pregabalin (Lyrica) bind with high affinity to
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the a2d-1 and a2d-2 subunits of VGCC. These drugs suppress neuronal excitability
due to inhibition of presynaptic calcium entry through VGCC, thus attenuating
neurotransmitter release. The decrease in voltage-dependent calcium current is due
to disruption of the passage of a2d subunits into the plasma membrane which
causes a reduction in the total number of a2d and a1 subunits of VGCC, pre-
dominantly Cav2.1 and Cav2.2, at the cell surface (Bauer et al. 2010; Tran-Van-
Minh and Dolphin 2010). Therefore, although no acute effects on current ampli-
tude are observable in vitro, current inhibition was apparent following long-term
application.

Interaction of both gabapentin and pregabalin with the a2d-1 subunit is essential
for their therapeutic effect in the treatment of neuropathic pain. It is tempting to
hypothesize that their antiepileptic action is mediated by an analogous interaction
with the a2d-2 subunit, however, this mechanism remains to be fully investigated.

Both drugs have a favorable adverse effect profile with no negative impact on
cardiac function and few interactions with other drugs. They are negligibly
metabolized in the liver (\2 %) and do not interact with hepatic enzymes such as
the cytochrome P450 system (Ben-Menachem 2004). Therefore, they can be
considered the first choice therapy for neuropathic pain; specifically for treatment
of painful diabetic neuropathy, post-herpetic neuralgia, and spinal cord injury.

16.4 T-Type Calcium Channels

T-type calcium channels (TTCC), with their lower voltage activation threshold,
contribute to cellular excitability differently to HVA channels. Disrupted regula-
tion of Cav3.x channels forms part of several neuronal and cardiovascular diseases.
The TTCC or Cav3.x or LVA calcium channels were the last to be discovered and
last cloned (Perez-Reyes 2003), and concurrent lack of detailed knowledge of the
structure and function of these channels delayed the development of drugs spe-
cifically targeted at TTCC. When three Cav3.x channels were cloned, a number of
drugs used in the treatment of cardiovascular and/or neuronal diseases mainly as
LTCC or sodium channel blockers were shown to also inhibit TTCC. Apart from
mibefradil no drug aimed as a specific T-type current blocker has been developed,
nevertheless TTCC block should be considered a contributing factor to the action
of many drugs currently used in clinics.

Fig. 16.3 Structural formulae of c-amino butyric acid (GABA) and its synthetic analogues,
gabapentin and pregabalin
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16.4.1 Antispasmodic Drugs

Antispamodic drugs are used clinically to treat intestinal disorders manifested by
increased contractility. While calcium entry through LTCC initiates gastrointes-
tinal contraction, the propagation of intestinal slow wave can be mediated by LVA
calcium channels. At least one antispasmodic agent, otilonium bromide, was
shown to inhibit LVA channels in clinically relevant concentration (Strege et al.
2010). Part of the mechanism by which these drugs exert their effect can be
attributed to blocking Cav3 channels, which attenuates propagation of the intes-
tinal slow wave. The other part of this mechanism is inhibition of LTCC which
hampers contraction initiation (Gallego et al. 2010; Strege et al. 2004).

16.4.2 Dihydropyridines

Dihydropyridines were originally accepted as specific LTCC blockers. This was
reflected in the naming of LTCC ‘‘Dihydropyridine receptors.’’ However, some
DHPs are also relatively effective Cav3 channel blockers (Lacinova 2011). These
blockers may be beneficial in patients treated for hypertension. Vascular con-
tractility depends on both LTCC and TTCC, but while vascular endothelium
expresses TTCC, it lacks LTCC (Wu et al. 2003). Therefore, efonidipine (Landel),
a blocker of both TTCC and LTCC, was able to improve vascular endothelial
dysfunction in patients with essential hypertension, whereas the LTCC blocker
nifedipine was ineffective in this respect (Oshima et al. 2005). Efonidipine was
originally considered to be the first DHP blocker specific for T-type calcium
channels, but according to more recent reports it is an equally effective blocker of
both LTCC and TTCC (Lacinova 2011).

Another Dihydropyridine benidipine (Coniel), which also blocks both LTCC
and TTCC, had a similar beneficial effect on vascular endothelium (Miwa et al.
2009), and benidipine hydrochloride also appears the most preferable antihyper-
tensive for patients with diabetes. Here, it is more effective in lowering blood
pressure than amlodipine or cilnidipine and it also has an additional renal-pro-
tective effect (Seino et al. 2007; Ohishi et al. 2007). Although benidipine regis-
tered a two decimal order greater effectiveness in blocking the Cav3.2 channel than
the Cav1.2 channel, these in vitro results should be taken with caution as they were
obtained in different recombinant systems (Lacinova 2011).

16.4.3 Antiepileptics

Due to their negative activation, voltage T-type calcium channels are a key
mechanism in the generation of neuronal burst-firing. Abnormally increased firing
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in a group of neurons in the central nervous system is related to various epilep-
tiform activities. Although no antiepileptic drug dependent on specific TTCC
blocking action has been developed so far, inhibition of T-type calcium current at
least partly underlies the therapeutic mechanism of several drugs used to combat
epileptiform seizures.

Zonisamide (Zonegran) is a synthetic 1,2-benzisoxazole-3-methanesulfonamide
developed as an antiepileptic drug (Masuda et al. 1980). It is effective in patients
resistant to other antiepileptic drugs in the treatment of both generalized and
partial seizures. Since it has a long plasma elimination half-life, twice-daily, or
even once-daily dosing is effective. Zonisamide was expected to suppress seizures
through inhibition of carbonic anhydrase, as does the sulfonamide analogue
acetazolamide. However, this mechanism was excluded in in vitro experiments,
and inhibition of a T-type calcium current together with inhibition of the voltage-
gated sodium current was suggested as the primary mechanism action (Leppik
2004). Blocking TTCC may also be a primary mechanism underlying the anti-
tremor efficacy of zonisamide in the treatment of essential tremor and the tremor
associated with Parkinson’s disease. Although zonisamide is also used in pre-
vention of migraine, this action is most likely independent of its ability to block T-
type calcium channels (Bermejo and Dorado 2009).

Zonisamide shares its pharmacological properties with the other clinically used
antiepileptics phenytoin, carbamazepine, and sodium valproate. Although these
drugs were introduced as inhibitors of voltage-gated sodium channels, they may
actually act as T-type calcium channel blockers. Phenytoin (Dilantin) is commonly
used in the treatment of epilepsy, in the management of post-stroke seizures and it
can also be used in prevention of seizures following brain injury. Its half-maximal
inhibitory concentration of the Cav3.1 channel in vitro is between 70 and 140 lM
and, since the therapeutic plasma concentration is approximately 80 lM, this
interaction may significantly contribute to phenytoin’s therapeutic action (Laci-
nova 2004). Other antiepileptics such as carbamazepine, valproate, ethosuximide,
lamotrigine, and leviteracetam in therapeutically relevant concentrations only
inhibit TTCC negligibly.

16.4.4 Neuroleptics and Anesthetics

Many clinically used neuroleptics are potent blockers of T-type VGCC. Two
diphenylbutylpiperidines, pimozide (Orap) and penfluridol (Semap, Micefal), are
particularly potent blockers of recombinant T-channels with estimated IC50 values
of approximately 30–50 and 70–100 nM, respectively (Santi et al. 2002). Since
this value is close to their therapeutic plasma concentration, inhibition of the T-
type calcium current may form a part of the mechanism underlying their thera-
peutic action. Pimozide is used in the treatment of schizophrenia, chronic psy-
chosis, and tics in Tourette syndrome, while penfluoridol is used in the treatment
of schizophrenia. Therapeutic plasma concentrations of the antipsychotics
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haloperidol and flunarizine are also sufficient to inhibit T-type calcium current, and
the general anesthetics, propofol, octanol, and isofluran block TTCC in clinically
relevant concentrations (Lacinova 2004).

16.4.5 Mibefradil

Mibefradil (Fig. 16.4) was the first member of the new class of tetralol derivative
calcium antagonists. These are presumed to selectively block T-type VGCC and
they are expected to establish a new paradigm in the treatment of cardiovascular
disorders. T-type calcium channels are expressed in vascular smooth muscle and in
the myocardial conduction system, but not in ventricles. Therefore, a selective T-
type channel blocker should be able to relax vascular muscle and slow the heart
beat without decreasing heart contractility. Mibefradil proved more efficient than
nifedipine in treating moderate to severe hypertension (Lacourciere et al. 1997),
and it was also effective in treating angina pectoris (Frishman et al. 1998; Charlon
and Kobrin 1998). It was more effective than amlodipine and comparable to dil-
tiazem as an anti-anginal and anti-ischaemic drug (Kobrin et al. 1998; Davies et al.
1997). Nevertheless, the in vitro selectivity of mibefradil for T-type over the L-
type VGCC was only 10- to 30-fold (Bezprozvanny and Tsien 1995). While
mibefradil was well tolerated by patients in initial clinical studies, it was with-
drawn just 1 year after its introduction to the market in 1997 because of multiple
drug interactions related to its inhibition of the cytochrome P450 system (SoRelle
1998). More recently, it has been suggested that mibefradil’s antihypertensive and
vasodilatory effects are mediated by inhibition of L-type VGCC (Moosmang et al.
2006). Mibefradil is still the subject of clinical trials where it demonstrates ben-
eficial effects compared to LTCC channel blockers due to its lack of negative
chronotropic effects (Lindqvist et al. 2007). Although the role of T-type VGCC in
regulating blood pressure remains controversial, research into selective T-type
channel blockers with potential use in hypertension treatment still continues (Bui
et al. 2008).

Fig. 16.4 Structural formula
of mibefradil
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16.5 Calcium Channel Blockers in the Treatment
of Heritable Channelopathies

Most chapters in the Part I of this book are devoted to inherited mutations in
individual VGCC involved in development of various muscular and neuronal
pathologies and are described in a detail in preceding chapters. Effects of some of
these mutations can be equivocally classified as ‘‘gain of function.’’ To such
mutation belong mutation in the CACNA1S gene participates in pathology of
hypokalemic periodic paralysis (see Chap. 7), mutations in the CACNA1C gene
causing Timothy syndrome (see Chap. 11), or mutations in the CACNA1F gene
leading to the incomplete congenital stationary night blindness type 2 (see Chap. 3
). Currently known mutations in the CACNA1A gene are both of ‘‘gain of func-
tion’’ leading to familial hemiplegic migraine (see Chap. 1) or ‘‘loss of function’’
leading to episodic ataxia type 2 (see Chap. 2).

Precise mechanism leading to symptoms of VGCC channelopathies is subject
of ongoing investigations. While no channels-specific therapy is available at the
moment, certainly they represent attractive target for future pharmaceuticals.

16.6 Conclusion

While L-type calcium channels retain central focus in hypertension treatment,
there is growing evidence for the possible role of T-type calcium channels in both
vascular endothelium and vascular smooth muscle cells. Since clinically used
LTCC blockers currently fail to prevent vasoconstriction of a number of small
blood vessels and fail to reverse cerebral vasospasm, there is room for develop-
ment of more specific T-type calcium channel blockers. The continued testing of
mibefradil long after it was retracted from clinical use suggests that development
of specific T-type calcium channel blockers as therapy in cardiovascular pathol-
ogies may be a hope for the future.

Since disrupted regulation of VGCC has been implied in neurodegenerative
diseases such as Parkinson’s and Alzheimer’s, targeted regulation of VGCC could
play a successful role in future therapy. A population-based Danish study showed
that intake of DHPs that cross the blood–brain barrier is associated with approx-
imately 30 % reduced risk of contracting Parkinson’s disease (Ritz et al. 2010).
This is such a surprisingly strong association that blood–brain barrier-permeable
L-type channel antagonists may well represent a viable neuroprotective strategy.

Neuronal (Cav2.x) and T-type (Cav3.x) calcium channels play a role in noci-
ception. Current treatments for acute and chronic pain lack sufficient efficacy and
they are associated with serious side effects. Therefore, new selective and potent
channel inhibitors may greatly benefit patients. Meta-analysis of published liter-
ature has revealed almost 100 conotoxins with therapeutic potential in chronic pain
and neurodegenerative disorders (Essack et al. 2012). The Cav3.2 channel presents
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a further prospective target for specific analgesics in chronic pain treatment
(Todorovic and Jevtovic-Todorovic 2011).

Activity of T-type calcium channels is linked to conditions such as autism,
psychosis, cancer, and fertility, and the anti-proliferative efficacy of T-type
channel blockers has already been demonstrated in vitro (Lee et al. 2006). In
conclusion, while calcium channel antagonists related to the cardiovascular system
have dominated clinical practice up until now, new areas for their application are
emerging.
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Part II
Pathologies of Transient Receptor

Potential Channels



Chapter 17
TRPM1 and Congenital Stationary Night
Blindness

Shoichi Irie and Takahisa Furukawa

Abstract The transient receptor potential (TRP) channels play a wide variety of
essential roles in the sensory systems of various species, both invertebrates and
vertebrates. The TRP channel was first identified as a molecule required for proper
light response in Drosophila melanogaster. We and another group recently
revealed that TRPM1, the founding member of the melanoma-related transient
receptor potential (TRPM) subfamily, is required for the photoresponse in mouse
retinal ON bipolar cells. We further demonstrated that TRPM1 is a component of
the transduction cation channel negatively regulated by the metabotropic gluta-
mate receptor 6 (mGulR6) cascade in ON bipolar cells through a reconstitution
experiment using CHO cells expressing TRPM1, mGluR6, and Goa. Furthermore,
human TRPM1 mutations are associated with congenital stationary night blindness
(CSNB), whose patients lack rod function and suffer from night blindness starting
in early childhood. In this chapter, we describe the physiological functions and
regulatory mechanisms of the TRPM1 channel in retinal ON bipolar cells, and the
association of human TRPM1 mutations with CSNB.

17.1 TRP Channels

The transient receptor potential channel (TRP) gene family, which encodes non-
voltage-gated Ca2+-permeable cation channels, crucially and broadly participates
in sensory reception in a variety of living organisms. Based on the analysis of
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amino acid sequence homology, TRP superfamily members are categorized into
seven subfamilies; TRPC, TRPM, TRPV, TRPA, TRPP, TRPML, and TRPN
(Clapham 2003; Corey 2003; Delmas 2004; Minke 2010; Montell et al. 2002),
although TRPN family genes have not yet been identified in mammals. TRP
channel proteins share a common structure of six predicted transmembrane
domains and a reentrant P-loop, which is involved in forming the pore of the
channel, as it does in voltage-gated ion channels (Morgans et al. 2010). In addition
to these features, a highly conserved 23–25 amino acid residue TRP domain
containing an ‘EWKFAR’ TRP-box is located near the sixth transmembrane
domain in the cytoplasmic region of TRPC, TRPM, and TRPN channels (Morgans
et al. 2010; Venkatachalam and Montell 2007). A large body of research has
shown that TRP channels function mainly in sensing activities, including taste,
olfaction, hearing, and touch, in addition to thermosensation and osmosensation. In
addition, some TRP channels function as effector channels in neurons. TRPC3
increases the firing rate of GABAergic neurons in mouse substantia nigra pars
reticulate (SNr) upon dopamine or serotonin stimulation (Zhou and Lee 2011;
Zhou et al. 2009). The TRPM2 channel increases burst firing upon glutamatergic
input and modulates burst activity by reactive oxygen H2O2 in SNr GABAergic
neurons (Lee et al. 2013).

A TRP channel was first cloned in Drosophila melanogaster as a necessary
molecule for photoreceptor response to light (Montell et al. 1985). However,
whether or not a TRP channel plays a crucial role in vertebrate vision had not been
determined until a recent finding that TRPM1 is a transduction channel negatively
regulated by the mGluR6 pathway in retinal ON bipolar cells (Koike et al. 2010b).

17.2 TRPM Family Genes

TRPM family genes are well conserved through evolution both in invertebrates
and vertebrates, and encode non-selective cation channels involved in many bio-
logical functions. There are eight TRPM genes in human and mouse, four genes in
C. elegans, and a single gene in Drosophila melanogaster. TRPM channels have
intracellular N- and C-terminals, six transmembrane regions, and a hydrophobic
pore loop between transmembrane regions five and six. This family possesses a
TRPM family homology region of about 700 amino acid residues along with a CC
domain in the N-terminal region, and a TRP-box and CC domain in the C-terminal
region. The CC domain in the C-terminal region is involved in the assembly of
subunits and the regulation of cellular localization of channel proteins (Erler et al.
2006; Fujiwara and Minor 2008; Tsuruda et al. 2006). Phylogenetic analysis of
TRPM channels classified the TRPM family into four groups: TRPM1 and
TRPM3, TRPM6 and TRPM7, TRPM4 and TRPM5, TRPM2 and TRPM8
(Harteneck 2005). TRPM1 is expressed in skin melanocytes, but its expression
level is reduced in melanoma cells, suggesting a possible role for TRPM1 in body
color formation and melanoma metastasis (Duncan et al. 1998; Bellone et al.
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2008). TRPM2 is a redox status-dependent Ca2+-permeable cation channel whose
intrinsic sensitivity to an activation trigger, b-nicotinamide adenine dinucleotide,
may underlie susceptibility to H2O2-induced cell death (Hara et al. 2002). TRPM2
can be activated by co-application of warm temperatures ([35 �C). Intracellular
cyclic ADP-ribose dramatically potentiates TRPM2 activity. In pancreatic islets,
TRPM2 is co-expressed with insulin, and mild heating of these cells increases both
Ca2+ entry and insulin release (Perraud et al. 2001; Togashi et al. 2006). TRPM3
plays an essential role as a component of ionotropic steroid receptors in pancreatic
beta cells (Wagner et al. 2008). TRPM4 is involved in the action potential gen-
eration in excitatory neurons. Absence of TRPM4 function can cause cerebral
edema and arrhythmia (Simard et al. 2006; Guinamard et al. 2004). In non-
excitatory neurons, TRPM4 is activated by the elevation of the intracellular Ca2+

concentration. Furthermore, TRPM4 is involved in the Ca2+ oscillation in T-
lymphocytes and the migration of mast cells (Nilius et al. 2003; Hofmann et al.
2003; Launay et al. 2004; Vennekens et al. 2007). TRPM5 is activated by warm
temperature (15–35 �C) and plays a role in taste sensation (Talavera et al. 2005;
Zhang et al. 2003). TRPM5 is expressed in taste bud cells for detection of
sweetness, bitterness, and umami. Mutations of human TRPM6 cause a defect of
Mg2+ absorption and result in hypomagnesemia, indicating that TRPM6 is a Mg2+

absorber (Walder et al. 2002; Schlingmann et al. 2002). TRPM7 is activated by
various stimuli, including MgATP concentration, reactive oxygen, mechanical
stimulation, and pH. TRPM7 appears to play a role in the regulation of cell
volume, cell adhesion, and cell growth (Numata et al. 2007; Su et al. 2006; Hanano
et al. 2004). TRPM8 functions as a cold sensor. TRPM8 is activated by low
temperature (\25 �C), menthol, incilin, and frescolar ML (Peier et al. 2002;
Bautista et al. 2007; McKemy et al. 2002).

17.3 Identification of TRPM1 Gene

TRPM1, also known as melastatin, was the first cloned member of the TRPM
subfamily (Duncan et al. 1998). A mouse melastatin cDNA, later named TRPM1-
S, was differentially expressed between poorly and highly metastatic B16 mela-
noma cell lines (Duncan et al. 1998). Melastatin expression was correlated with
pigmentation in melanoma cell lines, while reversely correlated with the metastatic
potential of melanoma cells (Duncan et al. 1998; Fang and Setaluri 2000). TRPM1
transcript is alternatively spliced to produce a long form (TRPM1-L) or a short N-
terminal form devoid of transmembrane segments (TRPM1-S) in humans (Duncan
et al. 1998; Hunter et al. 1998; Fang and Setaluri 2000; Xu et al. 2001). It was
reported that TRPM1-S interacts with TRPM1-L to suppress TRPM1-L channel
activity by inhibiting its translocation to the plasma membrane (Xu et al. 2001).
Although mouse TRPM1-S was previously identified as melastatin, mouse
TRPM1-L had not been identified until recently (Duncan et al. 1998).
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17.4 Transduction Channel of Retinal on Bipolar Cells

Functional separation of neuronal signaling into the ON and OFF pathways that
contribute to visual contrast recognition is a fundamental feature of the vertebrate
visual system. Photoreceptors transmit signals to depolarizing ON bipolar cells and
hyperpolarizing OFF cells by glutamate release, which is reduced by light-evoked
hyperpolarization (DeVries and Baylor 1993; Dowling 1978). In mammalian
retinas, rod photoreceptors form synapses with ON type rod bipolar cells, and cone
photoreceptors connect with cone bipolar cells, which are subdivided into ON and
OFF types. The expression pattern of different glutamate receptors (GluRs) at the
postsynaptic region underlies the functional diversity of bipolar cells (Nakanishi
et al. 1998). ON bipolar cells express a metabotropic GluR, mGluR6, on dendrites.
The ON bipolar dendrite forms an invaginating single contact with a photoreceptor
terminal. On the other hand, OFF bipolar cells express ionotropic GluRs (AMPA/
Kainate receptors), glutamate-gated cation channels, on dendrites. The OFF
bipolar dendrite makes multiple flat contacts with a photoreceptor terminal
(Morigiwa and Vardi 1999; Haverkamp et al. 2001; Nomura et al. 1994). In the
dark, the neurotransmitter glutamate is released at a high rate from rod terminals
and depolarizes OFF bipolar cells through activation of ionotropic glutamate
receptor, whereas glutamate hyperpolarizes ON bipolar cells through mGluR6
activation leading to the closure of cation channels and a decrease in cationic
conductance (Euler et al. 1996; Masu et al. 1995; de la Villa et al. 1995; Slaughter
and Miller 1981; Shiells et al. 1981). The transduction cation channel of retinal
ON bipolars was hypothesized to be a cGMP-gated cation channel that is closed by
increasing the rate of cGMP hydrolysis through phosphodiesterases (PDEs)
through a G-protein-mediated process, based on analogous light transduction
machinery in photoreceptors. Several studies reported that the response of the ON
pathway is mediated by turning off the G-protein cascade that is activated in the
dark when glutamate binds to mGluR6 (Nomura et al. 1994; Vardi and Morigiwa
1997; Vardi et al. 2000). In ON bipolar cells, mGluR6 couples to a heterotrimeric
G-protein complex Go (Dhingra et al. 2000, 2002; Nawy 1999; Vardi 1998; Weng
et al. 1997). Signals require Goa, which closes a downstream cation channel upon
the activation of ON bipolar cells (Shiells and Falk 1990, 1992a, b, c; Dhingra
et al. 2000, 2002; Nawy 1999; Weng et al. 1997; Nawy and Jahr 1990; Euler et al.
1996; de la Villa et al. 1995). From these results, it appears that Goa is required for
the closure of the cation channel, but there is no evidence that PDEs are involved
in the signal transduction of ON bipolar cells (Nawy 1999). Although a regulator
of G-protein signaling (RGS), Ret-RGS1, which interacts with Goa in transfected
cells and the retina, was identified (Dhingra et al. 2004), a transduction cation
channel in the downstream of the mGluR6 pathway in retinal bipolar cells remains
elusive.

320 S. Irie and T. Furukawa



17.5 The Function of the TRPM1 Channel in the Retina

A mouse TRPM1-L cDNA that corresponds to the human TRPM1 long form was
identified as being a highly expressed gene in the retina (GenBank Accession
Number #AY180104) (Koike et al. 2010b). Northern blot analysis revealed the
presence of both TRPM1-L and -S transcripts in the retina; however, only the latter
was detected in the skin (Koike et al. 2010b). In situ hybridization (ISH) detected the
presence of substantial TRPM1-L transcripts, specifically in the inner nuclear layer
(INL), at postnatal stages (Koike et al. 2010b). An antibody against TRPM1-L was
raised and the localization of TRPM1-L was examined. At postnatal day 14 (P14),
TRPM1-L proteins were observed diffusely in bipolar cell somata, and at 1 month
after birth (1 M), the proteins localized at the tips of Goa-expressing and mGluR6-
expressing dendrites in the outer plexiform layer (OPL) (Koike et al. 2010b). Koike
et al. generated TRPM1 null mutant (TRPM1-/-) mice by targeted gene disruption,
and revealed that neither their rod bipolar cells nor their cone ON bipolar cells
showed photoresponses by using whole-cell patch-clamp analysis (Koike et al.
2010b). On the other hand, light stimulation on both wild-type (WT) and TRPM1-/-

mice cone OFF bipolar cells evoked photoresponses, and no significant differences
were detected in either the amplitude of the light responses or the time for half-
maximal amplitude after the light was turned off (Koike et al. 2010b). Examination
of the optokinetic responses (OKRs) and electroretinograms (ERGs) of 2-month-old
WT and TRPM1-/- mice revealed optokinetic deficiencies similar to those of mice
lacking mGluR6 (Iwakabe et al. 1997; Koike et al. 2010b). The ERGs evoked by
light stimuli in WT mice show normal a-waves and b-waves, originating mainly
from photoreceptors and rod bipolar cells, respectively. The ERG b-wave in
TRPM1-/- mice was absent and their ERG waveforms were very similar to those of
mGluR6-/- mice (Masu et al. 1995). In the light-adapted state, the ERG b-wave was
severely attenuated or absent leaving only the ERG a-wave in the TRPM1-/- mice
(Koike et al. 2007). These ERG results suggested that the function of both rod and
cone bipolar cells was severely impaired in TRPM1-/- mice.

Križaj et al. examined TRPM1 expression in Pde6brd1 (rd1) and DBA/2 J retinas
in which rod photoreceptors and retinal ganglion cells undergo degeneration,
respectively (Križaj et al. 2010). In their DBA/2 J cohort, no significant changes
were detected in the TRPM1 mRNA content in the retinas compared to the control
retinas (Križaj et al. 2010). In Pde6brd1 mice, prominent TRPM1 mRNA signatures
were observed in the surviving rd1 bipolar cells, and adult rd1 retinas with severely
degenerated ONL express robust TRPM1 immunoreactivity in the distal retina
(Križaj et al. 2010). These results suggest that TRPM1 is specifically expressed in
bipolar cells, and unaffected by either photoreceptor or ganglion cell degeneration.
In the human retina, TRPM1 is also expressed on ON-bipolar cell dendrites
(Klooster et al. 2011; van Genderen et al. 2009). Two groups reported that nyctal-
opin, a small leucine-rich repeat protein, directly interacts and forms complexes with
TRPM1 and mGluR6, and is required for the proper localization of TRPM1 to the
dendritic tips of depolarizing bipolar cells (Cao et al. 2011; Pearring et al. 2011).
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17.6 Functional Mechanism of the TRPM1 Channel
in the Retina

To verify that TRPM1-L satisfies the properties of a non-selective cation channel
regulated by the mGluR6 cascade, measurements were made of ionic currents
under a whole-cell voltage clamp in a reconstitution system that mimicked the
postsynaptic membrane of retinal ON bipolar cells by transfection of CHO cells
with TRPM1-L, mGluR6, and Goa (Koike et al. 2010b). In CHO cells expressing
mGluR6, Goa, and TRPM1-L, constitutively active inward currents were
observed. Constitutively active currents were detected in TRPM1-L expressing
cells even after replacing extracellular cations with Na+, K+, Ca2+, or Mg2+ (Koike
et al. 2010b). Furthermore, in CHO cells expressing mGluR6, Goa and TRPM1-L,
constitutively active cationic currents were suppressed by the administration of
glutamate to the bath solution, while subsequent washout of glutamate restored the
suppressed currents to levels comparable to those prior to glutamate administration
(Koike et al. 2010b). The effect of Go activation on the TRPM1-L current was
further investigated by measuring whole-cell current in TRPM1-L expressing
CHO cells transfected either with wild-type of Goa or a constitutively active
mutant of Goa (Goa-Q205L) (Koike et al. 2010b). The current density obtained in
TRPM1-L-transfected cells was significantly larger than that in TRPM1-L and
Goa-co-transfected cells, while suppression of the current density in TRPM1-L and
Goa-Q205L-co-transfected cells was observed at a level comparable to that in
TRPM1-L- and Goa-co-transfected cells intracellularly perfused with GMP-PNP,
an unhydrolyzable analog of GTP (Koike et al. 2010b). To show more directly that
TRPM1-L is regulated by Go protein, the effect of addition of the purified Go
protein from the intracellular side on TRPM1-L activity was examined in the
excised inside-out patch recordings (Koike et al. 2010b). Application of the
purified Goa protein gradually, but strongly, suppressed open probability, whereas
administration of heat-denatured Goa protein failed to suppress it with GMP-PNP.
Application of Gbc did not suppress the open probability of TRPM1-L (Koike
et al. 2010b). Western blot analysis distinctly showed that the purified Goa protein
fraction from the bovine brain did not contain Gbc (Koike et al. 2010a). Patch-
clamp analysis on the TRPM1-L-transfected CHO cells effectively demonstrated
that TRPM1-L is a non-selective cation channel and that TRPM1-L activity is
negatively regulated by the glutamate-activated mGluR6-Goa signaling cascade
(Koike et al. 2010b) (Fig. 17.1).

17.7 Congenital Stationary Night Blindness

Congenital Stationary Night Blindness (CSNB) is a clinically and genetically
heterogeneous group of retinal disorders. CSNB patients exhibit defects in night
vision while their day vision is normal. Two types of CSNB can be distinguished
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by using the standard flash ERG: the complete form (cCSNB) and the incomplete
form (icCSNB). The complete form, also known as type1 CSNB or CSNB1, is
characterized by a complete loss of the b-wave in response to a dim flash and an
electronegative maximum response with a normal a-wave under scotopic condi-
tions (Audo et al. 2008). The photopic single flash and 30 Hz flicker ERG has a
normal a-wave amplitude with a broadened trough and a sharply rising peak with
no photopic oscillatory potentials and a reduced b/a ratio (Audo et al. 2008). The
incomplete form (icCSNB), also known as type 2 CSNB or CSNB2, is charac-
terized by a reduction of b-wave, and that photopic responses are severely reduced
and delayed both in response to a single flash or 30 Hz flicker compared with
CSNB1 (Miyake et al. 1986; Audo et al. 2008). The primary cause of complete
CSNB is postsynaptic defects in ON bipolar cell signaling, whereas the OFF
bipolar cell pathway is unaffected. X-linked cCSNB has been associated with
mutations in genes expressed and localized in ON bipolar cells including the
leucine-rich proteoglycan nyctalopin (NYX) on chromosome X for X-linked

Fig. 17.1 Schematic representation of the mechanism of the ON bipolar cell response to the
light. Schematic diagram of a photoreceptor and an ON bipolar cell which form a ribbon synapse
between them (left). Upon light stimulation, the conversion of photons to neural signals in the
photoreceptor cell decreases the concentration of glutamate released around the synaptic ribbon
area of a photoreceptor cell as shown in the middle diagram. The decrease in the synaptic
glutamate concentration inactivates an mGluR6 channel, leading to an open state of TRPM1
which is a constitutively active, non-selective cation channel. This leads to depolarization of the
ON bipolar cells (middle). In contrast, in the dark, a decrease in the rate of photon absorption by
photoreceptor cell increases the concentration of glutamate. An increase of glutamate activates a
mGluR6 channel, results in activation of Goa, and finally inactivates the TRPM1 channel with a
decrease in cationic conductance (right)
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CSNB1A (Pusch et al. 2000; Bech-Hansen et al. 1998). mGluR6 (GRM6) for
CSNB1B (Zeitz et al. 2005; Dryja et al. 2005), TRPM1 for CSNB1C (Nakamura
et al. 2010; van Genderen et al. 2009; Audo et al. 2009; Li et al. 2009), and G
protein-coupled receptor 179 (GPR179) for CSNB1E (Peachey et al. 2012b; Audo
et al. 2012) are autosomal recessive form of cCSNB. Whole-exome sequencing on
cCSNB patient genomes led to identification of LRIT3 mutations as a cause of
autosomal recessive cCSNB. Immunostaining of the human retina using an anti-
LRIT3 antibody exhibited a punctate-labeling pattern resembling the dendritic tips
of bipolar cells (Zeitz et al. 2013). Understanding of the exact functional role of
LRIT3 in ON bipolar cells awaits future analysis. Incomplete CSNB has been
associated with mutations in genes coding for proteins important for continuous
glutamate release at the photoreceptor synapse, including calcium channel voltage-
dependent alpha-1F subunit (CACNA1F) on chromosome X for X-linked icCSNB.
Calcium-binding protein 4 (CABP4), and calcium channel voltage-dependent
alpha-2/delta subunit 4 (CACNA2D4) (Bech-Hansen et al. 1998; Strom et al.
1998; Zeitz et al. 2006) are involved in autosomal recessive form of icCSNB.

17.8 TRPM1 and CSNB

A single incomplete dominant gene, leopard complex (LP), causes the Appaloosa
coat-spotting pattern in horses. Homozygous LP (LP/LP) causes CSNB in Appa-
loosa horses, characterized by a congenital and non-progressive scotopic visual
deficit (Bellone et al. 2008). Furthermore, Bellone et al. mapped a 6-cM LP
candidate region where the TRPM1 gene is located. They found that in the retina
of CSNB (LP/LP) horses, TRPM1 expression was downregulated, suggesting that
TRPM1 is a strong candidate for LP, however, no TRPM1 mutation in LP/LP
horses was reported (Bellone et al. 2008). In an analysis of a large south Asian
family with CSNB, Li et al. identified a large region of homozygosity on chro-
mosome 15q which contains TRPM1 (Li et al. 2009). Screening identified a single
homozygous mutation in the affected moth (IVS16 ? 2T [ C) (Li et al. 2009). In
a caucasian non-consanguineous family, the affected proband was found to have
two likely disease-causing missense mutations in the TRPM1 gene (G138 fs and
Y1035X) (Li et al. 2009). The proband of non-consanguineous Caucasian family
was found to harbor heterozygote for two missense mutations in TRPM1 (R74C
and I1002F) (Li et al. 2009). Furthermore, two groups have identified other
homozygous mutations, including a premature truncation mutation (W856X), and
a homozygous mutation for a 36,445 bp deletion of exons two to seven (Y72-
K365del) (Audo et al. 2009; van Genderen et al. 2009). Nakamura et al. also
identified five different novel mutations in the human TRPM1 gene, IVS2-3C [ G,
IVS8 ? 3_6felAAGT, R624C (c.1870C [ T), S882X (c.2645C [ A), and
F1075S (c.3224T [ C)) in three unrelated patients (Nakamura et al. 2010). All
three patients were compound heterozygous. Biochemical and cell biological
analyses revealed that the two intron mutations (IVS2-3C[ and
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IVS8 ? 3_6delAAGT) were likely to result in abnormal protein production from
abnormal splicing, and the two missense mutations (R624C and F1075S) lead to
the mislocalization of the TRPM1 protein in ON bipolar cells (Nakamura et al.
2010). Peachy et al. reported a mouse mutant of TRPM1, tvrm27, which was
identified through an ERG screen of chemically mutagenized mice (Won et al.
2011; Peachey et al. 2012a). The tvrm27 mutant allele is caused from a point
mutation (A1068T) in the TRPM1 gene that results in a missense mutation in the
pore domain of the TRPM1 protein (Peachey et al. 2012a). TRPM1tvrm27/tvrm27

retinal histology is normal, whereas mice heterozygous for the TRPM1tvrm27 allele
showed decreased ERG b-wave (Peachey et al. 2012a).

17.9 TRPM1 and Paraneoplastic Retinopathy

Paraneoplastic retinopathy (PR), including melanoma-associated retinopathy
(MAR) and cancer-associated retinopathy (CAR) is a progressive retinal disorder
caused by antibodies generated against neoplasms not associated with the eye
(Adamus 2009; Heckenlively and Ferreyra 2008; Chan 2003; Thirkill et al. 1989).
Patients with PR can suffer from night blindness, photopsia, ring scotoma, attenu-
ated retinal arteriole, and abnormal electroretinograms (ERGs). Recent reports
showed that TRPM1 is an autoantigen targeted by autoantibodies in some patients
with MAR or CAR (Dhingra et al. 2011; Kondo et al. 2011). The ERGs of a patient
with lung CAR showed a severely reduced ON response with normal OFF response,
indicating that the defect is in the signal transmission between photoreceptors and
ON bipolar cells (Kondo et al. 2011). Western blot analysis of human TRPM1 using
sera from MAR and CAR patients exhibited a significant immunoreactive band
against TRPM1-transfected cell lysates (Kondo et al. 2011). These observations, the
expression of TRPM1 in melanocytes, and its downregulation in melanoma cells
suggest that TRPM1 is one of the retinal autoantigens in CAR or MAR associated
with retinal ON bipolar cell dysfunction (Duncan et al. 1998).

There is evidently a high level of allelic heterogeneity in TRPM1, without any
clear pattern with regard to location of mutations. These mutations affect residues
throughout TRPM1, the intracellular N-terminus, the transmembrane domains and
C-terminus. There is no noticeable genotype–phenotype relationship. However,
TRPM1 is essential for the depolarizing ON bipolar cells in humans as well as in
mice.

17.10 Conclusion

After decades of sizeable efforts on the ON bipolar transduction channel, TRPM1
was finally identified as a cation channel negatively regulated by mGluR6 in
retinal ON-bipolar cells, based on TRPM1 mutant mouse phenotypes and a
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reconstitution system with TRPM1, mGluR6, and Goa, using cultured cells (Koike
et al. 2010b). TRPM1 is specifically expressed in ON bipolar cells in human
retinas as well as in mouse retinas. Furthermore, molecular genetic analysis on
CSNB patients support the notion that TRPM1 plays an essential role in mediating
the photoresponse in retinal ON bipolar cells. It should be noted that recent studies
reported that other components or modulators, including GPR179 and LRIT3,
function in the ON pathway in bipolar cells. Extensive future studies on both
mouse retinas and human CSNB patients will greatly develop our understanding of
the detailed molecular mechanisms that are the foundation of ON bipolar trans-
duction mechanisms.

References

Adamus G (2009) Autoantibody targets and their cancer relationship in the pathogenicity of
paraneoplastic retinopathy. Autoimmun Rev 8(5):410–414

Audo I, Bujakowska K, Orhan E, Poloschek CM, Defoort-Dhellemmes S, Drumare I, Kohl S, Luu
TD, Lecompte O, Zrenner E, Lancelot ME, Antonio A, Germain A, Michiels C, Audier C,
Letexier M, Saraiva JP, Leroy BP, Munier FL, Mohand-Saïd S (2012) Whole-exome
sequencing identifies mutations in GPR179 leading to autosomal-recessive complete
congenital stationary night blindness. Am J Hum Genet 90(2):321–330

Audo I, Kohl S, Leroy BP, Munier FL, Guillonneau X, Mohand-Saïdd S, Bujakowska K, Nandrot
EF, Lorenz B, Preising M, Kellner U, Renner AB, Bernd A, Antonio A, Moskova-Doumanova
V, Lancelot ME, Poloschek CM, Drumare I, Defoort-Dhellemmes S (2009) TRPM1 is
mutated in patients with autosomal-recessive complete congenital stationary night blindness.
Am J Hum Genet 85(5):720–729

Audo I, Robson AG, Holder GE, Moore AT (2008) The negative ERG: clinical phenotypes and
disease mechanisms of inner retinal dysfunction. Surv Ophthalmol 53(1):16–40

Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum AI, Stucky CL, Jordt SE, Julius D
(2007) The menthol receptor TRPM8 is the principal detector of environmental cold. Nature
448(7150):204–208

Bech-Hansen NT, Naylor MJ, Maybaum TA, Pearce WG, Koop B, Fishman GA, Mets M,
Musarella MA, Boycott KM (1998) Loss-of-function mutations in a calcium-channel alpha1-
subunit gene in Xp11.23 cause incomplete X-linked congenital stationary night blindness. Nat
Genet 19(3):264–267

Bellone RR, Brooks SA, Sandmeyer L, Murphy BA, Forsyth G, Archer S, Bailey E, Grahn B
(2008) Differential gene expression of TRPM1, the potential cause of congenital stationary
night blindness and coat spotting patterns (LP) in the Appaloosa horse (Equus caballus).
Genetics 179(4):1861–1870

Cao Y, Posokhova E, Martemyanov KA (2011) TRPM1 forms complexes with nyctalopin in vivo
and accumulates in postsynaptic compartment of ON-bipolar neurons in mGluR6-dependent
manner. J Neurosci 31(32):11521–11526

Chan JW (2003) Paraneoplastic retinopathies and optic neuropathies. Surv Ophthalmol
48(1):12–38

Clapham DE (2003) TRP channels as cellular sensors. Nature 426(6966):517–524
Corey DP (2003) New TRP channels in hearing and mechanosensation. Neuron 39(4):585–588
de la Villa P, Kurahashi T, Kaneko A (1995) L-glutamate-induced responses and cGMP-activated

channels in three subtypes of retinal bipolar cells dissociated from the cat. J Neurosci 15(5 Pt
1):3571–3582

326 S. Irie and T. Furukawa



Delmas P (2004) Assembly and gating of TRPC channels in signalling microdomains. Novartis
Found Symp 258:75–89; discussion 89–102, 263–106

DeVries SH, Baylor DA (1993) Synaptic circuitry of the retina and olfactory bulb. Cell
72(Suppl):139–149

Dhingra A, Faurobert E, Dascal N, Sterling P, Vardi N (2004) A retinal-specific regulator of G-
protein signaling interacts with Galpha(o) and accelerates an expressed metabotropic
glutamate receptor 6 cascade. J Neurosci 24(25):5684–5693

Dhingra A, Fina ME, Neinstein A, Ramsey DJ, Xu Y, Fishman GA, Alexander KR, Qian H,
Peachey NS, Gregg RG, Vardi N (2011) Autoantibodies in melanoma-associated retinopathy
target TRPM1 cation channels of retinal ON bipolar cells. J Neurosci 31(11):3962–3967

Dhingra A, Jiang M, Wang TL, Lyubarsky A, Savchenko A, Bar-Yehuda T, Sterling P,
Birnbaumer L, Vardi N (2002) Light response of retinal ON bipolar cells requires a specific
splice variant of Galpha(o). J Neurosci 22(12):4878–4884

Dhingra A, Lyubarsky A, Jiang M, Pugh EN, Birnbaumer L, Sterling P, Vardi N (2000) The light
response of ON bipolar neurons requires G[alpha]o. J Neurosci 20(24):9053–9058

Dowling JE (1978) How the retina ‘‘sees.’’. Invest Ophthalmol Vis Sci 17(9):832–834
Dryja TP, McGee TL, Berson EL, Fishman GA, Sandberg MA, Alexander KR, Derlacki DJ,

Rajagopalan AS (2005) Night blindness and abnormal cone electroretinogram ON responses
in patients with mutations in the GRM6 gene encoding mGluR6. Proc Natl Acad Sci USA
102(13):4884–4889

Duncan LM, Deeds J, Hunter J, Shao J, Holmgren LM, Woolf EA, Tepper RI, Shyjan AW (1998)
Down-regulation of the novel gene melastatin correlates with potential for melanoma
metastasis. Cancer Res 58(7):1515–1520

Erler I, Al-Ansary DM, Wissenbach U, Wagner TF, Flockerzi V, Niemeyer BA (2006)
Trafficking and assembly of the cold-sensitive TRPM8 channel. J Biol Chem
281(50):38396–38404

Euler T, Schneider H, Wässle H (1996) Glutamate responses of bipolar cells in a slice preparation
of the rat retina. J Neurosci 16(9):2934–2944

Fang D, Setaluri V (2000) Expression and up-regulation of alternatively spliced transcripts of
melastatin, a melanoma metastasis-related gene, in human melanoma cells. Biochem Biophys
Res Commun 279(1):53–61

Fujiwara Y, Minor DL (2008) X-ray crystal structure of a TRPM assembly domain reveals an
antiparallel four-stranded coiled-coil. J Mol Biol 383(4):854–870

van Genderen MM, Bijveld MM, Claassen YB, Florijn RJ, Pearring JN, Meire FM, McCall MA,
Riemslag FC, Gregg RG, Bergen AA, Kamermans M (2009) Mutations in TRPM1 are a
common cause of complete congenital stationary night blindness. Am J Hum Genet
85(5):730–736

Guinamard R, Chatelier A, Demion M, Potreau D, Patri S, Rahmati M, Bois P (2004) Functional
characterization of a Ca(2 +)-activated non-selective cation channel in human atrial
cardiomyocytes. J Physiol 558(Pt 1):75–83

Hanano T, Hara Y, Shi J, Morita H, Umebayashi C, Mori E, Sumimoto H, Ito Y, Mori Y, Inoue R
(2004) Involvement of TRPM7 in cell growth as a spontaneously activated Ca2 ? entry
pathway in human retinoblastoma cells. J Pharmacol Sci 95(4):403–419

Hara Y, Wakamori M, Ishii M, Maeno E, Nishida M, Yoshida T, Yamada H, Shimizu S, Mori E,
Kudoh J, Shimizu N, Kurose H, Okada Y, Imoto K, Mori Y (2002) LTRPC2 Ca2 ? -
permeable channel activated by changes in redox status confers susceptibility to cell death.
Mol Cell 9(1):163–173

Harteneck C (2005) Function and pharmacology of TRPM cation channels. Naunyn Schmiede-
bergs Arch Pharmacol 371(4):307–314

Haverkamp S, Grünert U, Wässle H (2001) The synaptic architecture of AMPA receptors at the
cone pedicle of the primate retina. J Neurosci 21(7):2488–2500

Heckenlively JR, Ferreyra HA (2008) Autoimmune retinopathy: a review and summary. Semin
Immunopathol 30(2):127–134

17 TRPM1 and Congenital Stationary Night Blindness 327



Hofmann T, Chubanov V, Gudermann T, Montell C (2003) TRPM5 is a voltage-modulated and
Ca(2 +)-activated monovalent selective cation channel. Curr Biol 13(13):1153–1158

Hunter JJ, Shao J, Smutko JS, Dussault BJ, Nagle DL, Woolf EA, Holmgren LM, Moore KJ,
Shyjan AW (1998) Chromosomal localization and genomic characterization of the mouse
melastatin gene (Mlsn1). Genomics 54(1):116–123

Iwakabe H, Katsuura G, Ishibashi C, Nakanishi S (1997) Impairment of pupillary responses and
optokinetic nystagmus in the mGluR6-deficient mouse. Neuropharmacology 36(2):135–143

Klooster J, Blokker J, Ten Brink JB, Unmehopa U, Fluiter K, Bergen AA, Kamermans M (2011)
Ultrastructural localization and expression of TRPM1 in the human retina. Invest Ophthalmol
Vis Sci 52(11):8356–8362

Koike C, Sanuki R, Miyata K, Koyasu T, Miyoshi T, Sawai H, Konda M, Usukura J, Furukawa T
(2007) The functional analysis of TRPM1 in retinal bipolar cells. Neurosci Res 58, S41

Koike C, Numata T, Ueda H, Mori Y, Furukawa T (2010a) TRPM1: a vertebrate TRP channel
responsible for retinal ON bipolar function. Cell Calcium 48(2–3):95–101

Koike C, Obara T, Uriu Y, Numata T, Sanuki R, Miyata K, Koyasu T, Ueno S, Funabiki K, Tani
A, Ueda H, Kondo M, Mori Y, Tachibana M, Furukawa T (2010b) TRPM1 is a component of
the retinal ON bipolar cell transduction channel in the mGluR6 cascade. Proc Natl Acad Sci
USA 107(1):332–337

Kondo M, Sanuki R, Ueno S, Nishizawa Y, Hashimoto N, Ohguro H, Yamamoto S, Machida S,
Terasaki H, Adamus G, Furukawa T (2011) Identification of autoantibodies against TRPM1 in
patients with paraneoplastic retinopathy associated with ON bipolar cell dysfunction. PLoS
ONE 6(5):e19911
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Chapter 18
Alterations in TRPM2 and TRPM7
Functions in the Immune System
Could Confer Susceptibility
to Neurodegeneration

Meredith C. Hermosura

Abstract Transient Receptor Potential Melastatin 2 (TRPM2) and Transient
Receptor Potential Melastatin 7 (TRPM7) are Ca2+ permeable channels found in
neuronal and immune cells that have been linked to neuropathological disorders
including neurodegeneration. Genetic variants of these channels, Trpm2P1018L and
Trpm7T1482I, were identified in Guamanian cases of Western Pacific Amyotrophic
Lateral Sclerosis and Parkinsonism Dementia Complex (WP ALS-PDC). This
chapter will summarize current knowledge of the biophysical and physiological
properties of these channels with special focus on their roles in the innate and
adaptive immune responses. Attempts will be made to describe how dysfunctions
in normal channel expression, regulation and function in the innate and adaptive
immune system could potentially contribute to neurodegenerative pathophysiol-
ogy, particularly in connection with WP ALS-PDC.

18.1 Introduction

Variants of two Transient Receptor Potential (TRP) channel genes, Trpm2P1018L

and Trpm7T1482I, have been identified in Guamanian cases of Western Pacific
Amyotrophic Lateral Sclerosis and Parkinsonism Dementia Complex (WP ALS-
PDC) cases (Hermosura et al. 2005, 2008). WP ALS-PDC is a fatal progressive
neurodegenerative disorder that occurred at high incidence in three separate dis-
ease foci among three genetically distinct groups of people more than 50 years
ago: Chamorro residents of the Mariana Islands of Guam and Rota, Japanese living
in the Kii Peninsula of Japan, and Auyu and Jaqai linguistic groups in Papua New
Guinea (Kimura et al. 1963; Elizan et al. 1966; Gajducek and Salazar 1982).
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Because WP ALS-PDC exhibits clinical and histological features of the more
common forms of amyotrophic lateral sclerosis (ALS), Parkinson’s Disease (PD),
and Alzheimer’s disease (AD), it is believed that the cellular and molecular
pathogenic mechanisms underlying these disorders are similar and that studies on
WP ALS-PDC would provide important mechanistic insights relevant to the dis-
ease processes in ALS, PD, and AD (Hermosura and Garruto 2007; Kisby and
Spencer 2011). This view is supported by findings of protein aggregates charac-
teristic of ALS, PD, and AD in WP ALS-PDC, i.e., phosphorylated and ubiqu-
inylated deposits of tau, b-amyloid, a-synuclein (a-syn), and TDP-43 (Geser et al.
2008; Guiroy et al. 1987; Hirano 1992; Miklossy et al. 2008).

Both TRP Melastatin 2 (TRPM2) and TRP Melastatin 7 (TRPM7) are
expressed in neurons and immune cells, although their biological roles are still
under intense investigation. Both have been linked to neuropathological disorders,
especially those associated with neuroinflammation and high oxidative stress (see
Sects. 18.3 and 18.5). Notably, TRPM7 is one of only 18 genes demonstrated to be
commonly regulated in AD, multiple sclerosis (MS), and cerebral stroke mouse
models (Tseveleki et al. 2010). This review will summarize current knowledge on
some of the biophysical and physiological properties of these channels. Attempts
will be made to describe how dysfunctions in normal channel regulation and
function, including the possible effects of the aforementioned genetic variants,
could contribute to the pathophysiology of the neurodegenerative process. Because
cumulative evidence has now established inflammatory responses as principal
players in neurodegenerative pathophysiology (Appel et al. 2010, 2011; Evans
et al. 2012; Glass et al. 2010; Mosley et al. 2012), special focus will be given on
the roles of TRPM2 and TRPM7 in innate and adaptive immunity. Lastly, sug-
gestions will be made for future studies that might provide information needed to
achieve a better mechanistic understanding of the biological roles of these chan-
nels, knowledge that is vital toward future efforts at therapeutic intervention.

18.2 General Overview of TRPM2 and TRPM7

TRP proteins are cationic channels that are expressed in virtually all tissues and
cell types, and which are increasingly thought to play crucial roles in how cells
sense and respond to chemical and physical changes in their environment
(reviewed in Clapham 2003; Damann et al. 2008). Similar to voltage-gated
channels, TRP channels have a tetrameric architecture consisting of four subunits
each with six transmembrane segments, with the loop between segments 5 and 6
forming the channel pore and selectivity filter (Fig. 18.1). In TRPM2, proline 1018
(P1018) is localized at the C-terminal end of the outer pore loop (Fig. 18.1a). The
substitution of proline with leucine in the WP ALS-PDC variant Trpm2P1018L

causes the channel to inactivate (Hermosura et al. 2008).
There are currently 28 known mammalian TRP genes classified into six fam-

ilies based on amino acid sequence. The broad cell and tissue distribution, the
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Fig. 18.1 Schematic diagrams of a TRPM2 and a TRPM7 subunit. In both channels, a subunit
consists of a cytoplasmic N-terminal region containing TRPM homology domains, six
transmembrane segments (S1-S6), a pore loop region between S5-S6 and a cytoplasmic C-
terminal domain. The coiled-coil region (CCR) participates in subunit assembly to form the
tetrameric channel. a In TRPM2, a Nudix homology domain (NUDT9-H) primarily serves as the
binding site for one of the activating signals, ADPR. The other requisite activator, Ca2+, is
believed to bind somewhere in the intracellular mouth of the pore (region marked by dashed oval,
‘activation gate’). Pro1018 is located near the C-terminal end of the outer pore vestibule. The
presence of Leu in place of Pro in TRPM2P1018L destabilizes the outer pore conformation of the
open channel causing channel inactivation. A similar effect was induced by Zn2+ (see text). b In
TRPM7, a functional a-kinase is found at the C-terminal domain. The kinase is immediately
preceded by a Ser/Thr-rich region (S/T-rich). The S/T-rich domain is autophosphorylated in vivo
and is proposed to play a role in substrate recognition and access of substrates to the kinase
catalytic domain. Thr1482 (solid red triangle) is in this region and is one of the residues found to
be autophosphorylated. Asp1510 (D1510) marked by arrow is the site for Fas receptor activation-
induced cleavage, an event that separates the kinase from the rest of the channel, causing increase
in ITRPM7 that was shown to be necessary for effective FAS-induced apoptosis (see text)
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existence of splice variants, and the ability of subunits within the same family to
form heterotetramers collectively produce a group of channels with a wide variety
of ionic permeability profiles and gating mechanisms that affect a broad range of
physiological processes and cellular signaling pathways. Importantly, an increas-
ing number of reports implicating TRP channel dysfunctions in various disorders
and making TRP proteins promising drug targets, are being published (reviewed in
Wu et al. 2010).

TRPM2 and TRPM7 are unique in that they are two of only three known
channels that have both an ion-permeating pore and an enzymatic domain: a
NudT9 adenosine diphosphate ribose (ADPR) hydrolase for TRMP2 (NudT9-
Homology or NUDT9-H), and a serine-threonine a-kinase for TRPM7 (Perraud
et al. 2001; Nadler et al. 2001; Runnels et al. 2001). Given the very weak enzy-
matic activity of NudT9-H, it not likely that the catalytic property has a role in
TRPM2 gating. The prevailing view is that it provides a binding site for free
ADPR, one of the two essential channel activators (Fig. 18.1a). The kinase moiety
in TRPM7, on the other hand, is fully functional. As will be seen in later dis-
cussions, the dual channel and kinase functionality of the ubiquitously expressed
TRPM7 confers on this channel an unusual ability to influence diverse signaling
pathways and physiological processes, a feature that could underlie its association
with disorders ranging from neurodegeneration to cancer (see Sect. 18.6.4).
Threonine 1482 (T1482) is located in a serine- and threonine-rich (S/T-rich) region
immediately upstream of the kinase domain (Fig. 18.1b). Studies suggest that
massive autophosphorylation of this region plays a role in substrate recognition
(Clark et al. 2008b). Additionally, an aspartate residue within this S/T-rich region,
D1510, was identified as a caspase cleavage site following Fas receptor-induced
activation (Desai et al. 2012). A phosphorylation site is lost in the WP ALS-PDC-
associated variant, Trpm7T1482I, where threonine is replaced with isoleucine. This
change could impose subtle effects on substrate recognition and even on caspase
cleavage at D1510.

18.3 TRM2 is a Metabolic and Oxidative Stress Sensor

TRPM2 functions as metabolic and oxidative stress sensor that senses intracellular
levels of calcium (Ca2+), ADPR, reactive oxygen species (ROS), glutathione
(GSH) and protons, integrating the acquired information with changes in mem-
brane potential and downstream cell type-specific Ca2+-activated signaling net-
works. TRPM2 is also thermosensitive, its activity increasing at higher
physiological temperatures (Togashi 2006). The channel is expressed in a wide
range of cells and tissues including endothelial cells, cardiac myocytes, bone
marrow, spleen, liver, heart, lung, pancreatic b-cells, but is particularly abundant
in the brain and immune cells, particularly those of monocytic lineage (reviewed
by Takahashi et al. 2011; Knowles et al. 2012).
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18.3.1 Gating: TRPM2 is Activated by the Simultaneous
Binding of ADPR and Ca2+ at Intracellular Sites
on the Channel

Two coactivators are absolutely required for TRPM2 channel gating: the nico-
tinamide adenine dinucleotide (NAD)+ metabolite, ADPR, bound to the intra-
cellular NudT9-H domain, and Ca2+ bound to still undefined ‘activation sites’
close to the intracellular mouth of the pore, see Fig. 18.1a (Perraud et al. 2001;
McHugh et al. 2003; Starkus et al. 2007; Csanady and Torocsik 2009; Toth and
Csanady 2010). Neither ADPR nor Ca2+ alone is able to initiate channel opening.
Because of the tetrameric nature of TRPM2, it was proposed that four Ca2+ ions
are required; each binding event increases the open-closed equilibrium constant in
a manner well predicted by the Monod-Wymann-Changeux (MWC) model
(Csanady and Torocsik 2009). Closed channels do not sense extracellular Ca2+, but
once channels have opened, Ca2+ ions permeating through the pore keep the
intracellular activating gate saturated. The opening rate is a property of the closed
channel and is dependent on the levels of intracellular free Ca2+, [Ca2+]i. What this
implies is that in cells where the metabolic state is such that there is sufficient
(micromolar) ADPR, sudden local increases in [Ca2+]i can initiate channel
opening. Ca2+ entering from the outside will keep the activating sites saturated,
maintaining the open state until the channel closes normally (Csanady and Tor-
ocsik 2009). Readers who are interested in more detailed discussions of the bio-
physics of channel gating are referred to the excellent original reports cited.

Although exposure to ROS (H2O2) leads to channel activation in intact cells,
direct gating could not be demonstrated in cell-free studies even when a high
concentration (1 mM) of H2O2 was used (Toth and Csanady 2010). ROS could
induce TRPM2 activation in three ways, the effects likely occurring synergisti-
cally: (i) by increasing ADPR production (Perraud et al. 2005); (ii) by elevating
cytosolic Ca2+ levels (Bogeski et al. 2011; Gonzales et al. 2006); and (iii) by
lowering the temperature activation threshold (Kashio et al. 2012). Increases in the
cytosolic levels of ADPR occur primarily through the actions of the plasma
membrane-bound CD38 NAD+ glycohydrolase (CD38), and ROS-induced leakage
from mitochondria which contains the largest pool of intracellular NAD+ and thus,
ADPR (Perraud et al. 2005). In addition, oxidative stress activates the polyADPR
polymerase/glycohydrolase (PARP/PARG) pathway in the nucleus that also pro-
duces ADPR (Buelow et al. 2008). Questions that were initially raised as to how
the ectoenzyme CD38 generates cytosolic ADPR are now answered by the finding
that the enzyme exists in two opposing orientations: one with the catalytic domain
facing outside, the other with the catalytic domain flipped, facing the cytosol
(Zhao Y et al. 2012). Support for the notion that CD38 activity cross-talks with
TRPM2 is provided by observations that genetic disruption of either gene affects
dendritic cell migration and pulmonary inflammation (Gally et al. 2009; Sumoza-
Toledo 2011). In addition to increasing cytosolic ADPR, ROS elevates intracel-
lular Ca2+ levels through its effects on multiple Ca2+-permeable channels located
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in the plasma membrane and in intracellular membrane systems (Bogeski et al.
2011; Gonzales et al. 2006). In sum, oxidative stress promotes TRPM2 activation
by increasing the cytosolic levels of the two factors absolutely required for channel
gating, ADPR and Ca2+, and by lowering the temperature threshold for channel
activation (Kashio et al. 2012).

Channel opening at physiological hyperpolarized membrane potentials will
cause a large influx of Ca2+ and sodium (Na+) because both ions will be moving
down their electrochemical gradients. Ca2+ entering the cell will activate cell-type
specific Ca2+-dependent signal transduction pathways, whereas the movement of
both Na+ and Ca2+ will depolarize the membrane. This membrane potential change
will affect the driving force for Ca2+ through other Ca2+-permeant channels such as
the Ca2+ release-activated Ca2+ channels (CRAC) (Hoth and Penner 1992). Fur-
thermore, it will affect the function of other membrane potential-sensitive proteins
such as NADPH oxidase, the enzyme primarily responsible for ROS production in
microglia, monocytes, and phagocytes. The significance of TRPM2-induced
membrane depolarization on NADPH oxidase activity and ROS production is
discussed in Sect. 18.3.3.

18.3.2 Modulation of TRPM2 Activity by Protons, Zn2+,
and GSH

18.3.2.1 Protons Suppress Channel Activity

Significant TRPM2 activity occurs in conditions associated with acidic pH such as
during immunocyte respiratory burst, sites of neuronal injury following ischaemia,
and sites of inflammation. Separate studies conducted by three research groups
collectively found that protons inhibit TRPM2 activity (Du et al. 2009; Starkus
et al. 2010; Yang et al. 2010). There were important similarities and differences.

All three studies reported that intracellular and extracellular protons suppress
channel activity, but the proposed molecular mechanisms especially pertaining to
the effects of extracellular protons were diverse. There were also differences found
in terms of reversibility, effective pH, and voltage-dependence of inhibition; on
whether protons affect single channel conductance; and the underlying mechanism
of extracellular proton actions: do they bind to residues in the outer vestibule
thereby interfering with the selectivity filter, or do they compete with Na+ and
Ca2+ for permeation? These issues are beyond the scope of this review and
interested readers are again referred to the original articles cited. However, the
following generalizations are supported by existing evidence: (i) intracellular
protons suppress TRPM2 gating by competing with Ca2+ for activating sites near
the cytoplasmic mouth of the pore and (ii) inhibition by external protons is
complex. When arising as a result of competition with Na+ and Ca2+ for perme-
ation, inhibition by external protons is reversible; however, if it involves
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interaction with residues in the outer vestibule of the pore, interference with the
selectivity filter and channel inactivation, external proton effect is irreversible
(Yang et al. 2010). Irrespective of the actual mechanism, suppression of TRPM2
activity by protons is likely a physiological way of controlling Ca2+ influx and
membrane potential changes in conditions of high oxidative stress.

18.3.2.2 Destabilization of the Outer Pore Vestibule of the Open
Channel Causes TRPM2 Inactivation

In explaining TRPM2P1018L-induced inactivation, we hypothesized that the
mutation could be destabilizing the outer pore loop structure (Hermosura et al.
2008). Indeed, emerging evidence suggests that certain residues in the pore loop
domain between S5 and S6 are important in maintaining a stable conformation for
the selectivity filter and open channel (Yang et al. 2010; Toth and Csanady 2012).
As noted in the previous section, channel inactivation occurs when protons interact
with certain residues in the outer pore loop. A similar effect was reported for Zn2+

(Yang et al. 2011). Mutational analysis shows that while there are overlaps, the
structural and mechanistic determinants of proton- and Zn2+-induced inactivation
are not the same (Yang et al. 2011). Nonetheless, collective evidence provided by
studies on protons, Zn2+ and the P1018L mutation indicate that disrupting the
stable conformation of the outer pore vestibule destabilizes the open channel and
causes channel inactivation. A similar mechanism was recently proposed for
TRPM2 channel rundown that is often observed in inside-out patches: prolonged
stimulation causes the selectivity filter to undergo a conformational rearrangement
similar to what happens during C-type inactivation of voltage-gated K+ channels
(Toth and Csanady 2012).

It is noteworthy that both Zn2+ and the P1018L mutation have been associated
with neurodegeneration. Zn2+ functions as an important signaling molecule in
neuronal synapses, but accumulates at abnormally high levels in pathological
conditions characterized by high oxidative stress such as cerebral ischemia, epi-
lepsy, and traumatic brain injury (Capasso et al. 2005). TRPM2 has similarly been
linked to these disorders (Cook et al. 2010; Jia et al. 2011; Katano et al. 2012).

18.3.2.3 Glutathione (GSH) Modulates TRPM2 by Inhibiting its
Activation

GSH, a reducing agent that functions as one of the cell’s main defenses against
oxidative stress, acts as a physiologically relevant regulator of TRPM2 (Lee et al.
2010; Naziroglu et al. 2011; Ozgul et al. 2012; Belrose et al. 2012). It inhibits
TRPM2 activation, causing a rightward shift in the ADPR dose–response curve
and decreasing the Hill coefficient (Belrose et al. 2012). These effects were
determined not to be due to the reducing actions of GSH, but could arise as result
of GSH acting as a channel blocker, competing with ADPR for binding sites, or
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even binding directly to ADPR. Thus, existing intracellular levels of GSH could
influence the degree of TRPM2 activation at any one time.

18.3.3 TRPM2 Functions

18.3.3.1 In Oxidative Stress-Induced Cell Death

TRPM2’s role in oxidative stress-induced cell death is complex (Hara et al. 2002).
Using HEK-293 cells transfected with human TRPM2, Wilkinson et al. (2008)
showed that while H2O2 did indeed cause loss of viability in TRPM2-expressing
cells, cell death was not solely due to Ca2+ influx through this channel and that
H2O2-induced cell death has a Ca2+-independent component unrelated to TRPM2.
The authors concluded that while Ca2+ influx via TRPM2 could contribute to, even
potentiate, loss of cell viability as a result of oxidative stress, there are other
cellular mechanisms involved. Indeed, it is more than likely that it is influenced by
cell type, metabolic state, as well as other intrinsic and extrinsic factors. For
instance, TRPM2 is abundant in monocytes and phagocytes, cells that are pro-
fessional oxidant generators and therefore exposed to ROS in the course of their
activities. However, when monocytes were exposed to lipopolysaccharide (LPS),
an agent that initiates an inflammatory response characterized by ROS production,
although TRPM2 activation occurred as expected, the outcome was cytokine
production, not cell death (Wehrhahn et al. 2010). Providing further support is a
recent study which established that TRPM2-/- T cells were not particularly
resistant to oxidative stress-induced cell death (Melzer et al. 2012). Thus, at least
in immune cells, TRPM2 activation has biological functions more pertinent to the
immune response, and that ROS-induced activation of TRPM2 promotes these
cell-type specific functions.

18.3.3.2 In Neuronal Cells

TRPM2 is present in various neuronal populations in the CNS and in the periphery.
There is a paucity of information on TRPM2’s biological functions in these cells
because much of the research done so far investigated TRPM2 activity in con-
nection with oxidative stress. It is anticipated, however, that the availability of the
TRPM2-/- mouse model should lead to more studies reporting the consequences
of not having the channel, and would therefore provide clues to its biological
functions such as its recently described role in synaptic plasticity (Xie et al. 2011).
TRPM2-/- mice do not show overt behavioral or neurological phenotypes (Ya-
mamoto et al. 2008), but there could be subtle behavioral changes especially in the
presence of stressors. Genetic association studies have linked TRPM2 with bipolar
disorder (McQuillin et al. 2006; Xu et al. 2006, 2009).
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Synaptic Plasticity
N-Methyl-D-aspartate (NMDA)-dependent long-term depression (LTD) in
TRPM2-/- mice is reduced, whereas the threshold for long-term potentiation
(LTP) is lowered, suggesting a role for TRPM2 in synaptic plasticity (Xie et al.
2011). TRPM2 appears to be necessary in keeping glycogen synthase kinase-3b
(GSK-3b) activity, as well as postsynaptic density protein 95 (PSD95) and a-
amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor ((AMPAR) expres-
sion at appropriate levels. In the absence of TRPM2, there is increased phos-
phorylation and inhibition of GSK-3b, decreased expression of PSD95 and
AMPAR, and reduced AMPA receptor-mediated fast excitatory transmission at
CA1 synapses. Interestingly, GSK-3b has been implicated in the activity of cycad
toxins linked to WP ALS-PDC (see Sect. 18.6).

Traumatic Brain Injury
TRPM2 mRNA and protein expression in the cerebral cortex and hippocampus
were significantly increased in rats following experimental TBI indicating that the
channel plays a role in the pathologic changes associated with this disorder:
compromised blood brain barrier (BBB) integrity, glial activation, accumulation of
inflammatory mediators and leukocytes in affected areas, and neuronal death
(Cook et al. 2010). Further support for TRPM2 involvement was provided by a
study using a mouse ischemic model (Jia et al. 2011), except that in this case, there
is gender-specificity to the effects of TRPM2: it was found to be limited to male
mice, an effect that was proposed to have been due to PARP hyperactivation in
males.

Neurodegenerative Diseases
Freestone et al. (2009) reported TRPM2 participation in the response of rat
dopaminergic substantia nigra pars compacta (SNc) neurons to rotenone, a neu-
rotoxin used to model PD. Subsequently, the same group showed that TRPM2
mediates oxidative stress-induced changes in neuronal excitability and Ca2+

homeostasis in these neurons, suggesting that these channels could integrate Ca2+

dysregulation, oxidative stress, and mitochondrial dysfunctions in PD (Chung et al.
2011).

18.3.3.3 In Immune and Inflammatory Responses

The most studied function of TRPM2 is its role in immune and inflammatory
processes. However, despite (or perhaps because of) the intense research con-
ducted in a multitude of laboratories using different model systems, the best that
can be said is that the role of TRPM2 in the immune system is complex. The
growing number of studies being done using TRPM2-deficient mouse models will
hopefully provide a better understanding of this channel’s involvement in innate
and adaptive immune responses (reviewed in Knowles et al. 2012).
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TRPM2 in Cells of Monocytic Lineage and Neutrophils
As mentioned earlier, mice deficient in TRPM2 do not exhibit obvious phenotypic
or behavioral deficiencies (Yamamoto et al. 2008). Based on studies published so
far, the effects of TRPM2 ablation appear to be manifested only upon exposure to
stressors. Thus, in the first published work on TRPM2-/- mice (C57BL/6 back-
ground) created by Y. Mori’s group in Kyoto, a chemically induced inflammation
model, dextran sodium sulfate (DSS)-induced colitis was used to provide insight
on the role of TRPM2 in inflammation (Yamamoto et al. 2008). In the DSS model,
TRPM2-/- mice exhibited diminished neutrophil influx into the colonic epithe-
lium, and consequently less inflammation, compared to wildtype (wt). TRPM2-/-

neutrophils are fully capable of migrating. The reduced neutrophil influx at
inflammation sites resulted from decreased production of the neutrophil chemo-
attractant, CXCL2, by TRPM2-/- monocytes/macrophages.

Another example of a stressor uncovering the phenotypic manifestation of
Trpm2 genetic knockout was described in a study that used a TRPM2-/- mouse
strain created by scientists at Glaxo Smith Kline (GSK), in the same C57BL/6
background (Knowles et al. 2011). Here, the stressor, Listeria monocytogenes
(Lm), revealed TRPM2’s role in innate immunity. This GSK TRPM2-/- strain was
found to be extremely susceptible to bacterial infection. The susceptibility was
shown to be caused, in part, by diminished and inefficient interferonc (IFNc)-
mediated innate immune response. Compared to wt, TRPM2-/- mice infected
with Lm had lower numbers of IFNc+CD8+T cells, IFNc+ NK cells, and showed
significantly reduced production of IL-12 by CD8+ splenic dendritic cells.

Using the same GSK TRPM2-/- strain, a separate research group uncovered a
protective role for TRPM2 in endotoxin (LPS)-induced pulmonary inflammation
(Di et al. 2012). Compared to wt, TRPM2-/- phagocytes had higher ROS levels
and released more proinflammatory mediators upon LPS challenge. These effects
were ascribed to TRPM2 activity exerting negative feedback on NADPH oxidase,
the enzyme responsible for generating ROS in phagocytes and other cells of
monocytic lineage. NADPH oxidase produces superoxide by extracting electrons
from intracellular NADPH and translocating the electrons across the membrane to
the extracellular or intraphagosomal compartment where they reduce molecular
oxygen (O2). Thus, NADPH oxidase activity is electrogenic and the movement of
electrons across the membrane is measurable as an electron current, Ie (Schrenzel
et al. 1998; DeCoursey et al. 2000). This electrogenic activity sharply depolarizes
the membrane, by *100 mV above resting potential in neutrophils (DeCoursey
2003). Because NADPH oxidase functions best at negative potentials (-100 to
0 mV) and neutral pH (Morgan et al. 2009; DeCoursey et al. 2003), the ensuing
depolarization and acidification caused by the translocation of electrons would
inhibit enzyme activity unless corrected. Voltage-gated proton channels and Na+/
H+ transporters act in concert to correct the pH and membrane potential changes
thereby allowing continued NADPH oxidase activity under normal conditions
(DeCoursey et al. 2000; DeCoursey et al. 2003; Morgan et al. 2009). However,
ROS-induced TRPM2 activation and the consequent influx of Na+ and Ca2+

depolarizes the membrane sufficiently to interfere with ROS production by
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NADPH oxidase. This is an elegant demonstration of a biological truism: in many
cases, an initiating signal controls its own termination. It must be noted, however,
that another study, using TRPM2-/- mice in a different background (Balb/c), did
not find a role for TRPM2 in inflammatory chronic obstructive pulmonary disease,
COPD (Hardaker et al. 2012). Whether the difference is due the difference in
mouse strain, route of dosing (intranasal vs. intraperitoneal), and/or methods used
to monitor cellular inflammation, remains to be clarified.

TRPM2 in Astrocytes and Microglia
In addition to controlling NADPH oxidase activity by depolarizing the membrane,
TRPM2 activation leads to Ca2+ influx and the activation of downstream Ca2+-
dependent signaling pathways. In astrocytes and microglia, these were reported to
include the p38 MAP kinase (p38MAPK), the Jun-N-terminal kinase (JNK), and
the NFjB inflammatory pathways (Lee et al. 2010). In this study, oxidative stress
was induced by exposing cells to buthionine sulfoximine (BSO), an inhibitor of c–
glutamylcysteine synthase, causing depletion of intracellular GSH. Astrocytes and
microglia exposed to BSO secreted tumor necrosis factor-a (TNF-a), interleukin-6
(IL-6), nitrite ions, and other factors toxic to neuronal cells. The effects of BSO
were reduced by TRPM2 siRNA knockdown, pharmacological inhibition of
TRPM2, or addition of GSH to the medium. This study is a valuable first step in
delineating the role of TRPM2 in glial-induced neurotoxicity. It would be inter-
esting to study the extent of TRPM2 involvement using TRPM2-/- mice or glial
cells from these mice.

Importantly, in the light of existing evidence that the initial astrocytic and
microglial responses in neurodegenerative disorders are likely to be protective in
nature, transforming to a chronic, inflammatory and neurotoxic type as the disease
progresses (reviewed by Barres 2008; Liao et al. 2012), it would be valuable to
know if TRPM2 is associated with either protective or neurotoxic glial activities.
One study reported that astrocytes express TRPM2 only when exposed to oxida-
tive stress, the expression occurring in the context of a more adaptive stress
response that is geared toward neuronal survival instead of apoptotic (Bond and
Greenfield 2007). If this is the case, then blocking TRPM2 is not going to be a
good therapeutic option. Similarly, existing evidence indicate that there are at least
two general subpopulations of microglia: those that are classically activated and
neurotoxic (M1), and those that are alternatively activated and neuroprotective
(M2) (Gordon 2003; Henkel et al. 2009; Liao et al. 2012). Although it has been
established that microglia express TRPM2, studies that seek to determine if
channel expression and activity differ between the M1 and M2 types would pro-
vide critical information needed to guide efforts targeting TRPM2 for therapeutic
purposes.

TRPM2 in T Cells and the Adaptive Immune Response
Initial studies on TRPM2 in T cells were performed using the well-studied Jurkat
cell line (Beck et al. 2006; Gasser et al. 2006). In these cells, crosslinking of
surface receptors by ConA induced a rise of ADPR endogenously generated from
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NAD+, followed by Ca2+ rise and TRPM2-mediated current (Gasser et al. 2006).
TRPM2 expression in T cells was further confirmed in a more recent study which
sought to compare TRP channel expression profiles between the Jurkat T-cell line
and primary human T cells (Wenning et al. 2011). TRP channel expression profiles
in primary T cells were found to be significantly different from the cell line. Only
five—TRPC1, TRPC3, TRPV1, TRPM2 and TRPM7—were consistently found in
primary human CD4+T-cells of all blood donors analyzed. In this study, the cells
were stimulated with antibody-coated beads for several days (in an attempt to
mimic physiological stimulation including the formation of an immunological
synapse). TRPM2 exhibited a complicated mRNA expression profile in primary T
cells: it was first down-regulated 7 h following stimulation, slightly increased until
day 3, then up-regulated until day 6. The significance of the delayed TRPM2
upregulation in T cells is not known, but could be related to a recently proposed
role for this channel in mediating NAD+-dependent control of the state of
replenishment of ER Ca2+ stores (Magnone et al. 2012). The filling state of ER
stores is a major factor in intracellular Ca2+ homeostasis, which is in turn crucial
for various T-cell functions. Another study used cells from the Kyoto TRPM2-/-

mice (made by Y. Mori’s group) to demonstrate TRPM2 involvement in CD4+ T-
cell proliferation and secretion of effector cytokines such as IL-2, IFNc, and IL-17
following polyclonal T-cell receptor (TCR) stimulation (Melzer et al. 2012). The
important role of TRPM2 in the adaptive immune response was underscored when
the same group showed that TRPM2-/- mice exhibited an attenuated clinical
phenotype of experimental autoimmune encephalomyelitis (EAE), with reduced
inflammatory infiltrates in the CNS and demyelination in the spinal cord. Finally,
TRPM2’s role in increasing microvessel endothelial permeability (Hecquet et al.
2008), while not strictly part of the adaptive immune response, is peripherally
involved because endothelial cells participate in the process of lymphocyte
migration to sites of immune activity and inflammation.

18.3.3.4 Potential Links Between TRPM2 (and TRPM2P1018L)
in the Innate and Adaptive Immune Systems
to Neurodegenerative Pathophysiology

In this section, hypotheses as to how having the Trpm2P1018L variant could affect
TRPM2-dependent cellular functions and how these effects could potentially
contribute to the neurodegenerative process, are presented and discussed. Sug-
gestions for future studies are also provided.

Negative Feedback on NADPH Oxidase Activity
The proper control of NADPH oxidase activity is relevant to neurodegenerative
pathology, especially in ALS where enzyme activity was found to be upregulated
in familial and sporadic cases, and in mutant SOD1 mouse models (Wu et al. 2006;
Lobsiger and Cleveland 2007; Harraz et al. 2008). The finding that TRPM2
activation is needed to control NADPH oxidase activity suggests an intriguing
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mechanism as to how the Trpm2P1018L variant could contribute to the patho-
physiology of WP ALS-PDC: because it inactivates quickly, TRPM2P1018L might
not be able to induce sufficient membrane depolarization to negatively modulate
NADPH oxidase in microglia and macrophages thus keeping ROS levels high.
One can imagine this situation eventually leading to a state of chronic inflam-
mation which could be damaging if prolonged (as occurs when one has a genetic
variant), especially when combined with environmental stressors such as cycad
toxins or prolonged exposure to low Mg2+, high metal conditions. Measurements
of ROS levels and membrane potentials in TRPM2-/- phagocytes transfected with
TRPM2P1018L would be one way to test this hypothesis.

The Inability of TRPM2P1018L to Sustain Normal Levels of Ca2+Influx Could
Attenuate T-cell Effector Functions
As discussed in the previous section, TRPM2 contributes to the proliferation and
proinflammatory cytokine secretion of CD4+ effector T cells. Because it cannot
sustain the normal level of Ca2+ influx, the inactivating TRPM2P1018L variant
would be expected to exhibit reduced T-cell effector functions and attenuated
EAE, albeit not to the same degree seen in TRPM2-/-mice (Melzer et al. 2012).
Similar studies on mouse models expressing TRPM2P1018L would be useful.
Intriguingly, the opposing effects of impaired T-cell activity in EAE and ALS were
recently described (Vaknin et al. 2011). Adoptive transfer of IL-4 activated bone
marrow derived myeloid cells (M2 BMDMs) exacerbated ALS symptoms in the
SODG93A mice, but mitigated EAE. M2 BMDMs suppress peripheral CD4+ T-cell
activity indicating that T-cell deficiency promotes the neurodegenerative process
in ALS as was shown by others, and highlighting the opposing cellular mechanistic
nature of inflammation in EAE and ALS (Banerjee et al. 2008; Beers et al. 2008;
Chiu et al. 2008).

TRPM2 Activity in the Neuroprotective and Neurotoxic Innate and Adaptive
Immune Responses
There is compelling evidence for the important roles played by both innate and
adaptive immune responses in neurodegeneration (Appel et al. 2010; Appel et al.
2011; Banerjee et al. 2008; Beers et al. 2008, 2011; Henkel et al. 2013; Mosley
et al. 2012; Reynolds et al. 2010; Saunders et al. 2012; Zhao W et al. 2012). In
both cases, neurotoxic and neuroprotective responses have been identified. Thus,
there are neurotoxic (M1) and neuroprotective (M2) microglia (Gordon 2003; Liao
et al. 2012). However, the mechanisms and molecular determinants that decide
whether microglia will be neurotoxic or neuroprotective remain unknown. Simi-
larly, there are neurotoxic and neuroprotective T-cell subtypes (see Sect 18.4.1).
Findings of increased T-cell infiltration in the CNS, coupled with recent reports
that numbers of activated T cells are elevated in the peripheral blood strongly
suggest that the various T-cell subtypes play important roles in neurodegenerative
pathophysiology (Lincecum et al. 2010; Henkel et al. 2013; Saunders et al. 2012;
Lewis et al. 2012). Studies to investigate TRPM2 expression and function in M1
and M2 microglia and in the different T-cell subtypes could provide valuable
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information on the role of the immune response in neurodegeneration, as well as
useful knowledge to guide therapeutic intervention efforts.

18.4 T-Cell Subtypes and T-Cell Activation

18.4.1 CD4+ T-Cell Subtypes

Due in part to more sophisticated methods of analyzing cytokine profiles and cell
surface expression markers, the classification of CD4+ T-cells has evolved over
the years. Briefly, there are effector (Teffs), memory (Tems), and regulatory
CD4+ T cells (Tregs). Based on cytokine profiles, Teffs are classified into Th1 (IL-
2, IFN-c, TNF-a), Th2 (IL-4, IL-5, IL-13), and Th17 (IL-17, IL-22) (reviewed in
Annunziato and Romagnini 2009; Huang et al. 2009). Tregs are CD4+, CD25+,
and Fox-P3+. Th1 and Th17 produce proinflammatory cytokines, while Th2
produce anti-inflammatory cytokines thereby promoting neuroprotection. The role
of Tregs is complex, but in the context of neurodegeneration, Tregs promote
neuroprotection by attenuating inflammation (reviewed in Huang et al. 2009;
Gendelman and Appel 2011). Tilting differentiation toward the neuroprotective
subtypes is a logical therapeutic intervention plan, but that would require an
understanding of the processes involved in subtype determination. It is more than
likely that Ca2+ influx pathways are involved because the magnitude, shape, and
pattern of cellular Ca2+ signals initiated by TCR engagement control the activation
of transcription factors, and consequent gene expression that define the overall T-
cell response whether it be proliferation, apoptosis, differentiation into subtypes
and clonal expansion (Feske 2007; Qu et al. 2011).

18.4.2 T-Cell Activation

When a T cell encounters, a target antigen on another cell, a well-orchestrated
series of events involving reorganization of surface receptors (i.e., TCR and
associated costimulatory/coinhibitory molecules), cytoskeletal components,
adhesion molecules, and even organelles such as mitochondria, endoplasmic
reticulum (ER), centrioles, and Golgi complex, occurs in the process of forming
the immunological synapse (IS) (Quintana et al. 2011; Ueda et al. 2011; Kumari
et al. 2012). The IS serves as the site where signals delivered by the TCR complex
are decoded and integrated before a decision is made on whether to initiate sig-
naling cascades that could lead to either activation or tolerance. Three supramo-
lecular activation clusters (SMACs) are sequentially formed during IS maturation:
(1) the distal SMAC (dSMAC) forms first emerging as an F-actin-rich ring of close
contact as the T cell spreads on the antigen surface, using invasive pseudopodia to
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increase the point of contact (Ueda et al. 2011). TCR and leukocyte function-
associated antigen-1 (LFA-1) microclusters are formed at this stage. (2) The
peripheral SMAC (pSMAC) is then assembled from distal microclusters that
undergo centripetal transport toward the center. It is at this stage when Ca2+ influx
pathways, mitochondria and ER interactions occur prominently (Quintana et al.
2011). It is critical that mitochondria accumulate near the IS for two primary
reasons: (i) to provide ATP for the energy demanding events at the IS including
motors such as myosin IIA which controls actin flux at the actomyosin contractile
ring formed beneath pSMAC (Kumari et al. 2012) and (ii) to buffer Ca2+ entering
through CRAC channels (reviewed in Junker and Hoth 2011). If allowed to
accumulate, Ca2+ will immediately inactivate CRAC channels resulting in ineffi-
cient T-cell activation. This will have downstream consequences on gene
expression and cytokine secretion, particularly those controlled by the transcrip-
tion factor NFAT (Quintana et al. 2011). (3) In the last stage, the central SMAC
(cSMAC) is formed when large TCR/CD3 microclusters reach the center. It is at
the cSMAC where the activated TCR/CD3 signaling complexes are switched off,
internalized and degraded (Lee et al. 2003). Activated T cells ultimately undergo
Fas-induced apoptosis, a process that requires TRPM7 cleavage and increased
ITRPM7 (see Sect. 18.5.2). Disruption of this process could lead to chronic
inflammation.

18.5 TRPM7 is a Ubiquitously Expressed Ca2+-Permeant
Channel with a Functional Kinase Domain

TRPM7 is a ubiquitously expressed protein that can function both as a divalent
cation channel at physiological membrane potentials, as well as a serine (Ser)/
threonine (Thr) kinase (Nadler et al. 2001; Runnels et al. 2001). Aside from the
finding that intracellular Mg2+ blocks the channel, the gating mechanism remains
largely unknown (Nadler et al. 2001; Hermosura et al. 2002; Kozak and Cahalan
2003). It now appears that there are two intracellular inhibition sites: one with low
and the other with high affinity for Mg2+ (Chokshi et al. 2012a). Current under-
standing is that there will always be open channels at any time, depending on the
local levels of free Mg2+ within the channel vicinity. This view is supported by
experimental demonstrations of preactivated currents upon whole cell break-in
(Hermosura et al. 2002; Kozak and Cahalan 2003; Chokshi et al. 2012b).

Perhaps due in part to its ubiquitous expression, its permeability to divalents
including physiologically relevant ones such as Ca2+, Mg2+, Zn2+, and Mn2+

(Monteihl-Zohler et al. 2003), and to its functional cytosolic kinase domain,
TRPM7 has been implicated in a wide array of physiological processes including
magnesium homeostasis, mechanotransduction, sensing of osmolarity and sheer
stress, cell volume regulation, cytoskeletal rearrangements during cell adhesion
and motility, synaptic vesicle fusion, melanopore maturation, skeletogenesis,
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ischaemic cell death, divalent sensing, coupling nutrient status with protein syn-
thesis, Fas-induced apoptosis, vertebrate gastrulation, and thymopoiesis (Schmitz
et al. 2003; Elizondo et al. 2005; Clark et al. 2006; Krapivinsky et al. 2006;
Oancea et al. 2006; Su et al. 2006; Wei et al. 2007; Jin et al. 2008; Liu et al. 2011;
Sun et al. 2009; Perraud et al. 2011; Desai et al. 2012). Importantly, global dis-
ruption is lethal before embryonic day 7 indicating that TRPM7 is required for
early development (Jin et al. 2008). Subsequent studies showed that there is a
temporal and spatial aspect to its role in development, and the absolute require-
ment for TRPM7 varies in each organ system. Pluripotent stem cells require
TRPM7 (Jin et al. 2012). This review will only touch on aspects of TRPM7
function that might have a relevance to neurodegenerative pathophysiology,
starting with its role in T cells.

As mentioned earlier, TRPM7 is one of only 5 TRP channels consistently
expressed in activated primary human CD4+ T cells. It is also the most abundant
TRP channel in these cells (Wenning et al. 2011). Unlike TRPM2 expression
which varied over the 14-day experimental period, TRPM7 expression remained
stable throughout, similar to ORAI1, the plasma membrane component of CRAC
channels and considered to be a dominant Ca2+ influx pathway in lymphocytes
(Feske 2007; Qu et al. 2011). Overall, these findings indicate that TRPM7 has an
essential role in T cells.

18.5.1 TRPM7 is Required For T-Cell Development
and Differentiation

To date, TRPM7 is the only ion channel known to be absolutely required for
normal T-cell development. When specifically disrupted in thymocytes, a devel-
opmental block occurs, leaving a large fraction at the double negative DN3 stage,
which are CD4-CD8-CD44-CD25+ (Jin et al. 2008). Failure to make the DN3 to
DN4 transition reflects an inability to downregulate CD25, the IL-2 receptor (Koch
and Radtke 2011). There are some thymocytes, however, that manage to escape
this developmental block. Those could survive and populate peripheral lymphoid
organs, but in low numbers possibly because of dysregulated synthesis of many
relevant growth factors and the Stat3 transcription factor (Jin et al. 2008).
Moreover, TRPM7-/- thymus has an abnormal architecture. Interestingly, a
similar pattern of significantly low numbers of thymic progenitor-cells and
abnormal thymic histology was observed in mSOD1G93A mice (Seksenyan 2010).
The same study also reported that ALS patients exhibited thymic dysfunction.
These findings provide intriguing support for a connection between TRPM7, the
only channel known to date to be required for thymic development, and ALS
pathophysiology.
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18.5.2 Increased TRPM7 Channel Activity is Required
For Fas Receptor-Induced Apoptosis in T Cells

Depending on the initiating signals and cellular context, Fas receptor stimulation
could either lead to apoptosis or nonapoptotic survival pathways. Fas receptor-
induced apoptosis imposes control on the T-cell adaptive immune response, pre-
venting chronic inflammation. Desai et al. (2012) found that TRPM7-/- T cells are
deficient in Fas receptor-induced apoptosis. Further investigation revealed that
upon Fas stimulation, TRPM7 is cleaved by caspases 3 and 8 at D1510, dissoci-
ating the kinase from the ion-conducting pore, an event that produces significantly
larger ITRPM7. They showed that increase in ITRPM7 is needed to potentiate Fas
receptor signaling, endocytic internalization, and subsequent cell apoptosis. The
cleaved kinase domain does not participate in Fas-induced apoptosis. In the
absence of TRPM7, Fas internalization is disrupted, the activated T cell proceeds
to a nonapoptotic Fas signaling pathway. The consequence of the latter route is
evident in the presence of significant inflammatory infiltrates (T and B cells,
neutrophils) in the lungs of aged TRPM7-/- mice (Desai et al. 2012), a phenotype
that is remarkably similar to mice with T-cell-specific deletion of Fas (Hao et al.
2004). This age-dependent increase in inflammation associated with disrupted
TRPM7 channel functions might contribute, along with other factors, to neuro-
degenerative pathophysiology.

The cleavage of TRPM7 at D1510 might have some phosphorylation depen-
dence (Desai et al. 2012). It is within the Ser/Thr-rich region immediately N-
terminal of the kinase domain that was reported to be massively autophosphory-
lated for proper substrate recognition (Clark et al. 2008b). The WP ALS-PDC-
associated variant, TRPM7T1482I, is part of this region, and although it is only one
residue among many, phosphorylated T1482 could be an important determinant in
interactions with a specific cellular substrate. The absence of a phosphorylated
T1482 in TRPM7T1482I could interfere with the caspase-mediated cleavage of
TRPM7 at D1510. Although D1510 and T1482I are 28 residues apart, there is no
way of knowing how the protein folds in this region, especially when the Ser and
Thr residues are phosphorylated.

18.5.3 TRPM7 is a Mechanosensor That Can Interact
with and Phosphorylate Myosin IIA

Studies have shown that TRPM7 kinase phosphorylates a short stretch of amino
acids in the positively charged C-terminal end of myosin IIA heavy chain
(MHCIIA) in a Ca2+-dependent manner and in so doing, regulates myosin IIA
filament stability and its incorporation into the actomyosin cytoskeleton (Clark
et al. 2006, 2008a). Phosphorylation of MHCIIA by TRPM7 promotes local
relaxation of cortical actomyosin cytoskeleton and loss of cortical tension that
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leads to the reorganization of focal adhesions and podosomes, to cell spreading and
adhesion (Clark et al. 2008a). While phosphorylation of the regulatory myosin IIA
light chains is the predominant mechanism regulating myosin II activity in
mammalian cells, regulation of MHCIIA by TRPM7 could be important locally,
especially given that the channel is enriched in cell adhesion structures and been
shown to function as a mechanosensor (Oancea et al. 2006; Numata et al. 2007a,b).
Both TRPM7 and MHCIIA are expressed in T cells where both could work
cooperatively to control mechanosensation during T-cell activation (Kumari et al.
2012; Yu et al. 2012). The importance of mechanosensation in T cells is high-
lighted by a recent study reporting that substrate stiffness influences human T-cell
proliferation, differentiation, and expansion (O’Connor et al. 2012). In the light of
increasing attempts to manipulate T-cell subtype differentiation in vitro for ther-
apeutic applications, information on how the interaction between TRPM7 and
myosin IIA contributes to mechanosensation in T cells would be very useful.

