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Foreword

Research on mechanosensation and mechanotransduction is a challenge for all
clinician-scientists, in part because of the complexities of the relevant basic sci-
ence, and because it is crucial for maintaining life and is observed on many levels
of the organism. In recent years, few fields have changed so dramatically as those in
biology of mechanosensationa and mechanotransduction. The main areas of progress
involve molecular identification of candidates within large and different families of
ion channels, identification of their interacting molecules, validation by methods of
molecular biology, cell biology and electrophysiology, and identification of biologi-
cal and cellular systems in vivo. The application of these methods has made all steps
of discoveries not only faster, but also more precise. It is common for medical stu-
dents, staff at all levels of training, researchers in the field to feel some apprehension
about tackling these challenges, and clear overviews in this field are highly valued.

Hence, it is mandatory for those of us involved in research and teaching of
mechanobiology to keep pace with the continuous progress in this field, by receiving
the experts’ overview, as presented in this book.

In this context, the current book will fill a real need. Andre Kamkin and
Ilya Lozinsky have drawn together an international expert team of expert scien-
tist in mechanobiology and ion channels and tasked them to bring an overview in
15 chapters about recent discoveries in this emerging field of research.

I congratulate the editors and all contributors for their in-deep view into this
in this rapidly growing field, for their consistent and disciplined use of an easy
understanding format, and strongly recommend the book to all those who wish to
deepen their understanding of the role of mechanobiology and ion channels in health
and diseases, in the interest of better care for our patients.

Berlin, Germany Maik Gollasch, MD PhD
Professor of Medicine

Charité University Medicine
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Editorial

Mechanically Gated Channels

Andre Kamkin and Ilia Lozinsky

Cell reaction to mechanical stress is the oldest type of reaction from the point of
view of evolution. Therefore response to mechanical stress is typical for all organ-
isms, from bacteria to mammals. R. Kaufmann and U. Theophile (a.k.a. Ravens)
in 1967 and M. J. Lab in 1968 were the first to suggest that mechanical changes in
heart during contraction or other mechanical stress modulate its electric activity. In
1986 A. Kamkin and I. Kiseleva for the first time reported existence of mechani-
cally induced potentials in cardiac fibroblasts (Kamkin et al. 1986, 1988; Kiseleva
et al. 1987). Now it is known that mechanical stress of the cell triggers electro-
physiological and biochemical responses in cells. Mechanical stress can influence
physiological processes at the molecular, cellular, and systemic level. During last
30 years of investigation of cellular membrane responses to mechanical stress there
was a major progress in both phenomenological description of the ongoing processes
and investigation of the cellular response mechanisms to mechanical stress. It was
shown than one of the mechanisms via which the cell responds to mechanical stress
is mediated by ion channels reacting to membrane tension. Such channels were origi-
nally called mechanosensitive channels (MSCs: Guharay and Sachs 1984), and were
redefined as mechanically gated channels (MGCs: Kirber et al. 1990) in the same
manner as it was done with voltage and ligand gated channels. MGCs, reacting to
the membrane tension, were shown to play the key role in one of the mechanisms,
through which the cell responds to mechanical stimulus. Sachs and Morris (1998)
noted that MGCs are channels that recognize mechanical deformation as a proper
physiological signal and react to mechanical stimulation with changes in kinetics.
MSCs, as a term, is now days usually used to describe channels that only modulate
their permeability in response to mechanical stress (Morris et al. 2006; Moris and
Juranka 2007; Morris and Laitko 2007). For example mechanosensitivity of NaV

channels (Moris and Juranka 2007), CaV channels (Calabrese et al. 2002), and KV

channels (Piao et al. 2006) has been convincingly shown. Definition of this term
in such way allows further division of MSCs into two groups—mechanosensitive
voltage-gated channels and mechanosensitive ligand-gated channels (Kamkin and
Kiseleva 2008). MGCs convert the mechanical force, which is exerted on the cell
membrane, into electrical signals. Cellular signaling in response to mechanical stress
starts rapid induction of immediate-early genes, which acts as transcription factors,
and triggers long-term changes in gene expression. However, the plasma membrane
of the cell remains the primary target for mechanical stimulation. It responds to
variable physical stress with changes of the open probability of MGCs. MGCs can
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viii Editorial

produce considerable currents in cells and therefore play an important role in forming
their electric response. Both mechanosensitivity and mechanotransduction are fun-
damental physiological processes which are responsible for sensing of mechanical
forces and their transformation into electrical or (and) biochemical signals.

Today many channels have been recognized as being MGCs, and include the
prokaryotic MGSs of large, small, mini conductance and potassium dependent
(MscL, MscS, MscM and MscK, respectively), the eukaryotic transient receptor
potential (TRP) type cation channels (TRPC6, TRPV4, TRPY1), 2P-type potassium
channels (TREK-1, TREK-2, TRAAK) and sodium channels from DEG/MEC/ENaC
family (ENaC, MEC4/MEC10).

The structure and function of prokaryotic MGCs MscL and MscS have provided
us with much of what we know today. Thus the first part of the volume is opened
with an article devoted transmission of force from lipids. The manuscript employs
a multidisciplinary approach to study of bacterial mechanosensitive ion channels
(Cranfield et al. 2013). Authors stress that much of what we know about struc-
ture and function of these channels derives mostly from prokaryotic sources and
from patch clamp electrophysiology techniques and X-ray crystallography. Then
authors describe new investigation techniques such as electron paramagnetic reso-
nance (EPR) spectroscopy, förster resonance energy transfer (FRET) imaging and
nuclear magnetic resonance (NMR) spectroscopy. Authors discuss those methods
along with possible data, which can be acquired by them, for better understanding
of the molecular principles underlying mechanosensory transduction in living cells.

Now it seems important to discuss a number of topics, linked to the role of K2P

channels, which determine the basal level of leak K+ ions and therefore influences
resting potential, since a number of such channels is sensitive to mechanical stress.
About 10 years ago, the identification of K2P channels experimentally proved the
existence of “leak channels”, which were predicted to underlie the basal leakage
of K+ by Hodgkin and Huxley in 1952. Recently a new member of this family is
identified. It consists of two 2TM/1P region-containing subunits, linked in tandem,
and its functional channel is a dimer of the 4TM/2P subunits.

Several K2P channels have been recently cloned. Three of them: K2P2.1 (TREK-1),
K2P10.1 (TREK-2), K2P4.1 (TRAAK) can be activated by mechanical stress. Previ-
ously it has been shown in the inside–out patch configuration that positive pressure is
significantly less effective, compared with negative pressure, in opening of channels,
suggesting that a specific membrane deformation (convex curving) preferentially
opens these channels (Maingret et al. 1999; Patel et al. 1998). However it is quite
likely that this line of argument has the same limitations, which we already discussed
earlier. This was shown for the K2P MGCs (Honoré et al. 2006).

At the whole-cell level, K2P2.1 and K2P4.1 are modulated by cellular volume. For
example, hyperosmolarity closes the channels (Maingret et al. 2000a, b; Patel and
Honoré 2001; Patel et al. 1998). Both the number of active channels and the sensitivity
to mechanical stretch are strongly enhanced after treating the cell-attached patches
with the cytoskeleton disrupting agents, colchicines and cytochalasin D (Maingret
et al. 1999). This suggest that mechanical force might be transmitted directly to the
channel via the lipid bilayer and does not require the integrity of the cytoskeleton
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(Maingret et al. 1999; Patel et al. 1998, 2001). Both K2P2.1 and K2P4.1 are blocked
by amiloride and Gd3+ (Maingret et al. 1999, 2000a, b).

In general the observation that channels, which are responsible for generation of
K+-leak current, can be activated by mechanical stress, suggests their direct contri-
bution to regulation of cellular functions, one of which would be the maintenance
of the resting membrane potential. Thus the second part of the volume is opened
with an article devoted to mechanosensitive K2P channels, TREKking through the
autonomic nervous system (Lamas 2013). TREK channels are leak potassium chan-
nels that are extensively expressed in the central, somatic peripheral and as recently
demonstrated in the autonomic nervous system, where they are thought to play an
important role in the modulation of neuronal excitability.

Two chapters are devoted to transient receptor potential vanilloid (TRPV1 and
TRPV4) channels role in cell signaling. First of those two chapters demonstrates
that the TRPV1 channel is a polymodal receptor that has been implicated in several
physiological and pathological processes. TRPV1 channel can be directly activated
by acidic pH, bioactive lipids, cysteine-modifying molecules, extracellular cations,
voltage, elevated temperatures and several exogenous molecules such as capsaicin
and toxins from animals. Its function can be modulated by the action of protein
kinases, lipids, the cytoskeleton, second messengers and many proteins involved in
signaling processes (Jara-Oseguera and Rosenbaum 2013).

The second review deals with the molecular mechanism of multifunctional MGC
TRPV4. TRPV4 is functionally active in many tissues, including nerve, bone, lung,
kidney and blood vessels. TRPV4 is a direct MGC, and cytoskeleton proteins such
as actin, tubulin and integrin bind to the channel, helping it to respond to mechanical
stimuli (Suzuki and Mizuno 2013).

Following Fifth Chapter discusses mechanical stretch and intermediate-
conductance Ca2+-activated K+ channels (Hayabuchi et al. 2013). Authors describe
the role and regulation of intermediate-conductance Ca2+ -activated K+ (IKca) chan-
nels in cardiovascular pathophysiologies such as hypertension and restenosis. Cell
membrane stretch activates IKca channels. The activation is associated with extra-
cellular Ca2+ influx through stretch-activated nonselective cation channels, and is
also modulated by the F-actin cytoskeleton and the activation of PKC. In this review
authors discuss the physiological and pathophysiological role of IKca channel in
cells.

Chapter 6 is devoted to sensing mechanism of stretch activated ion channels (Ni-
isato and Marunaka 2013) and summarizes our current knowledge of MGCs. It
demonstrates that physical force including osmotic pressure, hydrostatic pressure,
gravity, shear stress and membrane tension is a crucial signal to control cellular
functions such as proliferation, differentiation, development and cell death. Chap-
ter includes the discussion of prokaryotic MGSs—MscL and MscS, the eukaryotic
TRP channels (TRPV, TRPM, TRPC, TRPP), Degenerin/epithelial Na+ channel
(DEG/ENaC) superfamily—ASIC (acid-sensing ion channel), ENaC (epithelial Na+
channel), MGCs in renal tubules.
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Chapter 7 is devoted to ion channels in cardiac fibroblasts.Authors separately
discuss MGCs and their regulation. Authors highlight that discussion of mecha-
nisms of generation of mechanically induced potentials (MIPs) in cardiac fibroblasts
is impossible without consideration of other membrane ion channels, which are
present in those cells (Abramochkin et al. 2013). Cardiac fibroblasts generate delayed
rectifier current (IK), transient potassium current (Ito), inward rectifier potassium cur-
rent (IKir), Ca2+-activated K+ current (IK(Ca)), TTX-sensitive sodium voltage-gated
current (INa.TTX), TTX-sensitive sodium voltage-gated current (INa.TTXR), volume-
sensitive chloride current (ICl.vol), voltage gated proton current (IHv), non-selective
cation currents, besides mechanosensitive MG currents. Manuscript describes sin-
gle mechanically gated channels (MGCs), recorded simultaneously with whole cell
MG currents. All of those currents, which are mentioned above, together with MG
currents contribute to alterations of fibroblast membrane potential (resting potentials
and MIPs).

Following Chap. 8 discusses the role of nitric oxide in the regulation of ion chan-
nels in the cardiomyocytes. It describes regulation of MGCs conduction via NO.
This manuscript shows that in description of the cardiac function under normal or
pathological conditions separate consideration of nitric oxide effects on mechani-
cally gated channels aside from consideration of its simultaneous effect on voltage
gated channels of cardiac cell would be misleading (Makarenko et al. 2013). Chapter
focuses on discussion of the modulatory effect of nitric oxide on voltage gated Na+-,
Ca2+-, K+-channels, which are the major contributors to generation of cardiac action
potential and alterations of its shape under normal or pathological conditions. It also
describes the effect of nitric oxide on leak channels (two-pore potassium channels),
some of which are known to be mechabosensitive. It is concluded with discussion
of nitric oxide effects on mechanically gated ion channels and mechanically gated
currents.

Chapter 9 describes the role of ion channels in cellular mechanotransduction of
hydrostatic pressure. Studies reviewed herein suggest that multiple mammalian cell
types are sensitive to pure hydrostatic pressure within normal physiological ranges,
and the signals may be mediated by activities of membrane-bound ion channels
and transporters (Champaigne and Nagatomi 2013). The lack of success thus far
in identifying a single hydrostatic pressure-sensitive protein structure or complex,
such as an ion channel, implies that the mechanosensation process of hydrostatic
pressure is likely to be a multifaceted process that exploits an unconventional sensing
mechanism.

Chapter 10 discusses lipid-mediated mechanisms involved in the mechanical ac-
tivation of TRPC6 and TRPV4 channels in the vascular tone regulation (Inoue et al.
2013). In this review, authors focus on the lipid-mediated regulation of two TRP chan-
nels abundantly expressed in the cardiovascular system, i.e. TRPC6 and TRPV4, with
particular interest in the synergistic interaction between receptor-mediated and me-
chanical stimulations, and discuss their complex functional antagonism in vascular
tone and blood pressure regulation.

Following chapter is devoted to stretch effects on atrial conduction (Masè and
Ravelli 2013). In this chapter authors discuss the experimental and clinical evidence
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which supports the role of stretch-induced conduction disturbances in the creation of
an arrhythmic substrate. After an introduction concerning the methodological chal-
lenges and technical advancements involved in the investigation, the effects of acute
stretch on macroscopic conduction properties are described along with the potential
microscopic determinants of the observed changes. The mechanisms through which
stretch-induced conduction changes may contribute to the generation, maintenance
and stabilization of arrhythmic conditions are pointed out, complementing the ef-
fects on conduction produced by acute stretch with the even more deleterious changes
induced by chronic dilatation.

Then the reader will find the discussion of early activation of intracellular sig-
nals after myocardial stretch (Cingolani et al. 2013). Authors present the updated
experimental evidence that led them to propose the autocrine/paracrine mechanism
underlying the Anrep effect, as well as its resemblance to signals that have been de-
scribed for cardiac hypertrophy development and heart failure. Interesting novel data
supporting a crucial role for stretch-induced mineralocorticoid receptor activation,
EGFR transactivation and increased mitochondrial production of reactive oxygen
species leading to NHE-1 stimulation is thoroughly described. A clear understand-
ing of the early triggering mechanisms that stretch imposes to the myocardium allows
to design novel weapons to win the battle against cardiac hypertrophy and failure, a
major disease spread worldwide.

The following chapter describes recent findings regarding effects of angiotensin
II action in the heart (De Mello 2013). The influence of angiotensin II (Ang II)
on cardiac structural and electrophysiological remodeling is reviewed including
the novel concept that the renin angiotensin aldosterone and the mineralocorticoid
receptors are involved in the regulation heart cell volume. The role of Ang II AT1
receptors as mechanosensors which are activated by mechanic stretch independently
of Ang II, is discussed. The effect of Ang II and renin on cell volume and the
consequent activation of ionic channels is reviewed as well as its implications to
cardiac arrhythmias (De Mello 2013).

After that the Volume includes the description of mechanosensitivity of pancre-
atic β-cells, adipocytes, and skeletal muscle cells (Nakayama et al. 2013). Pancreatic
β-cells, adipocytes, and skeletal muscle cells, all of which are related to the core con-
cerns in metabolic syndrome causing cardiovascular diseases, are also responsive to
mechanical stimuli, such as osmotic change and stretching, and show a variety of
functions, including insulin release from β-cells, depression of adipocyte differ-
entiation, and translocation of glucose transporter 4 (GLUT4) in skeletal muscle
cells. Furthermore, the fish-oil-derived ω-3 polyunsaturated fatty acid such as eicos-
apentaenoic acid (EPA) combined with cyclic stretching significantly reduces the
adipocyte differentiation. The present article provides with a unitary discussion of
three peripheral organs from the viewpoint of mechanosensitivity, which aids in rec-
ognizing the importance of biomechanical factors in physiological and pathological
conditions, and may potentially have therapeutic consequences.

The final chapte of the Volume is devoted to the role of the primary cilium in chon-
drocyte response to mechanical loading (Wann et al. 2013). Articular cartilage, like
many other living tissues, experiences a complex physiological mechanical loading
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environment which regulates cell function and tissue homeostasis through a process
of mechanotransduction. This chapter explores the rapidly evolving area of primary
cilia and their response to mechanical forces with a particular focus on articular
cartilage for which mechanical loading is critical for homeostasis and functionality.
Understanding the role of the primary cilium in mechanobiology will aid the devel-
opment of novel therapeutic strategies for pathologies, such as osteoarthritis, that
involve disruption of primary cilia function.

Thus, the volume dwells on the major issues of mechanical stress influencing the
ion channels and intracellular signaling pathways. This book is a unique collection of
reviews outlining current knowledge and future developments in this rapidly growing
field. In our opinion the book presents not only the latest achievements in the field
but also brings the problem closer to the experts in related medical and biological
sciences as well as practicing doctors. Knowledge of the mechanisms which underlie
these processes is necessary for understanding of the normal functioning of different
living organs and tissues and allows to predict changes, which arise due to alterations
of their environment, and possibly will allow to develop new methods of artificial
intervention. We also hope that presenting the problem will attract more attention to
it both from researchers and practitioners and will assist to efficiently introduce it
into the practical medicine.
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Chapter 1
Force from Lipids: A Multidisciplinary
Approach to Study Bacterial Mechanosensitive
Ion Channels

Charles G. Cranfield, Anna Kloda, Takeshi Nomura, Evgeny Petrov,
Andrew Battle, Maryrose Constantine and Boris Martinac

1.1 Introduction

The first mechanosensitive (MS) channels were reported in embryonic chick skele-
tal muscle (Guharay and Sachs 1984) and frog muscle (Brehm et al. 1984). Over
the last twenty five years this type of ion channels have been identified in a va-
riety of living cells from all evolutionary provenances including bacteria, achaea,
yeasts, green algae, plants, animals and humans. Today many channels have been
recognized as being MS or stretch activated (SA), and include the prokaryotic MS
channels of large, small, mini and potassium dependent conductance (MscL, MscS,
MscM and MscK respectively), the eukaryotic transient receptor potential (TRP) type
cation channels (TRPC6, TRPV4, TRPY1), 2P-type potassium channels (TREK-1,
TREK-2, TRAAK) and sodium channels from the DEG/MEC/ENaC family (ENaC,
MEC4/MEC10) to name but a few (Hamill and Martinac 2001; Martinac 2004; Chal-
fie 2009). The structure and function of prokaryotic MS channels MscL and MscS
have provided us with much of what we know today as to how MS channels function
and are regulated (Fig. 1.1) (Martinac 2007).

In bacteria, these channels serve to protect the cells from hypo-osmotic shock.
In conditions of hypotonicity a bacterial cell will typically expand or swell. This
swelling is a result of turgor pressure, which causes the cell membrane to stretch,
and it is known that this stretching of the cell membrane is the main factor responsible
for the opening of these MS channels. Opening of MS channels releases ions and other
small osmolytes from within the cytoplasm of the bacteria so that turgor pressure
will be reduced, and the bacteria can continue to function in their new hypotonic
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Fig. 1.1 Crystal structures of the homo-pentamer MscL (left) and the homo-heptamer MscS (right).
An individual subunit of each protein is contrasted

environment. There is much evidence, however, that turgor pressure and stretch
activation alone are not the only factors that determine whether bacterial MS channels
open. Recently it has become clear that acyl chain length, the presence of amphipaths,
and even the curvature of the membrane itself, can all play a part in determining
whether these MS channel open or close (Martinac 2007; Yoshimura and Sokabe
2010). Here we outline the various methods that have been employed to identify the
structure, function and lipid interaction of these unique types of channels.

1.1.1 Some Background on the Mechanics of MS Channel
Activation by Membrane Tension

MscL and MscS channels are often misleadingly referred to as pressure sensitive
channels. This is somewhat misleading as it is not pressure but membrane tension
or strain that is the key stimulus in activating (or inactivating) MS channels (Gustin
et al. 1988; Sachs 2010). If we assume the membrane has an elasticity associated
with it, we can look to use Hook’s law to calculate this tension:

T = K�x/x0 (1.1)
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Here K is the spring constant (S.I. units N/m), � x is the difference in diameter
between the open and closed states of the channel, and x0 is diameter of the closed
channel (Morris 1990). However this is a simplistic model that assumes the channel
is being pulled from just 2 sides. In reality the multi-oligomeric forms of the MscS
and MscL channels reside in an elastic membrane plane, and so instead of x we need
to use an area term, A, which for a perfectly cylindrical channel would simply be
πr2, to give:

T = K
�A

A0
(1.2)

where � A is the increase in the channel surface area under strain, A0 is the membrane
area occupied by the closed channel under zero strain and K is the membrane elasticity
constant (Guharay and Sachs 1984). In a patch pipette however, when pressure is
applied, the membrane tension is a function of both the applied pressure and the
radius of curvature of the membrane patch according to the simple formula that
follows Laplace’s law:

T = P
r

2
(1.3)

where T is membrane tension, P is pressure, and r is the radius of the membrane
curvature (Sokabe et al. 1991; Sachs 2010). Armed with this equation it then becomes
a relatively simple task to measure the tension required to open MS channels such as
MscL and MscS so long as the patch membrane radius can be accurately determined
in the patch pipette in situ (Sokabe and Sachs 1990; Sokabe et al. 1991; Sukharev
et al. 1999).

Various lipid compositions and the presence of various amphipaths, are factors
that will all have an impact on the elasticity (K) of the lipid bilayer, which will
in turn have an effect on the pressure/tension thresholds of opening bacterial MS
channels (Perozo et al. 2002b; Moe and Blount 2005; Nomura et al. 2011). What
is also becoming clear is that there may be other factors that also influence channel
opening that are not directly coupled to the membrane tension, such as membrane
localized curvature (Cui et al. 1995; Meyer et al. 2006; Yoo and Cui 2009).

1.2 What Patch-Clamp Recordings of Bacterial
Mechanosensitive Channels Tell us of Lipid-Channel
Interactions

1.2.1 Why are Spheroplasts Suitable for Researching MS
Channels from Bacteria?

The cell of E. coli, a rod-shaped Gram-negative bacterium, is only about 1 μm wide
and 2 μm long which is almost the same as a diameter of the tip of the patch pipette.
Hence a larger bacterial body (with cell wall excluded) is essential for patching the
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cytoplasmic (inner) membrane. This can be achieved by preparing giant spheroplasts
from bacterial cells (Ruthe and Adler 1985; Martinac et al. 1987; Blount et al. 1996).
The preparation of giant spheroplasts presented a major technical advancement al-
lowing for the electrophysiological investigation of E. coli cell membranes, and thus
ultimately leading to discovery of bacterial MS channels. The term spheroplast is
used to signify the double membrane of Gram-negative E. coli rather than protoplasts
formed from eukaryotic cells or Gram-positive bacteria. To make giant spheroplasts,
E. coli cells are treated with antibiotic cephalexin to form long filaments (‘snakes’).
The cell wall of the snakes is then disrupted by lysozyme and EDTA to enable the for-
mation of giant spheroplasts. The following is a brief description of the method used
for electrical recording from giant spheroplasts (for details of the giant spheroplast
preparation method see (Martinac et al. 1987; Blount et al. 1999).

1.2.2 Patch-Clamp Recording from Giant E. Coli Spheroplasts

Most recordings of giant spheroplasts are performed using the inside-out patch con-
figuration, although recording from whole-protoplasts has also been reported (Cui
et al. 1995). The pipette solution typically consists of 200 mM KCl, 40 mM MgCl2
and 5 mM HEPES (adjusted to pH 7.2 with KOH), whereas the bath solution con-
tains 250 mM KCl, 90 mM MgCl2 and 5 mM HEPES (adjusted to pH 7.2 with KOH).
Negative pressure can be applied through the patch pipette to the membrane patch
via a syringe or high-speed pressure clamp apparatus (such as an HSPC-1 (ALA
Scientific Instruments Inc., Farmingdale, NY)) and concurrently measured using a
pressure gauge.

1.2.3 What Results have been Obtained from Mutagenesis Study
using Spheroplasts?

The patch-clamp technique made it possible to record the currents and activity of
single MS channels in situ from native bacterial membranes (Martinac et al. 1987).
MscL and MscS, the MS channels from E. coli, are the best studied and characterized
MS channels to date (Fig. 1.1). MscL (MS channel of large conductance) consists
of five 15 kDa subunits, 136 amino acids per subunit (Sukharev 1994a, b). It has
a conductance of ∼3 nS and does not have any selectivity for ions (Sukharev et al.
1993). On the other hand, E. coli MscS (MS channel of small conductance) consists
of seven ∼30 kDa subunits, 286 amino acids per subunit (Levina et al. 1999). The
conductance of MscS is ∼1 nS (Martinac et al. 1987; Sukharev 2002) and has a weak
preference for anions (Martinac et al. 1987; Sukharev 2002; Sotomayor et al. 2006).
A crystal structure of MscL homologue from Mycobacterium tuberculosis (Tb-MscL)
(Chang et al. 1998) and E. coli MscS (Bass et al. 2002) has been resolved by
X-ray crystallography at a resolution of 3.5 and 3.9 Å, respectively. MscL monomer
consists of two helical transmembrane (TM) domains, TM1 and TM2, cytoplasmic
N- and C-terminal domains and a periplasmic loop domain that is connecting TM1
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and TM2 domains (Chang et al. 1998), whereas MscS monomer consists of three
TM domains, (TM1, TM2 and TM3) and has a large cytoplacmic domain (Bass et al.
2002). Here, we address the recent findings on the structure and gating mechanism of
MscL and MscS channels obtained from patch-clamp recordings from giant E. coli
spheroplasts expressing mutant channels of both channel proteins.

MscL and MscS are activated directly by lateral tension in the membrane lipid
(Sukharev et al. 1993; Häse et al. 1995; Sukharev 2002). To understand the entire
gating mechanism, we need to clarify the relationship between tension sensor and
gate, which are functional units of gating mechanism. Random (Ou et al. 1998)
and a comprehensive site-directed mutagenesis (Yoshimura et al. 1999) studies in-
dicate that the hydrophobic residues that are located at the cytoplasmic half of TM1
form constriction in the channel pore dubbed the “hydrophobic lock”. Substitution
of G22 for hydrophilic residues caused poor cell growth in the presence of IPTG
and exhibited spontaneous channel activity in patch-clamp experiments (Yoshimura
et al. 1999). In addition, cysteine (Levin and Blount 2004) and histidine (Iscla et al.
2004) scanning mutagenesis experiments suggested that G26 also was a part of the
hydrophobic gate.

A number of loss-of-function (LOF) mutants of MscL were found in the TM1 and
TM2 domains as well as in the periplasmic loop by random mutagenesis (Maurer
and Dougherty 2003; Yoshimura et al. 2004). Furthermore, asparagine-scanning
mutagenesis identified seven LOF mutants that are located at the periplamic end
of TM1 and TM2 domains and lining the periplasmic rim (Yoshimura et al. 2004).
These results suggest that lipid-protein interactions are critical for MscL gating. A
similar MscS study also indicated that interaction between the membrane lipids and
both ends of the TM α-helices were important for the MscS sensitivity to membrane
tension (Nomura et al. 2006).

One of the main structural differences between MscS and MscL is that MscS has
a large (∼17 kDa) cytoplasmic domain (Bass et al. 2002). It has been proposed that
the cytoplasmic domain would cause a dynamic conformational change during the
gating transition from the closed to the open state (Koprowski and Kubalski 2003;
Miller et al. 2003a, b; Grajkowski et al. 2005; Nomura et al. 2008; Machiyama et al.
2009; Gamini et al. 2011). In the closed state, two hydrophobic rings, L105 and
L109 of TM3a form the constriction pore (Anishkin and Sukharev 2004) and G121
and G113 of TM3b which are related to desensitization and inactivation, respectively
(Akitake et al. 2007; Edwards et al. 2008). During the gating transition, TM3a helices
become tilted and rotated and D62 which is located in the loop that connects TM1 and
TM2 makes a salt bridge with R128 or R131 to stabilize the open state (Sotomayor
and Schulten 2004; Nomura et al. 2008).

1.3 Reconstitution of MS Channels into Liposomes

Liposome reconstitution was essential for molecular identification of the MscL
protein, which enabled cloning of the corresponding mscL gene as the first MS
channel gene that became available for structure and function studies of MS chan-
nels (Sukharev et al. 1994a, b). The reconstitution method used for this unortodox
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Fig. 1.2 The Dehydration/Rehydration (D/R) method of reconstitution of MS channels into lipo-
somes. a The lipid is dissolved in a suitable solvent (e.g. chloroform or ethanol) and added to a
dry test tube. The solvent is removed under a stream of N2. b Buffer solution and protein (e.g.
MscL) are added and the mixture sonicated. The detergent is removed by use of Biobeads c and the
solution centrifuged under high g (typically 240,000) for 30 min. The pellet is collected d, placed on
a microscope slide e, and dried under vacuum overnight at 4 ◦C. The dried pellet is then rehydrated
with buffer at 4 ◦C for a further 24 hr.

approach in cloning of an ion channel was a refinement of the method reported by
Criado and Keller (Criado and Keller 1987), where the bacterial membrane vesi-
cles were introduced into azolectin liposomes and MgCl2 was subsequently used in
the recording solution to induce blisters (unilamellar or paucilamellar liposomes)
in the multilamellar liposomes, which resulted in better gigaohm seal formation
for MS channel recording (Delcour et al. 1989). Later, Häse and co-workers (Häse
et al. 1995) demonstrated the functional activity of a purified extraction of a re-
combinant MscL in azolectin liposomes. This method is used today as the standard
for MscL reconstitution into liposomes and is termed the Dehydration/Rehydration
(D/R) method (Fig. 1.2). It requires two days preparation time but gives very good
reconstitution efficiencies with MscL in particular at protein/lipid ratios of 1/4000
and even 1/50000 (wt/wt) being possible. Both wild-type and mutant channels show
functional activity using this method (Martinac et al. 2010; Petrov et al. 2011). Ad-
ditionally the D/R method proves effective for MscL reconstitution into pure, or
mixtures of pure lipids (Perozo et al. 2002b; Moe and Blount 2005; Powl and Lee
2007).

In contrast to MscL, E. coli MscS has been difficult to reconstitute into lipo-
somes with the majority of reports using MscS expressed in giant spheroplasts. The
first reported successful reconstitution by Sukharev (Sukharev 2002) using the D/R
method required reconstitution efficiencies of 1/200 (w/w) in azolectin liposomes.
In a more recent report by Vásquez and co-workers (Vásquez et al. 2007), MscS was
successfully reconstituted into polar lipid membranes derived from E. coli, also at
a 1/200 ratio. Using Electron Paramagnetic Resonance (EPR) they were also able
show the presence of MscS in DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
DOPC:DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and DOPC:DOPG
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(1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) liposome mixtures. Interest-
ingly, to date there has been no evidence for functional MscS activity in pure
PC (phosphatidylcholine) lipids alone from patch-clamp studies. In addition to
MS channels from E. coli, other prokaryotic MS channels have successfully been
incorporated into liposomes using this method. Some examples of these include the
Archaeon Haloferax volcanii (Le Dain et al. 1998) through liposome reconstitution
of the native protein. MscMJ and MscMJLR, two MS channels from M. jannashii,
were also identified as having E. coli MscS- and MscL-like activity, respectively,
when reconstituted into liposomes (Kloda and Martinac 2001a, b).

A second technique termed the sucrose method was developed to improve both
MscL and MscS reconstitution into liposomes (Fig. 1.3) (Battle et al. 2009). This
method has the advantage of giving very good reconstitution efficiencies for both
MscL and MscS, with MscS showing functional activity from patch-clamp record-
ings at a 1:1000 wt/wt ratio. It also offers significant time-savings over the D/R
method with functional channel activity of both MscS and MscL being reported in
3 h. Continued shaking overnight further improves the reconstitution. This method
has been successful for reconstitution of both WT and mutant channels.

An electroformation technique is also successful for incorporation of MscL
into liposomes that has been developed commercially by Nanion technologies
GmbH (München, Germany; http://www.nanion.de/products/port-a-patch/port-a-
patch-data.html). The Vesicle Prep Pro® uses a solvent free approach to prepare
giant unilamellar liposomes through an electro-swelling procedure (Fig. 1.4).

1.4 The Lipid Bilayer Model of MS Channels Activation

Tension developed in the lipid bilayer of cellular membranes leads to conformational
rearrangements of MS ion channels followed by opening of their large non-selective
pores. The bilayer tension is transduced into open and closed conformational changes
of the MS channel proteins followed by exchange of solutes on a millisecond time
scale. Such rapid ion fluxes provide a defence mechanism against sudden changes
in osmolarity that protect microbial cells from lysis (Booth et al. 2005; Martinac
2007). Tension induced stretching of the bilayer is accompanied by a proportional
change in the bilayer thickness, and this bilayer thinning is believed to contribute to
the stability of the open conformation of the channel (Hamill and Martinac 2001).
The role of the lipid bilayer in bacterial MS channel gating has been investigated
using a combination of mechanical membrane stretch, site directed spin labelling,
EPR spectroscopy and molecular dynamic studies (see also Sect. 1.5). This led to the
discovery that hydrophobic mismatch and membrane curvature are potential triggers
for MS channel gating via the bilayer mechanism (Hamill and Martinac 2001; Perozo
et al. 2002b; Meyer et al. 2006).

The lipid-protein hydrophobic mismatch can be induced experimentally by recon-
stitution of MS ion channels in lipid bilayers of different thickness as demonstrated
for gramicidin, an antibiotic compound isolated from the soil bacterial species Bacil-
lus brevis. Gramicidin A is a simple hydrophobic peptide that is not long enough to
span the membrane as a monomer but it can form a functional cation channel upon



8 C. G. Cranfield et al.

Fig. 1.3 Sucrose method of reconstitution of MS channels. a The lipid is dissolved in a suitable
solvent, added to a test tube, then dried under an N2 stream. b 0.4 M sucrose is then added to test
tube, the solution placed in an oven at 45–55 ◦C for 3 h after which time a thin lipid film is formed.
c Rocking is continued at room temperature on a flatbed shaker for a further 3 h resulting in a lipid
cloud floating in solution d. e Photograph of the lipid cloud in a test tube. f Patch-clamp recording
of MscS and MscL co-reconstituted into azolectin liposomes using the sucrose method. The pipette
voltage was +30 mV. (Adapted from Battle et al. 2009 with permission of Elsevier Limited and
FEBS Letters via copyright clearance centre)

dimerization (Urry et al. 1971; Koeppe andAnderson 1996). However, small changes
in phospholipid acyl chain length (i.e., PC20–PC18) can switch gramicidin A from
a stretch-activated to a stretch-inactivated channel, demonstrating that mechanosen-
sitivity of an ion channel protein depends on the composition of the lipid bilayer
(Martinac and Hamill, 2002). The effect of bilayer thickness on the gating properties
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90 µm

a b

Fig. 1.4 a Giant unilamellar liposomes containing MscL prepared using the electro-formation
method. b Patch-clamp recording of MscL reconstituted into azolectin liposomes prepared using
the electroformation method, pipette voltage +30 mV. (Adapted from Cranfield et al. 2011 with
permission of Springer Verlag via copyright clearance centre)

of the MscL channel has been investigated by reconstitution of the recombinant pro-
tein into bilayers made from lipids of different acyl chain length. The MscL channel
required a free energy of activation of approximately 16–17 kT in azolectin lipo-
somes (Hamill and Martinac 2001; Kloda et al. 2006). However, in bilayers made
of phospatidylcholine lipids with acyl chains of 16, 18 and 20 hydrocarbons, the
free energy G0 of activation of MscL was significantly different being ∼4 kT for
PC16, ∼9 kT for PC18 and ∼24 kT for PC20 (Perozo et al. 2002b). Similarly, EPR
spectroscopic measurements of MscL reconstituted into thicker bilayers reduced the
mobility of the spin probe and increased spin to spin coupling of residues lining the
MscL permeation pathway. In contrast, reduction in bilayer thickness promoted a
decrease in spin-spin coupling (Perozo et al. 2002b). Furthermore, decreasing the
bilayer thickness lowered the threshold of MscL activation and stabilized channel
intermediates during transition from closed to open states (Perozo et al. 2002b).
These data indicate that the thinner bilayer better matches the open channel than
the closed channel. This is further supported by the molecular dynamics stimulation
study of MscL, which confirmed that the thinner bilayer matches better the open
conformation compared to closed conformation of the channel (Gullingsrud et al.
2001).

Studies focusing on dissecting the molecular mechanism that underlies the func-
tion of MS channels are often based on the use of amphipaths. Amphipaths are
molecules that possess both hydrophobic and hydrophilic elements, such as found
in detergents, in active lipid substances such as fatty acids and phospholipids of
biological membranes. Amphipatic molecules are capable of altering the curvature
of the plasma membrane of cells due to their biochemical properties such as charge,
shape and size of the polar head, and degree of hydration. For example, anionic am-
phipaths such as trinitrophenol (TNP) are crenators of erythrocytes, whereas cationic
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Fig. 1.5 The effect of amphipathic molecules on topology of biological membranes. Insertion
of amphipaths into a natural lipid bilayer alters its curvature. Cylindrical natural lipids such as
phosphatidylcholine (PC) (middle) have a neutral effect on biological membranes. Inverted cones
e.g. lysophosphatidylcholine (LPC) tend to stabilize convex curvature of biological membranes,
whereas cone shaped molecules such as phosphatidylethanolamine (PE) tend to curve the membrane
in the opposite way (courtesy of E. Perozo).

amphipaths such as chlorpromazine (CPZ) cause the erythrocyte membrane to form
cups (Sheetz and Singer 1974). The hydrophobic (lipid-like) group typically con-
sist of a hydrocarbon moiety whereas the hydrophilic region has typically either
polar (uncharged) or ionic (anionic or cationic) groups. The hydrophilic elements
have a bilayer-coupling effect such that differential incorporation of an amphipathic
molecule into the respective leaflets of the lipid bilayer can change the bilayer intrinsic
curvature, imitating membrane stretch (Fig. 1.5).

Both types of MS ion channels of E. coli (MscS and MscL) are activated by am-
phipaths. The E. coli MscS and its archaeal homologue, MscMJ (the MS channel of
M. jannaschii) can be activated by oppositely charged amphipathic molecules, the
cationic CPZ and the anionic TNP; whereas MscL is sensitive to lysophosphatidyl-
choline (LPC) (Martinac et al. 1990; Kloda and Martinac 2001b; Perozo et al.
2002a, b). Amphipathic drugs strongly support the bilayer model of MS channel
activation in which the mechanical gating force comes from the bilayer-protein
hydrophobic surface matching and bilayer curvature. In the lipid bilayer model
asymmetrical effects of amphipaths may be explained in terms of compensatory
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Fig. 1.6 The effect of lipid bilayer on conformational changes of inserted ion channel proteins.
The bilayer deformations e.g. lipid acyl chain extension (E) or lipid acyl chain compression (C) can
cause rearrangement of transmembrane domains that are transduced into a channel’s open/closed
conformations, thus affecting channel gating. (Modified from Mitra et al. 2004 with permission
PNAS copyright clearance centre, Copyright 2004 National Academy of Sciences, USA)

conformational changes due to differential lipid acyl chain extension and/or com-
pression that create the inner or outer monolayer distortion (Fig. 1.6) (Martinac et al.
1990; Hamill and Martinac 2001).

An MS channel that displays asymmetrical hydrophobic mismatch with respect
to each monolayer might therefore be expected to respond differentially, depending
upon the direction of membrane curvature (Hamill and Martinac 2001).

Studies based on the use of amphipaths indicate that the MscL channel could
gate in response to intrinsic curvature created by asymmetries in the lipid bilayer
pressure profile at the lipid-protein junction. Addition of lysophosphatidylcholine
(LPC) to the external leaflet of the lipid bilayer trapped the channel in the fully
open state (Perozo et al. 2002a, b) and increased channel diameter by 16 Å as
determined by FRET spectroscopy (Fig. 1.7) (Corry et al. 2005, 2010). In contrast
phosphatityletanolamine, the principal phospholipid in bacterial cell membranes
increased the tension threshold for MscL channel activation, most likely through
changing the biophysical properties of the lipid bilayer of the lipid membrane (Moe
and Blount 2005). Molecular simulation studies of the MscL channel embedded
in curved lipid bilayers provided some insight into the possible mechanism of MS
channel activation through the geometry of the surrounding lipid bilayer. In a dome
shaped lipid bilayer, MscL showed large conformational changes that could trigger
channel gating on a very short simulation time scale of 9.5 ns (Meyer et al. 2006).

As shown experimentally the functioning of MS channels is closely dependent on
the properties of the lipid bilayer. In vivo experiments in native bacterial membranes
showed that upregulation of MS channels is related to synthesis of stress sigma fac-
tor (RpoS) that protects cells from osmotic stress during stationary growth phase
(Stokes et al. 2003). The RpoS factor controls synthesis of cyclopropane fatty acids
that can influence the biophysical properties of the cellular membranes by increasing
membrane fluidity and thus could affect gating properties of MS ion channels which
are sensitive to such changes. Recent studies demonstrated that MscS channel pro-
tein concentrates at the poles of E. coli cells and co-localizes with the cardiolipin,
the concentration of which increases with the osmolarity of the growth medium
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Fig. 1.7 Amphipaths induce asymmetries within the lipid bilayer and stabilize the open MscL
channel pore. a Single channel current trace of MscL reconstituted into phosphatidylcholine lipo-
somes and recorded in the presence of LPC. b A schematic showing that LPC induced asymmetries
in the intra-bilayer pressure profile trapped the channel in a fully open state. The curved arrows
indicate the change in transbilayer pressure profile corresponding to membrane tension that opens
the channel. (Modified from Perozo et al. 2002b with permission from author Martinac)

(Romantsov et al. 2010; Renner and Weibel 2011). Cardiolipin (also referred to as
diphosphatidylglycerol) is a doubly negatively charged phospholipid that is most
likely asymmetrically distributed between the two leaflets of the bacterial membrane
bilayer given that it is asymmetrically distributed in the inner mitochondrial mem-
brane of yeast (Gallet et al. 1997) and that mitochondria contain bacterial lipids (van
Meer et al. 2008). Therefore, it could locally affect its shape and thus MS channel gat-
ing. Indeed, cardiolipin has been shown to modify rectification and gating behaviour
of the MscS channel upon reconstitution into lipid bilayers (Battle et al. 2011). This
provides further evidence that bacterial MS channels can sense curved surfaces of
cellular membranes and thus may play an important role in bacterial physiology by
providing protection during challenging periods of cell growth and division.

1.5 What Electron Paramagnetic Resonance Spectroscopy
and Molecular Dynamic Simulations Studies Tell us of
Bacterial Mechanosensitive Ion Channel-Lipid Interaction

1.5.1 Electron Paramagnetic Resonance (EPR) Spectroscopy

Site-directed spin labelling (SDSL) and electron paramagnetic resonance (EPR)
spectroscopy have successfully been used for the study of the structural dynamics
of bacterial MS channels. Closed-to-open transitions and corresponding structural
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changes in both MscL and MscS have been characterized using this technique of-
fering the advantage of studying the channels in their natural lipid environment by
reconstituting them into artificial liposomes of different lipid composition. Com-
bined with patch-clamp recordings this approach helped to shed light on how basic
physical properties of the lipid bilayer such as thickness, curvature and/or pressure
profile affect MS channel gating (Perozo 2006; Corry and Martinac 2008; Martinac
et al. 2008).

For SDSL EPR spectroscopy a single cysteine residue is introduced into a protein
in which, prior to SDSL labelling with a nitroxide spin label, all non-disulfide bonded
cysteines are removed by site-directed mutagenesis. A nitroxide spin label is char-
acterised by a N-O group containing the unpaired paramagnetic electron required to
produce an EPR signal. In oligomeric ion channels, including MS channels, SDSL
EPR measurement of the distances between the spin labels is used to determine the
spatial orientation of the secondary structural elements of the channel protein which
enables computational modelling of the channel structure with a spatial resolution at
the level of the backbone fold. Solvent accessibility (aqueous vs. hydrophobic mem-
brane lipid environment) and the polarity of the spin label micro-environment are
examined by employing paramagnetic collisional probes such as molecular oxygen
O2 and NiEdda as relaxing agents which enables the determination of the loca-
tion of the transmembrane relative to the extracellular channel domains, as well as
their movements between the two environments, on the millisecond time scale. The
combination of continuous wave (CW) and pulsed EPR methods is used to mea-
sure the distances between the structural channel domains in the range ∼0.5–8 nm
(Mchaourab and Perozo 2000).

Whereas patch-clamp sieving experiments examining permeation of large organic
cations through the MscL channel pore indicated that the MscL pore could expand
to ∼30 Å in diameter (Cruickshank et al. 1997), SDSL EPR spectroscopy helped
to determine the nature of the conformational transitions leading to the opening of
the MscL channel pore. Prior to characterizing the open channel structure using
this approach, a closed structure of MscL in the lipid bilayer was determined by
SDSL EPR (Perozo et al. 2001). Aside from significant differences between the
EPR data and the MscL crystal structure that were found in the C-terminal domain
of MscL (Chang et al. 1998), the EPR study confirmed that the crystal structure
of the transmembrane TM1 and TM2 domains was an accurate representation of
the channel structure in a membrane bilayer (Fig. 1.8). The experimental trick that
enabled determination of the MscL structural rearrangements during the channel
opening by SDSL EPR was based on measuring the changes in membrane intrinsic
curvature induced by the asymmetric addition of the amphipath LPC. This created
large EPR spectroscopic changes (Perozo et al. 2002b) (Fig. 1.7). There is an overall
very good agreement between the results of the EPR spectroscopic studies and the
electrophysiological sieving experiments. The EPR experiments showed that the
open channel pore of MscL was at least 25 Å in diameter, which was the minimum
pore diameter that could be determined by the CW EPR used in these studies (Perozo
et al. 2002a). The residues forming the channel gate are in the open state and so
further apart resulting in a sharper EPR spectrum exhibiting an overall change in
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Fig. 1.8 a Linear representation of the membrane topology of Eco-MscL. The helical portions
of the Eco-MscL monomer (the transmembrane domains TM1 and TM2 and the cytoplasmic
helix CYT) are represented by rectangles. The scale corresponds to the amino acid residue
numbering. The double-headed arrows designate the amino acid residues replaced by reactive
cysteines used for spin labeling. b Sequence alignment of Eco-MscL and Tb-MscL. Identical
residues are highlighted (black). The residues corresponding to two transmembrane helical do-
mains (TM1 and TM2) and the cytoplasmic helix (CYT) are marked. c Single MscL subunit
showing amino acid residues subjected to cysteine scanning mutagenesis (black spheres). The
single MscL monomer is represented as a part of the channel pentamer according to the 3-D crys-
tal structure of the channel. (Reproduced from Perozo et al. 2001 with permission from author
Martinac)

line shape relative to the EPR spectrum characteristic of the closed state. To generate
such a large pore, both TM1 and TM2 domains are significantly tilted with respect
to the membrane normal (∼45◦). Consequently, the channel flattens and expands
in the membrane plane from ∼55 Å in diameter in the closed state to ≥ 70 Å in
the open state (Perozo et al. 2002a). The water-filled open channel pore is almost
exclusively lined by the TM1 helices, largely in agreement with other studies of
the MscL gating mechanism (Gullingsrud et al. 2001; Sukharev et al. 2001b; Iscla
et al. 2007; Corry et al. 2010). As discussed in detail in Sect. 1.4 the open channel
structure in the EPR experiments showed that a hydrophobic surface match between
the bilayer and the hydrophobic transmembrane portion of the channel could stabilize
intermediate conformations of MscL meaning less tension was required to open the
channel in thin bilayers (<18 hydrocarbons per acyl chain) compared to thick bilayers
(>18 hydrocarbons per acyl chain) (Perozo et al. 2002b). This finding corresponds
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Fig. 1.9 Extracellular a and
side b views of TM1 and
TM2 in the open state.
Structures are shown within a
translucent molecular surface
representation of the whole
molecule (without
extracellular loop or the
c-terminal end). The side
view is shown in relation to a
hypothetically distorted
bilayer. (Adapted from
Perozo et al. 2002a with
permission from author
Martinac)

well with the notion that any fractional change in membrane area caused by stretching
the membrane is accompanied by a proportional change in the thickness of the lipid
bilayer (h), so that

�A/A0
∼= −�h/h0 (1.4)

where h0 and A0 are the unstressed membrane thickness and area, respectively.
The overall change in diameter between closed and open conformations of the

MscL channel was also determined by other methods including molecular modeling
(Sukharev et al. 2001a, b), engineering inter-subunit disulfide bonding (Betanzos
et al. 2002; Iscla et al. 2007), and site-directed fluorophore-labeling Förster resonance
energy transfer spectroscopy (SDFL FRET) (Corry et al. 2005, 2010). In accordance
with the SDSL EPR studies (Perozo et al. 2002a) all these alternative approaches
yielded an overall change in MscL diameter of 15–16 Å upon opening (Fig. 1.9).
Such a large conformational change is in excellent agreement with the opening of the
large 30 Å diameter pore associated with a 20-nm2 in-plane MscL protein expansion
(Chiang et al. 2004). These MscL channel properties account not only for its very
large unitary conductance of ∼3 nS and its lack of ion specificity (passing any
particles with a molecular weight ≤ 1,000), but also with its physiological role as
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an efficient emergency valve to release solutes from bacteria challenged by hypo-
osmotic shock (Levina et al. 1999; Booth et al. 2005).

Structural dynamics of MscS of E. coli has also been investigated using CW-
EPR spectroscopy (Vásquez et al. 2008a, b). In contrast to MscL, whose gating
remains largely unaffected by membrane voltage, MscS is activated by both tension
in the lipid bilayer and voltage (Martinac et al. 1987; Sukharev 2002). However,
voltage itself is insufficient to open the channel. Instead, it modulates the channel
activity cooperatively with membrane tension once the channel has been activated
by stretching the membrane.

The MscS crystal structure obtained at 3.9 Å resolution revealed that the functional
channel is composed as a homoheptamer of three-transmembrane (TM) domain sub-
units (Bass et al. 2002).Although originally interpreted as an open MscS structure, the
functional state depicted by the crystal structure could initially not be associated with
a specific functional state of the channel. A combination of SDSL EPR spectroscopy
and molecular dynamics simulations, however, enables a better determination of the
native molecular structure of closed MscS in a lipid bilayer (Vásquez et al. 2008b).
Here, the closed conformation of MscS is characterized by a more compact packing
of the TM domains than in the crystal structure so that the TM domains are realigned
towards the normal of the membrane. In addition, the N-terminal domain, previ-
ously unresolved by X-ray crystallography, forms a short helical hairpin of 26 amino
acid residues preceding the extracellular ends of the TM1 and TM2 helices and is
seemingly in close contact with the lipid bilayer.

The 3D-model of membrane-embedded MscS in the closed state obtained by
SDSL EPR made it possible to investigate further the closed-to-open structural re-
arrangements of the channel using the same approach (Vásquez et al. 2008a). To
open MscS, the amphipath LPC was also used here as was previously done with
MscL. The study showed that during channel opening the TM1 helices tilted and
rotated enabling the TM2 helices to become exposed to the membrane lipids and
thus allowing the TM3 helices to expand, tilt and rotate, resulting in an opening
of the channel pore of at least 11 Å in diameter. By taking into account the MscS
unitary conductance of ∼1 nS, and non-saturability in high salt and weak ionic se-
lectivity, this result indicates that a water-filled pore of a fully open channel is ∼16
Å in diameter (Sukharev 2002; Kung et al. 2010). In the open state the TM1 and
TM2 domains remain in continuous contact with the lipid bilayer and are therefore
thought to form the MscS mechanosensor for bilayer tension (Nomura et al. 2006;
Vásquez et al. 2008a; Booth et al. 2011; Malcolm et al. 2011). Furthermore, the
role of the voltage sensor has also been attributed to the TM1 and TM2 transmem-
brane domains because of the three arginine residues present in those domains (Bass
et al. 2002; Bezanilla and Perozo 2002). This view is in agreement with the re-
sults of the initial patch-clamp characterization of MscS showing that higher open
probabilities were observed with more positive membrane voltage being applied to a
membrane patch (Martinac et al. 1987). Importantly, the voltage was only effective
so long as membrane tension over the activation threshold was applied to the patch
pipette.
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1.5.2 Molecular Dynamic Simulations

Molecular dynamic (MD) simulations indicate large conformational changes occur-
ring during opening of both MscL and MscS comparable to those obtained by the
experimental methods described in the previous section.

The sine-qua-non to perform MD simulations of a protein is the availability of its
3D structure at an atomic resolution. In most cases the structure is obtained by X-ray
crystallography as in the case of MscL and MscS, which are at present the only MS
channels fulfilling this condition (Kubalski 2005). MD simulations of both channels
have over the last decade aimed primarily at unravelling the gating pathway between
the closed and open configuration in these channels (Gullingsrud et al. 2001; Bilston
and Mylvaganam 2002; Kong et al. 2002; Colombo et al. 2003; Sotomayor and
Schulten 2004; Vora et al. 2006; Vásquez et al. 2008a). MD simulations have also
investigated the mechanism of molecular protein-lipid interactions between these MS
channel proteins and their surrounding lipids whereby membrane tension is translated
into channel opening (Elmore and Dougherty 2003; Gullingsrud and Schulten 2004;
Meyer et al. 2006; Malcolm et al. 2011). As well, MD simulations have also been
used to investigate how changes of the lipid headgroups or the length of the acyl
chains would alter the membrane tension required to gate the channels (Elmore and
Dougherty 2003; Corry and Martinac 2008). Furthermore, MD simulation studies
have been employed to understand the hydration properties of the channels and the
role the hydrophobic lock of MscL and MscS plays in regulating their function
(Anishkin and Sukharev 2004; Sotomayor and Schulten 2004; Spronk et al. 2006;
Anishkin et al. 2010).

Given the short nanosecond time scales of MD simulations, large conformational
changes in both MscL and MscS could only be observed when an external mechan-
ical force was applied to these proteins. Thus, most of the MscL simulations have
investigated the channel structural changes under the influence of an external force
whose application to the channel protein varied between studies including surface
tension applied to the MscL protein without a lipid bilayer (Gullingsrud et al. 2001);
direct force application to the outer TM2 helix or anisotropic pressure coupling to a
bare MscL protein (Bilston and Mylvaganam 2002); pressure applied to the bilayer
around MscL (Colombo et al. 2003); and targeted force inducing conformational
change of MscL from its crystal structure to a pre-determined end structure (Kong
et al. 2002). In comparison, most of the MD simulations done with MscS have aimed
to resolve the contention about the channel functional state represented by its crys-
tal structure (Bass et al. 2002). All MD simulation studies suggest thus far that the
crystal structure does not represent the fully open state of the pore, but rather indi-
cate that the structure is representative of an inactive state of the channel. As neither
the open state nor the closed state crystal structures of MscS have been completely
resolved, the only MscS gating pathway from its closed to open conformation has to
date been obtained using EPR spectroscopy, and computational analyses (Vásquez
et al. 2008a).
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1.6 Application of MTS Reagents in Studies of Bacterial
MS Channels

Another approach in studying the structure and function of MscL and MscS is to
use the negatively (2-sulfonatoethyl methanethiosulfonate sodium salt (MTSES−))
and positively (2-(trimethylammonium)ethyl methanethiosulfonate bromide
(MTSET+)) charged methanethiosulfonate (MTS) compounds combined with
cysteine site-directed mutagenesis. In particular, this approach has been employed
to investigate pore permeation and gating properties of these MS proteins. Attaching
MTS reagents to various cysteine loci in the gating region of these MS channels
induces spontaneous opening of the channels. Both MTSES− and MTSET+ have
successfully been used to study pore permeation in MscL channels. For example,
application of 4–10 mM of MTSES− to the patch pipette was shown to lead to full
opening of single MscL channels (Yang and Blount 2011).

One of the first studies employing MTS reagents probed water accessibility of
the G22 residue (mutated to G22C for the MTS study) of MscL, which together
with several other residues including A21, V23, I24, I25, G26 and A27 forms the
hydrophobic gate of the E. coli MscL (Yoshimura et al. 2001). The study confirmed
previous findings by the same authors showing that a hydrophobic moiety at the
G22 position makes the channel harder to open, whereas a hydrophilic addition at
the same position makes it easier to open the channel (Yoshimura et al. 1999). The
G22C was found to be accessible to MTS reagents from the periplasmic side in
the closed state, whereas the channel had to be open to access this site from the
cytoplasmic end. Together, these results indicate that exposure of the hydrophobic
constriction of the channel gate to a hydrophilic environment is the main energy
barrier to gating the channel by membrane tension (Hamill and Martinac 2001).
Several other studies employing MTS compounds investigated structural transition
from the closed to the open states of MscL in vivo (Bartlett et al. 2004) and/or by
the patch-clamp recording from giant E. coli spheroplasts (Batiza et al. 2002; Li
et al. 2009; Yang and Blount 2011). Collectively, these studies helped to identify
residues lining the lumen of the MscL pore in different conformational states of
the channel and suggested a clockwise rotation and tilting of the TM1 helix during
the MscL gating, consistent with the data obtained from SDSL EPR spectroscopy
(Perozo et al. 2002a), but inconsistent with another model for MscL gating which
proposed a slight TM1 rotation in the counter-clockwise direction (Sukharev et al.
2001b; Betanzos et al. 2002). Moreover, these studies showed that the MscL crystal
structure (Chang et al. 1998) did not depict a fully closed structure but rather a nearly
closed state of the channel; a result that was further confirmed by a study introducing
single-site histidine substitutions into the MscL structure and assessing the ability
of divalent metal ions of Ni2+, Cd2+ and Zn2+ to affect channel activity (Iscla et al.
2004).