18.5.4 TRPM7, Calpain 2, and T-Cell Migration

The channel activity of TRPM7 reportedly regulates cell adhesion by controlling
the activity of calpain 2 (calpain-m), a protease implicated in the control of cell
adhesion through focal adhesion disassembly (Su et al. 2006). The same group
further reported that excessive TRPM7 channel activity causes oxidative stress,
ultimately causing the activation of calpain 2 via MAPK/JNK (Su et al. 2010).

TRPM7 and calpain 2 might also be involved in lymphocyte migration
(Svensson et al. 2010). T cells are highly motile because inherent to their role in
immunosurveillance is the need to migrate from the peripheral blood circulation,
to tissues and lymph nodes. The integrin LFA-1 on T cells recognize, attach, and
migrate on substrates expressing the LFA-1 ligand ICAM-1. Calpain 2 was shown
to play a crucial role in the turnover of LFA-1 adhesions on migrating T cells
(Svensson et al. 2010). When calpain activity is blocked, the posterior end of the
cell could not detach easily so as the front of the cell moves forward, trailing edge
elongation and shedding of LFA-1 clusters occur. These events slow down cell
migration. Ca2+ influx via a plasma membrane-bound constitutive channel was
found to be an essential requirement to maintain calpain 2 activity (Svensson et al.
2010). The identity of this channel is not known, but Orai1/CRAC was ruled out
and the strongest candidate is TRPM7, especially given that it colocalizes with
calpain 2 in peripheral adhesion complexes and was further shown to regulate
directional cell motility (Su et al. 2006, 2011). Supporting this view are findings
that TRPM7 participates in high-calcium microdomains (‘calcium flickers’) in
migrating human embryonic lung fibroblasts (Wei et al. 2009).
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18.6 The Environmental Triggers in WP ALS-PDC,
Altered Mineral Homeostasis and Cycad Toxins,
Affect TRPM2- and TRPM7-Associated Cellular
Processes

The three WP ALS-PDC foci - Guam, Kii Peninsula of Japan, and southern West
New Guinea - shared two features: (1) use of the cycad plant for food and med-
icine (Whiting 1964) and (2) a unique mineral environment characterized by
severely low levels of magnesium (Mg2+) and high levels of bioavailable transition
metals in the soil and drinking water, conditions that promote oxidative stress
(Yase 1972; Garruto et al. 1984; Kihira et al. 2002). This led to the hypothesis that
the prolonged exposure to these environmental triggers combined with genetic
susceptibility could be involved in the pathogenesis of WP ALS and PDC (Her-
mosura et al. 2005, 2008; Hermosura and Garruto 2007). Disease incidence is
declining in Guam for the ALS disorder, but not PDC, and importantly, a worri-
some increase has been observed on Kii, Japan (Galasko et al. 2007; Kihira et al.
2008, 2010, 2012; Kuzuhara 2011). While the Trpm7T1482I variant was not found
in Kii cases (Hara et al. 2010) and to date, no report is made regarding the
Trpm2P1018L in this population, it is still possible that the signal transduction
pathways and cellular processes associated with TRPM2 and TRPM7 could be
involved in the disease process, especially those associated with chronic inflam-
mation. This section will summarize relevant effects of the cycad toxins, b-N-
methylamino-L-alanine (BMAA) and methylazoxymethanol (MAM) on cellular
processes and signaling networks that interconnect with TRPM2 and TRPM7
activities.

18.6.1 Nonexcitotoxic Levels of BMAA Affect Protein
Synthesis and Cause ER Stress

BMAA is a nonprotein amino acid implicated in WP ALS-PDC (Spencer et al.
1987). The controversy surrounding BMAA’s role in WP ALS-PDC, and perhaps
AD, is well documented in the literature and will not be covered in this review.
Two very recent studies reported promising results that might shed light on some
of the effects of BMAA that could have a bearing on its role in neurodegenerative
pathophysiology (Okle et al. 2013; Karlsson et al. 2012). The first study used
human SH-SY5Y neuroblastoma cells, a cell line lacking NMDA receptors (thus
controlling for excitotoxic effects), and showed that at low nonexcitotoxic levels,
BMAA became tightly associated with proteins, interfered with protein synthesis
by affecting the phosphorylation state of the translation initiator protein, elf2-a,
increased protein ubiquitinylation, 20S proteasomal and caspase 12 activities, and
induced the expression of ER stress markers such as C/EBP homologous protein
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(CHOP), a protein involved in ER stress-mediated apoptosis (Okle et al. 2013).
BMAA-induced ER stress was also observed in the cell lines HEK-293 and THP-
1, the latter commonly used to study monocyte and macrophage functions. In these
two cell lines, BMAA promoted increased phosphorylation of PERK (PKR-like
ER-localized eIF2-a kinase), as well as increased expression of CHOP and the
molecular chaperone BAG1. This group also found that high ([2 mM) levels of
BMAA increased ROS production, protein oxidation, and significantly upregulated
the activities of caspases 3 and 7. It would be interesting to know if exposure to
BMAA affects astrocytes similarly.

18.6.2 Neonatal Exposure to BMAA Causes Long-Term
Brain Changes

The second study examined the effects of neonatal BMAA exposure and reported
that at low doses, BMAA induced long-term changes in the adult hippocampus
including reduced expression of proteins involved in energy metabolism and
intracellular signaling, but not observable brain lesions (Karlsson et al. 2012).
High doses of BMAA, however, caused marked neuronal loss and astrogliosis
especially in the CA1 region, which was most susceptible and where positive
staining for a-syn and ubiquitin was observed. Astrocytes, in particular, were
strongly positive for ubiquitin. High doses of BMAA also induced changes in
S100b, a glial specific Ca2+-binding protein, and in proteins involved in Ca2+, as
well as guanine nucleotide signaling. Because of the critical roles of components
of the metabolic, Ca2+, and guanine nucleotide signaling pathways in cell, tissue,
and organ system development, these results suggest that neonatal exposure to
BMAA could disrupt many developmental processes, with the effects manifested
in adulthood. Indeed, in a previous study, the same group reported that exposure of
mice to BMAA during the postnatal period led to spatial learning and memory
impairments in adulthood, perhaps due in part to easier transport of BMAA across
the BBB in neonates compared to adults (Karlsson et al. 2009a). Similar age-
dependent susceptibility to cycad exposure was also seen among Guam Cham-
orros; young adults exhibited increased risk for WP ALS-PDC (Borenstein et al.
2007).

Overall, these two studies suggest that low nonexcitotoxic levels of BMAA
could affect protein synthesis, causing increased ubiquitinylation and misfolding of
proteins that could promote ER stress. These observations support the prevailing
view that protein misfolding and accumulation are early events in the onset of
neurodegeneration (Ido et al. 2011; Bendotti et al. 2012). Certainly, accumulation
of various forms of aggregates—tau, a-syn, b-amyloid, TDP-43—are seen in WP
ALS-PDC (Geser et al. 2008; Miklossy et al. 2008). The finding that BMAA
induced ubiquitin-positive deposits in astrocytes (Karlsson et al. 2012) is partic-
ularly noteworthy because of a possible connection to neuroinflammation.

352 M. C. Hermosura



Astrocytes generally support neurons by secreting growth promoting mediators;
however, transcriptome analysis of astrocytes containing a-syn and ubiquitin
inclusions revealed gene expression changes: proinflammatory mediators are
upregulated, so are genes involved in antigen processing and presentation, toll-like
receptor signaling, MAPK signaling, complement cascades, leukocyte trans-
endothelial migration, and the Janus kinase-Signal Transducer and Activator of
Transcription (JAK-STAT) signaling pathway (Lee et al. 2010). Thus, BMAA-
induced ubiquitin deposits in astrocytes could promote proinflammatory cytokine
release from these cells.

18.6.3 BMAA and TRPM7 Intersect in Protein Synthesis
and in Melanocytes

TRPM7 has recently been shown to play a role in coupling the rate of protein
synthesis to the availability of nutrients, particularly Mg2+ (Perraud et al. 2011).
When Mg2+ levels are low, the kinase activity of TRPM7 influences the phos-
phorylation of eukaryotic elongation factor 2 (eeF2), inhibiting it, thereby down-
regulating protein synthesis until Mg2+ becomes available. Thus, protein synthesis
and handling might be a common interaction point for cellular signaling networks
affected by low Mg2+, BMAA, and TRPM7/TRPM7T1482I.

Another example might be in melanocytes. In addition to being temporarily
paralyzed, homozygous Trpm7 zebrafish mutants exhibited melanophore death
indicating that TRPM7 is essential for melanocyte survival (McNeill et al. 2007).
It was determined that TRPM7 is required to detoxify intermediates of melanin
synthesis. BMAA reportedly interacts with melanin, especially during its syn-
thesis, accumulating in melanin and neuromelanin-containing cells over time
(Karlsson et al. 2009b). BMAA could accumulate to such an extent as to overcome
TRPM7-mediated detoxification of melanin intermediates. Similarly, any disrup-
tion in TRPM7 activity will impact the detoxification process, especially in the
presence of BMAA.

18.6.4 Signaling Pathways in Neurodegeneration
and Cancer: Intersection Points for Cycad
Metabolites and TRPM2, TRPM7?

Cycasin, and It has been proposed that the cycad metabolite, MAM, affects cellular
signaling pathways common to cancer and neurodegeneration, with the outcome
determined by whether the cells can divide or not (Kisby and Spencer 2011; Kisby
et al. 2011). MAM was shown to disrupt the expression of genes that regulate the
neuronal cytoskeleton, protein degradation, mitochondrial metabolism, cytokine
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and Ca2+ signaling (Kisby et al. 2011). Many of these intersect with the signaling
pathways affected by TRPM2 and TRPM7. For instance, the protein GSK-3b and
the p38-MAPK pathway are also associated with TRPM2 (Yamamoto et al. 2008;
Xie et al. 2011). Moreover, TRPM2 and TRPM7 are two proteins that have been
linked to both neurodegenerative diseases and cancer: TRPM2 with WP ALS-PDC
and prostate cancer (Hermosura et al. 2008; Zeng et al. 2010); TRPM7 with WP
ALS-PDC, AD, head and neck cancers, and migration of human nasopharyngeal
carcinoma (Chen et al. 2010; Hermosura et al. 2005; Jiang et al. 2007; Landman
et al. 2006; Tseveleki et al. 2010). Furthermore, TRPM7T1482I was associated with
increased risk for adenomatous and hyperplastic polyps (Dai et al. 2007).

Studies that seek to examine if/how MAM affects TRPM2 and TRPM7 func-
tions are especially important at this time because there are environmental agents
and drugs that are in current use (e.g., nitrosamine, hydrazines, and streptozotocin)
that have MAM-like genotoxic properties, and could thus be potential environ-
mental triggers for neurodegeneration, cancers, and even neurodevelopmental
disorders (Kisby et al. 2011).

18.7 Conclusion

Two Ca2+-permeable, cation conducting channels expressed in neuronal and
immune cells were identified as candidate susceptibility genes in WP ALS-PDC
(Hermosura and Garruto 2007). Based on accumulating evidence, their roles in
innate and adaptive immunity interacting with prolonged exposure to cycad toxins
and low Mg2+ conditions, and even mitochondrial mutations (Lynch et al. 2008;
Reiff et al. 2011) might contribute to the pathophysiology of this disease. Cer-
tainly, the connections described in this review are circumstantial at this point, and
a lot of work is needed to confirm or reject those. However, it is not surprising that
channels involved in inflammation and immunity could confer susceptibility to
WP ALS-PDC. Even back in 1978 (more than 30 years ago), lymphopenia and
defective T cell-mediated immunity were reported among Guam ALS-PDC cases
(Hoffmann et al. 1978). That study was followed a few years later by a report
describing age-dependent immune dysfunctions even among normal Guamanians
suggesting that as a group, these people might be genetically predisposed to
immune dysfunctions and age-associated neurodegeneration (Hoffmann et al.
1983). Therefore, identifying and characterizing genetic variants of other channels
involved in innate and adaptive immune Ca2+ signaling within this population
might be a promising avenue to pursue as we seek to understand the pathophys-
iology of neurodegenerative disorders.
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Chapter 19
TRPML Channels and Mucolipidosis
Type IV

Christian Grimm and Math P. Cuajungco

Abstract The transient receptor potential (TRP) mucolipin channels TRPML1,
TRPML2, and TRPML3 are non-selective cation channels predominantly found in
the endolysosomal system. Mutations in the TRPML1 gene (also known as
MCOLN1) cause mucolipidosis type IV in humans manifested by psychomotor
abnormalities, corneal clouding, retinal degeneration, and progressive neurode-
generation. The recent identification of small compound chemical activators for
TRPML channels has opened up the possibility to study TRPML mutant and wild-
type isoforms both in vitro and in vivo in more detail. These compounds will
permit further investigation on the functional roles of TRPML channels in the
endolysosomal system. Ultimately, these drugs or their derivatives could be used
to design selective pharmacological tools to gate and rescue specific loss-of-
function point mutations in TRPML1 that cause mucolipidosis type IV. Recently
discovered TRPML channel interaction partners may serve as alternative phar-
macological targets for the treatment of mucolipidosis type IV.
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19.1 Introduction

Lysosomes are important cell organelles involved in the breakdown of proteins,
lipids, and other molecules. These intracellular vesicles have been implicated not
only in endolysosomal storage disorders (LSDs) such as mucolipidoses or sphin-
golipidoses but also in several neurodegenerative disorders such as Alzheimer’s
and Parkinson’s disease. Endolysosomal organelles contain a plethora of different
receptors, ion channels, and transporters that are crucial for their normal functions.
Ion homeostasis, regulation of distinct proton concentrations in different organelles
and regulation of heavy metal concentrations such as copper, zinc, or iron are
essential not only for lysosomes and endosomes but also for lysosome-related
organelles (LROs) such as melanosomes, lytic granules, or platelet-dense granules.
It has been known for a while that acidification of lysosomes and LROs is pri-
marily regulated by ATP-driven proton pumps (vacuolar H+-ATPases). However,
it is still largely unclear how the fine-tuning of luminal pH in early endosomes (pH
6–7), late endosomes (pH 5–6) and lysosomes (pH 4–5) or different LROs is
achieved. Likewise, the mechanisms underlying the regulation of typical intralu-
minal cation concentrations of sodium, potassium or calcium, and different heavy
metal cation concentrations are largely unexplored. For example, luminal pH as
well as cation concentrations need to be readjusted after fusion events between
intracellular vesicles and after endocytosis or phagocytosis. Similarly, the luminal
pH needs to be controlled during maturation processes of endolysosomal organ-
elles or LROs like melanosomes (Gerasimenko et al. 1998; Lelouvier and Puer-
tollano 2011; Morgan et al. 2011; Ancans et al. 2001). Calcium levels in vesicles
after endocytic or phagocytic events reach millimolar values; however, micro-
molar concentrations are re-established in a matter of minutes. The proteins which
control these processes remain unknown.

Likewise, the role of calcium on endolysosomal fusion processes and how
endolysosomal membrane fusion is regulated remain to be elucidated (Pryor and
Luzio 2009; Luzio et al. 2007, 2010; Mindell 2012). In analogy to fusion processes
between the plasma membrane and synaptic vesicles which use voltage-gated
calcium channels (N- or P/Q-type calcium channels) as their calcium source,
endolysosomal fusion processes (Südhof and Rizo 2011; Südhof 2012) appear to
be calcium dependent as well and require the presence and interaction of distinct
SNARE (soluble N-ethylmaleimide-sensitive-factor attachment receptor) proteins
(Jahn and Scheller 2006; Luzio et al. 2010). For example, homotypic fusion
processes, between late endosomes, or heterotypic fusion processes, between en-
dosomes and lysosomes, or phagosomes and lysosomes involve different SNARE
proteins such as syntaxins, Vamp, or vti1 isoforms (Prekeris et al. 1998, 1999;
Brandhorst et al. 2006; Luzio et al. 2007, 2010; Pattu et al. 2011; Fig. 19.1).
Finally, the participation of specific ion channels in endolysosomal trafficking
processes also needs further investigation. Members of the TRP family of non-
selective cation channels, in particular, the mucolipins or TRPML channels
(TRPML1-3) are expressed in the endolysosomal system. Essential contributions
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of these ion channels to some of the aforementioned processes have recently been
postulated (Dong et al. 2010b; Lelouvier and Puertollano 2011; Abe and Puer-
tollano 2011; Scott and Gruenberg 2011; Shen et al. 2012; Grimm et al. 2012a).

Since their discovery by Christian de Duve in the 1950s (de Duve et al. 1955), it
was found that lysosomes contain more than 60 different degradative enzymes that
can hydrolyze proteins, DNA, RNA, polysaccharides, and lipids (Saftig and
Klumperman 2009; Schröder et al. 2010). Mutations in the genes that encode
lysosomal enzymes are responsible for more than 30 different human genetic
diseases, which are called lysosomal storage diseases or disorders (LSD) because
undegraded material accumulates within the endolysosomal system of affected
individuals.

19.2 Mucolipidosis Type IV: A Lysosomal Storage
Disorder Caused by Mutations in TRPML1

Mucolipidosis type IV (ML IV) is an autosomal recessive LSD characterized by
severe neurological problems, progressive neurodegeneration, and ophthalmologic
abnormalities such as corneal opacity, retinal degeneration, and strabismus. Most
patients are unable to speak or walk independently. Motor and mental retardation
can however also be mild in some cases. All patients have constitutive

Fig. 19.1 Cartoon displaying putative subcellular localizations of TRPMLs and TPCs. While
TPC2 and TRPML1 are predominantly found in lysosomes and possibly late endosomes,
TRPML2, TRPML3, and TPC1 appear to be predominant in early endosomes, late endosomes, or
recycling endosomes as well as the plasma membrane (TRPML2, TRPML3). Stx7 (Syntaxin7),
Stx8 (Syntaxin8), Vti1b, and Vamp7 form a SNARE complex during fusion processes between
late endosomes and lysosomes
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achlorhydria associated with a secondary elevation of serum gastrin levels. Storage
bodies of lipids and water-soluble substances are seen by electron microscopy in
almost every cell type of the patients. Iron deficiency anemia is another phenotypic
feature of this condition.

Eventually, it was discovered that mutations in the TRPML1 gene are causative
for ML IV (Sun et al. 2000; Bargal et al. 2000). TRPML channels were originally
called mucolipins (MCOLN). Cloning of MCOLN1 led to the identification of two
additional genes, both located on human chromosome 1, MCOLN2 and MCOLN3
(Bargal et al. 2000). Due to structural and sequence similarities with TRP chan-
nels, MCOLN channels were later named TRPML channels, i.e., TRPML1,
TRPML2, and TRPML3 (for recent reviews on the TRP channel family see, e.g.,
Gees et al. 2010 or Nilius and Owsianik 2011). Today, a plethora of different ML
IV causing mutations have been identified throughout the TRPML1 gene (reviewed
in more detail elsewhere, e.g., Altarescu et al. 2002; Bach 2005; Bach et al. 2005;
Grimm et al. 2012a). There are ML IV-causing mutations which lead to non-
functional protein, mislocalized protein, or short versions of the protein due to
early stop codons. Besides those, there are also ML IV causing mutations found
within intron regions of TRPML1 which occur, as most ML IV mutations with very
high prevalence in people with Ashkenazi Jewish ancestry. One such mutation,
c.406-2A [ G, changes a nucleotide in a region of the gene known as intron 3.
This mutation, which is a splice-site mutation, introduces a premature stop signal.
Another example with high prevalence is g.511_6943del, a mutation which deletes
a large amount of DNA near the beginning of the TRPML1 gene. Both of these
mutations result in the production of abnormally short, non-functional proteins.

19.3 Mucolipidosis Type IV Mouse Models

Similar to the human phenotype, Trpml1-/- knockout mice display inclusion
bodies, enlarged vacuoles, psychomotor defects, and retinal degeneration (Ve-
nugopal et al. 2007). Venugopal et al. also described a gastric phenotype in
Trpml1-/- knockout mice with remarkable similarities to what has been described
in ML IV patients, including elevated gastrin. Chandra et al. (2011) also reported
that Trpml1-/- knockout mice have significant impairments in basal and hista-
mine-stimulated gastric acid secretion. Specifically, the loss of Trpml1 causes
reduced levels and mislocalization of the gastric proton pump and alters the
secretory canaliculi, causing hypochlorhydria and hypergastrinemia (Chandra
et al. 2011). In histologic and ultrastructural analyses, Chandra et al. found that
Trpml1-/- parietal cells are enlarged and have multivesicular and multilamellar
lysosomes.

Mostly normal at birth, it was found that 3-month-old Trpml1-/- knockout
mice start to show weakness and progressive neurological deficits. The lifespan of
Trpml1-/- knockout mice is decreased (Venugopal et al. 2007). Retinal degen-
eration was found to be dramatic and similar to that described in patients. Mice
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show defects in the outer nuclear layer, the outer plexiform layer, and the inner
nuclear layer (Venugopal et al. 2007). Micsenyi et al. (2009) characterized the
neuropathology of Trpml1-/- knockout mice in more detail and found evidence of
ganglioside accumulation, including increases in GM2, GM3, and GD3, and
redistribution of GM1, found throughout the central nervous system (CNS). In
contrast, cholesterol accumulation in the CNS was not as prominent as it is in other
LSDs such as NPC1. Furthermore, evidence of reduced myelination in cerebral
and cerebellar white matter tracts and accumulation of autofluorescent material
throughout the brain were found (Micsenyi et al. 2009). Curcio-Morelli and col-
leagues reported that macroautophagy is defective in Trpml1-/- knockout mice
and that LC3-II, the lipidated form of the microtubule-associated protein (LC3),
which associates with autophagosomal membranes is strongly increased in neu-
ronal cultures of Trpml1-/- knockout mice (Venugopal et al. 2009).

Thus, in summary, Trpml1-/- knockout mice appear to exhibit many clinical
and cellular features of the human disease.

19.4 Electrophysiological and Functional Properties
of TRPML Wild-Type and Mutant Channels

Functional characterization of TRPML channels has gained momentum with the
electrophysiological characterization of the constitutively active inwardly recti-
fying TRPML3 varitint-waddler mutant isoforms Va (A419P) and VaJ

(A419P ? I362T) and their TRPML1 and TRPML2 counterparts (Grimm et al.
2007, 2010; Kim et al. 2007, 2010; Nagata et al. 2008; Xu et al. 2007; Dong et al.
2009; Samie et al. 2009; Lev et al. 2010). TRPML3 Va and VaJ mutations cause
deafness, circling behavior, and coat color dilution in mice due to severe calcium
overload in cells natively expressing the channel, e.g., hair cells of the inner ear
and melanocytes. Equivalent mutations in TRPML1 and TRPML2 showed similar
calcium overload effects upon heterologous expression in cultured cells (Grimm
et al. 2007, 2009; Dong et al. 2009; Lev et al. 2010).

While the introduction of proline residues in TMD5 of TRPML channels causes
a gain-of-function (constitutive activity), ML IV-causing mutations, generally,
appear to render TRPML1 non-functional. Dong et al. (2008) demonstrated that
ML IV mutant isoforms such as T232P, D362Y, F465L, or R403C in combination
with the Va equivalent mutation in TRPML1, known as TRPML1(V432P), abolish
the constitutive activity of TRPML1(V432P) (Dong et al. 2008). One exception
was the F408 D deletion mutant which still showed some constitutive activity in
combination with TRPML1(V432P). In accordance with this result, patients with
the F408 D deletion in TRPML1 reportedly show a very mild ML IV phenotype
(Raychowdhury et al. 2004).

Dong et al. (2008) further demonstrated both TRPML1 and TRPML2 channels,
but not TRPML3 to be permeable to iron. The authors concluded, by showing that
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cytosolic Fe2+ deficiency is coincident with intralysosomal iron overload in ML IV
cells, that TRPML1 may play a critical role in cellular iron homeostasis. In
addition, they found that the constitutive activity of TRPML1 and TRPML2 Va
isoforms can be potentiated by low pH while the activity of TRPML3 Va is
inhibited by low pH (Xu et al. 2007; Dong et al. 2008, 2009). The latter finding is
in accordance with the results obtained by Kim et al. (2008) with wild-type
TRPML3, i.e., block of TRPML3 channel activity by low extracellular pH (Kim
et al. 2008).

19.5 Identification of TRPML Channel Activators:
A Perspective for the Development
of Pharmacological Tools for Therapeutic Use

Dong and colleagues (2010a) also found that wild-type TRPML channels can be
activated with PI(3,5)P2. These measurements were performed as whole-lysosome
patch-clamp experiments using vacuolin-1 to increase the size of endolysosomes as
described previously (Dong et al. 2010a; Schieder et al. 2010a, b). Currents elicited
with PI(3,5)P2 showed inward rectification. In accordance with these results,
TRPML3 was found to be inwardly rectifying when activated by small chemical
compounds, identified in a recent high-throughput screening (Grimm et al. 2010,
2012b; Yamaguchi and Muallem 2010; Saldanha et al. 2011). The identified can-
didate compounds were inactive against other TRP channels tested, including
members of the TRPC, TRPV, TRPM, TRPA, and TRPN subfamilies such as
TRPC3, TRPV2, TRPM2, TRPA1, and TRPN1. It was further found that the iden-
tified candidate compounds are inactive against a plethora of other targets (generally
more than 500; for further information see http://pubchem.ncbi.nlm.nih.gov; AID:
1448, 1525, 1526, 1562, 2719, 1809, and 2694).

While some of the compounds were found to activate only TRPML3 (Grimm
et al. 2010), others also activate TRPML1 and/or TRPML2. Compound
SF-22 (5-chloro-N-(2-piperidin-1-ylphenyl)-thiophene-2-sulfonamide, EC50 for
TRPML3 = 900 nM), for example, was found to activate TRPML3 and TRPML1
but not TRPML2 at concentrations up to 10 lM (Grimm et al. 2010). Compounds
SF-21 (4-chloro-N-(2-morpholin-4-ylcyclohexyl)-benzenesulfonamide, EC50 for
TRPML3 = 860 nM), SF-41 (1-(2,4-dimethylphenyl)-4-piperidin-1-ylsulfonyl-
piperazine, EC50 for TRPML3 = 1.44 lM), and SF-81 (4,6-di-methyl-3-(2-meth-
ylphenyl)-sulfonyl-1-propan-2-ylpyridin-2-one, EC50 for TRPML3 = 2.45 lM)
activate TRPML2 and TRPML3 at a concentration of 10 lM (Grimm et al. 2012b).
Compound SF-51 (2-[2-oxo-2-(2,2,4-trimethylquinolin-1-yl)-ethyl]isoindole-1,3-
dione, EC50 for TRPML3 = 1.47 lM) activates TRPML1 at concentrations beyond
30 lM. A chemically modified version of SF-51 (2-[2-oxo-2-(2,2,4-trimethyl-3,4-
dihydroquinolin-1(2H)-yl)ethyl]-1H-isoindole-1,3(2H)-dione; ML-SA1) was shown
to activate all three TRPML isoforms at a concentration of 10 lM (Shen et al. 2012).
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In addition to these dose-dependent cross reactions within the TRPML sub-
family, it should be noted that some of the compounds do show other off-target
effects, e.g., ML-SA1 (but not SF-51) inhibits TRPC4 with an IC50 of 4.2 lM
(confirmation dose–response assay), SF-11 may potentiate/activate the calcium-
activated chloride channel TMEM16A (primary screening) and may also inhibit
the two-pore domain potassium channel KCNK9 (primary screening); finally, SF-
21 (EC50 for TRPML3 = 860 nM) activates the CRF-binding protein, albeit with
a much higher EC50 (13.7 lM; confirmation dose–response assay) (for further
information see http://pubchem.ncbi.nlm.nih.gov; AID: 1448, 1525, 1526, 1562,
2719, 1809, and 2694).

In summary, while there are selective TRPML3 compounds available, it will be
necessary for the future characterization of endogenous TRPML1 and TRPML2
channel properties, and for potential therapeutic use, to further increase selectivity
for these TRPML isoforms. This may be achieved by either chemical modifica-
tions of the existing lead compounds or by additional high-throughput initiatives.

Compounds with improved selectivity profile may ultimately be applied to
restore TRPML1 channel function in the case of loss-of-function mutations
causing ML IV. A good example for such a strategy is the cystic fibrosis trans-
membrane conductance regulator (CFTR) channel. Here, compounds (benzothi-
ophenes, phenylglycines, and sulfonamides) have been developed which are able
to correct the defective gating of DF508-CFTR (Amaral 2011; Ashlock and Olson
2011). Other small molecules have been developed that correct its defective cel-
lular processing (van Goor et al. 2011). For example, VX-770 (Ivacaftor, N-(2,4-
Di-tert-butyl-5-hydroxyphenyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide), is
now commercially available under the trade name Kalydeco� for the treatment of
cystic fibrosis patients carrying the G551D mutation in the CFTR gene. Some of
the ML IV-causing TRPML1 point mutations lead to early sequence termination
resulting in protein variants that are lacking the pore domain, other mutations (e.g.,
in intron regions) result in abnormally short, non-functional protein or prevent the
protein from being produced as outlined above. Hence, this strategy may not be
applicable to those cases. Nevertheless, in cases of defective TRPML1 channel
gating, the approach may be promising for the treatment of ML IV.

19.6 Gene Therapy: A Treatment Option for Retinal
Degeneration

Gene therapy may represent an alternative approach especially for the treatment of
ML IV mutations which result in a complete loss of the TRPML1 protein, as it has
the potential to theoretically provide a permanent source of the deficient protein,
either by direct injection of vectors or by transplantation of gene-corrected cells
(for recent reviews on LSDs and gene therapy see, e.g., Byrne et al. 2012; Parenti
et al. 2012; van Gelder et al. 2012). A gene therapy approach restricted, e.g., to the
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retina is something that has been successfully done with other ion channels (see,
e.g., Michalakis et al. 2012; Koch et al. 2012) and thus may well be a promising
approach to treat retinal degeneration in ML IV patients effectively.

19.7 TRPML1 and Other Lysosomal Storage Disorders

Interestingly, there appears to be a link between TRPML1 dysfunction and other
LSDs. Shen et al. (2012) demonstrated that increasing TRPML1 activity in Nie-
mann-Pick type C cells is sufficient to restore normal lysosomal trafficking and
prevent cholesterol accumulation. It thus appears that TRPML1 channel, e.g., by
controlling calcium-dependent lysosomal trafficking, is the entry point of various
lysosomal storage diseases, and may therefore represent a promising pharmaco-
logical target for the treatment of several lysosomal storage disorders (Weiss 2012).

A potentially more global role for TRPML1 in cellular clearance is supported
by a study by Medina et al. (2011), demonstrating that the transcription factor EB
(TFEB) regulates lysosomal exocytosis both by inducing the release of intracel-
lular Ca2+ through its target gene TRPML1 and by increasing the population of
lysosomes ready to fuse with the plasma membrane. Moreover, Medina et al.
(2011) demonstrated that the induction of lysosomal exocytosis by TFEB pro-
motes cellular clearance in pathological conditions such as lysosomal storage
diseases. TFEB-mediated increase of intracellular Ca2+ was blocked by transient
silencing of TRPML1. Consistently, Ca2+ levels were not affected by TFEB
overexpression in human ML IV cells that carry loss-of-function mutations of
TRPML1 (Medina et al. 2011). Thus, pharmacological induction of TFEB may be
a promising approach for the treatment of LSDs other than ML IV.

19.8 Heteromultimerization of TRPML1 with Related Ion
Channels

TRPML channels are able to heteromultimerize with each other. This has been
shown by several groups (Venkatachalam et al. 2006; Zeevi et al. 2009; Curcio-
Morelli et al. 2010; Grimm et al. 2010; Zeevi et al. 2010). To what extent such
heteromultimerizations occur in vivo and how they may affect physiological
processes is not fully understood. Zeevi et al. (2010) have recently suggested that
TRPMLs heteromultimerize with each other to regulate cell viability and starva-
tion-induced autophagy, a process that mediates macromolecular and organellar
turnover under cell starvation conditions. Although TRPMLs have been shown to
reside mostly within different intracellular organelles (Karacsonyi et al. 2007;
Martina et al. 2009; Vergarajauregui and Puertollano 2006; Fig. 19.1), Zeevi et al.
(2009) found that endogenous TRPML channels partially colocalize with each

372 C. Grimm and M. P. Cuajungco



other, in a subset of intracellular vesicles. In addition, TRPML2 and TRPML3
traffic, in part, to lysosomes (Karacsonyi et al. 2007; Kim et al. 2009; Martina et al.
2009; Zeevi et al. 2009) where they may like TRPML1 regulate lysosomal
function(s). Indeed, it was found that gene-specific knockdown of TRPML2 or
TRPML3 leads to lysosomal inclusions reminiscent of those found in MLIV
patient TRPML1-/- cells (Zeevi et al. 2009).

Recent evidence also suggests that TRPML channels can interact with two-pore
channels (TPCs), a family of novel endolysosomal ion channels containing 12
transmembrane domains and predicted to form dimers (Yamaguchi et al. 2011).
TRPML1 and TRPML3 (albeit to a lesser extent) were shown to co-immunopre-
cipitate with TPC1 and TPC2. In addition, a comparison of the amino acid
sequences of the TRP channels with TPC1 and TPC2 (Fig. 19.2) suggests some
homology between TRPML channels and TPCs when the pore regions only are
compared (TMD5-pore-TMD6). However, so far no functional consequences of
TRPML-TPC interactions have been found (Yamaguchi et al. 2011) and thus it
was concluded that although TRPMLs and TPCs are present in the same organelles

Fig. 19.2 Phylogenetic analysis of the pore regions of TRPs und TPCs. Phylogenetic analysis of
human TRP channels and human TPCs based on amino acid alignments of the respective pore
regions (TMD5-pore-TMD6 for TRPs; for TPCs the respective regions in domain II were used).
The alignment was done using DNAMAN software (Lynnon Corporation, Pointe-Claire, Quebec,
Canada); the phylogenetic tree was plotted using NJPlot software (http://pbil.univ-lyon1.fr/
software/njplot.html)
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and can physically interact with each other, they may function as independent
organellar ion channels (Yamaguchi et al. 2011).

TPCs have initially been put forward as Nicotinic acid adenine dinuclecotide
phosphate (NAADP)-stimulated endolysosomal calcium release channels by sev-
eral groups (Brailoiu et al. 2009, 2010; Calcraft et al. 2009; Zong et al. 2009; Pitt
et al. 2010; Ruas et al. 2010; Schieder et al. 2010a, b; Tugba Durlu-Zhu et al.
2010; Ogunbayo et al. 2011; Rybalchenko et al. 2012; Lin-Moshier et al. 2012;
Walseth et al. 2012). Quite in contrast to these findings, Wang et al. have recently
provided whole-lysosome patch-clamp data suggesting that NAADP does not
activate TPCs, but is activated by PI(3,5)P2 (phosphatidylinositol 3,5-bisphos-
phate) instead (Wang et al. 2012). The same group has shown previously that
TRPML channels are also activated by PI(3,5)P2 (Dong et al. 2010a; Shen et al.
2012; Zhang et al. 2012). The major functions of PI(3,5)P2 are in membrane and
protein trafficking, and in pH control of the endosome-lysosome axis (Michell
et al. 2006). It remains to be further established under what physiological cir-
cumstances TPCs and TRPMLs are activated by PI(3,5)P2, whether they are
activated simultaneously within the same organelle or independently of each other,
and why such a large number of PI(3,5)P2 activated cation channels may be
required in the endolysosomal system. A functional connection between TPCs and
TRPMLs and a physiological relevance of such a cross talk for ML IV cannot be
ruled out at this time without additional research.

19.9 Other Interactors that Influence TRPML1 Channels

The endolysosomal membrane contains a myriad of proteins that regulate its
function, its transport, fusion/fission events, pH, and ionic contents. Indeed, several
protein interactors that appear to influence the role of TRPML1 protein in cells
have been reported. For example, it was found that TRPML1 binds the apoptosis-
linked gene 2 (ALG-2) protein, a penta-EF hand known to bind calcium ions
(Vergarajauregui et al. 2009). ALG-2 binds to the N-terminus region of TRPML1
in a calcium-dependent manner; however, the role of the interaction between the
two proteins is not clear. It is believed that binding of ALG-2 may alter the
channel activity of TRPML1 relevant to fusion/fission events. Another idea is that
ALG-2 might regulate the membrane trafficking of TRPML1. Lastly, it was sug-
gested, for which the authors favored, that ALG-2 might act as a scaffold to recruit
other protein interactors involved in fission/fusion events. In 2011, the same
authors have reported that TRPML1 interacts with lysosome-associated protein
transmembrane (LAPTM) proteins (Vergarajauregui et al. 2011). LAPTM proteins
are associated with the transport of molecules in the endolysosomal compartments.
It was reported that overexpression of LAPTM proteins results in enlarged lyso-
somes, but their depletion via RNA interference produces a similar phenotypic
defect observed in ML IV (Vergarajauregui et al. 2011). The authors suggested
that the binding of TRPML1 with LAPTM proteins might aid the function of
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lysosomes in transporting specific molecules (e.g., provide energy for LAPTM-
dependent transport via TRPML1-induced ionic gradients). With the knowledge
that TRPML proteins form functional heteromeric channels, it would be inter-
esting to study if any of these newly discovered binding partners directly affect the
gating properties of heteromers compared to homomers.

19.10 Conclusion

Research on ML IV has come a long way from its first description in the 1970s
(Berman et al. 1974) to the discovery of its genetic cause (Sun et al. 2000; Bargal
et al. 2000), the generation of ML IV mouse models (Venugopal et al. 2007;
Curcio-Morelli et al. 2010; Micsenyi et al. 2009; Chandra et al. 2011), the elec-
trophysiological characterization of TRPML1 as a non-selective cation channel, its
gating and permeation properties, and finally the availability of first chemical tools
to modulate its gating (Kim et al. 2008; Dong et al. 2010a; Grimm et al. 2010,
2012b; Shen et al. 2012; Zhang et al. 2012). After more than 30 years of research,
it seems about time to move to the next level and start to develop effective
treatments for ML IV.
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Chapter 20
Transient Receptor Potential Channels
and Pain

Alexandre Denadai-Souza and Nicolas Cenac

Abstract Over the past decade, a considerable amount of data gave support to the
implication of TRP channels in pain. TRPV1, 2, 3, and 4, along with TRPA1 and
TRPM8 have been shown to be central players of nociceptive hypersensitivity in
models of somatic and visceral inflammatory pain as well as in neuropathic pain.
TRP channels are regulated by post-translational modifications in response to
inflammatory mediators by mechanisms involving the recruitment of a complex
repertoire of intracellular signaling pathways, resulting in channel sensitization and
increased activity. Additionally, recent studies based on heterologous expression
systems have shown that lipidergic mediators are putative endogenous activators of
TRP channels with relevance to human painful chronic diseases. In this chapter, the
reader is offered an overview, relevant to chronic pain diseases, of the original as
well as the most recent discoveries regarding the superfamily of TRP channels.

20.1 Introduction

The transient receptor potential (TRP) channel superfamily is one of the largest
families of ion channels with representative members across the phylogenetic tree,
from yeast to humans. This superfamily is composed of 28 cation channels which
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are implicated in several perceptions, including thermal, chemo, and pressure
sensation. The TRP channel superfamily is classified into six subfamilies: TRP
channel subfamily C (canonical; TRPC), TRP channel subfamily V (vanilloid;
TRPV), TRP channel subfamily M (melastatin; TRPM), TRP channel subfamily A
(ankyrin; TRPA), TRP channel polycystin subfamily (TRPP), and TRP channel
mucolipin subfamily (TRPML) (Vriens et al. 2009). The TRPML as TRPP sub-
families were characterized after a comparative analysis of the kidney human
diseases mucolipidosis and polycystic kidney disease, respectively (Vriens et al.
2009). The TRPA subfamily has only one described member (TRPA1), its name is
coming from the high number of ankyrin domains at the amino terminus of the
channel protein (Vriens et al. 2009). Mammalian TRP channels that are compa-
rable to the product of the Drosophila Trp gene are the TRPC channels, also called
classical. The TRPV subfamily was named after the identification of its first
representative TRPV1, which is the receptor for the irritant vanilloid, capsaicin.
Unlike other families of ion channels, most members of the TRP channel super-
family do not possess a structural similarity. TRP channels have six transmem-
brane domains and intracellular amino and carboxyl termini of variable length
with a pore loop between transmembrane domains five and six. TRP channels do
not function as monomer; they need to be assembled in homo- and/or heterotet-
ramers to form an efficient channel. The majority of TRP channels are non-
selective cation channels with minor selectivity for calcium. Nevertheless,
calcium–selective (TRPV5 and TRPV6) and sodium-selective (TRPM4 and
TRPM5) members of the TRP channel subfamilies exist. In addition, some TRP
channels can also transport iron (TRPML1) or magnesium (TRPV6 and TRPM7).

20.2 TRP Channels Expression in Sensory Neurons

Even if members of TRPC or TRPM family have been characterized in sensory
neurons, the major TRP channels described as sensory transducers are TRPV1,
TRPV2, TRPV3, TRPV4, TRPA1, and TRPM8. TRPV1, TRPV2, TRPV3, and
TRPM8 are usually mentioned as thermoreceptors, while TRPV4 and TRPA1 are
mechanoreceptors. Nevertheless, TRP channels possess multiple stimulus
modalities; TRPV4 and TRPA1 are also described as thermoreceptors and they are
all described as chemoreceptors.

Consistent with its role in pain perception, TRPV1 has been found to be
expressed within sites of peripheral and central nervous system involved in pain
detection, transmission, and regulation. In rodent, TRPV1 is expressed primarily in
small- to medium-diameter sensory neurons, characteristic of nociceptive Ad- and
C-fibers (Caterina et al. 1997). TRPV1 is expressed in dorsal root (DRG), tri-
geminal (TG) and vagal sensory ganglia containing substance P, calcitonin gene-
related peptide (CGRP), and co-localize with the nerve growth factor (NGF)
receptor TrkA (Chuang et al. 2001; Zhu et al. 2004; Zhu and Oxford 2011;
Caterina et al. 1997). In human whole cervical DRG, TRPV1 expression was
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characterized in 70 % of cells with a diameter \50 lm (Facer et al. 2007; Smith
et al. 2002; Anand et al. 2006). In cultured neurons from human cervical DRG
TRPV1-positive staining was observed in small/medium-sized neurons with a
maximum intensity for cells with a diameter from 40 to 49 lm (Anand et al.
2006). In contrast to TRPV1, TRPV2 is principally expressed in neurons with
medium- to large-sized cell bodies and myelinated A-fibers in DRG and TG (Ma
2001). Moreover, TRPV2 is expressed predominantly in a subpopulation of TrkC-
positive neurons in mouse DRGs (Tamura et al. 2005). The cell size and axonal
morphology suggest that co-expression of TRPV1 and TRPV2 is rare in the
sensory ganglia (Ma 2001; Tamura et al. 2005). In contrast to DRG and TG, in
somatic sensory neurons of the vagus nerve located in the jugular ganglion and in
visceral sensory neurons located in the nodose ganglion, TRPV1 and TRPV2 are
co-expressed in 3.9 and 63.4 % of the neurons, respectively (Ichikawa and Su-
gimoto 2003). Whereas in skin of mouse, TRPV2 is expressed in a majority of
myelinated high-threshold mechanoreceptors, whereas in human, TRPV2 is
localized mainly in unmyelinated nerve fibers (Axelsson et al. 2009). Moreover,
TRPV2 co-localizes with CGRP and SP, but not with VIP and TH, suggesting that
these ion channels are present mainly in C-fiber primary afferents in human skin
(Axelsson et al. 2009). This discrepancy between human and rodents for the
expression of TRP channels is observed for the majority of channels, being the
most important concern TRPV3 expression. In mice, TRPV3 is not expressed in
sensory neurons (Peier et al. 2002b). In contrast, in monkey and human tissue
TRPV3 is found in sensory neurons and co-express with TRPV1 (Smith et al.
2002; Xu et al. 2002). However, in another study, expression of TRPV3 is char-
acterized in keratinocytes but not in skin fibers that innervate the human breast
(Gopinath et al. 2005).

TRPV4 is expressed in sensory neurons; interestingly a massive difference of
expression of this channel depending of the projection area of the sensory neurons
has been observed. In mice, using retrolabeling of sensory neurons and in situ
hybridization, it has been shown an intense enrichment of TRPV4 expression in
splanchnic and pelvic colonic afferents traced to their cell bodies in the thoraco-
lumbar and lumbo-sacral DRG (Brierley et al. 2008). This was evident both in
terms of the proportions of neurons expressing TRPV4 mRNA and the relative
quantities of TRPV4 mRNA in the colonic population of DRG neurons (Brierley
et al. 2008). TRPV4 protein was co-localized almost exclusively with the sensory
neuropeptide CGRP in colonic nerve fibers (Brierley et al. 2008). In rat DRG and
TG, TRPV4 expression was also confirmed at mRNA and protein level, including
the single-cell RT-PCR (Alessandri-Haber et al. 2009; Denadai-Souza et al. 2012).
In this study, it was also demonstrated that TRPV4 was co-expressed with TRPC1
and TRPC6 (Alessandri-Haber et al. 2009). In human, TRPV4 is expressed in
sensory neurons (Facer et al. 2007). TRPV4 expression was not specific for any
neuronal subtype in DRG and TG (Facer et al. 2007; Denadai-Souza et al. 2012).
In contrast, distribution of TRPM8 was confined to a small proportion of small/
medium neurons in human (Facer et al. 2007). TRPM8 mRNA has been shown to
be localized mainly in A-delta fibers/C-fibers in rat primary afferent neurons
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(Kobayashi et al. 2005). In rodents, TRPM8 and the cold-activated receptor
TRPA1 are also detected in subpopulations of small neurons. In mouse DRG,
TRPM8 mRNA does not co-express with many of the classical markers of noci-
ception including TRPV1 (Kobayashi et al. 2005). However, TRPA1 is found in
nociceptive sensory neurons in DRG and co-localizes with TRPV1, CGRP, and SP
but not with TRPM8 in rat (Kobayashi et al. 2005; Story et al. 2003). As in
rodents, TRPA1 was co-localized with TRPV1 in human sensory neurons (Pata-
poutian et al. 2003; Anand et al. 2008). Expression of TRPA1 was observed in
human small/medium-sized DRG neurons (Anand et al. 2008). Dorsal nerve roots
were positive for TRPA1, indicating transport of the ion channel to central sensory
terminals; however, its presence in ventral roots and motoneurons may indicate
other roles in the peripheral nervous system (Anand et al. 2008).

20.3 Endogenous Agonist of TRP Channels

Most of the studies performed to demonstrate the implication of TRP channel in
sensation and pain have used synthetic, semi-synthetic, or natural exogenous
agonist of TRP channels. As TRP channels are expressed in an area, such as brain,
where they are not submitted to important temperature variations or to natural
exogenous agonists, there is a need to characterize endogenous agonist of TRP
channels. Since the past few years, studies trying to characterize TRP channels
endogenous agonists are emerging for TRPV1, 3, 4, TRPA1, and TRPM8 (Bang
et al. 2010a). For TRPV2, there is no study describing an endogenous agonist of
this receptor (Bang et al. 2010a). Interestingly, for others, many endogenous TRP
channels agonists are lipidergic substances. As they are structurally close to
capsaicin, fatty acid conjugates of amine constitute a group of molecules defined
as endovanilloid. They are constituted by a catecholic or a guaiacolic aromatic ring
linked with an aliphatic chain by an amide bond: anandamide (N-arachidonyl
ethanolamine, AEA), N-oleoyl ethanolamine (OEA), N-arachidonoyl dopamine
(NADA), N-oleoyl dopamine (OLDA) (Chu et al. 2003; Huang et al. 2002;
Zygmunt et al. 1999; Movahed et al. 2005; Starowicz et al. 2007). Whereas NADA
is similar in potency to capsaicin in a variety of assays of VR1 activity, ananda-
mide, and 12(S)-hydroperoxyeicosatetraenoic acid are at least 20-fold less potent
than capsaicin (Chu et al. 2003; Hwang et al. 2000; Smart et al. 2000). The order
of potency of the compounds from the dopamine series is
OLDA [ NADA = capsaicin; two other dopamine metabolites (N-palmitoyl-
dopamine, PALDA and N-stearoyldopamine, STEARDA) have no effect on
TRPV1 activation (Chu et al. 2003). In addition to TRPC3, TRPC6, and TRPC7,
which are activated by diacylglycerol (DAG) (Hofmann et al. 1999), TRPV1 is
also activated by DAG and other DAG analogs such as 1-oleoyl-2-acetyl-sn-
glycerol (OAG), 1-Stearyl-2-arachinonyl-sn-glycerol (SAG), and 1, 2-dioctanoyl-
sn-glycerol (DOG) (Woo et al. 2008). OAG, a membrane-permeable DAG analog,
is five times less potent than capsaicin to induce a calcium response in sensory
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neurons suggesting that OAG is a partial agonist of TRPV1 (Woo et al. 2008).
Capsaicin- and DAG-binding site is the same on the TRPV1 receptor (Woo et al.
2008). Other lipid substances which can activate TRPV1 are the products of
arachidonic acid (AA), a n-6 polyunsaturated fatty acid, by lipoxygenase (LOX;
Fig. 20.1). The 12-hydroperoxyeicosatetraenoic acid (12-(S)-HPETE) is able to
activate TRPV1 in sensory neurons and in HEK transfected cells (Hwang et al.
2000). Moreover, the three-dimensional structure superimposed that of capsaicin
(Hwang et al. 2000). Metabolite issued from LOX pathway other than 12-(S)-
HPETE were also able to activate TRPV1 (Fig. 20.1). Among eicosanoids, 15-(S)-
HPETE, 5-(S)-hydroxyeicosatetraenoic acid (5-(S)-HETE), leukotriene B4
(LTB4), and 15-(S)-HETE are the most effective in activating TRPV1 (Hwang
et al. 2000). Other LO products such as hepoxilin B3, 5-(S)-HPETE, 8-(R)-15-(S)-
dihydroxyeicosatetraenoic acid ((8R,15S)-diHETE), 12-(S)-HETE, hepoxilin A3,
and LTC4 have no effect on TRPV1 activation (Hwang et al. 2000). Prostaglandins
(PG) such as PGI2, PGH2, PGE2, and PGD2 failed to activate TRPV1 (Hwang et al.

Fig. 20.1 Synthesis of TRP endogenous agonist by n-6 and n-3 polyunsaturated fatty acid
metabolism. Metabolism of n-6 PUFA (AA, linoleic acid or DGLA) produced TRPV1 agonist by
LOX pathway, TRPA1 agonist by COX, and TRPV4 agonist by CYP epoxygenase pathway.
Metabolism of n-3 PUFA (EPA and DHA) produced TRPV1, TRPV4, and TRPA1 inhibitors.
TRPM8 could be inhibited by n-6 and n-3 PUFA precursors (AA, EPA, and DHA). TRP agonists
are represented in red and TRP inhibitors in blue. HODE: hydroxyoctadecadienoic acid; COX:
cyclooxygenase; LOX: lipoxygenase; DH: dehydrogenase; CYP: cytochrome; EPA: eicosapen-
taenoic acid; DHA: docosahexaenoic acid; AA: arachidonic acid; PG: prostaglandin; HPETE:
hydroperoxyeicosatetraenoic acid; HETE: hydroeicosatetraenoic acid; Lt: leukotriene; EET:
epoxyeicosatrienoic acid; OX: oxidation; DGLA: Dihomo c-linolenic acid
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2000). Even if the putative direct heat sensing domain was determined with
domain-swapping assays using TRPV1 and TRPM8 (Brauchi et al. 2006; Brauchi
et al. 2007) another study proposed that heat causes the production of lipid
responsible of TRPV1 activation (Patwardhan et al. 2010). In fact, exposition of
mouse and rat skin biopsies to noxious heat produces 9-hydroxyoctadecadienoic
acids (9-HODE) and 13-HODE (Patwardhan et al. 2010). These two compounds as
well as their dehydrogenated metabolites (9- and 13-oxoHODE) activate TRPV1
(Patwardhan et al. 2010; Patwardhan et al. 2009). HODE are LOX metabolites of
linoleic acid, a C18 n-6 polyunsaturated fatty acid (Fig. 20.1) (Ramsden et al.
2012). Further studies are required to determine whether activation of TRPV1 by
heat is entirely dependent on these linoleic metabolites. Moreover, as HODE can
be generated also non-enzymatically via free radical-mediated oxidation, the
implication of LOX enzymes needs to be confirmed (Ramsden et al. 2012). As
TRPV1, TRPV4, and TRPA1 could be activated by metabolites of polyunsaturated
fatty acid. TRPV4 is activated by the 5, 6-epoxyeicosatrienoic acid (EET) and 8,
9-EET, products of AA metabolism by a cytochrome epoxygenase (CYPe)
(Fig. 20.1) (Watanabe et al. 2003; Vriens et al. 2005). Further, studies are needed
to characterize the interaction of TRPV4 with those metabolites in sensory neu-
rons. In fact, one study show that serosal and mesenteric colonic fibers showed
increases in mechanosensitivity in response to the selective endogenous TRPV4
agonist 5, 6-EET with a loss of effect in TRPV4 deficient mice (Brierley et al.
2008). Another one shows that 5, 6-EET induce calcium signaling in sensory
neurons through TRPA1 activation and not through TRPV4 activation (Sisignano
et al. 2012). This discrepancy could be due to the relative high expression of
TRPV4 in sensory neurons projecting from the colon compared to the whole
population of sensory neurons. In other cell type than sensory neurons, 5, 6-EET
has been well characterized as a TRPV4 agonist. Endogenously, dimethylallyl
pyrophosphate (DMAPP) is an activator of TRPV4 (Bang et al. 2012b). DMAPP is
an intermediate molecule in the mevalonate pathway: Isopentenyl pyrophosphate
(IPP) isomerase generates DMAPP from IPP (Liang 2009). Condensation of
DMAPP with IPP results in the formation of geranyl pyrophosphate (GPP), in turn
used for farnesyl pyrophosphate (FPP) and cholesterol synthesis (Liang 2009).
Interestingly, concerning the same metabolism pathway, FPP is the only endog-
enous agonist of TRPV3 described and IPP is presented as an endogenous inhibitor
of TRPV3 and TRPA1 (Bang et al. 2010b, 2011). Endogenous agonists of TRPA1
described in the literature are for most of them cyclopentenone prostaglandins such
as PGA1, 8-iso-PGA2, 15-deoxy-D12,14-PGJ2, and D12-PGJ2. These cylopen-
tenone are issued from the peroxidation of AA by free radicals (Fig. 20.1)
(Andersson et al. 2008; Cruz-Orengo et al. 2008; Materazzi et al. 2008; Taylor-
Clark et al. 2009). PGA1 is issued from Dihomo c-linolenic acid (DGLA, 20:3 n-6)
metabolism by cyclooxygenase (COX; Fig. 20.1) (Xiao et al. 2011). These
cyclopentenones could also be formed by the dehydration of the cylcopentane ring
of other PGs such as PGE and PGD from the series-2 (Fukushima 1990). Their
highly reactive a, b-unsaturated carbonyl residue in their structures was proposed
to covalently react with lysines and cysteines in N-term of TRPA1 (Santoro 1997).
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Cyclopentane PGs do not have this ability, while cyclopentenone PGs are not able
to activate known G-protein coupled PG receptors. The same covalent interaction
between a, b-unsaturated aldehyde or carbonyl group from nitrooleic acid has been
shown (Taylor-Clark et al. 2009). Nitric oxide forms nitrated phospholipids, which
in turn produce nitrated fatty acids including nitrooleic acid (Freeman et al. 2008).
The nitrated carbon is essential to confer this reactivity with TRPA1 cysteines, as
oleic acid failed to activate TRPA1 (Taylor-Clark et al. 2009). However, it seems
that nitrooleic acid is not specific from TRPA1 as a study that demonstrates this
substance was able to activate TRPV1 and TRPA1 channels in DRG neurons but
may also target unidentified channels (Sculptoreanu et al. 2010). Reaction with
TRPA1 cysteine is also implicated in the activation of this channel by radical
oxygen species (ROS) (Andersson et al. 2008). Peroxynitrite, which results from
the conversion of nitric oxide by superoxide ion, one of the ROS, was able to
directly activate TRPV1 (Ito et al. 2013). Nevertheless, more studies are needed to
confirm the implication of ROS as endogenous activators of TRP channels to
detect pain stimuli.

Another class of PUFA metabolites, resolvins, has been described as TRP
channel inhibitors. Resolvins are products of the metabolism of n-3 PUFA by LOX
enzyme (Fig. 20.1). Resolvins E-series are metabolites of eicosapentaenoic acid
(EPA) and D-series of docosahexaenoic acid (DHA) (Ji et al. 2011). Resolvin E1
has been described as an inhibitor of TRPV1, resolvin D1 as an inhibitor of
TRPV4, TRPV3, and TRPA1, and resolvin D2 as an inhibitor of TRPA1 and
TRPV1 (Park et al. 2011a; Bang et al. 2012a; Bang et al. 2010c). Nevertheless, for
these compounds more studies are needed to determine if they directly bind to the
receptor channel or if these effects are mediated through an activation of G-protein
coupled receptor. In contrast to other TRP channels, TRPM8 did not distinguish
the two types of PUFA metabolites, n-6 and n-3 (Fig. 20.1). Both the cold and
menthol responses of TRPM8 are reduced by n-3 PUFA (EPA or DHA) or n-6
PUFA (AA) species (Andersson et al. 2007). These findings suggest that TRPM8
can be regulated by variations in the cellular concentrations of PUFAs. PUFA such
as AA, DHA, and EPA are produced in the cells by PLA2 enzymes which
hydrolyze the sn-2 ester of glycerophospholipids to release a free polyunsaturated
fatty acid (PUFA) and a lysophospholipid (LPL) (Balsinde and Balboa 2005).
Interestingly, in contrast to expected results, treatment of cells by PLA2 inhibitor
blocks the activation of TRPM8 by cold, icillin, and menthol (Andersson et al.
2007). Authors demonstrated that LPL is able to activate TRPM8 (Andersson et al.
2007). From the same family of molecules, lysophosphatidylcholine, lysophos-
phatidylinositol, and lysophosphatidylserine activate TRPM8 (Andersson et al.
2007; Vanden Abeele et al. 2006). The LPLs also potentiate the cold responses of
TRPM8. However, evidence of a direct binding of these molecules to TRPM8 has
not been characterized. They may alter the local plasma membrane microcurvature
thereby physically affecting channel gating (Vanden Abeele et al. 2006).
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20.4 Participation of TRP Channels in the Physiopathology
of Pain

How different animals perceive pain, mainly its emotional component, is still a
matter of intense debate. Nevertheless, it is well accepted that the general
neuroanatomical and biochemical nociceptive pathways are well-conserved among
species (Jordt and Julius 2002). Nociception is the neural process of encoding a
noxious stimulus, which plays a major role in survival, by triggering avoidance to
harmful situations or by signaling a disease state (Gold and Gebhart 2010;
Schaible et al. 2011). This process is performed by nociceptors, which are high-
threshold sensory receptors of the peripheral somatosensory nervous system that
are capable of transducing a noxious stimulus. On the other hand, exacerbated
nociceptor activity can be, by itself, the physiopathological basis to a whole class
of painful chronic diseases, an emerging public health concern due to the aging of
population, wherein evidence for the participation of TRP channels has increased
over the past decade.

In adults, chronic pain has a worldwide incidence of 20–25 % (Breivik et al.
2006; Gold and Gebhart 2010) and is most frequently associated with disorders of
the musculoskeletal system rather than with skin diseases (Breivik et al. 2006).
Likewise, nociceptors in the musculoskeletal system are sensitized to mechanical
stimuli during inflammation, while cutaneous nociceptors are more usually sen-
sitized to thermal stimuli (McDougall 2006; Schaible et al. 2009). Besides somatic
tissues such as skin and the musculoskeletal system, in which nociceptors have
high mechanical thresholds that differentiate them from non-nociceptive low
threshold nerve terminals (Schaible et al. 2011), most putative nociceptors in
viscera have their excitation threshold in the innocuous range (Schaible et al. 2011;
Blackshaw et al. 2010). The aforementioned dichotomy on how pain processing
differs among tissues in regard to the nature of stimuli, brilliantly raised and
reviewed by (Schaible et al. 2011), along with the differential molecular sensory
properties of each TRP channel described below, bring strong elements that should
be taken into account when exploring the involvement of molecular transduction
nociceptors and their potential as drug targets for the management of chronic pain
diseases.

Physiological pain signals are transmitted when molecular sensors within
nociceptors are activated with enough intensity to transduce the incoming stimulus
into a depolarization, that once above the nerve terminal threshold, generates an
action potential by opening voltage-gated Na+ channels, and then the signal is
conducted upstream within the nociceptive pathway (McDougall 2006; Schaible
et al. 2009, 2011). On a very concise way, the nociceptive pathway consists of
peripheral nerve terminals originating from primary sensory ganglion neurons,
which in turn project their proximal fibers to spinal and trigeminal nociceptive
centers, wherein the upcoming signals are modulated by interneurons and trans-
mitted by second order neurons projecting to higher levels of the sensory nervous
system. On the other hand, physiopathological pain can occur when neurons along
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with the nociceptive pathway are sensitized and the threshold is lowered. This
process prompts a nerve fiber, whereas in the periphery or at a central level in the
nociceptive pathway, to fire an action potential in response to a stimulus that once,
was innocuous and under its threshold (allodynia), or leads to an exaggerated
response to a noxious stimulation (hyperalgesia). Although the terms allodynia and
hyperalgesia are widely employed in the literature, herein the term hypersensitivity
will be adopted throughout the text in order to simplify the reading. TRPV1, 2, 3,
and 4, along with TRPA1 and TRPM8, are specialized molecular transduction
channels expressed in nociceptors that can be sensitized by a plethora of inflam-
matory mediators such as bradykinin, prostaglandin E2, extracellular ATP,
glutamate, proteases, and neurotrophins (Stein et al. 2009; Levine and Alessandri-
Haber 2007). Aberrant channel activity can be the net product of several intra-
cellular changes, such as transcriptional, translational, or post-translational
regulation. Indeed, the implication of post-translational changes in TRP channels
has been widely studied over the past years, enlightening some primary neuro-
biological processes that might be central to the physiopathology of chronic pain.

20.4.1 Regulation of TRP Channels

On the whole, the mechanism by which TRP channels activity is modulated
involves fast and slow regulatory processes. Likewise, TRP channels can suffer
post-translational modifications within a few minutes after activation of GPCRs by
inflammatory mediators, such as downstream phosphorylation, leading to an
increased gating activity in response to agonists or even a reduced desensitization
to continued or repeated stimulation. Additionally, a mechanism involving
enhanced translocation from the cytosol to the plasma membrane has also been
proposed. On the other hand, slower process can be the result of changes induced
by cytokines and growth factors on transcriptional regulation, RNA processing, or
even enhanced translation. Whereas these different processes may be differentially
regulated depending on target tissue, inflammatory mediators, and even at an
intracellular microdomain-dependent way, the net result in most cases is an
enhancement of TRP channel-mediated ionic currents and nociceptor sensitization.

20.4.2 Sensitization of TRP Channels by Inflammatory
Mediators and Downstream Second Messenger
Pathways

Early in vitro studies have shown that protons, within a pH range commonly
observed during inflammation (pH B 5.9), besides directly interacting with
TRPV1, could lead to a lower thermal threshold, turning this channel into an active
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state in the range below normal human body temperature (Tominaga et al. 1998;
Jordt et al. 2000). Indeed, by now it is well established that TRPV1 and other TRP
channels family members can be sensitized by a plethora of mechanisms, most
likely involving the second messenger signaling pathways activation by inflam-
matory mediators and growth factors (Fig. 20.2). Clear evidences address TRPV1
as a substrate for multiple protein kinases such as cyclic AMP-dependent protein
kinase (PKA) (Bhave et al. 2002), protein kinase C (PKC) (Premkumar and Ahern
2000), Ca2+/calmodulin-dependent kinase II (CaMKII) (Jung et al. 2004), phos-
phatidylinositol-3 kinase (PI3 K), and mitogen-activated protein kinase (MAPK)
(Zhuang et al. 2004).

Bradykinin is produced by the proteolytic processing of its precursor by kal-
likreins in response to inflammatory stimuli such as infection and tissue injury. Its
effects are mediated by the activation of two distinct receptors named B1 and B2
(Marceau and Regoli 2004). The receptor B2 is constitutively expressed on a wide
array of tissues, including sensory neurons, and appears to be important on acute
pain, whereas B1 expression is induced by inflammation and is more related to
chronic pain (Calixto et al. 2000; Campos et al. 2006). Interestingly, it has been
demonstrated that TRPV1 can be sensitized by bradykinin via B2 receptors in a
heterologous expression system and in nerve fiber preparations (Chuang et al.
2001; Liang et al. 2001). Bradykinin can activate capsaicin receptors via intra-
cellular second messenger pathway involving mobilization of arachidonic acid by
PLA2 and the generation of 12-lipoxygenase (12-LOX) products, which are
required for bradykinin-induced thermal hypersensitivity (Shin et al. 2002;
Ferreira et al. 2004). So far, several metabolites of lipoxygenases such as 12-(S)-
HPETE, 15-(S)-HPETE, 5-(S)-HETE, and LTB4 were demonstrated to activate
TRPV1 due to the structural similarity with capsaicin (Hwang et al. 2000).
Additionally, it has been shown that TRPV1 phosphorylation by the cAMP-PKA
pathway delays its Ca2+-dependent desensitization (Chuang et al. 2001; Mohapatra
and Nau 2003). The arachidonic acid metabolite PGE2, abundant during inflam-
mation (Julius and Basbaum 2001), binds to its Gas-coupled receptors EP3C and
EP4 (Southall and Vasko 2001), activates adenylyl cyclase and promotes cAMP-
mediated activation of PKA, which in turn transiently sensitizes TRPV1 via
phosphorylation, increasing Ca2+ currents to the above channel activators (Lop-
shire and Nicol 1998; Rathee et al. 2002). This phosphorylation-mediated gain of
function, which seems to be dependent on Ser-166 and putatively Thr-370, is
thought to be due to an inhibition of TRPV1 desensitization by the Ca2+-and
calmodulin-dependent protein phosphatase B (calcineurin) (Docherty et al. 1996;
Mohapatra and Nau 2003).

TRPV3 is thought to mediate thermal hypersensitivity by a process involving
intercellular communication, where the activation of TRPV3 in keratinocytes may
signal to sensory nerve terminals within the epidermis on a paracrine way
(Caterina 2007; Chung et al. 2004; Guler et al. 2002). In support to this hypothesis,
it was shown that keratinocytes from transgenic mice overexpressing TRPV3
exhibited an augmented release of PGE2 and thermal hypersensitivity in response
to its agonists (Huang et al. 2008). It is possible that the nociceptive effect induced
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by TRPV3 activation is mediated by the sensitization of TRP channels expressed
in neurons by a PGE2 and PKA-dependent mechanism. PKA activation has also
been shown to be a downstream effector event on the sensitization of TRPV4 after
the intradermal administration of an inflammatory soup composed of PGE2 and 5-
HT, leading to a TRPV4-mediated mechanical and osmotic hypersensitivity in
mice (Alessandri-Haber et al. 2006). Furthermore, histamine and 5-HT induces the
translocation of TRPV4 from cytosol to the plasma membrane of DRG sensory
neurons, by a MAPK-dependent mechanism (Cenac et al. 2010b).

Besides PKA, PKCe plays a prominent role in thermal hypersensitivity induced
by inflammation (Cesare et al. 1999) and this effect is mediated by TRPV1 sen-
sitization (Premkumar and Ahern 2000). Likewise, mice lacking a functional
Trpv1 gene (Trpv1-/-) did not display nocifensive behavior following intrapl-
antar injection of phorbol 12-myristate 13-acetate (PMA), a PKC activator, sug-
gesting that PMA-induced nociceptive behavior was exclusively dependent on
TRPV1 (Bolcskei et al. 2005). Additionally, it has been shown that PKCe-medi-
ated TRPV1 sensitization involves the phosphorylation of the amino acid residues
S502 and S800, a mechanism that has been hypothesized to be central to brady-
kinin and ATP-induced TRPV1 sensitization (Cesare et al. 1999; Numazaki et al.
2002). It was recently shown that the sensitization of TRPV4 is mediated by
phosphorylation of S824 by PKC (Peng et al. 2010). Contrary to the aforemen-
tioned TRP channels family members, TRPM8 activity is downregulated by the
activation of PKC (Premkumar et al. 2005) and inhibited by a disruption of its
interaction with the membrane phospholipid PtdIns(4,5)P2 (PIP2) (Weil et al.
2005; Benedikt et al. 2007). Additionally, PIP2 has been shown to upregulate
TRPV1 and TRPV2 activity by a putative interaction with their proximal C-
terminus (Mercado et al. 2010; Ufret-Vincenty et al. 2011; Grycova et al. 2012).

Proteinase-activated receptors (PARs) have been shown to play an important
role on inflammatory pain. Within the four members of this family, the prototypic
agonist of PAR1, PAR3, and PAR4 is thrombin, whereas PAR2 is activated by
trypsin-like proteinases (Vergnolle 2009) and was the first member of this family
to be implicated in nociception (Vergnolle et al. 2001). Interestingly, PAR2 has
been shown to sensitize TRPV1, TRPV4, and TRPA1 in several models of
inflammatory pain (Amadesi et al. 2004, 2006; Dai et al. 2004); (Grant et al. 2007;
Cenac et al. 2008b; Sipe et al. 2008; Helyes et al. 2010; Chen et al. 2011b;
Denadai-Souza et al. 2012). Likewise, the activation of this receptor sensitizes
TRPV1 to induce thermal hypersensitivity through the PKA and PKCe signaling
pathways (Amadesi et al. 2004, 2006; Dai et al. 2004). In addition to other
inflammatory mediators, PAR2 agonists were demonstrated to sensitize TRPV4,
leading to somatic (Grant et al. 2007; Chen et al. 2011b; Denadai-Souza et al.
2012) and visceral nociceptive hypersensitivity (Cenac et al. 2008b; Sipe et al.
2008), by a mechanism involving the activation of PLCb, PKA, PKC, and PKD
(Grant et al. 2007). On the contrary, the thrombin-activated receptor PAR4 inhibits
TRPV4-induced Ca2+ mobilization in dorsal root ganglion neurons and visceral
hypersensitivity, by a mechanism yet to be further investigated (Auge et al. 2009;
Molliver and Snider 1997).
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The neurotrophin nerve growth factor (NGF) is essential for the survival of
sensory nociceptive neurons during embryonic development via activation of the
receptor tyrosine kinase (TrkA). At early postnatal stage, nociceptive neurons
differentiate into two roughly proportional subpopulations where one is positive
for neuropeptides and dependent on NGF/TrkA for phenotype maintenance,
whereas the other downregulates TrkA and gives place to the receptor tyrosine
kinase Ret, which is responsive to glial cell-derived neurotrophic factors (GDNF)
family of ligands (GLF), and most of these neurons are characterized by the IB4-
binding capacity (Molliver and Snider 1997). Then, from neonatal to adulthood
transition, major changes occur within the downstream signaling pathways for
these neurotrophic factors in such a way that its activation couples mostly to
nociceptor sensitization during inflammatory responses rather than to neuronal
survival (Zhu and Oxford 2011). Indeed, NGF and GDNF release increases during
inflammation and have been implicated in thermal hypersensitivity via TRPV1 and
TRPA1 (Amaya et al. 2004; Petruska and Mendell 2004); (Malin et al. 2006,
2011), wherein the activation of several intracellular signaling pathways have been
proposed so far. Furthermore, it was suggested that NGF can induce sensitization
of TRPV1 to protons or heat by the formation of a ternary complex with TrkA/
PLCc (Chuang et al. 2001; Bhave and Gereau 2004). In addition, it was proposed
that NGF sensitizes TRPV1 by a mechanism dependent on PI3 K and MAPK
(Zhuang et al. 2004), but not Src (Zhu and Oxford 2007). On the contrary, another
study has shown that TRPV1 is rapidly addressed to the plasma membrane in the
presence of NGF, via TrkA/PI3 K/PKCd/Src, being the former the downstream
element directly responsible for phosphorylating TRPV1 at Y200, an amino acid
residue highly conserved in this channel among species and within other TRPV
family members (Zhang et al. 2005). Moreover, NGF induces an increased protein
expression of TRPV1 in peripheral nerve terminals, by a mechanism dependent on
generation of reactive oxygen species (ROS) and MAPK p38 (Ji et al. 2002). Both
NGF and GDNF have been implicated in the upregulation of TRPV1 in rat dorsal
root ganglia, respectively in TrkA- and IB4-positive neurons, and the neutraliza-
tion of each neurotrophin with antibodies alleviate thermal hypersensitivity
(Amaya et al. 2004), while NGF seems to have no effect on TRPV2 expression
(Shimosato et al. 2005). Otherwise, the sensitization of TRPV1 and TRPA1 by
neurotrophic factors is dependent on the target tissue and seems to be more rel-
evant in muscle and visceral afferents rather than in skin (Malin et al. 2011). The
injection of NGF into the human muscle fascia induces nociceptor sensitization to
mechanical and chemical (protons) stimulation, while the thermal threshold is not
altered (Deising et al. 2012). The regulation of other TRP channels family
members by neurotrophic factors in nociceptors has not been addressed yet, but it
is reasonable to hypothesize that most of features shown by TRPV1 and TRPA1
may be conserved, with varying degrees of complexity.
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20.4.3 Participation of TRP Channels in Inflammatory
Acute Pain

Although the incidence of pain in humans is not as much frequent on skin diseases
as in other systems such as the musculoskeletal and visceral systems (Breivik et al.
2006), as soon as transgenic TRP channels mice became available, most of the
primordial studies were carried out on well-established models of cutaneous pain.
Notwithstanding to the relevance to human chronic inflammatory diseases, these
studies generated much of what is known about the role of TRP channels in
physiological pain and inflammatory diseases. Thus far, the best-explored channel
implicated in pain within the TRP channels superfamily is TRPV1. Trpv1-/-
mice have an increased thermal threshold but a normal physiological response to
noxious mechanical stimuli. Additionally, whereas mechanical hypersensitivity is
able to develop in these animals the setting of an acute inflammation, they are
devoid of thermal hypersensitivity induced by several pro-inflammatory mediators
such as bradykinin, nerve growth factor (Chuang et al. 2001), and extracellular
ATP (Moriyama et al. 2003), or to irritant substances such as mustard oil, com-
plete Freund’s adjuvant (Caterina et al. 2000) and carrageenan (Davis et al. 2000).
Similarly to TRPV1, a recent study suggested that TRPM3 is also involved in the
detection of heat noxious stimulation, albeit with a shift to higher temperatures.
Additionally, heat hypersensitivity induced by skin inflammation was abrogated in
Trpm3-/- animals (Vriens et al. 2011). Further studies are needed to clarify
whether this TRP channel is also relevant to nociception in other systems, such as
the musculoskeletal and in viscera.

TRPV2, which can be activated by extreme heat ([52 �C), hypoosmotic
stimulus or cell stretch, was hypothesized as a potential thermal and mechanical
transduction molecule. Intriguingly, whereas Trpv2-/- mice showed reduced
perinatal viability and weight, the response to noxious heat over a broad range of
temperatures as well as to mechanical stimuli is not altered, either in basal con-
ditions or under inflammation or nerve injury (Park et al. 2011b). As stated before,
TRPV3 has been implicated in skin thermal hypersensitivity by a mechanism
involving intercellular communication between keratinocytes and sensory neurons
(Levine and Alessandri-Haber 2007; Caterina 2007); (Huang et al. 2008); (Chung
et al. 2004, 2005); (Bang et al. 2010b).

Trpv4-/- mice have impaired sensitivity to acid, an increase in mechanical
nociceptive threshold, and altered thermal selection behavior (Suzuki et al. 2003;
Liedtke et al. 2003; Liedtke and Friedman 2003; Lee et al. 2005). Otherwise,
responses to noxious heat and low-threshold mechanical stimuli are conserved
(Suzuki et al. 2003) (Liedtke et al. 2003; Liedtke and Friedman 2003). These
initial studies not only proposed a role of TRPV4 in nociception, as well as
suggested that this channel could be a molecular mechanotransducer of major
relevance to human painful diseases. The contribution of TRPV4 for the detection
of warm temperatures and thermal hypersensitivity has also been investigated
(Todaka et al. 2004). Likewise, inflammatory and thermal hypersensitivity induced
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by carrageenan injection was markedly reduced in Trpv4-/- mice, which dis-
played a longer latency to escape from a hot-plate stimulus set at 35–45 �C.
Additionally, in mice lacking functional TRPV4 or in rats submitted to a transient
downregulation of the level of TRPV4, the nocifensive behaviors to small
increases or decreases in osmolarity in the presence of PGE2 is impaired (Aless-
andri-Haber et al. 2003, 2005). This finding is relevant for a role of TRPV4 in
pathological pain states because changes in osmolarity and pH have been
described in various diseases and are believed to contribute to inflammatory pain
(Hamamoto et al. 2000).

TRPA1 was initially implicated in sensing cold and mechanical stimuli. In
Trpa1-/- mice, this channel is not required to acute cold transduction in normal
skin whereas it seems to modulate the mechanically evoked firing rate of multiple
classes of cutaneous sensory neurons (Kwan et al. 2009). Otherwise, the role of
TRPA1 in sensation of painful mechanical stimuli is still controversial (Bautista
et al. 2006; Kwan et al. 2006) and seems to be more restricted to intense
mechanical force applied to skin (Kwan et al. 2006). As discussed in the following
section, TRPA1 seems to have a more pronounced role in musculoskeletal
nociception.

TRPM8 is activated by cold and menthol (McKemy et al. 2002; Peier et al.
2002a) and is essential for the neuronal sensing of innocuous cool temperatures
and noxious cold (Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007;
Knowlton et al. 2010; McCoy et al. 2011). Trpm8-/- mice have an impaired
discrimination of mildly warm or cool temperatures as well as a lack of aversion to
noxious cold (Knowlton et al. 2010). Recent evidences suggest that TRPM8 is
essential for cold hypersensitivity associated with inflammation. Likewise, the
nocifensive response of Trpm8-/- mice to cold stimulation in animals submitted
to an intraplantar injection of CFA is reduced (Colburn et al. 2007; Knowlton et al.
2011). Surprisingly, the channel is also required for the antinociceptive effect of
mild cooling or cooling compounds (Dhaka et al. 2007; Proudfoot et al. 2006).

20.4.4 Implication of TRP Channels in Neuropathic Pain

Neuropathic pain is caused by a lesion or dysfunction of the somatosensory system
and is characterized by symptoms such as ongoing, paroxysmal, or evoked pain
and can be associated with underlining disorders such as traumatic nerve lesions,
painful diabetic, and nondiabetic neuropathies, postherpetic neuralgia, central
pain, and others (Attal 2012). The implication of TRP channels in the physiopa-
thology of neuropathic pain has been the focus of several studies in the past
decade. For example, in a study on Trpv1-/-mice, it was shown that the chronic
mechanical hypersensitivity induced by streptozotocin-diabetic or cisplatin-
induced toxic polyneuropathy occurred earlier than in wild-type animals, sug-
gesting a protective role for TRPV1 (Bolcskei et al. 2005). Interestingly, it has
been shown that on streptozotocin-induced diabetic rats, TRPV1 undergoes several

394 A. Denadai-Souza and N. Cenac



modifications on neurons including an increased oligomerization, phosphorylation,
and addressing to the neuronal plasma membrane, alongside with a shift on
TRPV1 expression predominance from C- toward A-fibers (Hong and Wiley
2005). On the same way, an increase in TRPV1 expression has been reported
following peripheral nerve injury (Fukuoka et al. 2002). The involvement of
TRPV1 has also been evaluated in functional assays by using models of neuro-
pathic pain associated with nerve lesion. Likewise, after a traumatic neuropathy
caused by the ligation of the sciatic nerve, the cold hypersensitivity was reduced
by Trpv1 knockdown (Christoph et al. 2006, 2007 ). Similarly, Trpv1 antisense
oligodeoxynucleotides reduce the mechanical hypersensitivity associated with
spinal nerve ligation (Christoph et al. 2007). TRPA1 seems to be implicated in
neuropathic pain as well. The TRPA1 antagonist A-967079 attenuates the cold
hypersensitivity produced by nerve injury but without changing noxious cold
sensation in naïve animals, suggesting distinct roles of TRPA1 in physiological
and pathological states (Chen et al. 2011a).

The contribution of TRPV4 in neuropathic pain has been investigated in models
of small-fiber peripheral neuropathy induced by taxol (Alessandri-Haber et al.
2004) paclitaxel- and nerve chronic compression-induced neuropathic pain (Chen
et al. 2011b; Wang et al. 2011). Likewise, taxol treatment enhanced nociceptive
behavioral responses to mechanical and hypotonic stimulation of the rat hind paw
and the treatment with Trpv4 antisense oligodeoxynucleotides reversed these
pronociceptive effects. It has been suggested that TRPV4 may be engaged in
neuropathic pain induced by taxol via a second messenger pathway involving
integrin/Src tyrosine kinase/PKA/PKCe signaling pathways (Alessandri-Haber
et al. 2006, 2007, 2008).

Nevertheless, in recent years, TRPM8 has been pointed out as a putative new
target for the treatment of neuropathic pain. The expression of TRPM8 increased
in the corresponding DRG and TG ipsilateral to the nerve injury with an apparent
correlation to the development of hypersensitivity (Knowlton et al. 2011; Rossi
et al. 2012). Additionally, the symptoms of cold hypersensitivity have been
reported to be TRPM8-dependent on models of neuropathic pain induced by
chronic constriction injury (CCI) of the sciatic nerve in Trpm8-/- mice (Colburn
et al. 2007; Knowlton et al. 2011). Similarly, a recently developed TRPM8
antagonist presented strong inhibitory activity of cold hypersensitivity in a model
of neuropathic pain (Calvo et al. 2012). On the other hand, TRPM8 may play
different roles in mechanical and thermal hypersensitivity that develop after nerve
injury. For example, while intrathecal application of menthol resulted in inhibition
of mechanical and thermal hypersensitivity, responsiveness to cold was enhanced.
In contrast, downregulation of TRPM8 by antisense oligonucleotides attenuated
cold hypersensitivity, but it had no effect on CCI-induced mechanical and thermal
hypersensitivity (Su et al. 2011).
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20.4.5 Implication of TRP Channels in Pain Associated
with Arthritis

Arthritis refers to a class of chronic degenerative diseases associated with painful
episodes during peaks of acute reincidence and a marked baseline chronic dis-
comfort with impact on day life activities. One of the clinical hallmarks of
rheumatoid arthritis, a chronic and painful autoimmune disease remaining to this
class of disorders, is the bilateral symmetry by which this disease affects most
joints. For several years, this feature has been suggested to be mediated by neu-
rogenic mechanisms (Levine et al. 1987). The first solid evidence that TRPV1 had
a role on joint pain during arthritis came from studies based on knockout animals.
Indeed, it was shown that in Trpv1-/- mice, the development of thermal (Keeble
et al. 2005) and mechanical hypersensitivity (Szabo et al. 2005) associated with
adjuvant-induced chronic arthritis was abrogated. The discrepancy present on the
fact that TRPV1 may mediate mechanical hypersensitivity during arthritis but not
in cutaneous pain processes suggest that the TRPV1 activity and biological
function may be regulated on a complex way, depending on the molecules present
in an inflammatory context (Caterina and Julius 2001; Szabo et al. 2005). Chronic
inflammatory diseases may involve the recruitment of a different pool of inflam-
matory mediators, leading to a bias in TRP channels sensitization/activation and
pain processing. TRPV1 has also been suggested to be involved in osteoarthritis
pain on a genetic study, wherein the I585 V TRPV1 variant encoded by rs8065080
was associated with symptomatic knee osteoarthritis in humans (Valdes et al.
2011). On the other hand, it was recently shown that while the peripheral
administration of SB-366791, a TRPV1 antagonist, had no effect on bilateral
mechanical hypersensitivity induced by TNF on mice, the intrathecal adminis-
tration of this drug was effective. In the same study, local or central blockade of
TRPA1 with AP-18 inhibited the bilateral mechanical hypersensitivity induced by
TNF (Fernandes et al. 2011). On a model of monosodium iodoacetate-induced
osteoarthritis, a TRPV1 antagonist (AMG9810), but not a TRPA1 antagonist
(HC030031), inhibited the thermal hypersensitivity, while neither antagonists
affected ongoing pain (Okun et al. 2012). On an experimental model of gout, one
of the most painful forms of arthritis, the TRPV1 antagonists AMG9810 or
SB366791 inhibited the nocifensive behavior displayed after the intraplantar
injection of monosodium urate crystals (Hoffmeister et al. 2011). Besides TRPV1,
TRPV4 activation by the agonists 4aPDD or GSK1016790A induces joint
mechanical hypersensitivity (Denadai-Souza et al. 2012), while the nociceptive
effect of both channels are potentiated by PAR2 agonists (Helyes et al. 2010;
Denadai-Souza et al. 2012).
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20.4.6 Implication of TRP Channels in Visceral Pain

Only the implication of TRPV1, TRPV4, TRPM8, and TRPA1 has been studied in
visceral pain. For TRPV2 and TRPV3, there is no study showing a role of these
channels in visceral pain. A large number of studies have characterized the role of
the activation of TRPV1 on primary afferent neurons innervating the gut evoking
pain-related behavior in rodents (Holzer 2011). Even if TRPV1 has been char-
acterized as a nociceptor implicated in thermal and chemical pain, there is evi-
dence that TRPV1 contributes to mechanical hypersensitivity (Holzer 2011). In
pelvis afferent innervating the murine colon, TRPV1 is functional and expressed
by mechanoreceptors that respond to distension with a low frequency of firing
(Malin et al. 2009). Therefore, capsaicin induces hypersensitivity in response to
colorectal distension (van den Wijngaard et al. 2009a). Similarly, the hypersen-
sitivity to colorectal distension, which is seen after acute stress exposure of adult
rats that have been subjected to maternal separation as neonates, is reversed by
TRPV1 blockade (van den Wijngaard et al. 2009b). In contrast, for high-threshold
splanchnic afferents innervating the mesentery and serosa of the colon, TRPV1
blocker decreases mechanical probing in inflammation but not in control condition
(Phillis et al. 2009). The role of TRPV1 in mechanical pain seems to be that of a
secondary transducer, because a mechanodetector role of TRPV1 has not been
proven. Instillation of capsaicin at different level of the gut, in human volunteers,
evokes symptoms such as heartburn, cramps, pressure, warmth, and nausea and
increase the sensibility to balloon distension (Kindt et al. 2009; Chen et al. 2010;
Lee et al. 2004; Hammer and Vogelsang 2007; Schmidt et al. 2004). In patients,
local capsaicin instillation induces painful sensations after an ileostomy or a
colostomy (Drewes et al. 2003; Arendt-Nielsen et al. 2008; Akbar et al. 2010). In
irritable bowel syndrome (IBS) and quiescent inflammatory bowel disease patients
a correlation between pain intensity and number of mucosal TRPV1-positive nerve
fibers (Akbar et al. 2010, 2008). For diarrhea-predominant IBS this increase in
expression was linked to an increase of function. In fact, capsaicin-containing
capsule induces hypersensitivity in these patients compared to healthy control
(Hammer et al. 2008; Gonlachanvit et al. 2009). Increase of TRPV1 expression in
the absence of inflammation has been also observed in idiopathic rectal hyper-
sensitivity and fecal urgency (Chan et al. 2003) and Hirschsprung’s disease (Facer
et al. 2001). Patients with uninvestigated dyspepsia have been found hypersensi-
tive to intrajejunal capsaicin infusion (Hammer 2006), and a proportion of patients
with functional dyspepsia are more responsive to ingestion of capsaicin capsules
than healthy controls (Hammer et al. 2008). In upper gastrointestinal (GI) tract,
prolonged treatment with capsaicin-containing capsules induces an antinociceptive
effect in healthy volunteers and patients with functional dyspepsia (Bortolotti et al.
2002; Fuhrer and Hammer 2009). Furthermore, the homozygous G315C poly-
morphism of the TRPV1 gene has been found to be inversely related to symptom
severity in functional dyspepsia patients (Tahara et al. 2010).
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In contrast to TRPV1, TRPV4 has turned out to play a major role in mechanical
pain and hypersensitivity in the colon. TRPV4 agonists enhance the mechano-
sensory responses of colonic serosal and mesenteric afferent nerve fibers, while the
mechanosensitivity of these high-threshold afferent nerve fibers is substantially
attenuated in TRPV4 knockout mice (Brierley et al. 2008). The TRPV4 agonist
induces mechanical hypersensitivity in response to colorectal distension (Cenac
et al. 2008a). More importantly, in TRPV4 knockout mice or following intraver-
tebral pretreatment of mice with TRPV4-directed small interfering RNA (siRNA)
the sensitivity to colorectal distension is reduced in the noxious range (Brierley
et al. 2008; Cenac et al. 2008a). Taken these findings together, the specific con-
tribution to colonic high-threshold mechanosensory function makes TRPV4 cur-
rently the only nociceptor-specific TRP channel in the gut (Blackshaw et al. 2010).
Under basal conditions, TRPV4 is involved in mechanical nociception and func-
tion as primary mechanosensor. In addition, TRPV4 mediates the mechanical
hypersensitivity induced by PAR2 activation, serotonin, and histamine (Cenac
et al. 2008a, 2010a). Thus, TRPV4 seems to be a common mediator of visceral
hypersensitivity. Importantly, these studies suggest that TRPV4 per se or media-
tors involved in its regulation could constitute new potential therapeutic options
for the treatment of abdominal pain, particularly in patients with IBS. TRPV4
contribute to the pain associated with pancreatitis. Intraductal administration of a
TRPV4 agonist to the murine pancreas causes expression of c-fos in the spinal
cord (Ceppa et al. 2010). Moreover, pain behavior and c-fos expression in
experimental pancreatitis due to caerulein is inhibited in TRPV4 knockout mousse
(Ceppa et al. 2010).

Even if there is strong evidences that TRPA1 contributes to mechanosensation
in the gut (Brierley et al. 2009), it appears that TRPA1 as TRPV1 does not operate
as primary mechanosensor. In fact, analysis of TRPA1-transfected HEK293 cells
shows that TRPA1 alone is not sufficient to confer mechanical sensitivity (Vil-
ceanu and Stucky 2010). It would appear, therefore, that TRPA1 functions as a
secondary transducer of primary mechanosensors. In fact, treatment of afferent
neurons by TRPA1 agonists sensitizes colonic sensory neurons to mechanical
stimulation (Brierley et al. 2009) and enhances the visceromotor response to
colorectal distension (Cattaruzza et al. 2010). The sensitization of mechanosen-
sitive afferent by TRPA1 agonist could be due to its effect to increase the level of
TRPA1 in the colon (Kimball et al. 2007). This hypothesis is reinforced by in-
tracolonic treatment of newborn mouse pups provoking a long-lasting hypersen-
sitivity to colorectal distension in adult animals (Christianson et al. 2010). TRPA1
functions as a secondary transducer is also observed in GI inflammation and stress.
In TNBS-induced colitis model, colitis expression of TRPA1 in DRG neurons and
hypersensitivity to colorectal distension are increased (Yang et al. 2008). More-
over, TNBS increases the ability of TRPA1 agonists to sensitize mechanosensitive
afferents in the splanchnic and pelvic nerves (Brierley et al. 2009). In this colitis
model, the hypersensitivity to colorectal distension is inhibited in TRPA1
knockout mice (Cattaruzza et al. 2010). Same observations have been performed in
stress-induced withdrawal reflex to colorectal distension in rat (Yu et al. 2010).
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TRPA1 knockout or TRPA1 antagonist inhibits bradykinin-induced mechanical
sensitization of splanchnic afferents innervating the colonic serosa of the mouse
(Brierley et al. 2009) and mechanical hypersensitivity of vagal afferent neurons in
the guinea-pig esophagus (Yu and Ouyang 2009). Importantly, the activation of
vagal and splanchnic afferents by bradykinin itself is independent of TRPA1
(Brierley et al. 2009; Yu and Ouyang 2009). Similarly to TRPV4, TRPA1
expression is essential to PAR2 agonist-induced hypersensitivity in response to
colorectal distension (Cattaruzza et al. 2010), but not to the effect of a PAR-2
agonist to stimulate colonic afferents in the splanchnic nerves (Brierley et al.
2009). Interestingly, the severity of abdominal pain is significantly reduced after
peppermint administration (Cappello et al. 2007; Merat et al. 2010). Based on
these results, TRPM8 functions in visceral pain have been studied. Authors
demonstrate that TRPM8 is present on a selected population of colonic high
threshold sensory neurons, which may also co-express TRPV1 (Harrington et al.
2011). Moreover, TRPM8 couples to TRPV1 and TRPA1 to inhibit their down-
stream chemosensory and mechanosensory actions (Harrington et al. 2011).