MTSET+ was also used to show that the crystal structure of MscS did not depict
an open channel structure as originally proposed (Bass et al. 2002), but rather the
structure of a non-conducting channel in its inactivated state (Belyy et al. 2010).
TM3 helices are normally attached toTM1 and TM2 transmembrane domains in the
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closed and open MscS conformations, and to the cytoplasmic β domain in closed
and inactivated states. A current model of MscS gating proposes that MscS enters
an inactivated state when the pore-forming TM3 helices decouple from the lipid-
facing TM1 and TM2 helices and join together in a narrow conformation similar to
the conformation represented by the crystal structure (Anishkin et al. 2008a, b;
Koprowski et al. 2011). This model was further supported by the finding that
MTSET+ at position L111C completely abolished the return of the MscS chan-
nel from inactivated to the resting MS state (Belyy et al. 2010). After treatment
with 1 mM MTSET+ the MscS response to saturating membrane tension remained
unchanged, which, however, changed upon the channel inactivation. The inactivated
state was stabilized upon modification by MTSET+, indicative of state-dependent
modification by the positively charged MTS reagent.

1.7 Studying the Effects of High Hydrostatic Pressure
on Bacterial Mechanosensitive Ion Channels

Deep sea organisms, through millions of years of evolution, learnt to survive un-
der extreme conditions such as high hydrostatic pressure (HHP) (Ashcroft 2000).
Under pressures of tens of megaPascals (MPa) biomembranes, the tertiary and quater-
nary structure of proteins, and nucleic acids are all functionally altered (Macdonald
1984). As well, HHP has direct influence on biophysical characteristics of biomem-
branes (viscosity, thickness, compactness of hydrocarbon chains etc.) (Braganza and
Worcester 1986). Nevertheless, life does exist under HHP as animals of varying com-
plexity have even been discovered near bottom of the Mariana Trench (> 80 MPa).
How they have adapted to such harsh conditions is still largely unknown. MS chan-
nels can be a tool to study the effects of HHP on membrane bound proteins in order
to answer some of the mysteries surrounding life under high pressure (Macdonald
and Martinac 2005; Petrov et al. 2011).

In order to investigate how HHP can modify structure and function of macro-
molecules and biomembranes innovative approaches need to be employed. Patch-
clamp electrophysiology recording under high pressure utilizes a device called a
“flying-patch” (Braganza and Worcester 1986; Heinemann et al. 1987). The key el-
ement of this device is a cylindrical plastic protecting chamber placed on electrode
(Fig. 1.10). Once the membrane patch is attached to the electrode tip, the chamber
is slid down towards the tip of the electrode. A few microliters of bath solution from
recording chamber are captured inside and held in place by capillary forces. Thus
the most fragile part—the electrode tip with membrane patch—is isolated and sur-
rounded by bath solution. This can then be positioned inside a high pressure chamber.
HHP steps can then be applied to membrane patch and ion channel currents recorded
simultaneously.

Due to the technical design of high pressure chamber, it is impossible to apply
suction to the inside of the electrode and stretch the patch membrane—a neces-
sary requirement to open MS channels. Thus it is necessary to already have the MS
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Fig. 1.10 High pressure setup and “flying-patch” device (photo). OP, oil pump; CV, check valve;
OR, oil reservoir; M, manometer; HPC, high pressure chamber; FPD, “flying-patch” device; HS,
patch-clamp headstage; T, tap; PC, protecting chamber. (Figure reproduced from Cranfield et al.
2011 with permission of Springer Verlag via copyright clearance centre)

channel in the open state, partially at least. Using bacterial mechanosensistive ion
channels this has been achieved in two ways: (i) by using MscS/MscK, which are
more MS than MscL and applying the negative pipette voltage across membrane
(–40 to –60 mV); or (ii) by using a mutated variants of the channels which have
been found to gate spontaneously without tension. The substitution of a hydrophilic
glutamate residue at position 22 in MscL (Yoshimura et al. 1999) is one such mu-
tation that has been used for this purpose (Yoshimura et al. 1999; Petrov et al.
2011).

It was previously shown that MscS decreases its activity under HHP (Macdonald
and Martinac 2005). This was evident by its reduced opening probability. These
observations were reproducible and the HHP did not denature the channel because
fully open states were observed at all applied pressures (0–90 MPa) and channels
recovered their activity when returned to lower pressures (Petrov et al. 2007). G22E
mutants of MscL on the other hand demonstrated longer openings at subconducting
levels when exposed to HHP (Petrov et al. 2011). This increase of activity was
observed regardless of whether the channels were from spheroplasts or azolectin
membranes.

The difference in these effects between the two MS channels could lie in the
fact that MscS was the WT channel. In order to open MscS channels energy has
to be spent to expose the hydrophobic amino acids of the channel pore to water
molecules. Under HHP (< 100 MPa) it is likely that the channel is becoming more
compact and so occupying less volume (Wann and Macdonald 1980; Macdonald
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and Martinac 2005). If so, then a decrease in the free volume of the channel under
HHP would make a closed state more favourable. As well, given that membranes
under HHP are stiffer and the hydrocarbon tails of phospholipid molecules are more
compact (Braganza and Worcester 1986), it is conceivable that HHP could hamper
the movement of the TM1-TM2 hairpin which is vital to the gating process (Bass
et al. 2002). In the case of the G22E-MscL mutant there is a substitution (glycine to
glutamate) at the narrowest part of the MscL channel which impairs the hydrophobic
lock and causes excess hydration. Under the influence of HHP there may be increased
water permeation, which in turn interferes with the “hydrophobic lock” mechanism
of the pore-forming helices of the G22E-MscL pentamer, hindering channel closure
(Petrov et al. 2011).

1.8 Liposome Efflux Assays

Membrane bound MS ion channels that have been cloned, recombinantly expressed
and purified can normally be readily reconstituted into artificial liposomes (see
Sect. 1.3. above). By filling these liposomes with a high concentration of a self-
quenching fluorophore such as calcein or carboxy-fluorescein, channel activity can
be quantified according to the leakage of these fluorophores from their liposomal
compartments into the surrounding media. Once free of the confines of the lipo-
somes, overall fluorescence is increased as the dye becomes dispersed and is no
longer self-quenched (Fig. 1.11). The method of liposome creation for this assay
typically involves extruding lipids containing reconstituted protein in a solution of
very highly concentrated fluorophore (typically of the order of 50 mM) through a
membrane. This typically produces unilamellar vesicles of a size corresponding to
the pore size of the membrane used. Extruders for this application are commercially
available (AVESTIN). Following extrusion, the liposomes can typically be sepa-
rated from their fluorophore containing media by using a Sephadex G50 gravity fed
column.

After the separation of free dye the liposomes are ready to be used for whatever
experimental assay is required. Results can be easily measured using a fluorescence
plate reader. As a positive control, the detergent Triton-X is typically added to break
open all the liposomes and releases all the fluorophore to the surrounding media,
causing a considerable increase in overall fluorescence (Foo et al. 2011).

Liposome efflux assays have been used to assess the functioning of MscL chan-
nels in response to various mechanical and chemical stimulations. The effectiveness
of liposome assays using MscL can be improved further by creating a gain of func-
tion (GOF) mutant. This can readily be achieved by replacing the glycine at the
pore constriction site (G22) with cysteine, and then labelling the cysteines with
[2-(triethylammonium)ethyl] methanethiosulfonate bromide (MTSET). This creates
positive charges within the constriction site forcing the channel to open (Yoshimura
et al. 2001; Bartlett et al. 2004, 2006) (Sect. 1.6). Powl et al. used this GOF mu-
tant to demonstrate that the addition of anionic lipids such as phosphatidylglycerol,
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Fig. 1.11 Liposome efflux assay. A highly concentrated self-quenching fluorescent dye is incorpo-
rated into liposomes reconstituted with mechanosensitive (MS) ion channels (typically MscL). In
response to some stimulus or drug, the channels open and the dye is released into the surrounding
media where it is no longer quenched and overall fluorescence increases.

phosphatidic acid, and cardiolipin to phosphatidylcholine liposomes increases the
flow of the fluorophore through these MscL channels (Powl et al. 2008).

Li et al used a liposome efflux assay to verify that 2 separately distinct residue pairs,
G26/I92 and V23/I96, in MscL do interact upon channel opening (Li et al. 2009).
They did this by mutating the select residues such that they would electrostatically
repulse each other when brought into close contact. This electrostatic repulsion led
to a loss of function which was readily detectable using a liposome efflux assay.
Koçer et al. have used MscL mutants that were chemically modulated to function as
nanovalves incorporated into liposomes which can then open in response to various
stimuli such as light or pH changes (Koçer et al. 2005, 2006). Van de Bogaart
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et al used a variation of fluorescence correlation spectroscopy with their liposomes
in order to demonstrate that small protein molecules can pass through the pore of
MscL channels incorporated into liposomes (van den Bogaart et al. 2007a). They
labelled their liposome membranes with the fluorophore DiO (excitation max 484 nm,
emission max 501 nm), and then incorporated various AlexaFluor 633 (excitation
max 632 nm, emission max 647 nm) labelled proteins into them. They were then
able to monitor fluorescence signals in a confocal volume over time in 2 distinct
wavelength bands. By correlating the intensities of the 2 signals they were able to
distinguish between liposomes with both fluorophores, and those liposomes where
theAlexaFluor labelled proteins had leaked out through MscL pores. The same group
used a similar technique to demonstrate the pore size of the antimicrobial agent in
honey bee venom, melittin, in liposomes of various lipid compositions (van den
Bogaart et al. 2007b).

1.9 Advanced Fluorescence Techniques to Characterise
Bacterial Mechanosensitive Ion Channels

Modern fluorescence microscopy techniques have created many new and innova-
tive ways to study the interactions and structures of ion channels (Martinac and
Cranfield 2012). Techniques such as total internal reflection fluorescence (TIRF) mi-
croscopy, Förster Resonance Energy Transfer (FRET), Bioluminescence Resonance
Energy Transfer (BRET), Fluorescence Lifetime Imaging (FLIM), Stimulated Emis-
sion Depletion (STED) microscopy, Stochastic Optical Reconstruction Microscopy
(STORM), Photoactivated Localisation Microscopy (PALM), and Fluorescence Cor-
relation Spectroscopy (FCS) are highly useful tools for detecting what occurs at the
nanometer level. In this section we will primarily focus on the applications of FRET
as it is the most frequently used and established method for the characterisation of
bacterial MS ion channels within their lipid environment.

FRET involves the transfer of the energy from an excited donor fluorophore to a
nearby quencher or acceptor molecule, so long as the acceptor molecule is within a
distance ∼1–100 Å (Förster 1959). This is advantageous as many inter- and intra-
protein interactions occur within this distance range. This transfer of energy occurs
through dipole-dipole interactions and is radiationless, thus no photons are emitted
during the energy transfer process. If the acceptor molecule is itself a fluorophore the
transfer of energy to it may cause emission of a photon at a longer wavelength and with
lower energy than the fluorescence that would normally be emitted by the donor. The
amount of energy transferred to the acceptor is dependent upon the distance and the
relative dipole orientations of the donor with respect to the acceptor molecules. The
FRET efficiency (E) is the fraction of energy that is transferred between donor and
acceptor molecules. It can be measured by dividing the donor fluorescence intensity
(or lifetime—see FLIM below) in the presence of the acceptor with the value in the
absence of the acceptor and subtracting this from 1. This value can then be used
to determine the distance between donor and acceptor molecules according to the
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equation:

r = R0

[(
1

E

)
− 1

]1/6

(1.5)

where r is the distance between fluorescence dipoles and R0 is the Förster distance,
which is the distance at which energy transfer is 50 %. R0 is dependent on the free-
dom of movement of the donor and acceptor molecules with respect to each other,
and the relative overlap between the donor’s emission spectrum and the acceptors’
absorption spectrum. We recommend Lakowicz (2006) for those interested in better
understanding of calculating the value of R0 (Lakowicz 2006). For many applica-
tions, however, the calculation of the exact distance between donor and acceptor
FRET pairs is not necessary as it is often sufficient just to know that FRET is occur-
ring. From the FRET efficiency measurements alone it is often possible to conclude
that relevant fluorescently labelled protein regions are either closer or further apart
with respect to each other, which can provide valuable structural information. If the
accuracy of intra- and inter-molecular distances is of particular importance to the
experiment the use of Fluorescence Lifetime Imaging (FLIM) to measure FRET is
recommended. The fluorescence lifetime is the average time the stimulated electron
of a fluorophore spends in the excited state prior to its decline to the ground state.
FLIM is an advantageous technique as lifetimes are independent of a fluorophore’s
localised concentration. Although quantification of FRET efficiency using FLIM is
preferred, it does however require more sophisticated equipment and analysis. If
FRET occurs between a donor fluorophore and the acceptor there will be a reduction
in the fluorescence lifetime of the donor fluorophore, and it is this difference in the
lifetime of the donor, in the presence and absence of the acceptor, that can be used
to calculate the FRET efficiency.

The open channel structure of MscL was elucidated using FRET (Corry et al.
2005, 2010). These structural changes were detected from the fluorescence intensity
emitted from cysteine mutants tagged with a FRET pair consisting of Alexa-Fluor
488 as the donor and Alexa-Fluor 568 as the acceptor. MscL channels incorporated
into liposomes were stimulated to open via the application of the amphipath LPC
to the lipid bilayer. The researchers were able to determine that the diameter of the
MscL protein expanded by 16 Å upon channel opening (Corry et al. 2005, 2010) in
a very good agreement with the EPR spectroscopic studies (Perozo et al. 2002a).

In addition FRET was used to investigate the conformational dynamics of the
cytoplasmic domain in the MS channel of small conductance (MscS) during the
channel opening (Machiyama et al. 2009). MscS possesses a large cytoplasmic do-
main which is required for its activity and stability (Martinac et al. 2008). By labelling
point mutations in the cytoplasmic domain of MscS with a FRET pair, and using
LPC to stimulate channel opening, Machiyama et al were able to demonstrate that
the cytoplasmic domain of the channel swells when the channel opens and that this
expansion is a result of an electrostatic interaction between the transmembrane and
cytoplasmic domains (Machiyama et al. 2009).
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FRET was performed on fluorescently labelled derivatives of single Gramicidin
A (gA) channels incorporated into planar membranes. Gramicidin A is an antibi-
otic isolated from Bacillus brevis that is able to form channels that are sensitive to
mechanical stretch and changes in membrane thickness (Martinac and Hamill 2002;
Markin et al. 2006). gA monomers are not large enough to span typical lipid bilayers,
so in order to form channels gramicidin needs to form homodimers that will span the
lipid membrane (see Sect. 1.4. above). Borisenko et al were able to visually identify
gA homodimers using FRET by separately labelling 2 populations of monomers,
one with a donor, and one with the acceptor. They did this whilst simultaneously
recording channel electrical activity using a specially designed imaging chamber
(Borisenko et al. 2003).

Single molecule FRET for the study of bacterial channels has the ability to detect
structural fluctuations at the single channel level without confounding FRET signals
that can occur between channels in a group or cluster (Weiss 2000; Roy et al. 2008).
In another gramicidin study single molecule FRET was measured from within a patch
pipette enabling simultaneous current traces of channels opening with subsequent
single molecule FRET images (Harms et al. 2003).

Tryptophan residues have also been used as the fluorescence donor to study lipid-
protein interactions. Powl et al. (2003) incorporated a tryptophan residue into the
transmembrane regions of MscL. They then incorporated 2 lipids of differing acyl
chain lengths into their lipid bilayer, one containing bromine atoms to act as a flu-
orescence acceptor molecule. By measuring the amount of tryptophan quenching at
various brominated lipid concentrations they were able to calculate the lipid bind-
ing constants for their lipid pairs. By varying lipid chain lengths and/or the site of
the tryptophan residue in the protein they were then able to demonstrate that MscL
distorts to match bilayer thickness (Powl et al. 2003), and that the binding constants
for lipids of varying acyl chain length are different for regions of the protein in the
cytoplasmic leaflet of the lipid bilayer compared to the periplasmic side (Powl et al.
2007; Lee 2011).

The labelling of channels for FRET studies requires some consideration. One
method of labelling involves the cloning of fluorescent fusion proteins whereby
a protein such as green fluorescent protein (GFP) is attached to the host protein;
this chimera can then be expressed in cells (Norman et al. 2005). Alternatively,
proteins may be labelled via the attachment of organic fluorescent dyes to reactive
amino acid residues such as cysteine. If not pre-existing, these residues may be
inserted into a protein via mutagenesis, which is beneficial as it allows the labelling
of specific sites which may be of structural or functional interest within the protein.
Conversely, if unwanted reactive residues are present in the protein they may be
altered by mutagenesis to prevent excess labelling. Numerous proteins also contain
fluorescent amino acids such as tryptophan which may act as a donor fluorophore. In
addition, artificial amino acids may be inserted into proteins to behave as acceptors
(Summerer et al. 2006). An advantage of fluorescent dye labelling rather than the
use of fusion proteins is that fluorescent dye molecules are small, which allows
the labelling of channels at multiple loci and so minimise their effect on channel
activity. Labelling of channels with lanthanide metals such as europium or terbium
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can also be advantageous since their fluorescence decays are longer (0.5–3 ms). Thus
the accuracy of the fluorescence readings are enhanced as background fluorescence
(typically in the nanosecond range) can be excluded if the fluorescence is measured
only after a lag period following a pulsed excitation. However lanthanides have a poor
absorption profile and therefore they typically have to be used in conjunction with
a chelator to enhance their overall fluorescence (Selvin and Hearst 1994; Lakowicz
2006).

1.10 Other Structural Techniques Recently Employed
in Studies of Bacterial MS Channels

The great interest in understanding the structure and function relationship in ion
channels and other membrane proteins whose function is closely linked to the bi-
layer lipid environment in which these proteins operate, has led to a revived interest
in determining the structure of membrane proteins in their native membrane environ-
ment using a wide range of structural techniques. Towards this goal researchers have,
in addition to the techniques described in this chapter, employed a range of other
techniques, including NMR spectroscopy, small-angle neutron scattering (SANS),
small-angle X-ray scattering (SAXS) and atomic force microscopy (AFM), to name
a few.

Recently Abdine and colleagues reported the first solid-state NMR study of the
MscL protein selectively labelled by using cell-free expression and reconstituted in
a hydrated lipid bilayer (Abdine et al. 2010). As an alternative method to produce
membrane proteins of both, prokaryotic and eukaryotic origins, cell-free expres-
sion facilitates not only expression of high amounts of proteins but also helps to
eliminate toxicity problems, reduce proteolytic degradation, and can synthesize the
membrane proteins directly into detergent micelles or lipid bilayers (Reckel 2010).
The cell-free expression of MscL enabled preparation of NMR samples providing a
significant reduction of the spectral crowding. This method should help to determine
the secondary protein structure and dynamics, as well as distance constraints, that
can further be used for computational modelling of MscL molecular dynamics, as it
has previously been done by employing EPR and FRET spectroscopy (Perozo et al.
2002a; Corry et al. 2010).

Another recent study by Grage and colleagues employed small angle neutron
scattering (SANS) and atomic force microscopy (AFM) in addition to fluorescence
microscopy, patch-clamp recording and computational modelling to investigate clus-
tering and functional interaction of MscL channels in lipid bilayers of different
composition (Grage et al. 2011). The study indicated that MscL exhibited tendency
to form clusters under a wide range of conditions, and, although closely packed,
the channel still remained active and MS. The MscL channel activity was however
modulated by the presence of neighbouring proteins in the clusters indicating the im-
portance of the lipid bilayer for the interactions between MscL proteins. It is worth
noting here that MscL as an ∼80 kDa protein is amenable to these structural methods



1 Force from Lipids: A Multidisciplinary Approach to Study Bacterial . . . 27

and techniques because of its relatively small size. Similar approaches have thus far
not been used for studies of MscS structure because of the limitations that the size
of the MscS channel protein (∼210 kDa) may impose on these techniques.

1.11 Conclusion and Perspectives

The mechanisms that underlie how individual bacterial MS ion channels interact with
their lipid environments need further investigation if we are to fully comprehend the
mechanisms of mechanotransduction. Once we have a better knowledge of these
mechanisms, not only will that knowledge contribute to a better understanding of the
molecular principles underlying mechanosensory transduction in living cells, but the
utility of these MS channels as nano-valves in various biomedical and engineering
applications can also be optimally beneficially exploited.
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Chapter 2
Mechanosensitive K2P channels, TREKking
through the autonomic nervous system

J. Antonio Lamas

2.1 Introduction

The TOK1/YORK channel from the yeast Saccharomyces cerevisiae was the first
channel containing two-pore loop-forming domains to be cloned and sequenced
(Ketchum et al. 1995; Lesage et al. 1996b). Although the TOK1/YORK channel
comprises eight transmembrane segments (8TMS-2P), its discovery anticipated the
flourishing of a new family of 4TMS mammalian potassium channels now known as
the “two-pore domain potassium channels” (K2P, KCNK). The sequence of a family
of 4TM channels containing two-pore domains (the CeK family) was obtained from
the genome of the nematode Caenorhabditis elegans and it was also deposited in
DNA databases in 1995 (Salkoff and Jegla 1995). One year later, the first member
of the mammalian 4TMS-K2P family was described in human tissue and named
TWIK-1 for “Tandem of pore domains in a Weak Inward rectifying K+ channel”
(Lesage et al. 1996a). Within less than 10 years 15 such channels had been categorized
into six subfamilies: TWIK, TREK, TASK, TALK, THIK and TRESK (for extensive
reviews on K2P channels see: Lesage and Lazdunski 2000; Lotshaw 2007; Enyedi
and Czirják 2010).

The second member of the mammalian K2P family, TREK-1 (TWIK-1 RElated
K+ channel), was first isolated from mouse brain in 1996 (Fink et al. 1996). This
channel was the first member of the TREK subfamily discovered, soon followed by
the mouse TRAAK (TWIK-Related Arachidonic Acid-stimulated K+ channel: Fink
et al. 1998) and finally by the rat (Bang et al. 2000) and human (Lesage et al. 2000b)
TREK-2.

The members of the TREK subfamily are non-inactivating background potassium
channels that can open at any membrane potential, thus playing an important role
in the control of the resting membrane potential and in neuronal excitability. More-
over, their open rectification and slight voltage-dependency suggests a role in action
potential repolarization, and consequently in repetitive firing (Goldstein et al. 2001).
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TREK channels are widely expressed throughout the nervous system, as well as in
several non-neuronal tissues (Talley et al. 2001, 2003), indicating a broad and com-
plex range of physiological and pathological roles, depending on the function of the
cells, tissues and organs in which they are expressed.

All three members of the TREK subfamily share the distinctive characteristic
of being activated by a mechanical membrane stretch (Patel et al. 1998; Maingret
et al. 1999a; Bang et al. 2000). In addition, TREK channels are modulated via G
protein-coupled receptors and by a extremely high number of physical and chemical
physiological stimuli, including membrane deformation, temperature, pH, polyun-
saturated fatty acids, lysophospholipids and neurotransmitters, (Lesage 2003; Kim
2003; Franks and Honore 2004; Mathie 2007; Mathie and Veale 2007; Lotshaw
2007; Huang andYu 2008; Sabbadini andYost 2009; Dedman et al. 2009; Noël et al.
2011). Non-physiological stimuli such as neuroprotective agents and volatile gen-
eral anesthetics also potently regulate these channels. Indeed, their strong reactivity
confers TREK channels with an additional complex set of putative cellular functions,
apparently derived from the interaction of these factors with the C-terminus region
of the protein.

2.2 Electrophysiological Properties

We usually think of leak channels as pores that produce non-rectifying ohmic cur-
rents, thereby producing a linear relationship between current and voltage (linear
I–V) similar to that of an ohmic resistor in an electrical circuit. However, in theory, the
current-voltage relationship (I–V) for a potassium-selective leak channel is expected
to rectify in the outward direction, due to the difference in potassium concentration
between the extracellular and intracellular fluids in physiological conditions. This
behavior was already predicted by the constant field theory (GHK-current equation)
and it is often referred to as “open channel rectification”, meaning that K+ ions travel
more easily through an open channel when moving from a compartment with high
K+ concentration to one with low K+ concentration, producing higher conductance
in this direction (Goldman 1943; Hodgkin and Katz 1949; Lesage and Lazdunski
2000; Goldstein et al. 2001; Plant et al. 2005; Honore 2007). However, current pass-
ing through a single-channel is most commonly studied at equimolar (symmetrical)
potassium concentrations (often 150 mM, both inside and outside of the membrane).
In these ideal conditions the concentration gradient vanishes and the I-V becomes
linear, at least for a perfect leak channel.

As classically hypothesized, a leak current should also be voltage-independent,
meaning that the open probability of the channel should be the same at any membrane
voltage and that channels should not undergo inactivation. This also implies that rapid
changes in the voltage of the membrane result in instantaneous alterations in the
macroscopic current (whole-cell current) with only negligible time course constants,
simply depending on the driving force for potassium (Vm–EK). In summary, in ideal
conditions (e.g., equimolar potassium concentrations) the current generated by leak
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Fig. 2.1 Current-voltage relationships for TREK channels.At near physiological potassium concen-
trations, both single-channel (a, left) and macroscopic whole-cell currents (b, left) rectify strongly
in the outward direction. This rule is applicable to all three members of the TREK subfamily. At
high symmetrical potassium concentrations, TREK-1 single-channel currents still rectify in the
outward direction (a, right; blue). This rectification essentially disappears when cations are re-
moved (a, right; dotted-blue). TREK-2 and TRAAK single-channels exhibit inward rectification at
symmetrical potassium concentrations (a, right; red and black). In the same conditions, TREK-1
and TREK-2 macroscopic whole-cell currents exhibit outward rectification (b, right; blue and red),
although the stronger rectification of TREK-1 can be reduced by removing extracellular cations
(b, right; dotted blue). TRAAK macroscopic I-Vs at high potassium concentrations are essentially
linear (b, right; black). The data shown in this figure are not real but rather, they serve to summarize
the cumulative findings of many authors (see text). “nA-μA” roughly refers to values obtained from
experiments performed following heterologous expression in small cells or in oocytes, respectively

channels (macroscopic or single-channel) should follow Ohm’s law, maintaining a
linear relationship with the voltage (linear I–V), while at physiological potassium
concentrations the I–V should exhibit a slight outward rectification, as predicted
by the GHK equation (outwardly rectifying I–V). TREK channels are universally
considered leak (or baseline, background or resting) channels, and although they
generally conform to the rules outlined above, some important deviations from this
ideal behavior occur (as discussed below and in Fig. 2.1).
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2.2.1 TREK Single-Channel Properties

Heterologously expressed members of the TREK subfamily, TREK-1 (Fink et al.
1996), TREK-2 (Lesage et al. 2000b) and TRAAK (Fink et al. 1998; Maingret
et al. 1999a; see also Lesage et al. 2000a), exhibit flickering-bursting behavior, and
a strongly outwardly rectifying single-channel I-V when recorded at asymmetrical
(close to physiological) potassium concentrations (Fig. 2.1a, left). In atrial myocytes
(Terrenoire et al. 2001), recordings from native TREK-1-like single-channels also
revealed outward rectification at asymmetrical potassium concentrations. Thus, it
seems likely that TREK channels do not permit the passage of significant inward
potassium current in physiological conditions.