Fig. 20.2 Simplified schematization of the fast regulatory mechanisms that leads to TRPV1
sensitization. a The binding of NGF to TrkA activates PI3 K, leading to activation of PKC and
ultimately Src, which phosphorylates Y200, translocating the TRPV1 channel to the membrane.
b Activation of GPCRs may activate PLC, which releases DAG and activates PKC, which
subsequently phosphorylates TRPV1 at S502 and S800, increasing its gate activity. c Inflamma-
tory mediators like PGE2 activates Gs Protein-Coupled Receptor, transactivating adenylyl cyclase
and induces the production of cAMP. This second messenger activates PKA, which
phosphorylates S166 of TRPV1, inhibiting its desensitization. d The activation of GPCRs by
inflammatory mediators can also activate PLA2, promoting the conversion of arachidonic acid,
which once available is converted into active metabolites by cyclooxygenases or lipoxygenases,
such as 12-HPETE, which can activate TRPV1 due to its structural similarity with capsaicin
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20.5 Conclusion

The ability of TRP channels to regulate pain demonstrates their value as potential
therapeutic targets in this phenomenon. Based on studies performed mostly in
pathophysiological conditions, TRP channels should also be considered as
molecular targets in the treatment of inflammatory pain. Most studies have con-
centrated so far at understanding the role of TRP channels as signaling molecules
in sensory neurons, however, the role of TRP channels has now to be considered in
the context of human painful diseases. Moreover, even if basic science results
point to a crucial role for TRP channels in pain, there is a severe lack of knowledge
concerning the nature of their endogenous agonist released upon human pain-
associated diseases. Future directions in this field would have to include the
identification of endogenous regulators of TRP channels in human pathologies
associated with pain.
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Chapter 21
Hereditary Channelopathies Caused
by TRPV4 Mutations

Jeremy M. Sullivan, Thomas E. Lloyd and Charlotte J. Sumner

Abstract Mutations in the transient receptor potential vanilloid 4 gene (TRPV4),
encoding a widely expressed Ca2+-permeable ion channel, result in autosomal
dominant diseases of peripheral nerve (Charcot-Marie-Tooth disease type 2C,
congenital distal spinal muscular atrophy, scapuloperoneal spinal muscular atro-
phy) or the skeletal system (metatropic dysplasia, spondylometaphyseal dysplasia
Kozlowski type, spondyloepiphyseal dysplasia Maroteaux type, autosomal domi-
nant brachyolmia, parastremmatic dysplasia, familial digital arthropathy-brachy-
dactyly). TRPV4-mediated nerve and bone disorders are characterised by
considerable phenotypic variability, including severe congenital-onset disease to
complete nonpenetrance in the case of nerve disease-associated mutations. Most
often, individual TRPV4 mutations have been associated with distinct organ
system diseases; although overlap syndromes may occur. Heterologous expression
studies have identified a number of functional changes in the TRPV4 ion channel
resulting from disease-causing mutations, the most prominent being increased
constitutive channel activity. As many of these changes are shared by TRPV4
mutants causing different diseases, however, it remains unclear how particular
mutations in TRPV4 result in such diverse disease phenotypes. In this chapter, we
outline the clinical and pathological features of the known forms of TRPV4-
mediated disease, as well as the effects of disease-causing mutations on TRPV4
assembly, expression and channel activity. We also explore current thinking on the
pathogenenic mechanisms contributing to different forms of TRPV4 channelopa-
thy. Elucidation of these mechanisms will be an important step in the development
of new therapeutic interventions for these diseases.
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21.1 Introduction

Mutations in TRPV4 are associated with three distinct categories of human dis-
ease: neuromuscular disease (affecting peripheral nerves), skeletal dysplasia
(affecting bone development) and osteoarthropathy (affecting joints). Over 40
disease-causing mutations in TRPV4 have now been described. TRPV4 encodes a
non-selective, Ca2+-permeable cation channel in the transient receptor potential
(TRP) superfamily of ion channels. Most disease-causing mutations in TRPV4
result in alterations of TRPV4 channel assembly and/or function in vitro. A clear
understanding of how these changes engender the diverse disease phenotypes,
however, is only slowly emerging (Nilius and Voets 2013; McEntagart 2012).

TRPV4 is a polymodal channel that can be activated by a variety of environ-
mental stimuli including low osmolarity, warm temperatures (25–34 �C), and
mechanical shear stress, as well as a number of endogenous agonists (e.g., ara-
chidonic acid and its metabolites) (reviewed in Everaerts et al. 2010a). The
channel is also activated by several exogenous ligands, including the botanical
compounds apigenin, bisandrographolide A and cannabidivarin (De Petrocellis
et al. 2012; Smith et al. 2006; Ma et al. 2012) and the synthetic agonists 4a-
phorbol 12,13-didecanoate (4aPDD) and GSK1016790A (Watanabe et al. 2002;
Thorneloe et al. 2008; Jin et al. 2011; Klausen et al. 2009). Several TRPV4
antagonists have also been identified, including the non-selective TRP channel
blocker ruthenium red and the selective antagonists HC-067047, GSK205,
GSK2193874 and RN-1734 (Phan et al. 2009; Ye et al. 2012; Vincent and
Duncton 2011; Thorneloe et al. 2012).

21.1.1 TRPV4 Biogenesis

Functional TRPV4 channels are tetrameric in structure, and are thought to occur
principally as homotetramers (Shigematsu et al. 2010; Stewart et al. 2010; Hellwig
et al. 2005; Fernandez-Fernandez et al. 2008; Arniges et al. 2006). During protein
synthesis, TRPV4 protomers are processed via the endoplasmic reticulum where
they undergo core glycosylation and assemble into tetramers (Arniges et al. 2006).
Further maturation of the attached oligosaccharides occurs upon the transfer of
TRPV4 to the Golgi apparatus, and the mature channel is then trafficked to the
plasma membrane (Arniges et al. 2006; Becker et al. 2008; Lamandé et al. 2011).
Within the plasma membrane TRPV4 appears to operate in supramolecular
complexes comprising plasma membrane components, cytoskeletal elements and
signalling proteins (Lanciotti et al. 2012; Fernandez-Fernandez et al. 2008;
Goswami et al. 2010; Clark et al. 2008; Fan et al. 2009). Homomeric TRPV4
channels exhibit a relative permeability (Px/PNa) to Ca2+ and Mg2+ of 6–10 and
2–3, respectively (Everaerts et al. 2010a). TRPV4 has also been reported to
interact with other TRP channel family members, including TRPC1 and TRPP2,
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forming heterotetrameric channels with distinct functional properties (TRPC1: Ma
et al. 2010; Ma et al. 2011a, b; TRPP2: Köttgen et al. 2008; Stewart et al. 2010; Du
et al. 2012). Little is known currently about the extent to which these heteromeric
channels might contribute to TRPV4-mediated disease.

21.1.2 TRPV4 Structure

Structurally, each TRPV4 protomer is comprised of six transmembrane segments
with a putative pore loop between the fifth and sixth segments and intracellular N-
and C-termini, both containing several function domains (Fig. 21.1aii). The
cytoplasmic N-terminus represents more than half the TRPV4 protein and contains
a prominent ankyrin repeat domain (ARD; residues 149–396) comprising six
ankyrin repeats, a ubiquitous motif often involved in protein–protein and protein–
ligand interactions (Gaudet 2008). The ARD currently represents the only TRPV4
domain for which the crystal structure has been solved (Landouré et al. 2010;
Inada et al. 2012). Each ankyrin repeat comprises inner and outer helices followed
by a connecting finger loop and the six repeats stack together forming a hand-
shaped ARD with a concave palm surface, and a convex surface analogous to the
back of the hand (Gaudet 2008). Interestingly, as will be discussed below, ARD
mutations that cause neuromuscular disease occur primarily on the opposite sur-
face (convex) to those causing skeletal dysplasia (concave). The TRPV4-ARD has
been shown to have important roles in TRPV4 multimerisation, trafficking to the
plasma membrane and binding to regulatory factors, including calmodulin and
ATP (Phelps et al. 2010; Gaudet 2008; Inada et al. 2012; Everaerts et al. 2010a;
Arniges et al. 2006). The cytoplasmic termini of TRPV4 also contain a number of
additional functional domains (Fig. 21.1aii), including a proline-rich domain
(residues 132–144) and a calmodulin-binding domain (residues 812–831). The
proline-rich domain interacts with the intracellular adaptor protein PACSIN3
which influences both TRPV4 localisation and activation (Cuajungco et al. 2006;
D’Hoedt et al. 2008); the calmodulin-binding domain plays roles in the calcium-
dependent potentiation and inositol trisphosphate (IP3)-mediated sensitisation of
TRPV4 (Strotmann et al. 2003; Strotmann et al. 2010; Garcia-Elias et al. 2008).

21.1.3 TRPV4 Regulation and Function

Multiple gating mechanisms regulate activation of the plasma membrane-bound
TRPV4 channel by different stimuli (Everaerts et al. 2010a; Gao et al. 2003; Vriens
et al. 2004; Loukin et al. 2010a). Hypotonic stress, heat and 4aPDD, for example, all
promote TRPV4 channel opening via distinct molecular pathways (Vriens et al.
2004; Gao et al. 2003). TRPV4 responses are also modulated by diverse mechanisms
including phosphorylation, glycosylation, S-nitrosylation, intracellular signalling
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Fig. 21.1 TRPV4-mediated neuromuscular and skeletal disease. a TRPV4-mediated neuromus-
cular disease. ai The marked variability characteristic of CMT2C is demonstrated by mild, late-
onset weakness in the individual shown at left (age 71 years), but severe quadriparesis and
respiratory failure in her daughter shown at right (age 44 years; from Landouré et al. 2010, with
permission from Nature Publishing Group and the written consent of the subject). Such
phenotypic variability is also characteristic of other forms of TRPV4-mediated neuromuscular
disease. aii Schematic illustrating the principal domains comprising TRPV4 (at bottom) and the
locations of CMT2C/SMA-causing mutations. Asterisks denote mutations associated with both
CMT2C and skeletal abnormalities. b TRPV4-mediated skeletal dysplasia. bi Radiographs of an
individual (age 7 years) with parastremmatic dysplasia (PS) exhibiting platyspondyly with
scoliosis (left panel) and marked metaphyseal changes in the long bones (centre and right panels)
(from Nishimura et al. 2010, with permission from John Wiley & Sons). bii Schematic
illustrating the locations of skeletal dysplasia-causing TRPV4 mutations. Asterisks highlight
mutations associated with both CMT2C and skeletal dysplasia. Daggers indicate mutations found
in individuals manifesting signs of both skeletal dysplasia and peripheral neuropathy. Double
daggers denote mutations described in patients with MD and foetal akinesia. TRPV4 domains as
in Fig. 21.1aii. c TRPV4-mediated FDAB. ci Hands of an individual (age 35 years) with FDAB
exhibiting marked osteoarthropathy and distal brachydactyly with finger deformities (from Amor
et al. 2002, with permission from John Wiley & Sons). cii Schematic illustrating the locations of
FDAB-causing TRPV4 mutations. TRPV4 domains as in Fig. 21.1aii
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pathways and inter- and intramolecular interactions. Consequently, TRPV4
responses are influenced strongly by both environmental conditions and the cellular
context of the channel (Liedtke 2008; Güler et al. 2002; Chung et al. 2003). TRPV4
is expressed broadly and has diverse physiological roles, including in osmosensation
and flow sensing in the kidney (Pochynyuk et al. 2013), mechanosensation and
nociception in the sensory nervous system (Suzuki et al. 2003; Alessandri-Haber
et al. 2009), stretch sensation in the bladder (Gevaert et al. 2007), skin barrier
function (Kida et al. 2012), chondrogenesis (Muramatsu et al. 2007), bone
homeostasis (Masuyama et al. 2012) and regulation of adipose oxidative metabolism
(Ye et al. 2012). Interestingly, TRPV4-null mice have only mild impairments of
these functions suggesting primarily regulatory rather than essential roles (Everaerts
et al. 2010a). Of relevance to TRPV4-mediated disease, pathological features
characteristic of neuromuscular disease (e.g., peripheral axonal degeneration,
muscle atrophy) or skeletal dysplasia (e.g., congenital pathologies of the vertebral
bodies) have not been described in TRPV4-null mice. These findings suggest that
these diseases are not due to a loss-of-channel function. TRPV4-null mice do,
however, exhibit an increased susceptibility to age- and diet-related osteoarthritis
(Clark et al. 2010; O’Conor et al. 2013), consistent with the hypothesis that TRPV4-
mediated osteoarthropathy (familial digital arthropathy-brachydactyly) is caused by
a loss-of-TRPV4 function (see Sects. 21.2.3 and 21.4.3).

21.2 TRPV4 Mutations and Human Disease

Despite its broad expression, TRPV4 mutations appear to result primarily in
peripheral nerve (see Sect. 21.2.1) or skeletal disorders (see Sects. 21.2.2 and
21.2.3). Genetic association analyses have also linked the TRPV4 polymorphism
rs3742030, giving rise to a proline to serine substitution at residue 19 (P19S), to
both hyponatremia (Tian et al. 2009) and chronic obstructive pulmonary disease
(Zhu et al. 2009; Li et al. 2011; Obeidat et al. 2011). As the extent to which
TRPV4 contributes to these disorders remains unclear, this variant is not discussed
further herein, and we will focus on mutations that have been clearly shown to
cause disease.

21.2.1 Neuromuscular Disease

The hereditary axonal neuropathies represent a heterogeneous group of disorders
characterised by degeneration of peripheral nerves, resulting in disabling muscle
weakness and/or sensory loss. Muscle weakness is also characteristic of spinal
muscular atrophies (SMAs), but these disorders are thought to result primarily from
degeneration of anterior horn cells (motor neurons innervating skeletal muscle) in
the spinal cord, without sensory neuron involvement. Axonal neuropathies and distal

21 Hereditary Channelopathies Caused by TRPV4 Mutations 417



SMAs can be difficult to distinguish from one another clinically and electrophysi-
ologically, and histopathological data for many of these disorders is limited. In 2010,
dominant missense mutations in TRPV4 were shown to cause three forms of
hereditary neuromuscular disease with autosomal dominant inheritance: Charcot-
Marie-Tooth disease type 2C (also known as hereditary motor and sensory neu-
ropathy 2C), congenital distal SMA, and scapuloperoneal SMA (Auer-Grumbach
et al. 2010; Chen et al. 2010; Deng et al. 2010; Landouré et al. 2010). While these
diseases are clinically heterogeneous, involving distinct muscles and nerves, the
majority of patients with TRPV4 mutations share the feature of displaying pure or
predominantly motor axonal neuropathy with frequent involvement of the vocal fold
muscles (Yiu and Ryan 2012; McEntagart 2012).

To date, eight CMT2C/SMA-causing mutations have been described in TRPV4,
occurring across six residues in the N-terminal cytoplasmic domain (Fig. 21.1aii).
In addition, two TRPV4 mutations causing both CMT2C and skeletal abnormal-
ities have been identified in the transmembrane domain (Fig. 21.1aii). Most of the
pure CMT2C/SMA-causing mutations in TRPV4 occur at exposed arginine resi-
dues situated on the convex face of the ARD (Zimoń et al. 2010; Landouré et al.
2010; Inada et al. 2012). These arginine residues are highly conserved across
vertebrates, but are not characteristic of the ARDs of other TRPV channel family
members (Landouré et al. 2010; Auer-Grumbach et al. 2010; Zimoń et al. 2010;
Landouré et al. 2012; Deng et al. 2010).

Owing to marked variability in clinical phenotype and severity, no clear cor-
relation between individual mutations and disease type has been established. A
given mutation, for example, can sometimes cause different diseases even within
the same family. The R269C, R269H and R315W mutations are each associated
with all three forms of neuromuscular disease. In addition, age of disease onset can
vary from congenital/early childhood to the sixth decade. TRPV4-mediated nerve
disease is also characterised by reduced penetrance, with unaffected mutation
carriers having been identified in several families with different TRPV4 mutations
(Auer-Grumbach et al. 2010; Landouré et al. 2010; Zimoń et al. 2010; Aharoni
et al. 2011; Berciano et al. 2011).

In addition to the above mutations, three potentially pathogenic TRPV4 variants
(G20R, N302Y and T701I) have been identified in patients with inherited neu-
ropathy; these variants await more detailed characterisation (Fawcett et al. 2012).
TRPV4 mutations have also been described in several individuals manifesting both
skeletal dysplasia and either peripheral neuropathy or foetal akinesia, and these are
outlined in Sect. 21.2.4.

21.2.1.1 Charcot-Marie-Tooth Disease Type 2C (CMT2C; OMIM
606071)

Charcot-Marie-Tooth disease is a heterogeneous group of hereditary sensorimotor
neuropathies that together constitute the most common inherited neurological
disease, with an incidence of 1 in 2,500 (Reilly et al. 2011). CMT2C is
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characterised clinically by distal muscle weakness and wasting in the limbs, distal
sensory loss, vocal fold paresis, and weakness of the diaphragm muscles (Santoro
et al. 2002; McEntagart et al. 2005; Donaghy and Kennett 1999; Dyck et al. 1994;
Zimoń et al. 2010; Landouré et al. 2010; Auer-Grumbach et al. 2010; Klein et al.
2003, 2011; Deng et al. 2010). Sensorineuronal hearing loss, scoliosis and bladder
urgency and incontinence may also be present. Muscle and nerve biopsies from a
severely affected individual with CMT2C revealed marked denervation atrophy of
the gastrocnemius muscle, indicating severe motor axonal degeneration, as well as
a modest loss of sensory axons in the sural nerve (Landouré et al. 2010). To date,
seven TRPV4 mutations (R186Q, R232C, R269C, R269H, R315W, R316C,
R316H) have been associated with pure CMT2C (Zimoń et al. 2010; Landouré
et al. 2010, 2012; Chen et al. 2010; Deng et al. 2010; Klein et al. 2011; Auer-
Grumbach et al. 2010), all occurring at arginine residues located on the convex
face of the ARD. In addition, TRPV4 mutations have also been described in both a
multigenerational family (S542Y, Chen et al. 2010) and an isolated individual
(V620I, Zimoń et al. 2010) exhibiting both CMT2C and skeletal abnormalities
(Fig. 21.1aii; see also Sects. 21.2.2.3 and 21.2.4).

21.2.1.2 Congenital Distal Spinal Muscular Atrophy (CDSMA; OMIM
600175)

CDSMA is a non- or slowly progressive disease characterised by congenital
muscle weakness predominantly affecting the lower limbs, as well as contractures
of the hip, knee and ankle (Oates et al. 2012; Zimoń et al. 2010; Berciano et al.
2011; Auer-Grumbach et al. 2010; Astrea et al. 2012; Fleury and Hageman 1985;
Adams et al. 1998; van der Vleuten et al. 1998; Reddel et al. 2008; Fiorillo et al.
2012). A number of CDSMA patients with TRPV4 mutations also display vocal
fold paresis (Fiorillo et al. 2012; Zimoń et al. 2010; Berciano et al. 2011). Clinical
and pathological findings are consistent with CDSMA arising due to a congenital
deficiency of spinal cord anterior horn cells (Fleury and Hageman 1985; Reddel
et al. 2008; Oates et al. 2012). Congenital anterior horn cell loss has not yet been
demonstrated, however, in patients with TRPV4 mutations. Five mutations in
TRPV4 have been shown to cause CDSMA. While four of these mutations
(R232C, R269C, R269H, R315W) are situated in the ARD, the fifth (P97R) occurs
upstream of the ARD in the N-terminal cytoplasmic region, outside any known
functional domain (Auer-Grumbach et al. 2010; Zimoń et al. 2010; Fiorillo et al.
2012; Berciano et al. 2011). A recent study of a four-generation Australian ped-
igree with CDSMA did not find evidence of TRPV4 mutations, indicating genetic
heterogeneity of this disease (Oates et al. 2012).
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21.2.1.3 Scapuloperoneal Spinal Muscular Atrophy (SPSMA; OMIM
181405)

SPSMA is characterised by slowly progressive weakness and atrophy of shoulder
girdle and peroneal muscles, vocal fold paresis, congenital absence of muscle and
progressive distal muscle weakness and wasting (Zimoń et al. 2010; Deng et al.
2010; Isozumi et al. 1996; DeLong and Siddique 1992). Scoliosis and diminished
vibratory sense may also be present (DeLong and Siddique 1992; Zimoń et al.
2010). Pathological data from biopsy and autopsy samples suggest a process of
denervation-induced muscle atrophy with preservation of anterior horn cell
number (DeLong and Siddique 1992; Deng et al. 2010), consistent with a
peripheral motor neuropathy. Four TRPV4 mutations mediating SPSMA have
been described (R269C, R269H, R315W, R316C) (Deng et al. 2010; Berciano
et al. 2011; Auer-Grumbach et al. 2010; Zimoń et al. 2010), each of which can also
cause CMT2C.

21.2.2 Skeletal Dysplasias

The skeletal dysplasias represent a large, heterogeneous group of developmental
bone and cartilage disorders. Autosomal dominant mutations in TRPV4 have been
associated with five forms of skeletal dysplasia sharing a number of clinical fea-
tures, including platyspondyly (flattened vertebral bodies), scoliosis and short
stature (Fig. 21.1bi; Sects. 21.2.2.1–21.2.2.5). Thirty-nine TRPV4 mutations have
now been identified in individuals with these disorders (Fig. 21.1bii). As in
TRPV4-mediated neuromuscular disease, several of these TRPV4 mutants (e.g.,
Y591C, R594H, E797K, P799L) are associated with multiple disease phenotypes.
In contrast to the pure CMT2C/SMA-causing mutations, which are largely
restricted to the convex face of the ARD, TRPV4 mutations associated with
skeletal dysplasia are scattered throughout the protein (Fig. 21.1bii). Interestingly,
those skeletal dysplasia-causing mutations located within the ARD occur primarily
on the concave face (Inada et al. 2012). No correlation has yet been established
between individual forms of skeletal dysplasia and the locations of mutated
TRPV4 residues. In contrast to TRPV4-mediated neuromuscular disease, there is
no evidence currently of reduced penetrance associated with any of the TRPV4
mutations causing skeletal dysplasia.

21.2.2.1 Metatropic Dysplasia (MD; OMIM 156530)

MD is a severe congenital bone dysplasia characterised by short stature, severe
progressive kyphoscoliosis (backward and lateral curvature of the spinal column)
and short limbs with enlarged joints. Disease severity in MD ranges from perinatal
lethal to mild, with mild cases resembling spondylometaphyseal dysplasia
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Kozlowski type (see Sect. 21.2.2.2). The principal abnormalities in MD include
platyspondyly, shortening of the longs bones and severe enlargement of the
metaphyseal portions of the long bones (Kannu et al. 2007; Geneviève et al. 2008).
Histopathological data from two cases of perinatal lethal MD suggest that these
abnormalities result primarily from altered chondrocyte differentiation during bone
formation (Camacho et al. 2010; see also Sect. 21.4.2). Both mild and severe
(lethal) forms of MD are associated with dominant mutations in TRPV4 (Camacho
et al. 2010). To date, 21 missense mutations have been described in patients with
MD (T89I, K197R, L199F, Q239H, T295A, I331F, I331T, V342F, K407E, F592L,
R594H, R594S, I604M, F617L, L618P, R775K, E797K, P799A, P799L, P799S,
P799R), as well as one deletion (F471del) and an in-frame deletion–insertion
(D333_E337delinsE) (Fig. 21.1bii; (Camacho et al. 2010; Krakow et al. 2009; Dai
et al. 2010; Andreucci et al. 2011). Most TRPV4 mutations causing MD appear to
have arisen de novo, based on the absence of the changes in both parents. In
addition, three de novo heterozygous missense TRPV4 mutations (G78W, K276E,
T740I) have been described in four individuals with severe MD that also displayed
foetal akinesia (Unger et al. 2011).

21.2.2.2 Spondylometaphyseal Dysplasia Kozlowski Type (SMDK,
OMIM 1842522)

SMDK is an autosomal dominant disease characterised primarily by postnatal
onset short stature, platyspondyly, and progressive kyphoscoliosis. Additional
features include odontoid hypoplasia, flat acetabula and short square ilia, meta-
physeal irregularities of the long bones, and delayed ossification of carpal bone
(Dai et al. 2010; Krakow et al. 2009; Andreucci et al. 2011; Nural et al. 2006).
Thirteen heterozygous missense mutations in TRPV4 have been associated with
SMDK (E278K, D333G, Y591C, R594H, L596P, G600W, F617L, M625I,
L709M, A716S, C777Y, E797K), as well as one duplication (L523dup) (Krakow
et al. 2009; Andreucci et al. 2011; Dai et al. 2010). As in MD, many SMDK-
causing TRPV4 mutations appear to have arisen de novo.

21.2.2.3 Autosomal Dominant Brachyolmia (ADBO, OMIM 113500)

The brachyolymias constitute a group of disorders characterised by mild short
stature, platyspondyly, and mild shortening of the limbs without significant
epiphyseal and metaphyseal abnormalities (Rock et al. 2008; Shohat et al. 1989).
ADBO is distinguished from other forms of brachyolmia by severe, progressive
kyphoscoliosis, and abnormalities of the cervical vertebrae (Rock et al. 2008;
Shohat et al. 1989). Rock et al. (2008) identified TRPV4 mutations in affected
individuals in two families with ADBO: R616Q and V620I, respectively
(Fig. 21.1bii). The V620I mutation was also described subsequently in an isolated
individual with both skeletal abnormalities and CMT2C (Zimoń et al. 2010; see
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also Sect. 21.2.4). More recently, Andreucci et al. (2011) reported a heterozygous
Y591C mutation in a patient with ADBO (Fig. 21.1bii). This mutation was also
identified in the patient’s sister and in a half-brother who had been diagnosed with
SMDK (Andreucci et al. 2011), suggesting a phenotypic continuum between the
disorders (Andreucci et al. 2011; Dai et al. 2010).

21.2.2.4 Spondyloepiphyseal Dysplasia, Maroteaux Type (SEM,
OMIM 184095)

SEM, also known as pseudo-Morquio syndrome type 2, is an autosomal dominant
condition characterised by short stature with progressive truncal shortening in the
absence of significant scoliosis, uniform platyspondyly, and shortening of meta-
carpals and phalanges (brachydactyly). Nishimura et al. (2010) identified four
heterozygous missense TRPV4 mutations in patients with SEM (E183K, Y602C,
E797K, P799L), only one of which (E183K) has not been associated with other
forms of skeletal dysplasia, as well as a heterozygous deletion (P799Lfs63X)
(Nishimura et al. 2010).

21.2.2.5 Parastremmatic Dysplasia (PD, OMIM 168400)

PD is a rare skeletal dysplasia characterised by severe platyspondyly, scoliosis,
deformed limbs and a peculiar ‘flaky’ appearance of endochondral bone (Ni-
shimura et al. 2010; Langer et al. 1970; Sensenbrenner et al. 1974). Nishimura
et al. (2010) identified a heterozygous missense mutation in TRPV4 (R594H) in
one individual with PD. This mutation has also been associated with both MD and
SMDK (Krakow et al. 2009; Andreucci et al. 2011; Dai et al. 2010).

21.2.3 Inherited Osteoarthropathy

TRPV4 mutations have also been shown to cause a form of inherited osteoar-
thropathy, known as familial digital arthropathy-brachydactyly (FDAB); a skeletal
condition clinically distinct from the skeletal dysplasias outlined above in
Sect. 21.2.2. FDAB is characterised by aggressive osteoarthropathy of the fingers
and toes and shortening of the middle and distal phalanges (Fig. 21.1ci), with no
evidence of developmental skeletal dysplasia. The three known FDAB-causing
TRPV4 mutations reside in close proximity to one another within the ARD
(Fig. 21.1cii). There is no evidence currently of reduced penetrance associated
with FDAB-causing TRPV4 mutations.
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21.2.3.1 Familial Digital Arthropathy-Brachydactyly
(FDAB, OMIM 606835)

FDAB is an autosomal dominant condition with onset in the first decade charac-
terised by severe, deforming osteoarthropathy of the interphalangeal, metacarpo-
phalangeal and metatarsophalangeal joints, and progressive shortening of the
middle and distal phalanges (Lamandé et al. 2011; Amor et al. 2002). Bones and
joints outside the hands and feet remain unaffected. Examination of two multi-
generational families with FDAB identified two TRPV4 mutations (R271P,
F273L) which segregated with disease (Lamandé et al. 2011). A heterozygous
missense mutation in TRPV4 (G270V) was also identified in an isolated individual
with sporadic FDAB (Lamandé et al. 2011). All three FDAB-causing TRPV4
mutations occur in the ARD at residues comprising the finger loop of the third
ankyrin repeat (Lamandé et al. 2011).

21.2.4 Co-occurrence of TRPV4-Mediated Neuromuscular
Disease and Skeletal Dysplasia

While most patients with TRPV4 mutations exhibit either neuromuscular or
skeletal disorders, increasing evidence suggests that nerve and bone disease can
co-occur in individuals with certain TRPV4 mutations. Zimoń et al. (2010)
reported an isolated individual exhibiting both CMT2C and skeletal abnormalities.
This patient was found to harbour a de novo heterozygous V620I mutation in
TRPV4, a mutation identified originally in a family with ADBO (Rock et al.
2008). Chen et al. (2010) subsequently described a multigenerational family
exhibiting CMT2C, platyspondyly, and pronounced short stature, in which a
heterozygous S542Y mutation in TRPV4 segregated with disease. Platyspondyly,
brachydactyly and dysmorphic femoral heads were also reported in a CDSMA
patient with the R232C mutation (Fiorillo et al. 2012). It should be noted that
although scoliosis is a common feature of both TRPV4-mediated neuromuscular
disease and skeletal dysplasia, the predominant aetiology underlying this condition
is likely distinct between the two disease groups. Clinical and radiological findings
suggest that scoliosis in most patients with TRPV4-mediated CMT2C/SMA is
secondary to the underlying neuromuscular dysfunction, rather than as a result of
bone pathology (Auer-Grumbach et al. 2010; Fleury and Hageman 1985; Aharoni
et al. 2011; McEntagart 2012).

Cho et al. (2012) described three individuals with heterozygous TRPV4
mutations (A217S, E278K, P977R; Fig. 21.1bii) manifesting signs of both nerve
and bone disease. While each of these patients exhibited clinical features con-
sistent with a known form of TRPV4-mediated skeletal dysplasia (A217S &
E278K, SMDK; P977R, SEM) the neurological findings differed substantially
from those of patients with CMT2C, CDSMA or SPSMA (Cho et al. 2012).
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Consequently, in the absence of further clinical and genetic analyses it remains
unclear whether the neuropathy described in these individuals can be directly
attributed to the TRPV4 mutations.

As noted in Sect. 21.2.2.1, Unger et al. (2011) described four individuals
exhibiting both severe MD and foetal akinesia. Each of these patients harboured
one of three novel heterozygous missense mutations in TRPV4 (G78W, K276E,
T740I; Fig. 21.1bii). As foetal akinesia is not a common feature of MD, the
authors of this study proposed that the absence of movement in these individuals
may have been the result of TRPV4-mediated neuropathy; suggesting that these
particular TRPV4 mutations might cause both nerve and bone disease. In support
of this idea, an EMG recording performed on the deltoid muscle of one individual
at 3 months of age was reported to demonstrate signs of chronic axonal degen-
eration (Unger et al. 2011). Conclusive evidence of peripheral axonal neuropathy
in individuals with these mutations, however, is still lacking.

21.3 Effects of Disease-Causing Mutations on TRPV4
Expression and Function

Several transfection-based studies have examined the effects of disease-causing
mutations on TRPV4 assembly, trafficking, localisation and function (Table 21.1,
and references therein). One comprehensive study has also examined the structural
and biochemical properties of thirteen CMT2C/SMA- and skeletal dysplasia-
causing mutations located in the TRPV4-ARD (Inada et al. 2012). While these
investigations have identified a number of differences between the wild-type (WT)
and mutant channels, they have yet to generate significant insights into the
mechanisms mediating the tissue-specific pathologies observed in most forms of
TRPV4-mediated disease. Most CMT2C/SMA- and skeletal dysplasia-causing
mutants, for example, have been found to traffic and localise normally but to
exhibit increased constitutive activity relative to TRPV4WT. Consequently, we
currently have little understanding of how the diverse disease phenotypes arising
from mutations in TRPV4 correlate with changes in TRPV4 function.

21.3.1 Neuromuscular Disease-Causing TRPV4 Mutants

Studies in heterologous expression systems have generated conflicting results on
the effects of CMT2C/SMA-causing TRPV4 mutations on channel trafficking and
function (Table 21.1). Auer-Grumbach et al. (2010), in their study of the R269H,
R315W and R316C mutations, observed reduced plasma membrane expression of
these mutant channels as well as decreased responses to activating stimuli, sug-
gesting a loss-of-function. In contrast, several studies across each of the seven

424 J. M. Sullivan et al.



T
ab

le
21

.1
F

in
di

ng
s

of
tr

an
sf

ec
ti

on
-b

as
ed

st
ud

ie
s

of
di

se
as

e-
ca

us
in

g
T

R
P

V
4

m
ut

an
ts

D
is

ea
se

M
ut

at
io

n
C

el
l

su
rf

ac
e

ex
pr

es
si

on
B

as
al

[C
a2

+
] i

C
on

st
it

.
ac

ti
vi

ty
4a

P
D

D
T

em
p.

H
yp

os
m

.
A

ra
ch

.
ac

id
G

S
K

10
1

R
ef

er
en

ce

N
eu

ro
m

us
cu

la
r

D
is

ea
se

P
97

L
–

W
T

–
–

–
;

–
–

F
io

ri
ll

o
et

al
.

(2
01

2)

C
M

T
2C

R
18

6Q
–

W
T

–
–

–
–

–
–

L
an

do
ur

é
et

al
.

(2
01

2)
C

D
S

M
A

S
P

S
M

A
R

23
2C

–
:

–
:

–
–

–
–

K
le

in
et

al
.

(2
01

1)
R

26
9C

W
T

:
:

W
T

:
:

–
–

L
an

do
ur

é
et

al
.

(2
01

0)
R

26
9H

;
W

T
–

;
N

R
;

–
–

A
ue

r-
G

ru
m

ba
ch

et
al

.
(2

01
0)

W
T

:
:

:
:

:
:

–
D

en
g

et
al

.
(2

01
0)

W
T

:
:

:
:

:
–

–
L

an
do

ur
é

et
al

.
(2

01
0)

–
:

:
:

–
–

–
–

F
ec

to
et

al
.

(2
01

1)
–

:
–

:
–

–
–

–
K

le
in

et
al

.
(2

01
1)

R
31

5W
;

W
T

–
;

N
R

;
–

–
A

ue
r-

G
ru

m
ba

ch
et

al
.

(2
01

0)
–

:
:

:
–

–
–

–
F

ec
to

et
al

.
(2

01
1)

R
31

6C
;

W
T

–
;

N
R

;
–

–
A

ue
r-

G
ru

m
ba

ch
et

al
.

(2
01

0)
W

T
:

:
:

:
:

:
–

D
en

g
et

al
.

(2
01

0)
–

:
:

:�
–

–
–

–
F

ec
to

et
al

.
(2

01
1)

R
31

6H
–

:
–

W
T

–
–

–
–

K
le

in
et

al
.

(2
01

1)
S

ke
le

ta
l

dy
sp

la
si

a
T

89
I

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

I3
31

F
–

:
–

:
–

:
:

�
–

C
am

ac
ho

et
al

.
(2

01
0)

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

D
33

3G
W

T
:

–
:

–
;

;
–

K
ra

ko
w

et
al

.
(2

00
9)

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1) (c

on
ti

nu
ed

)

21 Hereditary Channelopathies Caused by TRPV4 Mutations 425



T
ab

le
21

.1
(c

on
ti

nu
ed

)

D
is

ea
se

M
ut

at
io

n
C

el
l

su
rf

ac
e

ex
pr

es
si

on
B

as
al

[C
a2

+
] i

C
on

st
it

.
ac

ti
vi

ty
4a

P
D

D
T

em
p.

H
yp

os
m

.
A

ra
ch

.
ac

id
G

S
K

10
1

R
ef

er
en

ce

A
D

B
O

D
33

3-
7

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

M
D

P
S

S
E

M
F

47
1D

–
–

–
–

–
N

R
–

;
L

ou
ki

n
et

al
.

(2
01

1)
S

M
D

K
R

59
4H

W
T

:
–

N
R

–
;

;
–

K
ra

ko
w

et
al

.
(2

00
9)

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

I6
04

M
–

–
:

–
–

N
R

–
;

L
ou

ki
n

et
al

.
(2

01
1)

R
61

6Q
W

T
:

–
:

–
:

:
–

R
oc

k
et

al
.

(2
00

8)
–

–
:

–
–

–
–

–
L

ou
ki

n
et

al
.

(2
01

0)
–

–
–

–
–

;
–

;
L

ou
ki

n
et

al
.

(2
01

1)
F

61
7L

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

L
61

8P
–

–
–

–
–

N
R

–
;

L
ou

ki
n

et
al

.
(2

01
1)

V
62

0I
*

W
T

:
–

:
–

:
:

–
R

oc
k

et
al

.
(2

00
8)

–
–

:
:

–
:

–
–

A
ue

r-
G

ru
m

ba
ch

et
al

.
(2

01
0)

–
–

–
–

;
–

;
L

ou
ki

n
et

al
.

(2
01

1)
A

71
6S

W
T

W
T

–
N

R
–

N
R

N
R

–
K

ra
ko

w
et

al
.

(2
00

9)
–

–
–

–
–

;
–

;
L

ou
ki

n
et

al
.

(2
01

1)
E

79
7K

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

P
79

9L
–

:
–

:
–

:
:

�
–

C
am

ac
ho

et
al

.
(2

01
0)

–
–

–
–

–
;

–
;

L
ou

ki
n

et
al

.
(2

01
1)

O
st

eo
ar

th
ro

pa
th

y
F

D
A

B
G

27
0V

;
:

–
;

–
N

R
–

;
L

am
an

dé
et

al
.

(2
01

1)
R

27
1P

;
:

–
;

–
N

R
–

;
L

am
an

dé
et

al
.

(2
01

1)
F

27
3L

;
:

–
;

–
N

R
–

;
L

am
an

dé
et

al
.

(2
01

1)

4a
P

D
D

,
re

sp
on

se
s

to
4a

-p
ho

rb
ol

12
,1

3-
di

de
ca

no
at

e;
A

ra
ch

.
ac

id
,

re
sp

on
se

s
to

ar
ac

hi
do

ni
c

ac
id

;
[C

a2
+

] i,
cy

to
so

li
c

fr
ee

ca
lc

iu
m

le
ve

ls
;

C
on

st
it

.
ac

ti
vi

ty
,

co
ns

ti
tu

ti
ve

ch
an

ne
l

ac
ti

vi
ty

,
as

as
se

ss
ed

el
ec

tr
op

hy
si

ol
og

ic
al

ly
;

G
S

K
10

1,
re

sp
on

se
s

to
G

S
K

10
16

79
A

;
H

yp
os

m
.,

re
sp

on
se

s
to

hy
po

sm
ot

ic
st

re
ss

;
N

R
no

re
sp

on
se

;T
em

p.
,r

es
po

ns
es

to
te

m
pe

ra
tu

re
ra

m
ps

;W
T

no
td

iff
er

en
tf

ro
m

W
T

;–
,n

ot
ye

td
et

er
m

in
ed

;:
,i

nc
re

as
ed

re
la

ti
ve

to
W

T
;:

�
,i

nc
re

as
e

re
sp

on
se

s
no

t
ob

se
rv

ed
in

al
lc

el
l

li
ne

s
ex

am
in

ed
;:

�
,i

nc
re

as
ed

re
sp

on
se

s
ob

se
rv

ed
w

it
h

el
ec

tr
op

hy
si

ol
og

y
bu

tn
ot

w
it

h
C

a2
+

im
ag

in
g;

;,
de

cr
ea

se
d

re
la

ti
ve

to
W

T
.G

re
y

sh
ad

in
g

in
di

ca
te

s
ch

an
ne

l
pr

op
er

ti
es

di
ff

er
in

g
be

tw
ee

n
st

ud
ie

s.
A

st
er

is
k

in
di

ca
te

s
m

ut
at

io
n

as
so

ci
at

ed
w

it
h

bo
th

sk
el

et
al

dy
sp

la
si

a
an

d
C

M
T

2C

426 J. M. Sullivan et al.



CMT2C/SMA-causing mutations in the ARD have revealed normal plasma
membrane expression of the mutant channels with increased channel activity in
both the basal and activated states (Landouré et al. 2010; Fecto et al. 2011; Deng
et al. 2010; Klein et al. 2011; Landouré et al. 2012). Although the specific factors
contributing to these disparate results remain unclear, it is becoming increasingly
apparent that the properties of individual TRP channels can vary markedly in
different expression systems (Lev et al. 2012). TRPV4 responses are also likely to
be influenced by expression levels and the stoichiometry of the channel with its
binding partners. While these factors demonstrate the complexity of examining
mutant TRPV4 in transfection-based experiments, the bulk of evidence obtained to
date is consistent with these CMT2C/SMA-causing mutations conferring a gain-
of-channel function. The single functional study of the CDSMA-causing P97R
mutation, located upstream of the ARD, observed no evidence of increased con-
stitutive channel activity and reduced responses to hyposmotic saline (Fiorillo
et al. 2012), consistent with a loss-of-function. Given the above caveats, however,
further study of this mutant will be required to firmly establish the extent to which
its properties differ from those of other CMT2C/SMA-causing mutants. Exami-
nation of the structural and biochemical properties of five CMT2C/SMA-causing
mutants revealed that the R232C and R269H mutants exhibit significantly
decreased ATP binding compared to TRPV4WT (Inada et al. 2012). Consistent
differences in ATP binding or thermal stability, however, were not observed across
the mutants (Inada et al. 2012).

21.3.2 Skeletal Dysplasia-Causing TRPV4 Mutants

Cell surface biotinylation assays suggest that skeletal dysplasia-causing mutations
do not appreciably affect TRPV4 plasma membrane expression levels (Rock et al.
2008; Krakow et al. 2009). Calcium imaging studies in heterologous expression
systems, however, have consistently shown that expression of most skeletal dys-
plasia mutants results in elevations of basal cytosolic free Ca2+ levels ([Ca2+]i),
suggesting increased constitutive calcium channel activity. Similarly, increased
constitutive activity has also been observed in patch clamp recordings of trans-
fected cells (Loukin et al. 2010b, 2011; Auer-Grumbach et al. 2010). Investiga-
tions of mutant channel Ca2+ responses to activating stimuli have generated a
complex picture, with examples of increased, decreased, normal and absent
responses relative to the WT channel. In an extensive electrophysiological study of
14 skeletal dysplasia-causing mutants, however, Loukin et al. (2011) found that all
of the mutants examined exhibited higher basal open probabilities than TRPV4WT,
as well as decreased responses to hypotonic saline and GSK1016790A
(Fig. 21.2b). Furthermore, they determined a negative correlation between the size
of the response to either stimuli and disease severity, with ADBO and neonatal
lethal MD representing opposite ends of the clinical severity spectrum (Fig. 21.2b,
inset). The decreased responses of the mutant channels appear to result primarily
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from their higher basal open probability, and likely represent a ‘‘ceiling effect’’
rather than reduced sensitivity to the stimuli (Loukin et al. 2011). These results
suggest that increased constitutive TRPV4 activity may represent a primary cause
of pathogenesis in TRPV4-mediated skeletal dysplasia. That increased constitutive
activity is also characteristic of CMT2C/SMA-causing TRPV4 mutants (see
Sect. 21.3.1), however, highlights the complexity of identifying pathogenic
changes in TRPV4 channel function. As with the CMT2C/SMA-causing mutants,
no consistent differences in thermal stability or ATP binding have been observed
across TRPV4 mutants associated with skeletal dysplasia (Inada et al. 2012).

21.3.3 FDAB-Causing TRPV4 Mutants

TRPV4 mutations mediating FDAB appear to have a marked influence on channel
assembly (Lamandé et al. 2011). Non-reducing western blots of lysates from cell
lines stably transfected with FDAB-causing TRPV4 mutants demonstrate reduced
amounts of tetrameric channel compared to TRPV4WT-expressing lines (Lamandé
et al. 2011). Similarly, cell surface biotinylation assays reveal diminished plasma
membrane expression levels of these mutants. Calcium imaging studies demon-
strate reduced TRPV4 responses to 4aPDD and GSK1016790A and an absence of
responsiveness to hypotonic saline (Lamandé et al. 2011). Interestingly, expression
of each of the three FDAB mutants results in elevations in basal [Ca2+]i, suggesting
they exhibit increased constitutive calcium channel activity (Lamandé et al. 2011).
Taken together, however, these results are consistent with FDAB-causing mutants

Fig. 21.2 Structural, biochemical and functional properties of disease-causing TRPV4 mutants.
a Thermal stability and ATP binding of wild-type (WT) TRPV4 and disease-causing forms of
TRPV4 with mutations in the ARD (mean ± SD; p \ 0.05 and p \ 0.01 indicated by one
asterisk and two asterisks, respectively; from Inada et al. 2012, with permission from ACS
Publications). b Relative increases in peak currents in Xenopus oocytes expressing WT or skeletal
dysplasia-causing mutant TRPV4 channels in response to application of 1 lM GSK1016790A
(mean ± SEM). Inset shows the average relative increase grouped by clinical severity
(mean ± SEM). m/m, mild and moderate; s/l, severe and lethal (modified from Loukin et al.
2011)
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resulting in a loss-of-channel function. The structural and biochemical properties of
FDAB mutants have not yet been examined.

21.3.4 Interactions Between WT and Mutant TRPV4

Owing to the autosomal dominant inheritance pattern of all known forms of
TRPV4-mediated disease, it is likely that patients express both WT and mutant
TRPV4 protomers. The ability of these two protomer types to oligomerize and
form heteromeric TRPV4 channels has not yet been examined. It remains unclear,
therefore, what proportion of tetrameric TRPV4 channels in patients are comprised
entirely of mutant TRPV4 protomers. Only one study to date has examined TRPV4
function in cells co-transfected with both WT and mutant TRPV4. This investi-
gation of three CMT2C/SMA mutants (R269H, R315W, R316C) found that
whereas TRPV4 responses to hypotonic saline differed between cells transfected
with either WT or mutant TRPV4 alone, co-transfection of both protomers resulted
in WT-like TRPV4 responses to this stimulus (Auer-Grumbach et al. 2010).
Further study will be required to determine the exact extent to which WT and
mutant TRPV4 protomers interact and how these interactions influence channel
function.

21.4 Putative Pathological Mechanisms Underlying
TRPV4-Mediated Disease

No animal models of TRPV4-mediated disease have yet been generated. Insights
into potential pathomechanisms underlying these disorders have therefore been
drawn primarily from the limited histopathological data available from patients
and the results of transfection-based studies (see Sect. 21.3). Here, we outline
current thinking on the possible cellular and molecular mechanisms mediating
TRPV4 channelopathies (Fig. 21.3). It is important to stress that clear experi-
mental evidence linking any of these proposed mechanisms to disease pathogen-
esis in vivo is still lacking. Development of animal models of TRPV4-mediated
diseases will therefore play a central role in the elucidation of pathological
mechanisms underlying these disorders. The evidence that neuromuscular disease-
and skeletal dysplasia-causing TRPV4 mutations result in a gain-of-channel
function suggests that inhibition of TRPV4 channel activity may represent a
therapeutic target. Efforts in the pharmaceutical industry have led to the identifi-
cation of several TRPV4-specific antagonists, three of which have shown efficacy
in vivo without prohibitive toxicity in mouse models of cystitis-induced bladder
dysfunction (HC-067047, Everaerts et al. 2010b), diet-induced glucose intolerance
(GSK205, Ye et al. 2012) and heart failure-induced pulmonary oedema
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(GSK2193874, Thorneloe et al. 2012). The design of more complex model sys-
tems will therefore enable proof-of-principle studies examining the therapeutic
potential of TRPV4 antagonism in the treatment of TRPV4-mediated diseases, as
well as provide important insights into the pathological mechanisms underlying
each of these disorders.

21.4.1 Neuromuscular Disease (CMT2C, CDSMA, SPSMA)

The localisation of most CMT2C/SMA-causing TRPV4 mutations to exposed
arginine residues on the convex face of the ARD suggests that the pathomecha-
nisms mediating these diseases are intimately linked to the function of this region.
While the TRPV4-ARD has been ascribed roles in channel assembly, trafficking
and binding to regulatory factors (Arniges et al. 2006; Phelps et al. 2010; Everaerts
et al. 2010a; Gaudet 2008; Inada et al. 2012), little is known about the specific
functional roles of the convex face. CMT2C/SMA-causing mutations do not alter
TRPV4 binding to calmodulin, which interacts with the ARD concave surface,
suggesting retained folding and structure of the ARD (Landouré et al. 2010).
Given their exposed location, it has been postulated that the CMT2C/SMA-causing
mutations may alter intramolecular or intermolecular (protein–protein or protein–
phospholipid) interactions critical for TRPV4 function in the peripheral nervous
system (Landouré et al. 2010; Klein et al. 2011). These interactions remain to be
defined. The extent to which pathomechanisms associated with the P97R mutation
overlap with those of CMT2C/SMA-causing mutations in the ARD also remains
unclear (Fiorillo et al. 2012).

Fig. 21.3 Putative cellular and molecular mechanisms contributing to TRPV4-mediated disease.
See Sect. 21.4 for detailed explanations. As outlined in the text, experimental evidence
supporting pathogenic roles in vivo is still lacking for each of the proposed mechanisms
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Several transfection-based studies have demonstrated that expression of
CMT2C/SMA-causing TRPV4 mutants results in extensive cytotoxicity (Landouré
et al. 2010, 2012; Klein et al. 2011; Deng et al. 2010; Fecto et al. 2011). This
toxicity is abrogated both by application of the TRP channel antagonist ruthenium
red or by the introduction of an additional mutation (M680K) that blocks the
channel pore (Fecto et al. 2011; Klein et al. 2011; Landouré et al. 2010, 2012).
Together, these results suggest that intracellular hypercalcaemia may represent an
important pathological factor underlying TRPV4-mediated neuromuscular disease
(Fig. 21.3).

TRPV4 is widely expressed in the nervous system, including in neurons of the
dorsal root and trigeminal ganglia (Lechner et al. 2011; Vandewauw et al. 2013;
Alessandri-Haber et al. 2004) and anterior horn cells (Landouré et al. 2010; Facer
et al. 2007; Jang et al. 2012). The limited pathological data available from patients
with CMT2C and SPSMA indicate that mutant TRPV4 causes distal axonal
degeneration with preservation of anterior horn cell number (Landouré et al. 2010;
Deng et al. 2010). How mutant TRPV4 may trigger axonal degeneration is
unknown. Many spinal motor neurons have low Ca2+ buffering capacities,
resulting from low concentrations of cytosolic Ca2+ binding proteins (Grosskreutz
et al. 2010). As mitochondria play a prominent role in Ca2+ buffering in these
neurons, excessive Ca2+ influx could lead to mitochondrial Ca2+ overload, and the
many deleterious consequences thereof (Grosskreutz et al. 2010). Ca2+ influx can
also regulate associations between molecular motors and their cargo, including
mitochondria (Wang and Schwarz 2009; Macaskill et al. 2009; Saotome et al.
2008), and disruption of axonal transport has been proposed to be a common
pathogenic mechanism in Charcot-Marie-Tooth disease (D’Ydewalle et al. 2011;
Almeida-Souza et al. 2011; Pareyson et al. 2009). Furthermore, TRPV4 has
reciprocal interactions with a number of microtubule and cytoskeletal proteins
involved in axonal transport, including tubulin and actin (Masuyama et al. 2012;
Jang et al. 2012; Fiorio Pla et al. 2012; Goswami et al. 2010; Shin et al. 2012). As
Ca2+ signalling resulting from TRPV4 channel activity can regulate gene
expression (Muramatsu et al. 2007; Ye et al. 2012), a gain-of-TRPV4 channel
function could result in pathological changes in gene expression patterns in
anterior horn cells (Fig. 21.3). On the basis of recent work examining effects of
TRPV4 on neuritogenesis in vitro, it has also been postulated that developmental
abnormalities of axonal outgrowth may mediate some forms of TRPV4-mediated
neuromuscular disease (Jang et al. 2012).

21.4.2 Skeletal Dysplasia (MD, SMDK, ADBS, SEM, PS)

Skeletal development outside the flat bones of the skull is mediated by the process
of endochondral ossification through which bone is generated via a cartilage
intermediate (Long and Ornitz 2013). Formation of the initial cartilage template of
a prospective bone begins with the condensation of mesenchymal cells and their
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subsequent differentiation into chondrocytes. Chondrocyte proliferation and
secretion of extracellular matrix components result in the expansion of this tem-
plate, while its ossification is initiated and regulated by chondrocytes that have
undergone a programme of hypertrophic differentiation. Histopathological exam-
ination of the developing bones of two individuals with perinatal lethal MD
provided evidence of disrupted endochondral ossification, primarily due to alter-
ations in mesenchymal cell differentiation, and chondrocyte proliferation and
differentiation (Camacho et al. 2010). The transcription factor SOX9 plays a
critical role in all three of these processes (Long and Ornitz 2013; Akiyama 2008).
The finding that TRPV4 activates SOX9-dependent transcription in a chondrocyte
cell line (ATDC5), likely through a Ca2+/calmodulin-dependent pathway (Mura-
matsu et al. 2007), has led to the hypothesis that dysregulation of SOX9 activity
may underlie TRPV4-mediated skeletal dysplasia (Camacho et al. 2010; Rock
et al. 2008). This idea is supported by the observation in embryonic mice that
TRPV4 mRNA is highly expressed in the cartilage templates of developing
hindlimb bones (Cameron et al. 2007).

21.4.3 FDAB

In contrast to TRPV4-mediated skeletal dysplasia, there is no evidence of devel-
opmental abnormalities in FDAB. On the basis of radiographic findings, it was
hypothesised initially that FDAB primarily involves pathology of subchondral
bone of the phalanges, metacarpals and metatarsals, with arthropathy and brach-
ydactyly arising secondarily (Amor et al. 2002). It has more recently been pro-
posed, however, that the primary pathology occurs in articular chondrocytes
(Lamandé et al. 2011). TRPV4 is expressed abundantly in porcine and murine
articular chondrocytes (Lamandé et al. 2011; Muramatsu et al. 2007; Hdud et al.
2012; Phan et al. 2009) where it is thought to play a role in cartilage homeostasis
(Clark et al. 2010), primarily by initiating chondrocyte responses to decreases in
pericellular osmolarity resulting from mechanical loading of joints (Clark et al.
2010; Phan et al. 2009; Liedtke and Guilak 2010). TRPV4 may also modulate
inflammatory responses to osmotic stress in articular cartilage (Phan et al. 2009).
The absence of TRPV4-mediated responses to hyposmotic saline in cells trans-
fected with FDAB-causing mutants suggests that an inability of articular chon-
drocytes to respond to osmotic stress may contribute to disease pathogenesis in
FDAB (Lamandé et al. 2011). In support of this hypothesis, TRPV4-null mice
exhibit increased susceptibility to age- and obesity-dependent osteoarthritic
degeneration in the knee (Clark et al. 2010; O’Conor et al. 2013). Phalangeal joints
were not examined in these studies. Immunohistochemical investigations have not
yet identified differences in TRPV4 expression between articular cartilage of
murine knee and phalangeal joints (Lamandé et al. 2011). Further study will be
required, therefore, to elucidate the mechanisms restricting FDAB to the joints of
the fingers and toes.
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21.5 Conclusion

Mutations in the TRPV4 gene cause several forms of autosomal dominant neu-
romuscular or skeletal disease. Increasing evidence also indicates that some
TRPV4 mutations can result in co-occurrence of both nerve and bone disease.
TRPV4-mediated neuromuscular disorders and skeletal dysplasias are character-
ised by considerable variability in disease phenotype and severity. Studies in
heterologous expression systems suggest that both CMT2C/SMA- and skeletal
dysplasia-causing TRPV4 mutations result in a gain-of-channel function. How
such apparently similar changes in channel function result in such diverse disease
phenotypes remains essentially unknown. Resolution of this question will likely
require the generation of more sophisticated models of TRPV4-mediated disease,
including animal models. Such models will also contribute to our understanding of
the pathological mechanisms underlying FDAB, which appears to result from a
loss-of-TRPV4 channel function. Definition of the molecular and cellular patho-
mechanisms specific to each form of TRPV4 channelopathy will represent an
important step in the development of new therapeutic interventions for these
conditions.
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Berciano J, Baets J, Gallardo E, Zimoń M, Garcia A, López-Laso E, Combarros O, Infante J,
Timmerman V, Jordanova A, De Jonghe P (2011) Reduced penetrance in hereditary motor
neuropathy caused by TRPV4 Arg269Cys mutation. J Neurol 258:1413–1421

Camacho N, Krakow D, Johnykutty S, Katzman PJ, Pepkowitz S, Vriens J, Nilius B, Boyce BF,
Cohn DH (2010) Dominant TRPV4 mutations in nonlethal and lethal metatropic dysplasia.
Am J Med Genet Part A 152(5):1169–1177

Cameron TL, Belluoccio D, Farlie PG, Brachvogel B, Bateman JF (2007) Global transcriptome
analysis of cartilage formation in vivo. BMC Dev Biol 9:20

Chen DH, Sul Y, Weiss M, Hillel A, Lipe H, Wolff J, Matsushita M, Raskind W, Bird T (2010)
CMT2C with vocal cord paresis associated with short stature and mutations in the TRPV4
gene. Neurology 75(22):1968–1975

Cho TJ, Matsumoto K, Fano V, Dai J, Kim OH, Chae JH, Yoo WJ, Tanaka Y, Matsui Y,
Takigami I, Monges S, Zabel B, Shimizu K, Nishimura G, Lausch E, Ikegawa S (2012)
TRPV4-pathy manifesting both skeletal dysplasia and peripheral neuropathy: a report of three
patients. Am J Med Genet Part A 158:795–802

Chung MK, Lee H, Caterina MJ (2003) Warm temperatures activate TRPV4 in mouse 308
keratinocytes. J Biol Chem 278:32037–32046

Clark AL, Votta BJ, Kumar S, Liedtke W, Guilak F (2010) Chondroprotective role of the
osmotically sensitive ion channel transient receptor potential vanilloid 4: age- and sex-
dependent progression of osteoarthritis in Trpv4-deficient mice. Arthritis Rheum
62:2973–2983

Clark K, Middelbeek J, van Leeuwen FN (2008) Interplay between TRP channels and the
cytoskeleton in health and disease. Eur J Cell Biol 87:631–640

Cuajungco MP, Grimm C, Oshima K, D’Hoedt D, Nilius B, Mensenkamp AR, Bindels RJ,
Plomann M, Heller S (2006) PACSINs bind to the TRPV4 cation channel. PACSIN 3
modulates the subcellular localization of TRPV4. J Biol Chem 281(27):18753–18762

D’Hoedt D, Owsianik G, Prenen J, Cuajungco MP, Grimm C, Heller S, Voets T, Nilius B (2008)
Stimulus-specific modulation of the cation channel TRPV4 by PACSIN 3. J Biol Chem
283(10):6272–6280

D’Ydewalle C, Krishnan J, Chiheb DM, Van Damme P, Irobi J, Kozikowski AP, Vanden Berghe
P, Timmerman V, Robberecht W, Van Den Bosch L (2011) HDAC6 inhibitors reverse axonal
loss in a mouse model of mutant HSPB1-induced Charcot-Marie-Tooth disease. Nat Med
17(8):968–974

Dai J, Kim OH, Cho TJ, Schmidt-Rimpler M, Tonoki H, Takikawa K, Haga N, Miyoshi K, Kitoh
H, Yoo WJ, Choi IH, Song HR, Jin DK, Kim HT, Kamasaki H, Bianchi P, Grigelioniene G,
Nampoothiri S, Minagawa M, Miyagawa SI, Fukao T, Marcelis C, Jansweijer MC, Hennekam
RC, Bedeschi F, Mustonen A, Jiang Q, Ohashi H, Furuichi T, Unger S, Zabel B, Lausch E,
Superti-Furga A, Nishimura G, Ikegawa S (2010) Novel and recurrent TRPV4 mutations and
their association with distinct phenotypes within the TRPV4 dysplasia family. J Med Genet
47(10):704–709

434 J. M. Sullivan et al.



De Petrocellis L, Orlando P, Moriello AS, Aviello G, Stott C, Izzo AA, Di Marzo V (2012)
Cannabinoid actions at TRPV4 channels: effects on TRPV3 and TRPV4 and their potential
relevance to gastrointestinal inflammation. Acta Physiol 204:255–266

DeLong R, Siddique T (1992) A large New England kindred with autosomal dominant
neurogenic scapuloperoneal amyotrophy with unique features. Arch Neurol 49:905–908

Deng HX, Klein CJ, Yan J, Shi Y, Wu Y, Fecto F, Yau HJ, Yang Y, Zhai H, Siddique N, Hedley-
Whyte ET, Delong R, Martina M, Dyck PJ, Siddique T (2010) Scapuloperoneal spinal
muscular atrophy and CMT2C are allelic disorders caused by alterations in TRPV4. Nat
Genet 42 (2):165-169

Donaghy M, Kennett R (1999) Varying occurrence of vocal cord paralysis in a family with
autosomal dominant hereditary motor and sensory neuropathy. J Neurol 246:552–555

Du J, Wong WY, Sun L, Huang Y, Yao X (2012) Protein kinase G inhibits flow-induced Ca2+

entry into collecting duct cells. J Am Soc Nephrol 23:1172–1180
Dyck PJ, Litchy WJ, Minnerath S, Bird TD, Chance PF, Schaid DJ, Aronson AE (1994)

Hereditary motor and sensory neuropathy with diaphragm and vocal cord paresis. Ann Neurol
35:608–615

Everaerts W, Nilius B, Owsianik G (2010a) The vanilloid transient receptor potential channel
TRPV4: from structure to disease. Prog Biophys Mol Biol 103(1):2–17

Everaerts W, Zhen X, Ghosh D, Vriens J, Gevaert T, Gilbert JP, Hayward NJ, McNamara CR,
Xue F, Moran MM, Strassmaier T, Uykal E, Owsianik G, Vennekens R, De Ridder D, Nilius
B, Fanger CM, Voets T (2010b) Inhibition of the cation channel TRPV4 improves bladder
function in mice and rats with cyclophosphamide-induced cystitis. Proc Nat Acad Sci USA
107(44):19084–19089

Facer P, Casula MA, Smith GD, Benham CD, Chessell IP, Bountra C, Sinisi M, Birch R, Anand P
(2007) Differential expression of the capsaicin receptor TRPV1 and related novel receptors
TRPV3, TRPV4 and TRPM8 in normal human tissues and changes in traumatic and diabetic
neuropathy. BMC Neurol 7:11

Fan HC, Zhang X, McNaughton PA (2009) Activation of the TRPV4 ion channel is enhanced by
phosphorylation. J Biol Chem 284:27884-27891

Fawcett KA, Murphy SM, Polke JM, Wray S, Burchell VS, Marji H, Quinlivan RM, Zdebik AA,
Reilly MM, Houlden H (2012) Comprehensive analysis of the TRPV4 gene in a large series of
inherited neuropathies and controls. J Neurol Neurosurg Psychiatry 83:1204–1209

Fecto F, Shi Y, Huda R, Martina M, Siddique T, Deng HX (2011) Mutant TRPV4-mediated
toxicity is linked to increased constitutive function in axonal neuropathies. J Biol Chem
286(19):17281–17291

Fernandez–Fernandez JM, Andrade YN, Arniges M, Fernandes J, Plata C, Rubio-Moscardo F,
Vazquez E, Valverde MA (2008) Functional coupling of TRPV4 cationic channel and large
conductance, calcium-dependent potassium channel in human bronchial epithelial cell lines.
Pflügers Arch 457(1):149–159

Fiorillo C, Moro F, Brisca G, Astrea G, Nesti C, Balint Z, Olschewski A, Meschini MC, Guelly
C, Auer-Grumbach M, Battini R, Pedemonte M, Romano A, Menchise V, Biancheri R,
Santorelli FM, Bruno C (2012) TRPV4 mutations in children with congenital distal spinal
muscular atrophy. Neurogenetics 13:195–203

Fiorio Pla A, Ong HL, Cheng KT, Brossa A, Bussolati B, Lockwich T, Paria B, Munaron L,
Ambudkar IS (2012) TRPV4 mediates tumor-derived endothelial cell migration via
arachidonic acid-activated actin remodeling. Oncogene 31(2):200–212

Fleury P, Hageman G (1985) A dominantly inherited lower motor neuron disorder presenting at
birth with associated arthrogryposis. J Neurol Neurosurg Psychiatry 48:1037–1048

Gao X, Wu L, O’Neil RG (2003) Temperature-modulated diversity of TRPV4 channel gating:
activation by physical stresses and phorbol ester derivatives through protein kinase C-
dependent and -independent pathways. J Biol Chem 278(29):27129–27137

Garcia-Elias A, Lorenzo IM, Vicente R, Valverde MA (2008) IP3 receptor binds to and sensitizes
TRPV4 channel to osmotic stimuli via a calmodulin-binding site. J Biol Chem
283:31284–31288

21 Hereditary Channelopathies Caused by TRPV4 Mutations 435



Gaudet R (2008) A primer on ankyrin repeat function in TRP channels and beyond. Mol BioSyst
4(5):372–379

Geneviève D, Le Merrer M, Feingold J, Munnich A, Maroteaux P, Cormier-Daire V (2008)
Revisiting metatropic dysplasia: presentation of a series of 19 novel patients and review of the
literature. Am J Med Genet Part A 146:992–996

Gevaert T, Vriens J, Segal A, Everaerts W, Roskams T, Talavera K, Owsianik G, Liedtke W,
Daelemans D, Dewachter I, Van Leuven F, Voets T, De Ridder D, Nilius B (2007) Deletion of
the transient receptor potential cation channel TRPV4 impairs murine bladder voiding. J Clin
Invest 117(11):3453–3462

Goswami C, Kuhn J, Heppenstall PA, Hucho T (2010) Importance of non-selective cation
channel TRPV4 interaction with cytoskeleton and their reciprocal regulations in cultured
cells. PLoS ONE 5(7):e11654

Grosskreutz J, Van Den Bosch L, Keller BU (2010) Calcium dysregulation in amyotrophic lateral
sclerosis. Cell Calcium 47:165–174

Güler AD, Lee H, Iida T, Shimizu I, Tominaga M, Caterina M (2002) Heat-evoked activation of
the ion channel, TRPV4. J Neurosci 22:6408–6414

Hdud IM, El-Shafei AA, Loughna P, Barrett-Jolley R, Mobasheri A (2012) Expression of
transient receptor potential vanilloid (TRPV) channels in different passages of articular
chondrocytes. Int J Mol Sci 13:4433–4445

Hellwig N, Albrecht N, Harteneck C, Schultz G, Schaefer M (2005) Homo- and heteromeric
assembly of TRPV channel subunits. J Cell Sci 118(Pt 5):917–928

Inada H, Procko E, Sotomayor M, Gaudet R (2012) Structural and biochemical consequences of
disease-causing mutations in the ankyrin repeat domain of the human TRPV4 channel.
Biochemistry 51:6195–6206

Isozumi K, DeLong R, Kaplan J, Deng HX, Iqbal Z, Hung WY, Wilhelmsen KC, Hentati A,
Pericak-Vance MA, Siddique T (1996) Linkage of scapuloperoneal spinal muscular atrophy to
chromosome 12q24.1-q24.31. Hum Mol Genet 5:1377–1382

Jang Y, Jung J, Kim H, Oh J, Jeon JH, Jung S, Kim KT, Cho H, Yang DJ, Kim SM, Kim IB, Song
MR, Oh U (2012) Axonal neuropathy-associated TRPV4 regulates neurotrophic factor-
derived axonal growth. J Biol Chem 287(8):6014–6024

Jin M, Wu Z, Chen L, Jaimes J, Collins D, Walters ET, O’Neil RG (2011) Determinants of
TRPV4 activity following selective activation by small molecule agonist GSK1016790A.
PLoS ONE 6:e16713

Kannu P, Aftimos S, Mayne V, Donnan L, Savarirayan R (2007) Metatropic dysplasia: clinical
and radiographic findings in 11 patients demonstrating long-term natural history. Am J Med
Genet Part A 143:2512–2522

Kida N, Sokabe T, Kashio M, Haruna K, Mizuno Y, Suga Y, Nishikawa K, Kanamaru A, Hongo
M, Oba A, Tominaga M (2012) Importance of transient receptor potential vanilloid 4
(TRPV4) in epidermal barrier function in human skin keratinocytes. Pflügers Arch
463:715–725

Klausen TK, Pagani A, Minassi A, Ech-Chahad A, Prenen J, Owsianik G, Hoffmann EK,
Pedersen SF, Appendino G, Nilius B (2009) Modulation of the transient receptor potential
vanilloid channel TRPV4 by 4a-phorbol esters: a structure-activity study. J Med Chem
52:2933–2939

Klein CJ, Cunningham JM, Atkinson EJ, Schaid DJ, Hebbring SJ, Anderson SA, Klein DM, Dyck
PJ, Litchy WJ, Thibodeau SN, Dyck PJ (2003) The gene for HMSN2C maps to 12q23–24: a
region of neuromuscular disorders. Neurology 60:1151–1156

Klein CJ, Shi Y, Fecto F, Donaghy M, Nicholson G, McEntagart ME, Crosby AH, Wu Y, Lou H,
McEvoy KM, Siddique T, Deng HX, Dyck PJ (2011) TRPV4 mutations and cytotoxic
hypercalcemia in axonal Charcot-Marie-Tooth neuropathies. Neurology 76(10):887–894

Köttgen M, Buchholz B, Garcia-Gonzalez MA, Kotsis F, Fu X, Doerken M, Boehlke C, Steffl D,
Tauber R, Wegierski T, Nitschke R, Suzuki M, Kramer-Zucker A, Germino GG, Watnick T,
Prenen J, Nilius B, Kuehn EW, Walz G (2008) TRPP2 and TRPV4 form a polymodal sensory
channel complex. J Cell Biol 182:437–447

436 J. M. Sullivan et al.



Krakow D, Vriens J, Camacho N, Luong P, Deixler H, Funari TL, Bacino CA, Irons MB, Holm
IA, Sadler L, Okenfuss EB, Janssens A, Voets T, Rimoin DL, Lachman RS, Nilius B, Cohn
DH (2009) Mutations in the gene encoding the calcium-permeable ion channel TRPV4
produce spondylometaphyseal dysplasia, Kozlowski type and metatropic dysplasia. Am J
Hum Genet 84(3):307–315

Lamandé SR, Yuan Y, Gresshoff IL, Rowley L, Belluoccio D, Kaluarachchi K, Little CB,
Botzenhart E, Zerres K, Amor DJ, Cole WG, Savarirayan R, McIntyre P, Bateman JF (2011)
Mutations in TRPV4 cause an inherited arthropathy of hands and feet. Nat Genet
43(11):1142–1146

Lanciotti A, Brignone MS, Molinari P, Visentin S, De Nuccio C, Macchia G, Aiello C, Bertini E,
Aloisi F, Petrucci TC, Ambrosini E (2012) Megalencephalic leukoencephalopathy with
subcortical cysts protein 1 functionally cooperates with the TRPV4 cation channel to activate
the response of astrocytes to osmotic stress: dysregulation by pathological mutations. Hum
Mol Genet 21(10):2166–2180

Landouré G, Sullivan JM, Johnson JO, Munns CH, Shi Y, Diallo O, Gibbs JR, Gaudet R, Ludlow
CL, Fischbeck KH, Traynor BJ, Burnett BG, Sumner CJ (2012) Exome sequencing identifies
a novel TRPV4 mutation in a CMT2C family. Neurology 79:192–194

Landouré G, Zdebik AA, Martinez TL, Burnett BG, Stanescu HC, Inada H, Shi Y, Taye AA,
Kong L, Munns CH, Choo SS, Phelps CB, Paudel R, Houlden H, Ludlow CL, Caterina MJ,
Gaudet R, Kleta R, Fischbeck KH, Sumner CJ (2010) Mutations in TRPV4 cause Charcot-
Marie-Tooth disease type 2C. Nat Genet 42(2):170–174

Langer LO, Petersen D, Spranger J (1970) An unusual bone dysplasia: parastremmatic dwarfism.
Am J Roentgenol Radium Ther Nucl Med 110:550–560

Lechner SG, Markworth S, Poole K, Smith ES, Lapatsina L, Frahm S, May M, Pischke S, Suzuki
M, Ibañez-Tallon I, Luft FC, Jordan J, Lewin GR (2011) The molecular and cellular identity
of peripheral osmoreceptors. Neuron 69(2):332–344

Lev S, Katz B, Minke B (2012) The activity of the TRP-like channel depends on its expression
system. Channels 6:86–93

Li J, Kanju P, Patterson M, Chew WL, Cho SH, Gilmour I, Oliver T, Yasuda R, Ghio A, Simon
SA, Liedtke W (2011) TRPV4-mediated calcium influx into human bronchial epithelia upon
exposure to diesel exhaust particles. Environ Health Perspect 119(6):784–793

Liedtke W (2008) Molecular mechanisms of TRPV4-mediated neural signaling. Ann NY Acad
Sci 1144:42–52

Liedtke W, Guilak F (2010) Transient receptor potential vanilloid 4: the sixth sense of the
musculoskeletal system? Ann N Y Acad Sci 1192:404–409

Long F, Ornitz DM (2013) Development of the endochondral skeleton. Cold Spring Harb
Perspect Biol 5(1):a008334

Loukin S, Su Z, Kung C (2011) Increased basal activity is a key determinant in the severity of
human skeletal dysplasia caused by TRPV4 mutations. PLoS ONE 6(5):e19533

Loukin S, Su Z, Zhou X, Kung C (2010a) Forward genetic analysis reveals multiple gating
mechanisms of TRPV4. J Biol Chem 285(26):19884–19890

Loukin S, Zhou X, Su Z, Saimi Y, Kung C (2010b) Wild-type and brachyolmia-causing mutant
TRPV4 channels respond directly to stretch force. J Biol Chem 285:27176–27181

Ma X, Cao J, Luo J, Nilius B, Huang Y, Ambukar IS, Yao X (2010) Depletion of intracellular
Ca2+ store stimulates the translocation of vanilloid transient receptor potential 4-C1
heteromeric channels to the plasma membrane. Arterioscler Thromb Vasc Biol 30:2249–2255

Ma X, Cheng KT, Wong CO, O’Neil RG, Birnbaumer L, Ambudkar IS, Yao X (2011a)
Heteromeric TRPV4-C1 channels contribute to store-operated Ca(2+) entry in vascular
endothelial cells. Cell Calcium 50:502–509

Ma X, Nilius B, Wong JW, Huang Y, Yao X (2011b) Electrophysiological properties of
heteromeric TRPV4-C1 channels. Biochem Biophys Acta 1808:2789–2797

Ma X, He D, Ru X, Chen Y, Cai Y, Bruce IC, Xia Q, Yao X, Jin J (2012) Apigenin, a plant-derive
flavone, activates transient receptor potential vanilloid 4 cation channel. Br J Pharmacol
166:349–358

21 Hereditary Channelopathies Caused by TRPV4 Mutations 437



Macaskill AF, Rinholm JE, Twelvetrees AE, Arancibia-Carcamo IL, Muir J, Fransson A,
Aspenstrom P, Attwell D, Kittler JT (2009) Miro1 is a calcium sensor for glutamate receptor-
dependent localization of mitochondria at synapses. Neuron 61(4):541–555

Masuyama R, Mizuno A, Komori H, Kajiya H, Uekawa A, Kitaura H, Okabe K, Ohyama K,
Komori T (2012) Calcium/calmodulin-signaling supports TRPV4 activation in osteoclasts and
regulates bone mass. J Bone Mineral Res 27:1708–1721

McEntagart M (2012) TRPV4 axonal neuropathy spectrum disorder. J Clin Neurosci 19:927–933
McEntagart ME, Reid SL, Irrthum A, Douglas JB, Eyre KE, Donaghy MJ, Anderson NE,

Rahman N (2005) Confirmation of a hereditary motor and sensory neuropathy IIC locus at
chromosome 12q23-q24. Ann Neurol 57:293–297

Muramatsu S, Wakabayashi M, Ohno T, Amano K, Ooishi R, Sugahara T, Shiojiri S, Tashiro K,
Suzuki Y, Nishimura R, Kuhara S, Sugano S, Yoneda T, Matsuda A (2007) Functional gene
screening system identified TRPV4 as a regulator of chondrogenic differentiation. J Biol
Chem 282:32158–32167

Nilius B, Voets T (2013) The puzzle of TRPV4 channelopathies. EMBO Rep 14(2):152–163
Nishimura G, Dai J, Lausch E, Unger S, Megarbané A, Kitoh H, Kim OH, Cho TJ, Bedeschi F,

Benedicenti F, Mendoza-Londono R, Silengo M, Schmidt-Rimpler M, Spranger J, Zabel B,
Ikegawa S, Superti-Furga A (2010) Spondylo-epiphyseal dysplasia, Maroteaux type (pseudo-
Morquio syndrome type 2), and parastremmatic dysplasia are caused by TRPV4 mutations.
Am J Med Genet 152A(6):1443–1449

Nural MS, Diren HB, Sakarya O, Yalin T, Dağdemir A (2006) Kozlowski type spondylometa-
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Chapter 22
TRPC Channels in Cardiac Hypertrophy

Nadine Kirschmer, Kristina Lorenz and Petra Eder-Negrin

Abstract Impaired cardiomyocyte Ca2+ handling is considered as crucial factor
programming cardiac hypertrophy and heart failure. It has, however, not been
entirely resolved what type of Ca2+ signals is involved in mechanisms inducing
hypertrophic remodelling. Ca2+ microdomains, which are restricted from the
fluctuating Ca2+ during excitation–contraction coupling, could generate local Ca2+

signals and activate downstream Ca2+ dependent signalling pathways. With the
non-selective ion channels of the TRPC family, attractive entities in microdomain
Ca2+ signalling have been found. Within a short period of time important aspects
of TRPC dependent signalling have been revealed. TRPC channels contribute to a
store-operated Ca2+ entry, are functionally cross-linked with L-type Ca2+ channels
and can indirectly sense stress stimuli during cardiac hypertrophy. Pressure-
overload or agonist stimulation of the heart results in an increased TRPC channel
activity which is mechanistically coupled to Ca2+ dependent signalling pathways.
In particular, the calcineurin/nuclear factor of activated T-cells signalling pathway
has been elucidated as central mediator translating TRPC dependent Ca2+ signals
to hypertrophic cardiac growth. Interference with the TRPC/calcineurin/nuclear
factor of activated T-cells circuit or TRPC blockade has been found beneficial in
opposing cardiac remodelling. TRPC channels can therefore be regarded as
promising targets in the therapy of heart failure
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22.1 Ca2+-Dependent Signalling Pathways in Pathologic
Cardiac Hypertrophy

The remodelling process in response to stress stimulation or injury is referred to as
pathological cardiac hypertrophy. Although primarily adaptive, this type of
hypertrophy eventually leads to heart failure and dilation and is therefore con-
sidered as a predictor of cardiac deterioration. Characteristic of pathological
hypertrophy is one the too much re-activation of a foetal transcriptional pro-
gramme. It has been found that the ß-isoform of the myosin heavy chain (b-MHC)
and skeletal a-actin are up-regulated, whereas the sarcoplasmic/endoplasmic
reticulum calcium ATPase (SERCA), the glucose transporter 4 (GLUT4) and the
mitochondrial creatine kinase (mCK) are down-regulated which may ultimately
affect excitation contraction coupling (ECC), total cardiac energetic and metabo-
lism (Rajabi et al. 2007). The development of pathologic hypertrophy is dependent
on a series of intracellular signalling pathways and proteins. In particular, the
serine-threonine phosphatase calcineurin and the serine/threonine kinase Ca2+/
calmodulin (CaM)-dependent protein kinase II (CamKII) have emerged as central
proteins in hypertrophic signalling. Activation of both proteins is dependent on a
sustained rise in intracellular Ca2+ and the presence of calmodulin (Kehat and
Molkentin 2010).

Calcineurin exists as a heterotrimer consisting of the catalytic A subunit (CnA)
and the Ca2+ binding proteins calcineurin B (CnB) and CaM. At low Ca2+ con-
centrations, CnA activity is blocked by an auto-inhibitory domain. A rise of Ca2+,
however, strengthens the interaction between CaM and CnA resulting in the
release of the auto-inhibitory domain and activation of calcineurin (Klee et al.
1998). The bona fide target of calcineurin is the transcription factor nuclear factor
of activated T-cells (NFAT) which upon its dephosphorylation is translocated to
the nucleus (Molkentin et al. 1998). As a co-factor of the cardiac zinc-finger
transcription factor GATA4, NFAT regulates the expression of pro-hypertrophic
genes. As upstream signalling pathway the Gaq-protein coupled receptor pathway
(GPCR) has been repeatedly described to increase calcineurin activity (Eder and
Molkentin 2011).

Comparable to calcineurin, the signalling protein CamKII playsignalling cas-
cade in pathologichronic pathologic situations. CamKII is activated by local and
high Ca2+ waves to exert its function (Anderson et al. 2011). Intriguingly, a series
of proteins of the ECC machinery, such as the ryanodine receptor (RyR), the L-
type Ca2+ channel (LTCC) and the SERCA are targets of CamKII dependent
phosphorylation. These modifications are, however, associated with a chain of
maladaptive reactions comprising an increased sarcoplasmic reticulum (SR) Ca2+

leak, elevation of diastolic Ca2+, arrhythmias and apoptosis (Anderson et al. 2011).
Also, the hypertrophic programme is regulated by CamKII. In particular, CamKII
dependent phosphorylation of the histone deacetylases HDAC4 and HDAC5
relieves the transcriptional activity of the myocytes enhancer factor-2 (MEF-2)
which is a crucial regulator of cardiac growth (Passier et al. 2000).
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Regulation of these two particular signalling pathways has evoked great
research interest during the last couple of years because both calcineurin and
CamKII are strictly Ca2+ dependent and their activity is exclusively associated
with the pathologic cardiac hypertrophic response (Kehat and Molkentin 2010).
Hence, it has been a matter of speculation as to what Ca2+ entry pathways are
selectively activated in chronic pathologic situations and as to how Ca2+ signals
can be specifically integrated in signalling mechanisms. Cardiomyocytes are
probably the most difficult cell type to answer these questions given the fact that
they are continuously bathed in Ca2+ during ECC.

22.2 Ca2+ Sources Linked to Pro-Hypertrophic Signalling
Pathways

The ECC is initiated by the opening of voltage-gated Na+ channels depolarizing
the sarcolemma. LTCCs allow a Ca2+ entry in the cleft region of cardiomyocytes
which triggers the opening of the juxta-positioned Ca2+-sensitive RyRs. Ca2+ from
intracellular stores is released via RyRs causing myocyte contraction. During
diastole, Ca2+ is transported back into intracellular stores via the SERCA and out
of the cells through the Na+/Ca2+ exchanger (NCX) (Bers 2008). Almost all
observable Ca2+ changes are reserved for ECC which raises the question how Ca2+

signals in cardiac myocytes can be separated and used for signalling purposes
within the cell.

22.2.1 Contractile Ca2+ Signals

It has been speculated that the signalling information could be integrated in the
Ca2+ signals related to the ECC machinery as alterations in amplitude or/and
frequency of transients or changes in diastolic Ca2+. In a study by Collella et al.
(2008) a positive correlation between the frequency of Ca2+ transients and the
activation of hypertrophic signalling pathways was described. Cardiomyocytes
when stimulated with angiotensin II (Ang II) or when depolarized by KCL respond
with an increased frequency of Ca2+ oscillations which are sufficient to activate the
calcineurin/NFAT pathway and finally the hypertrophic program. With a shortened
interval between the Ca2+ transients the balance of the phosphorylation status of
NFAT could shift from phosphorylated to dephosphorylated NFAT which would
accumulate over time. Similarly, an increased LTCC-mediated peak amplitude
could activate a higher percentage of calcineurin molecules which in turn could
de-phosphorylate NFAT. In line with this hypothesis, a recent study shows that
overexpression of the L-type channel b2a subunit in the heart is associated with a
pronounced hypertrophic response (Chen et al. 2011). The authors suggest that
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apart from the increased LTCC mediated Ca2+ influx an enhanced Ca2+ SR load
could be a critical determinant controlling hypertrophic signalling pathways.
Mechanistically, overexpression of b2a is coupled to the activation of both the
calcineurin/NFAT as well as the CamKII/HDAC signalling pathways. It seems,
however, that the ultimate Ca2+ source necessary for their activation differs. While
a decrease in the SR Ca2+ load which was experimentally achieved by a SERCA
inhibition impairs CamKII/HDAC signalling in b2a overexpressing cardiomyo-
cytes it leaves the calcineurin/NFAT signalling pathway unaffected. It is possible
that inhibition of SERCA and the reduced SR Ca2+ load causes nuclear Ca2+ to
decrease which negatively affects CamKII activation and the hypertrophic
response. Based on the fact that the SR Ca2+ load is most critical for cardiomy-
ocyte Ca2+ cycling, several studies have examined its effect on the progression of
hypertrophy towards heart failure. Cardiomyocytes from conditional SERCA2
knock-out mice, for example, exhibit a reduced SR Ca2+ load, which, however, is
not associated with any functional deterioration at early stages of SERCA gene
excision (Andersson et al. 2009). Apparently, non-SR Ca2+ components, such as
the LTCC and the NCX can compensate for the impaired SR function. Signs of
hypertrophic remodelling are not noticeable in the absence of SERCA2a which is a
rather puzzling result assuming that the absence of SERCA2 per se would be
sufficient to increase diastolic Ca2+ or certain Ca2+ microdomains in the cytosol
which could activate Ca2+ dependent hypertrophic pathways. Instead it supports
the hypothesis of an enhanced SR Ca2+ load as critical factor modulating hyper-
trophic signalling. Accordingly, a recent study shows that facilitated SERCA
activity achieved by the genetic ablation of phospholamban (PLB) promotes
cardiac hypertrophy and cardiac dysfunction in combination with a dysregulation
of the RyR (Kalyanasundaram et al. 2012). It is well known that hyperphosph-
orylation of the RyR upon b-adrenergic receptor stimulation and protein kinase A
(PKA) and CaMKII activation is associated with greater cardiac hypertrophy. For
example, mice heterozygous for the gain-of-function mutation R176Q in RyR
which predisposes the heart to a catecholamine-induced oscillatory Ca2+ release
respond with an exaggerated cardiac hypertrophic response upon pressure overload
induction (van Oort et al. 2010). In such a situation, attempts to facilitate SR Ca2+

uptake, for example via ablation of PLB or overexpression of SERCA, would be
rather detrimental than therapeutic.

In the end, the extent of cardiac hypertrophy largely depends on the expres-
sional balance and phosphorylation status of the Ca2+ handling proteins, the neuro-
humoral input and the aetiology of disease. In particular, the plasticity of the
myocardium becomes evident when alterations of the LTCC occur. As explained
above, overexpression of the LTCC accelerates cardiac hypertrophy. Interestingly,
less LTCC does not reverse this effect but even accelerates hypertrophy towards
heart failure (Goonasekera et al. 2012). It seems that a reduced LTCC activity
leads to a neuro-endocrinic stress situation resulting in a compensatory SR Ca2+

leak and elevation of diastolic Ca2+. In this scenario calcineurin which is known to
be located at the z discs in the cleft microenvironment samples Ca2+ to further
promote the hypertrophic response.
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22.2.2 Ca2+ Microdomains

Cardiomyocytes also harbour Ca2+ sources which do not interfere with the con-
tractile Ca2+ generated in the cleft region. They are referred to as Ca2+ micro-
domains. Despite the lack of a uniform definition, it has been suggested that Ca2+

in microdomains exceeds global cytosolic Ca2+ levels and functions as signalling
messenger that especially becomes important in pathology. In particular, patho-
logic hypertrophy could result in structural, expressional alterations yielding new
Ca2+ platforms and Ca2+ entities in cardiomyocytes. Within the sarcolemma, lipid
raft domains, for example, could become more important as signalling platform.
Interestingly, a recent study has found indications for an LTCC—calcineurin
interaction in caveolae (Makarewich et al. 2012). Here, a genetically modified
LTCC inhibitor diminished LTTC activity in caveolae without affecting contrac-
tility and global Ca2+ transients. In contrast, calcineurin-NFAT signalling was
reduced. It will be intriguing to find out whether a specific inhibition of LTCCs in
caveolae also blunts the pathological hypertrophic response in vivo.

Up-regulation of Ca2+ handling proteins during the remodelling process could
also generate new Ca2+ pools with a specific signalling function. For example, the
T-type Ca2+ channels (TTCCs) Cav3.1 (a1G) and Cav3.2 (a1H) are expressed during
cardiac development but not in healthy adult cardiac tissue. There is, however, re-
expression during pathological cardiac hypertrophy and in the post-infarction heart
suggesting that they are part of the foetal gene programme during pathological
hypertrophy (Nuss and Houser 1993; Huang et al. 2000). The functional role of
TTCCs in cardiac remodelling has been evaluated using gene targeted mouse
models. Interestingly, pathological hypertrophy was suppressed in mice deficient for
a1H (Cav3.2-/-) but not in mice deficient for a1G (Cav3.1-/-). This phenotype
was mechanistically coupled with less activation of the calcineurin/NFAT signalling
pathway in a1H deficient mice (Chiang et al. 2009). Since Ca2+ cycling and con-
tractility in these mice were not impaired, the authors suggested that a1H is part of a
membrane complex that allows local Ca2+ changes instead of bulk Ca2+. While re-
expression of a1H has been suggested to impair cardiac function during cardiac
hypertrophy, there are controversial findings regarding a1G (Cav3.1). Cav3.1 -/-
mice either do not develop a cardiac phenotype (Chiang et al. 2009) or respond with
an increased cardiac hypertrophy (Nakayama et al. 2009). The latter finding even
suggests that a1G and a1H have diametric functional effects with a1G protecting
against pathological cardiac hypertrophy. Indeed, overexpression of a1G in trans-
genic mice results in less cardiac hypertrophy after pressure overload induction
despite an increased a1G Ca2+ current in cardiomyocytes. In this case, the a1G
dependent current antagonises cardiac hypertrophy through an endothelial nitric
oxide synthase (eNOS)- cyclic guanosine monophosphate (cGMP) dependent
mechanism which could also be locally restricted in caveolae.

With the ion channels of the TRPC (Transient Receptor Potential, Canonical)
family, further promising Ca2+ entities in cardiac microdomain Ca2+ signalling
have been found. Essentially, three characteristics make them ideal candidates in
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hypertrophic signalling: They are preferably activated by hypertrophic agonists,
they are expressionally regulated by the transcription factor NFAT and are
up-regulated in heart failure.

22.3 TRPC Channels are Implicated in the Hypertrophic
Remodelling Process

22.3.1 Signalling Pathways Regulating
TRPC Channel Activity

TRPC channels are tetrameric ion channels in the plasma membrane mediating a
non-selective Na+ and Ca2+ entry. There are 7 subunits (TRPC1-7) which can
either assemble to homo- or heteromers. According to their sequence homologies,
the subunits TRPC1/4/5 and TRPC3/6/7 have been suggested as preferable het-
eromers (Hofmann et al. 2002) although heteromerization can also occur across
TRPC subfamilies (Poteser et al. 2006) and even TRP families (Schindl et al.
2012; Roedding et al. 2012). TRPC channels are typically activated upon stimu-
lation of GPCRs or receptor tyrosine kinases and the subsequent activation of
phospholipase C (PLC ß/c; Fig. 22.1) (Trebak et al. 2007). The precise activation
mechanism in the heart has not been entirely resolved. It could comprise the PLC
mediated generation of diacylglycerol (DAG) or could take place in the course of
the inositol triphosphate (IP3) dependent SR Ca2+ store depletion.