By contrast, there are clear differences among TREK channels when single-
channels are studied at symmetrical potassium concentrations (approximately
150 mM on each side; Fig. 2.1a, right). In these conditions TREK-1 single-channel
currents still exhibit clear outward rectification and a conductance of about 100 pS
at positive potentials (Patel et al. 1998; Kim et al. 2001a; Maingret et al. 2002; Li
et al. 2006). This single-channel outward rectification disappears in the absence of
extracellular divalent cations (Ca2+ and Mg2+) and the single-channel I–V becomes
linear (Fig. 2.1a, right; dotted blue line) or very slightly inwardly rectifying (Bock-
enhauer et al. 2001; Maingret et al. 2002; Han et al. 2003; Li et al. 2006). Native
TREK-1-like channels showing high conductance (84–120 pS) at positive potentials
have also been described in rat atrial (Terrenoire et al. 2001) and ventricular (Tan
et al. 2002; Kang et al. 2005; Li et al. 2006) myocytes, as well as rat hippocam-
pal (Bockenhauer et al. 2001), Dorsal Root Ganglia (DRG: Kang et al. 2005) and
supraoptic (Han et al. 2003) neurons.

TREK-2 single-channels exhibit clear inward rectification at symmetrical potas-
sium concentrations (Fig. 2.1a, right; red line), with much lower conductance at
positive (approx. 65 pS at + 40 mV) than at negative (approx. 110 pS at -40 mV)
voltages (Bang et al. 2000; Kim et al. 2001b; Han et al. 2002, 2003; Kang et al. 2004).
Interestingly, human TREK-2 channels display much weaker rectification (Lesage
et al. 2000b). Similar disparities in conductance at different membrane potentials
have been reported for native TREK-2-like single-channel currents in cerebellar (Han
et al. 2002; Kang et al. 2005), supraoptic (Han et al. 2003), pancreatic (Kang et al.
2004), DRG (Kang et al. 2005) and ganglionar sympathetic (Cadaveira-Mosquera
et al. 2011) cells.

Heterologously expressed single TRAAK channels exhibit inward rectification at
symmetrical potassium concentrations, although to a lesser degree than the TREK-2
channel (Fig. 2.1a, right; black line), showing a conductance of about 75 pS and> 100
pS at positive and negative membrane potentials respectively (Kim et al. 2001a; Han
et al. 2003). Similar results were obtained for native TRAAK-like channels from
supraoptic (Han et al. 2003) and DRG (Kang et al. 2005; Kang and Kim 2006)
neurons.

In summary, the outward rectification induced by external divalent cations when
single TREK channels are recorded at equimolar potassium concentrations appears to
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be exclusive to TREK-1 (Enyedi and Czirják 2010). The single-channel rectification
observed in divalent cation-free and symmetrical solutions is probably an intrinsic
property of the channel produced by the structural characteristics of the channel pore.
Interestingly, at least two different isoforms of TREK-1 (one of them permeable
to sodium) and TREK-2, with clearly different conductances, can be expressed in
heterologous systems by alternative translation initiation mechanisms (Thomas et al.
2008; Simkin et al. 2008). Several sub-conductance levels have also been reported
(Li et al. 2006; Kang et al. 2007).

While leak channels are expected to be voltage-independent, the open probabil-
ity of TREK-1 channels increases at positive membrane potentials, such that their
voltage-dependency is not negligible (Maingret et al. 2002; Li et al. 2006). Inter-
estingly, phosphorylation by Protein Kinase A (PKA) of TREK-1 and TREK-1-like
channels expressed in hippocampal cells induces voltage-dependency in the other-
wise leak-like channel (Bockenhauer et al. 2001; but see Maingret et al. 2002). The
open probability of both human (Lesage et al. 2000b) and rat (Bang et al. 2000;
Kang et al. 2007) TREK-2 channels also increases at positive potentials. This ob-
servation may explain the unexpected outward rectification of TREK-2 macroscopic
currents at symmetrical K+ concentrations, even when the single-channel I–V is
clearly inwardly rectifying in the same conditions. Also TRAAK channels have been
described as slightly voltage-dependent, with significant increases in Po observed at
positive membrane potentials (Maingret et al. 1999a; Kim et al. 2001a).

2.2.2 TREK Macroscopic-Current Properties

Unlike single-channel currents, macroscopic (whole-cell) currents are usually stud-
ied at physiological (asymmetrical) potassium concentrations. In these conditions the
I-Vs for heterologously expressed TREK-1 (Fink et al. 1996; Meadows et al. 2000;
Bockenhauer et al. 2001; Koh et al. 2001; Enyeart et al. 2002; Maingret et al.
2002; Kennard et al. 2005), TREK-2 (Bang et al. 2000; Lesage et al. 2000b) and
TRAAK (Fink et al. 1998; Maingret et al. 1999a; Duprat et al. 2000; Lesage et al.
2000a; Meadows et al. 2001) currents are all strongly outwardly rectifying, with
almost no inward current (Fig. 2.1b, left). This behavior appears to be independent
of the subunit source (mouse, rat or human) and the heterologous system employed
(oocyte (OO), COS or HEK), and rectification often exceeds that predicted by the
constant field theory. Native TREK-1-like macroscopic currents from adrenocortical
cells (Enyeart et al. 2002; Danthi et al. 2003) and TREK-2-like currents from cor-
tical astrocytes and sympathetic neurons (Ferroni et al. 2003; Kucheryavykh et al.
2009; Cadaveira-Mosquera et al. 2011) are also predominantly outward, crossing
the voltage axis near the Nernst equilibrium potential for potassium.

Although uncommon, analysis of TREK macroscopic currents in symmetrical
conditions reveals that I–Vs can exhibit clear inward currents at negative poten-
tials (Fig. 2.1b, right), indicating that the strong outward rectification observed at
physiological concentrations (Fig. 2.1b, left) is not (or at least not completely) due
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to voltage dependency. This phenomenon has been described in heterologously ex-
pressed TREK-1 (Patel et al. 1998; Koh et al. 2001; Maingret et al. 2002; Lopes et al.
2005; Sandoz et al. 2006; Cohen et al. 2008), TREK-2 (Lesage et al. 2000b) and
TRAAK (Fink et al. 1998; Lesage et al. 2000a; Meadows et al. 2001) channels. In-
terestingly, TREK-1 and TREK-2 currents do not completely linearize at equimolar
potassium concentrations and a clear outward rectification is still evident (Fig. 2.1b;
right, blue and red lines). The macroscopic rectification of TREK-1 can be attenuated
by removing divalent Mg2+ and Ca2+ cations and the residual outward rectification
in these conditions has been ascribed to the intrinsic voltage-dependency of TREK-1
channels (Maingret et al. 2002; Sandoz et al. 2006; Li et al. 2006). However, this
remaining rectification was recently attributed to voltage-dependent inhibition by
protons as in the absence of Mg2+, mutant TREK-1 channels that are insensitive to
H+ exhibit an essentially linear I-V at symmetrical K+ concentrations (Cohen et al.
2008). Linear, or very slightly outwardly-rectifying I–Vs have been described for
TRAAK, indicating a lack of intrinsic voltage dependency for this channel or possibly
a compensation for the slight voltage dependency by inward single-channel rectifi-
cation (Fink et al. 1998; Lesage et al. 2000a; Ozaita and Vega-Saenz de Miera 2002).
At symmetrical K+ concentrations, linear or weak outwardly-rectifying I–Vs have
also been described for native TREK-1-like (Danthi et al. 2003) and TREK-2-like
(Ferroni et al. 2003; Cadaveira-Mosquera et al. 2011) macroscopic currents.

While initial analyses of macroscopic currents evoked by voltage steps indicated
no time dependency accompanying TREK-1 outward rectification (Meadows et al.
2000; Maingret et al. 2000a), clear time-dependent activation was reported subse-
quently (Bockenhauer et al. 2001; Maingret et al. 2002; Kennard et al. 2005). Thus, it
has been proposed that two distinct populations of TREK-1 channels may coexist in
physiological conditions, one phosphorylated and hence voltage-dependent, and the
other dephosphorylated and voltage-independent. If true, step-activated macroscopic
current should exhibit both instantaneous and time-dependent components, which
indeed has been frequently reported (Enyeart et al. 2002; Kennard et al. 2005). Simi-
larly, voltage changes result in rapid activation of human TREK-2 currents, exhibiting
instantaneous and delayed components (Lesage et al. 2000b; Kim et al. 2005). By
contrast, TRAAK channels appear to produce instantaneous non-inactivating cur-
rents when the membrane is voltage-stepped (Fink et al. 1998; Duprat et al. 2000;
Lesage et al. 2000a; Ozaita and Vega-Saenz de Miera 2002).

A second and distinct form of voltage-dependence has been described for TREK-1
macroscopic currents expressed in oocytes. A slow, progressive increase in TREK-1
currents in response to membrane hyperpolarization has been reported, which de-
clined when the membrane was depolarized (Segal-Hayoun et al. 2010). As a result,
it was proposed that the resting membrane potential (or holding voltage) modulates
the activity of Gq-coupled receptors in the absence of agonist, such that persistent
membrane depolarization activates the Gq cascade, depleting PIP2 levels and thereby
inhibiting TREK-1 activity.

Regulation of TREK-1 activity by extracellular sodium and potassium concentra-
tions has been reported in heterologous systems (oocytes). A reduction in the [Na]o

clearly inhibited macroscopic outward currents, whereas the outward current slope
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conductance was augmented when the [K]o increased from 2–98 mM, indicating a
potentiating effect of both extracellular Na+ and K+ (Fink et al. 1996; Meadows
et al. 2000; Ma et al. 2011). TREK-2 outward currents are also larger than expected
from the driving force at high external K+ concentrations, and they are reduced
when the Na+ concentration drops (Lesage et al. 2000b), suggesting a stimulating
effect of extracellular K+ and Na+ similar to that described for TREK-1 channels.
The modulation of TREK channels by external K+ may be important in pathologies
involving large variations in extracellular potassium concentrations, such as epilepsy
and brain or heart ischemia.

In summary, the strong outward rectification observed in TREK currents at phys-
iological K+ concentrations appears to result from the interplay of “open rectifica-
tion” (for all three channel types), weak voltage-dependence (mainly TREK-1 and
probably TREK-2) and blockage (exclusively TREK-1) by divalent cations (Enyedi
and Czirják 2010). While TREK channels deviate from the classical definition of
leak channels, they can still be considered resting channels, as they remain open
across the physiological voltage range and do not inactivate, despite of their voltage-
dependency. In addition, TREK channels lack the classical positively charged S4
transmembrane domain and their apparent “activation threshold” follows the potas-
sium equilibrium potential rather than depending on the membrane voltage (Fink
et al. 1996).

2.2.3 Resting Membrane Potential and Excitability

The heterologous expression of TREK channels in oocytes, COS or HEK cells
clearly modifies the resting membrane potential by shifting its value (20–50 mV)
towards the equilibrium potential for potassium, as described for TREK-1 (Fink et al.
1996; Gruss et al. 2004a; Thomas et al. 2008), TREK-2 (Kim et al. 2005) andTRAAK
(Fink et al. 1998; Meadows et al. 2001; Ozaita and Vega-Saenz de Miera 2002). The
influence of TREK channels on the resting membrane potential of real neurons is
more difficult to determine, nevertheless, several authors have reported rather soft
effects following pharmacological modulation or genetic deletion/overexpression of
TREK channels (Ferroni et al. 2003; Heurteaux et al. 2004; Alloui et al. 2006; Yang
and Jan 2008; Deng et al. 2009).

Modulation of TREK-2-like native currents mildly influences the resting mem-
brane potential and excitability of mouse sympathetic neurons (Cadaveira-Mosquera
et al. 2011). A depolarization of 10 mV is observed only when TREK channels are
blocked strongly by fluoxetine (100 μM), while relatively high concentrations of rilu-
zole (300 μM) induce a comparable hyperpolarization (Cadaveira-Mosquera et al.
2011). Fluoxetine also decreases the latency to the first action potential evoked by
current-injections, but it fails to attenuate the adaptation of sympathetic neurons as
expected (Cadaveira-Mosquera et al. 2011). This may seem a disappointing result
for the channel touted as the long-awaited “leak channel”. However, we should bear
in mind that the sympathetic neurons of the superior cervical ganglion (SCG) are



42 J. A. Lamas

endowed with a number of other voltage-dependent (potassium M-type, cationic H-
type, sodium persistent) and voltage-independent (unidentified chloride and sodium)
channels that will influence the resting membrane potential (Lamas 1998; Lamas
et al. 2002; Romero et al. 2004; Lamas 2005; Lamas et al. 2009). Whether TREK
channels are additional contributors or the main regulators of the resting membrane
potential remains to be determined.

2.3 Pharmacology

The pharmacology of K2P channels is extremely complex (Lesage 2003). Tradi-
tionally, researchers have sought to identify the most selective channel blocker in
order to study a given ion current. However, K2P channels in general, and the TREK
subfamily in particular, have demonstrated the importance of channel enhancers as
useful tools to study the channels themselves but also as putative useful tools in
clinical pharmacology.

2.3.1 Channel Blockers

A distinctive characteristic of K2P channels is that they are not sensitive to most
classic potassium channel blockers. It is generally agreed that all members of the
TREK subfamily, TREK-1 (Fink et al. 1996; Patel et al. 1998; Meadows et al. 2000;
Koh et al. 2001; Han et al. 2003; Moha ou Maati et al. 2011), TREK-2 (Bang et al.
2000; Lesage et al. 2000b; Han et al. 2002, 2003; Kang et al. 2007; Deng et al. 2009;
Kucheryavykh et al. 2009; Xiao et al. 2009; Cadaveira-Mosquera et al. 2011) and
TRAAK (Fink et al. 1998; Lesage et al. 2000a; Ozaita and Vega-Saenz de Miera
2002; Han et al. 2003) are insensitive to millimolar concentrations of TEA, 4-AP
and Cs+. TREK channels are also insensitive to blockers of the calcium-dependent
potassium channels such as apamin, charybdotoxin, iberiotoxin and paxilline (Kang
et al. 2007; Mazella et al. 2010; Cadaveira-Mosquera et al. 2011; Moha ou Maati
et al. 2011), ATP-sensitive potassium channels like glibenclamide and tolbutamide
(Kucheryavykh et al. 2009; Moha ou Maati et al. 2011), inward rectifier potassium
channels like tertiapin (Deng et al. 2009), voltage-dependent sodium channel such
as TTX and valproate (Cadaveira-Mosquera et al. 2011) and calcium channels such
as Cd (Cadaveira-Mosquera et al. 2011). However, other calcium channel blockers
such as mibefradil, penfluridol and pimozide do effectively inhibit heterologously
expressed and native TREK-1 channels (Enyeart et al. 2002; Chemin et al. 2005a).

The effect of Ba2+ on TREK channels has originated some discrepancies (see
Patel and Honore 2001). TREK-1 was found to be insensitive to or very slightly
inhibited by low concentrations (≤1 mM) of barium (Patel et al. 1998; Meadows
et al. 2000; Zhou et al. 2009), although stronger inhibition had been described with
equivalent and higher concentrations (Fink et al. 1996; Ma et al. 2011). Inhibition
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of TREK-2 with ≥2 mM (Bang et al. 2000; Han et al. 2002; Ferroni et al. 2003;
Kang et al. 2007; Xiao et al. 2009; Cadaveira-Mosquera et al. 2011) but not with
≤1 mM (Lesage et al. 2000b; Kim et al. 2005) has also been reported. Similarly
Ba2+ was also found to block mouse (Fink et al. 1998) but not human (Lesage et al.
2000a; Ozaita and Vega-Saenz de Miera 2002) or rat (Han et al. 2003) TRAAK
homologues. In summary, TREK channels can be inhibited by moderate millimolar
concentrations of barium. However, complete dose-response relationships must be
stablished to determine whether distinct TREK subunits or their orthologues exhibit
different sensitivities. A putative competition between Ba2+ and extracellular K+,
recently reported, should also be taken into account (see Ma et al. 2011).

There is also conflicting data regarding the effects of quinine and quinidine. While
these alkaloids have been reported to inhibit TREK-1 (Patel et al. 1998; Meadows
et al. 2000; Zhou et al. 2009; Seifert et al. 2009) and TREK-2 (Lesage et al. 2000b;
Ferroni et al. 2003; Kucheryavykh et al. 2009), other studies found no effects on
TREK-1 (Fink et al. 1996; Koh et al. 2001), TREK-2 (Bang et al. 2000; Han et al.
2002; Cadaveira-Mosquera et al. 2011) and TRAAK channels (Lesage et al. 2000a;
Ozaita and Vega-Saenz de Miera 2002).

The inorganic dye ruthenium red (RR) can interact with a large number of
ion channels, including K2P. RR strongly blocks macroscopic currents via het-
erologously expressed TRAAK (Czirják and Enyedi 2002, 2006) but not TREK-1
channels (Czirják and Enyedi 2002). Besides, we recently reported that RR fails to
block TREK-2-like native sympathetic currents (Cadaveira-Mosquera et al. 2011),
suggesting RR as a useful tool with which to identify native TRAAK channels.

The antidepressant fluoxetine strongly inhibits TREK currents. Interestingly
TREK-1-KO, but not TRAAK-KO, mice are much less sensitive to depression and
stress than normal cohorts, and they exhibit a behavior similar to that of control mice
treated with classical antidepressants (Heurteaux et al. 2006). As TREK-1-KO mice
exhibit abnormally high dorsal raphe activity, the antidepressant phenotype has been
attributed to the loss of this channel in serotonin-producing neurons (Bayliss and Bar-
rett 2008). Fluoxetine and norfluoxetine strongly inhibit TREK-1 channels (Kennard
et al. 2005; Heurteaux et al. 2006; Sandoz et al. 2011; Moha ou Maati et al. 2011;
Eckert et al. 2011), while a range of serotonin reuptake inhibitors and antidepressants
(including fluoxetine, paroxetine, sertraline, fluvoxamine, maprotiline, citalopram,
mirtazapine and doxepin) block human TREK-1 currents at concentrations that do
not affect TRAAK (Heurteaux et al. 2006; Eckert et al. 2011). TREK-2 channels
are also inhibited by fluoxetine (Kang et al. 2008; Cadaveira-Mosquera et al. 2011),
although clinically related drugs such as lamotrigine have no such effect (Kang et al.
2008). In summary, fluoxetine can be used to distinguish between TREK-1/2 and
TRAAK channels. Furthermore, inhibiting TREK-1 may be a putative strategy to
develop new antidepressants and other mood regulators (Gordon and Hen 2006) as
recently demonstrated with the peptide spadin (Mazella et al. 2010; Moha ou Maati
et al. 2011). In fact, it has been recently observed an association between human ge-
netic variants in the TREK-1 locus and patient resistence to multiple antidepressant
classes (Perlis et al. 2008).
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Heterologously expressed human TREK-1 and TREK-2, but not TRAAK, macro-
scopic and inside-out currents have been reported to be inhibited by antipsychotic
substances like fluphenacine, chlorpromazine, haloperidol, flupenthixol, loxapine,
clozapine and pimozide but not by sulpiride and tiapride (Patel et al. 1998; Thümm-
ler et al. 2007), suggesting that TREK-1 may also be related with other psychiatric
disorders like schizophrenia.

2.3.2 Channel Enhancers

Volatile general anesthetics such as chloroform, cyclopropane, diethyl ether,
halothane, isoflurane, nitrous oxide, sevoflurane and xenon reversibly activate cur-
rents (macroscopic or single-channel) via mouse and human TREK-1 channels, and
they hyperpolarize COS cells expressing TREK-1 (Patel et al. 1998, 1999; Heurteaux
et al. 2004; Franks and Honore 2004; Gruss et al. 2004a). Natively-expressed TREK-
1-like channels in astrocytes and striatal neurons are also activated by halothane
(Heurteaux et al. 2004; Seifert et al. 2009). The effect of volatile anesthetics has
been attributed to their direct action, independent of second messengers (Patel et al.
1999). The strong resistance of TREK-1-KO mice to gaseous anesthetics such as
chloroform, halothane, sevoflurane, desflurane and isofluorane may have important
clinical relevance (Heurteaux et al. 2004) and indeed, TREK-1-KO and TRAAK-KO
mice display thermal and mechanical hyperalgesia (Alloui et al. 2006; Noël et al.
2009). In contrast to general anesthetics, the barbiturate pentobarbital has no effect
on macroscopic TREK-1 currents and it displays comparable anesthetic effects in
KO and wt mice (Heurteaux et al. 2004). Macroscopic TREK-2 currents are also
strongly activated by gaseous anesthetics such as chloroform, halothane and isofluo-
rane (Lesage et al. 2000b; Gu et al. 2002) but not by bupivacaine or lidocaine (Bang
et al. 2000; Han et al. 2002). On the contrary, TRAAK macroscopic currents from
mouse and human are insensitive to volatile general anesthetics such as chloroform,
diethyl ether, halothane and isoflurane (Patel et al. 1999; Lesage et al. 2000a). Taken
together, these findings suggest that TREK channels may be potential targets for the
development of new analgesics and anesthetics.

While macroscopic currents through heterologously expressed TREK-1 (Czirják
and Enyedi 2006) and TREK-2 (Kim et al. 2005; Czirják and Enyedi 2006) channels
are markedly enhanced by low micromolar concentrations (about 10 μM) of zinc
(Zn2+), human TREK-1 is inhibited by high (IC50 ca. 650 μM) Zn2+ concentrations
(Gruss et al. 2004b). Species differences and in expression systems could underlie
this discrepancy, although the concentrations used may also have contributed to the
divergent outcomes. Macroscopic currents generated by the expression of TRAAK
channels (Czirják and Enyedi 2006) are only slightly inhibited at much higher
concentrations of Zn2+. Moreover, activation by Zn2+ of native TREK-2-like macro-
scopic currents in sympathetic neurons has been recently demonstrated (Cadaveira-
Mosquera et al. 2011). Zinc is an important component of a large number of proteins
and it is also synaptically released from glutamatergic neurons (Freder-ickson
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and Bush 2001). Thus, TREK channels have been proposed as possible targets for
synaptically released zinc (Kim et al. 2005; Czirják and Enyedi 2006). A similar en-
hancement of TREK-1 and TREK-2 currents is induced by the mercuric ion (Hg2+),
having no effect on TRAAK currents (Czirják and Enyedi 2006). TREK-1 (Gruss
et al. 2004b) and TREK-2 (Kim et al. 2005) macroscopic currents are also activated
by low micromolar concentrations of copper (Cu2+) applied to the extracellular side
of the membrane. These divalent cations can be useful to distinguish native TRAAK
from TREK-1/2 channels.

Initial studies suggested that macroscopic currents from TREK-1 channels were
insensitive to intracellular acidification by CO2 bubbling (Fink et al. 1996). However,
intracellular acidification using extracellular HCO−

3 or dinitrophenol (DNP) strongly
increases heterologously expressed TREK-1 macroscopic outward currents (Main-
gret et al. 1999b; Duprat et al. 2000). Single-channel TREK-1 (Maingret et al. 1999b;
Honore et al. 2002; Chemin et al. 2005b; Sandoz et al. 2006; Moha ou Maati et al.
2011) and TREK-2 (Bang et al. 2000; Lesage et al. 2000b; Kim et al. 2001b; Kang
et al. 2007) currents are also enhanced by low pH levels in cell-attached (extracellular
application of CO2, HCO−

3 or removal of NH4Cl) and inside-out patches. Macro-
scopic and single-channel currents in natively expressed TREK-1-like channels from
myocytes, supraoptic, DRG and striatal neurons (Enyeart et al. 2002; Tan et al. 2002;
Han et al. 2003; Heurteaux et al. 2004; Kang et al. 2005; Chemin et al. 2005b; Alloui
et al. 2006) and TREK-2-like channels from cerebellar, entorhinal, supraoptic and
sympathetic neurons (Han et al. 2002, 2003; Kang et al. 2005, 2007; Deng et al. 2009;
Cadaveira-Mosquera et al. 2011) are also strongly enhanced by intracellular acidi-
fication. Indeed, circumvallate and foliate taste buds express TREK-1 and TREK-2
channels, suggesting a role on the sour taste transduction (Richter et al. 2004).

Interestingly, extracellular acidification was recently proposed to strongly inhibit
single-channels and macroscopic currents when human TREK-1 channels are ex-
pressed in oocytes, while the murine counterpart is much less sensitive (Cohen et al.
2008, 2009; Ma et al. 2011). This inhibition appears to involve two distinct temporal
components, with an initial rapid inhibition (within seconds) due to direct protona-
tion of the channel and a subsequent slower reduction (within minutes), probably
involving proton-sensing G-protein receptors and a second messenger of the Gq-PLC
pathway (Cohen et al. 2009). Note that both TREK-1 and TREK-2 channels have also
been reported to be substantially insensitive to the acidification of the extracellular
medium (Lesage et al. 2000b; Zhou et al. 2009).

Analysis of TRAAK currents has revealed an increase in macroscopic currents
in response to alkalinization, however no effect is observed in response to either
external or internal acidification (Fink et al. 1998; Maingret et al. 1999b). Recording
of TRAAK channels in inside-out patches has further demonstrated the insensitivity
of these channels to intracellular acidosis (Maingret et al. 1999b; Kim et al. 2001a),
and their activation by intracellular alkalinization (Kim et al. 2001a; Han et al. 2003).

Coexpression of the A-kinase-anchoring protein (AKAP150) with TREK-1 and
TREK-2, but not with TRAAK channels, strongly enhanced whole-cell macroscopic
currents in COS cells (Sandoz et al. 2006). Whether this scaffolding protein interacts
ubiquitously with TREK channels in native cells is still a matter of debate.
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2.3.3 Neuroprotectors

In several heterologous systems (OO, COS, HEK, CHO), both single-channel and
macroscopic currents from human and rodent TREK-1 are strongly and reversibly
potentiated by arachidonic acid (AA) and other polyunsaturated free fatty acids
(PUFAs), such as docosahexaenoate, oleate and linolenate (Patel et al. 1998; Main-
gret et al. 1999b, 2000b; Meadows et al. 2000; Honore et al. 2002; Sandoz et al. 2006;
Mazella et al. 2010; Moha ou Maati et al. 2011). Natively expressed channels with
properties resembling those of TREK-1 are also activated byAA in astrocytes (Seifert
et al. 2009), myocytes (Kang et al. 2005; Li et al. 2006) and cerebellar (Lauritzen
et al. 2000), supraoptic (Han et al. 2003), striatal (Heurteaux et al. 2004; Chemin et al.
2005a), hippocampal (Mazella et al. 2010) and DRG neurons (Alloui et al. 2006).
By contrast, saturated fatty acids (SFA) such as arachidate, myristate, palmitate or
stearate have no effect on macroscopic (Maingret et al. 2000b) or single-channel
(Patel et al. 1998; see also Maingret et al. 2000a) TREK-1 currents. Notably, TREK-
1-KO, but not TRAAK-KO, mice are extremely sensitive to kainic acid-induced
epileptic seizures and to experimentally-induced global and spinal cord ischemia
mortality (Heurteaux et al. 2004). Interestingly, expressed TREK-1 macroscopic cur-
rents are strongly activated by FCCP, an inductor of chemical ischemia (Honore et al.
2002) and moreover, the presence of TREK-1 channels in HEK cells protects them
from OGD-induced ischemia (Moha ou Maati et al. 2011). Accordingly, enhanc-
ing TREK-1 currents by administration of PUFAs (linolenic) and lysophospholipids
(lysophosphatidyl-choline), but not with saturated fatty acids (palmitic), elicits a
strongly anti-ischemic effect in wild-type but not in TREK-1-KO mice (Lauritzen
et al. 2000; Blondeau et al. 2002; Heurteaux et al. 2004). Based on these findings it
is tempting to speculate that activation of TREK-1 channels may decrease neuronal
excitability and enhance blood flow during cerebral ischemia, thereby diminishing
brain damage (Blondeau et al. 2007; Bayliss and Barrett 2008).

Macroscopic (Lesage et al. 2000b; Gu et al. 2002) and single-channel (Bang et al.
2000; Kim et al. 2001b; Han et al. 2002; Kang et al. 2007) currents from heterol-
ogously expressed TREK-2 channels are also activated by low micromolar concen-
trations of unsaturated fatty acids (arachidonic, docosahexanoic, eicosapentaenoic,
linolenic, linoleic, and oleic), yet not by saturated (elaidic, palmitic and stearic)
fatty acids (Bang et al. 2000; Lesage et al. 2000b). Similarly, natively expressed
TREK-2-like single-channels (in cerebellar granule and DRG neurons) and macro-
scopic currents (in sympathetic neurons and astrocytes) are activated by arachidonic
and linolenic acids but not by the saturated AA-analog arachidic acid (Ferroni et al.
2003; Kang et al. 2005; Kucheryavykh et al. 2009; Cadaveira-Mosquera et al. 2011).

Significantly, the enhancement of mouse TRAAK currents by arachidonic acid
(AA) and other unsaturated fatty acids led to the specific nomenclature of this
channel. Micromolar concentrations of AA and other unsaturated fatty acids (do-
cosahexaenoate, eicosapentaenoate, linoleate, oleate and linolenate) induce a strong,
reversible and dose-dependent increase in the amplitude of the macroscopic and/or
single-channel currents from heterologously expressed TRAAK channels (Fink et al.
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1998; Maingret et al. 1999a, 1999b, 2000b; Lesage et al. 2000a; Meadows et al. 2001;
Kim et al. 2001a; Han et al. 2003), while saturated fatty acids (myristate, palmitate,
stearate and arachidate) again produce no such effects (Fink et al. 1998; Lesage et al.
2000a; Maingret et al. 2000b). TRAAK activation by AA develops slowly, resulting
in an outwardly rectifying macroscopic current. Similar results have been reported for
the mouse, rat and human orthologs. Members of the TREK subfamily are strongly
activated by AA and other PUFAs in inside-out and outside-out patch configurations
but not in cell-attached patches, suggesting a direct effect on the channel or on the
lipid environment (for a review see Patel et al. 2001).

Lysophospholipids, such as lysophosphatidylcholine (LPC) and lysophos-
phatidylinositol (LPI), strongly enhance the heterologously expressed macroscopic
TREK-1 (Maingret et al. 2000b), TREK-2 (Lesage et al. 2000b) and TRAAK (Main-
gret et al. 2000b) currents at low concentrations. Similar potentiation is induced
by platelet-activating factor, but not by phosphatidylcholine, lysophosphatidic acid
(LPA) or choline (Maingret et al. 2000b). The action of LPA seems to be com-
plex, it has been reported to strongly inhibit macroscopic currents and to antagonize
LPC-activated currents through TREK-1 channels expressed in oocytes (Cohen et al.
2009), but also to enhance expressed TREK-1, TREK-2 and TRAAK and native stri-
atal TREK-1-like channels in inside-out patches but not in whole-cell, outside-out or
cell-attached patches (Chemin et al. 2005a). Lysophospholipids, at least LPC, may
influence TREK-1 channels via a second messenger, as LPC strongly activates the
channel in cell-attached patches but not in excised-patches (Maingret et al. 2000b).
A similar hypothesis (involving PLC) has been proposed for the inhibitory effect of
LPA (Cohen et al. 2009).

The neuroprotective, anti-convulsive and anti-ischemic drug riluzole, currently
used to treat amyotrophic lateral sclerosis (ALS), potentiates macroscopic currents
through heterologously expressed mouse, rat and human TREK-1 (Duprat et al. 2000;
Meadows et al. 2000; Moha ou Maati et al. 2011) and TREK-2 channels (Lesage
et al. 2000b). This activating effect is transient, and is followed by current decline and
ultimately, strong inhibition. Similar transient current activation has been described
in natively expressed adrenocortical (Enyeart et al. 2002), sympathetic (Cadaveira-
Mosquera et al. 2011) and nodose ganglion cells (Fernández-Fernández et al. 2011).
Inclusion of riluzole in the pipette also increases the open probability of TREK-2
single-channels in cell-attached patches from SCG neurons (Cadaveira-Mosquera
et al. 2011). Secondary TREK-1 inhibition has been attributed to the inhibition
of PDA, which increases cAMP levels and provokes channel phosphorylation by
PKA (Duprat et al. 2000). Interestingly, riluzole also induces a sustained increase
in the open probability of single heterologous TREK-1 channels when recorded
in excised outside-out channels, suggesting that the inhibition is through second
messengers (Duprat et al. 2000). Macroscopic and single-channel currents from
TRAAK channels are also strongly enhanced by riluzole (Fink et al. 1998; Duprat
et al. 2000), but distinctively, the macroscopic current activation is sustained as long
as the presence of riluzole is maintained (Duprat et al. 2000).

Notably, another neuroprotective agent, sipatrigine, but not lamotrigine, strongly
inhibits hTREK-1 and hTRAAK currents in HEK cells (Meadows et al. 2001).
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While the link between potassium channel inhibition and neuroprotection remains
unclear, TREK-1 overexpression has recently been proposed as a marker for prostate
cancer, and sipatrigine was shown to inhibit the proliferative effect of TREK-1
overexpression (Voloshyna et al. 2008).

In summary, several known nervous system protective factors strongly increase the
activity of TREK channels, including the heterogeneous “neuroprotective agents”,
unsaturated fatty acids and lysophospholipids. TREK channels are also robustly
activated by disturbances associated with tissue damage, such as cell swelling, in-
tracellular acidification and increases in the concentration of free fatty acids. The
hyperpolarization induced by the activation of TREK channels is thought to re-
duce calcium influx through voltage-gated calcium channels and NMDA receptors,
thereby acting as a neuroprotective signal. The enhancement of TREK currents by a
large number of neuroprotective agents singles out this K2P subfamily as a promising
target for the development of new neuroprotective strategies and drugs.

2.4 Mechanosensitivity

It is generally accepted that TREK channels are selectively activated by the convex
curvature of the membrane. Accordingly, a reversible increase in the open probability
of these channels has been reported in response to negative pressure applied to
the external surface (or positive pressure to the internal surface), osmotic changes
that induce cell swelling, shear stress and the application of crenating compounds.
Although cytoskeletal integrity is not necessary to maintain mechanosensitivity, it
appears to repress mechanical activation of TREK channels, probably by opposing
to membrane stretch (Lesage and Lazdunski 2000).

The open probability of heterologously expressed members of the TREK subfam-
ily, TREK-1 (Patel et al. 1998; Maingret et al. 1999b, 2000a, 2002; Koh et al. 2001;
Honore et al. 2002, 2006; Moha ou Maati et al. 2011), TREK-2 (Bang et al. 2000;
Lesage et al. 2000b; Kim et al. 2001b; Kang et al. 2007) and TRAAK (Maingret
et al. 1999a, 1999b; Lesage et al. 2000a; Kim et al. 2001a; Han et al. 2003) is
gradually increased when negative pressure is applied to the recording pipette in
cell-attached and inside-out patches (Fig. 2.2a). Consistently, TRAAK activity is
only enhanced by positive pressure in outside-out patches (Maingret et al. 1999a;
Honore et al. 2006). Although more commonly studied in heterologous systems,
natively expressed TREK-1-like (Tan et al. 2002; Han et al. 2003; Heurteaux et al.
2004; Kang et al. 2005; Chemin et al. 2005a; Alloui et al. 2006), TREK-2-like (Han
et al. 2003; Kang et al. 2005, 2007) and TRAAK-like (Han et al. 2003) channels also
exhibit this behavior in myocytes, DRG, supraoptic, cerebellar and striatal neurons.
In general the open probability of TREK channels is very low at atmospheric pressure
(Fig. 2.2a) and it increases with negative pressure in a dose-dependent manner, with
half-maximal activation between -20 and -60 mmHg (Patel et al. 1998; Maingret
et al. 1999a, 1999b; Bang et al. 2000; Kim et al. 2001a; see also Han et al. 2003).
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Fig. 2.2 TREK channels are mechanosensitive. In cell-attached or outside-out patches, the open
probability of TREK channel is very low (a, left), while it increases greatly when negative pressure
(suction) is applied to the recording pipette (a, right). Similarly, cell swelling induced by an
extracellular solution of low osmolarity strongly increases the macroscopic whole-cell current
through TREK channels (b). The data are not real but rather, they are based on our own experiments
in sympathetic neurons where a change in osmolarity from 290–245 mOsm invoked an outward
current of about 220 pA. (see Cadaveira-Mosquera et al. 2011)

Macroscopic currents through heterologously expressed TREK-1 channels are
reversibly modulated by membrane stretching (Fig. 2.2b). When extracellular os-
molarity is increased (cell shrinking) the amplitude is reduced, while decreases in
osmolarity (cell swelling) increase current amplitude (Patel et al. 1998; see also
Maingret et al. 2000a). TREK-1 macroscopic currents can also be activated by lami-
nar shear stress induced by increasing the speed of bath perfusion (Patel et al. 1998)
or by cell elongation using a micromanipulator (Koh et al. 2001). Similar effects have
been described for native TREK-1-like (Li et al. 2006) and TREK-2-like (Ferroni
et al. 2003; Cadaveira-Mosquera et al. 2011) macroscopic currents.

The degree of activation by negative pressure appears to be greater at pos-
itive potentials (Patel et al. 1998; Maingret et al. 1999a; Lesage et al. 2000b;
Kim et al. 2001a). Moreover, a synergistic effect of mechanical activation com-
bined with activation by variations in AA and pH has been described for TREK-1,
TREK-2 and TRAAK channels (Maingret et al. 1999b; Kim et al. 2001a, 2001b;
Honore et al. 2002). Interestingly, TREK-1 and TRAAK, but not TREK-2 currents
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evoked by negative pressure undergo strong desensitization within a 100 ms time-
frame, an effect prevented by acidic pH values or in the presence of AA (Honore
et al. 2006).

Inhibition of macroscopic and single-channel TREK-1 (Maingret et al. 2000b),
TREK-2-like (Ferroni et al. 2003) and TRAAK (Maingret et al. 1999a) currents
evoked by mechanical stimuli and other activators has been described using stretch-
sensitive channel blockers such as amiloride and gadolinium (Gd3+). Surprisingly,
insensitivity of both TREK-1 (Fink et al. 1996) and TREK-2 (Bang et al. 2000)
channels to 100 μM Gd3+ has also been reported. While the reason for these con-
flicting results remains unclear, Gd3+ may more effectively block evoked rather than
background TREK currents.

Crenators are anionic and neutral amphipathic molecules that insert preferentially
into the external membrane leaflet, altering membrane curvature (Hao et al. 2009).
Several such compounds, including trinitrophenol (TNP) and lysolecithin, can acti-
vate TREK-1 (Patel et al. 1998) and TRAAK (Maingret et al. 1999a) macroscopic
currents. By contrast, TREK-1 and TREK-2 currents are inhibited by “cup-formers”
such as chlorpromazine (CPZ) and tetracaine, cationic amphipathic molecules that
insert preferentially into the internal membrane leaflet (Patel et al. 1998; Maingret
et al. 2000b; Chemin et al. 2005a; Honore et al. 2006). These results suggest that
TREK channels are activated by the expansion of the membrane, consistent with
their strong activation by negative pressure applied through the recording pipette or
upon induction of cell swelling.

An interesting question is whether mechanical stimulation acts via the cell cy-
toskeleton. Mechanical activation of TREK-1 and TRAAK channels persists when
cytoskeleton-disrupting agents are applied to inside-out patches (e.g., colchicine,
latrunculin A or cytochalasin D), and they even activate the channels in cell-attached
patches (Patel et al. 1998; Maingret et al. 1999a; Lauritzen et al. 2005; Honore et al.
2006). Together with the enhanced activation by negative pressure in excised versus
cell-attached patches (Maingret et al. 1999a; Bang et al. 2000; Lauritzen et al. 2005;
Honore et al. 2006; Moha ou Maati et al. 2011), these findings suggest that the
cytoskeleton exerts a continuous negative regulatory effect on TREK channels, even
though mechanical stimulation seems to be directly transmitted by the deformation
of the lipid bilayer.

Similarly, it remains unknown whether TREK channel mechanosensitivity plays
a major role in neuronal function in the CNS, where they are widely expressed (Fink
et al. 1998; Reyes et al. 2000; Meadows et al. 2000; Lesage et al. 2000b; Talley
et al. 2001; Hervieu et al. 2001; Medhurst et al. 2001; Gu et al. 2002). However,
this sensitivity is thought to play a general role in controlling cell shape and volume,
as well as cone motility and elongation (Maingret et al. 1999a; Reyes et al. 2000;
Lauritzen et al. 2005).

TREK channels expressed in somatosensory DRG neurons of the peripheral ner-
vous system (PNS) (Talley et al. 2001; Medhurst et al. 2001; Kang and Kim 2006),
and mechanosensitive neurons innervating the bladder and colon (La et al. 2011) are
involved in the detection and transduction of skin and organ deformation, and even
in mechanically-evoked painful stimuli (Maingret et al. 2000a; Kang and Kim 2006;



2 Mechanosensitive K2P channels, TREKking through the autonomic nervous system 51

Yamamoto et al. 2009). In fact, TREK-1-KO, TRAAK-KO and TREK-1/TRAAK-
KO mice all exhibit significant mechanical hypersensitivity to stimulation with von
Frey hairs (Alloui et al. 2006; Noël et al. 2009).

To date, the expression of these channels in the autonomic nervous system
has received little attention. However, we recently described strong expression of
TREK-1 channels in the visceral afferents of the mouse nodose ganglion (Fernández-
Fernández et al. 2011; Cadaveira-Mosquera et al. 2012) and TREK-2 in motor
neurons of the mouse superior cervical ganglia (Cadaveira-Mosquera et al. 2011,
2012), although all three members were expressed in both ganglia. Expression of
TREK-1 and TRAAK has also been reported in the rat nodose ganglion (Zhao et al.
2010) and a role for these channels has been proposed in gastrointestinal acid sensa-
tion (Holzer 2011). TRAAK channels were also recently identified in the terminals
of mechanosensitive vagal afferents innervating the lungs (Lembrechts et al. 2011).
Given the capacity of several internal organs to change size and form, these channels
may play a key role in transmitting mechanical information from them to the central
nervous system, but also in regulating some vagal reflexes.

Some TREK channels (mainly TREK-1 but not TRAAK) are also strongly ex-
pressed in the smooth muscle fibers of the visceral organs that are subjected to
deformation, such as the lung, uterus, stomach, intestine, colon and bladder (Reyes
et al. 1998; Koh et al. 2001). In fact, the stretch-activated potassium channels found
in colonic myocytes may be TREK-1 channels (Koh et al. 2001). TREK-1 has also
been described in the smooth muscle cells of pulmonary blood vessels (Lembrechts
et al. 2011).

TREK-1 (Fink et al. 1996; Li et al. 2006) but not TREK-2 or TRAAK (Li et al.
2006) channels are well expressed in the heart (for a review see Gurney and Manoury
2009) and TREK-1 activation during heart contraction may contribute to cardiomy-
ocyte repolarization and hyperpolarization, preventing the occurrence of ventricular
extrasystoles (Patel et al. 1998; Tan et al. 2002; Li et al. 2006). Intracellular acidosis
and cell swelling occurs during heart ischemia, which will activate TREK-1 chan-
nels and induce protective hyperpolarization. Finally, TREK-1 has been proposed to
participate in the regulation of the heart by β-adrenergic stimulation (Terrenoire et al.
2001).

2.5 Thermosensitivity

TREK-1 channels are thought to act as cold-sensors at the level of peripheral sensory
and central hypothalamic neurons, arguing that low temperature would close them
and hence depolarize the neurons increasing their excitability (Maingret et al. 2000a;
Viana et al. 2002). Nonetheless, all three members of the TREK subfamily exhibit a
similar degree of sensitivity to temperature changes, suggesting that TREK channels
may be involved in temperature regulation and thermonociception (Kang et al. 2005;
Pongs 2009).
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While heterologously expressed TREK-1 (Maingret et al. 2000a; Kang et al.
2005), TREK-2 (Kang et al. 2005) and TRAAK (Kang et al. 2005) single-channels
show weak activity at room temperature when recorded in cell-attached patches,
their open probability (NPo) strongly and progressively increases as bath tempera-
tures are raised (approximately 10-fold/10 ◦C). Interestingly, activation of all three
channels by increasing temperature is dependent on cell integrity and it disappears
in excised patches, suggesting the participation of an intracellular second messenger
in temperature transduction (Maingret et al. 2000a; Kang et al. 2005; Honore 2007).
Similarly, all TREK channels are activated by negative pressure, AA and intracellular
pH modifications when recorded at 37 ◦C in either cell-attached or inside-out patches
(Kang et al. 2005). The increase in temperature strongly potentiates the response of
TREK-1 channels to membrane stretching, again revealing a synergistic effect of sev-
eral stimuli on TREK channel activity (Maingret et al. 2000a). Natively expressed
TREK-1, TREK-2 and TRAAK-like channels are also temperature-dependent when
recorded in myocytes, astrocytes, cerebellar, entorhinal and DRG neurons (Kang
et al. 2005; Deng et al. 2009; Kucheryavykh et al. 2009).

Heterologously expressed TREK-1, TREK-2 and TRAAK channels generate
small outwardly rectifying macroscopic potassium currents at room temperature
(22–24 ◦C), which are quickly, strongly and reversibly enhanced by progressive
increases in temperature to 37 ◦C (Maingret et al. 2000a; Kang et al. 2005). In
fact, current through TREK-1 channels is essentially absent at 12 ◦C (Maingret
et al. 2000a). Interestingly, the current enhancement coupled with increased tem-
perature is strongly attenuated by increasing extracellular osmolarity and by cAMP
administration (CPT-cAMP, 0.5 mM), probably via PKA activation (Maingret et al.
2000a).

In general TREK channels are often reported to have a low open probability at rest
and in the absence of any stimulus, and hence only a mild contribution to maintain the
resting membrane potential should be expected. However, as the majority of these
studies were carried out at room temperature (22–24 ◦C), the role of TREK channels
in cellular behavior was probably underestimated. For greater understanding of this
role, further experiments should be carried out at temperatures closer to physiological
body temperature (32–37 ◦C: (see Lotshaw 2007).

TREK channels are strongly expressed in a large number of sensory neurons
involved in thermal and thermonociceptive sensory transduction, including the dorsal
root ganglion (Maingret et al. 2000a; Meadows et al. 2001; Talley et al. 2001;
Medhurst et al. 2001; Kang et al. 2005; Alloui et al. 2006), trigeminal (Hervieu et al.
2001; Yamamoto et al. 2009) and autonomic vagal (Zhao et al. 2010; Fernández-
Fernández et al. 2011; Cadaveira-Mosquera et al. 2012) sensory neurons. In fact,
TREK-1-KO and TREK-1/TRAAK-KO mice exhibit heat hyperalgesia, probably
due to the increased sensitivity of small DRG neurons and C-fibers from KO mice
to noxious heat (Alloui et al. 2006; Noël et al. 2009). Double but not single KO
strains, also exhibit cold-hyperalgesia (Noël et al. 2009). Finally, TREK-1 channels
are strongly expressed in hypothalamic regions classically involved in regulating
body temperature (Maingret et al. 2000a).
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2.6 G-Protein Modulation

The primary structure of TREK proteins reveals several potential phosphorylation
sites for protein kinase C (PKC), PKA and protein kinase G (PKG) in the cytoplasmic
C-terminus (Fink et al. 1996, 1998; Patel et al. 1998; Bang et al. 2000; Lesage et al.
2000b; Koh et al. 2001; Murbartian et al. 2005), suggesting putative modulation of
TREK channels by the activation of G protein-coupled receptors (GPCRs). It was
recently proposed that under most experimental conditions, basal G protein activity
mediates the constant down regulation of TREK-1 (Cohen et al. 2009), and perhaps
TREK-2, channels (Xiao et al. 2009).

Macroscopic currents from heterologously expressed TREK-1 (Fink et al. 1996;
Patel et al. 1998; Duprat et al. 2000; Maingret et al. 2000b; Enyeart et al. 2002;
Honore et al. 2002; Murbartian et al. 2005; Alloui et al. 2006) and TREK-2 (Bang
et al. 2000; Lesage et al. 2000b; Gu et al. 2002), but not TRAAK (Fink et al. 1998)
channels, are consistently inhibited by increasing intracellular cAMP levels with
IBMX + forskolin, or CPT-cAMP. Stimulation of co-expressed Gs-coupled 5-HT4

receptors also inhibits macroscopic TREK-1 (Patel et al. 1998) and TREK-2 (Lesage
et al. 2000b) currents through the activation of adenylate cyclase (AC).

By contrast, activation of the co-expressed Gi-coupled mGluR2 and GABAB

receptors augment TREK-2 currents (Lesage et al. 2000b; Deng et al. 2009). In fact,
the hyperpolarization and associated decrease in neuronal excitability induced by
norepinephrine and GABA in neurons from the entorhinal cortex has been attributed
to the stimulation of native Gi-coupled receptors, and the consequent activation of
TREK-2-like channels by inhibition of the AC-cAMP-PKA pathway (Deng et al.
2009; Xiao et al. 2009). The modulation of TREK-2 channels in the entorhinal
cortex seems to be related with spatial learning in rats (Deng et al. 2009).

The role of the cGMP pathway is more complex, as stimulation of PKG using
sodium nitroprusside (SNP) or 8-Br-cGMP only increases TREK-1 macroscopic cur-
rents when using the perforated (but not the ruptured) patch-clamp technique (Koh
et al. 2001). However, both SNP and 8-Br-cGMP increase the open probability of
TREK-1 channels in cell-attached patches (Koh et al. 2001).

Expressed TREK-1 and TREK-2 channel currents are also inhibited by activating
co-expressed Gq-coupled group I glutamate mGluR1 (Lesage et al. 2000b; Chemin
et al. 2003; Sandoz et al. 2011), 5HT2cR (Sandoz et al. 2011), THRH1 (Murbar-
tian et al. 2005), Orx1R (Murbartian et al. 2005) and muscarinic M1 (Lopes et al.
2005) and M3 (Kang et al. 2006, 2008) receptors (see Fig. 2.3), in whole-cell and
cell-attached patches but not in outside-out patches (Kang et al. 2006). This inhibi-
tion requires the activation of phospholipase C (PLC), and while it is insensitive to
pertussis and cholera toxins, it is suppressed by the PLC inhibitor U73122 (Chemin
et al. 2003; Kang et al. 2006). PLC inhibition also greatly increases human TREK-1
currents when these channels are expressed in oocytes (Segal-Hayoun et al. 2010).
However, the next steps in this pathway remain unclear, with little agreement on the
second messenger involved.

Macroscopic whole-cell TREK-1 currents are potently inhibited by ACh in
oocytes co-expressing M1 receptors (Lopes et al. 2005). PIP2 applied to inside-out
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Fig. 2.3 TREK-1 and TREK-2 but not TRAAK are inhibited by the activation of Gq protein-
coupled receptors. Agonists (A) of Gq protein-coupled receptors (Gq-PCR) activate Gq pro-
teins, which in turn stimulate phospholipase C (PLC). PLC breaks down phosphatidylinositol-
bisphosphate (PIP2) to produce inositol-triphosphate (IP3) and diacylglycerol (DAG). IP3 migrates
to the endoplasmic reticulum (ER) to induce calcium (Ca) release, while DAG activates protein
kinase C (PKC), which in turn phosphorylates (-P) TREK channels. The identity of the elements
in this cascade that directly mediate TREK channel inhibition remains unclear. Of the three mech-
anisms proposed (in red), detachment of PIP2, direct interaction with DAG and/or phosphorylation
by PKC, the first appears the most plausible

macropatches strongly enhances the activity of heterologously expressed TREK-1
channels, while poly-lysine (a competitor of PIP2) and wortmannin (a blocker of
PI 4-kinases that impedes PIP2 replenishment) inhibit their activity, suggesting that
PIP2 depletion by PLC underlies the agonist-induced inhibition of TREK-1 (Lopes
et al. 2005; Chemin et al. 2005b, 2007). Findings from our laboratory show that
native TREK-2-like channels expressed in sympathetic neurons are inhibited by ag-
onists in a PIP2-dependent manner, via activation of Gq proteins (Reboreda et al.
2010; Rivas-Ramírez et al. 2011). However, addition of antibodies against PIP2,
blockade of its replenishment with wortmannin, or the use of PIP2 depletion sys-
tems were also reported not to affect TREK1/2 macroscopic currents (Chemin et al.
2003; Kang et al. 2006; Sandoz et al. 2011). Confusingly, also PIP or even PI may
interact with TREK channels so that PIP2 depletion may not be sufficient to see a
strong current inhibition (Chemin et al. 2005b; Segal-Hayoun et al. 2010; Sandoz
et al. 2011).

Administration of DOG, a membrane-permeable analog of DAG, rapidly inhibits
TREK-1/2 macroscopic currents, while impermeable DAG-analogs (SAG and SLG)
also inhibit AA-evoked single-channel TREK-1 and TREK-2 currents in inside-out
patches. Hence, DAG may directly inhibit TREK channels without the participation
of PKC (Chemin et al. 2003). However, DAG or its impermeable DAG-analogs also
fail to substantially affect TREK-1 and TREK-2 currents in inside-out macropatches
(Lopes et al. 2005; Kang et al. 2006).

Phosphorylation by PKC has been proposed to mediate the modulation of TREK
channels by Gq proteins, based on the inhibition of TREK-1/2 currents by the PKC
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activators PMA and PDBu (Fink et al. 1996; Maingret et al. 2000b; Gu et al. 2002;
Murbartian et al. 2005; Kang et al. 2006). Moreover, the PKC inhibitor bisindolyl-
maleimide (BIS) reportedly attenuates the inhibition of TREK-1/2 by TRH, ACh and
OrxA (Murbartian et al. 2005; Kang et al. 2006). However, elsewhere no such effect
on TREK-1/2 currents was observed with the PKC activators PMA and PDBu or
PKC inhibition with staurosporine, calphostin-C or a PKC peptide inhibitor (Bang
et al. 2000; Lesage et al. 2000b; Chemin et al. 2003), or on their inhibition by
glutamate, ACh or serotonin (Chemin et al. 2003; Lopes et al. 2005; Sandoz et al.
2011). Similarly, modulation of intracellular calcium and IP3 levels has no effect on
TREK1/2 currents (Lesage et al. 2000b; Chemin et al. 2003; Kang et al. 2006) or
their inhibition by glutamate or ACh (Chemin et al. 2003; Lopes et al. 2005).

There is however a good agreement in that TRAAK channels are not modulated
through Gq-protein coupled receptors, given the insensitivity of TRAAK expressed
currents to the activation of co-expressed mGluR1 (Chemin et al. 2003) and M1
(Lopes et al. 2005) receptors. Neither changes in the internal calcium concentration
(IP3, EGTA) nor activation of PKC (PMA) affect TRAAK currents (Fink et al. 1998),
yet application of PIP2 to inside-out macropatches does activate TRAAK channels,
an effect dependent on prior mechanical stimulation (Lopes et al. 2005).

In summary, the modulation of TREK-1/2 channels by the activation of Gq-
coupled receptors is far from being understood. While several elements of the PLC
cascade (mainly PIP2, DAG and PKC; see Fig. 2.3) have been proposed to influence
the activity of these channels, there is also evidence to the contrary. Currently, the
PIP2 depletion theory appears to be the most attractive (see also Suh and Hille 2005;
Lotshaw 2007; Suh and Hille 2007). Accordingly, it has been proposed that the final
mechanism involves the dissociation of the TREK-1 polybasic C-terminal from the
plasma membrane (see Fig. 2.3) when membrane PIP2 is broken down (Chemin
2005; Sandoz 2011; Honore 2007).

2.7 Distribution/Expression

A good number of the important functions ascribed to K2P channels come from the
extensive distribution of these channels in the mammalian body. The widespread
expression of TREK channels both in and beyond the nervous system has been
described in the mouse (Fink et al. 1996, 1998; Reyes et al. 2000), rat (Bang et al.
2000; Talley et al. 2001; Hervieu et al. 2001; Gu et al. 2002) and human (Meadows
et al. 2000; Lesage et al. 2000a, 2000b; Meadows et al. 2001; Medhurst et al. 2001).
The expression of TREK channels (in the form of mRNA, protein or channel current)
has been assessed using a wide variety of techniques including RT-PCR, qRT-PCR,
immunocytochemistry, immunohistochemistry, in situ hybridisation, Northern blot,
Western blot and electrophysiology.

The interpretation of expression data is hampered by several limitations. Firstly,
not all techniques are equally appropriate for quantitative analysis and secondly, ex-
pression levels are generally represented in qualitative or comparative terms, limiting
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comparison between studies. In addition, the levels of TREK channel expression may
differ between species (see Table 2.1), although almost identical distributions have
been reported for all TREK subfamily members in the mouse and rat CNS (Talley
et al. 2001). Therefore, the data summarized below and in Table 2.1 should be re-
garded as orientative, and the reader is encouraged to read the original articles for
specific details. To avoid unnecessary complexity, expression data is grouped into
three main categories: strong (S), which includes medium, strong and very strong
expression; weak (W), including what authors reported as weak or very weak expres-
sion; and absent (A), which refers to absence or failure to detect expression. Where
discrepancies exist, more than one of these labels is assigned to a given region in
Table 2.1, although it should be noted that some of these discrepancies may have
arisen through my own interpretation of other authors’ data.