Activation of TRPC channels in cardiac myocytes can be facilitated with Ang II
or endothelin 1 (ET-1) and a adrenergic agonists (Ohba et al. 2007). Stimulation
with ET-1 for example results in an increased TRPC6 current in cardiac myocytes
from TRPC6 transgenic mice (TG) (Kuwahara et al. 2006). In HL-1 cells, a
cardiac cell model, a TRPC3 specific current can be increased when ET-1 is
acutely applied (Poteser et al. 2011). More often Ang II is used to activate TRPC
channels in mouse or rat cardiac myocytes, as shown for TRPC3 in myocytes from
TRPC3 TG mice (Nakayama et al. 2006) or in rat cardiomyocytes (Eder et al.
2007). TRPC3/TRPC7 heteromers in rat cardiomyocytes can also be activated
downstream of the ATP/UTP-P2Y2 receptor signalling pathway (Alvarez et al.
2008). ATP/UTP release is enhanced in early ischemia reperfusion and could
favour arrhythmias through the activation of TRPC channels. The activity of
TRPC1 as shown in mouse cardiac myocytes can also be increased with Ang II
stimulation (Seth et al. 2009). In this case it seems that the Ang II receptor confers
its stretch sensitivity to TRPC1. Accordingly, blockade of the Ang II receptor type
1 by losartan reduces a TRPC1 specific current elicited by myocyte stretching.
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22.3.2 TRPC Channel Expression and Transcriptional
Regulation in the Heart

All of the 7 TRPC isoforms have been detected in cardiac tissue on the mRNA
level at baseline (Garcia and Schilling 1997; Ohba et al. 2007; Riccio et al. 2002).
Regarding the protein expression there are divergent findings but it seems that all

Fig. 22.1 Expressional regulation of TRPC channels in cardiomyocytes during cardiac
pathological stress stimulation. a Stimulation of GPCRs generates DAG and IP3 through the
activation of PLC which results in activation of TRPC channels. The TRPC mediated Ca2+ influx
is sensed by CaM which results in the activation of CaN and the dephosphorylation of NFAT.
Translocation of dephosphorylated NFAT to the nucleus results in an increased expression of
hypertrophic genes and genes encoding TRPC1, TRPC3 and TRPC6. b Up-regulation of TRPC3
and TRPC6 in response to pressure overload induction. To induce cardiac hypertrophy, mice
were subjected to transverse aortic constriction (TAC) treatment for 8 weeks. Western blotting
was performed on whole heart homogenates. TRPC3 and TRPC6 expression is increased
compared to sham treated animals, Ang II, angiotensin II; CaM, calmodulin; CaN, Calcineurin;
DAG, diacylglycerol; ET-1, endothelin-1; GPCR, Ga protein coupled receptor; IP3, inositol 3-
phosphate; NFAT, nuclear factor of activated T cells; PIP2, Phosphatidylinositol 4,5-bisphos-
phate; PLC, phospholipase C; TRPC, transient receptor potential canonical
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of the isoforms are expressed at a low level (Table 22.1). Most interesting is the
finding that TRPC channels are up-regulated in models of cardiac hypertrophy
(TRPC1, 3, 6 and 7; Table 22.1; Fig. 22.1a) and in human heart failure (TRPC5, 6;
Table 22.1). Olson and co-workers, for example, showed an increased transcrip-
tion of TRPC6 in heart samples with dilated cardiomyopathy (Kuwahara et al.
2006). Up-regulation was also detected in calcineurin TG mice, a model of cardiac
hypertrophy, and in response to hypertrophic stimulation with ET-1. Another study
shows that only TRPC5 is up-regulated in human heart failure (Bush et al. 2006). It
is probably the heterogeneity of human tissue that causes the discrepancy of the
results. In the experimental pathological hypertrophic TAC (transverse aortic
constriction) model, also TRPC3 (Bush et al. 2006) and TRPC1 (Ohba et al. 2007)
are up-regulated.

Intriguingly, up-regulation of TRPC channels is enhanced by their own activity
and can be described as feed-forward loop (Fig. 22.1a). During pathologic cardiac
hypertrophy the increased neuro-humoral activation results in activation of TRPC
channels in cardiac myocytes. As a consequence increased Ca2+ signals activate
CaM which is required for full calcineurin activity and subsequent translocation of
the transcription factor NFAT into the nucleus. Since NFAT transcription factors
share an imperfect Rel homology domain their capability to bind DNA promoters
is dependent on the interaction with other transcription factors, such as GATA-4
and MEF-2 (Hogan et al. 2003). In particular, hypertrophic marker genes are
subjected to an NFAT-dependent regulation including genes encoding the natri-
uretic peptides, atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP), as well as foetal genes, such as b- MHC (Wilkins and Molkentin 2002).
Increased ANP and BNP levels activate compensatory mechanisms protecting
against hypertrophic progression (see also paragraph 5.). Also, the NFAT mediated
expression of the calcineurin inhibitor, regulator of calcineurin1 (Rcan1) might
initiate a negative feedback loop on calcineurin signalling and hypertrophic
remodelling. On the other hand, increased b-MHC expression might positively
contribute to the remodelling programming and functional weakening of the heart.
With the up-regulation of ET-1 (Wilkins and Molkentin 2002) and TRPC channels
(Kuwahara et al. 2006; Ohba et al. 2007), calcineurin/NFAT signalling could be
further promoted. Conserved NFAT-binding sites have been found in the pro-
motors of TRPC6 and TRPC1 genes (Kuwahara et al. 2006; Ohba et al. 2007).
This remodelling process could generate new Ca2+ pools further maintaining the
process of maladaptive hypertrophy in a select interaction with the pro-hypertro-
phic calcineurin–NFAT signalling pathway. The subcellular distribution of these
signalling microdomains has, however, not entirely been resolved. So far, TRPC
channels have been described to localise to the outer membrane of cardiomyocytes
(Seth et al. 2009; Kuwahara et al. 2006), to intercalated discs regions (Eder et al.
2007) and to T-tubules (Huang et al. 2009) or to a vast network of intracellular
membranes (Goel et al. 2007). Immunocytochemistry studies also showed that
TRPC3 does not co-localise with the RyR and SERCA suggesting that TRPC
channels are excluded from the cleft region and thus from ECC (Goel et al. 2007).
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TRPC channels are not only expressed in cardiomyocytes but also in cardiac
fibroblasts (Table 22.1) (Nishida et al. 2007). A recent study suggests a functional
link between myofibroblast differentiation and TRPC6- calcineurin-NFAT sig-
nalling (Davis et al. 2012). Cardiac injury, for example after myocardial infarction,
initiates transforming growth factor (TGFß) and angiotensin/endothelin signalling
in fibroblasts resulting in the activation of the downstream effector p38 MAPK.
This pathway mobilises the transcriptional activity of the serum response factor
(SRF) which specifically up-regulates TRPC6. The TRPC6 dependent Ca2+ influx
is finally linked to enhanced calcineurin NFAT signalling which induces myofi-
broblast trans-differentiation (Fig. 22.2).

Fig. 22.2 Expressional regulation of TRPC channels during cardiac myofibroblast formation.
Stimulation of GPCRs or TGFßRs results in an increased TRPC6 gene expression through p38
signalling and SRF dependent transcription. The enhanced TRPC6 mediated Ca2+ influx leads to
CaN activation resulting in NFAT dephosphorylation and translocation. Nuclear NFAT drives
myofibroblast differentiation. On the other hand, GPCRs/Ga12/13 activates the NAPDH oxidase
via Rac which results in ROS generation and subsequent JNK mediated myofibroblast formation
and TRPC6 expression. In parallel, GPCRs/Ga12/13 signalling might induce EGFR and Src kinase
activation which enhances a TRPC6 mediated Ca2+ entry. This Ca2+ influx and the activation of
CaN/NFAT negatively regulate JNK induced myofibroblast formation. In atrial fibroblasts
TRPC3 activation is reduced by the micro RNA miR-26a. During fibroblast remodelling NFAT
negatively regulates miR-26 transcription which gives rise to an increased TRPC3 expression and
function. Red arrows indicate stimulatory and blue arrows inhibitory effects on myofibroblast
formation, CaN, calcineurin; DAG, diacylglycerol; EGFR, epidermal growth factor receptor; ET-
1, endothelin-1; GPCR, Ga protein coupled receptor; Ga12/13 heterotrimeric G protein 12/13;
JNK, c-Jun NH2-terminal kinase; NADPH, nicotinamide adenine dinucleotide phosphate-
oxidase; NFAT, nuclear factor of activated T cells; p38, p38 MAPK (mitogen-activated protein
kinase); Rac, member of the Rho family of small GTPases; ROS, reactive oxygen species; SRF,
serum response factor; Src kinase, tyrosine kinase; TGFßR, transforming growth factor ß
receptor; TRPC, transient receptor potential canonical
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Cardiac myofibroblast formation might also be initiated by the production of
reactive oxygen species (ROS). Nishida et al. (2007) have found evidence that
TRPC6 interferes with GPCRa12/13 signalling which precedes fibroblast remod-
elling through the activation of the c-Jun NH2-terminal kinase (JNK). In this case,
JNK up-regulates TRPC6 which, when activated via epidermal growth factor
receptor (EGFR) signalling and Src kinase phosphorylation, mediates a Ca2+ entry
and calcineurin/NFAT activation. In this case, TRPC6 and calcineurin/NFAT act
as negative feedback regulators of ET-1 induced myofibroblast formation
(Fig. 22.2). Myofibroblast differentiation has also been associated with functional
abnormalities which could implicate TRPC dependent mechanisms. In atrial tissue
from patients with atrial fibrillation (AF) and AF goats, for example, TRPC3 has
been found to be up-regulated (Harada et al. 2012). Here, NFAT transcription
factors might indirectly control TRPC expression through the regulation of mi-
croRNAs. Accordingly, an enhanced transcriptional activity of NFATc3 in AF
fibroblasts has been shown to inhibit miR-26 expression thereby relieving its
inhibitory effect on TRPC3. In addition, fibroblasts isolated from dog AF tissue
have revealed a Pyr3 (TRPC3 inhibitor) sensitive cation current which causes
fibroblast proliferation, differentiation and activation through an extracellular
signal-regulated kinase (ERK) dependent mechanism.

22.3.3 The Effect of TRPC Channel Function on the Cardiac
Phenotype

The cardiac specific detection of TRPC channels was the trigger for a series of
studies characterising their role in cardiac function and dysfunction. Genetic
mouse models were generated selectively overexpressing different TRPC isoforms
in cardiomyocytes. In addition, already existing TRPC deleted mice were exam-
ined according to their cardiac phenotype. Due to their low expression and
therefore low activity TRPC channels do not affect basal cardiac function. Also
cardiac remodelling during physiological stress as initiated in swimming experi-
ments does not seem to be affected by a TRPC mediated Na/Ca influx (Nakayama
et al. 2006; Wu et al. 2010). Up-regulation of different TRPC isoforms in different
heart failure models (Table 22.1) was already an indication of TRPC channels as
mediators of pathological stress stimuli. This increase was simulated in genetic
mouse models overexpressing TRPC3 and TRPC6 (Nakayama et al. 2006;
Kuwahara et al. 2006). Even at baseline, increased TRPC expression results in
cardiac myopathy which is exaggerated after TAC treatment or neuro-humoral
stimulation. Accordingly, TRPC deletion has the opposite effect. While wildtype
(WT) mice hypertrophy normally with the characteristic functional and histolog-
ical alterations, TRPC1 knock-out mice are almost completely preserved from
cardiac damage after pressure over load induction (Seth et al. 2009). It is an
intriguing finding given the existence of several other functionally important
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TRPC isoforms in the heart (Table 22.1). It seems that TRPC1 function cannot be
compensated by its TRPC family. It might be speculated that TRPC channels
containing TRPC1 as dominant pore forming subunit or TRPC channels which are
associated in a complex with TRPC1 channels are tethered to signalling pathways
or membrane microdomains crucial for the hypertrophic response. For example,
TRPC channels could be harboured in signalling platforms, such as lipid raft
domains or caveolae (Sundivakkam et al. 2009). Correct insertion of the channels
and their localisation could be mediated by a select interaction between caveolin3
and TRPC1. A loss of interaction, due to the down-regulation of TRPC1, for
example, could result in a misregulation and decreased functionality of ion
channels associated with TRPC1. It might also be speculated that the hetero-
merization profile of TRPC channels in cardiac myocytes is more promiscuous
than expected. Indeed, TRPC1 not only associates with TRPC4 and 5 (Strubing
et al. 2003) but also with members of other TRP families (Lintschinger et al. 2000;
Schindl et al. 2012). The weak basal expression in the heart might, however, be a
challenge to prove the actual preference of individual TRPC subunits for tetra-
merization. A recent study might have found some indications in this direction. In
an approach to characterise the cardiac hypertrophic response on the background
of inactive TRPC channels, genetic mouse models were generated overexpressing
dominant negative (dn) TRPC mutants (Wu et al. 2010). Three dn-TRPC mutants
belonging to the TRPC subfamilies 1/4/5 and 3/6/7 were selected for transgenesis
(dn-TRPC6, dn-TRPC3 and dn-TRPC4) to achieve a broad spectrum of TRPC
channel inhibition. Similar to the TRPC1 knock out, cardiac specific expression of
any dn-TRPC mutant resulted in an attenuated cardiac hypertrophic response after
TAC treatment which was associated with a reduced Ca2+ influx and less acti-
vation of the calcineurin/NFAT signalling pathway. It seems that the inhibition of
each TRPC subfamily is equally potent in the suppression of pathological cardiac
hypertrophy and that cross-inhibition among dn-TRPC isoforms occurs. Indeed,
functional experiments in cardiac myocytes revealed a profound inhibition of a
TRPC3 mediated Ca2+ influx by dn-TRPC4 and a complex formation between
these TRPC isoforms in cardiac myocytes.

22.4 Modes of TRPC Channel Activation in Cardiac
Hypertrophy

22.4.1 Activation By Ca2+ Store Depletion

Store-operated Ca2+ entry (SOCE) or capacitative Ca2+ entry is known as
important step in the immune response (Lewis 2001). Typically, it comprises the
release of IP3 (downstream of the GPCR-PLC signalling pathway) its binding to
the IP3 receptor (IP3R) and the release of Ca2+ from intracellular Ca2+ stores. Ca2+

store depletion activates ion channels in the plasma membrane, the store-operated
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Ca2+ channels (SOCs), mediating a sustained Ca2+ entry which is essential for
driving the programme of gene expression underlying T cell activation. TRPC
channels were handled as a priori components of SOCs until the small plasma
membrane protein ORAI was identified as the Ca2+ release-activated Ca2+ channel
pore forming subunit (CRAC) in immune cells (Frischauf et al. 2008).

That excitable cells such as cardiac myocytes could exhibit SOCE was rather
un-realistic given the fact that Ca2+ cycling during ECC can be fully maintained by
the classical Ca2+ handling proteins, the LTCC, RyR and SERCA. It was therefore
all the more intriguing to learn about its existence in neonatal cardiomyocytes
which indeed react with a sustained Ca2+ influx upon passive Ca2+ store depletion
using the SERCA inhibitor thapsigargin (Hunton et al. 2002). This sustained Ca2+

increase is not inhibited by verapamil (LTCC) or KB-R7943 (reverse mode NCX
inhibition) suggesting additional Ca2+ pools in the sarcolemma. The physiological
purpose of a SOC in neonatal cardiomyocytes could be necessary for the regu-
lation of transcriptional programmes regulating cardiac differentiation and growth.
Once fully developed healthy adult cardiomyocytes lose their ability to generate a
SOCE (Uehara et al. 2002). It might, however, be retained in the course of cardiac
hypertrophy as consequence of the re-activated foetal gene programme (Fig. 22.1).
Indeed, by comparing Ca2+ characteristics in hypertrophic myocytes from WT and
TG mice with an overexpression of dn- TRPC mutants. Wu et al. (2010) dem-
onstrated a reduction of SOCE when TRPC channels were blocked. Interestingly,
inhibition of any potential TRPC heteromer showed the same tendency of a
reduced SOCE, attenuated calcineurin signalling and reduced hypertrophic
response after TAC treatment (see also 21.3.3).

Despite this finding it is, however, uncertain to what extent TRPC channels
contribute to SOCE in cardiomyocytes, given their non-selectivity for Na+ and
Ca2+ and the recent discovery of the two key players in SOCE, the stromal
interaction molecule 1 (STIM1) and ORAI1. Endoplasmic reticulum (ER)—Ca2+

release by IP3R causes STIM1 to re-localise to ER sites adjacent to the plasma
membrane. Subsequently, ORAI1 is activated and allows a Ca2+ entry into the
cytosol (Fig. 22.3a) (Frischauf et al. 2008). Both ORAI1 and STIM1 are expressed
in the heart where they might fulfil a similar function. For example, down regu-
lation of ORAI in neonatal cardiomyocytes results in reduced SOCE elicited by
passive Ca2+ store depletion, less calcineurin activation and reduced agonist
induced hypertrophy (Voelkers et al. 2010). The absence of STIM1, on the other
hand, is associated with less SR Ca2+ load indicating its role as a critical Ca2+

sensor in the SR in pathological conditions. Indeed, down-regulation and inhibi-
tion of STIM1 result in less pressure-overload-induced cardiac hypertrophy which
is functionally associated with a reduced SOCE (Hulot et al. 2011; Luo et al.
2012).
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22.4.2 Receptor Activation

TRPC channels have often been described as receptor-operated channels (ROCs)
whose activation is independent of Ca2+ store depletion (Hofmann et al. 1999).
Although the identity of the molecule mediating ROC activation has not been
entirely resolved, diacylglycerol (DAG) has been suggested to increase TRPC
channel activity. Also, in cardiac myocytes TRPC channels can be directly acti-
vated by the DAG analogue 1-oleoyl-2-acetyl-sn-glycerol (OAG) (Onohara et al.
2006), which is sufficient to induce the calcineurin-NFAT signalling pathway
(Bush et al. 2006). Even more it seems that DAG activation positively regulates

Fig. 22.3 a Schematic of store-operated TRPC channel activation. GPCR stimulation activates
PLC generating DAG and IP3 which leads to an IP3-induced Ca2+ store depletion activating SOCs
in the plasma membrane. Ca2+ store depletion is sensed by STIM1 activating ORAI to mediate a
Ca2+ entry. STIM1 might also activate TRPC channels. b Schematic of receptor-operated TRPC
channel activation. The GPCR- PLC dependent formation of DAG activates TRPC channels in
the plasma membrane. The TRPC mediated non-selective cation entry causes a local membrane
depolarisation affecting LTCCs and the NCX. Desensitisation of GCps inhibits the formation of
cGMP resulting in an increased TRPC channel mediated cation entry which further activates
LTCCs probably through a CamKII dependent mechanism, DAG, diacylglycerol; GPCR, Ga a or
Gaq b protein coupled receptor; IP3, inositol 3-phosphate; IP3R, inositol 3-phosphate receptor;
ORAI, Ca2+ release-activated channel protein; PIP2, Phosphatidylinositol 4,5-bisphosphate; PLC,
phospholipase C; SR, sarcoplasmic reticulum; STIM, stromal interaction molecule; TRPC,
transient receptor potential canonical; ANP, atrial natriuretic peptide; CamK, Ca2+/calmodulin-
dependent protein kinase; cGMP, cyclic guanosine monophosphate; GCp, guanylyl cyclase
particulate; LTCC, L-type Ca2+ channel; NCX, Na+/Ca2+ exchanger
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the calcineurin/NFAT/TRPC circuit as depicted in Fig. 22.1a. Support for this
assumption comes from a study on TG mice overexpressing the diacylglycerol
kinase epsilon (DGK-e) which phosphorylates and inactivates DAG in the heart.
Interestingly, an increased DGK-e expression restores cardiac dysfunction under
pressure overload by controlling DAG levels and TRPC6 expression (Niizeki et al.
2008).

In particular, TRPC3 and TRPC6 channel activity have been repeatedly shown
to be increased by OAG application. It was further assumed that the TRPC
mediated Na+/Ca2+ influx does not directly affect the calcineurin/NFAT signalling
pathway but indirectly through a crosstalk with the LTCC (Fig. 22.3b). It is
possible that TRPC channel activation results in low increases in the membrane
potential enhancing the open channel probability of the LTCC, which becomes
noticeable as spontaneous Ca2+ oscillations in cardiomyocytes (Onohara et al.
2006). Furthermore, a recent study showed that nifedipine inhibits the hypertro-
phic response induced by an increased TRPC3 expression in neonatal cardiac
myocytes. Here TRPC3 expression was associated with a greater LTCC abundance
and amplitude of the LTCC, as well as alterations of the Ca2+ transients with a
prolonged Ca2+ decay (Gao et al. 2012). A similar crosstalk could exist with the
electrogenic NCX1. It was for example shown that a PLC dependent activation of
TRPC3 favours the NCX reverse mode activity in rat cardiac myocytes (Eder et al.
2007). These findings suggest a close proximity between TRPC channels, the
LTCC and/or NCX, probably as signalplexes in Ca2+ microdomains. The precise
protein composition and cellular localisation, in particular in the progression of
pathological cardiac hypertrophy, however, needs to be further elucidated.

Stretch dependent activation is another aspect to be considered when analysing
TRPC channel function in cardiac hypertrophy. TRPC1 function is increased when
cardiac myocytes are subjected to mechanical stretch. It has been observed that
TRPC channels can sense membrane lipid formation either directly (Spassova
et al. 2006) or indirectly through stretch sensitive GPCRs. In the heart the Ang II
receptor is functionally coupled to TRPC1 conferring membrane lipid deformation
to an increased TRPC1 mediated cation entry (Seth et al. 2009). To what extent
other TRPC isoforms contribute to stretch dependent signalling in the heart needs
to be determined.

22.5 TRPC Channel Inhibition and Treatment Strategies

It is well accepted that the secretion of natriuretic peptides initiates a counter-
acting signalling cascade in pathological cardiac hypertrophy (Tamura et al. 2000;
Klaiber et al. 2010). Once released the atrial natriuretic peptide ANP and the brain
natriuretic peptide BNP bind to their common receptor, the guanylyl cyclase A
(GC-A) which synthesises the second messenger cGMP further activating the
protein kinase G 1 (PKG1). Among several pro-hypertrophic pathways also the
calcineurin/NFAT signalling pathway has been described to be inhibited by
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ANP/BNP signalling. For example, PKG1 inhibits LTCCs resulting in an atten-
uated GPCR mediated Ca2+ influx and calcineurin/NFAT activation (Fiedler et al.
2002). More recently, it was shown that the anti-hypertrophic effect of PKG1 also
involves TRPC channel inhibition. According to heterologous cell culture exper-
iments TRPC3 and TRPC6 can be phosphorylated by PKG I (phosphorylation sites
at Thr11 and Ser263 in TRPC3 and Thr69 in TRPC6), which greatly reduces
channel activity (Kwan et al. 2004; Takahashi et al. 2008) (Fig. 22.4). This neg-
ative feedback regulation has also turned out important in vivo, as shown by a
study on TRPC6 TG mice crossed with GC-A knock-out mice (Kinoshita et al.
2010). Although TRPC6 TG mice are prone to cardiac hypertrophy even at
baseline, disease is accelerated due to the loss of GC-A. Mechanistically, cGMP/
PKG mediated inhibition results in an interruption of the TRPC6/calcineurin/
NFAT feed–forward loop. Therapeutically, a blocking effect might be achieved by
the application of phosphodiesterase inhibitors such as sildenafil or the addition of
nitric oxide (NO) donors, as TRPC channels (TRPC1, 3 and 6) are sensitive to both
treatment strategies (Chen et al. 2009; Koitabashi et al. 2010) (Fig. 22.4).

Intact cGMP/PKG signalling not only counteracts an overshoot of TRPC
mediated Ca2+ entry via PKG phosphorylation but is also important for the con-
formation and function of TRPC channels per se. According to a recent study
(Klaiber et al. 2011), reason for impaired cGMP/PKG signalling could be a
desensitisation and therefore impairment of GC-A when chronically exposed to
ANP/BNP. In such a scenario, pre-existing complexes of GC-A and TRPC3/6
undergo a steric alteration which results in an increased TRPC channel activity
which further activates LTCC currents and finally increases cardiomyocyte Ca2+

levels. Here, the TRPC- LTCC crosstalk could be mediated by CamKII which
upon activation by TRPC mediated Ca signals could phosphorylate and increase
LTCC activity (Fig. 22.3b).

Fig. 22.4 TRPC channel inhibition in the heart. TRPC channels are inhibited by PKG
phosphorylation, which is activated by cGMP preceded either by GCp stimulation with ANP/
BNP or stimulation of GCs by NO. TRPC channel inhibition by PKC results in an un-coupling of
TRPC mediated Ca signals and the CaN signalling pathway, ANP, atrial natriuretic peptide; BNP,
brain natriuretic peptide; CaN, Calcineurin; cGMP, cyclic guanosine monophosphate; DAG,
diacylglycerol; GCp, guanylyl cyclase particulate; GCs guanylyl cyclase soluble; GPCR, G
protein coupled receptor; IP3, inositol 3-phosphate; NO, Nitric oxide; PIP2, Phosphatidylinositol
4,5-bisphosphate; PKC, protein kinase C; PKG, protein kinase G; PLC, phospholipase C; TRPC,
transient receptor potential canonical
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TRPC channel activity can also modulated by the protein kinase C (PKC),
which could become therapeutically relevant when treating cardiac diseases. Due
to the existence of several PKC isoforms in the heart targeting PKC has been a
critical goal. Nevertheless, there is evidence that broad-acting PKC inhibitors such
as ruboxistaurin can improve cardiac function and ameliorate disease symptoms
during chronic pathological stress (Ladage et al. 2011). It is still too early to tell
that this therapeutic benefit also implicates an effect on TRPC channel function. A
recent study (Poteser et al. 2011) demonstrates that a conventional PKC inhibitor
(GF109203X) prevents complex formation between CnA and TRPC3 which is
associated with reduced phosphorylation of the channel protein at Thr 573. As a
result, TRPC3 dependent Ca2+ signals are un-coupled form CaN/NFAT signalling
(Fig. 22.4) but are rather translated into an increased LTCC activity. Interestingly,
in this situation LTCC activity does only have negligible effects on NFAT
activation.

While these studies have advanced our understanding of cardiac TRPC sig-
nalling enormously, therapeutic strategies that interfere with multiple signalling
cascades need to be carefully balanced. The ultimate achievement would definitely
be the development of selective TRPC channels blockers. To date the pyrazole
compound, Pyr3, seems to be most promising. It is directed against TRPC3 and
when administered in vivo inhibits pressure overload induced cardiac remodelling
and cardiac hypertrophy (Kiyonaka et al. 2009).
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Chapter 23
Role of TRPC and Orai Channels in
Vascular Remodeling

Michael Poteser, Sarah Krenn and Klaus Groschner

Abstract Calcium permeable channels that are barely sensitive to membrane
voltage but controlled by a complex array of external stimuli to generate coordi-
nated cellular Ca2+ signals have been identified and extensively characterized in
the past decades. Vascular cells express Ca2+ conductances, which lack primary
voltage sensitivity and are formed by proteins of the TRP (transient receptor
potential) and Orai families. Channel complexes composed of TRPC (canonical
TRP) or Orai proteins operate in concert with other Ca2+ transporters to govern
both acute functions, such as contraction and migration and long-term fate of
vascular cells due to a pivotal role in Ca2+ transcription coupling. Both TRPC and
Orai channels have been recently suggested to control phenotype of vascular cells
and therefore to represent attractive novel targets for pharmacological prevention
of vascular remodeling and aging. With this chapter, we aim to provide an
overview on current knowledge regarding the role of TRPC and Orai channels in
vascular endothelium and smooth muscle. The significance of these channels for
maladaptive remodeling processes in the vascular system and potential therapeutic
strategies based on modulation or block of these Ca2+ channels are discussed.

23.1 Introduction

The vascular system is a highly dynamic structure that undergoes constant
remodeling. Physiological as well as maladaptive restructuring processes are
associated with altered Ca2+ homeostasis in both vascular endothelium and smooth
muscle. To enable coordinated control of acute vascular functions and long-term
adaptation, Ca2+ signals require efficient temporal and spatial segregation.
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Specifically, Ca2+ transcription coupling involves Ca2+ entry channels that are
organized in dynamic signalplexes targeted into specialized membrane domains.
Membrane proteins of the TRPC and Orai family have been recognized as pivotal
elements of Ca2+ transcription coupling (Beech 2013; Trebak 2012; Dietrich et al.
2010) and demonstrated to control phenotype transitions, proliferation, and dif-
ferentiation in smooth muscle and endothelium. Exploiting TRPC and Orai
channel proteins as therapeutic targets requires in-depth understanding of their
signaling function. Here we provide an overview on current evidence demon-
strating a role of TRPC and Orai channels in vascular remodeling.

23.2 Receptor and Store-Operated Ca2+ Entry
in the Vasculature

Despite a long history of investigations on TRPC channel function, key issues,
such as the cellular events leading to channel opening, are still ill defined and
remain a matter of ongoing dispute. Widely accepted and well documented is the
view of TRPC3, TRPC6, and TRPC7 as ion channels that are, in a physiological
context, activated by signaling mechanisms initiated in response to stimulation of
G protein coupled receptors. These pathways typically involve phospholipase C
(PLC) and generation of diacylglycerol (DAG) along with inositol 1, 4, 5-tris-
phosphate (IP3). Calcium entry initiated by this process is referred to as receptor-
activated (operated) calcium entry (ROCE). There is good evidence, that TRPC3,
TRPC6, and TRPC7 are directly activated by diacylglycerols (Okada et al. 1999;
Trebak et al. 2003; Gudermann et al. 2004; Hofmann et al. 1999) thereby fitting
into this category. In contrast, TRPC1, 4, and 5 were found insensitive to lipid
mediators in heterologous expression experiments (Hofmann et al. 1999) and were
initially suggested as store-operated channel subunits (Beech et al. 2003; Wang
et al. 2004; Worley et al. 2007; Yuan et al. 2007; Philipp et al. 1996, 1998). These
findings are contradicted by a number of studies suggesting receptor- and second
messenger-dependent regulation of TRPC1/4/5, which may assemble into heter-
omers (Plant and Schaefer 2003; Schaefer et al. 2000; Okada et al. 1998; Strubing
et al. 2001). In line with this unclear situation, evidence for a role of vascular
TRPC channels in both ROCE and store-operated Ca2+ entry (SOCE) has been
presented during the past decades. Several reports demonstrate TRPC3, TRPC6,
and TRPC7 as receptor-activated vascular channels (Inoue et al. 2001; Imai et al.
2012; Lemos et al. 2007; Soboloff et al. 2005; Ju et al. 2010; Maruyama et al.
2006). Nonetheless, TRPC channels have repeatedly been proposed to form SOCE
channels in various tissues including the endothelium (Freichel et al. 2001) and
smooth muscle (Xu and Beech 2001). Using a dominant negative fragment of
TRPC3, Groschner et al. obtained evidence for a contribution of TRPC channels to
SOCE in HUVEC (human umbilical vein endothelial cells) (Groschner et al. 1998)
and Shi et al. demonstrated suppression of SOCE in vascular smooth muscle of
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TRPC1-/- mice (Shi et al. 2012). By contrast, knockdown of TRPC1 and TRPC4
did not reduce SOCE in HUVEC (Abdullaev et al. 2008). Similarly, down-regu-
lation of TRPC1, 4, and 6 by RNA interference did not affect SOCE in primary rat
aortic smooth muscle cells (Potier et al. 2009) and refilling of internal Ca2+ stores
was found unchanged in neuronal cells of TRPC1, 4, and 6 triple knockout mice
(Hartmann et al. 2008). It appears important to note that clear evidence for TRPC-
mediated SOCE by reconstitution of a store-operated Ca2+ conductance by het-
erologous expression is sparse (Ong et al. 2007; Worley et al. 2007) and further
analysis of the molecular mechanism of gating of these channels is required.
Specific conditions in terms of signaling partners may be required for TRPC
proteins to generate classical store-operated Ca2+ conductances.

Another type of Ca2+ channel, that was repeatedly suggested to be of impor-
tance for vascular physiology and as functionally related to TRPC signaling (Liao
et al. 2009), is Orai, the protein underlying calcium release activated Ca2+ (CRAC)
conductances in immune cells (Li et al. 2011a; Prakriya et al. 2006; Gwack et al.
2007). Orai has been identified as the molecular basis of SOCE in many cellular
systems (Peel et al. 2008; Schaff et al. 2010; Tolhurst et al. 2008; Voelkers et al.
2010; Lyfenko and Dirksen 2008; Jones et al. 2008). Orai channels generate
distinct Ca2+ selective conductances that are activated by physical communication
of plasmalemmal Orai hexamers (Hou et al. 2012) with stromal interaction mol-
ecules (STIM), located in the membrane of internal Ca2+ stores (Muik et al. 2012;
Prakriya et al. 2006). The N-terminal segment of STIM holds a Ca2+ sensing
domain that mediates conformational changes of the protein across the ER-
membrane upon emptying of the luminal calcium content. A basic scheme of the
Orai activation mechanism is shown in Fig. 23.1. Reduction in ER Ca2+ content
promotes dimerization and clustering of STIM1 into punctae at the subplasma-
lemmal part of the ER surface and enables physical interaction with plasmalemmal
Orai channels (Frischauf et al. 2008). The conformational changes initiated by
STIM/Orai coupling activate the Ca2+ entry channel and are apparently essential
for generating the typically observed high Ca2+ selectivity (McNally and Prakriya
2012). Thereby, protein–protein interactions in STIM/Orai complexes enable Ca2+

entry through the Orai pore, generating the inwardly rectifying CRAC
conductance.

Upon discovery of the STIM/Orai signaling machinery, which explains the
SOCE phenomenon in many cell types, some evidence has been obtained for
functional and may be even physical association of TRPC and ORAI channels
(Liao et al. 2008, 2009; Salido et al. 2011; Lee et al. 2010a). TRPC1 channels were
shown to interact via an electrostatic interaction with STIM1, involving a poly-
basic domain (K684, K685) in STIM and two negatively charged amino acids in
TRPC1 (D639, D640) or TRPC3 (D697, D698) (Yuan et al. 2009). Some studies
even indicate the existence of ternary STIM/Orai/TRPC complexes (Ambudkar
et al. 2007; Lee et al. 2010a), as suggested by cellular co-localization of the
proteins. In pulmonary artery smooth muscle cells, TRPC1 co-immunoprecipitated
with STIM1 and Orai1 and was suggested to contribute to SOCE, as demonstrated
by siRNA and anti TRPC1 antibodies (Yuan et al. 2012). Sundivakkam et al.
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reported that interaction of STIM1 with TRPC4 was required and sufficient for
SOCE function in mouse lung endothelial cells (Sundivakkam et al. 2012).
However, typical receptor-operated activity of TRPC channels apparently lacked
the requirement of association with STIM1 (DeHaven et al. 2009) and SOCE
proved insensitive to simultaneous knockout of multiple TRPC isoforms, at least
in some cellular systems (Potier et al. 2009; Hartmann et al. 2008). Thus, the
physiological significance of TRPC/Orai/STIM interactions still remains unclear.
Collectively, current evidence favors the view that some TRPC channels may be
activated in either a STIM-dependent or a STIM-independent fashion, adding
versatility to TRPC channel function (Lee et al. 2010b) while the Orai/STIM
interaction is seen as obligatory.

Diversification of Ca2+ entry into endothelial cells may be based on the general
ability of TRPCs to form heteromeric complexes with other isoforms of the same
subfamily (Poteser et al. 2006; Schaefer 2005), but also to communicate with
members of other TRP channel families and potentially with Orai1 (Cioffi et al.
2012). Moreover, a heteromeric channel comprised of TRPC1 and TRPV4 has
been reported to contribute to endothelial SOCE (Ma et al. 2011). Already before
the discovery of Orai proteins, SOCE was proposed essential and sufficient to

Fig. 23.1 STIM/Orai and Orai/TRPC coupling. a Scheme of STIM/Orai coupling. STIM
remains in a folded state as long as intracellular Ca2+ stores are filled and Ca2+ is bound to the
intraluminal EF-hand-domain (left). Store depletion leads to change of STIM to an extended
conformation that enables oligomerization and formation in punctae (not shown). Orai (only one
of six subunits depicted) is targeted to STIM punctae by interaction of the STIM carboxyl-
terminus with the Orai N-terminus. Additional binding of the C-terminal part of Orai triggers
Ca2+ entry via the Orai pore. The rise of cytosolic [Ca2] allows for refilling of the stores by
sarcoplasmatic endoplasmatic Ca2+-ATPase (SERCA). b Possible interaction between Orai and
TRPC channels. C-terminal aspartate residues of the TRPC channels (only one of four subunits
depicted) enable an electrostatic interaction with positively charged sites of the STIM carboxyl-
terminus, providing the prerequisites for the formation of a possible ternary STIM/Orai/TRPC
complex. Modified according to Muik et al. (2012)
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induce endothelial remodeling. Store depletion induced changes in endothelial
shape and rearrangement of cytoskeletal elements in pulmonary arterial endothe-
lial cells, natively expressing TRPC1 (Moore et al. 1998). Accordingly, Orai,
STIM, and TRPC channel functions have been linked to physiological downstream
pathways that are essential for vascular remodeling (Baryshnikov et al. 2009;
Aubart et al. 2009; Wang et al. 2009). TRPC channels, for example, have been
demonstrated as crucial for the activation of transcription factors like nuclear
factor of activated T-cells (NFAT) (Schlondorff et al. 2009; Wamhoff et al. 2006;
Poteser et al. 2011; Onohara et al. 2006) or cAMP-responsive element binding
protein (CREB) (Yao et al. 2009; Tai et al. 2008). Both transcription factors were
identified as key mediators of vascular proliferation (Tokunou et al. 2001;
Fukuyama et al. 2006; Zhang et al. 2004; de Frutos et al. 2010; Pang and Sun
2009).

23.2.1 Endothelial Expression of TRPC and Orai Channels

Within the spectrum of ion channels expressed in endothelial cells, the TRP
channel superfamily has been recognized as a prominent group of molecules that
govern Ca2+ signaling and cellular functions. As reviewed by Yao et al. (Yao and
Garland 2005), the canonical subfamily of TRP channels (TRPC) was found
abundantly expressed in endothelial cells of many vertebrates and expression of
most of the seven known TRPC isoforms was demonstrated at the mRNA level.
The presence of all TRPC isoforms, except the pseudogene TRPC2, in human
endothelial cells was confirmed at the protein level for coronary and pulmonary
artery cells (Yip et al. 2004; Smedlund and Vazquez 2008; Paria et al. 2004).
However, as expected from variability in mRNA expression pattern, TRPC protein
levels in endothelial cells vary significantly among different vascular beds/species
and generalized conclusions about the function of these channel proteins are dif-
ficult (Antoniotti et al. 2006; Garcia and Schilling 1997; Kamouchi et al. 1999). In
addition to the canonical TRP proteins, members like vanilloid (TRPV), melastatin
(TRPM), and polycystin-related (TRPP) channel subfamilies were found expres-
sed in endothelial cells and have been assigned to specific cellular functions
(Nilius et al. 2003; Dietrich and Gudermann 2008; Hecquet et al. 2008; Kim et al.
2000; AbouAlaiwi et al. 2009). The presence of Orai channels was repeatedly
demonstrated in endothelial cells, by studies providing evidence for expression of
all three Orai isoforms at the mRNA level (Abdullaev et al. 2008; Shimoda and
Laurie 2013; Watanabe et al. 2008). Orai1 protein expression was detected in rat
pulmonary endothelial cells, human pulmonary microvascular endothelial cells
(Sundivakkam et al. 2012), and HUVEC (Li et al. 2011a).
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23.2.2 Smooth Muscle Expression of TRPC and Orai
Channels

Initiation and regulation of vascular smooth muscle contraction involves a unique
repertoire of Ca2+ entry mechanisms (Wang et al. 2008a; Wamhoff et al. 2006).
Importantly, the underlying Ca2+ entry channels comprise both voltage-gated,
highly selective channels as well as nonselective cation channels, which control
ion homeostasis in a more complex manner by conducting Ca2+, Mg2+, and Na+

(Wang et al. 2008a; Berra-Romani et al. 2008). The TRP superfamily contributes
to a large group of nonselective, nonvoltage-gated ion channels that appear to be
essential for signal transduction in vascular smooth muscle cells (VSMC),
including TRPV, TRPM, and TRPP members (Wang et al. 2008b; Yang et al.
2006; Dietrich et al. 2006). Similarly to the endothelium, all members, except
TRPC2, of the TRPC subfamily have been detected in human vasculature by PCR,
Western Blot, and/or immunofluorescence analysis (Guibert et al. 2011; Dietrich
et al. 2006). TRPC1, TRPC4, and TRPC5 appear to prevail in many vascular beds
(Yip et al. 2004; Watanabe et al. 2008; Xu and Beech 2001), TRPC3 expression in
vascular smooth muscle appears rather low as compared to tissues with prominent
expression such as myocardium and brain (Dietrich et al. 2006). Nonetheless,
TRPC3 may be a significant player in certain vascular beds or (patho)physiological
conditions. TRPC6 is an ubiquitous TRPC isoform found in the whole vasculature,
but is most prominently expressed in pulmonary vascular smooth muscle as
indicated by northern blot analysis (Dietrich et al. 2005). Ulloa et al. demonstrated
TRPC1, TRPC4, and TRPC6 mRNA expression in smooth muscle of the human
myometrium (Ulloa et al. 2009). TRPC7 had only been identified in vascular
endothelial cells but appears sparse in VSMC (Yip et al. 2004). Interestingly, Orai
expression levels were found relatively low in native contractile VSMC compared
to smooth muscle cells residing in a proliferating and migrating state (Beech
2012). Nevertheless, immunostainings detected Orai1 in VSMC of arterial sec-
tions, demonstrating Orai1 protein expression in pig coronary artery and rat carotid
artery (Zhang et al. 2011; Edwards et al. 2010) and Orai2 and Orai3 mRNA (Li
et al. 2011b) as well as protein (Berra-Romani et al. 2008) have as well been
identified in VSMCs.

23.3 Endothelial Remodeling

The luminal border of blood vessels and the foremost barrier of the vessel wall
against blood born factors are formed by the endothelium. A thin single layer of
endothelial cells governs pivotal vascular functions including the exchange of
compounds between blood and tissue (Irie and Tavassoli 1991; Rippe et al. 2002),
regulation of blood pressure (Furchgott and Zawadzki 1980), haemostasis, and
fibrinolysis (Stalcup et al. 1982) as well as control of permeability for circulating
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cells (Vestweber 2012) and enables initial steps in angiogenesis (Herbert and
Stainier 2011). Accordingly, endothelial cells take a central role in vascular
remodeling and are generally considered to pass on proliferative signals to adja-
cent smooth muscle cell layers (Burnstock 2008; Zhang et al. 2012; Wedgwood
et al. 2001). Endothelial cells can generate vasoactive substances that influence
cellular growth (Damon 2000; Peiro et al. 1995), migration (Meoli and White
2010; Kernochan et al. 2002), and death (Nakahashi et al. 1998) as well as the
architecture of the extracellular matrix (Shi-Wen et al. 2001). In turn, endothelial
cells are equipped with receptors enabling them to sense vascular mediators and
signaling molecules, of which many trigger intracellular Ca2+ signals (Ryan 1989;
Neufeld et al. 1994). Adverse remodeling of the vascular system is typically
initiated by a critical level of physical or biochemical factors that are either limited
to distinct localizations within blood vessels or affect vascular branches and large
parts of the vascular bed. The latter situation is common for haemodynamic,
physical factors, predominantly generating mechanical stress that is induced by
changes in blood pressure and flow rate. Local vascular remodeling may also be
triggered by injury and/or oxidative stress, as typically observed in atherosclerosis,
or due to the aberrant cellular signaling associated with tumor formation. All these
initiating conditions are potentially linked to activation of either TRP or Orai
signaling.

23.3.1 The Role of Endothelial TRPC Channels in Growth
Factor-Mediated Vascular Remodeling

A variety of vasoactive factors regulate endothelial permeability, proliferation, and
angiogenesis as typically measured by tube formation (Gerwins et al. 2000).
Numerous studies investigating and proposing a potential role of TRPC channels
in endothelial responses to vasoactive factors were focusing on barrier function,
while little direct evidence is available for a contribution of these channels to
proliferation or remodeling. Nonetheless, the existence of overlapping pathways
involved in these processes supports the assumption of a common set of ion
channels which may be required for these functions (Qin et al. 2013; Shibuya
2013). Angiogenic factors, which stimulate proliferation and migration of endo-
thelial cells, include basic fibroblast growth factor (bFGF), platelet-derived growth
factor (PDGF), and vascular endothelial growth factor (VEGF). VEGF appears as
an activator of endothelial TRPC channels of the ‘‘receptor-operated’’ type, such
as TRPC6. TRPC6 was shown as a prerequisite for VEGF-induced proliferation
and tube formation in HUVEC (Ge et al. 2009; Hamdollah Zadeh et al. 2008) and
TRPC3 and TRPC6 were found involved in VEGF receptor signaling in human
microvascular endothelial cells (HMVEC) (Cheng et al. 2006). In addition to a
functional linkage of VEGF signaling to TRPC channel function, these receptors
and channels may be even elements of a common signaling complex as endothelial
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TRPC1 was found associated with VEGF receptor-2 (Kusaba et al. 2010). The
sensitivity of TRPC1 to VEGF is further supported by the finding that VEGF-
induced activity of endothelial TRPC1 channels is reduced by angiopoietin-1
which disturbs the interaction of TRPC1 and the IP3-receptor (Jho et al. 2005).

In addition to its direct effect, VEGF may also be responsible for the release of
other vasoactive factors, which as well act at TRPC channels as target. VEGF
promotes the synthesis of endothelial inflammatory mediators such as platelet
activating factor (PAF), representing a molecular link between vascular remod-
eling and inflammatory stimuli (Bernatchez et al. 2002). PAF was shown to induce
nonselective currents in lung endothelial cells that were attributed to TRPC6
activity by pharmacological strategies (Samapati et al. 2012). Exposure to PAF
resulted in increased microvascular wall thickness, perivascular cell proliferation,
and rearrangement of F-actin filaments (Yuan and He 2012), typically indicating
vascular remodeling. In addition to VEGF, bFGF has also been shown to induce
TRPC channel activity in bovine aortic endothelial cells (Antoniotti et al. 2002,
2006). In summary, there is relatively good evidence for a role of endothelial
TRPC 1, 3, and 6 channels in growth factor-induced signaling, a set of isoforms
that is potentially able to form heteromeric channels (Liu et al. 2005; Storch et al.
2012) and may thus confer the observed effects to a single pore.

Growth factor-activated signaling is of particular significance for development
and proliferation of vascular progenitor cells. Proliferation and migration of
endothelial progenitor cells (EPCs) are considered critical for endothelial repair
after injury and the initial steps of neovascularization. EPCs are a rare species of
circulating blood cells that adhere to vascular spots of injury or a site that requires
de novo vessel formation (Asahara et al. 1999). TRPC3 was identified as a VEGF-
regulated Ca2+ entry pathway in adipose tissue-resident endothelial progenitor
cells (Poteser et al. 2008) and silencing of TRPC1 was shown to reduce prolif-
eration and migration of bone marrow derived EPCs (Kuang et al. 2012). The latter
group reported the requirement of STIM1 for TRPC1-mediated proliferation and
migration of EPCs (Kuang et al. 2010). Endothelial tube formation as an experi-
mental read-out of angiogenesis was recently demonstrated to depend on TRPC
channels (Antigny et al. 2012). Using a siRNA-knockdown strategy in an in vitro
matrigel assay, the authors demonstrated the significance of TRPC3, TRPC4, and
TRPC5 channels in EA.hy926 cells, while silencing of STIM1 and Orai1 failed to
prevent tubulogenesis. By contrast, a paper by Li et al. communicated that
endothelial (in vitro) tube formation by HUVEC depends on Orai1 and CRAC
channel activity (Li et al. 2011a). As indicated by these discrepancies, the relative
contribution of TRPC and Orai signaling to angiogenesis may again markedly
depend on the vascular bed and environmental situation. Nonetheless, taken
together, evidence has been accumulated in favor of a key role of TRPC channels
in growth factor-induced vascular remodeling and therefore potentially in tumor
angiogenesis and neovascularization. TRPC channels thus deserve consideration
as targets for future anti-tumor therapies (He et al. 2012). VEGF and its receptors
have already been recognized as targets in the fight against cancer and led to the
development of promising tools like bevacizumab (Avastin) (Awazu et al. 2013;
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Kabbinavar et al. 2003; Yang et al. 2003). Currently, pharmacological means to
directly target TRPC channels in a selective way are limited, but the recent
development of pyrazole derivatives (Kiyonaka et al. 2009; Glasnov et al. 2009;
Schleifer et al. 2012), some of which exhibiting selectivity between TRPC and
Orai channels, gives reason to anticipate fairly rapid progress in this field.

23.3.2 The Role of Endothelial TRPC Channels in Oxidative
Stress-Mediated Vascular Remodeling

Free oxygen radicals are important mediators of endothelial injury and patho-
logical impairment of endothelial function, a typical scenario in atherosclerosis,
reperfusion-injury, or respiratory distress syndrome. Accordingly, oxidative stress
has been shown to disrupt endothelial barrier (Usatyuk and Natarajan 2004) as
well as blood–brain barrier function (Huppert et al. 2010). Cellular Ca2+ signals
take a central role in the pathways leading to redox-mediated injury and remod-
eling of the affected tissue (Geeraerts et al. 1991) and several members of the
TRPC channel family were found involved in oxidative stress responses (Miller
and Zhang 2011; Cioffi 2011). A membrane conductance triggered by external
oxidative stress, was characterized in porcine aortic endothelial cells and reported
to display typical TRPC properties (Balzer et al. 1999), suggesting that TRPC
proteins might serve as vascular redox sensors. In a heterologous expression
system, TRPC6 was found to be regulated by externally applied H2O2, an effect
that was attributed to redox- sensitive thiol groups of (not identified) intracellular
proteins, as H2O2-induced activation was not observed in electrophysiological
recordings from inside-out patches (Graham et al. 2010). Thus, TRPC6 may be an
indirect target of oxidative stress, potentially conferred by means of altered
phosphatase activity (Hisatsune et al. 2004). TRPC6 was recently suggested as an
endothelial mediator of oxidative injury. TRPC6 knockout mice were shown to be
protected from lung ischemia–reperfusion-induced oedema and explanted lung
endothelial cells of these mice showed attenuated Ca2+ influx, modified cellular
shape as well as defective barrier function which are typical cellular indicators of
endothelial remodeling (Weissmann et al. 2012).

Oxidative stress does not necessarily depend on external factors, but might also
be generated within the endothelial cells. One primary source of internal redox
stress, in addition to NADPH oxidase (nicotinamide adenine dinucleotide phos-
phate oxidase, NOX) (Gray et al. 2013) and xanthine oxidase (Rodell et al. 1987)
is the activity of nitric oxide synthase (NOS). Oxidation of tetrahydrobiopterin
(BH4), an essential cofactor of NO synthase by NOX leads to uncoupling of NOS,
subsequent reduced synthesis of NO and enhanced production of superoxide
(Crabtree et al. 2013). NO, as generated by eNOS activity, controls vascular tone
(Lefroy et al. 1993) and arterial pressure (Rees et al. 1989), but also represents a
highly reactive radical. TRPC5 has been proposed as a potential target of NO or
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nitric oxide derived species, such as N2O3, via S-nitrosylation of cytoplasmic
accessible cysteine residues (cys553 and cys558) (Yoshida et al. 2006). These
authors proposed that oxidation-induced channel activation causes Ca2+ entry in
endothelial cells after G-protein coupled receptor activation. This finding was
challenged by Wong et al., who demonstrated that homomeric TRPC5 was not
activated by S-nitroso-N-actetylpenicillamine (SNAP) and diethylamine NONOate
(DEA-NONOate) (Wong et al. 2010). As stressed by the authors, a possible
explanation for this discrepancy may be the ability of TRPC5 to form heteromeric
channels with other native, redox-sensitive endothelial channels. Heteromeric
assembly of TRPC channels was demonstrated in a HEK293 cell-based heterol-
ogous expression system, where heteromeric TRPC channels comprised of TRPC3
and TRPC4 isoforms were found to be redox-sensitive and the IV-signature of the
current resembled those observed in endothelial cells (Poteser et al. 2006).

Interestingly, a rather protective role of TRPC3 was reported in porcine coro-
nary artery cells exposed to hypoxia-reoxigenation (Huang et al. 2011). Such
reoxygenation-mediated vascular injury is typically associated with decreased
production of NO and impaired endothelium-derived hyperpolarizing factor
(EDHF) signaling (Carden and Granger 2000; Dong et al. 2005). TRPC3 was
shown to contribute to endothelial NO release in porcine endothelial cells and
surface expression of TRPC3 was consistently found to enhance NO production.
TRPC3 activity was found inhibited by hypoxia-reoxigenation (Huang et al. 2011).
Considering the findings showing TRPC channels as contributors or enhancers of
redox injury, this indicates that both, inhibition and moderate enhancement of
TRPC channel activity might have beneficial effects on endothelial functions.

Collectively, these studies support the view of a pivotal involvement of TRPC
channels in endothelial redox injury, while their role as direct targets of oxidative
reactions still remains elusive. However, TRPC channels again qualify as potential
targets for therapeutic strategies aimed to prevent endothelial injury, a process that
is tightly linked to vascular aging. In line with this concept, Naylor et al. reported
sensitivity of TRPC5 to antioxidants (Naylor et al. 2011). TRPC5 was found to be
inhibited by redox scavengers, indicating a mode of activation that depends on
endogenous redox stress, while hydroxylated stilbenes and reservatrol inhibited the
channel independently of the antioxidant effect. Thus, endothelial TRPC channels
might be a target of common antioxidative therapies. The therapeutic conse-
quences of TRPC modulation or block in endothelial cells definitely require further
studies to elucidate basic principles.

23.3.3 The Role of Endothelial TRPC Channels
in Mechanical Stress-Induced Vascular Remodeling

The vasculature is under permanent stress by alternating mechanical forces as
generated by luminal blood flow and pulse wave. Vascular remodeling is hence not
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initiated by this mechanical stimulation per se, but is rather triggered by patho-
physiological deviations from a ‘‘normal’’ level (Lu and Kassab 2011). Experi-
mental approaches to study responses to mechanical stimulation in the vascular
endothelium are challenging and a generally accepted picture of the role of TRPC
channels mechanosensitivity has not been obtained so far (Gottlieb et al. 2008).
Consequently, the role of endothelial TRPC channels in blood pressure- or flow-
induced vascular remodeling is still unclear. Several studies indicate a potential
involvement of TRPC channels in mechanically triggered Ca2+ entry (Maroto et al.
2005; Berrout et al. 2012; Spassova et al. 2006). In a CHO-cell based heterologous
expression system, overexpression of TRPC1 resulted in a mechanically triggered
conductance, while genetic knockdown of TRPC1 eliminated this mechanosensi-
tivity (Maroto et al. 2005). The authors discuss a possible interaction of TRPC1
with dystrophin as a possible base of the mechanosensitivity, which could also
explain the reduction of the abnormal mechanosensive channel activity in dys-
trophic muscle, as induced by TRPC1 antisense oligonucleotides (Vandebrouck
et al. 2002). Stretch and receptor activation of TRPC6 channels have been pro-
posed to involve a common mechanism induced by lateral-lipid tension. Strik-
ingly, the responses to both stimuli were clearly suppressed by the tarantula toxin
GsMTx-4, an established inhibitor of mechanosensitve conductances (Spassova
et al. 2006). Importantly, a solid investigation in expression systems argued
against a direct mechanosensitivity of TRPC1 and TRPC6 (Gottlieb 2008).
Nonetheless, TRPC channels might represent target proteins in mechanically
triggered signaling cascades. One potential mechanism linking mechanical stress
indirectly to TRPC channel activity is mechanosensitivity of G-protein coupled
receptors as upstream signaling elements (Mederos y Schnitzler et al. 2008). So
far, only little information about involvement of TRPC channels in mechanically
induced endothelial conductances is available. In blood–brain barrier endothelial
cells, stretch injury-associated Ca2+ elevation was reduced by silencing of TRPC1
and TRPP2 (Berrout et al. 2012). Interestingly, pulsatile shear stress but not
constant laminar flow was demonstrated to promote expression of TRPC6 and
TRPV1 in human umbilical vascular endothelial cells (Thilo et al. 2012). Thus,
certain states of mechanical stimulation might initiate a positive feed-forward
mechanism involving up-regulation of certain TRP molecules thereby leading to
altered Ca2+ signaling.

In summary, TRPC channels are suggested to play a role in mechanosensitivity
of vascular cells, most likely due to cellular mediators that are generated down-
stream of primary mechanosensors, such as receptors or enzymes, and to con-
tribute to vascular mechanoregulation (Ungvari et al. 2006; Zhu et al. 2011).
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23.3.4 The Role of Endothelial Orai Channels in Vascular
Remodeling

The current available information about the potential involvement of Orai in
endothelial remodeling is limited. In the human umbilical vein derived endothelial
cell line EA.hy926, knockdown of STIM1 and Orai1 did not prevent in vitro
tubulogenesis, whereas knockdown of TRPC3, TRPC4, or TRPC5 were found to
be essential. In the same system, Orai1, but not STIM1 knockdown was found to
prevent cell proliferation (Antigny et al. 2012).

In contrast, SOCE and CRAC in HUVECs were demonstrated to be mediated
by Stim1 and Orai1 and TRPC1 and TRPC4 were found not involved in SOCE
after siRNA induced silencing. Accordingly, knockdown of Orai1, STIM1 and
STIM2 inhibited endothelial proliferation (Abdullaev et al. 2008). Also in HU-
VEC, Orai1 silencing inhibited VEGF-induced cell migration and in vitro tube
formation (Li et al. 2011a). The discrepancies observed in similar endothelial cell
systems have been attributed to different levels of VEGF used in the experiments
(Antigny et al. 2012).

Generally, a prominent role for Orai1 and SOCE in VEGF-induced endothelial
proliferation, migration, and angiogenesis is very likely. In contrast, thrombin-
mediated signaling of endothelial cells might involve STIM1, but not Orai1 and
SOCE (Shinde et al. 2013). This finding is supported by the observation that
dominant negative Orai1 (R91 W) and Orai3 (E81 W) mutants failed to prevent
thrombin induced Ca2+ entry in murine lung endothelial cells (Sundivakkam et al.
2012). Thus, the relative contribution of Orai and TRPC channels to endothelial
remodeling might depend on involved types of receptors. However, acknowl-
edging the important role for VEGF, Orai1 has to be considered as a key element
of endothelial remodeling.

23.4 Smooth Muscle Remodeling

Vascular smooth muscle cells (VSMC) are essential for vessel integrity and blood
pressure control (Yoshida and Owens 2005). Compared to skeletal and cardiac
muscle, which are terminally differentiated, VSMC retain a high degree of plas-
ticity and are capable to switch from a contractile excitable to a proliferative
nonexcitable phenotype (Owens et al. 2004). The VSMC phenotype switch from a
contractile to a synthetic morphology is an essential process of vascular growth,
remodeling, and repair. Moreover, the process is critical for maladaptive responses
in pathological states such as atherosclerosis, neointimal hyperplasia after percu-
taneous transluminal coronary angioplast or in-stent restenosis (Alvaro-Gonzalez
et al. 2002; Ailawadi et al. 2009; Hao et al. 2003). Under normal, physiological
conditions, VSMC are characterized by an essentially low proliferation rate, a
minor synthetic activity and a unique pool of ion channels, contractile proteins,
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and signaling molecules (Owens et al. 2004; House et al. 2008). The VSMC
phenotype switch from the quiescent to proliferative state is a highly complex
mechanism that is accompanied by down-regulation of smooth muscle differen-
tiation markers such as smooth muscle a-actin, myosin heavy chain or smoothelin,
as well as a loss of voltage-gated channels like the L-type Ca2+ channel Cav1.2 and
Ca2+ activated K+ channel KCa1.1. Typically, dedifferentiation is associated with
increased expression of components assigned to SOCE (TRPC, STIM1 and Orai1)
and a de novo expression of the K+ channel KCa3.1 (Golovina et al. 2001; Beech
2007; Lang et al. 2005). VSMC additionally are stocked with appropriate pro-
proliferative and pro-migratory signaling pathways targeted by growth factors and
cytokines to promote the transcriptional up-regulation of remodeling genes (Ka-
wai-Kowase and Owens 2007), that are associated with altered intracellular Ca2+

signaling. These alterations in Ca2+ homeostasis typically involve changes in the
sarcoplasmatic reticulum (SR) Ca2+ and in Ca2+ entry pathways. The intracellular
Ca2+ signal that drives VSMC proliferation and remodeling has been attributed to
SOCE as well as ROCE (Berra-Romani et al. 2008; Bergdahl et al. 2005; Yu et al.
2003; Baryshnikov et al. 2009). Hence, ion channels involved in these Ca2+ entry
mechanisms are considered as pharmacological targets to prevent vascular
remodeling rather than therapeutically well-established blockers of L-type voltage-
gated Ca2+ channels, which proofed inefficient to prevent smooth muscle prolif-
eration. This is consistent with results obtained by down-regulation of voltage-
gated channels (Li et al. 2004) in proliferating states of smooth muscle. Indeed,
targeting of nonvoltage-gated ion channels may represent a promising therapeutic
approach (Nilius et al. 2007; Courjaret and Machaca 2012).

23.4.1 The Role of Smooth Muscle TRPC Channels
in Vascular Remodeling

Phenotype transition to proliferative VSMC is associated with decreased density of
functional L-type channels, while Ca2+ entry is still prominent but based on other
pathways. Besides the Ca2+ selective Orai1 pore complex, less Ca2+ selective
SOCE conductances have been proposed to induce smooth muscle proliferation.
These conductances display distinctly different properties as CRAC channels (Lee
et al. 2010a; Beech 2007). Several studies indicated up-regulation of TRPC
expression associated with vascular injury and involvement of TRPCs in the
invasive migratory state of synthetic VSMC (Rowell et al. 2010; Watanabe et al.
2008; Inoue et al. 2006; Kumar et al. 2006; Spassova et al. 2006). TRPC1 was
identified as a molecular component of this nonCRAC, nonselective SOC channel
in proliferating smooth muscle cells (Bergdahl et al. 2005; Sweeney et al. 2002).
Kumar et al. reported that TRPC1 is up-regulated in response to vascular injury
and measurements of neointimal hyperplasia in human saphenous vein organ
culture revealed, that TRPC1 expression is enhanced in intimal layers containing
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SMC as compared to the media. The use of an antibody, recognizing the pore
forming region of TRPC1 and presumably blocking the channel, inhibited neo-
intimal hyperplasia, suggesting a pivotal role of TRPC1 in VSMC proliferation.
Moreover, enhanced TRPC1 expression has been detected after vascular injury
elicited by balloon dilation in the mammary artery. TRPC1 protein expression as
well as SOCE was found increased in proliferative human pulmonary artery SMC
as compared to nonproliferative cells (Kumar et al. 2006). Interestingly, it has been
demonstrated that TRPC expression is altered upon exposure of VSMC to
mechanical stretch. A 5-fold increase in TRPC1 and TRPC6 mRNA and protein
expression levels has been observed after exposure of human internal mammary
artery to static stretch via balloon dilatation or stenting (Bergdahl et al. 2005).
TRPC1 appears to represent an important component of voltage-independent Ca2+

conductances in proliferating VSMC, but by itself is barely able to mediate SOCE
in VSMC (Beech 2005). Strubing et al. were the first to suggest that TRPC1 is
likely to function in a heteromultimer with TRPC5. Heteromultimeric TRPC1/5
complexes were tested for lipid-sensing, as lipid mediators are critical players in
progression of atherosclerosis. Both, LPC (lysophosphatidylcholine), a major
component of oxidized LDL in atherosclerotic plaques and sphingosine-1-phos-
phate (S1P) were found to activate the TRPC1/5 hetermultimeric channel (Stru-
bing et al. 2001; Flemming et al. 2006). Xu et al. investigated the S1P sensing by
TRPC5 and its impact on SMC motility by inhibiting channel functionality.
Human SMCs of saphenous veins lack the S1P-induced motility when TRPC5
channels are inhibited by specific TRPC5-blocking antibodies or by the expression
of a dominant negative ion-pore mutant of TRPC5 (Xu et al. 2006). Another TRPC
isoform potentially involved in initiation of VSMC proliferation, after vascular
injury, is TRPC4. TRPC4 was suggested to participate in phenotype transitions of
human pulmonary arterial smooth muscle cells as increased TRPC4 protein
expression was detected along with enhanced proliferation (Rowell et al. 2010).
This phenomenon is associated with increased CREB phosphorylation, which in
turn activates gene transcription of growth factors and cytokines (Zhang et al.
2004).

Stimuli inducing activation of genes in VSMCs, as associated with neointima
hyperplasia, may be provided by the local mechanical disturbances that are pro-
duced by stent implantation (Antigny et al. 2012). As shortly outlined for endo-
thelial cells above, TRPC channels are in discussion to be, at least indirectly,
mechanosensitive. Interestingly, mechanical stretch appears to modulate the
expression of TRPC3 and TRPC4 in myometrial smooth muscle cells. Exposure of
cells to prolonged mechanical stretch in vitro resulted in increased TRPC3 and
TRPC4 expression along with altered Ca2+ signaling (Dalrymple et al. 2007). Our
group recently demonstrated changes in TRPC3 expression in a human aortic
ex vivo model of smooth muscle hyperplasia (Koenig et al. 2013). Smooth muscle
cell proliferation was initiated by overexpansion of the human aorta via stent
implantation. The pyrazole derived TRPC3 blocker Pyr3 (ethyl-1-4-2,3,3-trichlo-
roacrylamide phenyl-5-trifluoromethyl-1H-pyrazole-4-carboxylate) inhibited pro-
liferation of VSMC, but not of endothelial cells. This suggests that TRPC3 is a

476 M. Poteser et al.



critical player in smooth muscle remodeling but might be barely essential for
endothelial proliferation. Stent-induced injury of aortic constructs was accompa-
nied by a significantly enhanced expression of TRPC3 and Pyr3-coating of stents
was efficient in suppression of injury-induced proliferation. This points toward a
potential suitability of TRPC inhibitors in drug-eluting stent strategies that target
VSMC proliferation without impeding re-endothelialization.

TRPC3 is generally considered as receptor operated in a physiological context
and Berra-Romani et al. provided evidence for enhanced ROCE as well as TRPC3
and TRPC6 expression in proliferating myocytes. Cultured rat arterial smooth
muscle cells were stimulated with the diacylglycerol analog OAG, a direct acti-
vator of the TRPC3 and TRPC6 channels, resulting in augmented ROCE of pro-
liferating cells (Berra-Romani et al. 2008). To distinguish between SOCE and
ROCE, the authors measured OAG-induced Ba2+ entry, which was significantly
higher in proliferating arterial smooth muscle cells, as compared to control cells.
Thus, it has been suggested that increased TRPC3 and TRPC6 protein expression
is the basis of augmented ROCE in arterial myocytes, residing in a synthetic
phenotype (Berra-Romani et al. 2008). Another line of evidence that favors a key
role of TRPCs in vascular smooth muscle phenotype transitions was provided by
the observation of TRPC6 up-regulation in platelet-derived growth factor (PDGF)-
induced proliferation of pulmonary vascular smooth muscle cells (PASMC).
Inhibition of the channel0s expression by antisense oligonucleotide knock-down
significantly reduced PDGF-induced cell proliferation (Yu et al. 2003).

In conclusion, SOCE as well as ROCE appear to be involved in molecular
pathways linked to smooth muscle proliferation, and TRPC channels were sug-
gested to contribute to both Ca2+ entry mechanisms depending on isoform/het-
eromerization and stimulus. Most studies focussing on TRPC function and
distribution in terms of VSMC remodeling revealed an increased expression of
these ion channels in proliferating VSMC of diverse disease models, suggesting
enhanced TRPC expression as part of the remodeling process and these molecules
as promising targets for pharmacological or genetic approaches in the therapy of
cardiovascular diseases. These approaches might not only be based on inhibition
of channel activity by selective blockers but also on suppression of specific trig-
gers for TRPC activation, such as growth factors (Yu et al. 2003), lipids (Xu et al.
2006; Flemming et al. 2006) or mechanical stimuli (Kumar et al. 2006; Spassova
et al. 2006) as well as inhibition of signaling pathways involved in feed-forward
promotion of TRPC expression.

23.4.2 The Role of Smooth Muscle Orai Channels
in Vascular Remodeling

The best characterized SOCE mechanism is the highly Ca2+ selective ICRAC (Ca2+

released activated Ca2+) (Cahalan et al. 2007). Several studies demonstrated that
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transition from a contractile to a synthetic phenotype in cultured VSMC is tightly
linked to alterations in Ca2+ handling by intracellular Ca2+ stores and to SOCE
(Yang et al. 2012; Berra-Romani et al. 2008). In proliferating myocytes, Orai1 and
STIM1 expression levels were found enhanced, suggesting involvement of Orai1
and STIM1 in vascular remodeling. Results obtained by siRNAs down-regulation
of Orai1 expression corroborated the importance of the Orai1-mediated CRAC
conductance in VSMC proliferation (Baryshnikov et al. 2009). Orai1 and STIM1
expression was found significantly up-regulated in freshly isolated arterial myo-
cytes undergoing in vitro transition to the synthetic phenotype. Again, knock-down
of Orai1 and STIM1, respectively, resulted in inhibition of VSMC proliferation
and migration (Potier et al. 2009; Baryshnikov et al. 2009). The role of STIM1 and
Orai1 in VSMC proliferation and neointima formation in vivo was elucidated by
Zhang et al., using a rat carotid artery balloon-injury model. Vessel injury trig-
gered neointima formation with a peak at two weeks after injury. Measuring cell
proliferation markers along with Orai1- and STIM1-distribution in neointimal
VSMC layers, the study demonstrated augmented expression levels of Orai1,
STIM1 as well as proliferation markers. Moreover, the authors reported that
knockdown of Orai1 and STIM1 by use of shRNAs abrogated store operated Ca2+

entry and ICRAC in cultured rat aortic VSMC. Neointima formation in injured
vessels was markedly reduced by shOrai1 and shSTIM1 knock-down. Further-
more, this study revealed up regulation of Orai1 und STIM1 in a model of vascular
remodeling based on enhanced shear stress in carotid artery sections due to carotid
ligation. Orai1 and STIM1 protein expression was significantly enhanced in the
media and neointima of ligation-injured tissue (Zhang et al. 2011). Recently, the
same group addressed the question whether the Orai1 homolog Orai3 is as well
involved in neointima formation in response to vessel injury and reported that
different pathophysiologically relevant agonists activate two distinct Orai-medi-
ated conductances and Ca2+ entry pathways. Platelet-derived growth factor acti-
vates the classical Stim1/Orai1 pathway, which was found to promote VSMC
migration in vitro (Bisaillon et al. 2010). In contrast, thrombin induces Ca2+ entry
that appears mediated by Orai1/3 heteromeric channels and depends on STIM1.
Both cultured synthetic VSMC and freshly isolated medial and neointimal VSMC
from a rat in vivo model of vascular remodeling displayed elevated Orai3
expression. Moreover, in vivo knockdown of Orai3 by shRNA (shOrai3) clearly
affected these vascular remodeling processes, in that both neointimal size and the
ratio of neointima/media were markedly reduced (Gonzalez-Cobos and Trebak
2010; Trebak 2012). Recently, Gonzalez-Cobos et al. presented results showing
that thrombin, but not PDGF-induced activation of Orai1/Orai3 in VSMCs
required the intracellular production of leukotriene C4, indicating that thrombin
acts on these channels via an unidentified store-independent mechanism (Sundi-
vakkam et al. 2012). Accordingly, Orai3 has been shown essential for an arachi-
donic acid-induced conductance observed in a HEK293 expression system,
suggesting the existence of an arachidonate-regulated Ca2+ (ARC) entry based on
Orai1/Orai3 heteropentamers (Shinde et al. 2013; Abdullaev et al. 2008; Li et al.
2011a). Thus, in addition to known pathways of SOCE, Orai channels may,
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depending on the heteromeric pore composition, also mediate receptor-operated
Ca2+ entry that stimulates smooth muscle proliferation, and vascular remodeling.

These results suggest that nonvoltage-dependent Ca2+ entry channels such as
Orai or TRPC complexes may respond to particular trigger stimuli to provide Ca2+

signals that initiate Ca2+ transcription coupling associated with feed-forward
changes of Ca2+ channel expression and cellular phenotype transition.

With the discovery of STIM1 and Orai1 as the mediators for SOCE in VSMC
(Beech 2012; Zhang et al. 2011) as well as other cell types (Abdullaev et al. 2008;
Zhao et al. 2012; Frischauf et al. 2008), attention has also been directed to their
contribution in VSMC remodeling in cardiovascular disease. The reports outlined
above demonstrate an involvement of Orai1, alone or in heteromeric arrangements
with Orai3, in VSMC proliferation.

23.5 Conclusion

In summary, Ca2+ signaling mediated by TRPC and Orai channels determines
initiation and progress of vascular remodeling via signaling processes that govern
transcriptional programs and phenotype transitions. Ca2+ channels formed by these
proteins appear as the basis of Ca2+ conductances, which share the common
feature of lacking primary voltage sensitivity but display variable selectivity for
divalents. These channels are activated in response to a variety of external stimuli
such as growth factors or oxidative injury. Their role in adaptive responses of
blood vessels to mechanical stimuli remains elusive. Currently available evidence
suggests a high degree of heterogeneity in TRPC and Orai signaling in vascular
cells most likely due to variable composition of channel complexes among dif-
ferent vascular beds and an accordingly variable contribution of these channels to
ROCE and SOCE. A pivotal role of STIM1/Orai1 as well as TRPC channels in the
VSMC phenotype switch was repeatedly suggested and is supported by the
observation that knockdown of these Ca2+ signaling molecules suppresses cell
proliferation. Importantly, phenotype transitions in VSMC are accompanied by
significant changes in the ion channel expression pattern in the cells. A crucial
remodeling-associated change in the pattern of Ca2+ entry channels seems to be
replacement of L-type voltage-gated channels by members of the TRPC family
and components of the ICRAC, STIM1 and Orai1. This reorganization in Ca2+ entry
mechanisms results in profound changes in Ca2+-transcription coupling and
appears as a potential feed-forward mechanism in maladaptive restructuring of the
vascular system. Our increasing knowledge about the molecular players in the
vascular pathophysiology prompts the development of novel therapeutic strategies
based on molecular targets related to TRP and Orai signaling.
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Chapter 24
TRPP2 in Polycystic Kidney Disease

Andrew Streets and Albert Ong

Abstract Mutations in PKD1 (85 %) or PKD2 (15 %) account for almost all
cases of autosomal dominant polycystic kidney disease (ADPKD). The ADPKD
proteins, polycystin-1 and polycystin-2 interact to form a receptor-ion channel
complex which regulates tubular structure in the developing and adult kidney.
Polycystin-2 (TRPP2) is the founding member of the Transient Receptor Potential
Polycystic (TRPP) subfamily of non-selective ion channels. Considerable progress
has been made in recent years to understand the structure and function of TRPP2
and its relevance to the pathogenesis of ADPKD. TRPP2 channels have been
shown to reside in a number of different subcellular compartments regulating
intracellular calcium levels as part of a complex with polycystin-1 and other
channel proteins. Disturbed calcium signalling mediated by loss of TRPP2 or its
interacting partner polycystin-1 is clearly an early event in the development of a
cystic phenotype. Understanding the functional significance of disrupted calcium
signalling and identifying affected downstream pathways may lead to the devel-
opment of new therapeutic approaches in the treatment of ADPKD.

24.1 Introduction

Polycystin-2 (TRPP2) is the founding member of the Transient Receptor Potential
Polycystic (TRPP) subfamily of non-selective ion channels. TRPP2 is mutated in
around 15 % of cases of Autosomal Dominant Polycystic Kidney Disease. TRPP2
has been shown in a large number of studies to be involved in mechanosensitive
and ligand-activated Ca2+-dependent cell signalling pathways mediating a diverse
range of biological functions including proliferation, apoptosis, body axis
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patterning and heart loop morphogenesis. TRPP2 is found at a number of locations
within the cell, at the plasma membrane, endoplasmic reticulum, primary cilia and
mitotic spindle. This complex subcellular localisation and the precise role of
TRPP2 have remained controversial. This chapter will summarise the current
evidence regarding the structural and functional regulation of TRPP2 channels.

24.1.1 Autosomal Dominant Polycystic Kidney Disease

Autosomal dominant polycystic kidney disease (ADPKD) is the most common
inherited human renal disease (incidence 1 in 1,000 live births). In almost all
patients, it is due to germline mutations in one of two genes, PKD1 (85 %) or
PKD2 (15 %) which are clinically indistinguishable (Ong and Harris 2005; Torres
et al. 2007). ADPKD is a major cause of end stage renal disease (ESRD),
accounting for *10 % of all patients on renal replacement therapy. ADPKD has
high penetrance and usually progresses to end stage renal disease within the fourth
to fifth decades of life (Cuppage et al. 1980).

Its cardinal feature is the formation of multiple renal cysts, which over time
expand and distort kidney structure ultimately resulting in ESRD. Extrarenal
manifestations are found in both PKD1 and PKD2 patients which include cysts in
the liver or pancreas, hypertension, cardiac valvular abnormalities and cerebral
aneurysms (Torres et al. 2007).

Diagnosis and screening of ADPKD are frequently done using ultrasound,
although this is less accurate than MRI for assessing renal volume and cyst vol-
ume, so it is not useful for follow up of disease progression (O’Neill et al. 2005).
Ultrasound is also less effective than CT scanning for detecting other abnormalities
such as renal calculi (Nishiura et al. 2009). Genetic testing is available to diagnose
ADPKD if it cannot be definitively diagnosed through imaging studies (Garcia-
Gonzalez et al. 2007; Rossetti et al. 2002).

Symptoms and signs of ADPKD include hypertension, abdominal masses, (Fick
et al. 1993), lumbar and abdominal pain (Nishiura et al. 2009). Several compli-
cations can result from the disease and these may include diverticular disease
(Scheff et al. 1980) liver cysts, cardiac valve abnormalities, hypertension and
intracranial aneurysms (Patel et al. 2008), urinary tract infection (Fick et al. 1993)
arachnoid cysts (Alehan et al. 2002) and stroke (Rivera et al. 1992). ADPKD
patients have an increased incidence of nephrolithiasis, which often increases
lower back pain. Larger kidneys are more likely to contain calculi. In patients
without ADPKD, nephrolithiasis is frequently caused by hypercalciuria, but AD-
PKD patients with nephrolithiasis do not usually have hypercalciuria and are more
likely to have hyperoxaluria. The reasons for this are not fully understood.
(Nishiura et al. 2009).

ADPKD patients usually retain normal levels of renal function for many years,
although the kidneys are enlarged. This is because non-cystic nephrons hyper-filter
to compensate for the deficit caused by destruction of cystic nephrons. After 50 %
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of the healthy renal tissue has been destroyed, serum creatinine begins to rise
(Tokiwa et al. 2011), indicating renal failure. There is also a decrease in glo-
merular filtration rate (GFR), an increase in blood pressure and albuminuria.
Patients who have larger kidneys and greater cyst volume are likely to have worse
renal function and kidney size is inversely related to renal function (Chapman et al.
2003; Fick-Brosnahan et al. 2002). The ADPKD phenotype is generally worse in
men than in women: men have higher blood pressure, a faster increase in renal
volume and decline in GFR (Fick-Brosnahan et al. 2002).

24.1.2 The Genetics of ADPKD

ADPKD is a genetic condition, in which 85 % of cases are caused by a mutation in
PKD1 and 15 % of cases are caused by a mutation in PKD2 (Tan et al. 2009).
PKD1 is located on the short arm of chromosome 16 in region 16p13.3 (Reeders
et al. 1988) and PKD2 is located on the long arm of chromosome 4 in region 4q21
(Kimberling et al. 1993; Peters et al. 1993).

Two-thirds of the PKD1 sequence is duplicated at other loci within the same
region of chromosome 16 (The polycystic kidney disease 1 gene encodes a 14 kb
transcript and lies within a duplicated region on chromosome 16. The European
Polycystic Kidney Disease Consortium 1994). These PKD1-like sequences share
up to 97 % identity but are not translated and thus represent pseudogenes (Bog-
danova et al. 2001). PKD1 encodes an mRNA transcript which is 14 kb long (The
polycystic kidney disease 1 gene encodes a 14 kb transcript and lies within a
duplicated region on chromosome 16. The European Polycystic Kidney Disease
Consortium 1994) and PKD2 encodes a 5.4 kb transcript (Mochizuki et al. 1996).

Germline mutations are scattered throughout the genes with no apparent
mutation ‘hot spot’. The mutations identified include splicing defects, small
insertions or deletions, gross deletions or insertions, complex rearrangements and
missense/nonsense mutations. 84 % of these mutations are nonsense/missense site
mutations and small deletions/insertions resulting in truncated polycystins, sug-
gesting that loss of polycystin function leads to ADPKD.

Mutations can occur in any region of each of the two genes (Rossetti et al.
2007). Most mutations are unique to the family in which they occur (Rossetti et al.
2001; Rossetti et al. 2002). PKD2 has a milder phenotype than PKD1: PKD1
patients have an earlier disease onset, reach end stage renal failure about 10 years
sooner and at any age PKD1 patients have worse renal function than PKD2
patients. Hypertension is four times more prevalent in PKD1 than PKD2 and
PKD1 patients are also more likely to have haematuria. (Hateboer et al. 1999;
Torra et al. 1996).
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24.1.3 Molecular Pathogenesis of ADPKD

ADPKD is thought to occur by a loss of function mechanism, i.e. by ‘two hit’ or
haploinsufficiency models (Ong and Harris 2005). In the ‘two hit’ model, cysto-
genesis occurs in cells carrying a germline mutation on one allele however a
somatic mutation to the other allele is required to trigger cyst formation. Thou-
sands of renal cysts can be found in the fifth decade of most ADPKD patients,
while only a few are evident before 20 years of age (Pei 2001). The ‘two-hit’
model of cyst formation could help to explain the focal and sporadic nature of cyst
development and the significant intra-familial variability of the cystic phenotype
(Ong and Harris 2005; Wu and Somlo 2000; Pei 2001).

Evidence for a ‘two hit’ model has been obtained from both animal and human
studies. In these studies, loss of heterozygosity (LOH) of PKD1 was detected in
20 % of kidney cysts examined (Qian et al. 1996) and 30 % of liver cysts
(Watnick et al. 1998). In other studies, somatic mutations of PKD2 were also
observed in some renal cysts isolated from PKD2 patients (Koptides et al. 1999).
Pei et al. found that somatic mutations all occurred in the PKD2 allele from the
unaffected parent in a non-random pattern, data which strongly supports a ‘two hit’
model (Pei 2001). Nauli et al. have also demonstrated that a somatic mutation in
PKD1 in addition to a germline PKD1 mutation is necessary for disrupting the
flow sensing function of primary cilia in renal epithelial cells, a feature which
could lead to cyst formation (Nauli et al. 2006).

Heterozygous pkd1 or pkd2 knockout mice develop focal renal cysts in late
adult life while homozygous inactivation of pkd1 or pkd2 results in massive
polycystic kidney disease and embryonic lethality (reviewed in (Pei 2001)). Cyst
development in the ADPKD mouse model Pkd2-/ws25 is also consistent with the
‘two hit’ model. This mouse model contains a null allele Pkd2- and an unstable
allele Pkd2WS25, which could undergo rearrangement to form a null allele by
random intra or intergenic somatic recombination, thus generating true null or
wild-type alleles (Wu et al. 1998). Pkd2-/ws25 mice developed more cysts than
pkd2-/+ mice, suggesting that a two hit model was necessary for cystogenesis in
PKD2 (Wu and Somlo 2000). Apart from the supportive evidence for ‘two hit’
model, there are other controversies which are not yet resolved. If the somatic
mutation is a ‘trigger step’ for cyst development, all cyst cells should have the
somatic mutation. However, neither PKD1 nor PKD2 have somatic mutations in
all of the cysts examined. Only *10–30 % of cysts examined have somatic
mutations. In some studies, a trans-heterozygous ‘two hit’ phenomenon has been
proposed to occur in *10 % of the isolated cysts (Koptides et al. 2000; Watnick
et al. 2000). The trans-heterozygous state, in which somatic PKD2 mutations were
found in PKD1 cystic epithelia, represents a variation of the ‘two hit’ model.

The simple ‘two hit’ model does not seem to be the only mechanism underlying
cyst formation because expression of PC1 and PC2 is still detectable in most
ADPKD cysts (Ong et al. 1999) suggesting that somatic mutations are not required
in all of the cysts. The alternative hypothesis of cyst formation is
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haploinsufficiency, which supposes that mutations in one allele may be sufficient to
initiate cyst formation and other non-cystic features in ADPKD. This is a gene-
dosage-dependent mechanism in which gene expression level may be more vari-
able due to the presence of only one functional allele (Peters and Breuning 2001).
Lowering the level of PC1 or/and PC2, below a tissue-specific threshold could
predispose renal epithelial cells to stochastic events which trigger cyst initiation
(Lantinga-van Leeuwen et al. 2004). Wu et al. have reported that haploinsufficient
pkd2 mice have a reduced life span (Qian et al. 2003; Wu et al. 2000). pkd2
heterozygous vascular smooth muscle cells (VSC) have lower steady-state levels
of intracellular Ca2+ (Qian et al. 2003; Wu et al. 2000). Using a PKD1 mouse
model in which only 13–20 % normally spliced pkd1 transcripts were generated,
Lantinga-van Leeuwen et al. demonstrated that lower expression of PC1 is suffi-
cient to cause cyst formation (Lantinga-van Leeuwen et al. 2004). Finally, over-
expression of wild-type human PC1 via a transgene can lead to age-related cyst
formation in the mouse kidney and liver (Pritchard et al. 2000; Lantinga-van
Leeuwen et al. 2004).

24.1.4 Cellular Phenotype of ADPKD

Disruption to normal calcium signalling is believed to be a primary event in the
pathogenesis of ADPKD. A number of important signalling pathways are directly
affected by defects in normal calcium signalling caused by mutations in polycy-
stin-1 and TRPP2. These include cAMP (cyclic AMP) signalling, cell proliferation
and apoptosis and mTOR signalling (Torres and Harris 2009). In cells derived
from ADPKD cysts cytosolic calcium concentrations are typically 20 nM lower
than normal. Lower cytosolic calcium levels resulting from loss of polycystin-1 or
TRPP2 are thought to be at least partly responsible for the high levels of cAMP
seen in cystic cells. High levels of cAMP and also of mitogen-activated protein
kinase (MAPK) activity stimulate the proliferation of cystic cells whereas cAMP
has an anti-proliferative effect in normal cells.

Normal renal epithelial cells are growth inhibited by cAMP, while cystic cells
are growth stimulated. cAMP can stimulate or inhibit proliferation depending on
the cell type. The anti-mitogenic role of cAMP occurs at the level of Raf-1 through
inhibition of Ras/MEK/Erk (Yamaguchi et al. 2004). Reducing intracellular cal-
cium levels through treatment of normal renal epithelial cell lines with calcium
channel blockers, results in a proliferative response to cAMP. This mimics the
response to cAMP seen in cystic cell lines. The PI3-kinase/Akt pathway is a well-
established cell survival pathway. Under normal conditions, inhibitors of PI3-
Kinase/Akt induce a growth-stimulated response to cAMP mediated via B-Raf
(Yamaguchi et al. 2004). Conversely, treatment of cystic cells with Ca2+ channel
activators or Ca2+ ionophores that increase intracellular Ca2+ levels reverses the
mitogenic response by elevating levels of activated Akt (Yamaguchi et al. 2006).
Vasopressin receptor V2 (VRV2) activation leads to cAMP release in renal
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collecting ducts (Koulen et al. 2002). An increased level of cAMP is seen in PKD
kidneys and this may play an important role in cyst growth by stimulating fluid
secretion and cell proliferation (Calvet and Grantham 2001). Delineating the
pathways involved in mitogenic stimulation of cystic cells led to the testing of a
VRV2 antagonist in pck rats, pcy and ws25/- mouse models of ADPKD (Wang
et al. 2005). More recently, clinical trials of the VRV2 antagonist tolvaptan has
shown some clinical benefits in human ADPKD patients (Torres et al. 2012).

Polycystin-1 has been shown to regulate a number of pathways associated with
cell proliferation including G-protein signalling (Parnell et al. 1998), Wnt (Kim
et al. 1999), AP-1 (Parnell et al. 2002) and JAK-STAT cascades (Bhunia et al.
2002). The evidence for a direct role of TRPP2 in cell proliferation is less clear
although a number of recent studies have begun to address this issue. TRPP2 has
been shown to directly regulate proliferation in kidney epithelial cells (Grimm
et al. 2006). Loss of TRPP2 resulted in increased rates of basal and EGF stimulated
proliferation. Cells expressing a channel dead TRPP2 mutant (D511 V) prolifer-
ated faster than cells expressing wild-type TRPP2 suggesting an important role for
TRPP2 channel activity. The authors show some experimental evidence to suggest
that TRPP2 may mediate its effect on cell proliferation by preventing phosphor-
ylated ERK from entering the nucleus and stimulating proliferation. Further evi-
dence from a heterozygous Pkd2 mouse model shows that an increase in cell
proliferation is an early event preceding cyst formation and can result from hap-
loinsufficiency at Pkd2 (Chang et al. 2006). TRPP2 has also been shown to act
together with polycystin-1 to reduce cell proliferation via upregulation of p21
(Bhunia et al. 2002). TRPP2 has been shown to bind to the p21 repressing helix-
loop-helix protein Id2 (Li et al. 2005b) preventing its nuclear localisation. TRPP2,
but not pathogenic mutants E837X and R872X has been shown to repress cell
proliferation by promoting the phosphorylation of eukaryotic translation initiation
factor eIF2alpha by pancreatic ER-resident eIF2alpha kinase (PERK) (Liang et al.
2008). All these studies point to a direct role for TRPP2 in the regulation of cell
proliferation.

Cystic epithelial cells show an increased cellular proliferation rate together with
an associated increase in apoptosis. An imbalance between apoptosis and prolif-
eration has been reported in ADPKD and may form the basis for its onset and
progression (Lanoix et al. 1996). Whether apoptosis is a primary event in cysto-
genesis and disease progression or secondary to increased proliferation is not
known. Apoptosis is seen in kidneys from ADPKD patients with apoptotic cells
widely spread in interstitium, glomeruli, cyst wall as well as cystic and non-cystic
tubules (Woo 1995; Winyard et al. 1996). Tubular cell apoptosis has also been
reported in a number of animal models of PKD (Woo 1995). Evidence supporting
a primary role of apoptosis in cyst formation comes from Bcl-2 knockout mice
(Sorenson et al. 1996). Bcl-2 is developmentally expressed and its deficiency in
mice results in increased lymphoid apoptosis and renal cystic hypoplasia/dyspla-
sia. The Han: Sprague–Dawley (SPRD) rat model shows a significant increase in
caspase-3 activity compared to control littermates. It has been reported that cas-
pase inhibition not only decreased apoptosis, but also decreased proliferation in the
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renal tubules of Han: SPRD rats with a marked decrease in cyst volume and kidney
size. No deleterious effects were observed in treated rats (Tao et al. 2005; Edel-
stein 2005). Inhibition of apoptosis may therefore have a protective role in
ADPKD.

Defects in normal calcium signalling which is a hallmark of ADPKD may be
responsible for the increased apoptotic rate. Work by Wegierski et al. (2009) put
forward a model in which TRPP2 acts as a calcium leak pathway by increasing ER
calcium permeability. This protects cells from apoptosis by lowering the calcium
concentration in the ER thereby reducing calcium release from the ER in response
to apoptotic stimuli. In this study, the loss of TRPP2 had the opposite effect
leading to increased apoptosis in ADPKD.

TRPP2 was also shown to play a role in protecting renal epithelial cells from
apoptosis induced by mechanical stress via opening of stretch-activated K2P

channels (Peyronnet et al. 2012). Pkd1 knockout or expression of a TRPP2
pathogenic mutant, mimicking ADPKD, dramatically increased mechanical stress-
induced tubular apoptotic cell death.

24.2 The TRPP Protein Family

The metazoan TRP superfamily has been divided into seven subfamilies sharing
common features. TRP channels function as ion channels regulating a diverse
range of cellular functions and responding to a wide range of sensory stimuli
including phototransduction, thermosensation and mechanosensation. TRP chan-
nels are thought to form tetramers with each channel protein including six trans-
membrane spanning domains (S1–S6) with a pore loop between S5 and S6. Each
TRP subfamily is named after the first described member: TRPC (canonical),
TRPV (vanilloid), TRPM (melastatin), TRPN (NOMPC, from no mechanoreceptor
potential-C), TRPA (ankyrin-like with transmembrane domain-1), TRPML (mu-
colipin) and TRPP (polycystin) (Nilius and Owsianik 2011; Montell 2005; Montell
et al. 2002a, b).

The founder member of the TRPP subfamily is polycystin-2, the protein
product of the PKD2 gene shown to be mutated in ADPKD (Mochizuki et al.
1996). Currently there are eight proteins in the TRPP subfamily which has been
further subdivided into two groups; The PKD1 like proteins and the TRPP2 like
proteins. Both groups have been shown to have a limited degree of similarity in
their C-termini (Delmas 2005; Delmas et al. 2004b; Delmas 2004; Gallagher et al.
2010).

The PKD1-like proteins are not true members of the TRP superfamily as they
show very little sequence similarity with TRP channels. However, they have
clearly been shown to be physically and functionally linked to the TRPP channels.
The PKD-1 like proteins include PKD1 (polycystin-1) (Harris et al. 1995),
PKD1L1 (Yuasa et al. 2002), PKD1L2 (Yuasa et al. 2004), PKD1L3 (Li et al.
2003a) and PKDREJ (receptor for egg jelly) (Sutton et al. 2006). The PKD1-like
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proteins all contain 11 transmembrane domains with a large extracellular N-ter-
minal domain and a short cytoplasmic C-terminal domain. They all possess the
combination of REJ (receptor for egg jelly), GPS (G-protein-coupled receptor
proteolytic site) and PLAT/LH2 (lipoxygenase homology/polycystin, lipoxyge-
nase, a-toxin) domains that uniquely define them as PKD1 family members. The
extracellular region of polycystin-1 (Fig. 24.1) spans more than *3,000 amino
acids and contains a number of adhesive domains that implicate polycystin-1 in
cell–cell and cell-matrix interactions. Polycystin-1 is cleaved at its predicted GPS
(Chapin et al. 2010; Qian et al. 2002), a feature common to members of the family-
B (latrophilin) G-protein-coupled receptors and which may be important for
receptor activation or localisation (Chapin et al. 2010). PKD1, PKD1L1 and
PKD1L2 encompasses a G-protein-interacting site that may be used to regulate at
least four different classes of heterotrimeric G-protein activity and multiple
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Fig. 24.1 Topological diagram of Polycystin-1 showing the location of published phosphory-
lation sites, key residues and major functional domains. The position of published phosphor-
ylation sites in polycystin-1 identified from experimental studies and phosphoproteomic screens
is depicted. Several functional motifs important for targeting and function are shown: Polycystin-
1 is a membrane protein with 11 transmembrane domains, a large extracellular N-terminal
domain and cytoplasmic C-terminal domain. The extracellular N-terminus has a complex domain
structure containing 16 PKD repeats, two leucine-rich repeats, two cysteine rich domains, a WSC
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and a GPS cleavage site. The PLAT domain is found in the intracellular loop between
transmembrane domains 1 and 2, while the C-terminal region contains a coiled-coil domain (aa
4220–4251) required for interaction with TRPP2
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downstream effectors, including among others phospholipase C, protein kinase C,
adenylyl cyclase, protein kinase A, Janus kinase 2 and nuclear factor of activated T
cells (NFAT). The intracellular carboxyl terminus of PKD1 also harbours a coiled-
coil domain that is involved in physical interaction with TRPP2 and possibly
TRPP3.

The TRPP2-like proteins is comprised of three members, PKD2 (polycystin-2),
PKD2L1 and PKD2L2. These are commonly referred to as TRPP2, TRPP3 and
TRPP5 although recently a review on TRP channels by Wu et al. suggested that
they can be renamed TRPP1, TRPP2 and TRPP3, respectively (Wu et al. 2010).
The mammalian orthologues are highly conserved over the entire length (80–90 %
identity) but show sequence divergence in their cytosolic N-terminal regions. All
TRPP2-like proteins are predicted to possess a putative coiled-coil domain at their
C-termini, but only TRPP2 and TRPP3 have a Ca2+-binding EF-hand motif.
TRPP2 (polycystin-2) is a 110 kDa membrane glycoprotein (Fig. 24.2). It has six
transmembrane domains with cytoplasmic N- and C-termini and shows homology
with transmembrane domains 6–11 of polycystin-1. The C-terminus contains a
coiled-coil domain, thought to mediate the formation of homodimers, an ER
retention motif and an EF-hand, which binds calcium. A pore homology region is
found in the extracellular loop between transmembrane domains 5 and 6.

TRPP3 was the first PKD2-like protein to be identified as a functional TRP-like
cation channel (Chen et al. 1999). TRPP2-related channels have large single-
channel conductance (80–160 pS) and permeate a number of mono- and divalent
cations, including Na+, K+, Ba2+ and Ca2+ (Delmas et al. 2004b). Like many TRP
channels, TRPP2 activity is blocked by La3+ and reduced by the diuretic amilo-
ride. TRPP3 is usually found to be more permeable to Ca2+ than to other mono-
valent cations such as Na+ and K+ (PCa/PNa = 4), whereas TRPP2 has a PCa/
PNa selectivity ranging from 1 to 3. TRPP2-like cation channels therefore repre-
sent relevant routes for Ca2 ? entry or release (Giamarchi and Delmas 2007;
Delmas et al. 2004b).

Mutations in two TRPP family proteins, polycystin-1 and TRPP2 have been
shown to cause ADPKD. Both proteins have been clearly shown to interact to form
a heterodimeric complex in vivo and together regulate key signalling pathways
regulating tubular morphogenesis (Newby et al. 2002).

24.3 TRPP2 Localisation: A Complex Picture

TRPP2 is expressed throughout renal development and unlike polycystin-1 strong
expression levels persist in the adult kidney. Expression is also seen in other
tissues including heart, vascular smooth muscle, pancreas, intestine, bile ducts and
placenta. Analysis of TRPP2 has been complicated by its complex and dynamic
subcellular localisation in epithelial cells which is dependent on cell type,
developmental status, differentiation, confluence and quiescence (Ong 2000). In
quiescent cells, TRPP2 can be localised in primary cilia and centrosomes, where a
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role in mechanosensitive Ca2+ signalling has been reported (Nauli et al. 2003). In
dividing cells, TRPP2 has been reported to localise at mitotic spindle poles in
association with mDia-1 and pericentrin, where its function is thought to regulate
intracellular Ca2+ during or after mitosis (Rundle et al. 2004; Jurczyk et al. 2004).
A direct role in cell cycle regulation has also been proposed for TRPP2 through the
regulation of the CDK inhibitor p21 (Bhunia et al. 2002; Li et al. 2005b). Both
proteins are expressed at or close to the basolateral membrane in confluent cells
where it is likely to mediate or regulate cell–cell and cell-matrix adhesion (Streets
et al. 2003; Ibraghimov-Beskrovnaya et al. 2000; Streets et al. 2009). TRPP2 may
also reconstitute an ER Ca2+ release channel together with the IP3 receptor
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(Li et al. 2009; Giamarchi et al. 2010; Mekahli et al. 2012). Finally, TRPP2 has
been detected in urinary exosomes where a role in urocrine signalling has been
postulated (Hogan et al. 2009).

Recent studies have begun to make sense of this complex localisation with the
realisation that TRPP2 contains a number of sequence motifs and binding domains
regulating its trafficking between different subcellular compartments (Fig. 24.3).
TRPP2 has been shown to contain an endoplasmic reticulum (ER) retention
domain; deletion of amino acids Glu787–Ser820 resulted in the relocation of a
significant proportion of the TRPP2 pool from the ER to the lateral plasma
membrane (Cai et al. 1999). Within this ER retention domain, phosphorylation at
Ser812 has been shown to mediate trafficking of TRPP2 between the ER, golgi and
plasma membrane via phosphorylation-dependent interactions with phosphofurin
acidic cluster sorting protein (PACS)-1 and PACS-2 adaptor proteins (Kottgen
et al. 2005). Trafficking of TRPP2 to the primary cilia is mediated via a 15 amino
acid N-terminal domain containing a conserved RVxP motif (Geng et al. 2006).
Expression of this conserved domain was sufficient to localise heterologous pro-
teins to the primary cilia.

Expression of TRPP2 at the plasma membrane is regulated by GSK3 phosphor-
ylation of Ser76. In the presence of specific GSK3 inhibitors, the lateral plasma
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membrane pool of endogenous TRPP2 redistributes into an intracellular compart-
ment without any change in primary cilia localisation (Streets et al. 2006). Coex-
pression of PKD1 and TRPP2 in CHO cells as well as in sympathetic neurons also has
been shown to promote the translocation of TRPP2 to the plasma membrane (Han-
aoka et al. 2000; Delmas et al. 2004a) resulting in calcium permeable non-selective
cation currents. Disease-associated mutants of either PKD1 or 2 which prevent their
association do not result in new channel activity implying that the formation of a
complex between PKD1 and TRPP2 is required for the targeting/retention of TRPP2
to the plasma membrane. TRPP2 has also been shown to be required for polycystin-1
transport to the plasma and ciliary membrane. This was shown to be independent of
TRPP2 channel activity (Chapin et al. 2010) or TRPP2’s ability to bind polycystin-1.
Polycystin-1 surface localisation was mediated by TRPP2 stimulated polycystin-1
GPS cleavage through an as yet unknown mechanism.

A recent study suggests that TRPP2 may take different routes to the somatic and
ciliary plasma membrane (Hoffmeister et al. 2011). After studying a number of
TRPP2 deletion constructs they determined that trafficking of TRPP2 to the plasma
membrane was dependent on two amino acids (K572 and F576) in loop 4. Traf-
ficking of TRPP2 to the ciliary and to the somatic plasma membrane compart-
ments originates in a COPII-dependent fashion at the ER and in both cases TRPP2
reaches the cis side of the Golgi apparatus. Trafficking to the somatic plasma
membrane however goes through the Golgi apparatus, whereas transport vesicles
to the cilium leave the Golgi apparatus at the cis compartment and is regulated by
Rab8a, a BBSome associated monomeric GTPase.

24.4 TRPP2 Regulates Intracellular Calcium Homeostasis

Many pieces of evidence point to TRPP2 acting as a non-selective calcium channel
responsible for regulating intracellular calcium homeostasis in the cell. It has been
shown to reconstitute a calcium channel at the plasma membrane (Tsiokas 2009;
Hanaoka et al. 2000), mediate flow-dependent calcium signalling in the primary cilia
(Nauli et al. 2003) and mediate calcium release from the ER (Koulen et al. 2002). The
C-terminus of TRPP2 has been shown to be critically important for the regulation of
calcium channel activity. There is a predicted EF-hand domain (aa 750–785) in the
C-terminus of TRPP2 as well as TRPP3. The calcium binding capacity of EF-hand
domain has been confirmed experimentally (Celic et al. 2008; Petri et al. 2010).
Calcium binding induced conformational changes of the globular EF-hand domain
and perhaps other downstream amino acids (Petri et al. 2010). It has been shown that
Ca2+ binding to the EF-hand domain can dissociate the protein dimer formed by a
truncated CT2 protein (aa 680–796) lacking the second coiled-coil domain (CC2)
(Schumann et al. 2009a). Since the EF-hand domain is commonly found as the Ca2+

sensor in Ca2+-dependent channels (Kubota et al. 2009; Xiao et al. 2008; Braun and
Sy 2001), it is highly likely to be involved in the regulation of polycystin-2 channel
activity though this has yet to be shown experimentally.
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24.4.1 TRPP2 Acts as a Flow-Induced Mechanosensitive
Calcium Channel

Primary cilia are microtubule-based membrane-bound projections on the apical
surface of almost all cells. In the kidney, each epithelial cell (except intercalated
cells) has a single apical cilium projecting into the fluid-filled lumen (Deane and
Ricardo 2007). Unlike motile cilia that have dynein arms and central microtubules
(9 ? 2 microtubule arrangement), primary cilia have a 9 ? 0 microtubule
arrangement and are also referred to as non-motile cilia (Nauli and Zhou 2004).
The role of primary cilia in PKD pathogenesis was first identified in 2000.
Mutations in Tg737 caused a cystic phenotype in mice and were associated with
abnormal shortened primary cilia in renal epithelial cells, suggesting that ciliary
defects are associated with cytogenesis (Yoder et al. 2002; Pazour et al. 2000).
Tg737 is the mouse homologue of the Chlamydomonas IFT88 gene. Mutation of
IFT88 leads to defective flagella function in the algae Chlamydomonas (Yoder
et al. 2002; Pazour et al. 2000). Direct evidence for the correlation between a
defect renal primary cilia and the PKD phenotype was provided by the observation
that a kidney-specific KIF3 (a ciliary motor subunit) knockout in tubular epithelial
cells caused cyst formation (Lin et al. 2003).

When exposed to fluid flow, the flow-induced bending of the MDCK cell
primary cilia increased the level of intracellular Ca2+, which suggested a me-
chanosensory function for renal primary cilia (Praetorius and Spring 2001). PC1
and TRPP2 seem to be important for the Ca2+ response to fluid-flow stimulation
and pkd1 null collecting duct cells lost this response (Nauli et al. 2003). Pkd2
knockout mice cells also did not respond to flow stimulation, which could be
rescued by transfection of functional TRPP2 (Nauli and Zhou 2004). TRPP2 has
been shown to function as a Ca2+ permeable channel. TRPP2 channel function is
regulated by PC1 through specific interactions between PC1 and TRPP2 via their
C-termini. Loss of the mechanosensory ciliary signal due to defective PC1 and
TRPP2 results in the disruption of Ca2+ influx (Ong and Harris 2005). A low Ca2+

level could lead to increased levels of cAMP which stimulate cellular proliferation
and apoptosis and thus promote cyst formation and enlargement (Deane and Ri-
cardo 2007). It is possible that this cilia-mediated pathway controls a series of
Ca2+-dependent cellular processes, the disruption of which will result in devel-
opment of PKD (Ong and Wheatley 2003).

24.4.2 TRPP2 Regulates Calcium Release from the ER

TRPP2 has been shown to act as a calcium-activated calcium release channel in
ER membranes (Koulen et al. 2002; Cai et al. 1999) amplifying calcium transients
initiated by IP3R. TRPP2 has been shown to functionally interact with IP3R (Li
et al. 2005c). A second study confirmed a direct interaction between the two
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proteins and showed that TRPP2 could function as an IP3-induced Ca2+ release
channel (Sammels et al. 2010a). TRPP2 in the ER has also been shown to be
involved in G-protein coupled receptor (GPCR) induced calcium signalling both in
PKD2 knock mice and ADPKD patients (Qian et al. 2003; Aguiari et al. 2004).
The first evidence that TRPP2 may act as an intracellular calcium release channel
came from the observation that TRPP2 exogenously expressed in LLCPK1 renal
epithelial cells resulted in a significant increase in intracellular calcium release
following vasopressin stimulation (Koulen et al. 2002). More recent work has
shown that TRPP2-mediated calcium release from the ER requires activation of
IP3R (Li et al. 2005c; Mekahli et al. 2012; Sammels et al. 2010b; Sammels et al.
2010a). Disruption of the IP3R-TRPP2 protein complex prevents the stimulation
of IP3-induced calcium release by TRPP2. Further evidence for the requirement of
TRPP2 channel activity was demonstrated when the channel defective TRPP2
D511 V mutation failed to induce stimulation of IP3-induced calcium release. The
interaction between polycystin-1 and TRPP2 is believed to be important in the
activation of TRPP2 channel activity (Hanaoka et al. 2000). It is not clear whether
this requires co-localisation in the same membrane compartment and as such a
model has been proposed in which polycystin-1 interaction with TRPP2 can occur
across membrane compartments (Giamarchi et al. 2010; Delmas et al. 2004b).
Studies using human proximal-tubule epithelial cells in which one of both of
polycystin-1 and TRPP2 were knocked down demonstrated that both are required
to mediate IP3R-induced calcium release indicating that these two proteins operate
as a functional complex (Mekahli et al. 2012). TRPP2 has also been shown to form
a complex with the cardiac ryanodine receptor (RyR2) from mouse heart (Any-
atonwu et al. 2007). TRPP2 was shown to inhibit RyR2 channel activity. Loss of
TRPP2 in Pkd2 (-/-) cardiomyocytes led to reduced Ca2+ release from sarco-
plasmic reticulum stores and reduced Ca2+ content compared with normal cells.
This data suggest that TRPP2 is important for the regulation of RyR2 activity and
that TRPP2 mutations result in altered Ca2+ signalling in the heart.

24.4.3 TRPP2 Functions as a Plasma Membrane Calcium
Channel

As well as reconstituting calcium channel in the primary cilia and within the ER
membrane, TRPP2 has been shown to form a calcium channel in the plasma
membrane (Ma et al. 2005; Tsiokas 2009). Data from subcellular membrane
fractionation experiments clearly show that the majority ([90 %) of TRPP2 is
located in ER membranes however a small fraction (\10 %) can be seen in the
plasma membrane (Newby et al. 2002; Scheffers et al. 2002). Further experimental
evidence for TRPP2 plasma membrane localisation has come from membrane
fractionation, surface biotinylation and live cell surface antibody labelling
(Scheffers et al. 2002; Streets et al. 2006; Newby et al. 2002; Ma et al. 2005; Luo
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et al. 2003). The surface fraction of TRPP2 is reported to be increased by the use
of proteosome inhibitors and/or chemical chaperones in some experimental sys-
tems (Vassilev et al. 2001). TRPP2 surface localisation has been the subject of
controversy as a number of studies have been unable to detect an EndoH resistant
TRPP2 fraction, thought to be a hallmark of plasma membrane trafficking (Koulen
et al. 2002; Cai et al. 1999). Differences in cell type, differentiation status and
culture conditions may account for some of the variability in surface expression.

Luo et al. (2003) found that endogenous TRPP2 was expressed in the plasma
membrane and the primary cilium of mouse inner medullar collecting duct
(IMCD) cells and Madin-Darby canine kidney (MDCK) cells, whereas heterolo-
gously expressed TRPP2 showed a predominant ER localisation. Patch-clamping
of IMCD cells expressing endogenous or heterologous TRPP2 confirmed the
presence of the channel on the plasma membrane. These results show that TRPP2
is able to function as a plasma membrane channel in renal epithelia. TRPP2 is also
activated by cell surface receptor stimulation. Ma et al. (2005) showed that TRPP2
over expression increased EGF induced inward currents in LLCPK1 renal cells
requiring the activation of phospholipase C and PI3 K. This action of TRPP2 did
not require depletion of intracellular stores and activation of store operated cal-
cium channels but was dependent on extracellular calcium levels.

24.5 TRPP2 Forms Complexes with Multiple Proteins
in the Cell

An increasing number of proteins have been shown to form a complex with TRPP2
by yeast-2-hybrid screens or biochemical assays (Fig. 24.4). The C-terminus of
TRPP2 mediates binding of the majority of these binding partners. These include
other TRP channels such as TRPC1 (Kobori et al. 2009; Bai et al. 2008) and
TRPV4 (Kottgen et al. 2008), calcium channels including IP3R (Li et al. 2005c)
and cytoskeletal components including Hax-1 (Gallagher et al. 2000) and Kif3A
(Li et al. 2006).

Of most relevance for the pathogenesis of ADPKD is the formation of TRPP2
and polycystin-1 heterodimers and TRPP2 homodimers. Both proteins have been
shown to interact forming a heterodimeric complex in vivo and together regulate
key signalling pathways regulating tubular morphogenesis (Newby et al. 2002).
Complex formation requires the obligate formation of TRPP2 dimers (or trimers)
via a C-terminal coiled-coil domain (aa 835–873) followed by polycystin-1
binding through a coiled-coil domain in its C-terminus to a short heterodimeri-
sation sequence on PC2 (aa 873–895) (Giamarchi et al. 2010; Yu et al. 2009). Two
additional dimerisation motifs have been reported for TRPP2 in its N-terminus
(aa199–207) and a cysteine (C632) in the third extracellular loop (Feng et al. 2008,
2011). These mediate the likely tetramerisation of TRPP2 to generate non-selec-
tive Ca2+ channels. In view of the phenotypic similarity of both patients and
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animal models, it is very likely that polycystin-1 and TRPP2 function together in
regulating epithelial morphogenesis. However, a polycystin-1-independent func-
tion of TRPP2 has been shown in the embryonic node which determines left–right
axis patterning during development. Here TRPP2 is thought to interact with the
polycystin-1 homologue, PKD1L1, to mediate laterality (Pennekamp et al. 2002;
Kamura et al. 2011; Field et al. 2011).

TRPP2 has been shown to interact with and form heteromeric channels with
other TRP channel proteins including TRPC1 (Kobori et al. 2009; Zhang et al.
2009; Bai et al. 2008), TRPC4 (Du et al. 2008) and TRPV4 (Kottgen et al. 2008).
TRPP2 was shown to interact with TRPC1 and TRPC4 in mesangial cells to form
channel complexes mediating angiotensin II-induced calcium responses (Du et al.
2008). TRPP2 has been shown to interact with TRPC1 at the primary cilia and can
be activated in response to G-protein-coupled receptor activation with distinct
properties from TRPP2 or TRPC1 alone (Bai et al. 2008). TRPP2 and TRPV4 have
also been shown to form a functional channel in primary cilia (Kottgen et al. 2008)
and TRPV4 is an essential component of the ciliary flow sensor in MDCK cells.
However, the relevance of these interactions to cystogenesis in ADPKD is unclear.

Channel proteins

Trafficking proteins

Cytoskeletal proteins

PKD like proteins

Cell cycle/centrosome proteins

Signalling proteins

Fig. 24.4 TRPP2 interactome showing experimentally verified TRPP2 interacting partners
clustered by function. TRPP2 has been shown to interact with a large number of proteins
including channel proteins, ER trafficking proteins, cell cycle and centrosomal proteins, signal
transduction proteins and cytoskeletal proteins. The functional significance of these protein
interactions in the pathogenesis of ADPKD remains to be determined. Data were compiled from
published reviews and the STRING 9.0 interaction database (Szklarczyk et al. 2011)
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TRPV4 knockout mouse and zebrafish models do not show a cystic phenotype yet
flow-induced calcium transients are absent in the distal nephrons of adult TRPV4-
deficient mice. These results therefore question the importance of flow-mediated
calcium signalling in cystogenesis.

Many of the TRPP2 interacting proteins are components of the cytoskeleton
including tropomyosin-1, troponin I (cardiac), a-actinin, hax-1, kinesin-2, mDia1,
pericentrin and filamin (Ong and Harris 2005). The TRPP2 C-terminus was found
to interact with tropomyosin-1 in a yeast-2-hybrid screen; the interaction was
confirmed using in vitro and in vivo biochemical techniques (Li et al. 2003b). The
same group also identified an interaction between the C-terminal domain of
polycystin-2 and cardiac troponin-I by yeast-2-hybrid (Schumann et al. 2009b).
TRPP2 has also been shown to interact with: a-actinin—an actin-binding and
actin-bundling protein (Li et al. 2005a), CD2AP—a scaffold that directly binds
actin and regulates the actin cytoskeleton (Lehtonen et al. 2000); Hax-1 which
interacts with cortactin (Gallagher et al. 2000), a scaffold involved in organisation
of the cytoskeletal network; KIF3A and KIF3B which function as a heterodimer
and are involved in cellular movement of membranous organelles including the
primary cilium (Li et al. 2006; Wu et al. 2006) and filamin—an important actin
cross-linking protein implicated in scaffolding, membrane stabilization and signal
transduction, through interaction with ion channels, receptors and signalling pro-
teins (Wang et al. 2012; Sharif-Naeini et al. 2009). It was shown that filamin-A
substantially inhibits polycystin-2 channel activity indicating that filamins are
important regulators of polycystin-2 channel function, and further links actin
cytoskeletal dynamics to the regulation of TRPP2 (Wang et al. 2012). Therefore,
TRPP2 is linked to the cytoskeleton through interactions with multiple actin-
binding proteins. Aberrant interaction between TRPP2 and these proteins may be a
consequence of pathogenic TRPP2 mutations; breaking the interaction between
TRPP2 and the actin cytoskeleton could play a role in cystogenesis or other extra-
renal manifestations of ADPKD.

TRPP2 has also been shown to interact with pericentrin and other centrosomal
proteins controlling the assembly of primary cilia (Jurczyk et al. 2004). It has also
been found in mitotic spindles (Rundle et al. 2004) where it forms a complex with
mDia1, suggesting a role in cell division linked to intracellular Ca2+ release during
mitosis. This hypothesis is supported by the finding that calcium is involved in the
initiation of centrosome duplication in Xenopus egg extracts (Matsumoto and
Maller 2002). A role for TRPP2 in mitosis and centrosome duplication was
demonstrated by the observation that TRPP2 over expression in a transgenic
mouse model was associated with mitotic instability and centrosome overdupli-
cation (Burtey et al. 2008).
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24.6 TRPP2 is Regulated by Reversible Protein
Phosphorylation

Protein phosphorylation is a reversible post-translational modification involved in
regulating the function of many proteins. The addition of a phosphate group to
specific serine, threonine, or tyrosine residues is catalysed by protein kinases and
reversed by protein phosphatases. Phosphorylation generally results in a confor-
mational change of the protein resulting in activation or deactivation.

Phosphorylation of TRPP2 has been shown on multiple residues. Phosphory-
lation at Ser812 by Casein Kinase 2 (CK2) is important for channel function and
TRPP2 localisation. Phosphorylation at Ser76 by Glycogen Synthase Kinase 3
(GSK3) is also important for cellular localisation of TRPP2. Phosphorylation at
Ser801 by Protein Kinase D (PrKD) is important for ER localised TRPP2 channel
function in response to growth factor stimulation. Recent studies have shown that
TRPP2 can be phosphorylated at Ser829 by AuroraA kinase acting to inhibit
TRPP2 channel activity (Plotnikova et al. 2011). Phosphorylation at a number of
other residues has been demonstrated in several large-scale phosphoproteomic
screens (Yu et al. 2011; Huttlin et al. 2010) by mass spectrometry (Table 24.1).
The majority of these residues are highly conserved in vertebrates suggesting that
they may be necessary for TRPP2 function; however, their functional significance
is yet to be elucidated.

24.6.1 Casein Kinase II Phosphorylation of TRPP2

Constitutive phosphorylation of TRPP2 was observed in vivo (Cai et al. 2004;
Streets et al. 2006). Cai et al. (2004) identified a single phosphorylated site at
Ser812 in the C-terminal of TRPP2 (Cai et al. 2004). It was demonstrated that
casein kinase II (CK2), a serine/threonine protein kinase, phosphorylates at this
site. The authors also demonstrated that CK2 phosphorylation was important for
channel function; loss of phosphorylation resulted in reduced sensitivity to TRPP2
activation by intracellular calcium concentrations.

In this initial study, phosphorylation at Ser812 did not affect the localisation of
TRPP2 nor its interaction with polycystin-1. A more recent study utilising a chi-
meric construct, with the C-terminal domain of TRPP2 fused to a transmembrane
protein (CD16.7), did implicate a role for CK2 phosphorylation in TRPP2 traf-
ficking (Kottgen et al. 2005). Ser812 is in a cluster of acidic amino acid residues
which were found to mediate interaction between TRPP2 and phosphofurin acidic
cluster sorting (PACS) proteins, PACS-1 and PACS-2 (Kottgen et al. 2005).
Interaction with these PACS proteins proved essential for TRPP2 retrograde
trafficking between the plasma membrane, golgi and ER; when binding of PACS
proteins was blocked, TRPP2 localised to the plasma membrane. Binding of PACS
to TRPP2 was found to be dependent on CK2 phosphorylation at Ser812; mutation
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Table 24.1 List of reported phosphorylation sites in TRPP2

Residue Kinase Species/
Cell Line

Methodology Function Reference

S74 Unknown Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

S76 GSK3 Human
TRPP2

Biochemistry/site-
directed mutagenesis

TRPP2
trafficking

Streets et al.
(2006)

Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

S166 Unknown HeLa
cells

Proteomic screen Unknown Olsen et al.
(2006)

S254 Unknown HEK
293T
cells

Proteomic screen Unknown Molina et al.
(2007)

T260 Unknown HEK
293T
cells

Proteomic screen Unknown Molina et al.
(2007)

S263 Unknown HEK
293T
cells

Proteomic screen Unknown Molina et al.
(2007)

S801 PrKD1 Human
TRPP2

Biochemistry/site-
directed mutagenesis/
phosphoserine
antibody mapping

Cell
proliferation
calcium
channel
regulation

Streets et al.
(2010)

S808 Unknown Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

Unknown Mouse
tissue

Proteomic screen Unknown

S812 CKII Human
TRPP2

Biochemistry/site-
directed mutagenesis

Calcium channel
regulation

Cai et al. (2004)

Human
TRPP2

Biochemistry TRPP2
trafficking

Kottgen et al.
(2005)

Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

Mouse
cells

Proteomic screen Unknown Yu et al. (2011)

Mouse
cells

Proteomic screen Unknown Li et al. (2009)

Mouse
tissue

Proteomic screen Unknown Zanivan et al.
(2008)

Mouse
tissue

Proteomic screen Unknown

S829 AuroraA HEK 293 Biochemistry/site-
directed mutagenesis/
phosphoserine
antibody mapping

Calcium channel
regulation
(indirect)

Plotnikova et al.
(2011)

Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

(continued)
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of Ser812 to alanine or disruption of the acidic cluster weakened PACS binding
resulting in translocation of TRPP2 to the lateral plasma membrane. Similar results
were observed for full length TRPP2 though changes in localisation were less
pronounced. A further study confirmed the interaction of TRPP2 with PACS
proteins in a zebrafish model (Fu et al. 2008) mediated by phosphorylation of
Ser812. These findings support the hypothesis that TRPP2 assumes distinct sub-
cellular localisations to exert tissue-specific functions mediated by changes in
phosphorylation status.

Phosphorylation at Ser812 is also important for TRPP2 binding to ID2 (inhibitor
of DNA binding 2)—a member of the ID family of helix-loop-helix (HLH) tran-
scription factors (Li et al. 2005b). ID proteins do not bind DNA themselves—they
form heteromers with other HLH transcription factors, preventing their binding to
DNA and blocking transcription of their target genes. Co-immunoprecipitation

Table 24.1 (continued)

Residue Kinase Species/
Cell Line

Methodology Function Reference

Mouse
cells

Proteomic screen Unknown Hsu et al. (2011)

Mouse
cells

Proteomic screen Unknown Yu et al. (2011)

PKA Human
cells
and
tissue

Biochemistry/site-
directed mutagenesis/
phosphoserine
antibody mapping

Calcium channel
regulation/
cell
proliferation

Streets et al.
(unpublished
data)

S831 Unknown Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

Mouse
cells

Proteomic screen Unknown Hsu et al. (2011)

S832 Unknown Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

Mouse
cells

Proteomic screen Unknown Hsu et al. (2011)

S835 Unknown Mouse
tissue

Proteomic screen Unknown Huttlin et al.
(2010)

S852 Unknown HEK
293T

Proteomic screen Unknown Molina et al.
(2007)

S858 Unknown HEK
293T

Proteomic screen Unknown Molina et al.
(2007)

T931 Unknown Rat tissue Proteomic screen Unknown Hoffert et al.
(2006)

S943 Unknown Rat tissue Proteomic screen Unknown Hoffert et al.
(2006)

S944 Unknown Rat tissue Proteomic screen Unknown Hoffert et al.
(2006)

A summary of all reported phosphorylation sites in TRPP2, combining biochemical analysis and
proteomic-driven mass spectrometry of cell lysates
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studies revealed that the TRPP2-ID2 interaction was dependent on phosphorylation
of TRPP2 at Ser812; mutagenesis of this residue abolished the interaction. Binding
TRPP2 appeared to prevent ID2 entering the nucleus; overexpression of TRPP2
reduced the nuclear fraction of ID2, while knockdown of TRPP2 resulted in an
increase. TRPP2-mediated re-distribution of ID2 may contribute to increase cell
proliferation and differentiation seen in ADPKD. Increased expression and nuclear
localisation of ID2 has been detected in PKD1 or PKD2 ADPKD cyst lining epi-
thelia compared to non-cystic tubular epithelia in which ID2 expression is generally
confined to the cytosol. This implied that polycystin-1 may also affect ID2
expression and localisation; indeed polycystin-1 overexpression saw relocalisation
of a nuclear pool of ID2 to the cytosol. While TRPP2 expression was unchanged in
polycystin-1 overexpressing cells, the Ser812 phosphorylated pool of TRPP2 was
increased.

Studies on the C.elegans TRPP2 homolog demonstrated that phosphorylation of
Ser534 by CKII was important in regulating TRPP2 ciliary localisation and its
function during male mating behaviour (Hu et al. 2006). Ser534 is the only CKII
site conserved in mouse (Ser681) and human (Thr683) TRPP2. Evolutionary con-
servation of this CKII site suggests it may have an important cellular function
although that has yet to be shown in mammalian TRPP2.

24.6.2 GSK3 Phosphorylation of TRPP2

Although it had been suggested that TRPP2 was phosphorylated only at Ser812, the
possibility of other sites of phosphorylation has since been demonstrated. TRPP2
has been shown to be phosphorylated on its N-terminus on Ser76 by GSK3 with a
potential CKI priming site at Ser80 (Streets et al. 2006). Phosphorylation at this site
proved to be important for correct localisation of TRPP2; in MDCK cells, treat-
ment with GSK3 inhibitors resulted in redistribution of lateral TRPP2 to an
intracellular compartment (Streets et al. 2006). TRPP2 was still able to traffic the
primary cilia, therefore GSK3 phosphorylation is specifically important for traf-
ficking to the lateral plasma membrane and may not be required for ER export.
The inability of a Ser76/80 mutant of TRPP2 to rescue a cystic phenotype in the
zebrafish pronephric kidney, induced by an antisense morpholino nucleotide to
PKD2, provided further evidence of the functional importance of phosphorylation
at this site (Streets et al. 2006).

24.6.3 PrKD Phosphorylation of TRPP2

Streets et al. (2006) had suggested that TRPP2 could be phosphorylated at sites
other than Ser812 and Ser76, as mutation of both these residues did not abolish
TRPP2 phospholabelling (Streets et al. 2006). Phosphorylation at Ser801 in the
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TRPP2 C-terminal domain by Protein Kinase D (PrKD) was later demonstrated
(Streets et al. 2010). Phosphorylation at this site was shown to be increased fol-
lowing serum and EGF stimulation and was critical for TRPP2-mediated ER
calcium release.

In addition, phosphorylation at Ser801 was important in the regulation of
TRPP2’s effects on proliferation; expression of S801G TRPP2 in MDCK I cells had
no effect on basal proliferation in contrast to suppressed proliferation observed
following expression of wild-type or phospho-mimic S801D TRPP2. The physio-
logical importance of this site was further confirmed by findings that a reported
missense mutation, S804N, which lies within the PrKD consensus sequence (Ros-
setti et al. 2007), abolished Ser801 phosphorylation. Phosphorylation at Ser801 by
PrKD thus appears to be essential for TRPP2 channel function in the ER in
response to growth factor stimulation.

24.6.4 AuroraA Phosphorylation of TRPP2

A recent study demonstrated that TRPP2 could be phosphorylated by AuroraA
kinase on Ser829 (Plotnikova et al. 2011). AuroraA kinase activity was shown to be
upregulated in cyst lining epithelial cells from patients with ADPKD. Why Au-
roraA kinase activity should be increased in ADPKD is unclear. Data from the
same group suggest that release of Ca2+ from intracellular endoplasmic reticulum
stores rapidly and transiently activate AuroraA (Plotnikova et al. 2010) however
calcium levels are normally lower in cystic cells. AuroraA was shown to bind,
phosphorylate and reduce the activity of TRPP2 limiting the amplitude of calcium
release from the endoplasmic reticulum in cultured kidney epithelial cells. Recent
work from our group has demonstrated that TRPP2 can be phosphorylated on
Ser829 by protein kinase A suggesting a more complex regulation of phosphory-
lation at this residue (Streets et al. 2013).

24.6.5 Other Kinases

Increased phosphorylation of TRPP2 on an unknown residue was seen in the jck
mouse model of PKD (Sohara et al. 2008). This model contains a mutation in the
kinase Nek8 which forms a complex with TRPP2 in tissues taken from jck mouse
kidneys. As well as increased phosphorylation there was increased ciliary locali-
sation of TRPP2 in jck mice suggest that protein phosphorylation may serve as a
mechanism for the control of ciliary targeting of TRPP2. In addition, there are a
large number of phosphorylation sites identified through large-scale phospho-
proteomic screens (Table 24.1). The kinases responsible for phosphorylating these
sites on TRPP2 are unknown as it is their functional significance.
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24.7 Regulation of TRPP2 by MicroRNAs

MicroRNAs (miRNAs) are regulatory RNAs that act as post-transcriptional
repressors by binding the 3’ untranslated region of target genes (Bartel 2004).
MicroRNAs have been shown to control the expression of TRPP2 mediating its
functional effects. Two groups have shown that miR-17 directly targets the 3’UTR
of the PKD2 gene and represses its expression (Tran et al. 2010; Sun et al. 2010).
Overexpression of miR-17 promoted cell proliferation in HEK-293 cells via post-
transcriptional silencing of TRPP2 (Sun et al. 2010). The repressive activity of
miR-17 was found to be antagonised by the RNA binding protein Bicaudal C
(Bicc1). Bicc1 has been shown to modulate the expression of TRPP2 by regulating
the stability of Pkd2 mRNA and its translational efficiency (Tran et al. 2010).
Polycystic diseases also develop in mice and humans carrying mutations in Bicc1
(Cogswell et al. 2003; Kraus et al. 2012) and may be linked to the regulation of
cAMP signalling in polycystic kidneys via microRNA-induced gene silencing of
adenylate cyclase-6 (Piazzon et al. 2012). The regulation of TRPP2 and other
proteins by microRNAs may potentially represent a novel mechanism for cysto-
genesis as well as a potential therapeutic target for ADPKD.

24.8 Conclusion

Considerable progress has been made in recent years to understand the structure
and function of TRPP2 and its relevance to the pathogenesis of ADPKD. TRPP2
channels have been shown to reside in a number of different subcellular com-
partments. This spatial regulation enables it to perform specific functions in dif-
ferent areas of the cell. Disturbed calcium signalling mediated by loss of TRPP2 or
its interacting partner polycystin-1 is clearly an early event in the development of a
cystic phenotype. Further research is required to further understand the connection
between altered calcium signalling and the pathogenesis of ADPKD. TRPP2 and
polycystin-1 interact with many other proteins involved in regulating intracellular
calcium levels and loss of either protein leads to changes in cellular calcium
signalling within microdomains located in the primary cilium or at the ER
membrane. Understanding the functional significance of this distinct calcium
signalling microdomains and identifying the downstream signalling pathways
affected will give a better understanding of their contribution to the pathogenesis
of ADPKD.
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Chapter 25
TRPM6 and Hypomagnesaemia/
Hypocalcaemia

Daniel Landau and Hanna Shalev

Abstract Magnesium (Mg2+) is an abundant intra- as well as extracellular divalent

cation. It is essential for multiple intracellular processes. Its major reservoir is in the

bone. Mg2+ homeostasis is regulated by its absorption from the gut and its secretion

or reabsorption by the kidneys through specific transcellular and paracellular Mg2+

channels. Derangements in Mg2+ homeostasis may cause elevations (hypermagne-

semia) or decrease (hypomagnesemia) in its blood levels, both potentially causing

adverse effects, some of them directly ascribed toMg2+ effects on the nervous as well

as the cardiac electrical conduction systems. Most clinical conditions are associated

with hypomagnesemia, whereas most cases of hypermagnesemia are asymptomatic.

Subclinical hypomagnesemia may cause cardiovascular disease in adults. Other

clinical adverse effects derive from the secondary hypocalcemia in cases of severe

hypomagnesemia. Different clinical conditions may cause hypomagnesemia,

including acquired (such as chronic diarrhea or medications) and genetic. Most

affected genes that cause hypomagnesemia are expressed in the nephron’s distal

tubule, mainly the thick ascending limb (such as the paracellin/claudin 16 and

claudin 19 genes) and distal convoluted tubule segments (such as the thiazide sen-

sitive channel, TRPM6 and the Na–K-ATPase). Mutations in TRPM6, a channel

expressed in both the distal tubule as well as in the small intestine cause early

(usually in the first months of life) and severe hypomagnesemia with secondary

hypocalcemia. Differentiation between the mutated different genes can be initially

approached by several clinical as well as laboratory observations (for example: the

presence of hypercalciuria, metabolic alkalosis, etc.). The aim of this chapter is to

summarize Mg2+ physiology, its handling by kidney and intestine and the clinical

syndromes ofMg2+ derangement, concentrating on a crucial protein involved inMg2

+ reabsorption in both kidney and intestine: TRPM6 channel.
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25.1 The Physiology of Mg2+ Handling

Mg2+ is the second most common intracellular cation (after calcium). It is a co-

factor in multiple enzymatic reactions and it participates in the regulation of other

ion channels. The vast majority of body Mg2+ (99 %) is intracellular. Therefore, its

plasma levels may not reflect total body Mg2+. More than 50 % of body Mg2+ is

stored in bones as part of the hydroxyapatite complex. Mg2+ plays major roles in

overall cell function, including: DNA and protein synthesis, glucose and fat

metabolism, oxidative phosphorylation, neuromuscular excitability, and enzyme

activity. Its body balance depends on the interplay between its intestinal absorp-

tion, exchange with bone and renal excretion. Mg2+ is ingested along the entire

gastrointestinal tract, either by passive paracellular route or the active transcellular

route. Intestinal paracellular absorption can be inhibited by the commonly used

antacid medication omeprazole (Thongon and Krishnamra 2011).

The main organ that regulates Mg2+ homeostasis, in cases of excess or defi-

ciency, is the kidney (Fig. 25.1). Mg2+ flows in blood partly linked to albumin.

80 % of total plasma Mg2+ is filtered through the glomerulus and most of it is

reabsorbed along the nephron. Under normal diet the usual fractional excretion of

Mg2+ is 3–5 %, but it can be as low as 0.5 % in states of Mg2+ deficiency. 20 % of

filtered Mg2+ is reabsorbed by the proximal tubule, 70 % at the loop of Henle

(mostly paracellular), and the remaining fraction is absorbed by an active trans-

cellular mechanism at the distal convoluted tubule. This latter segment can be

upregulated or downregulated in states of deficiency of excess and is the major

contributor of Mg2+ regulation.

Paracellular renal Mg2+ transport takes place at the thick ascending limb of the

loop of Henle, through the tight junction proteins paracellin 1 (claudin 16) and

claudin 19. These proteins participate also in calcium reabsorption. Therefore,

defects in these proteins, either congenital or acquired can lead to a combination of

hypomagnesemia and hypercalciuria. Transcellular Mg2+ reabsorption at the distal

convoluted tubule starts with an apical channel called transient receptor potential

melastatin 6 (TRPM6), which is the major inducible protein for Mg2+ reabsorption

in the colon and kidney (see later) (Rondon et al. 2008). The mechanism of

basolateral efflux of Mg2+ in this tubular segment is not well characterized yet.

25.2 Hypomagnesemia

Hypomagnesemia is a clinical state of plasma Mg2+ deficiency. Given its main

intracellular location, the discovery of low plasma (extracellular) Mg2+ already

reflects a state of severe intracellular deficiency. There is also a possibility of

subclinical hypomagnesemia, when only the intracellular Mg2+ levels may be low

(Ryzen et al. 1987; Lim and Jacob 1972). Since Mg2+ plays so many and crucial

roles in cell function, its deficiency is associated with a variation of clinical
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findings, including generalized weakness and anorexia. When secondary hypo-

calcemia appears, it may elicit signs of muscle hyperexcitability, including

Chvostek and Trousseau signs, irritability, and even frank generalized seizures.

Hypomagnesemia is also associated with ventricular arrhythmias. The electro-

cardiographic findings may include widening of the QRS interval, peaking of T

waves and prolongation of the PR interval (Dyckner 1980). Associated laboratory

findings of hypomagnesemia include hypokalemia and metabolic alkalosis.

The associated hypocalcemia seen in severe hypomagnesemia (i.e., serum Mg2+

levels below 0.5 mmol/L or 1.2 mg/dL) deserves an explanation. The clinical and

laboratory findings in severe hypomagnesemia resemble severe

Fig. 25.1 Renal Mg2+ transport. 80 % of plasma Mg2+ (the fraction unbound to albumin) is

filtered through the glomerulus (G) and most of it is reabsorbed along the nephron: 20 % is

reabsorbed by the proximal tubule (PT), 70 % at the thick ascending limb of loop of Henle (TAL)

and the remaining fraction is absorbed by an active transcellular mechanism at the distal

convoluted tubule (DCT). Paracellular renal Mg2+ transport takes place at the TAL through the

tight junction proteins paracellin 1 (claudin 16) and claudin 19. These proteins participate also in

calcium reabsorption. This tubular segment is also involved in active NaCl reabsorption through

the luminal NKCC2 (which can be inhibited by the popular diuretic drug furosemide) and ROMK

channels and the basolateral Cl channel CLCKA and CLCKB. This function is regulated also by

extracellular Ca++ and Mg2+ levels through the basolateral calcium sensing receptor. Transcel-

lular Mg2+ reabsorption at the DCT starts with the apical channel TRPM6. The mechanism of

basolateral efflux of Mg in this tubular segment is not well characterized yet. The DCT is also the

site of NaCl reabsorption through the luminal NCC channel (affected by thiazide diuretics). CD
medullary collecting duct
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hypoparathyroidism (hypocalcemia and hyperphosphatemia with high tubular

reabsorption of phosphate in spite of normal renal function). Most of the studies

performed have shown low parathyroid (PTH) serum levels (Guran et al. 2012)

that normalize with the administration of Mg2+ (Mihara et al. 1995). Other studies

have reported a resistance to PTH which could again be corrected with Mg2+

(Yamamoto et al. 2011). The lack of PTH release in response to hypocalcemia

suggests a PTH release block, which is normally induced by hypocalcemia through

the release of inhibition of signaling through the gland’s calcium sensing receptor

(CASR). The release of PTH from dispersed parathyroid glands in response to

decreasing calcium concentration in the medium is suppressed when the reaction is

performed at low Mg2+ levels in medium. Mg2+ is bound to the CASR at an

alternative site, and is needed for the proper intracellular signaling of this receptor

(Quitterer et al. 2001).

A small number of patients have been reported with normomagnesemic Mg2+

depletion. Other studies have raised concern on the potential adverse effects of

subclinical Mg2+ deficiency in diabetic and heart failure patients, including

arrhythmias (Dyckner 1980). Recently, lower Mg2+ levels within the normal range

have been associated with the development of atrial fibrillation in a study of the

Framingham cohort (May Khan et al. 2012). In addition, an increase in overall

inflammation (Almoznino-Sarafian et al. 2007) has been reported to be associated

with hypomagnesemia. The causes of hypomagnesemia include:

(1) Gastrointestinal losses, mainly in cases of chronic diarrhea and malabsorption,

and previous small bowel surgery.

(2) Metabolic conditions such as uncontrolled diabetes, alcoholism and

pancreatitis.

(3) Renal losses, due to specific hereditary channel defects (see below), the use of

diuretics or the diuretic effect of hypercalcemia.

(4) Other drugs may also cause hypomagnesemia through unique mechanisms,

including the effects of tacrolimus and cyclosporine on the paracellular renal

Mg2+ absorption (Efrati E et al. 2010); the effects of the proton pump inhibitor

omeprazole on the gastrointestinal paracellular Mg2+ absorption (Thongon and

Krishnamra 2011).

25.3 Inherited Forms of Renal Hypomagnesemia

The main organ that regulates Mg2+ homeostasis, in cases of excess or deficiency,

is the kidney. Therefore, most forms of inherited hypomagnesemia are due to

mutations in renal tubular proteins, including (Table 25.1):

(1) In the thick ascending limb, Mg2+ and calcium are reabsorbed via the para-

cellular pathway. Mutations in the tight junction proteins, claudin 16 and 19,

cause renal hypomagnesemia with hypercalciuria and nephrocalcinosis (Simon
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et al. 1999; Konrad et al. 2006). Symptoms begin during the first months of

life, including: urinary tract infection, polyuria, and failure to thrive. In many

cases progressive renal failure may also develop (Praga et al. 1995).

(2) In the distal convoluted tubule active transcellular Mg2+ absorption takes place

through the luminal TRPM6 channel. The putative basolateral Mg2+ channel

has not yet been identified. Mutations in TRPM6 cause the classical familial

hypomagnesemia with secondary hypocalcemia (HSH) (which will be dis-

cussed in detail later). However, mutations in several other proteins influence

Mg2+ reabsorption through TRPM6, including:

a. The thiazide sensitive NaCl channel (NCC). When this gene is mutated,

hypokalemic metabolic alkalosis with hypocalciuria (Gitelman syndrome)

develops. Hypomagnesemia may develop years after the onset of hypo-

kalemia and alkalosis. This may lead to weakness, paresthesias and tetany

(Calo et al. 2000). This clinical and laboratory observation was originally

described by Gitelman et al. (1996) many years before the exact affected

gene was found. The exact mechanism linking this defect with hypomag-

nesemia is poorly understood, but includes a decreased expression of

TRPM6 (Nijenhuis et al. 2005). A similar combination of hypokalemic

metabolic alkalosis and hypomagnesemia has been described in some

patients with mutations in the basolateral chloride channel CLCKb. How-

ever, this Bartter-like syndrome is associated with hypercalciuria (Zeliko-

vic et al. 2003).

b. A separate form of hypomagnesemia with hypocalciuria has been descri-

bed, in association with autosomal dominant inheritance. Mutations in the

γ-subunit of the Na–K-ATPase have been described for this disease.

However, the exact explanation how such mutated protein (which is

expressed in every cell) is not yet understood (Meij et al. 2000).

c. Another rare form of autosomal recessive hypomagnesemia with normal

urinary calcium excretion has been found to be associated with mutations in

the pro-epidermal growth factor (pro-EGF) gene. EGF binding to its

receptor is essential for the function of TRPM6 (Groenestge et al. 2007).

Moreover, treatment with EGFR antagonists may cause hypomagnesemia

(Tejpar et al. 2007).

d. Recently, mutations in the basolateral potassium channel KCNJ10 has been

shown to be associated with a unique combination of early onset seizures,

ataxia, deafness, and tubulopathy. The latter includes mild hypokalemia

alkalosis and mild hypomagnesemia (Bockenhauer et al. 2009).

25.4 Physiology of TRPM6

TRPM6 belongs to the family of transient receptor potential (TRP) channels and is

the only one of this family associated with Mg2+ transport. It is abundantly
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expressed in small and large intestine, as well as the distal renal tubule. Specifi-

cally to the kidney tissue its exact cellular location is the luminal membrane of the

DCT. It has a much higher affinity to Mg2+ than to calcium. The unique structure

of TRP channels includes the existence of an intracellular α-kinase domain. The

role of such kinase is not yet well established but seems not to be crucial for

TRPM6’s basal activity. Nevertheless, this channel is tightly regulated by different

other signals, including hypo- and hypermagnesemia up- and downregulate

TRPM6 transcription. In addition, metabolic acidosis, the use of tacrolimus and

cyclosporine and the inhibition of the NCC channel (either genetic, as happens in

Gitelman syndrome, see above, or by the chronic use of thiazide diuretics) cause a

decreased expression of TRPM6. In contrast, metabolic alkalosis and the use of

estrogen upregulate TRPM6 (Cao et al. 2008).

In addition to its carboxyterminal kinase domain, TRPM6 has a long amino

terminal intraluminal chain. Most of the described TRPM6 human mutations that

cause HSH are located in the N-terminal tail and fewer are located in the central

transmembrane domain (Schlingmann et al. 2005), suggesting this tail to be of

importance in TRPM6 activity. One explanation for that may be the putative

quaternary structure of the Mg2+ channel which includes 2 TRPM6 and 2 similar

molecules: TRPM7 (Runnels 2011).

25.5 Clinical Findings in TRPM6 Mutations

Mutations in the TRPM6 gene cause early onset severe hypomagnesemia with

secondary hypocalcemia, as previously mentioned. The clinical and laboratory

findings were described well before the genetic defect was described (Shalev et al.

1998). Disease onset is usually very early, as soon as 4 weeks of age. The common

clinical presentation of the combination of hypocalcemia and hypomagnesemia is

generalized seizures or tetany. Hypocalcemia can only be corrected when Mg2+ is

provided, without the need to supplement with calcium. There is a major dis-

crepancy between the enteral versus the parenteral doses of Mg2+ needed to correct

this condition: the enteral dose needed is much higher than the parenteral one,

hinting for a role of the gene product in intestinal Mg2+ absorption. Similar clinical

findings were described in other series, involving more families of different ethnic

origins (Schlingmann et al. 2005; Guran et al. 2012). Originally, renal handling of

Mg2+ was thought to be intact, since the fractional excretion of Mg2+ during severe

hypomagnesemia was very low. However, when serum Mg2+ levels were gradu-

ally increased a lower renal Mg2+ threshold was identified (Walder et al. 2002),

supporting the co-expression of the identified responsible gene, TRPM6 in both

kidney and intestine cells, as shown by us and others (Schlingmann et al. 2002).

Treatment with high dose oral Mg2+ is usually able to correct serum Mg2+ levels to

the subnormal values. However, achieved serum levels[1 mg/dL (or[0.4 mmol/

L) is sufficient to prevent secondary hypocalcemia on the one hand and also to

prevent gastrointestinal side effects from too much enteral Mg2+ dosage. If disease

25 TRPM6 and Hypomagnesaemia/Hypocalcaemia 529



is diagnosed early on and seizures are prevented, then normal intellectual capacity

is achieved. All genetic studies done so far have not found a major variability in

genotype-phenotype correlation (Walder et al. 2002; Schlingmann et al. 2002,

2005; Guran et al. 2012).
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Chapter 26
TRP Channels in Prostate Cancer

George Shapovalov, Roman Skryma and Natalia Prevarskaya

Abstract TRP channels are often associated with sensory roles, but they also
participate in such critical cellular processes as apoptosis, proliferation and dif-
ferentiation. Disregulation of normal TRP channel activity and associated changes
in calcium homeostasis often leads to disruption of normal cell cycle and, as a
result, onset and progression of cancer. While early evidence specific to prostate
cancer stemmed from studies involving blockers of voltage-gated calcium chan-
nels, later studies identified multiple TRP channels that appear to be at the center
of prostate cancer progression. This chapter discusses the involvement of TRP
channels in regulation of cell fate in prostate tissues, focusing on the prominent
players belonging to TRPC, TRPM, and TRPV families as well as giving a general
overview of the roles that TRP channels play in prostate cancer.

26.1 Introduction

Cancer is a serious widespread terminal illness responsible for approximately
13 % of deaths worldwide. One of the most prevalent types of cancer is a prostate
cancer, diagnosed in, approximately, 1 out of 6 men. While majority of diagnosed
patients develop a mild and slow-growing form of the prostate cancer, in a sig-
nificant number of cases cancer develops metastases leading to eventual death in,
approximately, 1 man in 36. Early diagnosis of prostate cancer became possible
after identification of prostate-specific antigen (PSA) in early 1990s, which
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allowed to address prostate cancer in its early form, significantly increasing
chances of arresting disease in benign stage. However appropriate treatment of all
stages of cancer, especially in high-risk cases, requires proper understanding of the
mechanisms that lead to onset and advancement of prostate cancer.

Progression of various forms of cancer is associated with the dysregulation of
cell cycle. Common impairments are usually focused around enhancement of
proliferation pathways and suppression of mechanisms leading to cell death. Many
aspects of cell cycle are highly sensitive to the fine details of [Ca2+]i homeostasis
in cells. For example, an increase in Ca2+ entry via the plasma membrane (PM)
expressed ion channels often promotes Ca2+-dependent proliferation and decreases
susceptibility to programmed cell death—apoptosis of affected cells (Antoniotti
et al. 2006; Monteith et al. 2007; Prevarskaya et al. 2010). On the other hand, the
onset of apoptosis often involves Ca2+ influx through cytoplasmic, ER-mediated or
mitochondrial mechanisms (Orrenius et al. 2003; Pinton et al. 2008). At the same
time, the transformed cells as well as established tumor cell lines often become
less sensitive to Ca2+ signals and even less dependent on external Ca2+ to survive
and proliferate (Cook and Lockyer 2006; Whitfield 1992).

Changes in intracellular calcium trigger, in turn, a variety of Ca2+-dependent
pathways regulating cell cycle. Thus, CaMKII—a calcium/calmodulin-dependent
kinase II plays an important role in calcium reuptake regulated by Ca2+-calmod-
ulin complex (Yamauchi 2005). Recently, it was shown to participate in androgen
signaling in prostate cancer cells, where its overexpression led to induction of
apoptosis resistance (Rokhlin et al. 2007). Similarly, NF-jB—a nuclear factor
kappa-light-chain-enhancer of activated B cells is involved in regulation of
immune and inflammatory responses and, in addition, cell survival and prolifer-
ation, by modulating gene expression (Gilmore 2006). It has been shown to be
activated by tumor necrosis factor alpha (TNFa) and interleukin 1-beta (IL-1b), as
well as by reactive oxygen species in the presence of sustained elevated Ca2+ (Sée
et al. 2004; Sen et al. 1996).

Other involved factors include a member of a family of calcium-dependent
cysteine proteases, calpain, which is activated by local and transient changes in
Ca2+ concentration. The activated calpains then cleave various cytoplasmic pro-
teins significantly affecting cellular development (Santella et al. 2000; Smith and
Schnellmann 2012). Another common factor, calcium-dependent serine-threonine
phosphatase calcineurin, activates nuclear transcription factors that are then
translocated to the nucleus where they upregulate the expression of interleukins
which, in turn, stimulate cellular growth and differentiation (Heit et al. 2006).
Recent studies have even demonstrated the interaction between these two factors,
describing an involved calpain-calcineurin signaling complex (Wu et al. 2007).

Calcium entry into the cell was traditionally associated with Ca2+ permeable
ion channels present in the plasma membrane. Based on observations that classical
blockers of these channels can influence cell death rates, the involvement of Ca2+-
permeable channels in regulation of cellular proliferation or apoptosis has been
established as early as 1980s. However, later evidence pointed at other avenues
that could supply calcium to the cells. Ca2+ release from internal stores was found
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to augment proliferation, aberrant differentiation, and impaired apoptosis and
leading to hyperplasticity of cancer tissue (Bidaux et al. 2007; Xin et al. 2005; Xu
et al. 2001). This emptying of internal Ca2+ stores leads, in turn, to store-operated
calcium entry (SOCE), that first has been identified in nonexcitable and, later,
excitable cells (Hoth and Penner 1992; Parekh et al. 1997; Stiber et al. 2008) and
was shown to participate in regulation of gene transcription (Parekh and Putney
2005; Kahl and Means 2003) as well as mitochondrial and cytoplasmic apoptotic
pathways (Prevarskaya et al. 2004; Vanden Abeele et al. 2002; Vanoverberghe
et al. 2004). Moreover, calcium channels are located not only on PM, but also in a
number of intracellular membranes, such as endoplasmic reticulum (ER), lyso-
somes, etc., where they provide pathways for Ca2+ release from cellular organelles
(Pedersen et al. 2005). IP3 and RyR channels are the earliest identified examples of
such channels that are known to be localized to the ER and have been implicated in
regulating apoptosis (Høyer-Hansen et al. 2007; Høyer-Hansen and Jäättelä 2007;
Johnson et al. 2004). Lately, more channels were found to be intracellularly
localized leading to re-evaluation of the mechanisms of internal Ca2+ regulation.
Incidentally, many of the calcium channels with recently identified subcellular
localization belong to the superfamily of transient receptor potential (TRP)
channels, which are the focus of this review.

26.2 Superfamily of TRP Channels

Initial identification of transient receptor potential channels was associated with
investigating how Ca2+ entry regulates Drosophila phototransduction (Minke and
Selinger 1996). Interestingly, this initial report presents TRPC1 ion channel in the
role that is known as store-operated Ca2+ entry (SOCE) and is associated primarily
with Orai1 protein. Numerous later studies identified many other TRP channels,
sharing a high degree of structural homology. These studies revealed a superfamily
of proteins presently consisting of 28 members grouped into smaller subfamilies that
were denoted as TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPML
(mucolipin), TRPA (ankyrin-like), and TRPP (polycystin) and share structural and,
often functional similarity. TRP channels are tetrameric, composed of identical or
closely homologous subunits belonging to the same subfamily (see, e.g., (Owsianik
et al. 2006; Nilius et al. 2007) for review) and resemble structurally the superfamily
of voltage-gated ion channels. The subunits have six transmembrane segments, a
putative pore-forming loop between segments S5 and S6 with both C- and N-termini
being intracellular. The reported so far changes to endogenous TRP activity that are
associated with cancer progression include alteration of expression levels of TRP
channels rather than mutagenic changes of TRP genes.

Activity of many TRP channels can be modulated by voltage or ligands, but
they are also known to respond to a wide variety of chemical, mechanical, and
even physical stimuli, such as temperature or mechanical stress. This naturally
correlates with observation of many TRP channels being expressed in sensory
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neurons (Yao et al. 2005). However, as the majority of TRP channels are calcium
permeable, they are often found to participate in many regulatory pathways
involving Ca2+ (Roderick and Cook 2008). In addition to cell depolarization, their
activity often leads to increase in intracellular Ca2+ and influences various cellular
processes such as proliferation, apoptosis, or gene transcription (Pedersen et al.
2005). Indeed, increased expression of TRP channels in plasma membrane was
shown to promote Ca2+-dependent proliferative pathways leading to inhibition of
apoptosis in affected cells and tumorigenesis (Berridge et al. 2003; Monteith et al.
2007; Roderick and Cook 2008). These observations naturally position the TRP
channels as proteins of importance for regulating cell fate and explain the abun-
dance of recent studies devoted to them.

26.2.1 TRPM Channels

We start the discussion of specific TRP channels with the channel that has the largest
collection of observations tying it to prostate cancer in literature,—the TRPM8
channel. TRPM8 belongs to a melastatin subfamily of TRP channels. The channel
possesses clear sensitivity to cold and menthol and plays a well-established role of
temperature and chemical sensor in peripheral nervous system. It is interesting,
therefore, to note that the initial identification of the channel happened in prostate,
where it has been found to be expressed at high level (Tsavaler et al. 2001).

The localization of TRPM8 was initially thought to be limited to epithelial cells
of the prostate (Tsavaler et al. 2001); however, later experiments identified its
presence additionally in apical epithelial cells and smooth muscle cells of human
prostate (Bidaux et al. 2005; Bidaux et al. 2007). Further studies clearly estab-
lished the important role that the channel plays an in prostate cancer progression.
For example, it was shown that the expression of TRPM8 is increased in cancerous
cells (Bidaux et al. 2007; Prevarskaya et al. 2007), with whole-cell currents
exhibiting responses resembling those of cold/menthol receptors. Additionally, a
significant difference in the TRPM8 mRNA levels was reported between malig-
nant and nonmalignant tissues (Fuessel et al. 2003). Recent evidence also points at
the channel affecting the motility of the prostate epithelial cells. Thus, migration
assays revealed that TRPM8 activation by prostate-specific antigen reduced
motility of the PC-3 cell line (Gkika et al. 2010). Moreover, overexpression of
functional TRPM8 channel on both ER and PM facilitated apoptosis induced by
starvation and inhibited the migration of the PC-3-TRPM8 cells through the
inactivation of focal-adhesion kinase (Yang et al. 2009).

Expression of TRPM8 is known to be directly regulated by androgen receptors
(AR) in prostate (Zhang and Barritt 2004; Bidaux et al. 2005), making it one of the
channels whose expression level is affected by the progression of prostate cancer.
The channels can, primarily, be observed during the androgen-dependent phase of
the cancer, with its expression levels decreasing in cells that are losing androgen
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sensitivity and regressing to the basal epithelial phenotype (Henshall et al. 2003;
Bidaux et al. 2005). In more direct experiments, expression of TRPM8 protein
could be induced in PNT1A cells that normally lack androgen receptor, when these
cells were transfected with AR plasmid. Moreover, subsequent treatment of the
cells with AR-siRNA reversed expression of TRPM8 channel (Bidaux et al. 2005).
In general, the presence of TRPM8 is associated with the higher rate of growth of
the cells in the androgen-dependent phase of prostate cancer (Kiessling et al. 2003;
Berges et al. 1995), while the loss of TRPM8 with progression of the disease to
androgen-independent phase (Fuessel et al. 2003) was associated with reduced
doubling time of LNCaP cells resistant to antiandrogen bicalutamide treatment
(Prevarskaya et al. 2007). Furthermore, it has been shown that pharmacological
activation of TRPM8 as well as silencing of the channel with siRNA in LNCaP
cells negatively influences cell survival, likely by perturbing Ca2+ homeostasis
(Zhang and Barritt 2004).

One interesting property of the TRPM8 channel is the existence of multiple splice
variants (Bidaux et al. 2007; Nealen et al. 2003; Bidaux et al. 2012). The classical,
full-length isoform was shown to be expressed in the plasma membrane, while
recent evidence indicates that shorter isoforms are localized to ER, where they serve
as a Ca2+ release channels (Bidaux et al. 2007; Thebault et al. 2005; Zhang and
Barritt 2004; Bidaux et al. 2012). It has been suggested that, depending on the
balance in expression levels of PM or ER-localized isoforms, the TRPM8 may shift
cellular Ca2+ homeostasis toward either proliferation or apoptosis in prostate tissue
(Prevarskaya et al. 2007; Bidaux et al. 2012). More specifically, increased activity of
shorter isoforms is believed to enhance proliferation and shift cell cycle toward
malignant phenotype (Prevarskaya et al. 2007; Shapovalov et al. 2011). Addition-
ally, it was suggested that expression of PM and ER-localized isoforms is sensitive
to the stages of the prostate cancer. Thus full-length and PM-localized TRPM8 is
expressed only in highly differentiated PCa epithelial cells, while its activity is
abolished in dedifferentiated cells. The ER-localized isoforms, however, remain
functional independently of cell differentiation (Bidaux et al. 2007).

Another channel of TRPM family that has an emerging evidence of its
involvement in prostate cancer is TRPM2. Its expression in prostate, albeit at low
levels, was identified during initial sweep of tissue distribution profile studies soon
after mapping of the TRPM subfamily of the channels (Wang et al. 2007; Fonfria
et al. 2006). Later, expression of the channel was found to be significantly
increased in transformed cells. Moreover, selectively knocking down TRPM2
inhibited the growth of prostate cancer but not of the normal cells (Zeng et al.
2010). The channel was found to be translocated from PM in normal cells to the
nuclei in a clustered pattern in PC-3 and DU-145 cells inhibiting nuclear ADP-
ribosylation (Zeng et al. 2010). This regulatory function of TRPM2 in prostate
cancer may be related to the role of a lysosomal Ca2+-release channel it was found
to play in beta cells (Lange et al. 2009).

Other channels belonging to TRPM subfamily also participate in regulation of
cell fate. However, they are primarily involved in other types of cancer. Thus,
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TRPM1 channels was shown to be regulated by the microphthalmia transcription
factor (MIRF) (Zhiqi et al. 2004; Miller et al. 2004) and involved in regulating
proliferation and survival of melanoma cells (Bödding 2007; Fang and Setaluri
2000). Alterations in TRPM4 and TRPM5 expression levels were reported in
association with CD5+ B cell lymphomas and Wilms tumors and rhabdomyo-
sarcomas (Beckwith-Wiedemann syndrome), respectively (Prawitt et al. 2000;
Suguro et al. 2006). Interestingly, differential expression of TRPM4 channel in
prostate transcripts of cogenital androgen-deficient mice was shown in a single
study utilizing an array screening technique (Singh et al. 2006). However, no
further evidence was presented in the literature since this initial observation.
Finally, TRPM7 has been reported to be overexpressed in large breast tumors, with
its suppression reducing proliferative potential of the cells (Guilbert et al. 2009).
As can be seen, practically all the evidence concerning the prostate cancer that is
available at present concentrates on TRPM8 channel.

26.2.2 TRPC Channels

TRPC, or the ‘‘canonical’’ TRP channels, comprise the subfamily closely related to
the first identified channel in the superfamily, the Drosophila TRP, or TRPC1 in
modern nomenclature. While numerous studies were devoted to the function and
the role of this channel, its physiological significance is still far from being
completely understood. Thus, early reports suggested its involvement in SOCE,
implicating the channel in regulation of cell proliferation and apoptosis (Liu et al.
2003; Ambudkar 2007). Identification, at a later time, of Orai1 and STIM1 as
proteins responsible for SOCE, however, questioned this role of TRPC1 channel.
Certain models were proposed that involved a combination of TRPC1 with these
proteins as principal players responsible for SOC (Ong et al. 2007). This, however,
was questioned later by publications demonstrating that suppression of TRPC1
removes only a portion of SOCE response in some cells (Li et al. 2008; Abdullaev
et al. 2008), while capacitative Ca2+ entry is completely independent of TRPC1 in
other cells (Dietrich et al. 2007; Zanou et al. 2010). In prostate cancer cells, SOCE
was even shown to be affected by disrupting actin cytoskeleton while entirely
omitting TRPC1 as well as Orai1/STIM1 proteins (Vanoverberghe et al. 2012).

In spite of the unclear role that TRPC1 plays in SOCE, its involvement in reg-
ulating cell fate and motility was demonstrated in multiple knockout or overex-
pression studies, carried out in renal epithelial and skeletal muscle cells as well as
immortalized GnRH neurons (Zanou et al. 2010; Ariano et al. 2011; Fabian et al.
2011; Fabian et al. 2008). Interestingly, while in normal tissue presence of TRPC1
promoted cell proliferation, in transformed tissues TRPC1 seemed to be involved in
regulation of apoptosis. In prostate, the involvement of TRPC1 channel was found to
be related to androgen receptor. The expression level of TRPC1 was found to
decrease during the progression of the prostate cancer from androgen-dependent to
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androgen-independent phase (Nilius et al. 2007), suggesting that while in normal
tissue presence of TRPC1 promotes cell proliferation, in transformed tissues TRPC1
seems to be shifting balance toward apoptosis. Similarly, the transient knockdown of
TRPC1 and TRPC4 channels significantly reduced the ability of ATP to induce
growth arrest in PCa cells (Thebault et al. 2006).

Following on, with the other members of TRPC subfamily, expression of
TRPC3 channel was shown to increase in LNCaP cells after prolonged (24–48 h)
depletion of calcium stores in a manner dependent on residual store content and
involving the Ca2+/calmodulin/calcineurin/NFAT pathway and suggesting that
TRPC1 and/or TRPC3 proteins are involved in the response to alpha-adrenergic
stimulation (Pigozzi et al. 2006). Additionally, TRPC3 was shown to colocalize
with transcription factor TFII-I, suppression of which was shown to interfere with
antiapoptotic signaling in 1-Ln and DU-145 human prostate cancer cells (Misra
et al. 2011). TRPC4 ion channel, that was shown to form heteromers with TRPC1
protein (Antoniotti et al. 2006), was also implicated in early reports suggesting its
involvement in SOCE in prostate cancer cell lines (Vanden Abeele et al. 2004;
Pigozzi et al. 2006); however, no specific role in prostate cancer has been sug-
gested for this channel.

26.2.3 TRPV Channels

The principal member of TRPV subfamily, involved in prostate cancer, is TRPV6
channel. Unlike many of TRP proteins that exhibit only mild selectivity for
divalent cations TRPV6 has a high preference for Ca2+ over Na+ when heterolo-
gously expressed in mammalian cells (Yue et al. 2001). However, specifics of
TRPV6 gating remain elusive, as whole-cell patch clamping experiments did not
reveal a corresponding whole-cell current under physiological conditions. The
majority of TRPV6 studies were, therefore, carried out via fura-2 measurements.
The experiments suggested that the channel exhibits constitutive activity and that
Ca2+ entry through TRPV6 seems to depend upon presence of intracellular Ca2+

and extracellular divalent cations (Bödding and Flockerzi 2004; Bödding et al.
2002). Activity of TRPV6 was also shown to be modulated by progesterone,
estrogen, tamoxifen, and vitamin D, affecting proliferation and survival of cancer
cells (Bolanz et al. 2008).

Initially, the expression of TRPV6 channel was identified in the epithelial cells
belonging to kidney, intestine, placenta, and pancreas, where it is believed to be
responsible for transcellular movement of Ca2+ (Peng et al. 1999; Wissenbach
et al. 2001). Shortly thereafter, though, channel was found to be present in LNCaP
and PC-3 cell lines, with its levels elevated with progression of the cancer toward
aggressive forms (Peng et al. 2001). Similarly to TRPM8, the expression of the
TRPV6 is known to be regulated by the androgen receptors, however in an agonist
independent way. Thus, TRPV6 does not exhibit a clear change in expression
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levels with prostate cancer progressing from androgen-dependent to independent
phases. Instead, expression level of the channel starts at a very low level in the
healthy tissue (Fixemer et al. 2003; Wissenbach et al. 2001), with its mRNA levels
increasing during the progression of cancer in correlation with cancer Gleeson
score and development of metastases outside the prostate (Fixemer et al. 2003;
Peng et al. 2001). However, expression of TRPV6 was not identified in androgen-
insensitive prostate cancer cell lines (DU-145 and PC-3) (Fixemer et al. 2003).
Additionally, TRPV6 expression levels were shown to be inhibited by dihydro-
testosterone an androgen receptor agonist and stimulated by bicalutamide an
androgen receptor antagonist (Bödding et al. 2003; Peng et al. 2001; Vanden
Abeele et al. 2003).

Unlike the TRPM channels, the involvement of TRPV channels in prostate
cancer is not limited to only one channel of the subfamily. While the majority of
published so far results concentrate on the TRPV6 channel, other proteins
belonging to TRPV subfamily have a fair share of studies devoted to them too.
Thus, recent studies positioned TRPV1 channel as one of the players regulating
progression of prostate cancer. First, the presence of TRPV1 was found in prostate
epithelial cell lines PC-3 and LNCaP as well as in human prostate tissue (Sanchez
et al. 2005), and later its expression was found to increase with increasing tumor
grades in human prostate cancer and benign prostate hyperplasia (Czifra et al.
2009). Moreover, vanilloids through the interaction with TRPV1 were shown to
induce apoptosis in prostate cancer cells via inducing [Ca2+]i overloading as well
as fast decrease of the transmembrane mitochondrial potential (Ziglioli et al.
2009). Interestingly, while TRPV1 was found to play a similar tumor-suppressing
role in transitional urothelial cancer of human bladder, its expression was found to
decrease with carcinoma progression (Santoni et al. 2012).

TRPV2 channel has also been recently found to be associated with progression
of prostate cancer. Presence of TRPV2 has been detected in androgen-independent
and metastatic phases in PC3 cells (Monet et al. 2010). Moreover, treatments that
induce neuroendocrine differentiations were shown to increase expression of
TRPV2, while siRNA suppression of the channel was shown to reduce growth and
invasive properties of prostate tumors in nude mice xenografts (Monet et al. 2010).
Additionally, TRPV2 can be activated by endogenous lysophospholipids, leading
to an increase in cell migration of the PC3 prostate cancer cells (Monet et al.
2009). Finally, androgen receptor-mediated stimulation of TRPV3 gene was found
in castrate resistant C4-2B PCa cells (Jariwala et al. 2007), however this initial
finding was not followed up by further studies.
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26.3 Conclusion

Transient receptor potential channels exhibit a multitude of sensory properties, but
also act as Ca2+ homeostasis regulators and, thus, play an important role regulating
balance between cellular proliferation and apoptosis. In many cases, transformed
cells rely on a disturbed cell cycle, commonly featuring a suppression of excessive
Ca2+ entry that would normally lead to [Ca2+]i overload and cell death. This often
leads to an emergence of a more excitable phenotype that becomes self-sustaining
in advanced stages of cancer. This review presented the accumulated evidence of
the involvement of transient receptor potential channels in regulation of prostate
cancer progression. Channels important for prostate cancer regulation belong to
the TRPC, TRPM, and TRPV subfamilies, typically with the bulk of evidence
concentrating on one prominent member (TRPM8, TRPV6, and TRPC1) and some
sporadic reports suggesting participation of other channels of these subfamilies, as
summarized in Table 26.1.
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Chapter 27
Pharmacology of TRPV Channels

Ulrich Wissenbach

Abstract From a pharmacological point of view, the transient receptor potential
(TRPV) family of ion channels are interesting drug targets. After the identification
of the TRPV1 channel, an attractive candidate for analgesic intervention, many
agonists and antagonists were generated. Although TRPV1 modifying drugs par-
tially induce serious side effects, several efforts are still under development. There
is growing evidence that also the other thermo-gated TRPs are promising drug
targets. Most interestingly, mutations within the TRPV4 gene are causing many
skeletal dysplasias underlining the importance of the function of this ion channel.
Another interesting channel, TRPV6, was shown to be up-regulated in a few
malignancies including breast and prostate cancer. Several data show that the
overexpression of TRPV6 contributes to an aggressive cancel cell phenotype.

27.1 Introduction

Transient receptor potentials (TRPs) are a heterogenic family of ion channels that
primarily conduct cations. The common feature of the channels is unique structure
composed of six transmembrane domains. It is believed that the pore region of all
these channels is located between transmembrane domain 5 and 6. Although it has
not been shown for all channels, it seems that functional TRP channels are
composed of four subunits. Thereby the TRP channels can form homomers and
heteromers with other TRP channel subunits. Based on sequence homology, TRP
channels of mammals are categorized in six groups namely TRPC1-7, TRPV1-6,
TRPM1-8, TRPP1-3 (polycystins), TRPML1-3 (mucolipins), and a single repre-
sentative protein TRPA1. It is noteworthy that the number of TRP genes is highly
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variable among organisms. In humans, there are 27 TRP genes present, in mouse
28, in Drosophila 16 and one in yeast. The TRPC2 gene although present in
humans, is interrupted by several stop codons and therefore believed to be a
pseudogene. This review focuses on the pharmacology and disease relevance of
TRPV channels.

27.2 TRPV1

27.2.1 Cloning and Expression

The most prominent candidate of the TRPV family for pharmacological inter-
vention is the capsaicin receptor TRPV1. TRPV1 was cloned more than a decade
ago, in outstanding work by Michael J. Caterina in the laboratory of David Julius
(Caterina et al. 1997). In fact capsaicin, a potent agonist of TRPV1, has been used
in medical practice for more than a century. The principle of the pungent of red
pepper (cayenne pepper-derived from chilli) was discovered by Buchholz (1816).
Later the isolation and purification was published by Thresh (1846) and Micko
(1898). The correct formula of capsaicin was first published by Nelson (1919) and
capsaicin was synthesized by Spath and Darling (1930). The so-called ABC plaster
was introduced in 1928 by Raubenheimer (Beiersdorf Company) and contained
plant extracts of arnika, belladonna and cayenne pepper for the treatment of
backache.

TRPV1 is a nonselective cation channel expressed in nociceptive sensory
neurons and neurons of the central nervous system (Caterina et al. 1997; Cui et al.
2006). TRPV1 can be activated by noxious heat, protons, ethanol, camphor,
divalent cations, and polyamines and by the spicy compound capsaicin present in
many plants as chili and pepper (Ahern et al. 2005, 2006; Caterina et al. 1997;
Trevisani et al. 2002; Xu et al. 2005).

27.2.2 Channel Properties, Sensitization, and Desentization
Mechanisms

The properties of TRPV1 predestine the channel as a target to treat several types of
pain including chronic pain, inflammatory pain, cluster headache and migraine.
The modulation of TRPV1 follows two principles. First, TRPV1 activation by
agonists like capsaicin causes a depolarization of nociceptive neurons leading to
an increased sensitivity to heat. In case of inflammatory pain, the sensitivity to heat
is lowered by inflammatory compounds like protons endovanilloids as arachidonic
acid, N-arachidonoyl-dopamine (NADA) and others (Premkumar et al. 2004;
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Zygmunt et al. 1999). After sensitization, TRPV1 channels become insensitive to
activation after prolonged application of capsaicin.

Sensitization and desensitization processes are matter of debate and were
reviewed in detail by Peter Holzer (Holzer 1991, 2008). As suggested by Caterina
and Julius (2001) sensitization may reflect enhanced open channel probability after
TRPV1 exposure to the mentioned stimuli. Zhang and coworkers found that
TRPV1 channels were released from an internal pool after exposure to NGF. In
their model, NGF activates TrkA receptors and downstream PI3- and SRC-kinases
which in turn phosphorylate the channel resulting in an enhanced surface locali-
zation of TRPV1 (Zhang et al. 2005; Huang et al. 2006; Stein et al. 2006).

The desensitized state may result from calcium influx that activates phospho-
lipase C (PLC) followed by depletion of PIP2 as proposed by Prescott and Julius
(2003). Lukacs and co-workers reported a dual regulation of PIP2, thus phos-
phoinositides have both inhibitory and activating effects on TRPV1 (Lukacs et al.
2007). However, others reported TRPV1 activation by PIP2 (Brauchi et al. 2007).
Also Ufret-Vincenty et al. (2011) identified a PIP2 binding site localized within
the TRPV1 C-terminal region and found that PIP2 activates it. Another inhibitory
mechanism was presented by Mohapatra and Nau (2005) who demonstrated that
desensitization involves the dephosphorylation of the channel by calcineurin in a
calcium dependent manner. Jung et al. (2004) published that phoshorylation by
Ca-calmodulin kinase II is critical for vanilloid binding. The authors presented
mutations within TRPV1 which affect channel activation by vanilloids and resi-
niferatoxin (a naturally occurring agonist). In the case of ABC plasters, the initial
capsaicin induced burning of the skin correlates very well with the direct activa-
tion of TRPV1 by capsaicin whereas the analgetic effect results from desensiti-
zation of the TRPV1 channel although the precise mechanism(s) are not fully
understood. It has to be noted that capsaicin desensitization should be reversible,
but administration of high doses can result in degeneration of nerve fibers (Holzer
1991; Nolano et al. 1999). Nerve degeneration is dose-dependent and affects
myelinated and nonmyelinated nerve fibers. Administration of capsaicin doses up
to *25 mg/kg selectively reduced only the number of unmyelinated fibers of
dorsal root ganglia (Nagy et al. 1983; Holzer 1991). However, the long lasting
analgetic effect of Qutenza, an injectable capsaicin formulation, is most likely
based on neurotoxic modulation of nerve fibers.

The second principle of treating TRPV1 related pain is the selective blockade
by an antagonist. As mentioned, TRPV1 can be activated by several stimuli
including protons, arachidonic acid and other endogenous vanilloids. Thus, a
TRPV1 antagonist should prevent activation by endogenous vanilloids. One major
problem of blocking TRPV1 channels is that hyperthermia occurs as a severe side
effect in humans and animals (Swanson et al. 2005). Several studies indicate that
TRPV1 is involved in the body’s thermoregulation, therefore the core temperature
is affected (Gavva 2008; Gavva et al. 2007a, b, 2008; Tamayo et al. 2008).
Another problem is that antagonists have species specific effects on TRPV1 for
review (Szallasi and Sheta 2012). The hyperthermia as a side effect can be avoided
by several means. First, local application (topic or local injection) of antagonists as
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well as application of antagonists, which do not penetrate the CNS had little effect
on body temperature. Indeed, the antagonist AMG0347 developed by Amgen does
not cause hyperthermia (Steiner et al. 2007). Second, several blockers showed
stimulus specific action. Thus the antagonist AMG0610 blocked capsaicin acti-
vation of TRPV1 but not activation of protons. On the other hand, the antagonist
AMG6880 blocked both mechanisms. The authors suggest independent binding
sites for protons and capsaicin. Interestingly after repeated administration of the
antagonist ABT-102 (Abott) hyperthermia in animals was attenuated (Othman
et al. 2012). One may speculate that blocking the pore of TRPV1 may lead to
hyperthermia whereas blocking binding sites of endogenous activators may not
necessarily cause this side effect. According to Wong and Gavva (Gavva 2008;
Wong and Gavva 2009), TRPV1 antagonists are grouped according to their
blocking properties: Group A and B antagonists block (group A) or partially block
(group B) TRPV1 activation of capsaicin, acid and heat. All blockers of these two
groups cause hyperthermia. Antagonists of group C and D antagonize capsaicin
effects and potentiate activation by acid. Group C blocker do not affect heat
activation whereas group D blocker potentiate heat activation. However antago-
nists of group C and D have little or no effect on body core temperature.

Another problem of TRPV1 antagonists is that heat perception threshold may
be affected. This was reported for the TRPV1 blockers AZD1386 and MK-2295
which altered heat threshold in healthy volunteers (Chizh and Sang 2009). Despite
these problems, it is reasonable to screen both agonists and antagonists of the
TRPV1 channel.

27.2.3 TRPV1 Antagonists

ABT-102 an urea derivate, was developed by Abbott. The substance blocks spe-
cifically TRPV1 and blocks a variety of stimuli including capsaicin, NADA, acid
and heat (Gomtsyan et al. 2008; Surowy et al. 2008) Systemic administration
affects core body temperature about 0.6–0.8 �C in humans (Othman et al. 2012).
Very interestingly, this effect was attenuated after repeated exposure to the drug in
humans and rodents (Honore et al. 2009; Othman et al. 2012). The drug entered
phase I but study results are not published.

Amgen developed a set of blockers and came up with the most promising
substance AMG-517. AMG-517 blocks all TRPV1 activating stimuli but induces
hyperthermia in dogs and monkeys about 1.4 �C (Gavva et al. 2007a). The sub-
stance reveals a relatively long half life time depending on species. Half life times
were found to be 31–64 h in dogs and monkeys, respectively (Gavva et al. 2007b).
The drug entered phase I but was later found to increase body temperature up to
40 �C in humans (Gavva et al. 2008) and has a long half life time in humans
(300 h) (Gavva et al. 2008). It was concluded that AMG-517 is not useful for
systemic administration. Phase II studies were terminated. Other Amgen
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developed compounds did not increase core body temperature in rats as AMG8562
(Lehto et al. 2008).

AZD-1386 (AstraZeneca) was tested for efficiency in treating nociceptive
chronic pain but was discontinued from development due to liver enzyme eleva-
tions (http://www.astrazenecaclinicaltrials.com). As mentioned above, the drug
was found to alter heat sensitivity in healthy volunteers (Chizh and Sang 2009).

The blocker DWP-05195 was developed by Daewong Pharma and entered
phase I but no study results were published.

GRC-6211 derived from Eli Lilly/Glenmark, was orally active and tested for
efficacy against bladder overactivity in animals (Charrua et al. 2009). The authors
concluded the drug may be useful for treating cystitis. However, GRC-6211 was
tested treating dental pain, osteoarthritis and many other pain related indications
but GRC-6211 was suspended from further clinical development (unavailable
reason).

A new blocker was recently published by Japan Tobacco JTS-653 and was
found to inhibit all modes of TRPV1 action including capsaicin, heat, acid acti-
vation, and binding of resiniferatoxin (Kitagawa et al. 2012a). JTS-653 was
evaluated in treating bladder overactivity in rats with positive results (Kitagawa
et al. 2012b). The drug entered clinical phase I.

MK-2295/NGD-8243 was published by Merck/Neurogen for the treatment of
acute pain and dental pain but there are no data available since 5 years although
the drug completed phase II (unpublished results).

A PharmEste derived blocker PHE377 shows a long lasting effect in different
models of inflammatory and neuropathic pain and has entered phase I. Another
TRPV1 blocker PHE575, is under preclinical development. A study of PHE377 on
pain models in healthy volunteers is ongoing and current data are available on the
company’s homepage (see:http://www.pharmeste.com/home.asp?op=interna&
id=2&id_pag=10&tit=Pipeline).

SB-705498 from GlaxoSmithKline (GSK) inhibits capsaicin-mediated activa-
tion. SB705498 produces full blockade of heat as well as pH activation of human
TRPV1 (Lambert et al. 2009). The drug was tested for treating allergic rhinitis,
pain and migraine and molar tooth extraction. In humans, heat-evoked pain and
skin sensitisation induced by capsaicin or UV-light were tested and treatment was
effective although an increased toleration of pain at the inflammation side evoked
by UV-light was observed. The drug entered phase II and several indications were
tested including acute migraine, allergic/nonallergic rhinitis, toothache, chron-
ic cough, dermatitis, and more. A rectal pain study was terminated. Other studies
are completed but results are not published.

The TRPV1 antagonist MR1817 (Mochida) completed phase I (unpublished),
whereas others entered phase II as PF-03864086 (Pfizer), JNJ-39439335 (John-
son&Johnson) and XEN-D0501 (Provesica). The blocker XEN-D0501 increases
modestly core body temperature in humans in a concentration-dependent manner
(Round et al. 2011).
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27.2.4 TRPV1 Agonists

Anesiva Inc. developed Adlea (ALRGX-4975) an injectable preparation of cap-
saicin which reduced pain levels in patients following total knee arthroplasty
(Gullapalli) or bunionectomy, and reduced pain in patients with osteoarthritis or
Morton’s neuroma (Remadevi and Szallisi 2008). ALRGX-4975 completed suc-
cessful phase 3 trial in 2007. The preparation has a short half life time (1–2 h) and
reduced opioid medication consumption by the patients.

Civamide (WN-1001, cis-8-methyl-N-vanilly1-6-nonenamide) was introduced
by Winston laboratories. Civamide cream was tolerated and efficient up to 1 year
after continuous use. The compound is not systemically absorbed and lacks sys-
temic toxicity (Schnitzer et al. 2012). A modest preventive effect was observed in
patients with cluster headache using intranasal application of civamide (Saper
et al. 2002). Other civamide containing formulations are under development (see
http://www.winstonlabs.com/).

Qutenza (NGX-4010) from NeurogesX, contains a patch with 8 % capsaicin for
treatment of peripheral neuropathic pain. Qutenza provides a long lasting therapy
(up to 12 weeks) after a single application of 1 h (Wallace and Pappagallo 2011).
The application of Qutenza reduces expression of TRPV1 and the density of
epidermal nerve fibers in the patch area and the related pain can be managed by
local cooling or analgetics (Jones et al. 2011; Peppin et al. 2011). Qutenza is used
within the EU for treating neuropathic pain in nondiabetic patients. Side effects
include redness, pain, small bumps, and itching (see http://www.qutenza.com/).

27.3 TRPV2

27.3.1 Cloning and Expression

TRPV2 was cloned by Caterina et al. (Caterina et al. 1999) and published as
second heat sensitive channel with activation temperatures of 52 �C. TRPV2 was
also published at the same time by Kanzaki and coworkers (Kanzaki et al. 1999)
and was termed GRC (growth-factor-regulated channel). The authors showed that
stimulation with insulin-like-growth factor translocates the channel to the plasma
membrane. A similar mechanism was later described in neuronal/neuroendocrine
cells (Boels et al. 2001) and in a primary culture of retinal pigment epithelium
(Cordeiro et al. 2010). The TRPV2 was originally cloned from rat brain and from
murine spleen cDNA libraries. Expression of TRPV2 was demonstrated in neurons
of the CNS as well as in dorsal root, gastrointestinal tract and smooth muscle cell,
heart, spleen and keratinocytes of the skin (Caterina et al. 1999; Ichikawa et al.
2004; Lewinter et al. 2004; Zhang et al. 2004; Muraki et al. 2003; Chung et al.
2003; Gu et al. 2005).
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27.3.2 Channel Properties and Related Diseases

TRPV2 seems to be involved in several diseases. TRPV2 was found to play a role
in developing a cardiomyopathy depending on muscular dystrophy (Iwata et al.
2003, 2009; Watanabe et al. 2009; Zanou et al. 2009) and elevated levels of
TRPV2 were found in prostate cancer (Monet et al. 2010). Because TRPV2 is
expressed in skin and is activated by heat, it was speculated that TRPV2 may also
serve as a target to treat certain types of pain. This idea was underlined by the
finding that in a Norrbottnian-based populations with congenital insensitivity to
pain TRPV2 transcript and protein level was reduced (Axelsson et al. 2009).
Despite this, there is almost no clinical relevant pharmacology of TRPV2 chan-
nels. Endogenous ligands are not identified but TRPV2 can be activated with
probenecid, THC, and cannabidiol (Bang et al. 2007; Qin et al. 2008). TRPV2
antagonists are the unspecific channel blocker ruthenium red, trivalent cations such
as La3+ and Gd3+ and SKF96365 (Boels et al. 2001; Leffler et al. 2007). To date,
there is no agonist/antagonist published that is clinically relevant.

27.4 TRPV3

27.4.1 Cloning and Expression

A third temperature-gated channel was cloned in 2002 by Peier and co-workers
from a murine skin cDNA library (Peier et al. 2002). The authors demonstrated
expression of TRPV3 in keratinocytes and snout but not DRG neurons by northern
analysis. The channel was found to be activated by warm temperatures (32–39 �C)
and repeated heat steps sensitized the channel. At the same time, Xu cloned
TRPV3 from human brain derived cDNA library and published similar functional
results (Xu et al. 2002). In contrast, Xu found expression in monkey derived dorsal
root ganglion, trigeminal ganglion, spinal cord and brain as demonstrated by
In-Situ-Hybridization. Furthermore, a GlaxoSmithKline based work was published
in 2002 describing the cloning of human TRPV3 from small intestine and colon
and showed by co-immuno staining TRPV3 presence in dorsal root ganglia (Smith
et al. 2002). Furthermore, the authors demonstrate interaction of TRPV1 with
TRPV3. A specific role of TRPV3 in the detection of thermosensation in kerati-
nocytes but not in sensory neurons was suggested by Moqrich concluded from
genetic deletion (Moqrich et al. 2005). TRPV3 can be activated and blocked by a
long list of compounds.
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27.4.2 TRPV3 Antagonists

The super cooling compound icilin a potent TRPM8 activator, blocks TRPV3
(McKemy et al. 2002; Sherkheli et al. 2012). Other antagonists of TRPV3 namely
HC-001403, GRC 15133 and GRC 17173 were published by Moran and Gullapalli
(Moran et al. 2007; Gullapalli et al. 2008). These antagonists were reported to be
active in animal models of pain. Glenmark developed the first TRPV3 antagonist
GRC 15300 and completed clinical phase I in 2011 and as an outcome, the drug
was well tolerated with a good pharmacokinetic profile (http://
www.glenmarkpharma.cz/). But further clinical studies were not published.