2.7.1 Strong Expression

Since their initial identification, all three TREK channels (TREK-1, TREK-2 and
TRAAK) have been seen to be strongly expressed in the brain of the three most
commonly studied species (mouse, rat and human: see Table 2.1), specifically in
the amygdala, basal ganglia, cortex, dorsal root ganglia and hippocampus. TREK-1
channels have been also reported to be well expressed in the brain, cortex, hippocam-
pus, hypothalamus and DRG of all three species. It is notable that there is almost no
expression data for TREK-2 in the mouse, (but see Aller and Wisden 2008). How-
ever, TREK-2 channels show a good level of expression in rat an human amygdala,
brain, cerebellum, hippocampus, thalamus, DRG, pancreas, spleen and testis. Also
in the three species, TRAAK has been shown to be well expressed in amygdala,
brain, cortex and hippocampus (Fink et al. 1996, 1998; Patel et al. 1999; Bang et al.
2000; Reyes et al. 2000; Meadows et al. 2000, 2001; Lauritzen et al. 2000; Lesage
et al. 2000a, 2000b; Maingret et al. 2000a; Talley et al. 2001; Hervieu et al. 2001;
Medhurst et al. 2001; Kim et al. 2001a; Gu et al. 2002; Dobler et al. 2007; Putzke
et al. 2007; Aller and Wisden 2008; La et al. 2011).

2.7.2 Weak Expression

Structures in which TREK-1 data have shown a weak expression in at least one of the
species and strong expression has not been reported in any of them are: brain stem,
globus palidus, habenula, pons, supraoptic, SCG, trigeminal ganglion, pancreas,
pituitary gland, prostate, testis, thymus and uterus. The same type of weak expres-
sion was reported for TREK-2 in arcuate, interpeduncular, red nucleus, spinal cord,
nodose ganglion, trigeminal ganglion, heart, liver, lung, pituitary gland, placenta,
prostate, skeletal muscle, stomach, thymus and ventricle. For TRAAK in arcuate,
astrocytes, colliculus, interpeduncular, medulla, solitary nucleus, substantia nigra,
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subthalamic, supraoptic, nodose ganglion, SCG, trigeminal ganglion, intestine, kid-
ney, lung, piyuitary gland, prostate, stomach and thymus (Fink et al. 1996, 1998;
Maingret et al. 1999a; Bang et al. 2000; Reyes et al. 2000; Meadows et al. 2000,
2001; Lauritzen et al. 2000; Lesage et al. 2000a, 2000b; Talley et al. 2001; Hervieu
et al. 2001; Terrenoire et al. 2001; Medhurst et al. 2001; Kim et al. 2001a; Gu et al.
2002; Tan et al. 2002; Gnatenco et al. 2002; Han et al. 2003; Ferroni et al. 2003;
Putzke et al. 2007; Voloshyna et al. 2008; Yamamoto et al. 2009; Zhou et al. 2009;
Seifert et al. 2009; Zhao et al. 2010; Cadaveira-Mosquera et al. 2011, 2012).

2.7.3 No Expression

TREK-1 was reported to be absent in the gigantocellular nucleus, glial cells, locus
coeruleus, fibroblasts, satellite cells, colon, liver, placenta and spleen. No TREK-2
expression has been reported in deep cerebellar nuclei, cochelar nuclei, globus pal-
lidus, midbrain, inferior olive, septum, striatum, subthalamic nucleus, vestibular
nuclei, satellite cells, vestibular ganglia, ovary and uterus. TRAAK is absent from
the raphe, red nucleus, septum, satellite cells, vestibular ganglia, adipose tissue,
bladder, bone, cartilage, colon, heart, ovary, salivary gland, smooth muscle, spleen
and uterus (Fink et al. 1996, 1998; Bang et al. 2000; Reyes et al. 2000, 2001; Mead-
ows et al. 2000; Lesage et al. 2000a, 2000b; Talley et al. 2001; Hervieu et al. 2001;
Terrenoire et al. 2001; Medhurst et al. 2001; Koh et al. 2001; Kim et al. 2001a; Gu
et al. 2002; Tan et al. 2002; Nicolas et al. 2004; Yamamoto and Taniguchi 2006;
Putzke et al. 2007; Cadaveira-Mosquera et al. 2011, 2012).

2.8 Conclusion and Perspectives

TREK channels generate neuronal leak potassium currents throughout the nervous
system and as such, these channels are well positioned to regulate the resting activ-
ity and excitability of the entire nervous system. Although considered background
channels, they are modulated by a wide variety of physiological and pathological
stimuli, including membrane potential, mechanical deformation and temperature.
Together with their strong reactivity to clinically important drugs, including neu-
roprotectors, mood modulators, anesthetics and neurotransmitters, these properties
have increased interest in TREK channels as putative targets for the development of
new pharmacotherapeutic compounds. In addition, the study of TREK channels has
taught us to approach leakage conductances with an open mind, as they do not always
obey all the classical Hodgkin-Huxley rules. The discovery of more selective modu-
lators of these channels should aid further understanding of their physiological and
pathophysiological roles in the nervous system. Moreover, an improved and more
consistent means of quantifying the distribution and expression of these channels
would help clarify their true relevance in the organism.
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Chapter 3
TRPV1 in Cell Signaling: Molecular
Mechanisms of Function and Modulation

Andrés Jara-Oseguera and Tamara Rosenbaum

3.1 Introduction

The first Transient Receptor Potential (TRP) channel was identified in a photo-
transduction mutant in Drosophila melanogaster that exhibited transient instead of
sustained responses to light in the retina (Minke 1977; Montell and Rubin 1989).
Since then, an avalanche of findings concerning this family of ion channels has been
released (Montell 2011). Today, at least 28 members belonging to seven different
subfamilies (TRPV, TRPM, TRPML, TRPA, TRPN, TRPC and TRPP) have been
identified (Montell 2011; Venkatachalam and Montell 2007). TRPs have been found
in mammals, birds, reptiles, worms, flies and even yeast, where they perform a
myriad of different functions, influencing intracellular calcium concentration, vas-
cular tone, neuronal excitability, ion transport across epithelia and sensory stimuli
detection, among many others (see Venkatachalam and Montell 2007 for review).

A distinguished group of TRP channels that has received special experimental
attention are the thermo-TRPs, which exhibit an outstanding temperature sensitiv-
ity as compared to the rest of the known proteins, with Q10-values greater than 20,
whereas voltage-dependent potassium channels (Kv) have a Q10 of around 2 (Ro-
driguez et al. 1998). Moreover, each thermo-TRP displays a different temperature
threshold, covering the whole spectrum from noxious cold (TRPA1), cold (TRPM8),
warm temperatures (TRPM2, TRPM4, TRPM5 and TRPV3 and TRPV4) to noxious
heat (TRPV1 and TRPV2) (Vay et al. 2011), establishing them as the long sought
molecular thermometers of the organism.

The first thermo-TRP channel to be identified, the TRPV1 (vanilloid 1), has re-
sulted even more attractive since its activation by capsaicin constitutes the molecular
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basis for the pungency of hot chili peppers (Caterina et al. 1997). But more to the
point, it also indicates that its function is associated with pain.

We now know that the TRPV1 channel is a non-selective cation channel preferen-
tially permeable to calcium (PCa ≈ 2 PMg ≈ 10 PNa ≈ 10 PK) (Caterina et al. 1997)
that is thought to be structurally related to voltage-dependent potassium channels.
Biochemical (Kedei et al. 2001; Kuzhikandathil et al. 2001) as well as biophysical
evidence (Moiseenkova-Bell et al. 2008) suggests that the functional channel is a ho-
motetramer, in which each subunit is formed by six transmembrane domains (S1-S6)
with intracellular carboxyl (C-) and amino (N-) termini. The N-terminus contains
six ankyrin repeat domains (Jin et al. 2006; Mccleverty et al. 2006), while the C-
terminus is thought to contain the tetramerization domain of the channel (Valente
et al. 2011; Zhang et al. 2011a; García-Sanz et al. 2004).

The available evidence indicates that the pore is formed by the S5 and S6 segments
and the loop between them, which contains the putative selectivity filter, with a
signature sequence similar to that of Kv channels, the turret and a putative pore helix
(see Jara-Oseguera et al. 2010 for review). The channel’s activation gate has been
shown to be located at the S6 segment (Salazar et al. 2009), probably forming a
broken alpha-helical structure (Susankova et al. 2007; Islas et al. 2009; Salazar et al.
2009) with two constrictions, one that hinders the passage of large ions (Oseguera
et al. 2007; Jara-Oseguera et al. 2008; Salazar et al. 2009) and one that hinders small
ion permeation, located at Tyr671 (Salazar et al. 2009). The gate constitutes the point
of convergence of the signals that modulate channel function, as has been shown at
least for capsaicin and temperature (Salazar et al. 2009).

Functionally, the TRPV1 channel is a polymodal receptor, directly activated by
very different stimuli including, as said, temperature and capsaicin, but also voltage,
low and high pH, lipids, cysteine-modifying agents, extracellular cations, toxins
from plants and animals (see Jara-Oseguera et al. 2010 for review). In addition, its
function can be modulated by several molecules involved in intra- and extracellular
signaling (Fig. 3.1).

Its complex modulation is reflected in the intricacies of the physiological phenom-
ena it is involved with. From the axons of neurons in the dorsal root and trigeminal
ganglia in the spinal cord, namely C- and Aδ-fibers, it senses incoming stimuli from
the environment and generates electrical signals that are transmitted to the brain and
perceived as pain (Szallasi and Blumberg 1999). Moreover, it can become sensitized
during inflammation or pathological conditions, leading to neuropathic pain and hy-
peralgesia (Davis et al. 2000; Caterina and Julius 2001). Furthermore, its activity
in nerve terminals also triggers the release of transmitters such as substance-P and
calcitonin-gene related peptide (CGRP) (Szallasi and Blumberg 1999), which then
act on the innervated tissue.

Finally, the TRPV1 seems to be involved in other processes not entirely related to
pain. An example is mechanotransduction. This chapter will explore the molecular
mechanisms of TRPV1 channel modulation by several endogenous chemical and
physical stimuli and give an overview of the evidence pertaining to TRPV1’s function
in mechanotransduction.
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Fig. 3.1 Examples of signaling pathways associated with TRPV1 function and modulation. Black
arrows denote positive modulation, while an orthogonal line at the end denotes inhibition. Blue
arrows denote biosynthesis. TRPV1 is schematically depicted in red, with both its transmembrane
and cytoplasmic domains. PKA, PKC, CaMKII sensitize TRPV1 through phosphorylation, denoted
as a pink-encircled “P” in the channel. Calcineurin (PP2B) desensitizes the channel through de-
phosphorylation. Both Gq- and Gs-protein coupled receptors (GPCRs) are depicted with some of its
agonists. AC denotes Gs-stimulated adenylate cyclase. Phospholipase Cβ and Cγ catalize the for-
mation of 1,4,5-inositoltriphosphate (IP3) and diacylglycerol (DAG) from PIP2, depicted as a yellow
oval, after their activation by a Gq protein or a receptor tyrosine kinase (TRK). Calcium-stimulated
phospholipase A2 (PLA2) catalizes arachidonic acid (AA) formation, which is further converted
into TRPV1-activating eicosanoids and leukotrienes such as HPETEs by the lipoxygenase enzymes
(LOX). TRPV1 agonist anandamide (AEA) is shuttled into the cell by the anandamide membrane
transporter (AMT), and is also synthesized from phospholipids by phospholipase D (PLD). AEA is
transformed to AA by the fatty acid amide hydrolase (FAAH). TRK-stimulated phosphoinositide
3-kinase (PI3 K) stimulates TRPV1 trafficking to the membrane and Src-mediated channel phos-
phorylation, which also stimulates channel trafficking. Membrane cholesterol can directly inhibit
channel function and lysophosphatidic acid (LPA), which is synthesized by the integrin-associated
enzyme autotaxin, activates the channel after its translocation into the cell
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3.2 Channel Activation by Voltage and Temperature

TRPV1 channels are weakly gated by voltage (Piper et al. 1999; Gunthorpe et al.
2000; Voets et al. 2004), with an apparent charge associated with gating of around 0.6
e0, less than an elementary charge (e0), whereas Kv channels have gating charges of
about 12 and 13 e0 per channel (Schoppa et al. 1992). The voltage-sensing domain
(VSD) in Kv channels is formed by the S1-S4 transmembrane segments. The S4
contains a series of basic residues, termed gating charges, which interact with the
transmembrane electric field and so allow the protein to translate changes in mem-
brane potential into conformational transitions (see (Catterall 2010) for review). The
S4-S5 linker is thought to be responsible for the coupling between the VSD and the
pore domain in these channels, which is constituted by the S5 and S6 segments (Cat-
terall 2010). Interestingly, charged residues in the S4 and S4-S5 linker in the TRPM8
channel have been proposed to contribute to the gating charge based on site-directed
mutagenesis and limiting-slope analysis (Voets et al. 2007). However, the identi-
fied residues also have effects on the channel’s temperature and menthol sensitivity,
indicating that they are not solely involved in voltage-sensing (Voets et al. 2007).

The S4 and S4-S5 linker are highly conserved among TRPV channels (Boukalova
et al. 2010) and contain a series of charged residues that could contribute to the
gating charge. Notably, the charged residues are not located orderly along the S4
segment, like in Kv channels, but can be found in the lower S4 and mainly in the
S4–S5 linker (Brauchi et al. 2007; Fernandez-Ballester and Ferrer-Montiel 2008). A
recent study evaluated the effects on voltage- and capsaicin-sensitivity of amino acid
substitutions in the TRPV1 S4 and S4-S5 linker (Boukalova et al. 2010). Several
basic and acidic residues were found to have effects on the voltage of half-maximal
activation (V1/2) or the apparent gating charge measured from conductance to voltage
relations. However, as with TRPM8, the mutations had also significant effects on the
channel’s sensitivity to capsaicin, 2-APB and temperature, so that it was not possible
to assign the individual contribution of each residue to gating charge as has been
done in Kv channels.

Even since the early studies in the cloned TRPV1 channel, a connection between
voltage- and temperature-sensitivity was established, given that changes in temper-
ature were found to result in changes in V1/2 in measurements of channel activity
in response to voltage pulses at different temperatures (Voets et al. 2004). Based
on these results and on measurements of channel gating kinetics, a two-state model
was proposed in which the high temperature-sensitivity of the channel arises from
large changes in the entropy (�S) and enthalpy (�H) associated with channel acti-
vation and small changes in �S and �H associated with channel deactivation. This
asymmetry in the thermodynamic parameters of the rate constants for channel gat-
ing in the two-state model, which is reversed in the cold-activated TRPM8 channel,
determines the sign of the change in V1/2 upon temperature changes, and is able
to account for the opposing temperature sensitivities of TRPV1 and TRPM8 (Voets
et al. 2004; Nilius et al. 2005). An important consequence of this model is that gating
is obligatorily voltage-dependent.
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Recently, by using an infrared laser-diode heating system that can generate tem-
perature jumps with submillisecond time resolution (Yao et al. 2009), it was possible
to directly measure channel activation and deactivation kinetics in response to tem-
perature changes. Interestingly, the thermodynamic analysis of the data confirmed
that the activation time constant is very temperature-dependent, while the closing
time constant is practically temperature-independent. Surprisingly, the �H associ-
ated with activation is comparable with the potential energy of 43 e0 under a 100 mV
potential (Yao et al. 2010a), very large compared with the energy of translocating
the ∼12 e0 that gate a Kv channel. Yet, this large enthalpic change is precisely
compensated by a change in entropy of comparable magnitude, resulting in a small
free energy difference between the closed and open states (Nilius et al. 2005; Yao
et al. 2010a). Another relevant finding in this study is that the channel exhibits a finite
voltage-independent open probability, indicating that voltage-sensor activation is not
necessary for channel opening (Yao et al. 2010a).

Other arguments against an obligatory voltage-dependent gating in TRPV1 come
from observations that voltage is not a full agonist of the channel (Matta and Ahern
2007), and that it exhibits voltage-independent gating at saturating capsaicin concen-
trations (Matta andAhern 2007; Boukalova et al. 2010). Furthermore, single-channel
analysis indicates that the channel has more than one kinetically discernible open
and closed states (Premkumar et al. 2002; Liu et al. 2003; Grandl et al. 2010). To ac-
count for these observations an allosteric Monod-Wyman-Changeux (MWC)-type of
model has been proposed for TRPV1 and TRPM8, in which each stimulus (temper-
ature, voltage, ligand binding) is independently sensed by distinct protein modules
that are coupled to the pore module (Brauchi et al. 2004; Latorre et al. 2007; Matta
and Ahern 2007).

The existence of an autonomous temperature-sensing domain in TRPV1 implies
the possibility of it being a discrete structure within the channel that can be identi-
fied, as with other agonist-sensing domains. It has already been demonstrated that
the temperature-sensitivity of TRPV1 does not arise from protein-membrane in-
teractions, since changes in membrane rigidity do not interfere with the channel’s
thermosensitivity (Liu et al. 2003). Consistently with the existence of a discrete
temperature-sensor, it has been shown that the temperature-sensitivities of TRPV1
and TRPM8 channels can be successfully swapped by transferring a portion of the
pore-proximal C-terminus of one channel to the other (Brauchi et al. 2006). These
results suggest that the temperature sensor may be located in the C-terminal region,
and certainly establish that this region is important for temperature-mediated chan-
nel gating. Interestingly, splice variants of TRPV1 present in different bat species
that differ in the distal C-terminus were found to exhibit different temperature sen-
sitivities that are correlated with the physiological adaptation of each species to its
environment (Gracheva et al. 2011). Consistently, the C-terminal TRP domain that
contains the highly conserved TRP box has been shown to be important for channel
gating, modulating the energy for channel opening and closing (García-Sanz et al.
2007; Valente et al. 2008). Deletions in the distal C-terminal region of the channel
were also shown to have an effect in channel gating (Vlachova et al. 2003).
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By constructing chimeras between the rat TRPV1 and TRPV2 channels, a region
encompassing the last two N-terminal ankyrin repeat domains and the following
segment before the first transmembrane domain (residues 358–434 in TRPV1) was
shown to be responsible for the temperature-sensing properties of each channel (Yao
et al. 2011). The crucial observation in the study was that the transfer of this N-
terminal region from one channel to the other also transferred the change in enthalpy
associated with temperature activation from the donor to the recipient channel, while
swapping of other channel regions, including the whole transmembrane region or the
C-terminus, did not cause any changes in activation enthalpy. The rate-limiting step
influencing the time course of channel activation by temperature jumps at negative
potentials is thought to be the activation of the temperature sensor. Therefore, the
measured changes in activation enthalpy are thought to directly reflect a change in
the enthalpy of temperature sensor activation (Yao et al. 2010a, 2011). Consistently,
transfer of that region to the weakly temperature-sensitive TRPV4 channel or to
the temperature-insensitive human TRPV2 conferred them with increased thermal
sensitivity (Yao et al. 2011), suggesting that this region may indeed be the temperature
sensor of the channel.

3.3 pH and Extracellular Cations

The modulation of TRPV1 activity by protons is perhaps the best understood as
compared to other agonists. At mild extracellular acidification (pH<6) the channel’s
response to stimuli such as capsaicin and heat becomes potentiated (Petersen and
LaMotte 1993; Tominaga et al. 1998), both through a stabilization of the open state
and an increase in capsaicin binding (Ryu et al. 2003). At more intense acidification
(pH<5) the channel can be directly activated by protons (Bevan and Yeats 1991;
Tominaga et al. 1998). Interestingly, the titratable residues responsible for the acti-
vation and the potentiation are different: Glu600, located at the extracellular portion
of the S5 is responsible for the potentiation, whereas Glu648, located in the linker
between the selectivity filter and S6 mediates channel activation (Jordt et al. 2000).
Both residues have been implicated in channel activation by extracellular cations,
including Na+, Mg2+, Ca2+(Ahern et al. 2005), Ni2+(Luebbert et al. 2010) and
Gd3+ (Tousova et al. 2005), and in channel inhibition by high extracellular sodium,
possibly by competing with protons for their binding site (Ohta et al. 2008). More
recently, residue Glu536 in the S3–S4 linker was demonstrated to also contribute to
proton-mediated potentiation of the response to saturating capsaicin in the human
TRPV1 (Wang et al. 2010).

Amino acid substitutions at Val538, in the S3–S4 linker, and Thr633, in the puta-
tive pore helix, selectively ablate channel activation by protons without interfering
with the channel’s sensitivity to capsaicin and heat and their potentiation by mild
acidification (Ryu et al. 2007), indicating that channel potentiation or activation by
protons occurs through different conformational pathways. Yet, different agonist-
elicited conformational changes are expected to converge at the pore module to
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influence gating (Latorre et al. 2007; Salazar et al. 2009). In the case of protons, a
phenylalanine at position 660 in the S6 was suggested to be responsible for integrating
proton-mediated activation and potentiation (Aneiros et al. 2011).

Apart from activating or potentiating the channel, protons also reduce the chan-
nel’s unitary conductance (Baumann and Martenson 2000; Ryu et al. 2003; Liu et al.
2009). This effect is mediated by two acidic residues, Glu636 in the putative pore he-
lix and Asp646 in the extracellular pore entrance (Liu et al. 2009). Although protons
seem to be able to permeate through the channel (Hellwig et al. 2004), the reduction
in unitary conductance does not arise from a pore-blocking mechanism (Liu et al.
2009). Instead, it has been proposed that it is mediated by proton-dependent con-
formational changes in the putative pore helix through a net of charged interacting
residues, Glu636, Asp646 and Lys639 (Liu et al. 2009). Notably, these same residues
have been shown to be implicated in several other phenomena related to permeabil-
ity. For example, Asp646, Glu648 and Glu651 have been shown to influence calcium
permeability in a pH-dependent manner (Samways et al. 2008), whereas Asp646 has
been shown to determine channel’s affinity to ruthenium red (Garcia-Martinez et al.
2000). Interestingly, calcium has been shown to reduce single channel conductance
in a pH-independent manner through a site in the pore that does not involve Glu363
and Asp646 (Samways and Egan 2011).

Although the effect on the unitary currents is independent from the activation
and potentiation effects mediated by protons, both Glu636 and Asp646 and other
residues in the region have also been implicated in channel gating. For exam-
ple, E636Q/D646N mutant channels exhibit substantially altered gating properties
(Liu et al. 2009), Glu636, Asp646 and Glu648 have been demonstrated to influ-
ence capsaicin-dependent gating (Welch et al. 2000), Asp646 and Glu648 have been
shown to be responsible for TRPV1 activation by polyamines (Ahern et al. 2006),
the M644Y mutant in the putative selectivity filter influences capsaicin-dependent
activation kinetics (Garcia-Martinez et al. 2000), the F640L mutant increases the
channel’s sensitivity to heat and capsaicin, possibly by mimicking proton-mediated
potentiation (Myers et al. 2008) and tarantula toxins lock the channel in the open state
by interacting with the extracellular pore (Bohlen et al. 2010). Moreover, the puta-
tive pore turret suffers conformational changes exclusively triggered by temperature
(Yang et al. 2010), although its entire deletion does not interfere with temperature
sensitivity (Ryu et al. 2007; Yao et al. 2010b). Likewise, positions N628, in the
putative loop between S5 and the pore helix and N652 and Y653, in the extracellular
loop between the filter and S6, have been shown to selectively affect temperature-
activation of the channel (Grandl et al. 2010). Furthermore, agonist-specific changes
in TRPV1 unitary conductance have been reported to occur (Chung et al. 2008). All
these data demonstrate that the TRPV1 channel pore is a very dynamic structure that
is tightly coupled to the gating mechanism of the channel.

Finally, it is worth mentioning that the TRPV1 channel has also been shown to
be activated by ammonia and that a histidine at position 378 in the N-terminus is
responsible for such effect (Dhaka et al. 2009).
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3.4 Lipids

3.4.1 Cholesterol

Cholesterol is a component of the plasma membrane that affects membrane stiffness
and thickness and has been also shown to interfere with the function of ion channels
through specific interactions. With regards to TRPV1 channels, it has been shown
that removal of cholesterol and other lipids, presumed to be enriched in membrane
rafts from the plasma membranes of DRG (Liu et al. 2006) and trigeminal neurons and
TRPV1-expressing HEK293 cells (Szoke et al. 2011), provokes a decrease in chan-
nel activity, which has been suggested to be caused by the perturbation of the putative
membrane rafts where the channel is suggested to reside. Conversely, neither choles-
terol enrichment nor cholesterol removal was found to have a dramatic effect on the
channel’s response to temperature when expressed in HEK293 cells (Liu et al. 2003).

In a recent study by our group performed in excised membrane patches from
TRPV1-transfected HEK293 cells, it was found that cholesterol removal with MβCD
has no effect on channel function and that TRPV1 is localized in the non-raft frac-
tion of the plasma membrane (Picazo-Juarez et al. 2011). Additionally, cholesterol
was found to progressively reduce channel activity in excised membrane patches, an
effect that could be reversed by cholesterol removal with MβCD. Stationary noise
analysis and single-channel recordings indicated that cholesterol reduces the num-
ber of agonist-responsive channels in the patch, suggesting that cholesterol-binding
strongly destabilizes the channel’s open state. It was also found that the rat TRPV1
channel contains a cholesterol-binding motif in the S5, and that amino acid substi-
tutions in the region attenuate or completely eliminate the effects of cholesterol on
the channel (Picazo-Juarez et al. 2011). A leucine to isoleucine substitution in the
rat TRPV1 channel at position 585 in the cholesterol- binding motif, renders the
channel insensitive to cholesterol, probably due to steric hindrance at the binding
site. The human TRPV1 channel exhibits a very common polymorphism at precisely
that position (Cantero-Recasens et al. 2010), with either a valine or an isoleucine in-
stead of the leucine of the rat channel. As expected, the human TRPV1-I585 channel
is unresponsive to cholesterol, whereas the hTRPV1-I585L is inhibited by choles-
terol similarly to the rat TRPV1, and the hTRPV1-V585 exhibits an intermediate
phenotype (Picazo-Juarez et al. 2011). Interestingly, the occurrence of this polymor-
phism at residue 585 correlates with physiological changes under certain pathological
conditions (Cantero-Recasens et al. 2010; Valdes et al. 2011).

3.4.2 PIP2, Acyl-Glycerols and Lysophosphatidic Acid

Phosphatidylinositol 4,5-bisphosphate (PIP2) contributes little to the bulk of lipids
that form the plasma membrane but has an extraordinarily important role as a signal-
ing molecule (Gamper and Shapiro 2007). Early reports concerning the modulation
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of TRPV1 by PIP2 indicated that the lipid had inhibitory effects on the channel
(Chuang et al. 2001), and a C-terminal region (from residue 777–820) was proposed
to be responsible for the inhibition (Prescott and Julius 2003). Yet, the studies did
not test the effects of PIP2 on the channel directly, but relied on indirect evidence.

Soon, contradictory reports began to emerge. First, it was shown that PIP2 de-
pletion causes channel desensitization rather than inhibition, and that recovery from
desensitization requires high concentrations of ATP and re-synthesis of PIP2 by
phosphatidylinositol 4-kinase (PI4K) (Liu et al. 2005). Moreover, it was found that
PIP2 potentiates the channel’s response to capsaicin in inside-out membrane patches
from transiently transfected F-11 cells and DRG neurons (Stein et al. 2006). Two sub-
sequent studies indicated that PIP2 and other PIP2-related molecules potentiate the
channel’s response to capsaicin in excised membrane patches and whole-cell record-
ings without activating the channels by themselves (Lukacs et al. 2007; Lishko et al.
2007; Klein et al. 2008). Later, it was also found that PIP2 depletion-associated chan-
nel desensitization does not render the channel non-functional, but shifts its response
to capsaicin, most probably by reducing the channel’s affinity for the agonist (Yao and
Qin 2009). The inhibitory effects of PIP2 might have resulted from the displacement
of an endogenous lipidic TRPV1 agonist by the potentiating but not activating PIP2.

A recent study provided evidence that the PIP2-binding protein Pirt binds to
TRPV1 and that it is responsible for the actions of PIP2 on the channel (Kim et al.
2008). As opposed to these results, another study that combined electrophysiologi-
cal, biochemical and fluorescence-spectroscopy data showed that the presence of Pirt
is not essential for the PIP2-dependent potentiation of the channel in heterologous
expression systems and DRG neurons (Ufret-Vincenty et al. 2011). Additionally, it
was shown that deletion of the fragment previously associated with PIP2-dependent
inhibition (777–820) does not interfere with the potentiating effects of PIP2. Fi-
nally, a proximal region in the C-terminus (residues 682–725) was shown to interact
with PIP2 (Ufret-Vincenty et al. 2011), suggesting that this is the PIP2-sensor in the
channel.