27.4.3 TRPV3 Agonists

First, it was recognized by Chung and co-workers that the rather nonspecific TRP
modulator 2-APB was found to activate TRPV3 (Hu et al. 2004; Chung et al.
2004a). Later plant derived compounds from oregano, savory, clove and thyme
like camphor, carvacrol, eugenol and thymol were identified as activators (Moq-
rich et al. 2005; Xu et al. 2005, 2006). Also vanillin (from Vanilla plants) and a
derivative thereof ethyl-vanillin was active (Xu et al. 2006). Interestingly, burning
of the Boswellia tree often used in the context of religious rituals contains
incensole acetate, a potent TRPV3 activator (Moussaieff et al. 2008). The
monoterpene cresol activates TRPV3 (Vogt-Eisele et al. 2007) and most inter-
estingly the peppermint derived compound menthol (Macpherson et al. 2006).
Menthol as earlier reported is a potent agonist of the cold receptor TRPM8
(McKemy et al. 2002; Peier et al. 2002).

27.5 TRPV4

27.5.1 Cloning and Expression

TRPV4 was independently cloned from Strotmann et al. termed OTRPC4
(Strotmann et al. 2000), Liedtke et al. 2000 termed VR-OAC (Liedtke et al. 2000)
and Wissenbach et al. 2000 termed Trp12 (Wissenbach et al. 2000). Liedtke and
co-workers cloned the channel from rat, mouse, human, and chicken whereas the
others presented the murine sequence. The human sequence was cloned by Delany
et al. (2001). In all publications it was reported that the channel could be activated
by physiologically relevant hypotonicity leading to a non selective inward current.
Furthermore, all authors demonstrated by northern analysis strong expression
within the kidney although transcripts were detectable in many organs such as
lung, spleen, heart, and others. Furthermore, expression in the CNS as well as in
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the inner ear was demonstrated by Liedtke (Liedtke et al. 2000). Later several
publications expanded the expression pattern to smooth muscle and vascular
endothelium (Earley 2005; Fian et al. 2007; Tanaka et al. 2008; Yang et al. 2006;
Yin and Kuebler 2008), keratinocytes (Chung et al. 2003, 2004b) pancreatic
ß-cells (Casas et al. 2008) and bone derived osteoblasts and osteoclasts (Masuy-
ama et al. 2008; Mizoguchi et al. 2008).

27.5.2 Channel Properties and Related Diseases

Despite the activation of TRPV4 by hypoosmotic stimuli, a broad spectrum of
activation mechanisms was reported during the following years. Detailed work of
the group of Bernd Nilius shows that TRPV4 could be activated by sheer stress or
cell swelling but it is likely to depend on anandamide respectively arachidonic acid
production in a phospholipase A2-dependent manner. Anandamide and its
metabolite arachidonic acid in turn are metabolized to epoxyeicosatrienoic acid
which activates the channel (Nilius et al. 2001b; Nilius and Voets 2004; Watanabe
et al. 2003). Furthermore, TRPV4 can be stimulated by heat above room temper-
ature; however, this seems to be an indirect mechanism because heat stimulus is
ineffective in cell free inside-out-patches of TRPV4 containing membranes (Chung
et al. 2004a; Guler et al. 2002; Vriens et al. 2004; Watanabe et al. 2003). In
addition, several activators have been identified. The first synthetic activator of
TRPV4 4a-PDD (4alpha-phorbol-didecanoate) a phorbolester characterized by
Bernd Nilius activates the channel by binding to the transmembrane domains 3 and
4 of the channel (Vriens et al. 2007; Watanabe et al. 2002). The ester activates
TRPV4 in the range of 200–600 nM. Other derivatives were found to be more
potent as 4a-PDH (4a-phorbol 12,13-dihexanoate) which activates in the range of
70 nM (Klausen et al. 2009). A very potent activator GSK1016790A developed by
GlaxoSmithKline was also found to be active on TRPV1 channels (Thorneloe et al.
2008; Willette et al. 2008). This compound induces bladder contraction as well as
application of phorbolesters (Everaerts et al. 2010; Gevaert et al. 2007). Mutations
critical for conducting calcium ions have been identified by Thomas Voets (Voets
et al. 2002). Involvement of TRPV4 in hypotonicity induced nociception and taxol
induced neuropathic pain was published by Alessandri-Haber et al. (Alessandri-
Haber et al. 2003, 2004). TRPV4 knockout mice were published by Liedtke and
Friedman and by Mizuno and co-workers (Liedtke and Friedman 2003; Mizuno
et al. 2003). The Liedtke-TRPV4 knockout mice shows reduced water intake
behavior, had increased serum osmolarity and reduced serum vasopressin level
compared to TRPV4 +/+ littermates whereas the Mizuno-K.O. did not show altered
drinking behavior, serum osmolarity, and serum vasopressin level. The role of
mammalian TRPV4 in the nematode Caenorhabditis elegans was illuminated by
Liedtke and co-workers (Liedtke 2005; Liedtke et al. 2003). In a C. elegans osm-9
mutant (TRPV4 orthologue), the murine TRPV4 was expressed and restored
behavior to avoid mechanical stimuli (nose touch) and hypertonicity. However
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TRPV4 is strongly expressed in the mammalian kidney and Wu and
co-workers demonstrated TRPV4 channels in the cortical collecting duct (Wu et al.
2007). Calcium influx was induced by application of by 4alpha-PDD and hypotonic
medium. Activation of TRPV4 by an increase of the luminal flow and shear stress
increased sodium uptake and potassium secretion in renal distal tubules of kidney
(Taniguchi et al. 2007). These data show convincingly that TRPV4 is involved in
the regulation of osmosensation. As mentioned, TRPV4 is expressed in mammalian
lung and its role was coupled to expression of the water channel AQP5 (Sidhaye
et al. 2006, 2008). Thus, hypotonicity or 4a-PDD application decreased AQP5
abundance in airway epithelia whereas ruthenium red blocked this effect. These
data show that TRPV4 is regulated by multiple stimuli including nociceptive,
hyposmolar and mechanical stimulation, and stimulation by heat. Interestingly
many mutations within the TRPV4 cDNA have been identified in humans and seem
to be associated with several diseases reviewed by Verma et al. (2010).

Brachyolmia is a skeletal dysplasia which can be characterized by childhood
onset, short trunk and short stature and a generalized platyspondyly. Brachyolmia
associated mutations were found to be located nearby the pore of TRPV4 resulting
in an increased channel activity after mechanical or chemical stimulation by
4a-PDD and arachidonic acid (Rock et al. 2008).

In 2009, Krakow and co-workers found TRPV4 mutations in spondylometa-
physeal dysplasias (SMDs) patients from the Kozlowski subtype (SMDK). This
disorder belongs to a group of short stature disorders with abnormalities in the
vertebrae and the metaphyses of the tubular bones. In addition, mutations were
also found in metatropic dysplasia patients (MD). These patients suffer from
shortened limbs, a long, narrow trunk and develop progressive kyphoscoliosis.
Expression of the mutated channels in HEK cells revealed that some of the
mutations showed an increased basal channel activity (D333G and R594H). More
TRPV4 mutations were analyzed in MD patients by Camacho et al. (2010). The
authors found that autosomal-dominant brachyolmia, SMDK, and both nonlethal
and lethal forms of metatropic dysplasia result from independent TRPV4 muta-
tions. Unfortunately, a clear relationship of particular domains of the channel and
disease severity could not be observed.

Hereditary motor and sensory neuropathy type 2 (HMSN2C) include the
Charcot-Maries-Tooth disease type 2c (CMT2C) and scapuloperoneal spinal
muscular atrophy (SPSMA). CMTC2 patients are characterized by distal muscle
weakness and atrophy, mild sensory loss, and normal or near-normal nerve con-
duction velocities. Hearing, vision and vocal cords can be affected. SPSMA
patients show bone abnormalities and weakness of the scapular muscle. Mutations
were reported to occur within the N-terminal ankyrin repeat region of TRPV4
(Auer-Grumbach et al. 2010). The author showed reduced channel activity as a
result of decreased surface localization in HeLa cells.

Deng et al. (2010) published two mutations within TRPV4 being present in
SPSMA and CMTC2 families which are also located within the ankyrin repeats.
These mutations did not affect trafficking of the channel as shown by biotinylation
experiments. The mutant channels were overexpressed in HEK cells and showed
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more conductivity compared to wild type TRPV6 after stimulation with 4a-PDD.
Interestingly one TRPV4 mutation R269H was found by both studies (Auer-
Grumbach et al. 2010; Deng et al. 2010). Another study mapping mutations in two
unrelated CMTC2 families found the mentioned mutation R269H in one family
and R269C mutation in a second family (Landoure et al. 2010). Both mutant
TRPV4 channels were expressed in Xenopus oocytes and showed enlarged cur-
rents after stimulation with heat or 4a-PDD. More TRPV4 mutations were pub-
lished by Zimon et al. (2010). They found that TRPV4 mutations caused an
unusual spectrum of neuropathies. Another dysplasia from the Maroteaux type was
directly tested for association with TRPV4 and several mutations were found
(Nishimura et al. 2010). From these data, one would expect an increasing number
of studies showing involvement of TRPV4 and its relation to several skeletal
dysplasias and neuromuscular diseases. Interestingly, Cho and co-workers reported
TRPV4 mutations in three unrelated patients exhibiting both skeletal dysplasia and
peripheral neuropathy (Cho et al. 2012).

Because TRPV4 is highly expressed in the kidney one would expect to find also
TRPV4 mutations in kidney associated dysfunction. This is the case a mutation
within the TRPV4 N-terminus (P19S) is found in patients developing hyponatre-
mia and relative water excess (Tian et al. 2009). This mutation exhibits decreased
response to hypotonic stress after overexpression in HEK cells. Surprisingly
hyponatremia was pronounced only in male carriers of the mutation. Results of the
last few years clearly show that it is expectable to find many more TRPV4 related
diseases. Therefore, modulation of TRPV4 channel function with respect to the
activating mechanisms may be interesting tools. On the other hand, one would
expect side effects of TRPV4 modulators because of the wide tissue distribution of
TRPV4.

27.5.3 TRPV4 Antagonists

The classic TRP-inhibitor ruthenium red inhibits TRPV4 inward but not outward
currents (Watanabe et al. 2002). Also trivalent cations Gd3+ and La3+ block the
channel in the upper micromolar range (Strotmann et al. 2000). A sulphonamide
RN-1734 blocks human rat and mouse TRPV4 in the range of 100 lM (Vincent
et al. 2009) and another blocker of unpublished structure RN-9893 seems to block
specifically in the nanomolar range (Vincent and Duncton 2011). The blocker
inhibits 4a-PDD activation of TRPV4. A natural isolate from lemongrass, citral,
binds TRPV4 in a reversible manner but lacked specificity within the TRP family
(Stotz et al. 2008). A company based screen identified a novel TRPV4 blocker
termed HC-067047. The blocker was described by Cain and Writer (2010, see
http://www.nature.com/scibx/journal/v3/n44/full/scibx.2010.1311.html) but on the
homepage of the company there is no more information available
(www.hydrabiosciences.com). A long list of antagonists related to the agonist
GSK1016790A (GlaxoSmithKline) was patented including GSK205 which was
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claimed to be selective for TRPV4. Also Kobayashi Pharmaceutical developed a
few antagonists which have been patented in 2007 but none of the compounds
entered a clinical phase.

27.5.4 TRPV4 Agonists

Besides 4a-PDD and derivatives thereof, TRPV4 can be activated by a naturally
occurring compound bisandrographolide from Andrographis paniculata (Smith
et al. 2006). The compound activates the channel in the upper nanomolar range
and does not affect other TRPV channels. The compound is used in traditional
Chinese medicine as an anti-inflammatory drug. As mentioned epoxyeicosatrie-
noic acid an endogenous metabolite of arachidonic acid and anadamide also
activate the channel (Watanabe et al. 2003). Furthermore, a GlaxoSmithKline-
screened compound GSK1016790A turned out to be active also on TRPV1.
However, systemic application of GSK1016790A leads to circulatory collapse in
wild type but not in TRPV4 K.O. (Willette et al. 2008). Later it was demonstrated
that the drug induced relaxation of small mesenteric arteries in a NO and EDHF
(endothelium-derived hyperpolarizing factor) dependent manner (Mendoza et al.
2010). A sulfonamide-like compound RN-1747 activates human, mouse and rat
TRPV4 in the low micromolar range (Vincent et al. 2009).

27.6 TRPV5/6

27.6.1 Cloning and Expression

TRPV5 and TRPV6 are very similar genes and the tandem localization on the
human chromosome 7 indicates a duplication event from an ancestral gene.
TRPV5 was the first of this subgroup that was cloned from rabbit kidney by Jost
Hoenderop in the laboratory of Rene Bindels (Hoenderop et al. 1999). TRPV6 was
cloned by Peng and co-workers from rat intestine (Peng et al. 1999), the human
orthologue from Peng and Wissenbach and the murine one by Hirnet and
co-workers (Hirnet et al. 2003; Peng et al. 2000; Wissenbach et al. 2001). TRPV5
and TRPV6 were overexpressed in several cell types and Xenopus oocytes and
result in constitutively active channels with high prevalence of calcium ions
(Hoenderop et al. 1999; Peng et al. 1999; Vennekens et al. 2000; Wissenbach et al.
2001). Thus reducing the extracellular calcium activates the channel and
increasing intracellular calcium blocks it (Vennekens et al. 2000). Like most
calcium selective channels, TRPV5/6 conduct monovalent ions under divalent free
conditions. In the absence of calcium, it was found that TRPV5 conducts
Na+ [ Li+ [ K+ [ Cs+ [ NMDG+ whereas Mg2+ blocks TRPV5/6 channels from
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the inside (Nilius et al. 2000; Voets et al. 2003). Recently, permeability of heavy
metal ions was presented by Kovacs et al. (2010). Interestingly conductance of
La3+ and Gd3+ was shown by overexpresssed TRPV6 channels although a higher
concentration of trivalent ions (micromolar range) blocks the channel. In addition
Ba2+, Sr2+, Mn2+, Zn2+, Cd2+ ions can penetrate through TRPV6 channels. TRPV5/
6 are expressed in epithelial tissues, which exhibit calcium uptake properties.
TRPV5 is expressed in mammalian kidneys whereas TRPV6 has a broader
expression pattern. TRPV5 is expressed in the late part of the distal convolute and
regulates re-uptake of calcium ions in the kidney from the primary urine as shown
by many papers of the Bindels laboratory (Dimke et al. 2011; Hoenderop et al.
2001). TRPV5 is thought to be involved in the re-uptake of calcium in the kidney
where calcium is subsequently bound to calbindins (28k and 9k) and exported
from the epithelial cells by a Ca-ATPase (PMCA1b) and/or calcium exchanger
(NCX1). Thereby expression of TRPV5 is regulated by vitamin D3 and dietary
calcium (Hoenderop et al. 2002). Accordingly TRPV5 K.O. mice exhibit exag-
gerated renal calcium waste and as a consequence, reduced thickness of the bones
(Hoenderop et al. 2003).

In humans, TRPV6 is predominantly expressed in placenta and some exocrine
tissues as salivary and lacrimal gland as well as in the exocrine pancreas (Peng
et al. 2000; Wissenbach et al. 2001; Stoerger and Flockerzi, unpublished data).
TRPV6 was first cloned from rat small intestine (Peng et al. 1999) and the authors
presented data showing expression within the small intestine (duodenum) in
human tissue by northern blot analysis (Peng et al. 2000). From the expression
pattern and the function of the channel, it was concluded that TRPV6 takes part of
the transplacental calcium transport and calcium uptake in the small intestine.
However, TRPV6 deficient mice did not show decreased calcium serum level even
under low calcium diet indicating that TRPV6 contribution to intestinal calcium
uptake is not too dramatic although intestinal uptake was clearly reduced (Wou-
denberg-Vrenken et al. 2012). The most pronounced phenotype of the
TRPV6 K.O. is very low fertility of male TRPV6 mice (Bianco et al. 2007;
Weissgerber et al. 2012). Reduced sperm motility seems to be the cause for
infertility but TRPV6 transcripts are not present in sperm. This puzzle was solved
by the finding that the ductal lumen of the epididymis contains an inadequate
calcium concentration that inhibits sperm maturation. Under wild type conditions
luminal calcium is lowered by TRPV6 dependent uptake into epithelia of the
epididymis. Interestingly, reduced fertility was also found in TRPV6D521A
knockin mice which express homozygously a calcium impermeable channel. Thus,
calcium uptake is critical for this observed phenotype (Weissgerber et al. 2011).
Furthermore, bone metabolism was also unaffected (van der Eerden et al. 2011).

TRPV5/6-like currents have not been measured in any of the native tissues
expressing TRPV5/6 as one can easily detect if TRPV5/6 is overexpressed in cell
lines or oocytes. On the other hand, inactivating TRPV5/6 by gene deletion clearly
results in a decrease of calcium uptake in TRPV5/6 expressing tissues (usual
measured as uptake of 45Ca). The reason for this discrepancy is unclear.
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27.6.2 Channel Properties and Related Diseases

Very quickly after identification of the TRPV6 gene it became apparent that in
certain malignancies transcript levels are increased. TRPV6 was found to be
overexpressed in prostate cancer thereby the expression pattern is correlated with
the Gleason grading and the tumor staging (Fixemer et al. 2003; Peng et al. 2001;
Wissenbach et al. 2001, 2004; Zhuang et al. 2002). It has to be noted that in
contrast to the murine prostate which expresses high level of TRPV6 transcripts
shown by q-PCR (Nijenhuis et al. 2003; Weissgerber et al. 2012), in healthy
prostatic tissue of humans TRPV6 is undetectable as demonstrated by northern
analysis and In-Situ-Hybridization (Fixemer et al. 2003; Wissenbach et al. 2001,
2004). In humans TRPV6 was found in *90 % of patients with advanced prostate
cancer whereas TRPV6 expression in benign prostatic tissue (BPH) and prostatic
neoplasia (Peppin et al. 2011) was negative. From the expression pattern and the
patient data, it was concluded that TRPV6 may be useful for diagnosis and
treatment of prostate cancer. Furthermore, TRPV6 transcripts are upregulated in
endometrial, breast, thyroid, colon, and ovarian derived cancer (Wissenbach and
Niemeyer 2007; Zhuang et al. 2002). Much research has been done to illuminate
the role of TRPV6 in the prostate cancer derived cell line LNCaP by the group of
Natalia Prevarskaya (Lehen’kyi et al. 2007, 2011, 2012; Wissenbach and
Niemeyer 2007; Zhuang et al. 2002). The authors conclude that TRPV6 upregu-
lation results in a higher proliferation rate, increasing cell survival and apoptosis
resistance of these cells. In addition pro-proliferative effects of vitamin D3 are
directly mediated by enhanced expression of TRPV6 in LNCaP cells.

Recently, it was demonstrated that both TRPV6 expression in a breast cancer
cell line and the channel activity could be reduced with the steroid tamoxifen
(Bolanz et al. 2008, 2009). But Peters and co-workers demonstrated that increased
TRPV6 expression is a feature of estrogen receptor (ER)-negative breast cancer
and these patients have a poor outcome (Peters et al. 2012). Furthermore, the
authors conclude that enhanced TRPV6 expression in breast cancer may result
from gene amplification.

Schwarz and co-workers demonstrated that TRPV6 overexpression increases
cell proliferation of HEK-293 cells in a calcium dependent manner (Schwarz et al.
2006). As shown in Fig. 26.1a, injection of a stably TRPV6-expressing HEK-cell
line in nude mice resulted in the development of solid tumors whereas nontrans-
fected HEK cells and cells expressing the calcium permeable channel TRPC4
induced only comparable small tumors. Figure 26.1b demonstrates the presence of
the human TRPV6 protein in xenografts excised from the mice in Fig. 26.1a (the
bands represent glycosylated and nonglycosylated forms of TRPV6) and in human
prostate cancer of four patients (Fig. 26.1c) (all data from Wissenbach, Menger
and Flockerzi).

A recent paper investigated if TRPV6 is involved in Loewe syndrome and Dent
disease (Wu et al. 2012). Loewe syndrome is characterized by hypercalciuria and
Dent disease patients show hyperabsorption of Ca2+ with increased Ca2+ excretion.
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The authors present data indicating that TRPV6 activity is controlled by a phos-
phatidyl inositol 4,5-bisphosphate [PI(4,5)P(2)] 5-phosphatase (likely mediated by
PIP2 level). However, several Dent patients exhibit mutations in the phosphatase
resulting in an increase of TRPV6 activity.

The cancer derived data suggest that TRPV6 may be a useful target for the
treatment of the most common cancers, namely breast and prostate cancer.
Therefore, it is somewhat surprising that screening specific TRPV6 modulators
had been a rare event in the pharmaceutical industry. However, it seems that
TRPV5 is not overexpressed in malignancies although a leukemia derived cell line
expresses TRPV5 and TRPV6 transcripts (Semenova et al. 2009).

It is noteworthy that human TRPV5 and TRPV6 proteins are very similar
(*75 % identical amino acids) and the region of the transmembrane domains

Fig. 26.1 TRPV6-HEK293
xenograft reveal tumorous
growth. a Stably expressing
TRPV6-HEK293, HEK293
and stably TRPC4 expressing
cells (*107 cells) were
injected subcutaneously into
nude mice and tumor growth
was monitored. b Five tumor
xenografts were subjected to
Western blot and analyzed
with a TRPV6 antibody. Lane
1 TRPV6 overexpressed in
HEK293 cells, lanes 2–6
TRPV6 mouse xenografts.
c Prostate cancer tissue of
four patients was analyzed
with TRPV6 specific
antibody (lanes 1–4). Lane 5
contains murine prostate. As
positive control, the western
blot was re-probed with an
antibody for TRPM4 which is
expressed in healthy and
diseased prostate
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S4–S6 including the pore region displays 89 % identical amino acids. From this,
one would expect only to find blockers inhibiting both channels to a similar extent.
However, this is not the case (see below).

27.6.3 TRPV5/6 Antagonists

The first published blocker of TRPV6 was an isolate of marine sponge, Xesto-
spongin C (Vassilev et al. 2001). Xestospongin C blocks in the lower micromolar
range. However, the compound also binds to IP3 receptors. The unspecific blocker
ruthenium red was found to block TRPV5 with an IC50 of *121 nM but has a
100-fold lower affinity for TRPV6 (Hoenderop et al. 2001). Econazole and
miconazole commonly used as antifungal drugs block TRPV5/6 in the lower
micromolar range (Nilius et al. 2001a). Econazole is not a specific drug and blocks
several ion channels (Franzius et al. 1994). However, ketoconazole and

Table 27.1 Modulators of the TRPV-family

Target Compound Modea Clinical phase Company Notes

TRPV1 ABT-102 – I completed Abott Unpublished results
TRPV1 AMG-517 – II terminated Amgen Increase of body

temperature
TRPV1 AZD-1386 – II terminated AstraZeneca Liver enzyme elevation
TRPV1 DWP-05195 – I Daewong Unpublished results
TRPV1 GRC-6211 – I terminated Eli Lilly/

Glenmark
Unpublished results

TRPV1 JTS-653 – I Japan Tobacco On going
TRPV1 MK-2295 – II completed Merck/Neurogen Unpublished results
TRPV1 PHE377 – I completed PharmEste On going
TRPV1 SB-705498 – II completed GlaxoSmithKline Unpublished results
TRPV1 MR1817 – I completed Mochida Unpublished results
TRPV1 PF-03864086 – II Pfizer Unpublished results
TRPV1 JNJ-39439335 – II Johnson&Johnson Unpublished results
TRPV1 XEN-D0501 – II Provesica Unpublished results
TRPV1 ALRGX-4975 + III completed Adlea Unpublished results
TRPV1 Civamide + III completed Winston

laboratory
Unpublished results

TRPV1 Qutenza NGX-
4010

+ – NeurogesX b

TRPV3 GRC 15300 – I completed Glenmark Unpublished results
TRPV4 HC-067047 – Preclinical Hydrabiosciences Unpublished results
TRPV4 GSK1016790A + Preclinical GlaxoSmithKline
TRPV4 GSK205 – Preclinical GlaxoSmithKline
TRPV6 SOR-C13 – I Soricimed On going
a Agonist + and antagonist –
b Treatment of neuropathic pain associated with postherpetic neuralgia (US), treatment of
peripheral neuropathic pain in nondiabetic adults (EU)
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clotrimazole did not block TRPV6 channels in micromolar amounts (Wissenbach
unpublished data). A compound TH-1177 was found to inhibit tumor growth of
prostate cancer cell lines in severe combined immunodeficient mice (Haverstick
et al. 2000). Later it was found that the compound blocks TRPV5/6 and derivatives
thereof were synthesized with an increased specificity to TRPV6 (Landowski et al.
2011). Compound #03 inhibits growth of a prostate cancer derived cell line
LNCaP, a cell line known to express TRPV6 transcripts (Bodding et al. 2003). The
compound has an IC50 value for growth inhibition by blocking endogenous Ca2+

entry channels of 0.44 lM and inhibited TRPV6 more than five times better than
TRPV5. 2-APB (2-aminoethoxydiphenyl borate) known for long time as an
unspecific modulator of TRP channels and IP3 receptors (Gregory et al. 2001;
Iwasaki et al. 2001; Taufiq et al. 2005) blocks TRPV6 but surprisingly not TRPV5
(Kovacs et al. 2012). 2-APB displays IC-50 values of *70 lM and blocks human,
rat and mouse TRPV6.

Very interesting results are published by a Canada based company (Soricimed).
Soricidin a mammalian peptide component of shrew venom, was isolated. The
peptide has two important properties. First, the peptide has an analgetic effect that
is not mediated by opioid receptors and may be used to treat several types of pain.
Second, the peptide inhibits growth of some cancer cells. The paralytic domain
and the anti-oncology domain could be separated leading to a series of C-terminal
peptides. It turned out that the C-terminal part of the peptide inhibits TRPV6 (see
http://www.soricimed.com/). One peptide, SOR-C13, entered clinical phase I in
2012 (http://clinicaltrials.gov/ct2/show/NCT01578564).

27.6.4 TRPV5/6 Agonists

No TRPV5/6 agonist has been described so far.

27.7 Conclusion

Although all of the TRPV channels are clearly interesting targets, most companies
focused on TRPV1 with frustrating results although in the future one would expect
that screening programs are expanded on other TRPV channels. Table 27.1
summarizes TRPV channel modulators. At present, capsaicin which was intro-
duced in pain therapy by Raubenheimer 1928 is still the only substance which is
commonly used in the US and EU for the treatment of pain. None of the published
TRPV modulators managed to make it into the market. However, TRPV1 is clearly
a promising pharmacological target and I would like to follow the suggestions of
Peter Holzer (Holzer 2008) to design for instance modality specific TRPV1
blockers which inhibit certain types of stimuli thereby protecting sensitivity to
others to reduce unwanted side effects.
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Chapter 28
IP3 Receptors in Neurodegenerative
Disorders: Spinocerebellar Ataxias
and Huntington’s and Alzheimer’s
Diseases

Masayoshi Tada, Masatoyo Nishizawa and Osamu Onodera

Abstract Modulation of intracellular calcium concentration is a ubiquitous sig-
naling system involved in numerous biological processes in diverse cell types.
Alterations of intracellular calcium homeostasis have been implicated in age-
related neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, Huntington’s disease, and spinocerebellar
ataxias (SCAs). Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs), calcium
release channels in the ER membrane, play a key role in regulating intracellular
calcium concentration. IP3R type 1 (IP3R1), a major neuronal type of IR3R, is
expressed ubiquitously and is involved in diverse biological processes. Cerebellar
Purkinje cells are mainly affected by alterations in IP3R1. Heterozygous deletion
or missense mutations in ITPR1, the IP3R1 gene, result in autosomal dominantly
inherited ataxias, including SCA type 15 or 29. In addition, mutations in carbonic
anhydrase-related protein VIII, which suppresses the binding ability of IP3 to
IP3R1, cause recessively, inherited ataxia. These results indicate that IP3R1-
mediated calcium signaling has an important role in maintaining the function of
Purkinje cells. Moreover, cytosolic calcium overload with excessive IP3R1 activity
has been implicated in pathogenesis of other neurodegenerative diseases, including
SCA type 2, SCA type 3, Huntington’s disease, and Alzheimer’s disease, where
dysregulation of IP3R1-mediated calcium signaling may link to the pathogenesis.
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AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ATXN2 Ataxin-2
ATXN3 Ataxin-3
CAMRQ3 Cerebellar ataxia and mental retardation with or without quadrupedal

locomotion 3
CARP Carbonic anhydrase-related protein VIII
ER Endoplasmic reticulum
HAP1 Htt-associated protein1
HD Huntington’s disease
Htt Huntingtin
mHtt Mutant huntingtin
IP3 Inositol 1,4,5-trisphosphate
IP3R IP3 receptor
IP3R1 Inositol 1,4,5-trisphosphate receptor type 1
LTD Long-term depression
mGluR Metabotropic glutamate receptors
MSN Medium spiny neuron
nAChR Nicotinic acetylcholine receptor
NCX Sodium-calcium exchanger
NMDA N-methyl-D-aspartic acid
PMCA Plasma membrane calcium ATPase
PS Presenilin
RyR Ryanodine receptor
SCA Spinocerebellar ataxia
SERCA Sarco-/endoplasmic reticulum calcium ATPase
SUMF1 Sulfatase modifying factor 1
VGCC Voltage-gated calcium channel

28.1 Introduction

Modulation of cytoplasmic free calcium (Ca2+) concentration is a universal
intracellular signaling system involved in numerous biological processes, includ-
ing learning and memory, membrane transport, cell excitability, synaptic trans-
mission, axonal transport, cell division, apoptosis, and cell development, in diverse
cell types (Foskett et al. 2007; Bezprozvanny 2010; Finch et al. 2012; Stutzmann
and Mattson 2011; Goto and Mikoshiba 2011). Inositol 1,4,5-trisphosphate (IP3)
receptors (IP3Rs) form a group of Ca2+ release channels localized in the endo-
plasmic reticulum (ER) membrane (Foskett et al. 2007; Bezprozvanny 2005). They
function to release Ca2+ from ER, the major Ca2+ storage organelle, into the
cytoplasm in response to IP3, an intracellular second messenger, which is
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generated through hydrolysis of phosphatidyl-inositol 4,5-bisphosphate, a com-
ponent of the plasma membrane, by phospholipases Cb and Cc. This hydrolysis is
triggered by the ligand binding to G protein-coupled or tyrosine phosphorylation-
coupled receptors followed by the sequential activation of the phospholipases
(Fig. 28.1a).

IP3Rs are ubiquitously expressed in all cell types. Three IP3R isoforms, IP3R
type 1 (IP3R1), IP3R type 2 (IP3R2), and IP3R type 3 (IP3R3), are expressed in
mammals including humans (Furuichi et al. 1994; Mikoshiba et al. 1993; Foskett
et al. 2007; Taylor et al. 1999; Taylor et al. 2004; Stutzmann and Mattson 2011;
Goto and Mikoshiba 2011). The three IP3R isoforms are 60–70 % identical in
sequence (Furuichi et al. 1994; Michikawa et al. 1996). Most tissues express more
than one and often all three IP3R isoforms at different ratios (Taylor et al. 1999;
Foskett et al. 2007), and the expression level of each IP3R isoform can be regulated
according to cellular states.

IP3R1 is the major neuronal form of IP3R family in the central nervous system
(Yamada et al. 1994) and is abundant in the cerebellum, particularly in cerebellar
Purkinje cells. It is also expressed in other brain areas, including the cerebral
cortex, hippocampus, basal ganglia, and thalamus, as well as in peripheral tissues
(Furuichi et al. 1994; Foskett et al. 2007; Nakanishi et al. 1991; Sharp et al. 1999).
IP3R1 is 2,758 residues in length and forms a homotetramer. The primary structure
of IP3R1 consists of three domains, including an IP3-binding domain near the N
terminus, a coupling/regulatory domain in the middle of the molecule, and a
transmembrane-spanning domain near the C terminus (Fig. 28.2). In addition,
there is at least two consensus protein kinase A phosphorylation sites and at least
one consensus ATP-binding site (Nucifora et al. 1995; Foskett et al. 2007). See
also Chap. 11 for the details of IP3R.

Because of the ubiquitous expression of IP3Rs and their roles in diverse bio-
logical processes, it is likely that IP3R can be implicated in a number of disease
conditions. In this chapter, we will discuss the neurological disorders, spinocere-
bellar ataxia type 15 (SCA15) and 29, caused by alterations in the IP3R gene. In
addition, we will highlight other neurological disorders, including some SCAs,
Huntington’s disease (HD), and Alzheimer’s disease (AD), where alterations in
IP3R-mediated Ca2+ signaling may link to their pathogenesis.

28.2 Dominantly Inherited SCAs Caused by Alteration
in IP3R

SCA15 (MIM 606658) is an autosomal dominant neurodegenerative disorder
characterized by very slowly progressive, pure cerebellar ataxia (Storey et al.
2001; Gardner et al. 2005). A family of Australian origin with SCA15 was the first
report on this condition, and the locus was mapped to 3pter-p24.2 (Knight et al.
2003). Then, in two Japanese families with benign SCA, Hara et al. narrowed the
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Fig. 28.1 A model of deranged inositol 1,4,5-trisphosphate receptor (IP3R)-mediated Ca2+

signaling in Huntington’s disease, spinocerebellar ataxia type 2 (SCA2), type 3 (SCA3), type 15
(SCA15), and type 29 (SCA29), cerebellar ataxia and mental retardation with or without
quadrupedal locomotion 3 (CAMRQ3), and Alzheimer’s disease. a Sources of Ca2+ influx are
Ca2+-permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-
D-aspartate (NMDA) glutamate receptors, voltage-gated Ca2+ channels (VGCCs), nicotinic
acetylcholine receptors (nAChR), and transient receptor potential type C (TRPC) channels. Ca2+

release from internal stores is mediated by inositol triphosphate receptors (IP3R) and ryanodine
receptors (RyR). Inositol triphosphate (IP3) can be generated by metabotropic glutamate receptors
(mGluR). Ca2+ efflux is mediated by the sodium–calcium exchanger (NCX), the plasma
membrane calcium ATPase (PMCA), and the sarco-/endoplasmic reticulum calcium ATPase
(SERCA). b In HD, mutant huntingtin (mHtt) binds to the C-terminal region of IP3R and
enhances its affinity to IP3. c In AD, presenilins (PSs) can directly increase the activity of IP3R.
ER = endoplasmic reticulum. d In healthy individuals, the carbonic anhydrase-related protein
VIII (CARP) binds to the modulatory domain of IP3R and suppresses its affinity to IP3. In SCA29
or CAMRQ3, CARP cannot bind to IP3R, resulting in increased affinity of IP3R to IP3. e In SCA2
or SCA3, mutant ataxin-2 (ATXN2) or ataxin-3 (ATXN3) also binds to the C-terminal region of
IP3R and enhances its affinity to IP3. f In SCA15, the reduced IP3R levels results in dysregulation
of IP3R-mediated Ca2+ signaling
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region to 3p26.1-p25.3 (Hara et al. 2004). In a large four-generation Japanese
family, initial studies showed a linkage to chromosome 8, and the condition was
formally designated SCA16. However, additional studies revealed a linkage to
3pter-p26.2 (Miura et al. 2006). In 2007, heterozygous large deletions
(200–400 kb) in genes encoding IP3R1 and sulfatase modifying factor 1 (SUMF1)
were identified in affected members of the Australian and two other British
families (van de Leemput et al. 2007). In addition, a heterozygous large deletion
only in ITPR1, the IP3R1 gene, as well as a point mutation in ITPR1 was identified
in the Japanese families. These have been reported to link to the same locus,
indicating that ITPR1 is the causative gene for SCA in humans (Hara et al. 2008;
Iwaki et al. 2008).

28.2.1 Clinical Features of SCA15

SCA15 is clinically characterized by autosomal dominant inheritance, very slow
progression, and pure cerebellar ataxia. Age at onset varies between 7 and 66 years
(usually between 30 and 50) (Storey et al. 2001; van de Leemput et al. 2007; Hara
et al. 2008; Iwaki et al. 2008). The disease usually begins with gait ataxia. Tremor
may begin simultaneously with or even occasionally precede gait ataxia. Deterio-
ration in handwriting, motion-induced instability, and myoclonus were also the
initial symptoms in some individuals. Cerebellar signs and symptoms including
truncal and limb ataxia, ataxic speech, and gaze-evoked nystagmus are core features
in combination with head tremor (titubation), upper limb postural tremor, action
tremor, and impaired oculocephalic reflex. Hyperreflexia, but neither Babinski
reflex nor spasticity, may be noted as a pyramidal sign. Fatal complications such as
severe bulbar palsy do not develop. Cognitive function seems to be intact. There
have been no reports describing epilepsy in individuals affected with SCA15.

Fig. 28.2 Domain structure of inositol 1,4,5-trisphosphate receptor type 1 (IP3R1). IP3R1
consists of three major domains, including the amino-terminal IP3-binding region, coupling/
regulatory region, and transmembrane region. The structural features shown are as follows:
alternative splicing sites SI (318–332), SII (1692–1731), and SIII (917/918). b-trefoil domain,
armadillo repeat domain, IRBIT-binding region, carbonic anhydrase-related protein VIII
(CARP)-binding region, Opt deletion, D18 deletion, ATP-binding site, and ataxin-1-, ataxin-2-,
HAP1- and mHtt-binding regions
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Brain magnetic resonance imaging (MRI) reveals marked atrophy of the cer-
ebellar vermis with mild atrophy of the cerebellar hemispheres (Hara et al. 2004;
Knight et al. 2003; van de Leemput et al. 2007; Novak et al. 2010; Synofzik et al.
2011). Nerve conduction studies are typically normal, but mild slowing of con-
duction velocities of sural sensory and median motor nerves were shown in
affected members of a Japanese family with SCA15 (Hara et al. 2008). Disease
progression is notably slow. Most patients with SCA15 can ambulate indepen-
dently or with a cane 10–40 years after onset (Storey et al. 2001; van de Leemput
et al. 2007; Hara et al. 2008; Iwaki et al. 2008). Neuropathological findings are not
available in SCA15.

28.2.2 SCA15 Diagnosis

SCA15 is defined by the presence of a pathogenic mutation in ITPR1. SCA15
diagnosis should be considered in individuals who exhibit the clinical features of
SCA15 and in whom the diagnosis of SCA1, 2, 3, 5, 6, 8, 12, and 14 have been
excluded by genetic testing. Most patients with SCA15 are diagnosed by gene
dosage analysis for ITPR1. Because most ITPR1 mutations are exonic deletions,
genetic testing should begin with gene dosage analysis followed by sequence
analysis if a deletion is not identified.

28.2.3 SCA15 Prevalence

In the Australian population, pathogenic ITPR1 deletions were found in approxi-
mately 2.7 % of families with autosomal dominant SCA who were negative for
common SCA repeat expansions in coding exons (Ganesamoorthy et al. 2009). In
the Caucasian population, an ITPR1 deletion was found in 1.8 % of 333 families
(Marelli et al. 2011). On the other hand, ITPR1 deletions were found in 8.9 % of
56 central European families negative for common SCA repeat expansions
(Synofzik et al. 2011). The precise prevalence of SCA15 is however still obscure,
because most previous studies used quantitative PCR for genetic testing of SCA15
and this method cannot detect small deletions, insertions, or nonsense mutations in
ITPR1. Hara et al. analyzed ITPR1 deletions using custom high-definition com-
parative genomic hybridization microarrays covering the entirety of ITPR1 at an
average interval of 200 bp for the probes in 54 Japanese families with undeter-
mined autosomal dominant SCA and did not find ITPR1 deletions, indicating that
SCA15 is a quite rare ataxia in the Japanese population (Hara et al. 2008).
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28.2.4 Molecular Genetics of SCA15

28.2.4.1 ITPR1 Deletions

ITPR1 consists of 58 exons. Heterozygous deletions encompassing exons 1–10,
1–40, and 1–44 of ITPR1 were identified in three unrelated Australian and British
families with SCA15 (van de Leemput et al. 2007), and a heterozygous deletion of
entire exons in the gene was found in another Japanese family (Hara et al. 2008).
Most patients with SCA15 also have deletions in the adjacent SUMF1 (van de
Leemput et al. 2007; Hara et al. 2008; Ganesamoorthy et al. 2009; Novak et al.
2010; Di Gregorio et al. 2010; Castrioto et al. 2011). Although individuals with
homozygous SUMF1 deletions show mental retardation, seizure, and leukodys-
trophy, individuals with heterozygous SUMF1 deletions are healthy (Cosma et al.
2003). These findings suggest that partial SUMF1 deletion does not contribute to
SCA15 pathogenesis. In addition, a heterozygous deletion of exons 1–48 in ITPR1,
but not in SUMF1, was identified in a Japanese family (Iwaki et al. 2008), indi-
cating that the pathogenic mechanism underlying SCA15 is ITPR1 haploinsuffi-
ciency. Although it is expected that micro deletions, insertions, or nonsense
mutations cause SCA15, these mutations have not yet been fully identified and
evaluated.

28.2.4.2 Missense Mutations in ITPR1

Two heterozygous missense mutations, P1059L (c.8581C [ T) and V494I
(c.1480G [ A), have been also identified in Japanese and Australian families with
SCA15, respectively (Hara et al. 2008; Ganesamoorthy et al. 2009). Proline at
position 1059 in the amino acid sequence is highly conserved in IP3R1 among
species, although it is not the same in human ITPR2 and ITPR3. This residue is
located in the coupling domain (Fig. 28.2), whose function remains poorly
understood. Valine at position 494 is located in the IP3-binding domain consisting
of b-trefoil and armadillo repeat domains (Ganesamoorthy et al. 2009; Foskett
et al. 2007). The proper coordination of both domains is necessary for the binding
of IP3 to IP3R1. Valine at position 494 is not particularly conserved among spe-
cies. Although it seems likely that the missense mutations may affect IP3R1
function, the Ca2+ release properties of IP3R1 with P1059I mutation is largely
unaffected (Yamazaki et al. 2011). To show that these missense mutations con-
tribute to disease pathogenesis, it should be clarified how these mutations affect the
functional properties or the kinetics of biogenesis and turnover of IP3R1.

A recent study demonstrated that two other heterozygous missense mutations in
ITPR1, V1553 M (c.4657G [ A) and N602D (c.1804A [ G), caused another
neurological disease in families with autosomal dominantly inherited congenital
nonprogressive ataxia, designated as SCA29 (OMIM 117360) (Huang et al. 2012).
Mild and very slow progressive ataxia observed in SCA29 is similar to that in
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SCA15. However, these families exhibited several characteristic clinical features,
including delayed motor milestones (suggesting the existence of congenital ataxia)
and mild intellectual impairment (Dudding et al. 2004, Huang et al. 2012). In
addition, the severity of ataxia and intellectual impairment was variable in each
affected member even in the same family. Valine at position 1553 is located in the
carbonic anhydrase-related protein VIII (CARP)-binding region, and asparagine at
position 602 is in the IRBIT-binding region, respectively. Both IRBIT and CARP
compete with IP3 for binding to IP3R1 and suppress IP3R1 activity (Hirota et al.
2003; Ando et al. 2006). Interestingly, homozygous mutations in CA8, which
encodes CARP, cause an autosomal recessive congenital ataxia associated with
mild intellectual impairment (Turkmen et al. 2009). Therefore, the two missense
mutations in the families might increase the sensitivity of IP3R1 in response to IP3

and therefore be a cause of the disease in these families.

28.2.5 Roles of IP3R1 in SCA15 Pathogenesis

Western blot analysis of IP3R1 protein levels in immortalized lymphoblasts from
affected individuals carrying ITPR1 deletions revealed remarkable reduction in
IP3R1 protein levels (van de Leemput et al. 2007; Novak et al. 2010). In addition,
RT-PCR analysis showed that the mRNA expression levels of ITPR1 in fibroblasts
obtained from an affected individual with SCA15 were half of the levels measured
in normal controls (Hara et al. 2008). These findings suggest that SCA15 is caused
by ITPR1 haploinsufficiency and that cerebellar Purkinje cells are particularly
vulnerable to the dosage of ITPR1 (Fig. 28.1b).

How does IP3R1 haploinsufficiency cause cerebellar ataxia in patients with
SCA15? IP3R1, the major neuronal IP3R, is expressed ubiquitously in various
regions of the central nervous system including CA1, basal ganglia, and the thala-
mus and particularly in the cerebellar Purkinje cells (Nakanishi et al. 1991; Sharp
et al. 1999). Intracellular Ca2+ homeostasis is important for maintaining the function
of neurons, particularly Purkinje cells (Hartmann and Konnerth 2005; Mikoshiba
2007). As described later, mice homozygous for null ITPR1 develop ataxia and
epilepsy (Matsumoto and Nagata 1999; Matsumoto et al. 1996), whereas mice
heterozygous for null ITPR1 develop only mild motor discoordination (Ogura et al.
2001). Thus, ITPR1 haploinsufficiency may result in dysfunction restricted to the
cerebellar Purkinje cells, whereas complete loss of IP3R1 results in more severe
dysfunction of not only Purkinje cells but also cortical neurons.

Indeed, none of the individuals with SCA15 with heterozygous ITPR1 deletions
had epilepsy or abnormal electroencephalogram, and the clinical phenotype was
restricted to pure cerebellar ataxia even in the elderly (Gardner et al. 2005; Hara
et al. 2004; Knight et al. 2003; van de Leemput et al. 2007). These findings
indicate that Purkinje cells are particularly vulnerable to abnormalities in IP3R1.
The reduced IP3R1 levels may cause dysregulation of intracellular Ca2+ homeo-
stasis, leading to persistent long-standing dysfunction of Purkinje cells and
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eventually degeneration of the selective neuronal populations. The neuropatho-
logical findings of affected individuals with deletion or missense mutations in
ITPR1 will confirm this speculation.

28.3 IP3R Mutant/Deficient Mice

28.3.1 ITPR1 Knockout Mice

Homozygous IP3R1 knockout mice, in which cytosolic IP3-induced Ca2+ release is
almost completely deficient, are rarely born alive, indicating that IP3R1 has some
function during embryonic development. Even if they survive, the mice exhibit
severe ataxia and tonic or tonic–clonic seizure and die by 3–4 weeks after birth
(Matsumoto et al. 1996; Matsumoto and Nagata 1999). Cultured Purkinje cells from
the mice shows abnormal dendritic development and enlarged parallel fiber termi-
nals with many vesicles (Hisatsune et al. 2006). IP3R1 in granule cells, not in
Purkinje cells, is crucial for the outgrowth of the Purkinje cell dendrites. Brain-
derived neurotrophic factor (BDNF) production in cerebellar granule cells induced
by IP3R1-mediated signaling, modifies the parallel fiber-Purkinje cell synaptic
efficacy, resulting in the formation of Purkinje cell dendrites (Hisatsune et al. 2006).

In neurophysiological analysis, long-term depression (LTD) is completely
diminished in cerebellar Purkinje cells (Inoue et al. 1998). However, the effect of
IP3R1 on synaptic plasticity in the hippocampus is a little complicated. A classical
form of LTD induced by sustained low-frequency stimulation is not affected at the
CA3-CA1 synapses (Fujii S et al. 2000), whereas it is diminished at mossy fiber-
CA3 synapses (Itoh et al. 2001). In addition, although paring stimulations of pre- and
postsynaptic sites in a post - [ pre order induces homo- and heterosynaptic LTD at
the normal hippocampal CA3-CA1 synapses, the homosynaptic LTD is converted to
long-term potentiation (LTP) and heterosynaptic LTD is disappeared (Nishiyama
et al. 2000; Nagase et al. 2003). LTP induced by the short tetanus (100 Hz, 10 pulses)
is enhanced in CA1 synapses. Moreover, IP3R1 is indispensable to the induction of
depotentiation and suppression of LTP (Fujii et al. 2000). These results indicated
that IP3R1-mediated Ca2+ signaling plays an important role for the regulation of
synaptic plasticity in different ways in each situation.

28.3.2 Opisthotonus (Opt) Mouse

The Opt mouse has a spontaneously generated allele of deletion of exons 43 and
44 in ITPR1 that results in an in-frame deletion of residues 1732–1839 (107 amino
acids) in the regulatory domain (Street et al. 1997). Homozygous Opt mice are
small at birth, lack their normal mobility, exhibit seizures 2 weeks after birth, and
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die by 4 weeks of age. The phenotype of Opt mice largely overlaps that of
homozygous ITPR1 knockout mice. The recombinant Opt IP3R1 mice showed
reduction in ATP sensitivity compared with wild-type IP3R1 mice, consistent with
the fact that Opt deletion involves the ATP-binding site, yet the recombinant Opt
IP3R1 remains functional (Tu et al. 2002). A strong Ca2+ release from intracellular
stores was elicited in the cerebellar Purkinje cells of homozygous Opt mice treated
with the mGluR agonist quisqualate (Street et al. 1997). Nevertheless, Opt IP3R1
expression levels in the brain tissues of heterozygous Opt mice were reduced
compared with those of the wild-type mice, and Opt IP3R1 was almost unde-
tectable in the homozygous Opt mice (Street et al. 1997; Foskett et al. 2010).
Although mechanisms underlying the reduced IP3R1 levels remain to be eluci-
dated, it is presumed that cellular protein quality control mechanisms may rec-
ognize Opt IP3R1 as aberrant and degrade it promptly. Further studies are needed
to clarify the precise mechanisms underlying neurological deficits in Opt mice.

28.3.3 The D18 Mouse

The D18 mouse has a spontaneously generated deletion of 18 nucleotides in exon
36 of ITPR1 that results in an in-frame deletion of six amino acid residues (res-
idues 1533–1538; Glu-Ser-Cys-Ile-Arg-Val) in the regulatory domain (van de
Leemput et al. 2007). The homozygous D18 mice show severe neurological
symptoms, small weight at birth, abnormal mobility, and die by 4 weeks of age.
Their phenotype is similar to those of ITPR1 knockout and Opt mice (van de
Leemput J et al. 2007; Street et al. 1997; Matsumoto et al. 1996). The functional
significance of the six deleted residues, which are not particularly conserved
among isoforms and species, remains to be examined. As observed in Opt mice,
immunostaining of the cerebellar Purkinje cells and western blotting of the whole
brain lysates revealed that IP3R1 expression levels were markedly reduced in the
homozygous D18 mice (van de Leemput et al. 2007). It is interesting that the
recombinant expression of the mutant IP3R1 proteins produces functional ion
channels, including Opt, D18, and P1059L, but appears to cause disease because of
reduced IP3R1 levels, perhaps due to rapid degradation by cellular quality control
mechanisms. Thus, it will be interesting, in future studies, to investigate the effects
of these mutations not only on ion channel properties but also on the kinetics of
channel biogenesis and turnover.

28.4 CARP and Ataxias

Despite the abundant expression of IP3R1 in Purkinje cells, IP3R1-mediated Ca2+

release in response to IP3 in these cells is lower than that in other tissues. CARP
may, in part, account for this mechanism. CARP binds to the modulatory domain
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of IP3R1 (residues 1387–1647) and suppresses the binding ability of IP3 to IP3R1
(Hirota et al. 2003). In addition, CARP is expressed exclusively in the Purkinje
cells. These results suggest that CARP regulates IP3R1-mediated Ca2+ signaling
particularly in the Purkinje cells. Therefore, it would be speculated that the loss of
function of CARP results in an enhanced sensitivity of IP3 binding to IP3R1,
consequently leading to dysregulation of IP3R1-mediated Ca2+ signaling in the
Purkinje cells (Fig. 28.1c).

Interestingly, CARP was identified as the antigen of auto-antibody observed in
a patient with paraneoplastic cerebellar degeneration (Bataller et al. 2004).
Moreover, Turkmen et al. identified a homozygous missense mutation (S100P,
c.298T [ G) in CA8, which encodes CARP, in affected patients with recessively
inherited ataxia (Turkmen et al. 2009). They exhibited mild mental retardation and
congenital ataxia with quadrupedal gait. Another homozygous missense mutation,
G162R (c.484G [ A), was identified in three related Arabian families with ataxia
and mild cognitive impairment without quadrupedal gait (Kaya et al. 2011). A
whole brain MRI showed varying degrees of cerebellar atrophy. Fluorodeoxy-
glucose positron emission tomography revealed hypometabolic cerebellar hemi-
spheres, temporal lobes, and mesial cortex. These families are designated as
cerebellar ataxia and mental retardation with or without quadrupedal locomotion 3
(CAMRQ3, MIM 613227). The reduced levels of S100P CARP in cell culture
experiments suggest that the loss of function of CARP caused ataxia. Indeed, in
CAMRQ3, waddles (wdl) mice, harboring a spontaneously occurring 19-base pair
deletion in CA8, exhibited ataxia and appendicular dystonia without pathological
abnormalities in the central nervous system (Jiao et al. 2005).

28.5 Deranged IP3R-Mediated Ca2+ Signaling in Ataxias
Caused by Expanded Polyglutamine (polyQ) Stretches

SCA type 2 (SCA2) and type 3 (SCA3), polyQ diseases, are autosomal dominantly
inherited ataxias caused by the expansion of CAG repeats that encode abnormally
expanded polyQ in the ataxin-2 (ATXN2) and ataxin-3 (ATXN3) proteins,
respectively (Zoghbi and Orr 2000; Williams and Paulson 2008; La Spada and
Taylor 2010; Costa Mdo and Paulson 2012). The diseases are progressive in nature
and generally feature degeneration of the cerebellum, brainstem, and spinocere-
bellar tracts. Mutant polyQ proteins including mutant ATXN2 and ATXN3 are
prone to undergo a conformational change that favors b sheet-rich structures and to
aggregate in cells, leading to the formation of neuronal inclusion bodies, a prominent
pathological hallmark of polyQ diseases (Muchowski and Wacker 2005; Williams
and Paulson 2008; Nagai et al. 2007; Paulson et al. 1997). PolyQ expansions usually
act in a dominant toxic manner associated with altered interactions with other
proteins, resulting in altered cellular processes such as perturbed proteostasis,
transcriptional dysregulation, oxidative stress, impaired neurotransmission,
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insufficient trophic support, and aberrant cellular excitability (Williams and Paulson
2008; Costa Mdo and Paulson 2012; Takahashi et al. 2010). Increasing evidence
suggests that deranged neuronal Ca2+ signaling plays a role in the pathogenesis of
polyQ diseases (Chen et al. 2008; Liu et al. 2009). Cerebellar Purkinje cells seem to
be particularly vulnerable to fluxes in cytosolic Ca2+ levels. Several neuronal genes
abundantly expressed in Purkinje cells that are involved in Ca2+ signaling or
homeostasis are downregulated in the cerebellum of SCA1 mutant mice before the
occurrence of motor deficits or pathology (Serra et al. 2004; Lin et al. 2000). Unlike
SCA15, other SCAs are affected by exaggerated Ca2+ flux but not by suppressed
cytosolic Ca2+ signaling. Among these SCAs, to date, only ATXN2 and ATXN3
have been reported to directly affect IP3R1 function.

28.5.1 SCA2

SCA2 is clinically characterized by progressive cerebellar ataxia of gait, limbs,
and speech associated with slow saccades, early hyporeflexia, severe tremor of
postural or action type, peripheral neuropathy, cognitive disorders, and other
multisystemic features (Lastres-Becker et al. 2008; Magana et al. 2012). Cere-
bellar Purkinje cells are predominantly affected in SCA2. The disease-causing
protein ATXN2 is expressed ubiquitously. Increasing evidence suggests that
ATXN2 is involved in multiple cellular processes including RNA post-transcrip-
tional and translational regulation, stress-granule formation, endocytosis, cyto-
skeletal reorganization, and Ca2+-mediated signaling (Albrecht et al. 2004; van de
Loo et al. 2009; Neuwald and Koonin 1998; Satterfield and Pallanck 2006; Las-
tres-Becker et al. 2008; Ralser et al. 2005a; Ralser et al. 2005b; Shibata et al. 2000;
Kozlov et al. 2010; Ciosk et al. 2004; Satterfield et al. 2002; Liu et al. 2009),
although the precise physiological function of ATXN2 is unknown (Pulst et al.
2005). The mechanisms underlying Purkinje cell degeneration in SCA2 are also
poorly understood.

The presence of ATXN2 in ER suggests its participation in intracellular Ca2+

signaling pathways. Supporting this hypothesis, pull-down and co-immunopre-
cipitation assays revealed that mutant, but not wild-type, ATXN2 (58Q) specifi-
cally binds to the cytosolic C-terminal region (residues 2627–2749) of IP3R1 (Liu
et al. 2009). Association of mutant ATXN2 (58Q) with the receptor increases the
sensitivity of IP3R1 to activation by IP3 in bilayer reconstitution experiments
(Fig. 28.1d). In Ca2+ imaging experiments, a significant increase in Ca2+ release
from ER through IP3R1 was observed in primary Purkinje cells cultured from
SCA2 transgenic mice (58Q), which express human ATXN2 with 58 CAG repeats
under the control of the Purkinje cell-specific promoter (Huynh et al. 2000).
Ryanodine or dantrolene, inhibitors of ryanodine receptors (RyR), alleviated the
adverse effects of mutant ATXN2 such as excessive Ca2+ release and glutamate-
induced cell death in 58Q Purkinje cell cultures (Liu et al. 2009). In addition, long-
term feeding of SCA2 mice (58Q) with dantrolene ameliorated age-dependent
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motor discoordination and loss of Purkinje cells. More recently, long-term sup-
pression of IP3R1-mediated Ca2+ signaling by viral expression of the inositol
1,4,5-phosphatase enzyme in the Purkinje cells of SCA2 transgenic mice (58Q)
rescued age-dependent dysfunction in the firing pattern of SCA2 Purkinje cells and
motor deficits and cell death in SCA2 mice (Kasumu et al. 2012). These findings
support the idea that excitotoxic Ca2+ signaling through IP3R1 plays a key role in
SCA2 pathogenesis.

28.5.2 SCA3

SCA type 3 (SCA3), also known as Machado–Joseph disease, is the most common
inherited SCA and one of the nine known polyQ diseases (Costa Mdo and Paulson
2012; Tsuji et al. 2008; Paulson 2012). SCA3 is clinically characterized by pro-
gressive cerebellar ataxia and variable findings including a dystonic-rigid syn-
drome, a Parkinsonian syndrome, or a combined syndrome of dystonia and
peripheral neuropathy. The most affected brain regions are the dentate and pontine
nuclei, internal portion of globus pallidus, substantia nigra, subthalamic nucleus,
and spinocerebellar tracts (Stevanin et al. 2000; Yamada et al. 2008; Yamada et al.
2000). The cerebellar cortex is relatively spared in SCA3 compared with other
SCAs. The disease-causing protein ATXN3 is ubiquitously expressed and abun-
dant in cerebellar Purkinje cells. ATXN3 is a 43-kDa cytosolic protein containing
the amino-terminal Josephin domain and three ubiquitin-interacting motifs and
functions as a deubiquitinating enzyme (Costa Mdo and Paulson 2012). Similar to
other SCAs, the precise mechanisms of SCA3 remain poorly understood.

In SCA3, deranged Ca2+ signaling has also been implicated in pathogenesis
(Bezprozvanny 2011). Inhibition of Ca2+-dependent protease calpain suppressed
aggregation of mutant ATXN3 in transfected cells (Haacke et al. 2007). In a SCA3
fly model, knockdown of expression of PICK1, which is a regulator of traffic of ion
channels involved in Ca2+ homeostasis (Chung et al. 2000; Hanley 2006; McGurk
and Bonini 2012), suppressed external eye degeneration, insoluble aggregations,
and inclusions. Mutant, but not wild-type, ATXN3 specifically binds to the
cytosolic C-terminal region of IP3R1 (Chen et al. 2008), as cases in mutant hun-
tingtin (mHtt) and mutant ATXN2 (Fig. 28.1d and e). Association of mutant
ATXN3 with the receptor increases the sensitivity of IP3R1 to activation by IP3 in
bilayer reconstitution and Ca2+ imaging experiments. In addition, long-term
feeding of SCA3-YAC-84Q transgenic mice with dantrolene ameliorated gae-
dependent motor deficits and prevented neuronal cell loss in the pontine nuclei and
substantia nigra regions. These findings indicate that deranged IP3R1-mediated
Ca2+ signaling may play an important role in SCA3 pathogenesis.
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28.6 Deranged IP3R-Mediated Ca2+ Signaling in HD

HD is a dominantly inherited neurodegenerative disorder caused by polyQ
expansions in Htt, which primarily results in the selective degeneration of the
striatal medium spiny neurons (MSNs) (Bonelli and Beal 2012). The disease is
clinically characterized by movement disorders, cognitive decline, and psychiatric
symptoms. A pathological hallmark of HD is cytoplasmic and nuclear aggregates
containing htt and other proteins. Although the physiological function of wild-type
htt is unknown, its amino acid sequence indicates that it possesses HEAT repeats,
protein interaction domains, suggesting that it may function as a scaffold protein
(Bonelli and Beal 2012). Several lines of evidence indicate that a toxic gain of
function of mHtt accounts for HD pathogenesis, although the molecular mecha-
nisms that underlie this pathogenesis and selective neurodegeneration remain
unknown.

Deranged Ca2+ signaling has also been implicated in HD pathogenesis (Bez-
prozvanny 2011; Bezprozvanny 2009). mHtt binds specifically to the C-terminal
region of IP3R1 (Tang et al. 2003; Tang et al. 2005). A comprehensive high-
throughput screening confirmed binding of mHtt to IP3R1 (Kaltenbach et al.
2007). Mutant, but not wild-type, Htt sensitizes IP3R1 activation by IP3 in planar
lipid bilayer experiments and facilitates IP3R1-mediated intracellular Ca2+ release
in rat striatal MSNs (Tang et al. 2003) (Fig. 28.1e). The effect of mHtt on IP3R1 is
facilitated when mHtt is associated with Htt-associated protein 1 (HAP1), which
has also been shown to interact with IP3R1 (Tang et al. 2004), suggesting that
HAP1 plays an important role in functional interactions between Htt and IP3R1.
Specific inhibitors of IP3R1, 2-aminoethoxydiphenyl borate and enoxaparin, pro-
vided protection in the same model (Tang et al. 2005). Genetic knockdown and
chemical inhibition of IP3R1 also reduced mHtt aggregation in cultured cells
(Bauer et al. 2011). Expression of the GFP-fused C-terminal fragment of IP3R1 in
MSNs from HD transgenic mice stabilized exaggerated Ca2+ signaling and pro-
tected HD MSNs from glutamate excitotoxicity (Tang et al. 2009). Infection of
adeno-associated viruses expressing the recombinant IP3R1 C-terminal fragment
in the striatum ameliorated motor deficits and loss of MSNs in a HD mouse model
(Tang et al. 2009). In addition, long-term feeding of HD mice with dantrolene, a
relevant Ca2+ signaling stabilizer, alleviated motor deficits, formation of nuclear
inclusion bodies, and loss of MSNs (Chen et al. 2011). Thus, deranged IP3R1-
mediated Ca2+ signaling also plays an important role in HD pathogenesis.

ER stress has been implicated in the pathogenesis of numerous neurodegen-
erative diseases including HD. It was demonstrated that ER stress induced IP3R1
dysfunction through an impaired interaction of IP3R1 with an ER chaperone
GRP78, which positively regulates IP3R1 tetrameric assembly in an energy
dependent manner (Higo et al. 2010). Stabilizing Ca2+ signaling by targeting
IP3R1 appears as an attractive therapeutic strategy for HD.
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28.7 Deranged IP3R-Mediated Ca2+ Signaling in AD

AD is the most common form of age-related dementia, clinically characterized by
a decline in memory, particularly in short-term and working memory, apathy,
depression, impaired judgment, and changes in behavior (Forman et al. 2004;
Brookmeyer et al. 2007). The key pathological hallmarks of AD are accumulation
of extracellular amyloid b (Ab) plaques, intracellular neurofibrillary tangles, and
neuronal loss accompanied by extensive neurodegeneration of the median tem-
poral lobe, parietal lobe, selective regions of the frontal cortex, and cingulate gyrus
(Wenk 2003; Giannakopoulos et al. 2009; Forman et al. 2004). Mutations in
presenilins (PS1 and PS2) and amyloid precursor protein (APP) cause most early-
onset, autosomal dominant familial cases of AD (Tanzi and Bertram 2005).

Numerous lines of evidence indicate that altered Ca2+ signaling also plays an
important role in AD pathogenesis. Ab oligomers can form Ca2+-permeable
channels in neuron plasma membranes (Arispe et al. 1993; Lee et al. 2002; Ku-
chibhotla et al. 2008). Ab oligomers also perturb neuronal Ca2+ homeostasis
through modulation of the activities of N-methyl-D-aspartic acid receptors (De
Felice et al. 2007; Shankar et al. 2007), AMPA receptors (Hsieh et al. 2006), and
P/Q-type voltage-gated Ca2+ channels (Nimmrich et al. 2008). Another key con-
nection between Ca2+ signaling and AD pathogenesis is based on studies dem-
onstrating that mutations in PSs found in familial AD cause dysregulation of Ca2+

signaling (Ito et al. 1994; Leissring et al. 1999; Stutzmann et al. 2004; Stutzmann
et al. 2006; Stutzmann 2005; Yoo et al. 2000; LaFerla 2002). Despite some dif-
ferences in the proposed mechanisms, most studies have shown that various PS
mutations result in exaggerated Ca2+ release from ER through IP3R1 or RyR
(Leissring et al. 1999; Cai et al. 2006; Cheung et al. 2008; Stutzmann et al. 2006;
Chan et al. 2000; Rybalchenko et al. 2008; Chakroborty et al. 2009; Smith et al.
2005; Berridge 2010; Supnet and Bezprozvanny 2011) (Fig. 28.1f). Exaggerated
Ca2+ signaling in AD may negatively affect reactive oxygen species generation,
mitochondrial function, gene transcription, and Ab production. Aged neurons are
particularly vulnerable to cytosolic Ca2+ overload because of their lower capacity
of buffering Ca2+ (reviewed in Supnet and Bezprozvanny 2011; Berridge 2010;
Hermes et al. 2010).

28.8 Future Perspectives

As stated above, increasing evidence indicates that deranged IP3R1-mediated Ca2+

signaling has been implicated in neurological diseases including AD, HD, and
SCAs. Despite many advances in understanding disease mechanisms, no pre-
ventive treatment exists for these fatal neurological disorders. In SCA15, point
mutations as well as large deletion mutations in ITPR1 cause diseases because of
reduced IP3R1 levels, perhaps due to rapid degradation by cellular quality control
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mechanisms. On the other hand, increasing evidence supports the idea that
exaggerated Ca2+ influx through IP3R1 plays an important role in pathogenesis of
other neurological diseases, such as AD, HD, and some SCAs. Neurons abundantly
expressing IP3R1 are vulnerable to alterations of intracellular Ca2+ homeostasis,
particularly exaggerated Ca2+ signaling. Understanding the molecular mechanisms
underlying neurodegeneration caused by reduced IP3R1 levels or exaggerated
IP3R1-mediated Ca2+ signaling will provide new insights into disease pathogenesis
and eventually the development of new therapeutic approaches. Modulation of
Ca2+ signaling by targeting IP3R1 appears as an attractive therapeutic strategy for
these neurological disorders.
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Chapter 29
RyR2 in Cardiac Disorders

Ineke Nederend, Christian van der Werf and Arthur A. M. Wilde

Abstract Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an
inherited arrhythmia syndrome characterized by the occurrence of adrenergically
induced polymorphic ventricular arrhythmias. Mutations in the cardiac ryanodine
receptor (RYR2) underlie the majority of CPVT cases and show an autosomal
dominant inheritance pattern. Mutations in RYR2 and other genes involved in
CPVT cause spontaneous diastolic calcium release from the sarcoplasmatic
reticulum (SR), which eventually lead to triggered arrhythmias. CPVT is usually
diagnosed by use of exercise testing. b-blockers are the mainstay of drug therapy
in CPVT, whereas flecainide and left cardiac sympathetic denervation can be
added or performed in patients with significant ventricular arrhythmias or
arrhythmic events on b-blocker therapy.

29.1 Introduction

In cardiac muscle, excitation–contraction coupling is initiated by a small influx of
external calcium through the voltage-dependent L-type calcium channels into the
cytosol during an action potential (Fabiato 1983). This calcium triggers the
opening of the cardiac ryanodine receptor (RyR2), which regulates a large calcium
release from intracellular calcium stores to the cytoplasm, ultimately leading to
contraction. Mutations in the gene encoding RyR2 (OMIM #180902) have been
associated with an autosomal dominant form of catecholaminergic polymorphic
ventricular tachycardia (CPVT) (Priori et al. 2001), an inherited arrhythmia syn-
drome characterized by adrenergically induced ventricular arrhythmias including
ventricular fibrillation (VF) (Leenhardt et al. 1995). Ventricular arrhythmias or
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symptoms typically occur during physical or emotional stress in patients with
CPVT. The exact prevalence of CPVT is unknown but is estimated to be 1 in
10,000.

The first case report on CPVT dates from 1960, describing three sisters out of
five siblings who suffered from frequent attacks of multifocal ventricular extra-
systoles without any structural cardiac abnormalities (Berg KJ 1960). This case
was followed by another case report in 1975 (Reid et al. 1975), and two series
published by Coumel and coworkers from Paris (Coumel et al. 1978; Leenhardt
et al. 1995). The link between mutations in RYR2 and CPVT was discovered in
2001 (Laitinen et al. 2003; Priori et al. 2001). In the past decade, much has been
learned about RYR2 mutations and CPVT across the full spectrum from bench to
bedside. This knowledge is also relevant, because proarrhythmic mechanisms
similar to CPVT are believed to play a role in atrial fibrillation (AF) (Voigt et al.
2012) and ventricular arrhythmias in heart failure (George 2008).

29.2 Catecholaminergic Polymorphic Ventricular
Tachycardia

29.2.1 The Cardiac RYR2

There are three isoforms of RyRs: RyR1 is mainly expressed in skeletal muscle,
RYR2 in cardiac muscle, and RYR3 in the brain. RyR2 is located in the membrane
of the (SR) of cardiomyocytes and is a homotetramer (Fig. 29.1). Each monomer
consists of a large cytosolic domain and a smaller transmembrane domain. The
channel pore is encompassed by four polypeptides, forming a tetramer. RyR2 is,
among others, associated with FKBP12.6, protein kinase A, calcium/calmodulin-
dependent kinase II (CaMKII), and calmodulin (CALM) at the N-terminal cyto-
plasmic domain (Priori and Chen 2011), and calsequestrin (CASQ2), junctin
(ASPH), and triadin (TRDN) at the C-terminus (Faggioni et al. 2012).

29.2.1.1 RYR2 Mutations

The gene encoding the 4967-amino acid RyR2 channel is located on the long arm
of chromosome 1 (1q42-43) and contains 105 exons, making it one of the largest
genes in the human genome. Mutations in RYR2 are identified in approximately
60 % of patients with a definite clinical diagnosis of CPVT (Medeiros-Domingo
et al. 2009). To date, over 130 unique disease-causing mutations have been
identified in RYR2 (Medeiros-Domingo et al. 2009). These include almost
exclusively missense mutations and approximately 20 % of RYR2 mutations are de
novo (Medeiros-Domingo et al. 2009). Mutations in RYR2 have a propensity to be
clustered in three known hotspots: the N-terminal domain (codons 44–466), the

602 I. Nederend et al.



central domain (codons 2246–2534), and the C-terminal channel forming domain
(codons 3778–4959) (Medeiros-Domingo et al. 2009; Priori and Chen 2011).

Mutations in RYR2 have also been identified with more complex phenotypes
than classic CPVT. In two separate families with a large genomic deletion in
RYR2, involving exon 3, sinoatrial node and atrioventricular node dysfunction,
atrial fibrillation, atrial standstill, and left ventricular dysfunction and dilatation
were identified in addition to the classic CPVT phenotype (Bhuiyan et al. 2007). In
addition, fibrofatty myocardial replacement in the right ventricle and intracellular
calcium deposits have been identified in patients carrying a RYR2 mutation (Tiso
et al. 2001).

29.2.2 Pathological Background

29.2.2.1 Excitation–Contraction Coupling

Calcium-induced calcium release (CICR) plays an important role in cardiac
excitation–contraction coupling. CICR is initiated by a small influx of external
calcium through the voltage-dependent L-type calcium channels into the cytosol
during the plateau phase of the action potential (Fabiato 1983). The entered

Fig. 29.1 Schematic illustration of the RYR2 macromolecular complex. Calmodulin (CALM),
FKBP12.6 (calstabin 2), protein kinase A (PKA), phosphatase 1 (PP1), and phosphatase 2A
(PP2A) bind to the cytoplasmic region of RYR2; junctin and triadin anchor calsequestrin to RYR2
and bind to the intraluminal portion of RYR2 (Reproduced with permission from Yano et al. 2005.
Pharmacol Ther 107(3):377–391)
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calcium triggers subsequent calcium release from the SR, the main intracellular
calcium storage of the cardiac myocyte, through activation of the cytosolic cal-
cium sensor of RyR2. Calcium then binds to troponin C and eventually results in
myocardial contraction. During relaxation, the bulk of the released calcium is
transferred back into the SR by sarcoplasmatic reticulum calcium adenosine tri-
phosphate (SERCA). The remainder is removed from the cytosol by the sodium/
calcium exchanger (NCX) (Fig. 29.2).

RyR2 activity is regulated by several signaling pathways (Priori and Chen 2011).
Under adrenergic stimulation, b-adrenergic receptors stimulate adenylyl cyclase to
produce cAMP, which in turn activates protein kinase A (PKA) as well as other
mediators. PKA phosphorylates RyR2 and other central proteins related to excita-
tion–contraction coupling, such as phospholamban and the L-type calcium channels.
The overall result is CICR gain of function in response to adrenergic activation.

29.2.2.2 Pathophysiology of CPVT Related to Mutations in RYR2

RYR2 mutations result in inappropriate calcium leakage from the SR, which leads
to elevated calcium concentrations in the cytoplasm (Fatima et al. 2011; Suetomi
et al. 2011). This activates the electrogenic NCX. As NCX exchanges one calcium

Fig. 29.2 Calcium transport in ventricular myocytes. Inset shows the time course of an action
potential, calcium transient, and contraction measured in a rabbit ventricular myocyte. NCX,
sodium/calcium exchanger; ATP, ATPase; PLB, phospholamban; SR, sarcoplasmic reticulum.
Reproduced with permission from Bers 2002. Nature. 415, (6868):198–205
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ion outward for three sodium ions inward, there is a net inward electrical current
(named transient inward current; INa), generating delayed after potentials (DADs).
If this depolarization wave amplitude reaches the threshold potential, full depo-
larization and triggered arrhythmias may occur. Adrenergic stimulation increases
spontaneous calcium leak (Cerrone et al. 2007).

Several mechanisms by which RYR2 mutations lead to aberrant diastolic cal-
cium release have been hypothesized: a reduced binding affinity of the channel-
stabilizing protein calstabin 2 (FKBP12.6) (Wehrens et al. 2004), destabilization of
the closed state of the channel by mediation of defective interdomain interaction
(Suetomi et al. 2011), and store overload induced calcium release, in which cal-
cium accumulates in the SR (Jiang et al. 2004). Several mouse studies suggest that
the His-Purkinje system is the critical contributor to, i.e., the origin of ventricular
arrhythmias in CPVT (Cerrone et al. 2007; Herron et al. 2010; Kang et al. 2010).

29.2.2.3 Other CPVT Types

CASQ2 is the main calcium buffering protein in the SR. Mutations in CASQ2
(OMIM #114251) probably cause CPVT by a loss of Ca buffering (Viatchenko-
Karpinski et al. 2004). In addition, loss of CASQ2 may lead to a reduced direct
inhibitory effect on RyR2. Finally, CASQ2 loss may lead to a reduction of the
CASQ2 binding proteins TRDN and ASPH and remodeling of SR structure.
Mutations in TRDN (OMIM #603283) could cause CPVT by an impaired
FKBP12.6-RYR2 interaction or a reduction of CASQ2 (Roux-Buisson et al. 2012).
Finally, mutations in CALM may cause CPVT through a dominant-negative effect
on the RyR2 channel complex, leading to inappropriate calcium leakage from the
SR (Nyegaard et al. 2012).

29.2.3 Clinical Characteristics of CPVT

29.2.3.1 Clinical Presentation

The classic CPVT patient is a child experiencing emotion or exercise-induced
syncope, aborted cardiac arrest or sudden cardiac death (SCD) with a family
history of similar events in young relatives. In some cases, children are initially
diagnosed with epilepsy, because CPVT-related syncope may be accompanied by
convulsive movements and urinary or fecal incontinence, and CPVT may be
diagnosed during follow-up when symptoms persist despite antiepileptic drug
therapy. However, CPVT patients with a more benign course and a debut of
symptoms during adulthood are increasingly being identified (Sy et al. 2011).
Conversely, RYR2 mutations have been identified in victims of SIDS, suggesting a
wide range of phenotype severity among patients carrying a RYR2 mutation
(Tester et al. 2004).
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29.2.3.2 Electrophysiological Characteristics

Resting 12-lead electrocardiograms of CPVT patients are normal, including a
normal corrected QT-interval. However, sinus bradycardia (Leenhardt et al. 1995;
Postma et al. 2005) and prominent U-waves (Leenhardt et al. 1995; Viitasalo et al.
2008) may be present. In a series containing 116 relatives carrying a mutation in
RYR2, which were identified by predictive genetic testing of the mutation iden-
tified in the proband, sinus bradycardia was observed in 19 % (van der Werf et al.
2012a). In addition, other supraventricular dysrhythmias were present in 16 %, and
mainly included intermittent ectopic atrial rhythm identified by Holter monitoring.
In one study including eight CPVT patients in whom electrophysiological study
was performed, evidence of sinus node dysfunction was demonstrated in four
(Sumitomo et al. 2007). Indeed, a recent study found that increased diastolic
calcium release through mutant RYR2 led to a decrease in sino-atrial node auto-
maticity by a reduced L-type calcium channel current and SR calcium depletion
during diastole (Neco et al. 2012).

During exercise testing, a characteristic increase in severity of polymorphic
ventricular arrhythmias is often observed, starting with isolated ventricular pre-
mature beats (VPB), followed by bigeminal VPBs, couplets, and eventually runs of
multiple VPBs (Fig. 29.3). In the minority of patients, bidirectional ventricular
tachycardia (VT) can be observed: a hallmark of CPVT defined as VT with a beat-
to-beat alternating QRS axis (Sy et al. 2011). When exercise testing is ended,
ventricular arrhythmias rapidly recede in most patients, and the reverse heart rate–
dependent sequence can sometimes be observed during recovery. VPBs usually
occur at a heart rate of 110–130 beats per min. and, in the absence of therapeutic
interventions, the ventricular arrhythmia threshold heart rate is remarkably
reproducible in an individual patient. VPBs with a left bundle branch block
morphology and inferior axis and a right bundle block morphology and superior
axis are predominant (Sumitomo et al. 2003; Sy et al. 2011). The occurrence of
exercise-induced supraventricular tachyarrhyhmias in CPVT patients has been
reported, but is not commonly observed (see above) (van der Werf et al. 2012a).

29.2.3.3 Genotype-Phenotype Correlations

Among patients with a mutation in RYR2, approximately 50 % display phenotypic
features of CPVT at the first cardiological examination (van der Werf et al. 2012a).
This number increases to over 60 % when mutation-carriers are repeatedly being
examined during follow-up (van der Werf et al. 2012a).

Hitherto, RYR2 mutation-carriers with a CPVT phenotype might have an
increased risk of arrhythmic events as compared with mutation-carriers without a
CPVT phenotype (so-called silent mutation-carriers), but this has not convincingly
been shown (Hayashi et al. 2012; van der Werf et al. 2012a). An association
between the presence of a CPVT phenotype among RYR2 mutation-carriers and
risk of arrhythmic events is, however, expected in future studies with larger
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numbers of patients. Because arrhythmic events may also occur in silent mutation-
carrier, the therapeutic approach to these individuals should nowadays probably be
similar to patients with a CPVT phenotype (van der Werf et al. 2012b).

29.2.4 Diagnosis of CPVT

29.2.4.1 Clinical Diagnosis and Differential Diagnosis

The clinical diagnosis of CPVT is made in case of documented exercise- or
catecholamine-induced bidirectional of polymorphic VT in the absence of resting
ECG abnormalities, structural heart disease, and coronary artery disease, partic-
ularly in patients under the age of 40 years. Older patients or patients with
polymorphic ventricular arrhythmias, but not VT, who meet all criteria have a
possible diagnosis of CPVT.

Fig. 29.3 Ventricular arrhythmias in catecholaminergic polymorphic ventricular tachycardia.
Polymorphic ventricular arrhythmias during an treadmill exercise test of RyR2 mutation-
associated catecholaminergic polymorphic ventricular tachycardia patient. a Normal resting ECG
(b–d) ECGs during exercise, showing an increasing polymorphic ventricular arrhythmia burden,
starting with isolated and bigeminal ventricular premature beats, and ending with bidirectional
and polymorphic couplets and non-sustained ventricular tachycardia (Reproduced with permis-
sion from van der Werf and Wilde 2013. Heart 99(7):497–504)
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The gold standard for diagnosis is incremental exercise testing. In a study
including 67 asymptomatic relatives of seven probands, the sensitivity and spec-
ificity of the exercise testing for predicting carriership of a RYR2 or CASQ2
mutation was 50 and 97 %, respectively (Hayashi et al. 2012). Alternatively,
epinephrine infusion may be used as a diagnostic tool. A study in 36 CPVT
patients and 45 unaffected relatives concluded that epinephrine infusion has low
sensitivity as compared to exercise testing (Marjamaa et al. 2012). Maximum heart
rate achieved upon epinephrine challenge was markedly lower as compared to
exercise testing. Among 25 CPVT patients with a positive exercise test, seven had
a positive epinephrine test (sensitivity of 28 %). The specificity of epinephrine
infusion in the entire study population was 98 %. On the contrary, provocation of
ventricular arrhythmias in CPVT patients who did not have any ventricular
arrhythmia on Holter monitoring or exercise testing, have also been reported (Sy
et al. 2011). In resuscitated patients who are not able to exercise, epinephrine
testing is the test of choice to reach a diagnosis.

Holter or implantable loop recorder monitoring can be useful in young children
or other patients who are unable to perform an adequate exercise test or in patients
with adrenergically triggered unexplained syncope who have an unremarkable
exercise test.

Programmed electrical stimulation has not proven to be effective in provoking
arrhythmia in CPVT (Leenhardt et al. 1995). However, recently prominent
postpacing changes of the QT-interval in mutation-carriers from one family with
the M4109R RYR2 mutation were reported (Nof et al. 2011).

The differential diagnosis of CPVT includes long QT syndrome (LQTS), in
particular type 1, in patients with ventricular arrhythmias of symptoms under
conditions of increased sympathetic activity. In case of an inconclusive resting
ECG, incremental exercise testing may help in discriminating between these two
channelopathies. Ventricular arrhythmia beyond single VPBs is far more common
in CPVT compared to LQTS (Horner and Ackerman 2008). Another alternate
diagnosis is Andersen-Tawil syndrome, which may very much mimic the CPVT
phenotype, including the presence of bidirectional VT (Tristani-Firouzi and
Etheridge 2010). Careful inspection of the resting ECG, focused on mild pro-
longation of the QT-interval or the presence of prominent U-waves, may help in
distinguishing between both entities.

29.2.4.2 Genetic Testing

Comprehensive CPVT genetic testing is recommended in index patients in whom a
cardiologist has established a clinical index of suspicion for CPVT based on
examination of the patient’s clinical history, family history, and expressed elec-
trocardiographic phenotype during provocative stress testing with cycle, treadmill,
or catecholamine infusion (Ackerman et al. 2011). In addition, mutations in RYR2
may be regarded as a cause of adrenergically mediated idiopathic VF, which may
justify genetic testing in such instances (Ackerman et al. 2011). Genetic testing in
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CPVT is particularly important to identify asymptomatic relatives following
identification of a CPVT-causative mutation in the index patient. This allows
initiating prophylactic treatment in mutation-carriers, as SCD may be the first
phenotypic manifestation. In addition, genetic testing may be useful to confirm the
diagnosis in patients with a possible clinical diagnosis of CPVT.

In patients with a strong CPVT phenotype in whom RYR2 genetic testing is
negative, genetic testing of the other CPVT-associated genes may be considered:
CALM (autosomal-dominant inheritance pattern) (Nyegaard et al. 2012), CASQ2
(autosomal recessive) (Lahat et al. 2001), TRDN (autosomal recessive) (Roux-
Buisson et al. 2012), and KCNJ2 (underlying Andersen-Tawil syndrome, auto-
somal dominant). At present, the yield of mutational analysis of these genes in
CPVT is unknown, but seems to be low.

29.2.5 Management of CPVT

Because very little is known on risk stratification in patients with CPVT, the
current consensus is to have a similar therapeutic approach to every patient with a
CPVT phenotype or to every patient with a pathogenic CPVT-associated mutation
(van der Werf et al. 2012b). All patients are advised to avoid competitive sports
and strenuous exercise.

As CPVT is induced under conditions of increased sympathetic activity, b-
blockers are the cornerstone of therapy. Nadolol is probably the most effective and
should therefore be the first choice (Hayashi et al. 2009). In countries where
nadolol is not available, propranolol is presumably the preferred choice, although
studies comparing different ß-blockers are not available to date. Unfortunately, b-
blocker therapy does not completely prevent arrhythmic events. The pooled 8-year
overall, near-fatal, and fatal event rates of 354 CPVT patients on b-blocker therapy
were 35.9, 14.3, and 6.4 %, respectively (van der Werf et al. 2012b). Importantly,
a significant proportion of events is probably due to non-compliance rather than
true therapy failure.

The class 1c antiarrhythmic drug flecainide has proven to be effective in
reducing ventricular arrhythmias in CVPT mouse models as well as in human
CPVT patients, possibly through direct inhibition of RyR2-mediated calcium
release as well as to the well-known INa blocking effect (van der Werf et al. 2011;
Watanabe et al. 2009). The precise antiarrhythmic effect of flecainide in this
setting is, however, disputed (Liu et al. 2011). In patients who are symptomatic
despite b-blocker therapy, flecainide can be effective and is recommended. In
addition, flecainide may be used in ventricular arrhythmia storms in CPVT patients
(Hong et al. 2012).

Left cardiac sympathetic denervation appears to be an effective therapy for
CPVT patients who are not adequately controlled by pharmacological treatment
(Collura et al. 2009; Wilde et al. 2008). The anti-arrhythmic effect may not be
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achieved immediately after the procedure, but it might take up to a couple of
months before maximal response is reached (Gopinathannair et al. 2010).

Current guidelines recommend implantable cardioverter-defibrillator (ICD) in
patients with aborted cardiac arrest or patients with resistant ventricular arrhythmia
despite b-blocker therapy (Zipes et al. 2006). Given the adrenergic nature of
arrhythmias in CPVT, catecholamine release as a result of pain or fear following
an appropriate or inappropriate discharge of the ICD may be followed by ven-
tricular arrhythmias and subsequent shocks, which may result in an arrhythmic
storm. Several cases of this potentially proarrhythmic effect of ICDs in CPVT
patients have been reported (Makanjee et al. 2009; Mohamed et al. 2006; Palanca
et al. 2006, 2008), turning ICDs into an unattractive option in patients with CPVT.
Even if ICD implantation is considered indicated in a CPVT patient, optimal drug
therapy and/or LCSD is crucial to reduce the number of appropriate and inap-
propriate discharges.

29.3 Atrial Fibrillation and Heart Failure

Susceptibility to spontaneous diastolic calcium release from the SR through RYR2
appears higher in AF and might trigger of maintain AF (Dobrev et al. 2011). This is
most probably caused by altered RyR2 function (Vest et al. 2005). In addition, an
increase in NCX expression and function has been observed in AF patients (Neef
et al. 2010). DADs, caused by a mechanism similar to the mechanism underlying
CPVT, may lead to triggered activity that contributes to AF maintenance.

VT in heart failure appears to be due to triggered activity primarily from DADs
that arise from altered cellular calcium handling (Pogwizd and Bers 2004). HF is a
chronic hyperadrenergic state, and it has been suggested that ß-adrenergic activation
of PKA destabilized RyR2, contributing to SR calcium leak and consequent systolic
dysfunction and arrhythmogenesis (Marx et al. 2000). In addition, CaMKII, which is
upregulated and more active in heart failure, CaMKII-dependent RYR2 phosphor-
ylation may be a critical mediator of arrhythmias in heart failure (van Oort et al.
2010). New drugs specifically targeting diastolic calcium SR leak are being
developed to reduce atrial and ventricular arrhythmogenesis in these settings.
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Chapter 30
P2X Receptors and Pain

François Rassendren and Lauriane Ulmann

Abstract P2X receptors are ATP-gated channels and form the third major family
of ligand-gated channels. Unlike other neurotransmitter-gated channels, P2X
receptors have a widespread distribution outside the brain and are involved in
many physiological functions. A main function associated to P2X receptors is
chronic pain. This chapter focuses on the mechanisms underlying P2X receptors
involvement in pain, with a particular emphasis on the contribution of P2X4 and
P2X7 receptors expressed by immune cells in the establishment of network
hyperexcitability and chronic pain.

30.1 Introduction

The first suggestion that ATP could be a mediator of nociception arised from the
work of Pamela Holton in the 1950s, in which she demonstrated that antidromic
sensory nerve stimulation triggers the release of extracellular ATP (Holton and
Holton 1953, 1954). It took almost 20 years to firmly establish that extracellular
ATP could evoke pain sensation in human, and coincidently to define the concept
of purinergic transmission (Bleehen and Keele 1977; Burnstock 1977). Later on,
two groups demonstrated that both sensory neurons and spinal neurons could be
depolarized by direct applications of ATP, likely through the opening of a ligand-
gated ion channel (Jahr and Jessell 1983; Krishtal et al. 1983). This later
hypothesis was supported by the demonstration that ATP acts as a fast excitatory
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neurotransmitter in central and enteric nervous systems (Edwards et al. 1992;
Evans et al. 1992). However, it is only with the molecular identification of the
different purinergic receptors that the role of ATP in pain processing was unam-
biguously established (Burnstock and Wood 1996).

Twenty years after the cloning era of purinergic receptors, numerous studies
have contributed to precise the mechanisms by which ATP is involved in pain
processing. From the initial, and rather simple observation that ATP was able to
depolarize sensory neurons, it now appears that purinergic signaling is involved in
both nociception and chronic pain states. In addition, the role of purinergic
receptors in the establishment of chronic pain state has crossed the boundaries of
neurons and recent findings have demonstrated that ATP also acts through
receptors expressed in immune and glial cells, highlighting its function as a danger
signal.

The purinergic receptors family is divided into two main branches P2Y
receptors that are G-protein coupled receptors and P2X receptors that are ATP-
gated channels. This chapter will focus on the mechanisms underlying P2X
receptors contribution to pain processing, with a particular emphasis on their
regulation of immune cell functions in inflammatory and neuropathic pain.

30.2 P2X Receptor Family

The existence of P2X receptors was initially proposed by Burnstock based on the
specific pharmacological profile of a subtype of P2 receptors (Burnstock 1976). A
few years later, ATP-gated channels were unambiguously identified first in cul-
tured sensory neurons (Jahr and Jessell 1983; Krishtal et al. 1983) and then in
smooth muscle (Benham et al. 1987). Yet, the diversity of P2X receptor family
was only appreciated later with the molecular identification of seven cDNAs
encoding subunits of P2X receptors (Buell et al. 1996). Through expression
cloning in Xenopus oocytes, two groups concomitantly cloned from bladder and
NGF-differentiated PC12 cells, two cDNAs encoding proteins with significant
homologies, called P2X1 and P2X2, respectively (Valera et al. 1994; Brake et al.
1994). Homology cloning subsequently leaded to the identification of five addi-
tional P2X cDNAs, P2X3-P2X7. The seven P2X proteins share around 45 %
homology and the same membrane topology with two transmembrane spanning
domains that connect a large extracellular domain constrained by five disulfide
bridges, both extremities being located intracellularly (Buell et al. 1996). P2X
receptors are made by the association of three subunits, either identical (homo-
meric receptors) or different (heteromeric receptors) (Murrell-Lagnado and
Qureshi 2008). So far, only heteromeric receptors integrating two different sub-
units have been described and the real subunit stoichiometry of these trimeric
receptors remains to be elucidated, although in one case it has been proposed that
the two potential stoichiometry’s of a given heteromeric receptor are present at the
plasma membrane (Compan et al. 2012).
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All P2X subunits, but P2X6, form functional homomeric ATP-gated channels
with specific biophysical and pharmacological properties when recombinantly
expressed in mammalian cells (North 2002). As stated above, several heteromeric
receptors with specific properties compared to homomeric receptor have been
characterized. Yet, among all potential heteromeric P2X receptors, only a few of
them (P2X1/5, P2X2/3, and P2X2/5) have been unambiguously validated in native
tissues either functionally or biochemically (Compan et al. 2012).

P2X receptors are cationic channels with a substantial calcium permeability,
which is specific to each receptor type. The amount of calcium flowing through
individual P2X receptor has been characterized in details by measuring fractional
calcium currents (Pf %) (Egan and Khakh 2004). It appears that compared to other
ligand-gated channels, P2X receptors are among the most calcium permeant. In
particular, P2X1 and P2X4 display Pf % comparable to that of the NMDA
receptors (NR1/NR2A), which is widely considered as the most calcium-permeant
ligand-gated channel. Importantly, this high calcium permeability of P2X1 and
P2X4 was also found in human receptors, demonstrating a conserved feature of
these channels.

The structural determinants of the calcium permeability of P2X1 and P2X4
compared to the other P2X receptor is mainly due to a ring of negative charged
amino acids at the extracellular mouth of the pore forming region; these acids
residues are located near the extracellular part of both transmembrane domains.
This negatively charged ring might serve as a binding site for calcium ions as
described for other ligand-gated channels. In addition to this, residues located in
the narrow region of the pore also contribute to calcium permeation. Indeed, in the
P2X2 receptor, this region is composed of polar residues, whereas in P2X1 and
P2X4 only one such residue is present. It is possible that the polar nature of this
region might acts as selectivity filter, reducing the accessibility of calcium ions to
the lower portion of the permeability pathway (Samways and Egan 2007). The
recent structure of P2X4 receptor in its open state seems to favor this hypothesis
(Hattori and Gouaux 2012).

High calcium permeability of ion channels is often associated with cytotoxicity,
which is prevented by diverse regulatory mechanisms, such as the voltage-
dependence block by magnesium of the NMDA receptors. Since resting extra-
cellular ATP levels surrounding cells might be sufficient to open P2X receptors at
resting membrane potential, a tight control of their activity is thus necessary to
avoid calcium-mediated cytotoxicity. In the case of the P2X1 receptor, this is
mainly achieved by a rapid and long lasting desensitization of the channel, which
is induced by nanomolar concentrations of ATP. However, this does not apply for
P2X4 receptors that do not show rapid desensitization. Rather, P2X4 exposition to
the cell surface appears to be tightly regulated through endocytosis (Royle et al.
2005). As a consequence, most of P2X4 receptors are located in intracellular
compartments and requires an yet unidentified signal that triggers their transport to
the plasma membrane. Although the mechanisms regulating P2X4 trafficking are
still poorly understood, a current model suggests that these proteins are rapidly
removed from the plasma membrane through a clathrin-dependent mechanism into
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endosomes. These will enter a recycling pathway and ultimately merge with the
secretory lysosomal pathway (Qureshi et al. 2007). One recently proposed
hypothesis suggests that P2X4 on the surface of lysosomal secretory vesicle may
contribute to calcium entry necessary to exocytotic vesicle post-fusion phase
(Miklavc et al. 2011). Whether this function of P2X4-evoked calcium entry is
restricted to certain cell types or a general mechanism remains to be elucidated.

30.3 Physiological Functions of P2X Receptors

One of the unique characteristic of P2X receptors is without contest their tissue
distribution. Unlike other ligand-gated channels, whose expression is mainly
restricted to the nervous system, P2X receptor are express in a large variety of
tissue and cell type outside the nervous system, including smooth muscle, different
epithelia, immune cells and others non-excitable cells (Khakh and North 2006).
According to this pattern of expression, P2X receptors are directly involved in
diverse physiological functions such as smooth muscle contraction, secretion,
vascular tone regulation, and renal function.

Importantly, P2X receptors appear to play an important role in the immune
system (Feske et al. 2012). Three receptors, P2X1, P2X4, and P2X7 are expressed
in most immune cell types.

Due to its unique functions, the role of P2X7 receptors in immune cell has been
extensively characterized (Chen and Brosnan 2006). One of the most striking
function of P2X7 is its ability to open a large pore permeant to large cations. In
myeloid cells, this property is directly link to micro vesicle shedding as well as to
the activation of the inflammasome and the subsequent maturation and secretion of
IL1ß (Di Virgilio 2007). In addition to this central function, activation of P2X7 has
also been linked to the activation of diverse intracellular pathways important for
the production of proinflammatory mediators such as prostaglandin, reactive
oxygen species. In lymphocyte, P2X7 seem to regulate different facets of adaptive
immune response (Di Virgilio 2012).

The function of P2X4 in immune cells is slowly emerging. In tissue-resident
macrophage, P2X4 is directly responsible, through calcium influx and activation of
the p38 MAPK pathway, for the activation of cytosolic phospholipase A2 and the
subsequent synthesis and release of PGE2. As a consequence, P2X4 knock-out
mice is unable to produce PGE2 in inflammatory conditions (Ulmann et al. 2010).
Although the functions of P2X4 in other immune cells have not been investigated
in details, several reports indicate that P2X4-evoked calcium entry may have
important role in the regulation of diverse immune functions. Interestingly, P2X4
and P2X7 seem to interact physically in myeloid cells. Although the existence of
P2X4/7 heteromeric receptor was initially proposed (Guo et al. 2007), its seems
that this interaction is likely due to the presence within the same membrane
delimited compartment (Nicke 2008). One interesting hypothesis is that both P2X4
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and P2X7 form a specific signaling complex in which the two proteins collaborate
to activate specific pathways.

The role of P2X1 in immune cells is still poorly, yet its expression is induced in
lymphocyte entering apoptosis (Valera et al. 1994) and because of its high calcium
permeability, P2X1 may have a crucial role in triggering activation of immune
cells.

30.4 P2X Receptors in the Nervous System

In the nervous system, P2X receptors were first identified as excitatory receptors
triggering membrane depolarization, action potentials, and fast synaptic trans-
mission (Robertson et al. 2001). Yet, despite the expression of all P2X subunit in
the brain, there are still little data on the role of individual subunit or receptors in
brain functions. In neurons, it is now well admitted that P2X receptors may act
both at pre- and post-synaptic levels where they directly influence synaptic
transmission. However, these direct synaptic effects appear to be the exception
rather than the generality. Indeed, electron microscopy revealed that the P2X2 and
P2X4 receptors are not localized in the synaptic cleft, but rather at the periphery of
the spine, suggesting that these receptors do not directly contribute to synaptic
transmission but rather modulate somehow postsynaptic excitability. A current
consensus in that neuronal P2X receptors have neuromodulatory functions in the
nervous system, finely tuning excitability (Khakh and North 2012).

In addition to their expression in neurons, P2X receptors are also expressed in
glial cells. Cortical astrocytes express the heteromeric P2X1/5 receptor which may
play a role in cortical network activity (Palygin et al. 2010). Several studies have
also proposed that distinct populations of astrocyte, including somatosensory
cortex, hippocampus, and bergman glia express P2X7 (Butt 2011). These data are
still debated, since not always reproducible and often lacking specificity. Beside
potential explanation such as species differences, it is important to note that other
P2X receptors, such as the P2X2/5 receptor, have functional properties that
encompass most that of the P2X7 receptor. Still, the role of P2X receptors in
astrocytes is still poorly understood and will require the development of specific
genetic tools to reveal their functions.

30.5 Neuronal P2X Receptors and Pain Processing

The function of extracellular ATP as a mediator of pain was established well
before the demonstration of the presence of ATP-gated channels in sensory neu-
rons. Of interest, several studies performed in human volunteers support the
peripheral nociceptive properties of ATP (Bleehen and Keele 1977). However, the
whole field really took some spin with the molecular identification of the P2X3
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subunit and its almost specific expression in a subset of sensory neurons (Chen
et al. 1995; Lewis et al. 1995). Subsequently, it was found that mRNAs encoding
the seven P2X receptor subunits are expressed in dorsal root ganglion neurons
(Collo et al. 1996). Even though only a subset of sensory neurons are involved in
pain processing, the potential expression of all P2X receptors in DRG neurons
further support a central role of this family of receptor in the transfer of noci-
ceptive information. Although the mechanisms by which extracellular ATP is
released is still a matter of debate, an old consensus is that ATP levels correlates
with specific physiological or pathological conditions, supporting that ATP was
not mainly involved in nociception but rather in pathological pain.

Since the identification of the P2X3 receptor almost 20 years ago, a consid-
erable amount of work has been achieved, and from the simple observation that
peripheral ATP application generates itching sensation, there is now amounting
evidences that ATP through P2X receptors is a major mediator of pathological
pain. So far, to the exception of P2X1 and P2X6 all other P2X subunits have been
shown to process pain. However, a set of unanticipated results recently established
that P2X receptors expressed by immune cells play a central role in pathological
pain, namely neuropathic and inflammatory pains. In the following section, the
respective role of the different P2X receptor in pain processing is presented.

30.5.1 P2X3 Receptors

As soon as it was identified, P2X3 generated a tremendous interest in the field of
pain physiology (North 2004). It is expressed almost exclusively in a subpopu-
lation of small and intermediate seize sensory neurons that correspond to noci-
ceptive neurons generating C and Aq fibers. Further, immunohistological studies
revealed that P2X3 subunits were expressed in nonpeptidergic, IB4 positive
neurons that terminate in inner lamina II of the dorsal horn of the spinal cord
(Vulchanova et al. 1998). Interestingly, P2X3 subunits are targeted to both
peripheral and central termini of these nociceptors and their expression is upreg-
ulated following peripheral nerve injury.

In addition to this pattern of expression, P2X3 subunits presented specific
biophysical and pharmacological properties that greatly facilitated their functional
characterization in vivo. Homomeric P2X3 receptors are activated by a,b-meth-
yleneadenosine 50-triphosphate (a,bmeATP), a non-hydrolysable analog of ATP.
In addition, P2X3-evoked currents show a very rapid desensitization. Among the
seven P2X subunits, these two properties are only shared by the P2X1 receptor
which, however, is poorly expressed in sensory neurons. Second, P2X3 forms
heteromeric receptor by association with P2X2 subunit that is sensitive to
a,bmeATP but generates non-desensitizing currents (Lewis et al. 1995). This
specific signature of the heteromeric P2X2/3 current closely resembles that
observed in sensory neurons. Because a,bmeATP is much more stable than ATP
when administered in vivo, it represented a very useful tool to address the
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involvement of P2X3 to nociception. In addition, TNP-ATP, a high affinity
antagonist specific of P2X1 and P2X3 containing receptors, was soon discovered
allowing for a relatively specific pharmacological characterization of P2X3
receptors function in vivo (Honore et al. 2002). Several studies demonstrated that
P2X3 containing receptors are likely to participate to ATP-evoked nociception and
to contribute to both inflammatory and neuropathic pain phenotypes. These results
were confirmed in P2X3-deficient mice, with the development of specific P2X3
inhibitors and by siRNA knock down of the subunit (North 2003).

An important feature of P2X3 subunit is its expression at both peripheral and
central termini of C and Aq fibers. The peripheral expression confers to P2X3 a
crucial role in sensing extracellular ATP in both physiological and pathological
conditions. P2X3 is highly express in sensory nerve fibers innervating the bladder
and contributes to elimination reflexes by sensing ATP released by epithelial cells
lining the bladder upon distension (Cockayne et al. 2000). A similar role is
attributed to P2X3 in many visceral organs, where the receptor functions as a
sensor of ATP released following mechanical deformation of tissues. Peripheral
ATP sensing by P2X3 is also relevant in inflammatory conditions, in which ATP
levels increase secondary to tissue injury or through release by recruited immune
cells. In addition, in inflammatory conditions, several mechanisms contribute to
enhance P2X3 response. First, different studies have reported an increased
expression of the protein in DRG neurons in peripheral inflammatory conditions.
Second, following inflammation P2X3 receptors are sensitized by different intra-
cellular pathways, likely through phosphorylation of the protein.

The expression of P2X3 at central termini of primary afferent was somehow
unexpected. Yet, many studies have convincingly demonstrated that P2X3 sub-
units are localized in afferent fibers innervating the inner lamina II of the dorsal
horn. This presynaptic localization of P2X3 is thought to be involved in the release
of glutamate and thus to participate to central sensitization of these synapses
associated with chronic or long lasting pain (Gu and MacDermott 1997).

Several highly specific P2X3 or P2X2/3 antagonists have been developed by
pharmaceutical companies (North and Jarvis 2013). These molecules efficiently
reduced behavioral pain phenotypes associated with a variety of preclinical pain
models. Some of these molecules have advanced to phase II clinical trial and it
will be of interest to see whether P2X3 is a sustainable therapeutic target.

As stated above, P2X2 subunits form heteromeric receptor by association with
P2X3 but also homomeric receptors. Whether, homomeric or heteromeric P2X2
receptors are involved in pain processing remains unclear. In rodent, studies based
on specific P2X2/3 antagonist or genetically engineered mice strongly support that
heteromeric P2X2/3 receptors participate to the elaboration of nociceptive infor-
mation. However, this seems to be different in primate in which the co-localization
of P2X2 and P2X3 subunits is clearly different than in rodent (Serrano et al. 2012).
In addition, electrophysiological recording clearly demonstrated that P2X2 is not
expressed in human DRG neurons. It appears than in primate and human, P2X3 is
the main neuronal P2X subunit responsible for sensing ATP-evoked alarm signals
and conveying nociceptive neuronal excitability to the spinal cord.
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30.5.2 P2X Receptors, Immune Cells, and Pain

One of the main advances in the field of purinergic signaling in pain comes from
the demonstration that P2X receptors expressed by immune cells plays a central
role in the establishment and the maintenance of chronic pain states. Cells from
both innate and adaptive immunity express different P2X receptors among which
P2X1, P2X4, and P2X7 have been functionally characterized. While the role of
P2X1 in these cells remains poorly characterized, P2X4 and P2X7 receptors
expressed by peripheral immune cells emerge as central to the development of the
innate inflammatory response, and as a consequence to inflammatory pain. In
addition to this peripheral site of action, evidence are accumulating that P2X
receptors expressed by microglia, the brain-resident macrophage, are involved in
the regulation of network excitability in the dorsal horn of the spinal cord,
underlying persistent pain states.

30.5.3 P2X7 Receptors

Before its molecular identification, P2X7 was named P2Z receptor because of its
atypical properties compared to other P2 receptors. P2Z was characterized by a
specific pharmacological profile, a low sensitivity to ATP, a relatively good
apparent affinity for 20(30)-O-(4-Benzoylbenzoyl)adenosine 50-triphosphate
(BzATP). In addition, P2Z receptors showed unusual pore properties with the
ability to open a pore permeant to large cations or small molecules, eventually
leading to plasma membrane permeabilization. Finally, P2Z was highly expressed
in immune cells (Murgia et al. 1993). All these properties are recapitulated in
P2X7 receptors that show a prominent expression in myeloid cells (Surprenant
et al. 1996). The peculiar properties of the P2X7 receptor combined to its
expression in immune cells prompted a great interest among the immunologist
community and lead to the discovery that P2X7 activation is necessary for IL1ß
processing and release (Ferrari et al. 1997).

Soon after its molecular elucidation, it was proposed that P2X7 could be
involved in inflammatory pain; although this study was based on the use of oxi-
dized ATP, a purinergic antagonist with low specificity. The first comprehensive
demonstration for the direct involvement of P2X7 receptors to pain was provided
by the phenotypic characterization of P2X7-deficient mice. Development of both
inflammatory and neuropathic pain behaviors (mechanical and thermal hyper-
sensitivity) as well as BzATP-evoked release of IL1ß from peritoneal macro-
phages are impaired in P2X7-deficient mice (Solle et al. 2001). These alterations
of pain phenotypes appear to be directly related to the reduced processing of IL1ß
since similar phenotypes are observed in mice lacking IL1aß. Yet, profiling of paw
cytokines after local injection of Freund Complete Adjuvant (FCA) revealed that
P2X7 gene deletion also affects the expression of IL10 and IL6, suggesting that
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gene inactivation can induced subtle compensatory mechanisms (Chessell et al.
2005). The potential involvement of P2X7 receptors in numerous pathologies
fostered the interest of pharmaceutical companies to develop specific antagonists,
which have rapidly been released. In rodent, these molecules with nanomolar
affinities have potent analgesic effects on both inflammatory and neuropathic pain
behaviors (North and Jarvis 2013). Despite the numerous studies demonstrating
the involvement of P2X7 receptors in pathological pain, the mechanism by which
these receptors are able to drive excitatory input remain poorly characterized.
P2X7 expression in neurons remains debated and there is little experimental data
suggesting that sensory or dorsal horn neurons express these receptors (Sim et al.
2004). Rather, most results support the involvement of P2X7 expressed by mac-
rophages and microglia in inflammatory and neuropathic pain, respectively. It is
also widely accepted that P2X7 exerts its effects by triggering IL1ß maturation and
release at the site of inflammation. Yet, the experimental results directly linking
endogenous P2X7 receptor activation to IL1ß release in pain models remain
sparse. There are also few data explaining how IL1ß drives neuronal excitability or
synaptic remodeling accompanying persistent pain. In addition to its crucial role in
IL1ß release, P2X7 might also contribute to pain through the evoked release of
other extracellular signaling molecules such as chemokines, prostaglandins,
cathepsins, or through the activation of specific intracellular pathways leading to
transcriptional regulation of gene expression.

There is no doubt that in rodents P2X7 receptors contribute to hyperalgesia in
different experimental models of inflammatory and neuropathic pain. A central
question is whether this is also true in human. So far, clinical trials testing the
efficacy of P2X7 antagonists in human pathologies have been unsuccessful.
However, these clinical trials were designed to assess the efficacy of these mol-
ecules on the signs and symptoms of active rheumatoid arthritis using ACR20
criteria which do not obligatorily include pain assessment. Yet, P2X7 receptor
gene is highly polymorphic in the human population, with numerous gain- or loss-
of-function polymorphisms. Current clinical trials assessing this variability are
currently ongoing. Nevertheless, two polymorphisms known to enhanced or
reduced P2X7 receptors function have been correlated to higher and lower pain
sensations in female population following mastectomy (Sorge et al. 2012). Further
studies in populations carrying polymorphism resulting in a complete loss-of-
function should provide more information on the real involvement of P2X7
receptors to chronic pain in humans.

30.5.4 P2X4 Receptors

Among the different P2X subunits, P2X4 shows the largest tissue repartition;
P2X4 receptors are expressed in numerous tissues and cell types, including
immune cells, endothelia and epithelia, neurons among others. Yet, our under-
standing of the physiological roles of P2X4 receptors remains sparse. There are
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several reasons for this. First, in contrast to P2X7 receptors, specific P2X4R
antagonists that can be used in vivo are still missing; second, despite an abundant
tissue distribution of the receptors, mice in which p2x4 gene has been genetically
deleted show no obvious phenotypes; Third, membrane expression of P2X4R is
tightly regulated. Indeed, in immune cells (macrophage and microglia), P2X4R are
mostly localized in intracellular organelles such as endosomes and lysosomes
(Qureshi et al. 2007); they reach the plasma membrane upon a yet unidentified
triggering signal (potentially intracellular calcium rise), and once activated by
extracellular ATP, are rapidly internalized and recycled (Royle et al. 2005). This
model of trafficking might explain why endogenous the failure to record P2X4-
evoked currents in ex vivo tissue preparation such as acute brain slices. Indeed,
during tissue processing large amounts of extracellular ATP are likely released
which contribute to P2X4 endocytosis. This, combined to the known dialysis effect
of whole cell recording on intracellular compartment, is likely that such recording
approach prevents forward trafficking of the receptor to the plasma membrane
(Fountain and North 2006). Nevertheless, P2X4-dependent modulation of synaptic
activity has been reported in hippocampus using extracellular field recording as
well as P2X4-evoked current in different types of primary cell in culture (Sim et al.
2006). Similar results have been obtained through calcium imaging. In these
experiments, the specific P2X4 signature is provided by the use of ivermectin a
positive allosteric modulator of P2X4- and of P2X4-deficient mice (Ulmann et al.
2010).

Most of the knowledge obtained on the physiological functions of P2X4
receptors emanate from studies based on protein knockdown or P2X4-deficient
mice. These studies have provided some insight on the mode of action of P2X4
receptors in the regulation of different physiological functions. Three major phe-
notypes associated with P2X4 deletion have been described, decreased synaptic
plasticity (Sim et al. 2006), altered vascular tone regulation (Yamamoto
et al.2006), and lack of inflammatory and neuropathic pain (Tsuda et al. 2009;
Ulmann et al. 2010). These phenotypes are related to non-homeostatic conditions
supporting that P2X4 receptors are activated during episodes of strong or patho-
logical activities during which extracellular ATP is likely released. This suggests
that P2X4 receptors activation is brought into play in specific physiological situ-
ation and may explain the lack of obvious phenotype of P2X4-deficient mice
despite a widespread tissue expression.

As already mentioned, P2X4 receptors have a remarkably high calcium per-
meability equivalent to that of the NMDA receptors (Egan and Khakh 2004). This
property combined to the relatively slow inactivation of ATP-evoked current at
P2X4 receptors implies that P2X4 receptors are important contributors of calcium
influx, particularly in non-excitable cells. This confers to P2X4 receptors the
opportunity to activate multiple intracellular calcium-dependent signaling path-
ways with short-term or long-lasting effects such as secretion and transcription,
respectively. Several demonstrations of these properties have been provided. ATP-
evoked intracellular calcium signals are significantly impaired in macrophages
P2X4-deficient mice compared to wild type, which is directly linked to an
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impaired activation of the calcium-dependent phospholipase A2 and the sub-
sequent synthesis and release of proinflammatory PGE2 (Ulmann et al. 2010).
P2X4-evoked calcium entry is also involved in the release of BDNF from
microglia (Trang et al. 2009) and certainly, although not demonstrated, for the
release of NO from vascular endothelial cells. In addition, recent data show that
P2X4 receptors control the transcriptional remodeling in the hippocampus fol-
lowing the induction of a status epilepticus. Because other purinergic receptors,
such as metabotropic P2Y receptors also trigger intracellular calcium rise, it is still
difficult to estimate the exact contribution of P2X4-evoked calcium influx in cell
physiology. Such studies would require the use of specific genetically encoded
tools allowing the direct quantification of calcium influx through P2X4 channels
(Richler et al. 2008).

One unexpected physiological implication of P2X4 receptors is their involve-
ment in two types of pathological pain: neuropathic and inflammatory pains.
Indeed, P2X4-deficient mice do not develop hyperalgesia following sciatic nerve
injury (a model of neuropathic pain) or following induction of peripheral
inflammation. Interestingly, studies have demonstrated that in both models
immune cells expressing P2X4 receptors are primarily responsible for generating
hyperalgesia, however, through distinct mechanisms.

30.5.5 P2X4 Receptors and Neuropathic Pain

Neuropathic pain is a pathological type of chronic pain that results from alterations
of the peripheral or central nervous system. Most often neuropathic pain is caused
by trauma, infection, pathological degeneration of peripheral nerve, or chemo-
therapy. It is a debilitating condition that poorly responds to traditional analgesic
treatments. Hallmarks of neuropathic pains are hyperalgesia, allodynia (pain
evoked by innocuous stimuli), and spontaneous pain, which are thought to result
from a reduction of the inhibitory control of excitatory nociceptive network in the
spinal cord.

The initial suggestion for a role of P2X4R in neuropathic pain was established
by the demonstration that allodynia developing after sciatic nerve ligation was
inhibited by intrathecal injection of TNP-ATP but not by PPADS, two P2X
antagonists that discriminate P2X4 from other P2X receptors in rat (Tsuda et al.
2003). This study provided two key results: first, that P2X4 receptor expression is
induced de novo in the dorsal horn ofthe sinal cord following peripheral nerve
injury and, second that this up regulation of P2X4 is specifically found in activated
microglial cell. Remarkably, intraspinal injection of ATP-primed cultured
microglia induces allodynia in naive animals that is prevented by pharmacological
inhibition of P2X4 receptors. In addition to the discovery that P2X4 receptors are
responsible for the induction of allodynia, this study provided the first demon-
stration that microglia was able to generate hyperexcitability of spinal network.
This original work was followed by two key studies that provided a mechanistic
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explanation on the involvement of microglial cells to neuropathic pain. In a first
study, the involvement of KCC2 in neuropathic pain was proposed. KCC2 is a
chloride/potassium co-transporter that regulates intracellular chloride homeostasis
in mature neurons. By maintaining chloride driving force in neurons, KCC2 is thus
critical to assure the inhibitory function of chloride permeant ligand-gated channel
such as GABAA or glycine receptors. In hippocampus, KCC2 downregulation is
mediated by BDNF producing an impairment of neuronal chloride extrusion, a
process linked to seizure activity and local hyperactivity (Rivera et al. 2002).
Flowing peripheral nerve injury, a model of neuropathic pain, KCC2 is down-
regulated in the dorsal horn of thespinal cord ispi lateral to the lesion. As dem-
onstrated in the hippocampus, this downregulation produces a shift in anion
gradient in lamina I excitatory neurons that results in their des-inhibition and local
hyperexcitability (Coull et al. 2003). Importantly, this loss of KCC2 turns GABAA
receptors into excitatory channels. Such a disinhibition of lamina I neurons is
likely underlying the development of neuropathic pain.

The second study finally linked microglia to spinal disinhibition to neuropathic
pain, by demonstrating that the downregulation of KCC2 associated with spinal
disinhibition depends on BDNF signaling. Furthermore, the origin of BDNF was
identified as being produced by local activated microglia in response to purinergic
stimulation (Coull et al. 2005). Ultimately the link between microglial P2X4, the
release of BDNF, and neuropathic pain was provided by the characterization of
P2X4-deficient mice that do not develop behavioral hypersensitivity following
nerve ligation and in which microglia is unable to release BDNF upon ATP
stimulation (Ulmann et al. 2008). It was further demonstrated that P2X4 receptors
are directly involved in BDNF secretion from microglia through a calcium and p38
MAPK-dependent pathway (Trang et al. 2009). This series of studies established
the existence of a microglia-to-neuron pathway involving P2X4-BDNF-KCC2 that
results in hyperexcitability of dorsal horn network and underlies neuropathic pain
(Trang et al. 2011). Unexpectedly, this microglial P2X4-BDNF pathway was
found to be responsible for morphine-induced hyperalgesia, a common and par-
adoxical side effect of analgesic morphine treatment. Daily injection of morphine
induces a progressive thermal and mechanical hypersensitivity that is independent
of the classical tolerance effect. This morphine-induced hypersensitivity presents
all the hallmark of microglia P2X4-BDNF-KCC2 pathways. In fact direct stimu-
lation of microglia upregulates P2X4 expression through l-opioid receptors acti-
vation, while for unexplained reasons, microglial BDNF release is triggered
through a l opioid-independent pathway (Ferrini et al. 2013).

30.5.6 P2X4 Receptors in Inflammatory Pain

Pain phenotyping of P2X4-deficient mice revealed a strong reduction of hyper-
algesia induced by different paradigm of peripheral inflammatory pain, yet normal
nociception is unaffected (Tsuda et al. 2009). Interestingly, this absence of
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hyperalgesia is observed in acute inflammatory models (i.e., carrageenan paw
injection) in which hypersensitivity is monitored within a few minutes and for a
few hours following the inflammatory challenge, but also in long lasting or chronic
inflammatory models (i.e. Complete Freund Adjuvant injection) in which hyper-
algesia lasts several days after the peripheral insult (Ulmann et al. 2010). Since
upregulation of P2X4 receptor in spinal microglia is absent following peripheral
inflammation caused by CFA, this suggested the involvement of a different
mechanism than microglia-evoked spinal disinhibition. One hallmark of peripheral
inflammation is the sequential recruitment of inflammatory cells at the inflam-
matory site, among which tissue-resident macrophages are the first responders.
P2X4 receptors like P2X7 are known to be expressed in peritoneal macrophages.
However, peritoneal macrophages are activated and data obtained from microglia
support that P2X4 is not be expressed in non-activated tissue-resident macro-
phages. In addition, the mechanisms by which P2X4 could contribute to peripheral
inflammatory pain were unclear. These issues were resolved through the use of the
CX3CR1+/eGFP mice in which GFP is expressed in all myeloid cells, including
tissue-resident macrophages and microglia (Ulmann et al. 2010).

By immunohistochemistry, GFP positive cells can clearly be identified in paw
tissue. These cells also express the macrophage-specific marker F4/80 and P2X4
receptors, indicating that unlike microglia, tissue-resident macrophage express
P2X4 receptors in resting conditions. These receptors are functional since calcium
video-microscopy revealed that repeated ATP stimulations evoke calcium increase
that can be potentiated by the positive allosteric P2X4 modulator ivermectin. In
macrophage from P2X4-deficient mice, similar repetitive ATP stimulations induce
a strong rundown of the signal, indicating that P2X4 receptors evoked substantial
calcium influx in these cells.

A next question is do P2X4 receptors from macrophages contribute to
inflammatory pain and how. P2X4 are highly permeant to calcium. One possibility
was that P2X4-evoked calcium signals can promote the synthesis and or release of
proinflammatory molecules. In this scheme, one potential candidate was the
prostaglandin PGE2. Indeed, PGE2 is synthesized through the initial production of
arachidonic acid (AA) that itself is released by the calcium-dependent enzyme
phospholipase A2. ATP stimulation of macrophage triggers the release of AA that
is impaired in P2X4-deficient macrophages. Furthermore, PGE2 production trig-
gered by ATP, is dependent on extracellular calcium influx, p38 MAPK, and
cyclooxygenase enzyme, and is impaired in P2X4-deficient macrophage. This
demonstrates that in macrophage maintained in vitro P2X4 stimulation activates
the calcium-dependent PLA2-COX pathway and the subsequent release of PGE2.
Yet, this does not provide any conclusive answer to the real in vivo inflammatory
pain condition. A definite answer was provided by directly measuring PGE2 in
paw exudate following local inflammatory challenge. PGE2 levels rapidly increase
in exudate following carrageenan or CFA peripheral injection. This increase is
completely blunted in P2X4-deficient mice, yet basal PGE2 levels remain unaf-
fected, indicating that P2X4 receptors only contribute to inflammatory PGE2
release, but have no effect on homeostatic PGE2 production. Finally, a direct
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demonstration that P2X4 receptors expressed by macrophages contribute to PGE2
evoked hyperalgesia was provided by transfer experiments. Indeed, paw admin-
istration of ATP-stimulated macrophages induces mechanical hypersensitivity that
is potentiated by ivermectin but inhibited by indomethacin a COX inhibitor.
However, transfer of P2X4-deficient macrophage to wild-type mice does not
confers hypersensitivity, yet the converse experiment does, demonstrating that
PGE2 production by macrophage is impaired in P2X4-deficient mice, but that
sensitivity to PGE2 remains unaltered. This later observation is confirmed by
direct injection of PGE2 in paw that triggers similar hyperalgesic levels in both
wild-type and P2X4-deficient mice.

In macrophage, P2X4 receptors primarily stimulate the activity of PLA2 and
the production of AA, which is the precursor of several proinflammatory lipids
including leukotrienes (LT) that are produced through lipoxygenase pathway
(Cunha et al. 2003). Particularly, LTB4 promotes inflammation through its
chemoattracting activity for neutrophils to the inflammatory site. However, P2X4
receptors does not seems to be involved in LT production since neutrophils
recruitment to inflammatory site is not affected in P2X4-deficient mice, although
no attempt have been made to measure its production in inflamed tissues. This
suggests the existence of a intracellular signaling pathway that specifically links
P2X4 receptors to PLA2 and COX metabolism. So far, there are very few clues
about the determinant of such a specific coupling, particularly given that P2X4
receptors rapidly cycle from the plasma membrane too intracellular compartments.
One possibility would be that P2X4 dynamically associate with a signaling
complex within the plasma membrane. This hypothesis is supported by the
interaction that exists between P2X4 and P2X7 in macrophages (Nicke 2008). In
this scheme, P2X7 could represent and anchoring protein of the complex and P2X4
the ATP-sensor. Such a dynamic complex could result in a synergy between the
two receptors that would contribute to activate specific intracellular pathway
underlying inflammation and pain.

So far no specific P2X4 antagonist has been reported, and most of the data
demonstrating the involvement of these receptors in pathological pain rely on
P2X4-deficient mice or knockdown of the protein. Reports have suggested that
serotonin reuptake inhibitor specific antidepressants such as paroxetine or fluox-
etine inhibit rat and human P2X4-evoked calcium entry in recombinant system
(Nagata et al. 2009). These molecules also show anti-allodynic effects in neuro-
pathic rats. In addition, amitriptyline, a tricyclic antidepressant, was shown in a
mouse microglial cell line to impair P2X4 receptors trafficking to the cell surface
(Toulme et al. 2010). These results suggest that the efficacy of both class of
antidepressant, which are commonly used in clinics to treat neuropathic pain,
could be due to a direct effect on P2X4 receptors activity rather than through their
classical mode of action. However, the effect of amitriptyline on human P2X4
could not be reproduced in recombinant system (Sim and North 2010). These
discrepancies could be due to species differences or to the use of a recombinant
system in the latter study. In this case, this could suggest that amitriptyline may act
on a specific pathway involved in P2X4 receptor trafficking. Further studies will be
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necessary to assess whether SSRI or tricyclic antidepressant are effective P2X4
antagonists and to understand their mode of action.

One central question regarding P2X4 receptors involvement in chronic pain is
whether this is also true in human. There are no direct data that relates P2X4 and
pain processing in human. However, a functional polymorphism in human P2X4
encoding Tyr315Cys variation resulting in a receptor with hypo-function, is
associated with increased pulse pressure (Stokes et al. 2011). Interestingly, this
phenotype is close to what is observed in P2X4-deficient mice that show defective
vascular tone regulation (Yamamoto et al. 2006). In addition, this polymorphism
together with the Gly150Arg P2X7 functional polymorphism results in a reduced
phagocytic capacity of human monocyte and are linked to the development of age-
related macular degeneration (Gu et al. 2013). Because, in primate both P2X7 and
P2X4 receptor are co-expressed in macrophage and microglia strongly support a
role for P2X4 receptors in human microglial functions and pain processing. It will
thus be interesting to seek whether P2X4 functional polymorphisms are linked to
differential chronic pain perception in human cohorts.

30.6 Conclusion

In 20 years since the molecular identification of the P2X receptors family, these
receptors have emerged as important contributors to pain processing. Not only
P2X receptors classically contribute to the excitability of primary sensory neurons,
but they also shape local network excitability though their expression in microglia
and the release of diverse signaling molecules. Progress made in the development
of specific antagonists targeting human P2X receptors have led to several clinical
trials some of them being encouraging in very specific field of pain. One of the
greatest current challenge is to determine whether targeting P2X receptors can
efficiently reduce neuropathic pain without comprising the normal immune
response. Answering this question represents a major goal in the field of purinergic
signaling in pain processing.
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Chapter 31
P2X7 in Bipolar and Depressive Disorders

Melissa L. Barron, Eryn L. Werry, Iain S. McGregor
and Michael Kassiou

Abstract Psychiatric illnesses affect a substantial number of people worldwide,
with major depressive disorder (MDD) and bipolar disorder (BD) amongst the
most common disorders. Current medications for MDD target monoamine sys-
tems, principally serotonin, norepinephrine and dopamine, to augment synaptic
levels of some or all of these neurotransmitters. However, these treatments exhibit
comparatively low efficacy relative to placebo, a slow onset of action, and a
multiplicity of adverse side effects resulting in poor adherence. Similarly, the
pharmacological treatment of BD involves drugs such as lithium, anticonvulsants
and antipsychotics that have a range of troubling side effects. Novel therapeutic
interventions are badly needed for MDD and BD to improve efficacy, minimise
side effects and to maximise patient adherence. Recent reports suggest that mood
disorders may sometimes involve a neuroinflammatory state, with particular
involvement of cytokines such as interleukin (IL)-1b. Generation, maturation and
release of IL-1b can occur via several pathways. One particular pathway is via the
activation of the P2X7 receptor, a purinergic ligand-gated ion channel. This
chapter focuses on recent research carried out on the P2X7 ion channel receptor,
including intracellular signalling events following activation of this receptor,
genetic linkage studies of P2X7 and results from studies involving P2X7 knockout
mice. Our aim is to provide further insight into the possible role of P2X7 in MDD
and BD and the use of P2X7 acting drugs as novel therapies for BD and MDD.
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31.1 Bipolar and Depressive Disorders

Psychiatric disorders represent a major component of the overall global burden of
disease, with major depressive disorder (MDD), otherwise known as unipolar
depression, and bipolar disorder (BD) among the most common psychiatric con-
ditions. Core symptoms of MDD include anhedonia (lack of sensitivity to plea-
sure), depressed or negative mood, loss of appetite, sleep disturbances, poor
concentration and little interest in social activities. For a MDD diagnosis, these
symptoms must persist beyond a 2-week period without being secondary to any
current medical condition (DSM-IV-TR 2000). The overall burden of depression is
on the rise, with an estimated 350 million people affected worldwide, and more
than one million suicides annually (WHO 2011). It is predicted that MDD will
become the leading cause of disability by the year 2030. Current first-line treat-
ments for depression are ineffective in up to two-thirds of patients with MDD
(Trivedi et al. 2006), with 15–33 % failing to respond to multiple interventions
(Little 2009; Berlim et al. 2008). The chances of remission decrease considerably
when patients fail to respond to two or more treatment strategies (Shelton et al.
2010).

Those who suffer from BD experience episodes of manic (bipolar I) or hypo-
manic (bipolar II) behaviour. Bipolar behaviour is characterised by elevated mood
often accompanied by inflated self-esteem, decreased need for sleep, flight of ideas
and impaired judgement, and is present for over 1 week with a diagnosis of mania
or over 4 days with hypomania (DSM-IV-TR 2000). Patients with bipolar II dis-
order experience dominant periods of depression, with occasional hypomania,
while patients with bipolar I disorder experience fully fledged mania and may or
may not experience periods of depression. Bipolar disorder is ranked among the 10
most disabling medical conditions worldwide (WHO 2003), and approximately
15–20 % of people with BD end their own lives (Gonda et al. 2012). It is estimated
that current treatments for BD are ineffective in about 50 % of patients (Founto-
ulakis et al. 2012a, b). Hence, there is an obvious need to identify new drug targets
for more effective treatment of bipolar and major depressive disorders.

31.2 Pathways Linked to Psychiatric Disorders

A number of pathophysiological mechanisms have been proposed in MDD and
BD. These two disorders generate a wide spectrum of symptoms; from tiredness,
feelings of guilt and lack of interest to insomnia, loss of appetite, flight of ideas
and suicidal ideation. Therefore, various neurobiological systems may be involved
and are possibly affected by a series of different processes within each individual.
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31.2.1 Depression

There are many apparent triggers for mood disorders, especially in the case of
MDD, and this is reflected in a strong co-morbid association with other illnesses,
such as epilepsy (Epps and Weinshenker 2012), as well as cardiovascular disease
and type 2 diabetes (Katon et al. 2005). Moreover, there is evidence that some
medications, such as levodopa and corticosteroids, may cause or exacerbate
depression, complicating the treatment options for these patients (Little 2009) and
highlighting the heterogeneity of the disease.

Prolonged stress or susceptibility to stress is a significant contributor to the
development of mood disorders. In fact, it has been suggested that a primary link
between stress and depression is an aberration in neuronal plasticity, whereby
functional and structural alterations occur as a result of repetitive environmental
insults (Calabrese et al. 2009). This remodelling of the brain’s neural networks is
considered one of the major pathological features in patients with psychiatric
disorders (Knable et al. 2002). Chronic stress, anxiety and depression all similarly
affect a number of brain areas, particularly the hippocampus and prefrontal cortex,
with circuitry changes in neuronal and glial populations being the most consistent.
A reduction in overall volume of these brain areas is also particularly noticeable,
associated with altered glutamatergic, monoaminergic and c-aminobutyric acid
(GABA)ergic signalling pathways within the limbic system (Knable et al. 2004).

One of the earliest theories of MDD pathophysiology was the ‘monoamine
theory’ of depression, which suggests neurochemical imbalances involving sero-
tonin, norepinephrine and/or dopamine. These theories were constructed on the
premise that current first-line drug treatments for MDD involved increasing syn-
aptic levels of these transmitters. However, with many patients insensitive to
treatments aimed at restoring these neurochemical imbalances, and the slow onset
of antidepressant actions, the monoamine theory appears insufficient.

The hypothalamic–pituitary–adrenal (HPA) axis is often found to be dysfunc-
tional in depressed patients and this has led to the corticosteroid hypothesis of
depression (Holsboer 2000). The HPA complex regulates the adaptive hormonal
response to stress, involving the interplay between corticotrophin-releasing hor-
mone (CRH), adrenocorticotropic hormone (ACTH) and cortisol. Abnormal and
excessive activation of the HPA axis in response to stress, measured by the
increased production and secretion of these hormones, is regularly seen in
depressed patients and is considered a good biomarker for the disorder (Holsboer
2000; De Kloet et al. 2005; Paez-Pereda and Panhuysen 2008). These irregularities
provide evidence in support of a link between stress and mood. Some of the
pathological consequences of chronic stress include neuronal cell death or neu-
ronal damage involving reduced dendritic spines and branching within the hip-
pocampus, an overall reduction in hippocampal size, as well as high glucocorticoid
and cortisol levels (Joels et al. 2004).

Neuroplastic changes primarily in the hippocampus, amygdala and the pre-
frontal cortex, and reduced production of neurotrophins (proteins required for
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neuronal survival) also occur following chronic stress (Bennett 2011). These
abnormalities have been consistently observed in patients with depression
(McEwen 2005) and are the pathological mechanisms underpinning the neuro-
trophin hypothesis of depression. Some studies indicate that stress-induced ele-
vated levels of glucocorticoid cause neuron damage and cell death in depressed
patients, reducing hippocampal size as a consequence (Joels et al. 2004; Geuze
et al. 2005; Gianaros et al. 2007; Paez-Pereda and Panhuysen 2008). However,
these findings are not always consistent and not selective for depression, being
observed in many other disease states (Nestler et al. 2002).

Currently used antidepressants target the monoamine system and this approach
has barely changed in several decades. The earliest classes of medications were
known as the monoamine oxidase inhibitors (MAOIs) and the tricyclic antide-
pressants (TCAs), and both elevate serotonin and/or norepinephrine signalling.
The TCAs and MAOIs are still in use, but are generally only administered fol-
lowing failure of first-line treatment, due to an unfavourable side effect burden.
Second-generation medications, like selective serotonin reuptake inhibitors
(SSRIs) and serotonin and norepinephrine reuptake inhibitors (SNRIs), are more
widely prescribed today due to their relatively low toxicity and high tolerability
(Rush et al. 2006). However, they are no more effective than the TCAs or MAOIs
in treating MDD. As noted earlier, patient responsiveness and drug effectiveness is
markedly low; in the large STAR-D study only one-third of patients achieved
remission with citalopram, a commonly used SSRI (Trivedi et al. 2006). In
addition, a delay of 2–3 weeks for therapeutic relief and uncomfortable side effects
results in poor compliance (Nakajima et al. 2010; Furukawa et al. 2002).

31.2.2 Bipolar Disorder

Bipolar disorder is a disorder of emotional regulation, the causes of which are
unclear. Emotional regulation is associated with brain regions such as the anterior
cingulate cortex, the prefrontal cortex, insula and limbic areas such as the
amygdala (Townsend and Altshuler 2012; Phillips et al. 2003). Imaging studies in
BD show abnormalities in these regions, including hypoactivation of the vent-
erolateral prefrontal cortex in both mania and bipolar depression, hyperactivation
of the amygdala in mania and diminished frontal-limbic connectivity (Townsend
and Altshuler 2012). Voxel-based morphometry studies also suggest a decrease in
grey matter in the anterior cingulate cortex and fronto-insular cortex in BD (Berk
et al. 2011; Bora et al. 2010).

While the pathological mechanisms that contribute to these changes in emo-
tional brain activity and volume are not fully resolved and are likely to be multi-
factorial, a predominant theory attributes these changes to a disturbed balance
between inhibitory and excitatory neurotransmission (Lan et al. 2009). There is
evidence for decreased GABAergic interneurons in BD with reduced markers for
GABAergic neurons reported in the prefrontal cortex and anterior cingulate cortex
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(Sibille et al. 2011; Beasley et al. 2002; Benes and Berretta 2001; Impagnatiello
et al. 1998). A polymorphism in GABAA receptor genes is associated with a
subtype of BD (Green et al. 2010; Breuer et al. 2011). GABAergic interneurons
play a key role in cortico-limbic function (Lan et al. 2009), so a loss of these
neurons may be detrimental to the functioning of brain areas that regulate emotion.
GABAergic interneurons also ensure glutamatergic neurotransmission is not
excessive, and accordingly, increased levels of glutamate are found in the anterior
cingulate cortex and prefrontal cortex in BD (Lan et al. 2009; Maddock and
Buonocore 2012; Yuksel and Ongur 2010). Excess glutamate can result in over-
activation of one of its receptors, N-methyl D-aspartate (NMDA), and a sub-
sequent excitotoxic increase in intracellular Ca2+ (Savitz et al. 2012). There are
reports of increased intracellular Ca2+ and markers of apoptosis in the frontal
cortex in BD (Berk et al. 2011; Rao et al. 2010), suggesting a mechanism for the
decreased volume in key emotional regulation brain areas in BD.

The current gold-standard treatment for BD is lithium. While its mechanisms of
action are not well understood, part of its effects are likely due to its ability to
decrease intracellular Na+ and Ca2+ levels (Catalan and Paz Quezada 2012) and
increase GABA levels (Lan et al. 2009), stabilising neuronal electrical activity and
the overall balance of excitatory versus inhibitory neurotransmission. Lithium may
have further impact as a result of its neurotrophic effects and effects on intracel-
lular signalling pathways (Gould et al. 2004).

The two other classes of drugs currently used in the treatment of BD are the
anticonvulsants valproate and carbamazepine, and the second-generation anti-
psychotics such as quetiapine, asenapine and olanzapine (Fountoulakis et al.
2012a). Amongst other effects, valproate facilitates the activity of GABA and
blocks Na+ channels and carbamazepine blocks Na+ channels and Ca2+ influx
(Gould et al. 2004). The mechanism through which second-generation antipsy-
chotics produce mood-stabilising effects in BD is uncertain (Gould et al. 2004).

The three main bipolar drug classes show efficacy in the treatment of acute
mania, with clinical trials suggesting that around 50 % of patients respond to each
of these drugs, compared to a 25 % response to placebos (Fountoulakis et al.
2012a). There is more limited efficacy in bipolar depression, with clinical trial data
inconclusive at best for lithium and second-generation antipsychotics, as well as
for common antidepressants such as the SSRI fluoxetine (Fountoulakis et al.
2012b). Anticonvulsants such as lamotrigine show some efficacy against bipolar
depression, but this data is derived from a mixed population of MDD and bipolar
depression so the selective effect on bipolar depression is unclear (Fountoulakis
et al. 2012b). Some efficacy is also seen by combining the antipsychotic olanza-
pine with fluoxetine (Fountoulakis et al. 2012b).

Although current BD treatments show effectiveness in some patients, there are
still many non-responders (around 50 %; (Fountoulakis et al. 2012a)). Of the
patients that do respond, medication adherence can be low due to side effects
(Gould et al. 2004; Nemeroff 2003). Over 80 % of people on common BD
treatments experience adverse side effects, which can include kidney damage and
hypothyroidism for lithium, teratogenic effects and weight gain for valproate, and
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weight gain, hyperlipidaemia and diabetes with the second-generation antipsy-
chotics (Fountoulakis et al. 2012a). Furthermore, antidepressant drugs and lithium
withdrawal may induce a switch from depression to mania (Belmaker 2004; Fo-
untoulakis et al. 2012a). Lithium also has a narrow therapeutic window and relapse
can be common (Gould et al. 2004; Fountoulakis et al. 2012a). Given these
drawbacks, there is a pressing need for BD treatments that are safer and more
efficacious.

Further advancement in MDD and BD drug development might be achieved by
developing drugs that exert their action via different mechanisms to those currently
on the market. Interestingly, elevated release of pro-inflammatory cytokines occurs
with MDD, BD and with stress, and intervening to prevent this inflammatory
response may represent a novel approach for alleviating these disorders. This
cytokine hypothesis of mood disorders will be discussed below in more detail.

31.3 Cytokines in Mood Disorders

It is well recognised that inflammatory mediators play an important role in the
body’s immune response, but mounting evidence indicates that inflammation may
also have a significant role in MDD and BD (Miller et al. 2009). The release of
pro-inflammatory mediators, such as interleukin (IL)-1, IL-6 and tumour necrosis
factor-a (TNF-a), usually occurs as a consequence of injury or infection. There are
consistent findings that these particular cytokines are markedly raised in the
plasma and cerebral spinal fluid (CSF) in a subpopulation of patients with MDD
(Levine et al. 1999; Maes et al. 1995; Hestad et al. 2003). An increase in pros-
taglandin E2 (PGE2) levels has also been identified in the plasma, as well as in
lymphocytes and saliva of depressive patients (Lieb et al. 1983; Ohishi et al.
1988), with antidepressants having some inhibitory effect on the synthesis of PGE2

(Yaron et al. 1999) and several cytokines (Kim et al. 2007).
IL-1b levels are increased in the post-mortem BD frontal cortex (Rao et al.

2010), while serum and plasma levels of TNF- a are increased in both the manic
and depressive phases of BD (Ortiz-Dominguez et al. 2007; Su et al. 2011;
O’Brien et al. 2006; Kauer-Sant’Anna et al. 2009). Furthermore, increased
monocyte mRNA levels of a range of pro-inflammatory mediators including IL-1b
and TNF-a is considered one of the best biomarkers of BD (Padmos et al. 2008).
From these observations, it is apparent that cytokines are altered in mood disor-
ders, but the extent to which they participate remains to be elucidated.

Patients undergoing cytokine therapy for treatment of various cancers or
chronic hepatitis C display symptoms of depression (Schiepers et al. 2005; Bon-
accorso et al. 2001) or mania (Strite et al. 1997; Greenberg et al. 2000; Onyike
et al. 2004; Constant et al. 2005). Furthermore, activation of the immune system is
observed in many patients with depression, and those with immune dysfunction are
more likely to suffer from depression (Sluzewska et al. 1996; Lane et al. 1991;
Kronfol 2002). The cytokine hypothesis of depression was further substantiated
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when researchers were able to induce depression-like symptoms in mice through
administration of pro-inflammatory molecules, such as lipopolysaccharides (LPS)
and IL-1 (predominantly IL-1b) (Dantzer et al. 2008; Bluthé et al. 1994). The
behavioural changes seen with these treatments are known as ‘‘sickness behav-
iour’’ and have many similarities to depression, chiefly the neurobehavioural signs
such as fatigue, decreased interest in, and exploration of, the environment,
decreased libido, blunted motivation and impaired cognition (Dantzer 2001;
Schiepers et al. 2005). Animal studies that model depression using cytokine-
induced sickness behaviour require careful extrapolation to human depressive
states, given that sickness behaviour and depression are distinct, albeit related,
phenomena. Reports both affirm and contest the use of these animal paradigms
(McArthur and Borsini 2006), with some accounts of novel ideas for improve-
ments that may help bridge the gap between animal and human studies of BD and
MDD (Cryan and Slattery 2007). While some antidepressants have a therapeutic
effect on cytokine-induced sickness behaviour in mice, not all have this effect,
suggesting only a partial and incomplete map onto the pathophysiology of mood
disorders (Dunn et al. 2005).

31.4 The Importance of IL-1b in Depressive Disorders

Recent reports indicate that IL-1b may be one of the major cytokines responsible
for depressive symptoms. IL-1b is a pro-inflammatory mediator and is known to
decrease adult hippocampal neurogenesis, a well-documented characteristic of
depression (Santarelli et al. 2003; Warner-Schmidt and Duman 2006). Under-
standing the mechanisms behind this effect remains to be elucidated. It has been
suggested by Zunszain et al. (2012) that IL-1b acts by affecting the kynurenine
pathway, which involves the metabolism of tryptophan, resulting in neurotoxicity
(Zunszain et al. 2012). This pathway follows the conversion of tryptophan into
kynurenine, catalysed by the enzyme indoleamine-2,3-dioxygenase (IDO) in
response to inflammation, and is notably activated during cytokine-induced
depression (Capuron et al. 2002; Wichers and Maes 2004). This has been reliably
observed in animal models of depression. In previous studies with mice, chronic
exposure to IL-1b results in decreased numbers of neurons (Goshen et al. 2008). In
support of this, administration of an IL-1 antagonist in rats blocks the decrease in
levels of neurogenesis seen in animal models of depression (Koo and Duman
2008). Additionally, when LPS (an activator of microglia and IL-1b release) is
administered, a reduction in neurogenesis is observed, further implicating the role
of IL-1b in the pathophysiology of depression.

Increased levels of IL-1b may also contribute to the excitotoxic damage seen in
BD. IL-1b can increase extracellular glutamate levels by stimulating the cystine/
glutamate anti-porter (Jackman et al. 2010) and decreasing levels of GLT-1, the
main astroglial glutamate transporter (Prow and Irani 2008). IL-1b-activation of
IDO, as mentioned above, may also contribute to excitotoxicity in BD as increased

31 P2X7 in Bipolar and Depressive Disorders 641



levels of kynurenine have been reported in the BD anterior cingulate cortex (Miller
et al. 2006). Kynurenine can be metabolised to quinolinic acid, which activates the
NMDA receptor (Savitz et al. 2012). Given this, it is not surprising that poly-
morphisms in the IL-1b gene are associated with grey matter deficits in BD (Papiol
et al. 2008).

IL-1b is one of many cytokines that is synthesised as a precursor molecule (pro-
IL-1b) before being processed into a mature form, gaining access to the extra-
cellular environment only through secretory mechanisms. The IL-1b-converting
enzyme, also known as caspase-1, is an intracellular cysteine protease that cleaves
pro-IL-1b (Fantuzzi and Dinarello 1999; Rothwell and Luheshi 2000), trans-
forming it into the mature, biologically active protein IL-1b. Upon inhibition of
caspase-1, IL-1b generation, maturation and secretion are reduced (Ghayur et al.
1997). Release of IL-1b is dependent on a number of signalling molecules, par-
ticularly adenosine triphosphate (ATP), which acts as the body’s energy source as
well as a specific neurotransmitter of the nervous system (Burnstock 1972). During
inflammation or cellular damage, ATP is locally released where it has been shown
to induce mature IL-1b release from LPS-primed cells, predominantly microglia,
monocytes and macrophages (Di Virgilio et al. 2001). Additionally, IL-1b in
return potently elicits ATP release from ex vivo rat hippocampal sections (Sper-
lágh et al. 2004), creating the possibility of a self-sustaining source of IL-1b in
mood disorders. Emerging data from recent reports link ATP to the release of IL-
1b through one promising target, the P2X7 receptor (P2X7R).

31.5 The P2X7 Receptor: Pharmacology and Physiology

The P2X7R (previously identified as P2Z) is a trimeric ligand-gated ion channel
activated by ATP, which is abundantly expressed on cells of the immune system.
In brief, the P2X7R belongs to the family of purinergic receptors, classified into
two groups; P1 and P2, endogenously activated by adenosine and ATP, respec-
tively. The P2 plasma membrane receptors can be further categorised into P2X,
which are ion channel receptors and P2Y, which are G-protein coupled receptors.
Currently, seven P2X receptor subunits have been characterised, P2X1–7. The
P2X7R, the most studied of all P2 receptors, has a 595 amino acid sequence, with
an average of 40 % homology with the other P2X members (Kaczmarek-Hájek
et al. 2012). Interestingly, it also features a 240 amino acid carboxyl-terminal tail
that is significantly longer than all other P2X receptor structures (Gunosewoyo
et al. 2007) (Fig. 31.1). Another important difference is that the P2X7R requires a
relatively high concentration of the endogenous ligand ATP for activation (Sur-
prenant et al. 1996; Rassendren et al. 1997; Chessell et al. 1998). A synthetic
analogue of ATP, 20,30-O-(4-benzoyl)benzoyl-ATP (BzATP), is a useful, higher
potency agonist to P2X7R that allows easier manipulation for in vitro systems
(Guile et al. 2009), although it is not selective (Kaczmarek-Hájek et al. 2012;
Gunosewoyo and Kassiou 2010).
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In addition to being a typical cation-selective ion channel that allows the influx
of Ca2+ and Na+ and efflux of K+, the P2X7R has the rare ability to form pores that
are permeable to molecules of up to 900 Da when exposed to repeated or pro-
longed application of its nucleotide agonist (Gallagher 2004; Gunosewoyo et al.
2009). This makes the P2X7R a bifunctional receptor, which acts through non-
selective pores allowing transmembrane fluxes of large molecules to occur
(Falzoni et al. 2000) (Fig. 31.2). Recent evidence has shown that P2X4 also has
this ability (Bernier et al. 2012). How this pore formation transpires is quite
controversial and remains under investigation. There have been at least two
conflicting hypotheses postulated to explain pore formation: (1) the P2X7 pore is
formed as a result of cationic channel dilation, increasing its permeability from
small to large molecules (Virginio et al. 1999a, b) and (2) the P2X7 pore

Fig. 31.1 Structural differences between P2X7 and the other P2X receptors, with emphasis on
the longer C-terminus domain for P2X7

Fig. 31.2 The channel
properties of the P2X7
receptor; short stimulation
with ATP for the ion channel
and prolonged ATP
application for pore
formation

31 P2X7 in Bipolar and Depressive Disorders 643



represents a distinct channel, possibly activated by second messengers, such as
Ca2+ and MAP kinases, and not directly by extracellular nucleotides (Faria et al.
2005; Liang and Schwiebert 2005).

Recent work has identified a protein, known as pannexin-1, as the critical
accessory molecule required for P2X7R pore formation to occur and the conse-
quent release of IL-1b (Pelegrin and Surprenant 2006). A member of a hemi-
channel gap-junction-like family, pannexin-1 appears to be the pore-forming
protein, as inhibition of pannexin-1 blocks dye uptake without altering the ion
channel properties (Ma et al. 2009; Pelegrin and Surprenant 2009). However, this
is still a matter of debate as another study has reported that effective inhibition of
pannexin-1 can occur using agonists and antagonists of P2X7R (Qiu and Dahl
2009). In addition, pannexin-1 knockout mice have been shown to still display
P2X7 pore formation (Qu et al. 2011). Dissociation of ATP from a non-muscle
myosin from the P2X7R complex has also been suggested as a possible protein-
anchoring mechanism for pore formation (Gu et al. 2009). Regardless of how the
pores are induced, this rare ability allows the P2X7R to initiate multiple signalling
events and thus varied functional consequences, including IL-1b release.

31.6 Involvement of P2X7R in IL-1b Release

Of the many signalling pathways triggered following P2X7R activation, perhaps
the most understood physiological consequence is the maturation and release of
the pro-inflammatory cytokine, IL-1b. Experiments performed in vitro and in vivo
have conclusively shown the effector responsible for ATP-dependent IL-1b release
is the P2X7R (Chakfe et al. 2002). In mice lacking the receptor, the inflammatory
response, predominantly driven by IL-1b release, is attenuated and cytokine
production is altered (Labasi et al. 2002; Solle et al. 2001; Honore et al. 2009). The
mechanism by which the P2X7R leads to caspase-1 activation and thus IL-1b
release is not well understood. It has been postulated that this process involves K+

efflux, as inhibition of K+ transport prevents caspase-1 activation and subsequent
IL-1b release, while enhanced K+ efflux is associated with an increase in IL-1b
release following P2X7R activation (Sanz and Virgilio 2000). While K+ efflux
occurs, it has also been documented that this efflux is concomitant upon the release
of Ca2+ from endoplasmic reticulum stores (Brough et al. 2003). According to
these studies, it appears that increases in intracellular Ca2+, and consequently
intracellular K+ depletion, results in the activation of the NALP3 inflammasome
protein complex, which in turn converts pro-caspase-1 to its active caspase-1 form,
culminating with mature IL-1b release (Di Virgilio 2007; Bhattacharya et al. 2011;
Wiley et al. 2011). Furthermore, in a study using NALP3-deficient mice, serum IL-
1b levels were significantly impaired when compared to wildtype, demonstrating
the importance of the NALP3 inflammasome in ATP-driven activation of caspase-
1, and subsequently, IL-1b release (Sutterwala et al. 2006).
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Since IL-1b lacks a signal peptide for self-secretion, it is dependent on its
extracellular surroundings consisting of non-classical pathways. Some authors
have proposed mechanisms to account for ATP-induced IL-1b release, suggesting
ATP-induced cell lysis and cell death play a role, while other researchers postulate
cell lysis is not required (Bhattacharya et al. 2011) and that ATP possibly triggers
exocytosis of secretory lysosomes enclosing both IL-1b and caspase-1 (Qu and
Dubyak 2009). In human monocytes, lysosome exocytosis and IL-1b release can
be blocked by inhibitors targeting Ca2+-dependent and Ca2+-independent phos-
pholipase A2 and C, implicating these enzymes in the inflammation pathways
required for IL-1b secretion (Andrei et al. 2004). However, when extracellular
Ca2+ is removed from murine macrophages, the ATP-induced lysosome exocytosis
is completely abolished whereas the IL-1b release still occurs, suggesting that
lysosome secretion can arise independent of the non-classical P2X7R-regulated
IL-1b release pathway (Qu et al. 2007).

31.7 The P2X7 Receptor and Depressive Disorders

A link between P2X7R and disease is not a novel concept. The receptor is ubiq-
uitous in nearly all tissues and organs of the body, with its expression principally
on immune cells, such as lymphocytes, monocytes and macrophages. It has been
linked to disorders such as hypertension (Ji et al. 2012), diabetes (Sugiyama et al.
2004), osteoporosis (Ohlendorff et al. 2007; Jørgensen et al. 2012) and tuberculosis
(Franco-Martínez et al. 2006; Singla et al. 2012). In the brain, it is found on glial
cells including astrocytes and microglia, as well as neurons (Sperlágh et al. 2006).
With the receptor having such a large representation on brain cells, it is no surprise
that it has been implicated in neurological disorders. Recent studies have linked
P2X7R to Alzheimer’s disease (Rampe et al. 2004), Parkinson’s disease (Mar-
cellino et al. 2010), neuropathic pain (Chessell et al. 2005), multiple sclerosis
(Yiangou et al. 2006), as well as depressive disorders (Lucae et al. 2006).

31.7.1 Molecular Pathways of P2X7 Involvement

The P2X7R makes a promising target for research into MDD and BD aetiology. As
previously described, both disorders have an association with inflammation, with
increased production of pro-inflammatory cytokines including IL-1b, which are
frequently observed in patients (Maes et al. 1993; Owen et al. 2001; Thomas et al.
2005). Since the P2X7R has a prevalent expression on microglia, the brain’s key
immune cells, and one of its well-established functional roles is its participation in
IL-1b release, the P2X7R may play a role in MDD and BD through release of IL-
1b (Fig. 31.3). In addition, it has been well established that apoptosis is an effect of
P2X7R pore activation (Humphreys et al. 2000). With evidence suggesting cell
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loss in certain brain areas in depressive disorders, there may also be a link for
P2X7R involvement through other signalling pathways independent of IL-1b
release (Le Feuvre et al. 2002; Brough et al. 2002). Alternatively, it has been
hypothesised that an increase in central glutamatergic synaptic transmission within
the neuronal networks of the hippocampus can evoke ATP release from astrocytes
and microglia, providing a regenerative-loop for P2X7R activation (Bennett 2007),
especially since IL-1b release increases extracellular glutamate (Jackman et al.
2010). Furthermore, recent investigations demonstrate a strong correlation
between the gene encoding the P2X7R and affective disorders (Nagy et al. 2008;
Soronen et al. 2011; Lucae et al. 2006; Barden et al. 2006), as well as results with

Fig. 31.3 A schematic diagram of the proposed pathomechanisms in bipolar and depressive
disorders involving P2X7R-activation and IL-1b release
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P2X7R knockout mice that are consistent with a role in depressive disorders
(Basso et al. 2009; Boucher et al. 2011).

31.7.2 Genetic Studies

There is convincing data demonstrating that mood disorders, particularly bipolar
and major depression, are triggered by the interaction of inherited factors together
with environmental factors. The heritability of MDD is considered to be around
40–60 % (Sullivan et al. 2000), while the heritability for BD is estimated to be
higher—at close to 90 % (Craddock and Sklar 2009). Evidence from familial, twin
and adoption studies have assisted in determining the susceptibility genes linked
with these affective diseases (Craddock and McGuffin 1993; Craddock and Owen
1994; Zubenko et al. 2003). The first linkage study was reported by Dawson et al.
(1995), identifying the chromosome 12q23-24.1 as a suggested ‘candidate’ gene
associated with BD (Dawson et al. 1995). Additional bipolar-related linkage
studies soon followed. Ewald et al. (1998) investigated 16 microsatellite markers
across chromosome 12q22-24 in two Danish families, demonstrating a strong
correlation to BD, although the exact location of the affective locus was uncertain
(Ewald et al. 1998). Further evidence in support of a linkage of chromosome
12q23-24 to BD has been reported in populations from the United Kingdom and
Iceland (Curtis et al. 2003), Faroe Island (Degn et al. 2001) and Quebec (Moris-
sette et al. 1999; Shink et al. 2005).

A correlation with chromosome 12q23-24 is also established in MDD by means
of familial linkage studies. A genome-wide investigation was conducted on 1,890
Utah individuals with a strong family history of depression (Abkevich et al. 2003).
In this study, the presence of one or more genes on the q arm of chromosome 12
appeared to be involved in depressive illnesses. Interestingly, the authors reported
for the first time the existence of a sex-specific predisposition gene to MDD at
chromosome 12q22-23.2. Another genome-wide linkage analysis was conducted
on a sample consisting of 497 siblings, providing persuasive evidence that chro-
mosome 12q carries a genetic connection to recurrent depression (McGuffin et al.
2005).

The P2X7R gene (P2RX7) is 13 exons in length and located on the chromo-
some region 12q24.31, a position identified as a susceptibility candidate locus for
mood disorders by linkage and association studies, as described above. P2X7R is
highly polymorphic with 32 non-synonymous single nucleotide polymorphisms
(SNPs) carrying amino acid changes currently documented (Fuller et al. 2009).
Several of these SNPs have been described as having allele variations affecting
receptor function. Currently, eight loss-of-function polymorphisms in the P2X7R
gene have been well characterised, with three of these resulting in total loss of
receptor function. Another four non-synonymous variants have been characterised
as gain-of-function mutations (Sluyter and Stokes 2011). A recent case–control
study, conducted by McQuillin et al. (2009), shows convincing evidence that at
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least one of these functional polymorphisms in the P2X7R is distinctly connected
to both bipolar and unipolar-affective disorders (McQuillin et al. 2009). This SNP,
rs2230912, is located in exon 13 of the P2RX7 gene, resulting in a non-conser-
vative amino acid change from a glutamine to arginine at position 460
(Gln460Arg), situated in the long intracellular C-terminal domain of the P2X7R
(Denlinger et al. 2001). Functionally, this SNP displays a partial loss of pore
formation during ATP-induced ethidium bromide uptake in P2X7R-mutated,
transfected HEK293 cells (Fuller et al. 2009) and is likely to affect P2RX7
dimerization and protein–protein interactions (Lucae et al. 2006). However,
another study has associated Gln460Arg with a gain-of-function haplotype as it
was found to enhance pore activity (Denlinger et al. 2006). Nevertheless, the
Gln460Arg mutation has thus far shown to hold the strongest association to
affective disorders (Barden et al. 2006; Lucae et al. 2006).

The functional importance of P2X7R and its allele variants in mood disorders is
not well established, which is perhaps partly due to the heterogeneic nature of
depressive illnesses. One study examined whether patients with diabetes mellitus
were genetically predisposed to develop MDD as both frequently occur concur-
rently (Nagy et al. 2008). In a Hungarian diabetic population, candidate poly-
morphisms of serotonin, tryptophan and P2X7R genes were analysed in patients
not taking antidepressants, with the authors reporting a significant correlation
between the P2X7R polymorphism Gln460Arg (rs2230912) and depression. Two
earlier studies, involving French Canadian (Barden et al. 2006) and German
Caucasian populations (Lucae et al. 2006), as well as another more recent clinical
cohort study carried out in Finland (Soronen et al. 2011), also reported a strong
linkage between the Gln460Arg haplotype and MDD. A separate research group
using an equivalent Hungarian cohort to Nagy et al. (2008) also reported an
association between Gln460Arg and MDD, but only when based on a symptom
severity scale rather than a control comparison (Hejjas et al. 2009). In the same
investigation, the authors also reported a similar association between the P2X7R
haplotype and anxiety, strengthening the concept that anxiety and depression occur
co-morbidly (Clarke and Currie 2009), as well as supporting the work done by
Nagy et al. (2008). Interestingly, it was noted by Hejjas et al. (2009) that patients
with the Gln460Arg genotype showed higher level depression scores; however,
control subjects carrying the same P2X7R polymorphism had no affect on their
level of depression (Hejjas et al. 2009), indicating that additional factors may be
involved. Furthermore, the lack of significant difference between patient and
control groups in the Hungarian population is supported by another research group
in the UK, documenting no correlation (Green et al. 2009). However, a dimen-
sional approach based on symptom severity was not conducted in this study, and
the association reported by Hejjas et al. (2009) was only determined using this
severity form of analysis. In addition, a more recent case–control study has sug-
gested a link between Gln460Arg and BD, which is also based on a depression
score that determines severity of symptoms. However, when the authors compared
genotype frequencies between patients and controls, there was no correlation
(Halmai et al. 2013).
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Although a number of studies show an association between the Gln460Arg SNP
and affective disorders, several more recent genetic studies have not supported this
link (Green et al. 2009; Grigoroiu-Serbanescu et al. 2009; Lavebratt et al. 2010;
Viikki et al. 2011). In fact, one research group failed to note any detectable
changes in ATP-activated ion channel and pore formation ability of the P2X7R in
cells with this mutation (Roger et al. 2010). Interestingly, in this study, Gln460Arg
was the only mutation not to have a functional effect on its own. It may be possible
that the correlation between P2X7R and mood disorders could be due to inter-
actions between multiple polymorphisms; for example, the Ala348Thr
(rs1718119) mutation has been shown to be critical for a gain-of-function effect
when associated with Gln460Arg, with smaller contributions from SNPs
His155Tyr and His270Arg (Stokes et al. 2010). This could explain the lack of
significance for Gln460Arg as a susceptibility gene for MDD and BD, as recorded
in more recent studies (Green et al. 2009; Grigoroiu-Serbanescu et al. 2009;
Lavebratt et al. 2010; Viikki et al. 2011). Even so, evidence still points to the
P2X7R as playing a pivotal role in psychiatric illnesses. In particular, the presence
of Ala348Thr not only exhibits a gain-of-function as mentioned above, but also
enhances the secretion of IL-1b (Stokes et al. 2010), one of the proposed hallmark
biomarkers of depression (Müller et al. 2011). Moreover, the Ala348Thr mutation
on its own has demonstrated an association with anxiety disorders (Erhardt et al.
2007), further implicating the P2X7R in mood disorders. Three more recent
studies have shown a correlation between P2RX7 gene variants and specific
symptoms or indicators relating to mood disorders, in particular, rapid cycling (a
form of bipolar) that affects sleep (Backlund et al. 2012), manic behaviour asso-
ciated with BD (Backlund et al. 2011) and neuroticism (Mantere et al. 2012).
While there are a number of other mutations that have an influence on P2X7R
functionality that require further examination, some convincing evidence has been
documented in knockout mouse models linking P2X7R and mood disorders.

31.7.3 Studies with Knockout Mice

Animal models of depression are based on the assumption that a specific behav-
ioural phenotype resembles a human depressive-like symptom that will be sensi-
tive to clinically effective antidepressant drugs (Dunn et al. 2005). These models
can provide insight into the mechanisms underlying affective disorders, particu-
larly the role of pro-inflammatory cytokines. As previously stated, administration
of cytokines, such as IL-1b, into animals can induce a ‘sickness behaviour’, a
somewhat similar behavioural pattern to that seen in anxiety and depression. A
recent study using IL-1 receptor null mice provided evidence that the IL-1b sig-
nalling pathway induces anxiety-related behaviours (Koo and Duman 2009). Since
the P2X7R plays a crucial role in IL-1b release, examination of depressive-like
symptoms in P2X7R knockout mice has been reported by three research groups
(Basso et al. 2009; Boucher et al. 2011; Csolle et al. 2012).
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The forced swim test (FST) and the tail suspension test (TST) are the two most
common paradigms used to induce depression-like behaviour in animals. In brief,
the FST entails placing mice into individual cylinders containing water, where the
mice are observed swimming, becoming immobile over a 6 min period. Immo-
bility time is measured in the final 4 min of the test and an antidepressant response
is characterised by a decrease in time spent immobile (Dalvi and Lucki 1999). The
TST is similar to FST, in that it measures immobility, but in this test the mice are
suspended by the tail to a horizontal bar using adhesive tape. Following an initial
period of agitation, the animals soon become immobile, an effect that is reversed
upon antidepressant therapy (Dalvi and Lucki 1999). The first investigation on
P2X7R knockout mice using these two behavioural models reported an antide-
pressant-like phenotype, with significantly less time spent immobile compared to
wildtype controls (Basso et al. 2009). The null mice also showed a greater
response to the antidepressant drug imipramine at a sub-threshold dose of 15 mg/
kg in the FST, indicating a relationship between lack of P2X7R and improved
responsiveness to antidepressant treatments. Interestingly, there were no signifi-
cant differences between the knockout and wildtype mice for all anxiety-related
behaviours examined (Basso et al. 2009).

In contrast, a more recent study with P2X7R knockout mice showed no dif-
ference between null and control mice following FST on the first day, but did
demonstrate significantly greater immobility after 3 consecutive days of FST in
control mice, providing further evidence that deleting the P2X7R engenders
resilience against depression-like behaviours when subjected to chronic stress
(Boucher et al. 2011). This repeated exposure to stress triggering depressive
symptoms has also been reported in humans (Kendler et al. 1999). A very recent
study carried out by Csolle et al. (2012) documented a similar difference in
immobility between wildtype mice and P2X7R knockout mice, following repeated
FST and TSP tests (Csolle et al. 2012). Their investigation also examined possible
pathways involved in the antidepressant-like phenotype profile, with IL-1b protein
significantly reduced in the knockout mice within the amygdala. Furthermore,
these P2X7R knockout mice had an attenuated response to the amphetamine-
induced hyperlocomotion test model used to model BD-like symptoms (Csolle
et al. 2012).

In conclusion, even though animal models for depression have limitations and
caution must be taken when extrapolating these results to human depression, these
studies and future work will help provide a better understanding of the aetiology
and mechanisms behind affective disorders, allowing current treatments to be
improved and developed.
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31.8 P2X7R Drug Development: Improving Current
Treatments

There has been little improvement in antidepressant therapy over the last several
decades, and with a considerable amount of patients not responding to current
treatments or relapsing after remission, new therapeutic targets are urgently nee-
ded. Emerging evidence suggests that compounds targeting the P2X7R have
potential utility in providing relief to MDD and BD sufferers, by inhibiting
cytokine release, especially the release of IL-1b. At present, there are a few
research groups developing P2X7R-specific antagonists, with one in particular
focusing on novel compounds that are able to cross the blood–brain barrier
(Gunosewoyo et al. 2008). Others have either developed prospective drugs or
tested known P2X7R antagonists for therapeutic use across a wide spectrum of
illnesses, such as neuropathic pain (Honore et al. 2006; Donnelly-Roberts and
Jarvis 2007), arthritis (Dell’Antonio et al. 2002) and Huntington’s disease (Díaz-
Hernández et al. 2009). There are also some reports of P2X7R antagonists being
used to target inflammation (Broom et al. 2008; Dell’Antonio et al. 2002), and
more importantly, IL-1b release (Honore et al. 2009). The scene is thus set for
promising new research involving the development of P2X7R antagonists as a
novel treatment of major depressive and bipolar disorders.
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Chapter 32
Targeting NMDA Receptors in Epilepsy

Mehdi Ghasemi and Ahmad Reza Dehpour

Abstract N-methyl-D-aspartate receptors (NMDARs) are one of the most widely-
studied receptors in the central nervous system (CNS). These receptors mediate
Ca2+ influx into the neurons and play pivotal roles in the pathophysiology of many
neurological diseases including epilepsy. Animal models of seizure and status
epilepticus and clinical studies have indicated that NMDAR functioning can be
altered during epilepsy and thereafter in some specific types of seizure. Different
classes of NMDAR antagonists also have antiepileptic effects in both clinical and
preclinical studies, although some contradictory effects in both preclinical and
clinical studies have been reported. In this book chapter, we review the evidence
for the involvement of NMDARs in the pathophysiology of epilepsy and provide
an overview of NMDAR antagonists being investigated in clinical trials and
animal models of seizure.

32.1 Introduction

Epilepsy is an important neurologic disorder that affects approximately 2–4 mil-
lion people in the United States or 1 in 50 children and 1 in 100 adults (Schachter
2009). Over the past two decades, a new generation of antiepileptic drugs (AEDs)
has emerged for the pharmacological management of seizures (Schachter 2007).
However, the prospect of freedom from seizures and adverse effects remains
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elusive for a considerable number of patients with epilepsy despite concerted
attempts by their physicians to utilize available pharmacotherapies to their full
advantage (Ghasemi and Schachter 2011). Approximately 25–30 % of patients
continue to suffer from seizures despite being treated state of the art (Dichter and
Brodie 1996). It is well established that alterations in the central inhibitory (e.g. c-
aminobutyric acid or GABA) and excitatory (e.g. glutamate) neurotransmission
play a crucial role in the etiology of epilepsy. Overactivation of glutamatergic
transmission/glutamate receptors may be of significant relevance for the mani-
festation of this disease (Urbanska et al. 1998). Targeting the glutamatergic neu-
rotransmission is a highly sophisticated matter due to the ambiguous functions of
glutamate in several physiological and pathophysiological conditions. Among
glutamate receptors, N-methyl-D-aspartate receptors (NMDARs) have been the
focus of much basic and clinical research during the past three decades, producing
an overwhelming body of evidence that inhibition of NMDARs can prevent and, in
some cases, reverses the pathology in various models of neurological diseases such
as epilepsy. The repertoire of NMDAR-targeted drugs in neurology is expected to
grow in the near future. In this book chapter we review the rationale for the
development of such drugs.

32.2 The NMDAR Structure and Signaling

Glutamate is the major excitatory neurotransmitter in the central nervous system
(CNS) and acts on ionotropic and metabotropic glutamate receptors located at the
presynaptic terminal and in the postsynaptic membrane at synapses in the brain
and spinal cord. NMDARs are tetrameric structures of seven subunits which
including at least one copy of an obligatory subunit, GluN1, and varying
expression of a family of GluN2 (GluN2A-D) or GluN3 (GluN3A-B) subunits,
with multiple binding sites including ones for glutamate, polyamine, Mg2+, and
glycine (Fig. 32.1). Both the GluN1 and GluN2 subunits are involved in the for-
mation of the NMDAR ion channel. The GluN3 subunit does not form functional
receptors alone, but can co-assemble with GluN1/GluN2 complexes (Das et al.
1998; Perez-Otano et al. 2001). The glutamate-binding site is located on the GluN2
subunits, and the glycine-binding site is on the GluN1 subunits. Unlike GluN2, but
similar to GluN1, GluN3 binds glycine and D-serine rather than glutamate; the
binding of each occurs with much higher affinities, as is the case for GluN1 (Nishi
et al. 2001; Pachernegg et al. 2012; Yao and Mayer 2006). The glycine (and/or D-
serine) co-agonist site must be occupied before glutamate activates the ion
channel. The NMDAR channels can conduct Na+ and Ca2+. The Ca2+ influx
through NMDARs is the critical factor that mediates many of its roles in health
and disease (Cull-Candy and Leszkiewicz 2004). Under basal conditions the
channel is blocked by magnesium ion (Mg2+) within the channel pore. The Mg2+

blockade is relieved by cellular depolarization, with implications for synaptic
plasticity, especially long-term potentiation (LTP). Continuous strong stimulation
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optimally activates NMDARs and plays an important role in LTP. With neurotoxic
insults, disruption of energy metabolism diminishes the driving force for the Na+

pump that maintains the resting membrane potential of cells so that neurons
become depolarized, relieving the Mg2+ block of NMDARs. Therefore, NMDAR-
mediated responses contribute to the later components in paroxysmal depolarizing
shifts and provide for much of the Ca2+ entry associated with seizure discharges
(Ghasemi and Schachter 2011). Ca2+ ions play a central role in the control of
neuronal excitability (DeLorenzo 1986; Heinemann and Hamon 1986). Several
lines of investigation have also shown that abnormalities in Ca2+-regulated pro-
cesses are related to the hyperexcitability of neuronal populations and seizure
activity in different brain regions such as hippocampus and neocortex (Avoli et al.
1990; Kriegstein et al. 1987; Stefani et al. 1997). Excess Ca2+ entry then could
lead to neuronal excitotoxicity and even cell death. The brain damage is more
pronounced when the seizures are prolonged such as status epilepticus (Fujikawa
2005). Forty to sixty minutes of continuous electrographic seizure discharges is
required to cause neuronal death in selectively vulnerable brain regions in rats

Fig. 32.1 NMDAR model showing binding sites for agonists and antagonists. Glycine and D-
serine are agonists for GluN1 subunits, whereas glutamate and NMDA acts on GluN2 subunit
agonistic site. Kynurenic acid is an endogenous ligand for GluN1. Zn2+ is an endogenous ligand
for GluN2A and GluN2B modulatory domain. Low concentrations (nanomolar) of Zn2+ have
affinity to GluN2A, whereas higher concentration (micromolar) has affinity to GluN2B subunits.
Zn2+ at higher concentrations can also acts as an NMDAR pore blocker. Ifenprodil and its
derivatives bind at the modulatory domain in an GluN2B selective manner. D-AP5 is an
antagonist for agonistic site of GluN2 subunit. Mg2+, MK-801, ketamine, PCP, and memantine
act as noncompetitive antagonists whose binding sites are within the ion channel pore region
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(Fujikawa 1996; Nevander et al. 1985). Similarly, in a focal seizure model in rats,
hippocampal CA3 and hilar neuronal death was produced by 45 min of continuous
seizures (Henshall et al. 2000). This process is mediated by activation of a number
of enzymes by excess Ca2+, including phospholipases, endonucleases, and prote-
ases such as calpain. These enzymes lead to damage cell structures such as
components of the cytoskeleton, membrane, and DNA (Fujikawa 2005).

32.3 NMDAR Alteration in Patients with Epilepsy

Considering the fact that NMDAR activity contributes in neuronal excitation in the
CNS, some researchers have examined the possible alterations of NMDARs in
epilepsy using a variety of methods (e.g. assessment of subunits binding affinities,
immunoblotting, and gene expression). Glutamatergic impulses from the entorh-
inal cortex constitute the major excitatory input to the hippocampus and a shift in
glutamate-mediated excitability may contribute to the pathogenesis of epileptic
discharges (Carter et al. 2010). Moreover, NMDARs could be responsible for the
seizure-induced excitotoxic cell death of certain hippocampal neuronal popula-
tions because NMDAR antagonists provide protection against such damage
(Meldrum 1993). Using non-radioactive in situ hybridization studies have dem-
onstrated that in the hippocampal specimens of patients with chronic temporal lobe
epilepsy there is a loss of GluN1-positive cells that is related to the overall neu-
ronal loss in the respective specimen and to Ammon’s horn sclerosis (Bayer et al.
1995). This loss of GluN1 expression may be partly a reflection of pyramidal cell
loss (Bayer et al. 1995). Other studies showed that GluN2 subunit mRNA levels
are elevated in the hippocampus of patients with hippocampal sclerosis (HS)
(Mathern et al. 1997). In the dentate gyrus, there is an increase in GluN2 immu-
noreactivity which is associated with abnormal mossy fiber sprouting in this region
(Mathern et al. 1996). Mossy fiber sprouting in the human hippocampus is in
association with physiologically active NMDARs. Accordingly, it was shown that
inhibition of glutamate binding site of GluN2 subunit decreased granule cell
hyperexcitability in cases with mossy fiber sprouted hippocampi, whereas granule
cells in non-sprouted hippocampi were not affected by such treatment (Franck
et al. 1995; Isokawa and Levesque 1991; Masukawa et al. 1991). Chronic temporal
lobe seizures are associated with differential changes in hippocampal GluN1 and
GluN2A-D hybridization densities that vary by subfield and clinical-pathological
category (Mathern et al. 1996). In patients with temporal lobe epilepsy, these
findings support the hypothesis that in dentate granule cells NMDARs are
increased, and excitatory postsynaptic potentials should be strongly NMDA
mediated compared with non-seizure autopsies (Mathern et al. 1999; Neder et al.
2002). Using human focal cortical dysplasia specimens, it was shown that GluN2B
and GluN2C subunit mRNA was increased, and GluN2A subunit mRNA was
decreased in dysplastic compared with pyramidal and heterotopic neurons (Crino
et al. 2001). Other studies (Andre et al. 2004; Liu et al. 2007) reported an
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upregulation of GluN2B subunit composition and an altered Mg2+ sensitivity in
pediatric cortical dysplasia or adult temporal lobe tissues.

Some studies have also shown a role for NMDARs in the epileptogenesis in
cortical tubers in the tuberous sclerosis complex (White et al. 2001). The level of
GluN2B and 2D subunit mRNAs and functional GluN2B-containing receptors are
increased in tubers (White et al. 2001). Elevated expression of GluN2B and 2C
subunit mRNAs was noted in the dysplastic neurons, whereas only the GluN2D
mRNA was upregulated in giant cells, indicating that dysplastic neurons and giant
cells make differential contributions to epileptogenesis in the tuberous sclerosis
complex (White et al. 2001). It seems that the type of epilepsy, its anatomical
region, and the underlying diseases that could be responsible for seizure devel-
opment (such as tuberous sclerosis) could play a role in the differential alterations
in subunits of NMDARs (especially GluN1 and GluN2 subunits) in different
regions of CNS. Although alterations in GluN1 and GluN2 subunits have been
widely investigated in previous studies, the possible alterations in GluN3 subunits
have not been yet reported and this issue warrants further investigations.

32.4 NMDAR Alteration in Animal Studies of Epilepsy

32.4.1 Animal Models of Epilepsy

A wide variety of animal models of epilepsy and status epilepticus have been used
by many researchers worldwide to find out the mechanisms underlying epileptic
disorders. These include electrical stimulation models, chemoconvulsant-induced
models (e.g. kainic acid; KA, pilocarpine, picrotoxin, or bicuculline), physical
models (e.g. hyperthermia, or photic or auditory stimulation), genetic models (e.g.
mutant, transgenic, or knockout), and spontaneous seizure models (e.g. post-
kindling or post-chemoconvulsant). The maximal electroshock seizure (MES) test
has predictive value for agents with activity against generalized seizures of tonic–
clonic (grand mal) type. The subcutaneous (s.c. pentylenetetrazole (PTZ or met-
razol) test is also be predictive of anticonvulsant activity of many drugs against
non-convulsive (absence or myoclonic) seizures (Krall et al. 1978). Chronic
models of epilepsy can be divided into models of acquired (symptomatic) epilepsy
and models of genetic (idiopathic) epilepsy (Fig. 32.2). Models with electrical
induction of epilepsy or epilepsy-like conditions include the kindling model and
models in which recurrent spontaneous seizures develop after a self sustained
status epilepticus (SSSE), which is elicited by sustained electrical stimulation of
the hippocampus, the lateral or basolateral nucleus of the amygdala, or other
limbic brain regions. The kindling, pilocarpine, and kainite (KA) models are well-
known animal models of limbic epileptogenesis. SSSE can also be induced by
chemical convulsants, such as pilocarpine and KA.
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Genetic animal models of epilepsy can be divided up into animals with spon-
taneous mutations and animals with induced mutations. Models with spontaneous
mutations can be further subdivided into two groups:

A. Mutant animals with ‘‘reflex epilepsy’’. In this group seizures are elicited by
specific sensory stimulation. Audiogenic seizure-susceptible rats and DBA/2
mice, photosensitive baboons, or the E1 mouse (in which seizures are induced
by vestibular stimulation) are some examples for this group category.

B. Animals with ‘‘spontaneous recurrent’’ seizures. For example, Genetic
Absence Epilepsy Rat from Strasbourg (GAERS) is a group of rats with
spontaneous spike-wave discharges. Mutant animals, such as transgenic or
knockout mice, are rarely used for drug studies.

32.4.2 NMDARs Alteration in Animal Experimental Studies

Using several animal models of seizure or epilepsy many researchers worldwide
have investigated the possible alterations in NMDARs in epilepsy. There are
several differences in their results which might be because of the differences in the
animal models, the brain regions, and the NMDAR subunits that were examined
(Table 32.1). Pratt et al. (1993) reported that in partially kindled rats (10 stimu-
lations), while the GluN1 subunit mRNA remained unaltered after a period of 2 h,
the GluN2A and GluN2B subunit mRNAs were bilaterally reduced in dentate
gyrus granule cells. In fully kindled animals (40 stimulations), there was a pro-
gressive reduction in GluN1 subunit mRNA levels in the dentate gyrus, being
maximal after 4 h. At the same time point, GluN2A and GluN2B transcript levels
were transiently increased (Pratt et al. 1993). When studied 28 days after the last

Fig. 32.2 Preclinical animal studies in epilepsy research

668 M. Ghasemi and A. R. Dehpour



T
ab

le
32

.1
A

lt
er

at
io

n
in

m
R

N
A

ex
pr

es
si

on
of

N
M

D
A

R
su

bu
ni

ts
in

ex
pe

ri
m

en
ta

l
se

iz
ur

e
st

ud
ie

s

N
M

D
A

R
su

bu
ni

t
A

ni
m

al
m

od
el

of
se

iz
ur

e
B

ra
in

re
gi

on
R

es
ul

t
R

ef
er

en
ce

G
lu

N
1

R
ap

id
pa

rt
ia

l
hi

pp
oc

am
pa

l
ki

nd
li

ng
in

ra
ts

(1
0

st
im

ul
at

io
ns

)
G

ra
nu

le
ce

ll
s

of
th

e
de

nt
at

e
gy

ru
s

$
P

ra
tt

et
al

.
(1

99
3)

R
ap

id
fu

ll
y

hi
pp

oc
am

pa
lk

in
dl

in
g

in
ra

ts
(4

0
st

im
ul

at
io

ns
)

; pr
og

re
ss

iv
e

H
ip

po
ca

m
pa

l
ki

nd
li

ng
in

ra
ts

C
A

3
py

ra
m

id
al

ce
ll

s
of

hi
pp

oc
am

pu
s

$
K

ra
us

et
al

.
(1

99
4)

C
hr

on
ic

et
ha

no
l

ex
po

su
re

in
ra

ts
C

or
te

x
or

hi
pp

oc
am

pu
s

$
M

or
ro

w
et

al
.

(1
99

4)
P

ic
ro

to
xi

n-
in

du
ce

d
ep

il
ep

ti
fo

rm
di

sc
ha

rg
e

R
at

hi
pp

oc
am

pa
l

sl
ic

e
cu

lt
ur

es
(a

ft
er

2
da

ys
)

$
(G

er
fi

n-
M

os
er

et
al

.1
99

5)
A

m
yg

da
lo

id
ki

nd
li

ng
in

ra
ts

S
up

ra
op

it
c

nu
cl

eu
s

(a
ft

er
on

e
m

on
th

)
$

A
l-

G
ho

ul
et

al
.

(1
99

7)
Ip

si
la

te
ra

l
fr

on
ta

l
&

te
m

po
ra

l
co

rt
ic

es
at

4
w

ee
ks

af
te

r
th

e
la

st
ge

ne
ra

li
ze

d
se

iz
ur

e
:

(K
ik

uc
hi

et
al

.
20

00
)

B
il

at
er

al
pi

ri
fo

rm
co

rt
ic

es
at

4
w

ee
ks

af
te

r
th

e
la

st
ge

ne
ra

li
ze

d
se

iz
ur

e
;

K
ai

na
te

-i
nd

uc
ed

se
iz

ur
e

(m
od

el
of

li
m

bi
c

se
iz

ur
e)

in
ra

ts
H

ip
po

ca
m

pa
l

de
nt

at
e

gy
ru

s
(a

ft
er

24
an

d
72

h)
$

L
as

on
et

al
.