Diacylglycerols (DAGs) are generated upon PIP2 cleavage by phospholipase C
(PLC). Interestingly, it has been reported that 1-oleoyl-2-acetyl-sn-glycerol (OAG),
a DAG analogue (Fig. 3.2), directly activates the TRPV1 channel through the cap-
saicin binding site, since the Y511A mutation, which dramatically reduces capsaicin
sensitivity (Jordt and Julius 2002), also abolishes the effects of OAG (Woo et al.
2008). Furthermore, the study showed that in cells cotransfected with muscarinic
Gq/11-protein coupled receptor and TRPV1, activation of the first influenced activ-
ity of the later (Woo et al. 2008), suggesting that physiological DAG-generation by
Gq/11-protein stimulation could affect TRPV1 channel function. It is intriguing that
monoacylglycerols and other hydrophobic TRPV1 agonists (Iida et al. 2003; Iwasaki
et al. 2006) activate the TRPV1 channel but are non-pungent (Iwasaki et al. 2008). It
has been proposed that highly hydrophobic TRPV1 agonists are non-pungent since
they do not reach the nerve terminals where the TRPV1 channel is expressed.

Lysophosphatidic acid (LPA, Fig. 3.2) is a bioactive lipid whose production is
stimulated by activated platelets upon tissue damage (Lin et al. 2010) and has been
shown to be involved in the development of neuropathic pain and hyperalgesia (Inoue
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Fig. 3.2 Chemical structures of TRPV1 agonists. RTX, resiniferatoxin; NADA, N-arachydonoyl
dopamine; OLDA, N-oleoyl-dopamine; PALDA, N-palmitoyl dopamine (entourage coumpound);
AEA, anandamide; 12-(S)-HPETE, 12-(S)-hydroperoxyeicosatetraenoic acid (lipoxygenase 12
product); 9-HODE, 9-hydroxyoctadecadienoic acid; DHA, docosahexaenoic acid (omega-3 fatty
acid); OAG, 1-oleoyl-2-acetyl-sn-glycerol (diacyl glycerol); LPA, lysophosphatidic acid

et al. 2004) by acting on specific G-protein coupled receptors (GPCRs). Recently, it
was proposed that LPA causes hyperalgesia in a model of rat bone-cancer pain by
sensitizing the TRPV1 channel through an LPA1 receptor-PKCε-dependent pathway
(Pan et al. 2010).

In the last few months a study by our group demonstrated that the TRPV1 can
be directly activated by LPA with an apparent dissociation constant (KD) of around
700 nM (Nieto-Posadas et al. 2011). Interestingly, the effects of LPA on the channel
were independent of the specific LPA GPCRs, and were shown to be mediated by a
direct interaction of the lipid with the carboxyl-terminus of the channel. Moreover, the
activation of TRPV1 channel by LPA was found to be physiologically relevant, since
it caused action potential firing in TRPV1-expressing DRG neurons that was absent
in neurons from TRPV1-null mice, and its intra-plantar injection caused pain-related
behaviors in WT mice that were attenuated in the TRPV1 knock-outs. Interestingly,



3 TRPV1 in Cell Signaling: Molecular Mechanisms of Function and Modulation 79

a lysine residue at position 710, previously identified as a putative PIP2-binding site
(Brauchi et al. 2007), was found to be largely responsible for the interaction of the
channel with LPA. Consistently, PIP2 and LPA were shown to compete for a binding
site within the channel, with LPA being able to activate the channel in the absence
of PIP2, and PIP2 displacing LPA from the site without causing channel activation
(Nieto-Posadas et al. 2011). These results establish a new signaling pathway for
channel modulation under acute pain-related states and offer a possible explanation
for the previously observed inhibitory effects of PIP2, in which this lipid inhibits the
channel by displacing another endogenous agonist from its binding site.

3.4.3 Capsaicin, N-acyl-ethanolamines and N-acyl-dopamines

Capsaicin, the well known TRPV1 agonist that played an important role in the
cloning of the receptor (Caterina et al. 1997), is a hydrophobic membrane-permeant
compound that activates the channel from the intracellular side (Jung et al. 1999)
with a KD of around 200 nM and a Hill coefficient of near 2. The pharmacological
properties of capsaicin-mediated activation of its receptor had already been charac-
terized before the channel was even cloned (Szallasi and Blumberg 1991; Szallasi
et al. 1993b).

By constructing chimeras between capsaicin-sensitive rat TRPV1 channels and
vanilloid-insensitive chicken TRPV1, a region from S2-S4 was shown to be neces-
sary for capsaicin activation (Jordt and Julius 2002). Moreover, through site-directed
mutagenesis, essential residues for vanilloid sensitivity were identified: Tyr511 and
Ser512, two conserved residues among TRPV1 channels from several species, were
shown to be essential for high sensitivity to capsaicin (Jordt and Julius 2002), whereas
a I550T mutation in the rabbit receptor, which is also capsaicin-insensitive, was nec-
essary for conferring it with capsaicin-sensitivity as in the rat and human TRPV1,
which have a threonine at that position (Gavva et al. 2004). Moreover, a methionine
at position 547, present in rat and human but not rabbit TRPV1, was shown to be
necessary for sensitivity to resiniferatoxin (RTX) (Chou et al. 2004; Gavva et al.
2004), a compound from the cactus Euphorbia resinifera that activates the chan-
nel with higher affinity than capsaicin (Szallasi and Blumberg 1989; Caterina et al.
1997). As of now, the precise nature of the interaction between vanilloids and the
channel remains unanswered, although it is clear that interactions with the vanillyl-
amine moiety and with an unsaturated acyl chain are required for channel activation
(Walpole et al. 1993; De Petrocellis et al. 2000). Other residues and regions through-
out the protein, including the N- and C-termini and the pore have been shown to affect
vanilloid sensitivity (Welch et al. 2000; Kuzhikandathil et al. 2001; Jung et al. 2002;
Vlachova et al. 2003; García-Sanz et al. 2007; Myers et al. 2008; Valente et al. 2008).

Interestingly, a series of endogenous compounds with structural similarities to
capsaicin (Fig. 3.2), many of which are agonists of cannabinoid receptors (CB) and
are therefore known as endocannabinoids, have been found to activate the TRPV1
channel.
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N-acylethanolamides (NAEs) are a group of bioactive lipids whose production
is catalyzed by phospholipase D-like enzymes (Di Marzo et al. 1994) and that have
been shown to activate TRPV1 (Figs. 3.1 and 3.2). The first endovanilloid identified,
N-arachidonoylethanolamide (AEA) or anandamide, was found to induce vasodilata-
tion in rat hepatic mesenteric arteries by causing CGRP release from perivascular
sensory nerves in a CB-independent manner, and that its effect could be inhibited
by capsazepine (Zygmunt et al. 1999). Moreover, it was also found that anandamide
could elicit rat and human TRPV1-mediated currents in heterologous expression sys-
tems, albeit with an affinity lower than capsaicin (KD ≈ 5 μM) (Zygmunt et al. 1999;
Smart et al. 2000). AEA was found to displace radioactively labeled RTX from its
binding site (Ross et al. 2001), indicating that it probably binds to the same region as
capsaicin and RTX, and activates the channel by a similar mechanism. Consistently,
mutations at Tyr511, Ser512 and Thr550 have been found to interfere with channel
activation by anandamide and other endovanilloids (Jordt and Julius 2002; Gavva
et al. 2004; Sutton et al. 2005).

Oleoylethanolamide (OEA), another N-acylethanolamide, is released in the intes-
tine where it acts as a satiety factor by acting on visceral nerve terminals (Rodriguez
de Fonseca et al. 2001). It has been demonstrated that OEA directly activates the
TRPV1 channel in heterologous expression systems with an affinity similar to AEA
in a PKC-dependent fashion (Ahern 2003). Notably, TRPV1 activation by OEA in
vagal sensory neurons has been shown to cause visceral pain, indicating that this
mechanism might underlie the feeling of discomfort upon excessive feeding (Wang
et al. 2005). Other endogenous unsaturated N-acylethanolamides also activate the
channel with varying affinities, depending on the length of the acyl chains and the
degree of saturation, with at least one unsaturation required to have agonistic effects
(Movahed et al. 2005). Interestingly, although the anti-inflammatory lipid palmi-
toylethanolamide (PEA), which is co-synthesized with AEA in most cells (Petrosino
et al. 2010), and N-lauroylethanolamide do not act as TRPV1 channel agonists, they
have been shown to act as “entourage” compounds, potentiating the effects of other
vanilloids for activating the channel (De Petrocellis et al. 2001a; Smart et al. 2002).
Similar observations have been reported for two endogenous N-acyl-dopamines, N-
palmitoyl- (PALDA) and N-stearoyl-dopamine (STEARDA) (Chu et al. 2003; De
Petrocellis et al. 2004).

As opposed to PALDA, STEARDA and N-acylethanolamides, N-arachidonoyl-
dopamine (NADA) and N-oleoyl-dopamine (OLDA), two endocannabinoids found
in the central nervous system, activate the TRPV1 channel with an affinity similar
to capsaicin (Huang et al. 2002; Chu et al. 2003), probably due to the fact that they
contain the vanillyl-amine moiety and at least one unsaturation at the acyl chain.

3.4.4 Lipoxygenase Products, Polyunsaturated Fatty Acids
and Nitrated Lipids

Lipoxigenase (LOX) products have been implicated in inflammatory processes since
their production is stimulated during inflammation (Samuelsson 1983) and have also
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been shown to cause hyperalgesia (Levine and Taiwo 1990; Di Marzo et al. 2002).
Interestingly, 12-(S)-hydroperoxyeicosatetraenoic acid (12-(S)-HPETE) (Fig. 3.2)
was shown to directly activate the TRPV1 channel in cultured DRG neurons and
transiently transfected HEK293 cells with a KD of around 8 μM (Hwang et al.
2000) and to inhibit [3H]-RTX binding to the TRPV1 (Shin et al. 2002), likely by
competing for the same binding site. Other lipoxygenase products including the
eicosanoids 15-(S)-HPETE, 5-(S)-HETE, leukotriene B4 (LTB4), and 15-(S)-HETE
were effective in activating the TRPV1. On the contrary, other LOX products such as
hepoxilins A3 and B3, 5-(S)-HPETE, 8-(R)-15-(S)-dihydroxyeicosatetraenoic acid,
12-(S)-HETE and LTC4, were found to be rather poor TRPV1 agonists (Hwang et al.
2000). Interestingly, bradykinin was shown to be able to stimulate TRPV1 activity
in sensory neurons by stimulating 12-(S)-HPETE production through phospholipase
A2 (PLA2) activation, arachidonic acid production and its subsequent conversion
to 12-(S)-HPETE by LOX-12 (Fig. 3.1) (Shin et al. 2002). Furthermore, histamine
binding to the H1R GPCR was found to activate the TRPV1 channel also through
PLA2 activation and concomitant 12-HPETE production (Shim et al. 2007).

Oxidized metabolites of linoleic acid, which can also be generated by the lipoxyge-
nase enzymes, are released under inflammatory conditions (Jira et al. 1997). Notably,
9- and 13-hydroxyoctadecadienoic acid (9-HODE and 13-HODE) (Fig. 3.2) and their
metabolites 9-oxo-ODE and 13-oxo-ODE, all products of linoleic acid oxidation,
were shown to be released from the spinal cord upon depolarization (Patwardhan
et al. 2009) and from mouse skin upon heating (Patwardhan et al. 2011). More in-
terestingly, it was found that these compounds directly activate the TRPV1 channel
through a site different from the capsaicin-binding site, since point mutations at
positions 511 and 512 did not eliminate the agonistic effects of the molecules (Pat-
wardhan et al. 2011). TRPV1 channel activation by 9- and 13-HODEs generated by
heat and inflammation has been proposed to be partly associated with the channel’s
thermosensitivity (Patwardhan et al. 2011) and to its participation in mechanical
allodynia (Patwardhan et al. 2009).

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) are essential dietary lipids
that are highly concentrated in the brain and if absent in the diet cause significant
neurological defects (Guesnet and Alessandri 2011). Additionally, they have been
found to have analgesic properties and to compete with arachidonic acid for the cyclo-
and lipoxygenase enzymes and therefore hinder the production of pro-inflammatory
prostaglandins and eicosanoids (Lee et al. 1984). Interestingly, they also activate the
TRPV1 channel when it is phosphorylated by PKC, but with an affinity significantly
lower than capsaicin. This activation seems to also depend on the capsaicin-binding
domain, since they displace [3H]-RTX from its binding site and antagonize capsaicin,
anandamide and NADA’s actions at the receptor (Matta et al. 2007).

Nitroalkenyl fatty acids are electrophilic lipid derivatives that are formed un-
der oxidative and inflammatory conditions (Khoo and Freeman 2011) and that
can modulate the function of many proteins, including transcription factors, lead-
ing to anti-inflammatory responses. Nitro-oleic acid actives both the TRPV1 and
TRPA1 channels in dorsal root ganglion neurons (Sculptoreanu et al. 2010) and
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sensitive afferent nerves in the bladder (Artim et al. 2011). It has been pro-
posed the nitro-oleic acid activates both channels by covalently modifying cysteines
(Artim et al. 2011).

3.5 Post-Translational Modifications

3.5.1 Redox Modulation

Before its cloning, radio-ligand binding studies in sensory nerves indicated that
[3H]-RTX binding to the capsaicin receptor was diminished by oxidizing agents,
establishing a link between the TRPV1 channel and redox modulation (Szallasi and
Blumberg 1993; Szallasi et al. 1993b). Later studies with the cloned receptor in-
dicated that its responses to capsaicin and heat can be potentiated by the reducing
agent dithiothreitol (DTT) (Vyklicky et al. 2002). Consistently, the sulfhydryl oxidiz-
ing agent thimerosal and other oxidizing agents, when applied extracellularly, were
shown to decrease the channel’s response to capsaicin and heat, and that mutation
of Cys621, located in the linker between the S5 and the putative p-loop, eliminates
these effects (Jin et al. 2004; Susankova et al. 2006).

Other intracellular residues have been also demonstrated to participate in chan-
nel redox modulation: A cysteine at position 157 in the rat TRPV1 N-terminus was
shown to be responsible for channel activation by certain cysteine modifying com-
pounds through a covalent-modification mechanism (Salazar et al. 2008). More
recently, the involvement of other intracellular cysteine residues in channel redox
modulation was evaluated (Chuang and Lin 2009). By re-introducing combinations
of different cysteine residues into a cysteineless chicken TRPV1 channel, several
residues in the N- and C-termini were shown to be important for channel function.
Specifically, Cys772 and Cys783 in the C-terminus were shown to form intersub-
unit disulfide bonds that sensitize the receptor. Conversely, Cys393 and Cys397
in the N-terminus were shown to form intrasubunit disulfide bonds that result in
channel potentiation (Chuang and Lin 2009). The equivalent residues in the human
TRPV1 receptor, Cys387 and Cys391, were shown to accomplish similar functions,
whereas the conserved C-terminal cysteine Cys767 was demonstrated to take part in
channel-potentiating intersubunit disulfide bond formation. Interestingly, oxidative
modulation of TRPV1 channel was shown to be able to override Ca2+-dependent
channel desensitization.

3.5.2 Phosphorylation

Biochemical data has shown that the TRPV1 channel is heavily phosphorylated in
the resting state (Bhave et al. 2002; Zhang et al. 2008). Consistently, channel re-
sponsiveness to capsaicin, but not to heat or low pH, has been shown to require
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phosphorylation of either Ser502 or Thr704 by Ca2+/calmodulin-dependent protein
kinase II (CaMKII) (Jung et al. 2004; Novakova-Tousova et al. 2007). These sites
have also been shown to be substrates for phosphorylation by cAMP-dependent
protein kinase A (PKA) (Rathee et al. 2002; Mohapatra and Nau 2003) and the
calcium-independent DAG-activated protein kinase Cε (PKCε) (Numazaki et al.
2002; Bhave et al. 2003), whose action causes channel sensitization to vanilloids,
heat and acid, allowing the channel to open at normal body temperature (Premkumar
and Ahern 2000; De Petrocellis et al. 2001b; Vellani et al. 2001; Rathee et al. 2002;
Premkumar et al. 2004). PKA has been also shown to act on Ser116, Thr144, Thr370
and Ser502 (Rathee et al. 2002; Bhave et al. 2002; Mohapatra and Nau 2003). In-
terestingly, the previously characterized desensitization of TRPV1 by the Ca2+- and
calmodulin-dependent phosphatase 2B (calcineurin) that occurs after calcium entry
due to channel activity (Docherty et al. 1996; Liu and Simon 1996; Koplas et al.
1997), has been found to be highly dependent on dephosphorylation of Thr370, since
desensitization in the T370A mutant is insensitive to calcineurin inhibition (Moha-
patra and Nau 2005), although other residues, including Ser116 and Thr144, are
also calcineurin substrates (Bhave et al. 2002; Jeske et al. 2006). Moreover, phos-
phorylation of Ser116 by PKA prevents desensitization, indicating that the state of
Ser116 functions as a PKA- and calcineurin-dependent switch between channel sen-
sitization and desensitization, since dephosphorylation at this site must occur before
desensitization (Bhave et al. 2002; Mohapatra and Nau 2003).

PKCε-dependent phosphorylation at Ser502, Thr704 and Ser800 causes receptor
potentiation (Numazaki et al. 2002; Bhave et al. 2003) and has also been reported
to blunt desensitization (Mandadi et al. 2004). The calcium- and DAG-sensitive
PKCα (Olah et al. 2002) and the atypical PKD/PKCμ (Wang et al. 2004) also
sensitize TRPV1, although the later acts on Ser116, while PKCγ and PKCδ do not
affect the channel function (Olah et al. 2002; Amadesi et al. 2006). Interestingly,
PKA and PKC-dependent actions on the channel depend on their association with
the rodent scaffolding protein A-kinase anchoring protein 150 (AKAP150) or its
human equivalent AKAP79 (Rathee et al. 2002; Schnizler et al. 2008; Zhang et al.
2008; Jeske et al. 2009b), which binds to a C-terminal region in the channel (Zhang
et al. 2008). Calcineurin’s actions have also been suggested to depend on AKAP150
(Zhang et al. 2008), although these data have been recently debated (Por et al. 2010).
TRPV1 is also sensitized by extracellular-signal-regulated kinases 1 and 2 (ERK1/2)
through an as yet uncharacterized mechanism that seems to involve an increase in
intracellular calcium (Zhang et al. 2011b; Zhuang et al. 2004).

Several pro-inflammatory signaling molecules act on GPCRs whose activation
leads to PKA or PKC stimulation, causing channel sensitization and hyperalgesia.
Accordingly, bradykinin (BK) (Cesare and McNaughton 1996; Cesare et al. 1999),
the pro-inflammatory chemokine CCL3 (Zhang et al. 2005a), substance P (Zhang
et al. 2007a), serotonin (Ohta et al. 2006), ATP (Tominaga et al. 2001; Moriyama
et al. 2003), hypoxia-inducible factor 1a (Ristoiu et al. 2011), prostaglandins E2 and
I2 (Bhave et al. 2002; Moriyama et al. 2005), interleukin-1 (IL-1) (Obreja et al. 2002)
and the inflammation-associated protease activated receptor 2 (Amadesi et al. 2006),
among many others, have been found to cause channel sensitization though PKC
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and PKA (Fig. 3.1). Conversely, cannabinoid receptors CB1 and CB1 can inhibit
channel function by promoting calcineurin function (Jeske et al. 2006; Patwardhan
et al. 2006).

Interestingly, PKCε-dependent phosphorylation of TRPV1, especially at Ser502
(Zhang et al. 2008), also stimulates rapid shuttling of TRPV1-, SytIX- and Snapin-
containing vesicles to the membrane through a SNARE-dependent mechanism,
increasing TRPV1 expression (Morenilla-Palao et al. 2004). Notably, NGF, insulin
and insulin-like growth factor 1 (IGF-1) have been shown to potentiate channel func-
tion by stimulating channel trafficking (Van Buren et al. 2005; Zhang et al. 2005b;
Stein et al. 2006; Lilja et al. 2007; Camprubi-Robles et al. 2009), whereas BK,
artemin and IL-1 do not (Camprubi-Robles et al. 2009). Furthermore, NGF, IGF-1,
insulin and the extracellular matrix protein fibronectin (Jeske et al. 2009a) also en-
hance TRPV1 expression levels though a PI3K dependent mechanism that seems to
involve a direct interaction of PI3K with the N-terminus of the channel (Stein et al.
2006) and TRPV1 phosphorylation at Tyr200 by the non-receptor tyrosine kinase
c-Src (Zhang et al. 2005b) through an AKAP150-independent mechanism (Zhang
et al. 2008) (Fig. 3.1).

3.6 Ankyrin Repeat Domain, Sensitization
and Ca2+-CaM-Dependent Desensitization

Ankyrin repeat domains (ARD) are present in many proteins where they engage in
protein-protein interactions and form modulatory ligand-binding sites (Gaudet 2008).
The ankyrin motif consists of an anti-parallel helix-turn-helix motif followed by a
β-hairpin “finger” loop, where the concave structure formed by the loop and helices
forms a cradle for interaction with other proteins (Gaudet 2008). The TRPV1 channel
has six ankyrin repeats at the N-terminus, whose structure has been determined at a
resolution of 2.7 Å (Lishko et al. 2007).

Interestingly, the TRPV1 ARDs crystallized together with a bound ATP molecule
between repeats 1–3 (Lishko et al. 2007). Biochemical as well as functional data
with the WT and mutant channels with point mutations introduced into the putative
ATP-binding site confirmed a direct interaction between the TRPV1 channel and
ATP (Lishko et al. 2007), which has a sensitizing effect on the receptor, as had
been previously shown at the functional level (Kwak et al. 2000). GTP was found
to compete with ATP for binding to the channel whereas ADP, CTP and UTP bound
poorly and AMP and cAMP did not show any binding at all (Lishko et al. 2007).
Interestingly, adenosine has been shown to have an inhibitory effect on the channel
also by means of a direct interaction, constituting a possible route for TRPV1 feed-
back inhibition (Puntambekar et al. 2004), since adenosine is released in response
to TRPV1 channel activation (Sawynok and Liu 2003).

The ATP binding site overlaps with a previously characterized Ca2+-CaM-binding
site between residues 189–222 that mediates channel desensitization. This region was
found to interact with CaM in a calcium-dependent manner, leading to a reduction
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in channel open probability in spite of receptor stimulation (Rosenbaum et al. 2004),
providing a molecular explanation for at least one type of channel desensitization.
As expected from the overlap in binding sites, Ca2+-CaM and ATP were shown to
compete for binding to the channel and to either cause channel desensitization or
potentiation. Moreover, point mutations that affected ATP binding to the receptor
also interfered with Ca2+-CaM binding and channel desensitization (Lishko et al.
2007).

Notably, Ca2+-CaM-dependent channel desensitization has also been shown to
depend on a C-terminal region encompassing residues 767–801. This region also in-
teracts with CaM in a calcium-dependent manner, and its elimination severely impairs
channel desensitization (Numazaki et al. 2003), while increasing AKAP150 bind-
ing and PKA-dependent channel potentiation (Chaudhury et al. 2011). Conversely,
Ca2+-CaM interferes with AKAP150 binding to its binding site in the C-terminus
of the channel, suggesting that Ca2+-CaM might desensitize the channel by inhibit-
ing channel phosphorylation through an interference with the association AKAP150
(Chaudhury et al. 2011). Another possibility is that the C- and N-terminal CaM-
binding sites interact and cause channel desensitization by inducing a conformational
change (Lishko et al. 2007).

3.7 The Cytoskeleton

Interactions between the TRPV1 channel and the microtubule cytoskeleton, but not
with actin and intermediate filaments, have been reported (Goswami et al. 2004).
Studies performed in vitro (Goswami et al. 2004) and in living F-11 cells (Goswami
et al. 2006) indicate that the C-terminus of TRPV1 interacts with and stabilizes mi-
crotubule filaments in a calcium-dependent manner. It was found that the channel
interacts preferentially with β-tubulin in αβ-tubulin dimers and the sites of interac-
tion were mapped to two regions in the channel’s C-terminus (residues 710–730 and
770–797) that contain a high density of positively charged residues that likely interact
with the C-terminal acidic region of tubulin (Goswami et al. 2007a). Moreover, the
interaction with tubulin was found to be mutually exclusive with PKCε-dependent
phosphorylation of Ser800 (Goswami et al. 2011). Furthermore, it was found that
estrogen-dependent activation of PKCε was capable of interfering with the asso-
ciation of tubulin and TRPV1, which resulted in microtubule destabilization and
neuronal growth cone retraction in F-11 cells and mouse DRG neurons (Goswami
et al. 2011). These effects may play an important role in PKCε-dependent mechanical
sensitization.

It was also found that activation of TRPV1 results in microtubule destabiliza-
tion in F-11 cells within a minute, resulting in neuronal growth cone retraction and
morphological changes attributable to tubulin destabilization (Goswami et al. 2006;
Goswami et al. 2007b). Dynamic microtubules were found to be mainly affected,
whereas stable microtubules and actin- and intermediate-filaments were unaffected
by TRPV1 activity (Goswami et al. 2006).



86 A. Jara-Oseguera and T. Rosenbaum

3.8 Modulation of TRPV1 Activity by Mechanical
and Osmotic Stimuli

To date it has not been possible to determine whether TRPV1 channel activity can
be directly modulated by mechanical stimuli. Yet, a growing body of experimental
evidence points to a role of the TRPV1 in many physiological processes related to
mechanical and osmotic stimuli detection, which will be discussed in the following
section.

3.8.1 The Vasculature

The myogenic response is the mechanism by which resistance arteries constrict in
response to an elevation in blood flow in order to control the perfusion level of tissues
and protect them from variations in systemic blood pressure. Recently, the myogenic
response in rat mesenteric resistance arteries has been shown to be stimulated by ac-
tivation of TRPV1-expressing C- andAδ-fibers (Scotland et al. 2004). Moreover, this
response was significantly attenuated by capsazepine application, suggesting a role
for TRPV1 in sensory fiber activation by an increase in artery transmural pressure.
However, the sensitivity of the myogenic constriction to inhibition by gadolinium
was much larger than TRPV1’s sensitivity to Gd3+-block when expressed in CHO
cells, arguing against a role for TRPV1 as a mechanoreceptor (Scotland et al. 2004).
Instead, mechanotransduction-related TRPV1 activity was suggested to depend on
its activation by 20-HETE, which has been previously shown to be important for
the myogenic response (Inoue et al. 2009). Resistance artery smooth muscle cells
are able to carry out a myogenic response by themselves through the action of
other proteins such as mechanosensitive GPCRs (Mederos y Schnitzler et al. 2011),
suggesting that TRPV1’s role in this system is purely modulatory, and not essential
for mechanosensing. A similar modulatory action of TRPV1-expressing sensory
fibers might be operating in relation to the baroreflex system (Sun et al. 2009).

Surgical arteriovenous fistulae are connections between an artery and a vein that
are routinely performed for hemodialysis. A disadvantage of the procedure is that the
involved vein is subject to an abnormal increase in pressure, which is sensed by an
unknown mechanosensor that triggers remodeling compensatory mechanisms that
can ultimately occlude the fistula. In a recent study in rat fistulae it was shown that
TRPV1 expression, but not TRPV4, was enhanced both at the protein and mRNA
levels after fistula establishment (Chen et al. 2010). CaMKII and endothelial nitric
oxide synthase (eNOS), two primary mediators of the remodeling process, were
shown to be increased downstream of TRPV1 expression. Moreover, treatment with
capsazepine considerably decreased fistula remodeling and CaMKII and eNOS ac-
tivity, without affecting other hemodynamic changes. Interestingly, remodeling was
found to be entirely dependent on the increase in pressure, since it was prevented by
a decrease in blood flow to the fistula (Chen et al. 2010).
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3.8.2 The Small Intestine and Colon

An involvement of TRPV1 in mechanotransduction in the colon and small intestine
has also been demonstrated. By measuring in vitro sensory nerve activity in response
to physical distention in the jejunum of WT and TRPV1 KO mice, it was found that
the electrical responses of low threshold-activated sensory fibers were attenuated in
TRPV1-null mice (Rong et al. 2004). In the case of the colon, it has been shown that
the majority of mouse colon sensory neurons express TRPV1 (Matsumoto et al. 2011;
Robinson et al. 2004; Tan et al. 2008) and can be stimulated by heat, low pH and
capsaicin (Sugiuar et al. 2004; Spencer et al. 2008). Moreover, human patients with
faecal urgency and rectal hypersensitivity display an increase in TRPV1 expression
in colon sensory nerves (Chan et al. 2003). In a physiological and morphological
study, it was found that visceral nociception upon colorectal distention is attenuated
in both TRPV1 and acid sensing ion channel 3 (ASIC3) knock-out mice (Jones et al.
2005). Muscular/mucosal afferent fibers, which are the main stretch-sensitive fibers
in the colon, displayed no anatomical abnormalities in the knock-outs, but evidenced
a decreased response to circumferential stretch. WT fiber responses to stretch were
also attenuated by capsazepine (Jones et al. 2005).