(1
99

7)
H

ip
po

ca
m

pa
l

C
A

1
an

d
C

A
3

py
ra

m
id

al
ce

ll
s

(a
ft

er
24

an
d

72
h)

;
P

il
oc

ar
pi

ne
m

od
el

of
li

m
bi

c
se

iz
ur

e
in

ra
ts

H
ip

po
ca

m
pa

l
de

nt
at

e
gy

ru
s,

C
A

1
(a

ft
er

24
an

d
72

h)
an

d
C

A
3

(o
nl

y
af

te
r

72
h)

py
ra

m
id

al
ce

ll
s

;

A
ud

io
ge

ni
c

se
iz

ur
e

in
al

bi
no

S
w

is
s

m
ic

e
ac

ou
st

ic
al

ly
pr

im
ed

at
10

da
ys

C
en

tr
al

nu
cl

eu
s

of
th

e
in

fe
ri

or
co

ll
ic

ul
us

:
(M

ar
ia

no
w

sk
i

et
al

.1
99

5)
T

ra
ns

ie
nt

(c
on

ti
nu

ed
)

32 Targeting NMDA Receptors in Epilepsy 669



T
ab

le
32

.1
(c

on
ti

nu
ed

)

N
M

D
A

R
su

bu
ni

t
A

ni
m

al
m

od
el

of
se

iz
ur

e
B

ra
in

re
gi

on
R

es
ul

t
R

ef
er

en
ce

G
lu

N
2A

R
ap

id
pa

rt
ia

l
hi

pp
oc

am
pa

l
ki

nd
li

ng
in

ra
ts

(1
0

st
im

ul
at

io
ns

)
G

ra
nu

le
ce

ll
s

of
th

e
hi

pp
oc

am
pa

l
de

nt
at

e
gy

ru
s

;
P

ra
tt

et
al

.
(1

99
3)

H
ip

po
ca

m
pa

l
ki

nd
li

ng
in

ra
ts

C
A

3
py

ra
m

id
al

ce
ll

s
of

hi
pp

oc
am

pu
s

$
(K

ra
us

et
al

.
19

94
)

P
ic

ro
to

xi
n-

in
du

ce
d

ep
il

ep
ti

fo
rm

di
sc

ha
rg

e
R

at
hi

pp
oc

am
pa

l
sl

ic
e

cu
lt

ur
es

(a
ft

er
2

da
ys

)
;

G
er

fi
n-

M
os

er
et

al
.

(1
99

5)
S

el
f

su
st

ai
ne

d
li

m
bi

c
st

at
us

ep
il

ep
ti

cu
s

ra
ts

M
ol

ec
ul

ar
la

ye
r

of
hi

pp
oc

am
pu

s
:

M
at

he
rn

et
al

.
(1

99
8a

)
G

lu
N

2B
R

ap
id

pa
rt

ia
l

hi
pp

oc
am

pa
l

ki
nd

li
ng

in
ra

ts
(1

0
st

im
ul

at
io

ns
)

G
ra

nu
le

ce
ll

s
of

th
e

hi
pp

oc
am

pa
l

de
nt

at
e

gy
ru

s
;

P
ra

tt
et

al
.

(1
99

3)
R

ap
id

fu
ll

y
hi

pp
oc

am
pa

lk
in

dl
in

g
in

ra
ts

(4
0

st
im

ul
at

io
ns

)
: T

ra
ns

ie
nt

H
ip

po
ca

m
pa

l
ki

nd
li

ng
in

ra
ts

C
A

3
py

ra
m

id
al

ce
ll

s
of

hi
pp

oc
am

pu
s

$
K

ra
us

et
al

.
(1

99
4)

P
ic

ro
to

xi
n-

in
du

ce
d

ep
il

ep
ti

fo
rm

di
sc

ha
rg

e
R

at
hi

pp
oc

am
pa

l
sl

ic
e

cu
lt

ur
es

(a
ft

er
2

da
ys

)
;

(G
er

fi
n-

M
os

er
et

al
.1

99
5)

A
m

yg
da

lo
id

ki
nd

li
ng

in
ra

ts
S

up
ra

op
it

c
nu

cl
eu

s
an

d
ad

ja
ce

nt
pi

ri
fo

rm
co

rt
ex

,
la

te
ra

l
nu

cl
eu

s
of

th
e

ol
fa

ct
or

y
tr

ac
t,

an
te

ri
or

co
rt

ic
al

am
yg

da
lo

id
nu

cl
eu

s,
an

d
co

rt
ex

-
am

yg
da

la
tr

an
si

ti
on

zo
ne

(a
ft

er
on

e
m

on
th

)

:
A

l-
G

ho
ul

et
al

.
(1

99
7)

S
el

f
su

st
ai

ne
d

li
m

bi
c

st
at

us
ep

il
ep

ti
cu

s
ra

ts
M

ol
ec

ul
ar

la
ye

r
of

hi
pp

oc
am

pu
s

:
M

at
he

rn
et

al
.

(1
99

8a
)

P
il

oc
ar

pi
ne

m
od

el
of

sp
on

ta
ne

ou
s

li
m

bi
c

ep
il

ep
sy

in
ra

ts
H

ip
po

ca
m

pa
l

fa
sc

ia
de

nt
at

e,
S

ub
ic

ul
um

:
M

at
he

rn
et

al
.

(1
99

8b
)

(c
on

ti
nu

ed
)

670 M. Ghasemi and A. R. Dehpour



T
ab

le
32

.1
(c

on
ti

nu
ed

)

N
M

D
A

R
su

bu
ni

t
A

ni
m

al
m

od
el

of
se

iz
ur

e
B

ra
in

re
gi

on
R

es
ul

t
R

ef
er

en
ce

G
lu

N
2C

H
ip

po
ca

m
pa

l
ki

nd
li

ng
in

ra
ts

C
A

3
py

ra
m

id
al

ce
ll

s
of

hi
pp

oc
am

pu
s

$
K

ra
us

et
al

.
(1

99
4)

A
m

yg
da

lo
id

ki
nd

li
ng

in
ra

ts
S

up
ra

op
it

c
nu

cl
eu

s
(a

ft
er

on
e

m
on

th
)

$
A

l-
G

ho
ul

et
al

.
(1

99
7)

A
ud

io
ge

ni
c

se
iz

ur
e

in
al

bi
no

S
w

is
s

m
ic

e
ac

ou
st

ic
al

ly
pr

im
ed

at
10

da
ys

C
en

tr
al

nu
cl

eu
s

of
th

e
in

fe
ri

or
co

ll
ic

ul
us

:
tr

an
si

en
t

M
ar

ia
no

w
sk

i
et

al
.

(1
99

5)
G

lu
N

2D
H

ip
po

ca
m

pa
l

ki
nd

li
ng

in
ra

ts
C

A
3

py
ra

m
id

al
ce

ll
s

of
hi

pp
oc

am
pu

s
$

K
ra

us
et

al
.

(1
99

4)
A

m
yg

da
lo

id
ki

nd
li

ng
in

ra
ts

S
up

ra
op

it
c

nu
cl

eu
s

(a
ft

er
on

e
m

on
th

)
;

A
l-

G
ho

ul
et

al
.

(1
99

7)

32 Targeting NMDA Receptors in Epilepsy 671



evoked seizure, (Kraus et al. 1994) observed that kindling induced a 2.8-fold
elevation in the number of binding sites for the competitive NMDAR antagonist 3-
[(±)-2-(carboxypiperazine-4-yl)][1,2-3H-]propyl-1-phosphonic acid (3H-CPP). In
situ hybridization also showed that in amygdaloid kindled rats, there was an
increase in the GluN2B and decrease in GluN2D subunit mRNA levels in the
neuroendocrine cells of the supraoptic nucleus 1 month after kindling, whereas
GluN1 and GluN2C mRNA levels did not change (Al-Ghoul et al. 1997). Seizure
can rapidly and significantly increase GluN1 mRNA and protein expression in rat
cerebral cortex (Jensen et al. 1997). Northern blots showed a sustained increase in
cortical mRNA for GluN1 in the amygdaloid Kindled rats (Kikuchi et al. 2000).
Using in situ hybridization histochemistry Gerfin-Moser et al. (Gerfin-Moser et al.
1995) demonstrated that picrotoxin (500 lM, for 2 days) decreased GluN2A and
GluN2B mRNA levels in the rat hippocampal slice cultures, without any change in
the GluN1 mRNA. Mathern et al. (1998a), using both kindled animals and self
sustained limbic status epilepticus (SSLSE) rats, found that the molecular layer of
hippocampus in SSLSE rats with spontaneous seizures demonstrated higher levels
of GluN2A and GluN2B immunoreactivity in comparison with kindled animals
and controls. They suggested that hippocampal GluN2A and GluN2B mRNAs and
proteins are differentially increased in association with spontaneous, but not kin-
dled, seizures (Mathern et al. 1998a). Based on the other observation, hippocampal
GluN1 and GluN2B mRNA levels changed as rats progressed from the latent to
chronic seizure phase in pilocarpine model of spontaneous limbic epilepsy and
GluN1 subunit alterations correlated with mossy fiber sprouting (Mathern et al.
1998b). In the KA-induced model of limbic seizure in rats, KA-induced seizures
decreased GluN1 mRNA level in CA1 and CA3 pyramidal cells, but not dentate
gyrus, at 24 and 72 h after drug injection (Lason et al. 1997). Pilocarpine-induced
seizures significantly reduced both CA1 pyramidal cells and dentate gyrus at 24
and 72 h, and CA3 at only 72 h after drug injection. The binding of [3H]MK-801
was not changed at 3 h after pilocarpine injection, whereas it was decreased in
stratum lucidum at 3 and 24 h after drug injection (Lason et al. 1997). These data
indicate some differences in hippocampal NMDAR regulation in pilocarpine and
KA models of limbic seizures.

DBA/2 mice are prone to audiogenic seizures and in these animals GluN1
antisense administration causes a short-term anticonvulsant protection; with sei-
zure response gradually returning to control levels 12–24 h following the termi-
nation of antisense administration. Autoradiography has also shown that GluN1
subunit levels significantly decrease in the retrosplenial cortex and the overall
cortex after GluN1 antisense administration (Chapman et al. 1996). In albino
Swiss mice acoustically primed at 10 days, some subsequently show audiogenic
seizures at 20 days. These sound sensitive mice show a marked transient
expression of GluN2C in the central nucleus of the inferior colliculus (not seen in
the non-sensitive mice) and a doubling of the expression of GluN1 (Marianowski
et al. 1995). Therefore, the audiogenic susceptibility may be associated with the
transient expression of the GluN2C subunit during a brief neonatal period during
which synaptic reorganization happens (Marianowski et al. 1995). In the cortex of
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rats with absence type seizures, the response to NMDA appears to be elevated
(Pumain et al. 1992). Study on ethanol withdrawal seizures revealed that chronic
ethanol administration results in increased levels of [3H]MK-801 recognition sites
on NMDARs (Morrow et al. 1994). Because MK-801 labels all NMDARs so the
change presumably reflects a change in the number of receptors not only in the
recognition sites. However, GluN1 subunit mRNAs did not change following
chronic ethanol exposure in rat cortex or hippocampus (Morrow et al. 1994).

32.5 NMDAR Antagonists for Control of Seizure

32.5.1 Felbamate

Felbamate is submitted to the antiepileptic drug development programme within
the epilepsy branch of the National Institute of Neurological Disorders and Stroke
in 1982 (Graves 1993). Several mechanisms might be involved in the anticon-
vulsant effects of felbamate:

(a) Blockage of voltage-sensitive Na+ or Ca2+ channels (Stefani et al. 1996;
Taglialatela et al. 1996).

(b) Increase in the GABA-induced chloride currents (Rho et al. 1994).
(c) The excitatory glutamatergic NMDAR can also be involved in the antiepileptic

effects of felbamate and the drug acts as an NMDAR inhibitor in the CNS.
However, the exact site of action is still unclear. Felbamate may bind to the
strychnine-insensitive glycine site (McCabe et al. 1993; Subramaniam et al.
1995; White et al. 1995) or to a site within the NMDAR channel pore and act
as an open-channel blocker (Rho et al. 1994). There is also evidence that
felbamate is a non-competitive, allosteric inhibitor with some modest selec-
tivity for GluN2B-containing receptors that might also associate with the
channel pore (Harty and Rogawski 2000; Kleckner et al. 1999).

Although the exact mechanisms underlying the anticonvulsant effects of fel-
bamate has not been demonstrated, some investigators have suggested that fel-
bamate can decrease seizure susceptibility mainly through inhibition of Ca2+

currents through either NMDAR or voltage-gated Ca2+ channels (for review see
(Stefani et al. 1997)). Several clinical trials of felbamate as a second generation
antiepileptic drug was done before its approval by the U.S. Food and Drug
Administration (FDA) in 1993 (Faught et al. 1993; Leppik et al. 1991; Sachdeo
et al. 1992; Theodore et al. 1991). Felbamate has also been studied in Lennox-
Gastaut syndrome in children (Dodson 1993; Kalviainen et al. 1993). Felbamate-
treated patients with Lennox-Gastaut syndrome demonstrate a robust decrease in
the frequency of atonic seizures (drop attacks) and total seizure frequency com-
pared to placebo groups (Dodson 1993). Currently, felbamate is not used as a first-
line AED and generally is used for patients with intractable partial seizures,
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infantile spasms, or Lennox-Gastaut syndromes who are resistant to primary AEDs
(French et al. 1999; Hosain et al. 1997; Hurst and Rolan 1995; Zupanc et al. 2010).
However, it has two rare but serious adverse effects, aplastic anemia and
hepatotoxicity.

32.5.2 Magnesium Sulfate

Clinical observations in patients (Griffiths 1947; Hanna et al. 1960; Randall et al.
1959) and experimental investigations in animals (Kruse et al. 1932) have dem-
onstrated that magnesium (Mg2+) depletion causes a marked irritability of the
nervous system, eventually leading to epileptic seizures or increasing suscepti-
bility to seizure-inducing stimuli (Buck et al. 1976; Greenberg and Tufts 1934).
Mg2+ level in serum and CSF were significantly lower in patients with grand mal
epilepsy than in controls (Babel et al. 1973; Govil et al. 1981; Sinert et al. 2007).
Serum and CSF Mg2+ levels fell with increasing duration and frequency of sei-
zures. Within the brain, Mg2+ preferentially accumulates within the cortex and
hippocampus (Hallak 1998). Magnesium sulfate enters the cerebrospinal fluid and
brain after systemic administration (Hallak 1998). The significant rise in brain
Mg2+ concentration is associated with an elevation of the seizure threshold and a
marked resistance of the animal to electrically as well as NMDA-stimulated
hippocampal seizures (Hallak 1998). Mg2+ blocks Ca2+ within NMDAR channel.
When the Mg2+ blockade is relieved by cellular depolarization, the channel is
unblocked and Ca2+ and Na+ enter the postsynaptic neuron as potassium exits
(Stephenson 2006).

As summarized in Table 32.2, systemic administration of Mg2+ exerts an
anticonvulsant effect against experimentally induced epileptic foci in cats and dogs
(Borges and Gucer 1978), status epilepticus (Mikati et al. 2006), audiogenic and
PTZ-induced clonic seizure (Bac et al. 1993; Ghasemi et al. 2010a; Safar et al.
2010), and NMDA-induced hippocampal seizures (Cotton et al. 1993) in rodents.
In humans, Mg2+ is an effective treatment for the seizures of neonatal tetany
(Turner et al. 1977) and eclampsia (Euser and Cipolla 2009) and possibly for those
associated with ethanol withdrawal and acute intermittent porphyria (Sadeh et al.
1991; Taylor 1981). In spite of its effectiveness in controlling the hyperexcitability
and seizures associated with toxemia of pregnancy, there is still some controversy
over magnesium’s merits as an anticonvulsant (Kaplan et al. 1990; Tso and Barish
1992). Mg2+ may be helpful in potentiating the therapeutic effects of adrenocor-
ticotropic hormone on infantile spasms (or West syndrome) (Zou et al. 2010).
Intravenous Mg2+ therapy could improve refractory epilepsy with recurrent status
epilepticus and episodes of epilepsia partialis continua in two patients with
juvenile-onset Alpers’ syndrome (Visser et al. 2011).
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32.5.3 Remacemide

Remacemide hydrochloride is a racemate. The two enantiomers of remacemide
and those of APL 12495AA have been tested for their anticonvulsive properties
and the potency of the drugs were different depending on the route of adminis-
tration and type of seizure test (Garske et al. 1991; Palmer et al. 1991). Both
remacemide hydrochloride and APL 12495AA displace [3H]MK-801 binding from
the synaptic membrane fractions of the rat cerebral cortex and hippocampus (Ray
et al. 1992). Another binding studies using [3H]desglycinylremacemide demon-
strated a binding site within the NMDAR ion channel, which is supposed to be
associated with the benzomorphan attachment site of the NMDAR (Ahmed et al.
1999). Both remacemide and APL 12495AA inhibit NMDA-induced responses in
a variety of preparations such as cultured rat hippocampal neurons (Subramaniam
et al. 1993) and cortical wedges prepared from audiogenic seizure-prone DBA/2
mice (Hu and Davies 1995). Besides acting on NMDARs, both remacemide and its
metabolite are potent Na+ fast-channel blockers (Norris and King 1997; Santangeli
et al. 2002). It is likely that synergism between these two actions occur. Addi-
tionally, because of the relatively low affinity of remacemide and its metabolite to
the NMDAR, the anticonvulsant effects of these agents may be due to their effects
on Na+ channels. A possible partial blockade of potassium channels has also been
suggested (Norris and King 1997).

Remacemide reduces pyramidal cell damage in the CA3 and CA1 subregions of
the hippocampus in a model of rat status epilepticus (Halonen et al. 1999). As
summarized in Table 32.2, remacemide and APL 12495AA have anticonvulsant
property in a number of animal models. However, remacemide had no significant
protection against bicorneal kindled seizures and those induced by PTZ, bicu-
culline, picrotoxin, and strychnine (Garske et al. 1991; Palmer et al. 1992; Stag-
nitto et al. 1990) or by acute heat stress (Palmer et al. 1998). Many clinical studies
on refractory epilepsy patients have also investigated remacemide as an adjuvant.
In a double blind placebo-controlled cross-over study with remacemide as
adjunctive therapy in 28 patients with refractory seizures, one-third of the patients
showed a reduction in seizure frequency by 50 % or more and four patients were
free of seizures during remacemide medication (Bialer et al. 1999). Other study
(Owen et al. 1992) also found a significant improvement in the appearance of the
EEG recordings of epileptic patients after remacemide treatment. Other placebo-
controlled trial on adult patients with refractory epilepsy showed that remacemide
as an add-on therapy significantly increased the percentage of responders (defined
as, at least, 50 % reduction in seizure frequency) compared with placebo (Chad-
wick et al. 2002). Adjunctive remacemide treatment was associated with a higher,
dose-related responder rate than that observed in placebo-administered patients
(Jones et al. 2002). Remacemide had therapeutic activity as monotherapy in
patients with refractory epilepsy following pre-surgical assessment (Devinsky
et al. 2002). However, there is some evidence that remacemide is not beneficial in
newly diagnosed epilepsy compared to other AEDs such as carbamazepine (Brodie
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et al. 2002), questioning efficacy of remacemide as monotherapy. Remacemide has
some side effects such as dizziness, somnolence, and gastrointestinal symptoms,
when the drug is given as monotherapy. Adjunctive therapy with the conventional
AEDs carbamazepine and/or phenytoin might result in diplopia and fatigue (Bialer
et al. 1999).

32.5.4 Ketamine

Ketamine has a low affinity for the NMDAR at the phencyclidine site within the
ionotropic channel (Harrison and Simmonds 1985; Mealing et al. 1999), with slow
non-selective open-channel blocking/unblocking kinetics, and a specific type of
channel closure, called ‘‘trapping block’’ (Machado-Vieira et al. 2009). As early as
1965, it was found that ketamine suppresses convulsions induced by electrical
stimuli as well as those induced by intravenous infusion of CNS stimulants such as
PTZ or caffeine (McCarthy et al. 1965). Since then many studies have observed
that ketamine has anticonvulsant effects in many animal models of seizure
(Table 32.2). Infusions of ketamine into the substantia nigra pars reticulata of adult
rats also increases the latency of onset to seizures induced by ether flurothyl
(Wurpel et al. 1992). Ketamine can act synergistically with AEDs such as val-
proate and carbamazepine to decrease the MES-induced seizures in mice (Boro-
wicz et al. 2004). Other studies also demonstrated synergistic anticonvulsant
action of diazepam and ketamine in status epilepticus induced by either lithium-
pilocarpine (Martin and Kapur 2008) or kainic acid (Vermoesen et al. 2010).
Ketamine in association with atropine sulfate could be highly effective in the
delayed treatment of severe soman intoxication (Dorandeu et al. 2007).

Ketamine consistently suppressed focal seizures on neocortical and hippo-
campal epileptogenic loci in cats but was ineffective in modifying interictal epi-
leptogenic activity both at the primary and mirror focus (Celesia and Chen 1974).
It (50–100 mg/kg, i.p.) also reduces the intensity of picrotoxin convulsions and
eliminates metrazol-induced seizures (Myslobodsky et al. 1981). Both application
of ketamine blocked penicillin-induced, synchronized after discharges in immature
rat CA3 hippocampal neurons, and depressed intracellular depolarizations pro-
duced by iontophoretic application of NMDA (Brady and Swann 1986). Ketamine
decreases epileptiform activity in both CA1 and CA3 regions of the rat hippo-
campus (Lee and Hablitz 1990; Mikolasova et al. 1994). Moreover, ketamine
reduces cell loss in the hippocampus of post-status epilepticus rats (Cunha et al.
2009), blocks epileptiform activity induced by alkalosis in rat neocortical slices
(Aram and Lodge 1987), decreases 4-aminopyridine- or picrotoxin-or ‘‘magne-
sium free’’-induced epileptogenic activity in hippocampal slices of rats (Kohr and
Heinemann 1989; Sagratella et al. 1987), attenuates epileptogenic responses in a
synaptic and a non-synaptic model of epileptogenesis in the CA1 region of the
hippocampal slice (Ashton et al. 1988), and has anticonvulsant effects on different
patterns of epileptiform activity in rat temporal cortex slices (Zhang et al. 1994).
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Degeneration of thalamic neurons caused by persistent seizure activity in the
corticothalamic tract (putative glutamergic transmitter pathway) is prevented by
ketamine or MK-801, despite the failure of these agents to eliminate persistent
electrographic seizure activity recorded from cortex and thalamus (Clifford et al.
1989). Ketamine as well as other NMDAR antagonists (MK-801 and phencycli-
dine) could protect against kainic acid-induced seizure-related rat brain damage
(Clifford et al. 1990). Another study reported a 23-year-old man whose refractory
status epilepticus was refractory to standard AEDs and barbiturates, but was
successfully terminated only with intravenous ketamine (Hsieh et al. 2010).

Regarding the effects of ketamine in human, Thompson in 1972 (Thompson
1972) reported that during a study of anesthesia for outpatient surgery, a gen-
eralized grand mal seizures in a 26-year-old woman (who had no history of
neurologic diseases) appeared 2 min after an induction dose of 130 mg ketamine
(i.v.) given for elective abortion. Another study reported the occurrence of
extensor-type seizures in 4 asthmatic patients receiving theophylline within min-
utes following induction of anesthesia with ketamine (Hirshman et al. 1982). In
patients who had depth electrodes implanted in the limbic and temporal regions,
ketamine (2–4 mg/kg, i.v.) caused the pronounced activity in these brain regions
which progressed to electrical seizure phenomena in some of patients (Ferrer-
Allado et al. 1973). However, another study (Corssen et al. 1974) found no evi-
dence that ketamine (1 mg./lb. body weight, i.v.) precipitates generalized con-
vulsions, even in patients with both a history of epilepsy and an abnormal EEG,
but, on the contrary, they observed that ketamine suppresses seizure or seizure-like
EEG discharges in epileptic patients during clinical seizures. Other study showed
that ketamine neither precipitates nor aggravates seizures and is less effective than
natural sleep as an activator of epileptic discharges in epileptic patients (Celesia
et al. 1975). The anticonvulsant activity of ketamine was found in one study in
1968 (Corssen et al. 1968). Davis and Tolstoshev in 1976 also reported the benefit
of ketamine in severe febrile convulsions (Davis and Tolstoshev 1976). Other
study (Sheth and Gidal 1998) described a 13-year-old girl with seizures refractory
to standard status epilepticus protocols, alternative therapeutic strategies, and
4 weeks of pentobarbital coma who achieved control of both clinical and elec-
trographic seizures after ketamine treatment (2 mg/kg bolus; continuous infusion
to a maximum rate of 7.5 mg/kg/h for 14 days). Oral ketamine, administered to
five children with severe epilepsy (Lennox-Gastaut Syndrome, myoclonic-astatic
epilepsy, progressive myoclonic epilepsy, and Pseudo-Lennox Syndrome) during
an episode of non-convulsive status epilepticus (NCSE) resulted in the resolution
of NCSE in all cases within 24–48 h (Mewasingh et al. 2003). A retrospective
series of 6 fatal cases of refractory status epilepticus treated with ketamine sug-
gested some modest efficacy, although there was no mention of the dose regimen
used or duration of therapy (Nathan et al. 2002). A series of seven patients treated
with ketamine for refractory status epilepticus reported electrographic seizure
control in four patients on 0.3–5.8 mg/kg/h infusion (Bleck et al. 2002). In another
study (Ubogu et al. 2003) it was observed that ketamine infusion following low-
dose propofol sedation in 44-year-old man with treated neurosyphilis presented
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with subclinical refractory status epilepticus gradually controlled electrographic
seizures over 72 h. More recent study reported development of refractory status
epilepticus in a 22-year-old woman with mitochondriopathy and pre-existing
epilepsy which was treated with supplemental administration of continuous ket-
amine infusion to midazolam (Pruss and Holtkamp 2008). Therefore, ketamine
seems to be useful in controlling malignant status epilepticus in patients with
disorders particularly predisposing to death from treatment-resistant status
epilepticus.

32.5.5 Amantadine

Amantadine was originally licensed to treat influenza A infections (Davies et al.
1964), and later parkinsonism (Schwab and England 1969). Some evidence indi-
cates that amantadine can inhibit NMDARs (Kornhuber et al. 1991; Lupp et al.
1992). When amantadine is bound in the channel of NMDARs, it increases the rate
of channel closure. As a result, the predominant inhibitory mechanism of aman-
tadine is not blockade of current flow through open channels but rather increasing
occupancy of channel closed states (Blanpied et al. 2005). Early evidence in the
1970s showed that amantadine is able to increase seizure susceptibility in elec-
troshock test and PTZ-induced seizures in mice (Kleinrok et al. 1978; Lazarova
and Roussinov 1979; Lazarova and Roussinov 1978). Amantadine (25 and
100 mg/kg) decreased the anticonvulsant effect of diphenylhydantoin on electro-
shock test (Kleinrok et al. 1980) and inhibited the anticonvulsant effects of sero-
tonin (5-HT) on the PTZ-induced convulsions in mice at 100 mg/kg (Lazarova and
Roussinov 1979). These effects of amantadine were explained by its possible
effects on the central dopaminergic system. However, next study (Kleinrok et al.
1981) demonstrated that amantadine (up to 100 mg/kg) did not affect PTZ-induced
convulsions in mice, but combined treatment of the GABAergic agonist baclofen
(5 mg/kg) and amantadine (100 mg/kg) significantly decreased the number of
animals with tonic seizures induced by PTZ. Subsequent studies found that
amantadine had anticonvulsant property against MES and PTZ-induced tonic
convulsions and NMDA-induced lethality in mice (Geter-Douglass and Witkin
1999; Parsons et al. 1995). Oral amantadine administration (50 and 100 mg/kg)
decreased the human motor cortex excitability in normal subjects (Reis et al.
2006). The NMDAR antagonism seems to be the most relevant effect on cortical
excitability (Reis et al. 2006). Other study (Rohrbacher et al. 1994) revealed that
amantadine (100 lM) decreased the synaptic excitation intrastriatally evoked in
rat neostriatal slices. High doses of amantadine at 200 mg/kg could induce con-
vulsion in mice (Vamvakides 1990).

Amantadine treatment (12–16 week) in ten children with medically refractory
seizures could control myoclonic or atypical absence seizures without alteration
(or even worsened) in tonic–clonic and atonic seizures. Tonic seizures were
controlled in one patient, but worsened in another (Shields et al. 1985). Other
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study in ten adolescents and adults with refractory generalized tonic–clonic,
myoclonic, or absence seizures showed that amantadine combined with AEDs
regimens in weekly increments to 400 mg/day decreased myoclonic or absence
seizures in four patients, whereas it worsened tonic–clonic seizures in three
patients (Drake et al. 1991). It was also reported that add-on amantadine admin-
istration to four children with refractory absence epilepsy led to complete reso-
lution of absence episodes within 1 week (Shahar and Brand 1992). All patients
remained free of symptoms for 27–36 months. An attempt to discontinue the use
of this medication in three children caused a prompt relapse (Shahar and Brand
1992). Other case report (Matsushige et al. 2007) similarly described a girl
refractory childhood absence epilepsy who improved by add-on amantadine
therapy. These reports suggest that amantadine may be beneficial as an augmen-
tation for controlling refractory absence seizures especially in children. However,
high doses of amantadine even induce seizure in patients (Claudet and Marechal
2009) and in animals (Vamvakides 1990).

32.5.6 Memantine

Memantine is a low affinity, uncompetitive, non-selective, open-channel NMDAR
antagonist which enters the receptor channel and blocks the NMDAR-associated
ion channel similar to Mg2+, by binding to or near the Mg2+ binding site. Indeed,
memantine can inhibit the prolonged influx of Ca2+ ions, which forms the basis of
neuronal excitotoxicity. Preliminary animal studies in the early 1980s suggested
that memantine can act as an anticonvulsant drug alone or combined with other
AEDs (Chojnacka-Wojcik et al. 1983; McLean 1987). Subsequent preclinical
studies revealed that memantine had anticonvulsant effects in MES-induced sei-
zures (Chojnacka-Wojcik et al. 1983; Czuczwar et al. 1996; Kleinrok et al. 1995;
Parsons et al. 1995; Urbanska et al. 1992), tonic (but not clonic) seizures in mice
induced by PTZ, bicuculline, picrotoxin, 3-mercaptopropionic acid and NMDA
(Bisaga et al. 1993; Geter-Douglass and Witkin 1999; Lukomskaia et al. 2003;
Lukomskaya et al. 2004; Mares and Mikulecka 2009; Meldrum et al. 1986; Par-
sons et al. 1995), cocaine-induced convulsions in mice (Brackett et al. 2000),
ethanol withdrawal-associated audiogenic seizures in rats (Bienkowski et al.
2001), soman-induced seizures in rats (Deshpande et al. 1995; McLean et al. 1992;
Shih et al. 1999), electrically precipitated tonic hind-limb extension in mice
(Deutsch et al. 1997), and audiogenic convulsions in Krushinskii-Molodkina strain
rats at 5–10 mg/kg (Vataev et al. 2009; Vataev et al. 2010). Memantine can
potentiate anticonvulsant effects of AEDs such as valproate in MES test (Urbanska
et al. 1992). Memantine also reduces the spontaneous absence-like paroxysms in
the cortical EEG of rats (Frey and Voits 1991), the synaptic excitation intrastri-
atally evoked in rat neostriatal slices (Rohrbacher et al. 1994), and NMDA- or
Mg2+ free-induced epileptiform activity in area CA1 of guinea pig hippocampal
slices (Apland and Cann 1995). Memantine protects against
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diisopropylphosphorofluoridate (an organophosphate compound)-induced seizures
and dendritic degeneration of pyramidal neurons in the CA1 hippocampal area in
rats (Zaja-Milatovic et al. 2009). Acute memantine (20 mg/kg) significantly
retarded the progression of the dystonic attack in a mutant hamster model of
paroxysmal dystonia (Richter et al. 1991). Although memantine was ineffective
against amygdala kindling in rats when given alone (5–10 mg/kg) (Loscher and
Honack 1990, 1994), co-administration of memantine with the AMPA receptor
antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline) had an
over-additive anticonvulsant effect in the kindling model of epilepsy (Loscher and
Honack 1994). This observation may suggest that blockade of both NMDA and
AMPA receptors could be a better therapeutic approach for controlling seizures.
Accordingly, Gmiro and Serdyuk (Gmiro and Serdyuk 2008) have recently
reported that although memantine decreased 4-fold the incidence of PTZ-induced
generalized tonic–clonic seizures in rats, IEM-1913 (combined blockade of
NMDA and AMPA receptors in the brain) decreased the incidence of PTZ-induced
clonic and tonic–clonic seizures in rats by 4–8 times. However, some studies have
reported that memantine may cause seizure in patients. For instance, a case report
(Peltz et al. 2005) described that a 72-year-old Caucasian woman, taking me-
mantine for Alzheimer’s disease, was admitted to the hospital with new-onset,
generalized tonic–clonic seizure. After memantine was discontinued, the distur-
bance resolved and increased D waves on the patient’s EEG were improved (Peltz
et al. 2005). The clinical data regarding the anticonvulsant effects of memantine is
scarce and more trials are needed in this regard.

32.6 Conclusion

A huge number of investigation have indicated that NMDAR-mediated Ca2+

signaling plays a pivotal role in seizure phenomena, although more studies are
clearly needed to demonstrate that pathology of NMDARs underlies epilepsy.
Considering animal seizure models, NMDAR antagonists may be effective anti-
convulsants. The early and most obvious approach to the development of
NMDAR-targeting drugs for the treatment of neurological diseases such as epi-
lepsy was to directly target the NMDAR itself. Three major classes of antagonists
can be distinguished based on their site of action: competitive antagonists that act
at the glutamate or glycine-binding site, non-competitive NMDAR allosteric
inhibitors that act at other extracellular sites, and NMDAR channel blockers that
bind to sites within the NMDAR channel pore. Many compounds modulate
NMDAR activity by binding to these various extracellular sites and their use in
basic neuroscience research has contributed substantially to our understanding of
NMDAR function. However, few NMDAR antagonists have been used in clinical
trials for evaluation of their efficacy on controlling seizures in patients with epi-
lepsy. Some of NMDAR antagonists such as ketamine and magnesium sulfate can
be used clinically for controlling status epilepticus and eclampsia-related seizures,
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respectively, whereas many other agents have not been evaluated in the clinical
trials yet. Moreover, some studies have indicated that combination of AEDs with
NMDAR antagonists (such as memantine) may be a promising strategy to improve
the anticonvulsive effects, both for the conventional AEDs and the NMDAR
antagonist.
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Chapter 33
Nicotinic AChR in Congenital Myasthenic
Syndromes

Francesca Grassi and Sergio Fucile

Abstract About 20 % of the identified cases of congenital myasthenic syndromes
are due to defects causing overstimulation of endplate ACh receptors, with con-
sequent excessive Ca2+ entry, endplate structural damage, and impairment of the
neuromuscular transmission. Overstimulation arises from extended dwelling of
ACh in the synaptic cleft because of absence of acetylcholine esterase or from
prolonged activation of ‘‘slow-channel’’ mutant ACh receptors. The high Ca2+

permeability of human endplate ACh receptor, recently described, likely predis-
poses to excitotoxic damage. The good knowledge of ACh receptor function has
allowed molecular understanding of the defects introduced in channel kinetics and
Ca2+ permeability by slow-channel mutations and the design of efficient thera-
peutic strategies. These forms of congenital myasthenic syndrome are treated by
limiting ACh-induced cation entry, thus preventing endplate degeneration. Several
molecules of wide clinical use, such as fluoxetine and quinidine, but also verap-
amil and salbutamol modulate ACh receptor kinetics and ion selectivity and may
be used to lower ACh-evoked responses in these patients. In this contribution we
summarize the main findings in the field.

33.1 Congenital Myasthenic Syndromes

Congenital myasthenic syndromes (CMS; phenotype MIM #608931) are rare
inherited disorders in which the safety margin at the neuromuscular junction is
compromised by specific defects in genes encoding proteins involved in neuro-
muscular transmission (Fig. 33.1a). To date, about 500 kinships bearing CMS have
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been identified worldwide (Beeson et al. 2005), with mutations in at least 14 genes
(Engel 2012b), and over 1,000 cases indexed in the main referral centers in Europe
and USA (Chaouch et al. 2012). All CMS forms recognized to date are caused by
loss-of-function mutations, with autosomal-recessive inheritance, except for slow-

Fig. 33.1 a Presynaptic, synaptic and postsynaptic proteins causing congenital myasthenic
syndromes identified by end 2012. ChAT: choline acetyltransferase; MuSK: muscle specific
protein kinase; Dok-7: downstream of tyrosine kinase 7; GFPT1: glutamine–fructose-6-phosphate
transaminase 1, b Schematic structure of AChR pentamer and of each subunit. Slow-channel
mutations are listed by the region in which they fall, according to the same color code. Mutation
eDS278 was initially reported as eL78P, but later corrected (Croxen et al. 2002; Shelley and
Colquhoun 2005), c Cascade leading to endplate myopathy and myasthenic symptoms in AChE
deficiency and slow-channel CMS forms
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channel syndromes, caused by gain-of-function mutations in acetylcholine (ACh)
receptor (AChR) protein (Beeson et al. 2005; Engel 2012b). In general, patients
experience fatigable weakness involving ocular, bulbar, and limb muscles. Dec-
remental amplitude of compound muscle action potential (CMAP) upon repetitive
nerve stimulation at 2- to 3-Hz is also a common finding. Single fiber electro-
myography documents abnormal jitter in most patients. Symptoms are usually—
but not always—present since infancy or early childhood and similarly affected
relatives may exist, in line with the genetic origin of the disease (Chaouch et al.
2012; Engel 2012a).

Pathogenic mutations occur in proteins of the presynaptic region (mostly
choline acetyltransferase enzyme, ChAT), the synaptic cleft (causing deficiency of
acetylcholine esterase, AChE), or in postsynaptic proteins, usually AChR subunits
or proteins involved in endplate assembly (Fig. 33.1a). About 50 % of known
CMS cases are caused by mutations in AChR genes (Chaouch et al. 2012), causing
reduced expression and/or kinetic defects.

Muscle nicotinic AChRs are pentameric proteins made up by 2(a1)b1ed subunits
at mature endplate (e-AChR), by 2(a1)b1cd subunits (c-AChR) in noninnervated
muscle fibers. Each subunit, encoded by a distinct gene, is formed by 4 trans-
membrane a-helixes, with M2 segment lining the channel pore (Fig. 33.1b).

Reduced expression is caused by frameshift or missense mutations that alter
subunit translation or pentameric assembly, resulting in reduced AChR membrane
incorporation. Loss-of-function mutations occurring in the c subunit are responsible
for some cases of Multiple Pterygium Syndrome, a severe prenatal condition causing
deformity, disability or even stillbirth (Vogt et al. 2012). AChR kinetic defects can
be broadly divided into two classes: those shortening channel activity (fast-channel
syndromes) and those leading to prolonged activity (slow-channel forms).

Loss-of-function mutations become clinically apparent when both alleles of a
single AChR subunit carry pathogenic mutations, preventing formation of fully
functional AChRs. In several cases, patients are homozygous, possibly because of
consanguineous marriages (Burke et al. 2004). Low-expression mutations occur
predominantly, although not exclusively, in the e subunit, as compensatory
expression of the c subunit attenuates the phenotype. Apparently, low-expression
mutations in both alleles of a, b, or d subunits are lethal in early embryo devel-
opment, except for few, very severe cases (Burke et al. 2004; Engel et al. 2010).

Unsurprisingly, reduction of AChR expression or activity results in deficient
neuromuscular transmission and myasthenic symptoms, which have no specific
clinical signature (Engel 2012a), and are adequately treated by drugs that block the
activity of AChE or increase ACh release, thereby returning endplate depolar-
ization to supra-threshold levels.

How congenital AChE deficiency, accounting for about 15 % of all CMS cases
(Engel 2012b) or slow-channel AChR mutations, causing around 5 % of known
CMS cases (Chauch et al. 2012), result in myasthenia may be counterintuitive, since
both conditions produce endplate overstimulation. Indeed, in these CMS forms
pathology is secondary to excitotoxic endplate damage: sustained cation influx
through endplate AChR-channels causes Ca2+ overloading, which triggers Ca2+-
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induced degenerative events of the endplate fine structure (Fig. 33.1c), degeneration
of the junctional folds and AChR loss. These CMS forms also share a key diagnostic
signature: in most patients a single nerve stimulus evokes repetitive CMAP. AChE
inhibitors worsen this abnormal response in case of slow-channel mutations, while
they are fully ineffective in case of AChE deficiency (Engel 2012a).

In this contribution, we focus on these ‘‘excitotoxic’’ CMS forms, the most
pertinent to a book on Ca2+-related pathologies. For a broader view of CMS, we refer
the readers to the many excellent reviews dealing with the subject (Engel et al. 2003,
2010; Palace and Beeson 2008; Barišić et al. 2011; Lorenzoni et al. 2012).

33.2 Excitotoxic CMS Forms

Clinical evidence of CMS forms due to AChE deficiency or slow-channel AChR
mutations was presented at the end of 1970s (Engel et al. 1977, 1979). At the same
time it was shown that endplate AChR-channels are permeable to Ca2+ ions
(Bregestovski et al. 1979) and that experimental blockade of AChE in mice causes
cationic overloading of the endplate and degenerative changes of its fine structure
in a Ca2+-dependent manner (Salpeter et al. 1979; Leonard and Salpeter 1979).
Ca2+ accumulation at endplates of patients with slow-channel syndrome was soon
recognized (Engel et al. 1982).

In the initial works, electrophysiologic recordings were performed on patients’
muscles, documenting the slowed decay of endplate currents (Engel et al. 1977,
1979), and later the kinetic abnormalities of ACh-gated channels in the case of
slow-channel CMS (Ohno et al. 1995; Sine et al. 1995). In recent years, most
advances in the field have been obtained by heterologous expression of cDNAs
with mutations identified in patients and by the development of transgenic or
knockout animal models of the pathology (Gomez et al. 2002a; Zhu et al. 2011;
Chevessier et al. 2012), although there are important differences in the Ca2+

permeability of mouse and human endplate AChR-channels (see Sect. 33.2.2.3).

33.2.1 AChE Deficiency

This form of CMS derives from abnormal activation of normally functioning,
wild-type AChRs, due to lack of AChE at the neuromuscular junction, because of
mutations in the COLQ gene, encoding the collagen tail domain that anchors
AChE within the basal lamina of the synaptic cleft (Ohno et al. 1998). Enzyme
absence prevents ACh clearance from synaptic space, resulting in repeated acti-
vations of AChR-channels—normally activated only once (Katz and Miledi
1973)—sustained endplate depolarization and repetitive CMAP in response to
single nerve stimulations. Reduced or absent tendon reflex together with slow
pupillary response to light is often present in these patients (Mihaylova et al.
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2008). Comprehensive descriptions of this pathology have been published (Mi-
haylova et al. 2008; Palace and Beeson 2008; Engel 2012b; Wargon et al. 2012).
Here, it is important to note that alterations in endplate ultrastructure have been
invariably detected, in patients (Engel et al. 1977; Hutchinson et al. 1993; Wargon
et al. 2012) as well as in COLQ knockout mice (Feng et al. 1999). Presynaptic
abnormalities have also been observed (Engel et al. 1977; Hutchinson et al. 1993),
so that, ultimately, the safety margin of neuromuscular transmission is compro-
mised by reduction of both ACh quantal release and postsynaptic response (Engel
2012b). Desensitization of AChR from overexposure to ACh may also contribute
to pathology (Engel 2012b). It must be noted that pre and postsynaptic defects may
also act in a compensatory manner: reduced ACh release results in reduced end-
plate Ca2+ overloading, while prolonged ACh action allows maintenance of neu-
romuscular transmission at damaged junctions. These homeostatic adjustments
would also explain why disease severity is highly variable during the life of single
individuals and across patients, even when carrying the same mutation (see for
example reports by Mihaylova et al. 2008; Wargon et al. 2012).

33.2.2 Slow-Channel AChR Mutations

The name of this form of CMS refers to the slow time course of endplate currents
that outlast the presence of free ACh in the synapse, due to abnormally long
channel openings (Fig. 33.2a). In transfected cells, this phenomenon is evident in
the form of deactivation currents, which are still measurable tens of milliseconds
after ACh removal (Fig. 33.2b). In vivo, stimulation at physiologic rates causes
superimposition of prolonged endplate potentials, resulting in a progressive
depolarization block of the postsynaptic membrane. The sustained endplate

Fig. 33.2 a Prolonged openings (upward deflections) of several slow-channel mutant AChRs in
cell-attached recordings on transfected GH4C1 cells, b Macroscopic responses show a prolonged
deactivation current upon ACh removal in outside-out patches expressing slow-channel mutant
but not wild-type AChR
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currents cause cationic overloading of the postsynaptic region and endplate
myopathy, clearly visible in muscle biopsies (Engel 2012b).

In the last two decades, many mutations leading to slow-channel syndrome
have been identified (Fig. 33.1b) and their functional consequences described in
details. Most are found in the pore-lining M2 segment of the e subunit (Fig. 33.1b).
Preferential localization in the e subunit might be due to the fact that it is expressed
late in development (after the 16th gestational week in humans, Hesselmas et al.
1993), and therefore mutations do not interfere with early embryonic development.
Moreover, expression of c-AChR, often observed in slow-channel CMS patients
(Ohno et al. 1995), can have a compensatory role.

Slow-channel mutations have little effect on AChR expression (Engel 2012b). A
slight increase (less than 10 %) of channel conductance has been reported for some
slow-channel mutations (Croxen et al. 1997; Milone et al. 1997), but the contribution
of this alteration to the pathogenic cascade—if any—has not been examined.

33.2.2.1 Causes of Kinetic Defects

As expected for gain-of-function mutants, ACh efficacy is increased for all slow-
channel mutations tested (Hatton et al. 2003; Navedo et al. 2006; Di Castro et al.
2007; Moriconi et al. 2010), as revealed by a leftward shift in the ACh concen-
tration—current response curve. Equivalent shifts were found by ACh competition
assays of a-bungarotoxin binding (Sine et al. 1995; Engel et al. 1996; Milone et al.
1997; Fidzianska et al. 2005; Shen et al. 2006). In various cases, the molecular
bases for this effect have been mechanistically derived from single channel studies.

Several mutations affect ACh binding, reducing the rate of agonist dissociation
from AChR, thus leading to multiple channel openings before ACh dissociates from
AChR. This behavior was initially demonstrated for mutations at N-terminal domain
of the a subunit such as aG153S (Sine et al. 1995) and aN217K (Wang et al. 1997),
but soon observed also for mutations in other domains, for instance the aV249F
mutation in M2 (Milone et al. 1997), or even in M1 domain of other subunits, for
instance eL221F (Hatton et al. 2003) and bV229F (Navedo et al. 2006) or eDS278 in
the extracellular M2–M3 linker (Shelley and Colquhoun 2005). Channel gating is
also enhanced in several instances, increasing the opening rate, as has been docu-
mented for mutations in several domains of the alpha subunit (see Fig. 33.1 for the
localization): aV249F (Milone et al. 1997), aS269I (Grosman et al. 2000), aC418W
(Shen et al. 2006), and possibly also aV156M and aT254I (Croxen et al. 1997).
Alterations in channel gating have been reported also for bV229F (Navedo et al.
2006). Spontaneous channel openings, indicative of destabilization of the AChR-
closed conformation, have been documented for eT264P, bV266M, and aV249F
mutations (Ohno et al. 1995; Engel et al. 1996; Milone et al. 1997), and contribute to
pathology by causing continuous cation leakage into the endplate (Engel et al. 2003).
However, other mutations, namely aV156M, aT254I, and aS269I (Croxen et al.
1997) do not favor spontaneous openings, indicating that this is not an obligate
consequence of slow-channel mutations.
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Slow-channel kinetics together with delayed channel openings has been
reported for dS268F mutation, at least when engineered in mouse AChR (Gomez
et al. 2002b). No mechanistic insight has been provided for some mutations,
including the recently reported eV259L (Outteryck et al. 2009) or bL262M (Go-
mez et al. 1996), which involves a very conserved leucine residue with a strong
impact on the function and Ca2+ permeability of neuronal AChRs (Fucile 2004;
Fucile et al. 2000). However, data summarized above clearly show that the precise
mechanism of action of each mutation correlates poorly with its position.

33.2.2.2 AChR Desensitization

In the continuous presence of ACh, AChR undergoes desensitization, a reversible
decrease in response (Katz and Thesleff 1957; for a recent review see Giniatullin
et al. 2005). In the case of endplate AChR, desensitization is unlikely to play
important roles under physiological conditions, but it contributes to shape synaptic
response in AChE deficiency CMS, when ACh remains in the synaptic cleft for
several milliseconds. In the case of slow-channel CMS, the situation is more com-
plicated. Katz and Thesleff (1957) showed that ACh affinity is higher for the
desensitized than for active conformations. Thus, the high affinity observed in a-
bungarotoxin binding studies has been interpreted as evidence of an increased rate of
desensitization for slow-channel mutant AChRs (see for instance Sine et al. 1995;
Engel et al. 1996). However, when looking at this issue from a functional point of
view, different conclusions can be reached. Current decay because of AChR
desensitization can be faster, slower, or equal to that of wild-type AChR responses,
depending on the mutated subunit and on the specific mutation (Di Castro et al. 2007;
Moriconi et al. 2010; Piccari et al. 2011). In general, no univocal relation exists
between current decay rate and enhancement in a-bungarotoxin binding. For
instance, binding is enhanced 10 times for both eL269F- and eV259F-AChRs (Engel
et al. 1996; Fidzanska et al. 2005), but current decay rate is accelerated only for the
latter (Di Castro et al. 2007; Piccari et al. 2011). As a whole, the altered kinetics of
mutant AChRs is such that entrance into a desensitized state may occur at a phys-
iologically relevant rate even in the absence of ACh (Elenes et al. 2006), influencing
synaptic responses. It must be noted that although slow-channel AChR desensiti-
zation is a factor that contributes to failure of neuromuscular transmission, it also
mitigates cationic overload, thus protecting endplates.

33.2.2.3 Ca2+ Permeability of Muscle AChR

Two independent experimental methods are commonly used to measure the Ca2+

permeability of ligand-gated channels, including AChR-channels. The first (from
an historical point of view) approach measures the shift in the reversal potential of
transmitter-evoked currents upon changes of the extracellular Ca2+ concentration,
to obtain the permeability ratio PCa/PCs or PCa/PNa using the Goldmann-Hodgkin-
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Katz constant field assumptions (Lassignal and Martin 1977; Lewis 1979). The
other method measures the percentage of the total transmitter-evoked current
carried by Ca2+ ions, the so-called ‘‘fractional Ca2+ current’’ (usually indicated as
Pf), by simultaneously recording fluorescence signals, and transmembrane currents
(Zhou and Neher 1993; Neher 1995). Being independent of theoretical assump-
tions and considering that the hypothesis of ion independence—central to Gold-
man-Hodgkin-Katz model—does not hold for some receptors, including muscle
AChRs (Lewis 1979), Pf values are usually considered as more reliable measures
of Ca2+ permeability (Burnashev et al. 1995).

Both methods univocally show that for wild-type AChRs, Ca2+ permeability
depends on subunit composition (Fucile 2004). Muscle AChRs are no exception:
c-AChRs have lower Ca2+ permeability than e-AChRs (Table 33.1). The difference
has been described for mouse and rat (PCa/PCs * 0.2, Pf * 2 % vs. PCa/
PCs * 0.45, Pf * 4–7 %) in both native and heterologous systems (Villarroel and
Sakmann 1996; Cens et al. 1997; Ragozzino et al. 1998) and confirmed for human
AChRs (Fucile et al. 2006b). Moreover, the wild-type human e-AChR is much
more permeable to Ca2+ than its mouse counterpart, as shown by both higher Pf

and PCa/PCs (Fucile et al. 2006b; Di Castro et al. 2007). This difference depends
entirely on the e subunit, as the chimeric receptor containing human a, b, and d
subunits but mouse e subunit has the same Pf of mouse e-AChR (Fucile et al.
2006b). Given this difference, we here refer only to studies of Ca2+ permeability
performed on human mutant slow-channel AChRs.

In agreement with the pivotal role of the e subunit in controlling divalent cation
permeability, several slow-channel mutations occurring in the e subunit (but not in
a or b subunits; d mutants have not been tested yet) affect Ca2+ permeability of
human mutant AChR-channels (Table 33.1). Out of five slow-channel mutations in
the human e subunit tested to date, only one (eV265A) has no effect, while three
(eV259F, eT264P, eL269F) enhance and one reduces (eI257F) Ca2+ permeability
of AChR (Fucile et al. 2006b; Di Castro et al. 2007; Piccari et al. 2011). The
central role of e subunit is further emphasized by the observation that Pf is not
affected by mutation aV249F (Fucile et al. 2006a, b), although it involves the
residue corresponding to eV259F, which has a large impact on Ca2+ permeability.
All these mutations reside in the M2 transmembrane domain, known to be relevant
for ion selectivity of muscle AChRs (Konno et al. 1991) and to influence Ca2+

permeability of neuronal AChRs (Bertrand et al. 1993).
That human e-AChR has the highest Pf value reported for AChRs containing

non-a subunits (Fucile 2004) likely predisposes to endplate cationic overloading
and consequent damage when AChR activation is prolonged. Indeed, Ca2+ per-
meability of human e-AChR is so high that slow-channel mutations remain
pathogenic even when Pf is almost halved, as in the case of eI257F-AChR. This is
not surprising if we consider that Pf for eI257F-AChR is similar to that of mouse e-
AChR, and endplate myopathy occurs in mouse models of slow-channel CMS
(Gomez et al. 2002a; Zhu et al. 2011).
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33.3 Pathways to Excitotoxic Damage

As pointed out above, it is currently accepted that absence of AChE or slow-
channel mutations in AChR lead to enhanced cation influx through endplate
AChR-channels and Ca2+ accumulation. The high Ca2+ permeability of human e-
AChR channel contributes to disrupt Ca2+ homeostasis and trigger Ca2+-induced
toxic events (Fig. 33.1c). Given the large size of muscle fibers and the complex
dynamic of Ca2+ transients in sarcomer/triad compartment, damage remains
restricted to the perisynaptic region. In slow-channel CMS patients and mouse
models, localized and possibly reversible activation of caspases and apoptotic
pathways has been reported (Vohra et al. 2004, 2006). Endplate damage observed
in AChE deficiency patients suggests that a similar cascade may be activated in
these cases, too, but no details are available.

In a transgenic mouse carrying a slow-channel AChR mutation, Ca2+ influx
through endplate AChR is amplified by inositol trisphospate (IP3) mediated Ca2+

release from intracellular stores (Zayas et al. 2007; Zhu et al. 2011). Silencing IP3

receptor by siRNA reverts the endplate damage (Zhu et al. 2011), although the
mechanism linking AChR activation to IP3 mobilization remains unknown. Some

Table 33.1 Ca2+ permeability of human wild-type and slow-channel mutant muscle AChRs

Mutation Pf (%) PCa/PCs References

c-AChR
Human myotubes Wild-type 2.7 Fucile et al. (2006b)
GH4C1 Wild-type 2.9 Fucile et al. (2006b)
GH4C1 aV249F 3.3 Fucile et al. (2006b)
GH4C1 aG153S 2.9 Fucile et al. (2006b)
e-AChR
GH4C1 wild-type 7.2–7.8 0.73 Fucile et al. (2006b,

Di Castro et al. (2007),
Piccari et al. (2011)

GH4C1 aV249F 7.6 Fucile et al. (2006b)
GH4C1 aG153S 7.1 Fucile et al. (2006b)
GH4C1 aC418 W 7.5 Piccari et al. (2011)
GH4C1 bV266A 7.6 Piccari et al. (2011)
GH4C1 bV266 M 6.2 Piccari et al. (2011)
GH4C1 eI257F 4.6a Piccari et al. (2011)
GH4C1 eV259F 15.4a 1.2 Di Castro et al. (2007)
GH4C1 eT264P 11.8a 1.35 Di Castro et al. (2007)
GH4C1 eV265A 7.5 Piccari et al. (2011)
GH4C1 eL269F 10.2a Piccari et al. (2011)

PCa/PCs Bi-ionic permeability ratio, calculated from the shift in the reversal potential of ACh-
evoked currents upon [Ca2+ ]out changes from 0 to 5 mM, Pf percentage of total ACh-evoked
current carried by Ca2+ ions, obtained by simultaneously recording fluorescence signals and
transmembrane currents
a Significantly different from wild type
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differences between mouse and human pathology suggest that caution (and pos-
sibly direct experimental assessment) is necessary before concluding that the same
cascade applies to human disease. First, the human e-AChR has higher Ca2+

permeability than mouse receptor (Fucile et al. 2006b), so that downstream
amplification of Ca2+ influx might be less relevant, or otherwise it might be more
potent. In slow-channel animals spontaneous ACh release and the quantal content
of evoked responses are reduced, indicative of presynaptic remodeling; this defect
is also reversed upon IP3 receptor blockade (Zhu et al. 2011). Conversely, quantal
content was normal in slow-channel patients (see for instance Engel et al. 1996),
coherent with the fact that this is a postsynaptic pathology. Endplate damage is
observed only in transgenic mouse lines with the greatest AChR functional
alterations (Gomez et al. 2002a), while human pathology shows less correlation
with AChR functional changes, and large interindividual differences exist even in
patients carrying the same molecular defect (Palace and Beeson 2008). Possibly,
compensatory mechanisms are different in human and mouse muscles, but Ca2+

signaling might also be differentially fine-tuned in the two species. Thus, it
remains to be established whether participation of IP3 receptor to the pathogenic
cascade of ACh-induced endplate damage is as important in human muscles as it is
in the mouse, and whether IP3-mediated Ca2+ release contributes to endplate
damage also in AChE deficiency.

33.4 Therapy: Clinics and Basic Science

Strictly speaking, ‘‘cure’’ for excitotoxic CMS requires a gene therapy able to
silence the expression of the slow channel-mutated subunit or to restore AChE
deficiency. This goal has been attained to some extent in vitro (Abdelgany et al.
2003; Shen et al. 2006) and in mice (Ito et al. 2012), but remains very distant in
time for human patients. Pharmacological treatment therefore represents the only
currently feasible approach. At variance with all other forms of myasthenia
(congenital or acquired), excitotoxic CMS cannot be treated using AChE blockers,
because the primary pathogenic event is excessive endplate stimulation (so, it is
irrelevant that the target is missing in AChE deficiency). Therefore, therapeutic
interventions must be aimed at limiting ACh-induced cation entry, to prevent
endplate degeneration. Controlling Ca2+ permeability of slow-channel mutant
AChRs might also contribute to decrease the excitotoxic damage, although even a
strong reduction of Pf does not prevent disease (see the case of eI257F mutation).

Building on basic evidence that quinine and fluoxetine are open channel
blockers of AChR (Sieb et al. 1996; Garcia-Colunga et al. 1997), treatment of
slow-channel CMS patients has been introduced, with satisfactory results (Harper
and Engel 1998; Harper et al. 2003). Therapy of AChE deficiency is more
empirical: several patients benefit of treatment with ephedrine (whose use is
restricted in many countries) or salbutamol, but the mechanism of action of these
drugs is presently unknown. In fact, open channel block has been demonstrated for

704 F. Grassi and S. Fucile



wild-type or mutant AChRs only at concentrations far beyond clinically usable
range (Bouzat 1996; Milone and Engel 1996; Piccari et al. 2011).

Since all drugs have limitations and relatively major side effects, enlarging the
panel of potentially usable compounds is important for patients. Considering that
in excitotoxic CMS the main pathogenic event is ACh-induced endplate damage,
we have recently introduced an in vitro assay of ACh-induced death of HEK cells
transfected with human muscle AChR. Cell death can be inhibited by AChR
blockers such as curare and removal of extracellular Ca2+ (Piccari et al. 2011),
suggesting that this experimental model can be used to provide a rationale for off-
label medicament use (Piccari et al. 2011).

Slow-channel mutant AChRs are more sensitive than wild-type AChR to open
channel block by quinidine (Fukudome et al. 1998) or fluoxetine (Harper et al.
2003). However, it has recently been reported that patients with AChE deficiency
CMS can be treated with fluoxetine (Wargon et al. 2012) and we have recently
shown (Deflorio et al. 2013) that fluoxetine prevents ACh-induced death in cells
expressing e-AChR.

Verapamil, an established blocker of voltage-gated Ca2+ channels, has a well-
documented direct action on AChRs (Bregestovski et al. 1980; Wachtel 1987;
Edeson 1988; Sharifullina et al. 2002; Moriconi et al. 2010). At clinically
attainable concentrations verapamil induces open channel block only for the
eV265A mutant AChR, but not for AChRs bearing the same mutation at corre-
sponding positions in the b subunit (bV266A, also occurring in patients) or in the a
and d subunit (Moriconi et al. 2010). However, verapamil reduces channel opening
frequency for wild-type and all slow-channel mutant AChRs tested (Moriconi
et al. 2010). This effect develops over several milliseconds of ACh application, so
verapamil has no effect on brief ACh-evoked currents in patches expressing wild-
type e-AChR (at normal endplates ACh action lasts just 1–2 ms) but effectively
curtails deactivation currents in those expressing slow-channel mutant AChRs
(Moriconi et al. 2010). Furthermore, verapamil reduces the Pf at least for eL269F-
AChR, though not for wild-type e-AChR (Piccari et al. 2011), an effect that likely
contributes to protection against ACh-induced cell death.

Salbutamol, a b2-adrenergic receptor agonist also reduces Pf of slow-channel
mutant eL269F-AChR (but not wild-type AChR), and its action is partially pre-
vented by blockade of b-adrenergic receptors (Piccari et al. 2011), supporting the
hypothesis that activation of b2-adrenergic receptors plays a role in the process.
Stimulation of b2-adrenergic receptors results in the activation of cAMP-dependent
protein kinase A, a pathway that controls the modulation of Ca2+ permeability of
glutamate receptors (Skeberdis et al. 2006; Sobczyk and Svoboda 2007) and several
functions of muscle AChRs (Huganir and Greengard 1990; Caratsch et al. 1992;
Swope et al. 1999). In particular, salbutamol and other agents that raise cAMP
levels, reduce ACh-evoked 22Na+ influx in TE671 rhabdomyosarcoma cells that
express c-AChR (Li et al. 1996). Reduction of Ca2+ influx surely plays a role in
protection of HEK cells expressing slow-channel AChRs from ACh-induced tox-
icity, but the basis of beneficial action of salbutamol in patients with AChE defi-
ciency CMS (i.e., with wild-type AChRs at their endplate) remains to be elucidated.
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Finally, riluzole has been shown to block c- and e-AChRs with a time course
too slow to interfere with normal neuromuscular transmission (Palma et al. 2011;
Deflorio et al. 2012). However, the protective effect observed in transfected cells
raises the possibility that it might turn out to be have a therapeutic action in
patients with excitotoxic CMS forms.

33.5 Conclusions and Future Directions

Research on congenital myasthenic syndromes represents a paradigmatic example
of collaborative efforts between basic science and the clinics. For instance, studies
on CMS forms related to kinetic defects in AChRs highlighted several physiological
aspects of the receptor-channel complex (Engel et al. 2010), yielding important
clues to the role of specific protein regions to overall function. On the other side,
understanding the underlying molecular defect has allowed the design of effective
therapy, as in the case of fluoxetine therapy for slow-channel syndrome.

Studying excitotoxic CMS forms has brought to light the pathogenic role of Ca2+

influx through endplate AChR-channels in causing excitotoxic damage upon AChR
over-activation. This idea was somewhat unsupported by experimental findings, as it
has long been accepted that muscle AChRs have low Ca2+ permeability, indicated by
PCa/PNa values as low as 0.2 (Le Novere et al. 2002). These values were obtained for
c-AChR, but values for e-AChR are invariably\1, while they are usually larger for
neuronal AChRs. A deeper analysis, partly prompted by findings on excitotoxic
CMS, has demonstrated that, when Ca2+ permeability is measured as Pf, ranking can
be different. The endplate e-AChR is second only to the highly Ca2+ permeable a7
and a9a10 neuronal AChRs: 11.4 % for recombinant human a7-AChRin GH4C1
cells (Fucile et al. 2003) or 22 % for a9a10-AChR (Fucile et al. 2006a) versus 7.5 %
for human e-AChR. Given that excitotoxic damage is usually associated to over-
activation of receptors with large Ca2+-permeability (such as glutamate NMDA
receptors), these experimental results appear to be more consistent with the exis-
tence of excitotoxic CMS forms. The molecular determinants of the Ca2+ perme-
ability of muscle AChRs remain largely unknown. However, work on slow-channel
mutants has remarked the specificity of e subunit, in particular of its M2 domain, in
controlling Ca2+ permeability, in analogy with observations on neuronal AChRs.
Thus, these studies also emphasized the importance of the methodological approach
used to measure AChR Ca2+ permeability.

Hopefully, synergy between different approaches to the issue of AChR
involvement in various CMS forms will yield even more important results in the
future.
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Chapter 34
CatSper in Male Infertility

Takuya Nishigaki, Ana Laura González-Cota
and Gerardo José Orta Salazar

Abstract In 2001, two groups independently reported different components of a
novel Ca2+ channel named CatSper, which is expressed only in the testis and
localized in the sperm flagellum. Now, we know that CatSper is a sperm-specific
Ca2+ channel composed of four distinct pore-forming subunits accompanied with, at
least, three auxiliary subunits. Although there is no heterologous expression system
to study this CatSper channel, the elimination of any single subunit ever tried in
transgenic mice results in male infertility, which indicates that each individual
subunit is essential for the correct channel assembly. Whole-cell patch clamp
recordings directly taken from spermatozoa revealed that CatSper is a moderately
voltage-dependent Ca2+ channel and is activated by intracellular alkalinization and
several extracellular ligands, i.e., progesterone and prostaglandin E in human
spermatozoa. The spermatozoa of CatSper null mice exhibit a defect in hyperacti-
vated flagellar motility, a vigorous flagellar movement required for fertilization
under physiological conditions. In agreement with this, there are some families
suffering from male infertility correlated with mutations in CatSper-related genes.

34.1 Introduction

The motility propelled by the flagellum is a special feature of spermatozoa and any
defects in this function can lead to male infertility (Darszon et al. 2011). The
flagellar beat is generated by the axoneme, which is also found in the cilium (or
cilia) of epithelial cells in the whole body (Lindemann and Lesich 2010).
Therefore, a defective mutation of a certain component in the axoneme can cause a
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malfunction in sperm flagellar beating leading to male infertility accompanied
with diminution of ciliary motion such as primary ciliary dyskinesia (Munro et al.
1994). On the other hand, there are several external factors that modulate the
axoneme function such as ATP, pH, Ca2+, and cAMP (protein phosphorylation
depending on cAMP). Spermatozoa possess multiple sperm-specific proteins that
control these factors: glycolytic enzymes (Miki et al. 2004), sodium-proton
exchanger (Wang et al. 2003), Ca2+ channel (Ren et al. 2001), Ca2+-ATPase
(Okunade et al. 2004), adenylyl cyclase (Buck et al. 1999), and protein kinase
(Nolan et al. 2004), etc. Therefore, a mutation in those proteins can cause male
infertility as a result of the abnormal regulation of sperm motility without any
other defects in the body. In this chapter, we review the structure and the function
of CatSper, a sperm-specific Ca2+ channel essential to male fertility, and some
reports of male infertility related to mutations that affect this channel.

34.2 Structure of CatSper

As seen in Fig. 34.1, CatSper is composed of four pore-forming a subunits (Ren
et al. 2001; Quill et al. 2001; Arias et al. 2003; Lobley et al. 2003), which have six
transmembrane segments, and at least three auxiliary subunits, b (Liu et al. 2007),
c (Wang et al. 2009), and d (Chung et al. 2011). In the fourth segment (S4) of a1
and a2 subunit, four or five positively charged residues are found every three
amino acids, which is a typical feature of the S4 segment of voltage-gated
channels. In contrast, a3 and a4 have only two (Fig. 34.1c), suggesting a corre-
lation with the moderate voltage dependence of this channel described later. One
of the striking features of CatSper is that the pore of the channel is composed of
four separated polypeptides instead of a single polypeptide as known in other
voltage-gated Ca2+ channels. Another interesting feature is that a1 subunit has
many histidine residues in its N-terminal cytoplasmic domain (Fig. 34.1b), which
is proposed to function as a pH sensor (Kirichok et al. 2006). All a subunits have a
pore-forming loop with the typical Ca2+ selective channel motif ([T/S] 9 [D/
E] 9 W) (Fig. 34.1d). Interestingly, CatSper uses only aspartic acids in this motif
(DDDD) instead of a mixture of aspartic acids and glutamic acids (EEDD) found
in T-type Ca2+ channel (Cav3) or only glutamic acids (EEEE) found in other
voltage-gated Ca2+ channels (Cav1 and Cav2) in vertebrates (Senatore et al. 2013),
which suggests a distinct cation selectivity of CatSper compared with typical
voltage-gated Ca2+ channels.

At present, three membrane proteins (b, c, and d) have been reported as aux-
iliary subunits of CatSper. The b subunit has two transmembrane segments and c
and d have a single transmembrane segment (Liu et al. 2007; Wang et al. 2009;
Chung et al. 2011) (Fig. 34.1a). All three auxiliary subunits have large extracel-
lular domains, which may serve as receptors for extracellular ligands, in contrast to
small cytoplasmic tails.
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34.3 Aspects of Evolution

Amino acid sequences of all subunits of CatSper show a high level of diversity
among different species (Table 34.1), which is a common feature of proteins spe-
cifically found in gametes (Swanson and Vacquier 2002). In general, transmembrane
segments conserve their amino acid sequences, but relatively large cytoplasmic
domains found in CatSper 1, 2, and 3 (a1, a2, and a3) and even large extracellular

Fig. 34.1 Structure of CatSper. a Topology of pore-forming a subunits (1 - 4) and auxiliary
subunits (b, c, and d). b Amino acid sequence of cytoplasmic N-terminal region of mouse
CatSper is shown with histidine residue as bold and gray shadow. c Amino acid sequences of S4
segments of human CatSper (h1 - h4), mouse CatSper (m1 - m4), human Cav3.1 (hCav3.1,
I - IV) (Perez-Reyes et al. 1998) and human Cav1.1 (hCav1.1, I - IV) (Tanabe et al. 1987) are
aligned with gray shadows in every three residues. Arginine and Lysine are expressed as bold.
d Amino acid sequences of the pore region are aligned as in (c). Three important residues for
Ca2+ selective channels (T/S, E/D and W) are shown as bold and gray shadow
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domains found in all auxiliary subunits (b, c, and d) show increased diversity in their
amino acid sequences. As a consequence, CatSper4 (a4) subunit, which have rela-
tively small cytoplasmic domains, conserve their amino acid sequences better than
any other subunits (Jin et al. 2005) (Table 34.1). The diversity found in a1 subunit is
mainly due to a variety of amino acid sequences found in the histidine-rich N-
terminal domain. This domain also shows many indels (insertion and deletion) even
among species of primates although its biological significance is unknown (Podlaha
and Zhang 2003). The diversity found in the auxiliary subunits could reflect a
difference of ligand specificity between species.

Another very peculiar point of CatSper in terms of evolution is its mosaic
distribution in metazoa as shown in Fig. 34.2 (Cai and Clapham 2008). For
example, among vertebrates, neither aves (birds) and amphibians nor teleosts (fish)
have CatSper (all a and b subunits) although cartilaginous fishes (ray) possess this
channel. On the other hand, arthropoda (insects) and nematoda (C. elegans) do not
have CatSper, but echinoderms (sea urchin) and cnidaria (sea anemone) conserve
this channel. It is worth noting that the d subunit is found only in mammals and
reptiles but not in other species (Chung et al. 2011), indicating that this subunit has
a unique function in mammals and reptiles and is not an essential subunit for
CatSper channel in many other species.

In the case of the fruit fly, Drosophila melanogaster, TRPP2 channel (PKD2
channel) is localized on the distal tip of the sperm flagellum and a targeted
mutation of this channel results in male infertility without apparent alterations in
sperm morphology (Watnick et al. 2003). A detailed analysis of sperm motility in
this mutant revealed that those spermatozoa swim backwards in the female
reproductive tract (Kottgen et al. 2011), which clearly indicates a crucial role of
TRPP2 channel for sperm motility regulation in this species. It would be inter-
esting to identify what type of Ca2+ channels are involved in sperm motility
regulation in species that lack CatSper in their genome.

34.4 Biophysical Properties

Elimination of any single subunit of CatSper that has been attempted (all a and d
subunits), in transgenic mice, results in male infertility accompanied with the lack
of CatSper current in the spermatozoa (Qi et al. 2007; Chung et al. 2011; Jin et al.

Table 34.1 Amino acid
identity of CatSper subunits
between mouse and human

CatSper subunit % of identity

a1 55
a2 65
a3 66
a4 72
b 56

c 55
d 51
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2007; Kirichok et al. 2006), indicating that each subunit is indispensable for the
proper channel assembly and function. In CatSper1 (a1 subunit) null mice, all
other subunits including b, c, and d are missing in the mature spermatozoa (Liu
et al. 2007; Wang et al. 2009; Chung et al. 2011), suggesting that only the correctly
assembled CatSper channel can be transferred to the appropriate place, the plasma
membrane of the principal piece in the flagellum. When they fail to assemble a
functional channel, they are likely to be degraded during spermatogenesis. On the
other hand, all attempts ever made to express a functional CatSper channel in
heterologous systems have been in vain, which indicates that there might still be an
unidentified auxiliary subunit, including germ cell-specific chaperons. Otherwise,
a certain particular environment created by a particular lipid compositions or
special scaffolding proteins might be necessary for a proper CatSper assembly and
function.

While there is no heterologous expression system for CatSper yet, the bio-
physical properties of this channel had remained unknown until the development
of the whole-cell patch clamp recording directly from mouse spermatozoa was
reported (Kirichok et al. 2006). The trick of this technique is to use the

Fig. 34.2 Distribution of CatSper a(1 - 4) and b subunits in metazoan. This figure indicates the
distribution of CatSper orthologs in whole metazoan species, which was revealed by the
bioinformatic analysis of genome DNA sequences (Cai and Clapham 2008). The species which
conserve CatSper genes are in box. In order to recognize each species easily, animal images are
illustrated separating species possessing CatSper on the right side and those lacking this channel
on the left. Some animal images do not correspond to the exact species whose genome sequences
are determined, but they represent popular species from the same taxonomic phylum or class
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cytoplasmic droplet, a residual cytoplasm occasionally found in mature sperma-
tozoa (Fig. 34.3a), as a target for the patch clamp pipette. Even so, it is still
difficult to do due to the small size and the motility of the cell (Lishko et al. 2013).
Alternatively, it is possible to record a whole-cell current from mature sperma-
tozoa using a perforated patch clamp on the sperm head (Orta et al. 2012).
Although this method may be even more difficult to perform, it has the advantage
of retaining the intracellular components of the cell. In addition, this method can
be applied independently of the cytoplasmic droplet, which is not always present
in mature spermatozoa.

Because of its small Ca2+ conductance and Ca2+-dependent inactivation, Cat-
Sper current has been studied using monovalent cation current (Na+ or Cs+) in
divalent cation-free (DVF) media (Fig. 34.3b). In this condition, the voltage
dependence of the channel is not so prominent (Kirichok et al. 2006), which is at
least partially explained by the surface-potential hypothesis; a shift of voltage-
dependent curve toward the negative side in the absence of divalent cations (Hille
1991). Monovalent cation currents through CatSper (ICatSper) can be inhibited by
addition of low concentration of Ca2+ to the medium with IC50 of 65 nM in mouse
(Kirichok et al. 2006) and 1.2 lM in human (Smith et al. 2013), which is a typical
feature of a Ca2+ selective channel. Voltage dependence of CatSper was deter-
mined in the presence of Ba2+, which does not induce the rapid inactivation of the

Fig. 34.3 Techniques of whole-cell patch clamp to spermatozoa and the typical CatSper current
(ICatSper). a Upper part illustrates the sites of cytoplasmic droplet (gray shadow) where patch
pipettes should be attached to, in human and mouse spermatozoa. Lower part illustrates a
perforated whole-cell patch clamp after on-cell patch clamp mode (Orta et al. 2012). b A
representative ICatSper of human spermatozoon in response to a voltage-ramp, indicated above,
under different conditions: standard solution for human sperm (HS, black), divalent cation-free
solution (DVF, gray), and DVF in presence of 500 nM of progesterone (DVF ? 500 nM Prg,
dark gray)

718 T. Nishigaki et al.



channel as Ca2+. Using the tail current of Ba2+, it was determined that the CatSper
channel is a moderate voltage-dependent channel with a slope factor k *30 for
mouse (Kirichok et al. 2006) and *20 for human (Lishko et al. 2011). It is a
striking feature, in both murine and human CatSper, that the voltage-dependent
curve markedly shifts to a more negative values by intracellular alkalinization,
which is considered a physiological signal to activate this channel (Kirichok et al.
2006; Lishko et al. 2010).

Recently, it was reported that progesterone and prostaglandin E activate Cat-
Sper in human sperm but not in murine sperm (Fig. 34.3b) (Lishko et al. 2011;
Strunker et al. 2011; Smith et al. 2013). Both hormones are physiological ligands
for human sperm and have been known to immediately increase the intracellular
concentration of Ca2+ ([Ca2+]i) (Thomas and Meizel 1989; Shimizu et al. 1998;
Schaefer et al. 1998). The action of these ligands on spermatozoa had been a great
mystery for a long time in the field of reproduction. On the other hand, several
artificial compounds, such as odorants (bourgeonal and undecanal) and cyclic
nucleotide analogs (8-Br-cGMP and 8-Br-cAMP), also activate human CatSper,
indicating that human CatSper functions as a polymodal chemosensor (Brenker
et al. 2012). In the case of murine sperm, it is demonstrated that albumin (BSA)
and zona pellucida increase the [Ca2+]i in a CatSper-dependent manner (Xia and
Ren 2009a, b). The difference of ligand specificity between these species may be
attributed to the diversity of the amino acid sequences of auxiliary subunits of
CatSper (b, c, and d), which have large extracellular domains and are supposed to
function as receptors for extracellular ligands.

At present, there are no specific blockers for CatSper. HC-056456 was reported
as the first CatSper blocker (IC50: *3 lM) although its specificity is unknown
(Carlson et al. 2009). Mibefradil and NNC 55-0396, both T-type voltage-gated
Ca2+ channel blockers, in the 10–20 lM range inhibit efficiently the CatSper
current (Strunker et al. 2011; Lishko et al. 2011) and Na+ influx induced by
removal of external Ca2+ in human spermatozoa (Torres-Flores et al. 2011).
However, Mibefradil and NNC 55-0396 elevate the intracellular pH of sperma-
tozoa by an unknown mechanism (Brenker et al. 2012). MDL12330A, known as
an adenylyl cyclase inhibitor, was recently found to block CatSper (Brenker et al.
2012). Therefore, a more specific blocker for CatSper without any secondary
effects, which potentially functions as a male contraceptive, is eagerly desired in
the field of reproduction.

34.5 Physiological Function

Spermatozoa recovered from the oviduct show a vigorous flagellar movement
called hyperactivated motility, which is indispensable for the fertilization and
characterized by asymmetric, large amplitude, and low frequent flagellar beating
(Suarez 2008) as illustrated in Fig. 34.4a. Several experimental evidences suggest
that hyperactivated motility has four major roles in the process of the fertilization
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(Fig. 34.4b); (i) keep progressive motility in viscous environment (Suarez et al.
1991), (ii) detach from the initial part of the oviduct, lower isthmus, also called
sperm reservoir (Suarez 1987), (iii) swim against fluid flow direction (rheotaxis)
(Miki and Clapham 2013), and (iv) penetrate through extracellular matrix of the
oocyte (Stauss et al. 1995). Murine spermatozoa lacking CatSper lose all these
capacities together with fertility (Quill et al. 2003; Ren et al. 2001; Ho et al. 2009;
Miki and Clapham 2013; Carlson et al. 2003), which confirms the physiological
significance of hyperactivated sperm motility in this species. Therefore, the most
obvious physiological role of CatSper is to induce and maintain the hyperactivated
motility of the spermatozoa (Carlson et al. 2003). However, it is not completely
understood what the physiological trigger(s) of sperm hyperactivation may be.
There are several possibilities: (1) an increase in bicarbonate (HCO3

–) concen-
tration (Maas et al. 1977), which activates soluble adenylyl cyclase (Buck et al.
1999), (2) an increase in the fluid pH (Maas et al. 1977), (3) a specific ligand such
as progesterone and prostaglandin E in human spermatozoa (Lishko et al. 2011;
Strunker et al. 2011), (4) a decrease in Zn2+ concentration, which releases inhi-
bition of voltage-gated proton channel (Lishko et al. 2010), and (5) a decrease in
temperature (Bahat et al. 2005), which activates TRPM8 channel (De Blas et al.
2009). It is most likely that hyperactivated sperm motility is induced by several
factors simultaneously and/or intermittently, which are generated concomitantly

Fig. 34.4 Roles of hyperactivated motility in fertilization. a In normal experimental medium,
immediately after spermatozoa are ejaculated they manifest a symmetric flagellar bend with high
beat frequency called activated motility. In contrast, the hyperactivated motility is characterized
by an asymmetric flagellar bend with low beat frequency. b Hyperactivated motility is required
for four processes in mammalian fertilization: i Generate a propulsive force in viscous (or
viscoelastic) environments, ii escape from the initial part of the isthmus of the oviduct, named
sperm reservoir, iii swim against fluid flow, called rheotaxis, and iv penetrate through
extracellular matrix of cumulus cells and the egg, named zona pellucida (ZP)
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upon ovulation. Some of these factors are common among different species, but
some are species-specific as the case of progesterone and prostaglandin E, which
activate human CatSper but not murine. Further studies are required to understand
the mechanism of induction of hyperactivation under physiological conditions.

Although the physiological roles of CatSper in mouse sperm are well estab-
lished, those in human sperm are still not fully understood. In humans, not only
Ca2+ influx through CatSper but also its release from intracellular Ca2+ stores is
indispensable to maintain hyperactivation (Harper et al. 2004; Kirkman-Brown
et al. 2004; Alasmari et al. 2013b). So far, it is known that CatSper is critical for
sperm hyperactivation induced by progesterone (Lishko et al. 2011; Strunker et al.
2011; Smith et al. 2013; Alasmari et al. 2013a; Senatore et al. 2013; Servin-Vences
et al. 2012) and this channel also seems essential for sperm to penetrate viscous
media (Alasmari et al. 2013a). The positive correlation found in the success rate of
in vitro fertilization (IVF) and progesterone-induced intercellular Ca2+ increase
(Alasmari et al. 2013a) would be a helpful information to understand the role of
CatSper and to establish a diagnostic test to evaluate sperm capacity for
fertilization.

On the other hand, progesterone and prostaglandin E were initially identified as
physiological ligands to induce the acrosome reaction (AR) in human sperm
(Osman et al. 1989; Schaefer et al. 1998; Shimizu et al. 1998). In murine model, it
was reported that the egg coat (zona pellucida) induces an increase in intracellular
Ca2+ in wild type but not in CatSper1 null mice spermatozoa (Xia and Ren 2009b)
although the AR still can be induced by zona pellucida in the same transgenic
mice. Even though there are some contradictory results, CatSper could play a role
in the AR, which may provide another reason for the positive correlation between
CatSper activity and the success rate of IVF (Alasmari et al. 2013a).

34.6 Channelopathy

In mouse, all a subunits and d subunit were demonstrated to be essential for
CatSper channel assembly and the absence of this channel results in male infer-
tility due to a defect in sperm motility regulation, namely, lack of hyperactivated
sperm motility. Therefore, a similar function of human orthologs might be
expected in human sperm. As anticipated, mutations of two loci that encode
CATSPER1 and CATSPER2 have been reported from some families associated
with male infertility (Avidan et al. 2003; Avenarius et al. 2009; Zhang et al. 2007).
Coincidentally, all of the patients were found to have a homozygous mutation, an
autosomal recessive mutation, through a consanguineous marriage. This is prob-
ably owing to the fact that the pore-forming a subunit of CatSper is composed of
hetero-tetramers but not homo-tetramers like a voltage-gated K+ channel. Thus, a
dominant negative mutation of a subunit of CatSper should be difficult to
encounter.
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In 2009, two consanguineous Iranian families were identified as carriers of a
similar, but distinct, insertion mutation in exon 1 of CATSPER1 gene (Fig. 34.5a)
localized at chromosome 11q13.1 (c.539-540insT or c.948-949insATGGC)
(Avenarius et al. 2009), which encodes the histidine-rich N-terminal cytoplasmic
domain. Both mutations cause frame shifts and generate premature stop codons.
As a consequence, they are predicted to produce proteins lacking all the trans-
membrane segments and the pore-forming loop, as illustrated in Fig. 34.5a, almost
equivalent to a deletion of the whole a1 subunit. As is expected, the male
homozygous carriers of these mutations are infertile although there is no detailed
information about the sperm function of these patients.

Another locus of mutation of male infertility related to CatSper, as the most
studied case, is found on the chromosome 15p15, which is also characterized with

Fig. 34.5 Sites of CATSPER mutations correlated to human infertility and their predicted
proteins. a The genome structure of CATSPER1 is illustrated as 12 exons (black bars) and introns
(polygonal lines). The arrows indicate the two separated insertion mutations found in male
infertile patients. Both mutants have some extra bases in the first exon, which encodes the His-
rich N-terminal cytoplasmic domain, and are supposed to produce truncated proteins by a frame
shift of mRNA as illustrated (light gray). b Genome structure of CATSPER2 (13 exons). The
white box over the last two exons represents the deleted region of this gene found in infertile
patients (French family). This region encodes a coiled-coil motif of the cytoplasmic C-terminal
domain (light gray)
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non-syndromic deafness. This syndrome (male infertility and deafness) was first
identified in a French family carrying a homozygous deletion of *70 kb in the
chromosome 15p15 which affects three contiguous genes: the first 24 exons of
IP6 K, a kinase expressed ubiquitously; the entire coding sequence of SRTC, a
protein mainly expressed on inner ear stereocilia which is related to the deafness;
and the last two exons of CATSPER2 (Avidan et al. 2003) (Fig. 34.5b). This
mutation removes the last 225 bases of the mRNA which encode the cytoplasmic
C-terminal region of CatSper2 including a coiled-coil region (Fig. 34.5b) pre-
dicted to be necessary for protein–protein interactions to form the channel pore
complex (Quill et al. 2001; Lobley et al. 2003). As mentioned above, all pore-
forming subunits (a1 - 4) of CatSper are needed to assemble the functional
murine CatSper channel (Qi et al. 2007). Therefore, CatSper2 and, in consequence,
the entire CatSper channel complex had been expected to be absent in the Cat-
Sper2-deficient patient. Recently, this prediction was finally confirmed by detailed
analysis of spermatozoa of one of these patients (II-2 in Avidan et al. 2003) using
immunostaining and electrophysiological techniques (Smith et al. 2013). Namely,
CatSperb was unable to be detected by anti-CatSperb antibody and CatSper cur-
rent was absent from the spermatozoa of this patient. Furthermore, progesterone
did not amplify any ionic current although the activities of other channels, K+

channel (Slo3) and voltage-gated H+ channel (Hv), were retained (Smith et al.
2013). Therefore, this study supports the idea that the principal Ca2+ channel in
human sperm is CatSper and it is activated by progesterone. This locus is likely to
be a hot spot to provoke a deletion mutation because a duplicated copy of these
genes is located adjacently as pseudogenes (Avidan et al. 2003). In agreement with
this, it was reported that there are three more Iranian families with similar delete
mutations in this locus (Zhang et al. 2007) although the entire CATSPER2 gene
was deleted in all three cases of Iranian families (Table 34.2). Combined, these
reports provide strong evidences that link CatSper deficiencies to male infertility.

However, the phenotype of spermatozoa from the patients possessing the
deletion mutation of the chromosome 15p15 is not exactly coincident with the
phenotype of spermatozoa of transgenic mice lacking CatSper-related genes. In
murine models, CatSper mutations did not cause any defects in spermatogenesis
(number of matured spermatozoa) or sperm shape (Ren et al. 2001; Qi et al. 2007;
Chung et al. 2011). Moreover, those mouse spermatozoa manifest normal-acti-
vated flagellar motility characterized by symmetric, low amplitude, and high
frequent flagellar beating although they do not undergo hyperactivation (Carlson
et al. 2003). In contrast, those patients suffer from asthenoteratospermia; disorders
in sperm morphology and motility. Taking the phenotype of the transgenic mice
into account, defects in sperm morphology and basal motility found in the patients
with CATSPER2 mutation (Avidan et al. 2003; Zhang et al. 2007) could be
attributed to a defect of another gene, including IP6 K, rather than different
functions of CatSper between mouse and human. To date, there are only a few
reported clinical cases that link CatSper to male infertility; two having defects on
CATSPER1 (Avenarius et al. 2009) and four on CATSPER2 (Avidan et al. 2003;
Zhang et al. 2007). Since all reported patients come from consanguineous families,
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they could also carry defects on other genes. Considering some distinct phenotypes
between the transgenic mice and human patients, it is difficult to conclude the
deficiencies on CatSper as the direct cause of male infertility in these patients.
Further information about patients of male infertility and CatSper-related gene
mutations is required to answer this question.

On the other hand, although genetic analysis has not been carried out, a sys-
tematic analysis of sperm Ca2+ responses and hyperactivation from healthy donors
and sub-fertile patients were recently reported (Alasmari et al. 2013a). In this
work, sub-fertile patients were classified into two groups; patients who could
fertilize by in vitro fertilization (IVF) (Steptoe and Edwards 1978) and those who
required intra-cytoplasmic sperm injection (ICSI) (Palermo et al. 1992). ICSI is an
advanced technique of assisted reproduction and usually applied for male patients
who failed in IVF. While spermatozoa from almost all donors and IVF patients
manifest progesterone-induced intracellular Ca2+ increase, spermatozoa of 27 %
ICSI patients failed to respond to progesterone. Considering that CatSper is acti-
vated by progesterone in human spermatozoa (Lishko et al. 2011; Strunker et al.
2011), roughly 27 % of ICSI patients have some defects in CatSper. Genetic
analysis of those patients would contribute to the understanding of the correlation
between mutations in CatSper-related genes and male infertility.

Table 34.2 Clinical cases of infertility correlated to CatSper mutations

Mutated
gene

Affected
families

Number
of
patient

Mutation (Locus) Associated defects Reference

CatSper1
(a1)

Iranian L-
1025

2 c.539-540insT
(11q13.1)

Asthenoteratospermia/
low sperm count

Avenarius
et al.
(2009)

CatSper1
(a1)

Iranian L-
968

1 c.948-949insATGGC
(11q13.1)

Asthenoteratospermia/
low sperm count

Avenarius
et al.
(2009)

CatSper2
(a2)

French 3 Del(15) *70 kb
Deletion of the last
two exons (12 and
13) (15q15.1-
15q15.3)

Deafness/
asthenoteratospermia/
no CatSper current

Avidan
et al.
(2003);
Smith
et al.
(2013)

CatSper2
(a2)

Iranian
D_SM

4 Del(15) *100 kb
Deletion of the
entire gene
(15q15.1-15q15.3)

Deafness/
asthenoteratospermia

Zhang
et al.
(2007)

CatSper2
(a2)

Iranian L-
705

1 Del(15) *100 kb
Deletion of the
entire gene
(15q15.1-15q15.3)

Deafness/
asthenoteratospermia

Zhang
et al.
(2007)

CatSper2
(a2)

Iranian L-
1014

2 Del(15) *90 kb
Deletion of the
entire gene
(15q15.1-15q15.3)

Deafness/
Asthenoteratospermia

Zhang
et al.
(2007)
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34.7 Conclusion

Although it is possible to record CatSper channel current by whole-cell patch
clamping directly from spermatozoa, it is still a difficult technique. On the other
hand, in vitro spermatogenesis is not so efficient and is a time-consuming process
(*40 days) (Sato et al. 2011). Currently, mutagenesis of a CatSper-related gene
requires an approach using transgenic animals (murine models), which is a very
expensive project. Therefore, to establish a heterologous expression system for
CatSper channel is of primary interest and the most important obstacle to over-
come in order to promote the study of CatSper channel research.

CatSper is an essential channel for male fertility, but there are only a few reports
about male infertility correlated to alteration of CatSper genes. There are several
reasons to explain this situation. One of them would be owing to the fact that genetic
defects in male fertility had not been inherited to the next generation, which could
have prevented genetic research about male infertility in general. This situation has
been altered by application of intra-cytoplasmic sperm injection (ICSI), one of
advanced assisted reproduction techniques (ARTs). Since ICSI is getting to be a
popular ART these days (Wong and Ledger 2013), CatSper mutations will accu-
mulate in the future (Devroey and Van Steirteghem 2004). Nevertheless, this defect
is supposed to affect only spermatozoa not other organs in contrast to the case of
patients of ciliopathies (Munro et al. 1994). Considering the advance of technology
for whole-genome sequencing, the lists of gene alterations of CatSper channel are
supposed to be amplified soon in the future, which may also contribute to the
understanding of the structure and function relationship of CatSper channel.
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