Results from several studies suggest that capsaicin-sensitive sensory fibers in
the colon are responsible for pain sensation (Laird et al. 2001; Christoph et al.
2006; Miranda et al. 2007). However, as in the case of the jejunum (Rong et al.
2004), all capsaicin-responsive sensory nerves in mice colon identified until now
have been shown to respond to circumferential stretch with a low threshold (Spencer
et al. 2008). This is intriguing, since it would be expected for pain-related responses
to be associated with fibers that respond with an elevated threshold. Consistently,
there is evidence that indicates that TRPV1 is connected with mechanical acute
hyperalgesia development but not in normal pain sensation, since selective TRPV1
antagonists blocked hyperalgesic responses without causing hypoalgesia (Ravnefjord
et al. 2009).

3.8.3 The Bladder

The bladder is another organ in which TRPV1 has been proposed to be involved
in mechanical stimuli detection. TRPV1 is not only expressed in sensory fibers
innervating the bladder (Szallasi et al. 1993a; Avelino and Cruz 2006), but in the
bladder urothelial cells themselves (Heng et al. 2011; Birder et al. 2001). Urothelial
cells have intrinsic mechanosensory properties, which are important for triggering the
micturition reflex, and release NO, acetylcholine and ATP. TRPV1-null mice exhibit
some functional bladder abnormalities such as an increase in bladder capacity, a
reduction in the frequency of bladder reflex contractions and a decrease in spinal
cord c-fos induction, which is a marker of neural activity, upon bladder distention,
but show no anatomical abnormalities (Birder et al. 2002). In the same study it was
found that stretch-evoked ATP release is reduced in isolated bladders and cultured
urothelial cells from TRPV1−/− mice (Birder et al. 2002). Conversely, capsaicin
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application to cultured urothelial cells has been shown to result in an increase in ATP
and NO release that can be blocked by capsazepine (Birder et al. 2001; Birder et al.
2002). This argues in favor of a direct role of TRPV1 in mechanosensation, since
capsaicin mimics the effects of pressure-increase in regards to ATP release.

Recently the importance of TRPV1 for mechanotransduction in the bladder has
been brought into question (Everaerts et al. 2010). A series of recent studies by dif-
ferent research groups have failed to detect TRPV1 channel expression in urothelial
cell cultures at the mRNA, protein and functional levels (Everaerts et al. 2010; Yu
et al. 2011; Mochizuki et al. 2009; Xu et al. 2009; Yamada et al. 2009). Whether ex-
pressed in the bladder or not, TRPV1 channels are certainly present in sensory nerves
innervating the bladder (Szallasi et al. 1993a). By recording afferent electrical nerve
activity in vitro in response to distention, the authors found that the sensitivity of
low-treshold fibers was attenuated in TRPV1-null mice (Daly et al. 2007). In regards
to the precise function of the channel, the authors argue that it could either act as
a mechanosensor directly or could only be modulating the excitability of the nerve
cells in order to lower the threshold for their activation upon mechanical stimulus
arrival (Daly et al. 2007).

3.8.4 The Central Nervous System

Another system in mammalian physiology that involves mechanotransduction and
where TRPV1 plays a role is the one that controls body fluid osmolality. Changes in
blood osmolality are detected by neurons in blood-brain barrier-deficient nuclei of
the lamina terminalis, namely the subfornical region, the median preoptic nucleus
and the organum vasculosum (OV). These cells stimulate magnocellular (MNC)
neurons in the hypothalamic paraventricular and supraoptic nuclei upon increases
in blood osmolality. Magnocellular neurons, in turn, release from their axons in the
pituitary gland the antidiuretic homone vasopressin (VP) to the blood stream, which
ultimately signals the kidneys to retain water (Bourque 2008).

MNC neurons possess intrinsic osmosensitivity (Oliet and Bourque 1992, 1993),
which is sufficient to trigger or inhibit VP release upon changes in extracellular fluid
tonicity. The electrical responses of MNCs to tonicity are mediated by a stretch-
inactivated non-selective cationic current (SIC) of unknown origin. Interestingly,
hypertonic solution-elicited increases in MNC membrane conductance can be mim-
icked by equivalent negative changes in pressure applied by suction from a pipette in
the whole-cell configuration of the patch clamp, and inhibited by applying a coun-
terbalancing increase in pressure (Zhang et al. 2007b). These data establish that the
SIC is equally sensitive to osmotic and mechanical stimuli.

Recently an interesting report provided evidence that an N-terminally truncated
capsaicin-insensitive variant of TRPV1, but not the WT channel, is expressed in
MNC neurons (Sharif Naeini et al. 2006). Furthermore, neurons from TRPV1-null
mice displayed neither an increase in conductance nor depolarization and action
potential firing upon exposure to hypertonic solutions. Moreover, VP-release as a
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function of hyperosmolality was reduced 4-fold in the genetically modified mice
(Yokoyama et al. 2010; Sharif Naeini et al. 2006). Notably, TRPV1-null mice OV
neurons also display decreased electrical activity in response to hyperosmolality with
respect to WT, and a reduction in water intake under systemic hyperosmolality (Ciura
and Bourque 2006), although these data remain controversial (Taylor et al. 2008).

Another source of evidence that connects the TRPV1 channel with MNC neu-
ron osmosensing comes from their thermosensitivity. Elevation of the temperature
above 35◦C has been shown to augment MNC neuron conductance and to increase
action potential firing rate (Sharif-Naeini et al. 2008). Genetic TRPV1 ablation or
acute specific inhibition with SB366791 results in a significant diminution of this
response (Sharif-Naeini et al. 2008). Consistently, VP release upon hyperthermia is
not increased in TRPV1-null mice (Sharif-Naeini et al. 2008). However, these results
are in contradiction with the recently proposed temperature-sensing domain in the
TRPV1 channel (Yao et al. 2011), which is located around the region that is altered
in the MNC neurons’ N-terminally truncated variant (Sharif Naeini et al. 2006).

Regarding the identity of the mechanosensory channel in this system, interest-
ing information may come from pharmacological inhibition of signaling cascades:
Angiotensin II (AngII) has been shown to potentiate MNC neuron’s response to
hypertonicity by increasing the frequency of action potential firing (Chakfe and
Bourque 2000; Zhang and Bourque 2008). Based on results obtained by applying
a series of pharmacological inhibitors, it has been suggested that the potentiating
effects of AngII result from the sequential activation of PLC and a Ca2+-dependent
PKC, which in turn is proposed to increase cortical F-actin concentration by promot-
ing polymerization (Zhang and Bourque 2008), which is essential not only for the
potentiating effects of AngII but also for neuronal responsiveness to hypertonicity
(Zhang et al. 2007b). Notably, the mechanosensitive (Mederos y Schnitzler et al.
2011) Gq protein-coupled angiotensin type 1 receptor (AT1R) has been shown to be
responsible for the effects of AngII in MNC neurons (Hatae et al. 2001), putting it
forward as a possible mechanosensor in this system.

What might the connection be between TRPV1, AngII and F-actin? Notably, ge-
netic ablation of TRPV1 in mice also eliminates the stimulatory effects of AngII in
MNC neurons (Sharif Naeini et al. 2006), indicating that there is, in fact a connection.
Signaling molecules activated downstream of AT1R stimulation might be sensitizing
the channel after mechanical stimulation. In this regard, a study performed in trigem-
inal ganglion cells reported that a transmembrane osmotic gradient, regardless of its
orientation (extracellular hypo- or hypertonicity), potentiates the channel’s response
to capsaicin, suppresses tachyphylaxis and increases TRPV1 membrane expression
(Liu et al. 2007). The observed effects were independent of other osmolality induced
currents (e.g. mediated by TRPV4). A very interesting result came from the use of
inhibitors of PKA, PKC, PI3K and PLC: the effects of hyper- or hypo-tonicity on
channel activity were differentially affected by each inhibitor. In short, potentiation
by hypertonic stimuli was more dependent on PKA and PI3K, while hypotonic po-
tentiation was more severely affected by PKC inhibition (Liu et al. 2007). These
results indicate that the effects of tonicity on the channel are mediated by different
intracellular pathways depending on the direction of the osmolality gradient. A recent
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Ca2+-imaging study in TRPV1-transfected HEK293 cells found that hypertonicity,
but not hypotonicity, potentiates the channel’s response to elevated temperature,
capsaicin and low pH (Nishihara et al. 2011).

3.9 Conclusion and Perspectives

As becomes evident from the data, mechanosensation seems to involve a plethora
of different cell-signaling pathways that can interact with each other at many points
along the signaling cascade. Notably, the TRPV1 channel is a formidable point of
convergence. It becomes evident that a combination of several approaches will be
necessary to gain a deeper insight into mechanosensory processes. Experimental
settings that allow monitoring function, location and proximity to other molecules
simultaneously will certainly aid in the advancement. Some useful techniques may
include single-molecule fluorescence tracking, fluorescence correlation spectroscopy
and FRET, together with electrophysiological recordings. In any case, it is likely that
significant methodological improvements and innovations will be required to fully
unravel the molecular mechanisms that underlie physiological processes such as
mechanosensation.
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Chapter 4
The Molecular Mechanism of Multifunctional
Mechano-Gated Channel TRPV4

Makoto Suzuki and Astuko Mizuno

4.1 Introduction

A rise in intracellular free calcium ([Ca2+]i) is an important regulator of numerous
cellular functions triggered by ligand-gated non-selective cation channels. Since the
identification of the gene responsible for a Drosophila mutation that exhibited a tran-
sient receptor potential (TRP), in comparison with the control, and a sustained recep-
tor potential in the eye, several novel Ca2+ entry channels belonging to the TRP super-
family of cation channels have been discovered (Clapham 2001; Montell et al. 2002).
Numerous TRP genes have been identified, encoding membrane proteins with six
transmembrane segments (TM1–TM6) and a putative pore region formed by a short
hydrophobic stretch between TM5 and TM6. On the basis of homology, mammalian
TRP proteins are classified into subfamilies: TRPC, TRPV, TRPM, TRPN, TRPP,
TRPA and TRPML.

TRPV1 (capsaicin receptor) was isolated by Caterina et al. in 1997 by expression
cloning and was the first channel to be identified that could convert physical input,
hot temperature, into electrical current driven by Ca2+. An ion channel capable of
converting pressure, or anisoosmolarity, into electrical stimuli was conjectured to
be part of this family. A clue to its identity came from the discovery of Osm-9
in a genetic screen of high-osmolarity-insensitive Caenorhabditis elegans mutants
(Colbert et al. 1997). TRPV4 was a candidate mammalian homologue of Osm-9 and
was thus investigated.

TRPV4 (transient receptor potential vanilloid 4, also formerly called OTRPC4,
VR-OAC, VRL2 and TRP12), a member of the TRPV subfamily, was first iden-
tified as an osmo-sensing channel (Strotmann et al. 2000; Liedtke et al. 2000).
TRPV4 mRNA is widely expressed, and is present in neurons, kidney, lung, skin,
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vascular endothelium and other tissues (Strotmann et al. 2000; Liedtke et al. 2000;
Suzuki et al. 2003c). A growing body of experiments has revealed that cells express-
ing TRPV4 display a swell-activated current (demonstrated by electrophysiology)
and Ca2+ influx (demonstrated by Ca2+-sensitive fluorescence detection), while those
from TRPV4-deficient (Trpv4−/−) mice do not exhibit these. We previously found
that TRPV4 is activated by inflation of the cell, i.e., a gain of cell volume in a whole
cell configuration (Suzuki 2003a). More recently, accumulating evidence for a direct
association between the cytoskeleton and TRPV4 has revealed that the channel is
a direct pressure sensor. TRPV4 can also be activated by acids and moderate heat,
playing a role in inflammatory nociception (Watanabe et al. 2002a, 2002b; Suzuki
et al. 2003a, Vriens et al. 2004). TRPV4 activation induces cells to release ATP,
transmitting signals towards nerve endings in the bladder (Andersson et al. 2010),
the skin (Sokabe et al. 2010), or the newly discovered osmosensor, the liver (Lechner
et al. 2011).

Our early studies using Trpv4−/− mice suggested that TRPV4 functions as a no-
ciceptor for pressure (Suzuki et al. 2003a), warmth (Chung et al. 2004; Lee et al.
2005), noxious compounds (Todaka et al. 2004), and noxious sound (Tabuchi et al.
2005). Our work also indicated that it functions as a flow-sensor (Taniguchi 2007)
and, in addition, is capable of acting as a trigger for the differentiation of cells,
such as chondrocytes, in various systems. Physiological data from Trpv4−/− mice
further suggested that TRPV4 is necessary for normal osmotic regulation (Mizuno
et al. 2003; Liedtke and Friedman 2003a, b). In view of these observations, TRPV4
can be legitimately considered a “multi-micromachine”, capable of sensing diverse
physical stimuli and converting them to Ca2+ signals in the various tissues of the
body.

A number of recent reports on human TRPV4 mutations have demonstrated the
importance of the channel in humans. TRPV4 mutations affect bone development
(Rock et al. 2008; Verma et al. 2010; Dai et al. 2010), cause neuromuscular abnormal-
ities (Auer-Grumach et al. 2010; Deng et al. 2010; Landoure et al. 2010) and produce
electrolyte imbalance (Tian et al. 2009). Both gain-of-function and loss-of-function
mutations cause disease. The phenotypes of human and animal TRPV4 mutations
have begun to provide a clearer understanding of the mechanistic processes that link
channel stimulation with physiological outcome.

4.2 Channel Physical Properties

4.2.1 Channel Structure (Fig. 4.1)

TRPV4 consists of 871 amino acids, with 6 transmembrane segmentsTM and 6
ankyrin (ANK) repeats in the NH2 terminus. Species differences in TRPV4 se-
quence are minimal (human/mouse, 95.2/96.9 %; human/rat, 94.8/97.0 %; mouse/rat,
98.9/99.2 % [identity/similarity]).

ANK repeats are 33-amino acid motifs that are involved in protein-protein
interactions ((Denker and Barber 2002; Sedgwick and Smerdon 1999). These ANK
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Fig. 4.1 a Putative TRPV4 structure and the regulatory alignments. A. TRPV4 is supposed to have
six ankyrin repeats (blue circle), and six putative transmembrane segments with pore (P), followed
by Ca2+ (or Ca-calmodulin) binding C-terminal domain. Deletion before 410 or after 741 looses
ability in response to mechanical stress. Putative protein kinase C phosphorylation sites are s88,
S134, and S528. D672, M680, and D682 are important in Ca2+ permeability and RR inhibition.
N 651 is the site of glycosylation. b Representative mutations found in human diseases. The upper
mutations marked in blue cause peripheral sensory motor neuron disease. The lower mutations are
found in abnormal skeletal disorders. Most of them show a gain-of-function. P19 marked in red is
found in hyponatremia. G270, R271 and F273 L in red are found in arthropathy. These show a-loss-
of-function mutations. c Representative structure of TRPV4 by cryoelectrone microscopy. This
show the tetrameric channel with upper membrane surface area, middle transmembrane portions
and with lower larger N- and C-terminal complex. The ion permeating pore is predicted in the center
and phorbol binding site in beneath the pore region. (With permission by the author Shigematsu
et al. 2010)
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repeats self-associate at the N termini to form a tetrameric structure (Gaudet 2008).
The putative domain structure of TRPV4 includes six ANK repeats, PKC and PKA
phosphorylation sites (S88, S134, T175, S162, S189, S528, S824), the six trans-
membrane region (TM1–TM6), a glycosylation site close to the pore (N651),
the pore region (P), a Ca2+/calmodulin (CAM)-binding site and a tyrosine kinase
phosphorylation site (Y253).

The structure of Osm-9 is similar to the vanilloid receptive channel,
TRPV1(Caterina et al. 1997), as well as to TRPV4 (VRl2, OTRPC4 (Strotmann
et al. 2000), VR-OAC (Liedtke et al. 2000), TRP12 (Nilius et al. 2001) and TRPV2
(Caterina et al. 1999). Therefore, TRPV4 structure is thought to be similar to that of
TRPV1. Sigematsu et al. (2010) revealed the 3-dimensional structure of rat TRPV4
by cryoelectron microscopy (Fig. 4.1c). This revealed that the channel is a tetramer
and the overall structure comprises two distinct regions: a larger dense component,
likely corresponding to the cytoplasmic N and C-terminal regions, and a smaller com-
ponent, likely corresponding to the transmembrane region. The structure is quite
similar to that of TRPV1 (Moiseenkova-Bell et al. 2008), and has a 4α-phorbol
12,13-didecanoate (4αPDD)-binding pocket in the center. The 4αPDD-binding sites
Y555/S556 correspond to the capsaicin-binding sites (Y511/S512) in TRPV1. Com-
pared with TRPV1, which is not a mechanosensitive channel, a vacant cavity in the
larger dense component is not obvious in the TRPV4 structure. This may reflect a
different arrangement of the C and N-termini, affecting their interaction with the
various partners. It is predicted that the C and N-termini are located just under the
mouth of the ion permeation pore—this would imply that mutations at either ter-
mini should affect ion permeation as well as plasma membrane expression. Higher
resolution 3D imaging should enhance our knowledge of the molecular structure of
the channel and provide insight into the mechanisms of mechanosensitivity and how
mutations cause disease.

Exogenously expressed TRPV4 in Chinese hamster ovary (CHO) or human
embryonic kidney (HEK) cells exhibits a robust outward-rectified current when
activated by hypotonic stress or by the agonist 4αPDD (Watanabe et al. 2002b;
Nilius et al. 2003). Without any stimuli, the current is inactive when measured at
room temperature. Gao et al. (2003) revealed that the basal level of Ca2+ at body
temperature (37 ◦C) is significantly higher than at room temperature and that warm
temperature is essential for the activation of TRPV4 by phorbol ester (PMA), hypo-
tonic stress, 4αPDD and shear stress. Thus, TRPV4 is constitutively active in cells
expressing the protein at body temperature. Single channel conductance is 90–110
pS for outward currents and 50–70 pS for inward currents (Liedtke et al. 2000;
Watanabe et al. 2002).

4.2.2 Structural Variants

Genomic sequence analysis revealed that TRPV4 maps to 12q24.1. Five human
TRPV4 splice variants, TRPV4-A–E, have been identified (Liedtke et al. 2000;
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Arniges et al. 2006). All of these vary in the cytoplasmic N-terminal region, af-
fecting (except for TRPV4-D) the ANK domains. TRPV4 undergoes glycosylation
and oligomerization in the endoplasmic reticulum followed by transfer to the Golgi
apparatus. The ANK domains are necessary for the oligomerization of TRPV4,
and the lack of TRPV4 oligomerization (in TRPV4-B, C, and E) affects its ac-
cumulation in the endoplasmic reticulum. Thus, the amount of each of the splice
variants may determine the quantity of the functional TRPV4 channel in the plasma
membrane.

TRP channels may constitute homomeric or heteromeric complexes. The mul-
timerization was examined with fluorescence resonance energy transfer and coim-
munoprecipitation in TRPV1–6. Except for TRPV5 and TRPV6, TRPV channel
subunits preferentially assemble into homomeric pore complexes (Hellwig et al.
2005).

4.2.3 Pore Selectivity

TRPV4 channel permeation is essentially non-selective for the cation. Permeability
values relative to Na+ are 6–10 for Ca2+ and 2–3 for Mg2+ (Liedtke et al. 2000; Nilius
et al. 2001; Strotmann et al. 2000, 2003; Watanabe et al. 2002a). The magnitude of
the current can be diminished by external Ca2+, and the removal of Ca2+ by EGTA
or citrate potentiates the amplitude.

Aspartate residues play a critical role in cation selectivity (García-Martínez et al.
2000; Nilius et al. 2001, 2004; Liedtke et al. 2003b; Voets et al. 2002) (Fig. 4.1a).
Aspartate to alanine mutations (D→A) between TM5 and TM6 has revealed valuable
information on pore characteristics of the TRPV4 channel. Ca2+ permeability is mod-
erately influenced by the D672A mutation without significantly altering monovalent
permeability. A further change in permeability (involving monovalent permeabil-
ity), rectification and sensitivity to ruthenium red (RR) is achieved by the D682A
mutation. The mutation of M680 also reduces the whole-cell current amplitude and
impairs Ca2+ permeability. Thus, these three amino acids (D672, M680, D682) in
the pore are essential for TRPV4 permeation, selectivity, RR sensitivity, and outward
rectification. The TRPV4 current can be slowly blocked by Gd3+ at μM concentra-
tions (Liedtke et al. 2000; Strotmann et al. 2000). Unlike RR, Gd3+ blocks both the
inward and the outward current. The blockers RR and Gd3+, although non-specific
for the TRPV4 channel, may be specific for other TRP channels. Although we (Suzuki
et al. 2003a) suggested that low pH may sensitize TRPV4, data on the responsible
amino acids are lacking. Acidosis represents synergic stimulation to TRPV4 in osteo-
clast differentiation (Kato and Morita 2011) while acidosis inhibits TRPV4 mediated
Ca2+ influx in esophageal epithelia (Shikano et al. 2011).

Recent findings of human mutations have shed light on the pore-closing mech-
anism around TM6. The amino acids W733, R616, L619, and L623 may be
important for closing since the mutations produce constitutively open channels (see
Sect. 4.5.5).
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4.2.4 Modulation by Ca2+

An increase in intracellular Ca2+ by ionomycin in the whole-cell configuration was
shown to stimulate TRPV4, and TRPV4 currents stimulated by hypotonic solutions
were strongly reduced in the absence of extracellular Ca2+ (Strotmann et al. 2003).
The proposed CAM-binding site at 809–832 is responsible for this Ca2+-dependent
potentiation. V814 seems essential for the spontaneous opening of TRPV4 channels,
and appears to be responsible for the observed elevated Ca2+ levels in non-stimulated
TRPV4-expressing cells (Watanabe et al. 2003a). However, recent work revealed
another possibility—that the primary site of Ca2+-dependent potentiation was not
in the C-terminal, but in the N-terminal. ATP and CAM may bind to N-terminal
ANK common in TRPV1, TRPV3 and TRPV4 (Phelps et al. 2010). A unique study
(Strotmann et al. 2010) using fluorescence for geometric molecular analysis demon-
strated that the activation of TRPV4 by CAM is, in fact, a dis-inhibition process where
CAM displaces a regulatory domain that is bound in the resting state. CAM displaces
the N-terminal, but not the C-terminal, high affinity domain and relaxes the autoin-
hibitory binding (N and C-termini are self bridged) to facilitate homodimerization.

An increase in Ca2+ to very high levels inhibits the TRPV4 current; a TRPV4
with a single mutation of E797 was constitutively open, suggesting that this site may
interfere with Ca2+ binding at the neighboring CAM-binding motif. The repeated
application of hypotonic stress or 4αPDD causes the ensuing activation to rapidly
decay in the presence of Ca2+ in a bath solution. (Watanabe et al. 2002a; Nilius
et al. 2004). This self-desensitization occurs in currents mediated by TRPV4 but not
by TRPV3 (Moqrich et al. 2005). In the absence of Ca2+, desensitization is much
slower, indicating that the Ca2+-dependentinhibition of this channel is involved in
the mechanism of desensitization.

4.2.5 Glycosylation

The glycosylation of TRPV4 has been examined in detail (Xu et al. 2006). A single
high-probability N-linked glycosylation site in TRPV4 that faces the extracellular
milieu is phylogenetically conserved. From a structural perspective, this site (N651)
is adjacent to the hydrophobic hairpin of the pore-forming loop. Mutation of this
residue results in loss of glycosylation and promotes the trafficking of the channel
to the plasma membrane. Thus, glycosylation affects membrane trafficking of the
TRPV4 protein and the functional expression of this channel.

4.2.6 C-Terminal Domain

The C-terminal domain of TRPV4 is functionally important (Liedtke et al. 2003b)
and essential for plasma membrane localization (Becker et al. 2008). The sorting of
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TRPV4 from the ER appears to require the C-terminal residues. Truncations of the
final C-terminal amino acids (D844 or D828) result in partial retention in the ER,
whereas all deletions upstream of amino acid 828 result in complete ER retention.
The insertion of TRPV4 into the plasma membrane is regulated by a member of
the ubiquitin-ligase family, atrophin-interacting protein 4 (AIP4), which decreases
surface expression of TRPV4. AIP4 facilitates the ubiquitination of the channel
and thus renders it available for endocytosis. Overexpression of AIP4 promotes the
endocytosis of TRPV4, thereby decreasing expression of the protein on the plasma
membrane (Wegierski et al. 2006). Arrestin1 is an adaptor for AIP4 that also plays a
role in TRPV4 localization (Shukla et al. 2010).

The C-terminal of TRPV4 directly binds to cytoskeletal proteins, including actin,
tubulin and neurofilament, and interacts with regulatory proteins such as protein
kinase Cε and CAM kinase II. Pull-down assays of cytoskeletal extracts by the
TRPV4 C-terminus suggest that it interacts with cytoskeletal components to a level
similar to that of the N-terminus (Goswami et al. 2010). We searched for proteins
that potentially bind the C-terminal and found that candidate proteins include the
microtubule-associated protein 7 (MAP7 = E-MAP-115), which is a tubulin-binding
heat shock protein that contains an EH domain (Suzuki et al. 2003b), indicating indi-
rect binding of the C-terminal to tubulin. The importance of tubulin is demonstrated
by the fact that taxol is the most potent blocker of TRPV4 function in TRPV4-
overexpressing cells (Suzuki et al. 2003b) and dorsal root ganglion (DRG) neurons
(Goswami et al. 2010). The interaction of TRPV4 with the cytoskeleton is mutual.
TRPV4 signaling induces striking morphologic changes, resulting in a decrease
in migratory behavior in many cell types, including the retraction of lamellipodia,
growth cones and neurites in neurons (Zaninetti et al. 2011). Although speculation at
present, rho is activated by an increase in Ca2+ by TRPV4 and may initiate changes
in the cytoskeleton and in adhesion molecules.

Coimmunoprecipitation assays also suggested an interaction between the C ter-
minus of TRPV4 and the inositol (1,4,5) triphosphate (Ins(1,4,5)P3) receptor type 3
(Fernandes et al. 2008). This interaction results in the sensitization of the channel to
epoxyeicosatrienoic acids (EETs) and mechanical stimuli via the CAM-binding site
(Garcia-Elias et al. 2008).

4.2.7 N-Terminal Domain

The N-terminal intracellular domain is important for thermo-sensation by TRPV4
and for its ability to respond to swelling. It is also involved in the translocation of
the protein within the cell. TRPV4 activation by hypotonic swelling is delayed if the
ANK repeats are lacking (Liedtke et al. 2000).

The ANK repeats of human TRPV4 are affected by alternative splicing—the
TRPV4-B (�384–444), TRPV4-C (�237–284) and TRPV4-E (�237–284 and
�384–444) variants are not carried toward the plasma membrane (Arniges et al.
2004). In contrast, TRPV4-D (�27–61) variants, in which splicing does not affect
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ANK, are expressed on the plasma membrane, as in wild-type TRPV4. Thus, the
N-terminal of TRPV4 is crucial for plasma membrane expression.

PACSIN (protein kinase C and casein kinase substrate in neuron protein) 3, but
not PACSINs 1 and 2, increase the plasma membrane/cytosolic ratio of TRPV4
expression, in a process mediated by dynamin (Cuajungco et al. 2006). PACSIN 3 has
been identified as a protein that binds the N-terminal of TRPV4, and it specifically
affects the endocytosis of TRPV4, thereby modulating its subcellular localization.
Substitution of proline for leucine, P415L, almost completely blocks their binding.
In particular, co-immunostaining of PACSIN3 and TRPV4 reveals that they are
localized to the luminal membrane of renal tubules. Thus, the interaction of the
binding protein affects not only the membrane surface expression of TRPV4 but
also the polarity of expression in epithelia. PACSIN3 inhibits the basal activity of
TRPV4, including the ability to be activated by warmth and cell swelling, but does
not affect activation by 4αPDD (D’hoedt et al. 2008). However, arachidonate was still
able to increase intracellular Ca2+ in TRPV4/PACSIN3 co-expressing cells, although
swelling triggered the formation of arachidonate that activated TRPV4. These results
indicate that PACSIN3 affects the translocation of the channel protein and modifies
channel properties as well.

The recent discoveries of TRPV4 mutations in neuronal disease have uncovered a
new role of the N-terminal in channel gating. R269, R315 and R361 mutations shift
the channel to a more open state, but do not influence intracellular distribution. The
positions of these amino acids, although not near the mouth of the permeation pore,
modify gating kinetics, and do not influence channel recycling. One can hypothesize
that the N-terminal binds to another protein that may modify the mouth of the channel.

Additionally, new mutations around this thirst loop of AKN domain, G270V,
R271P and F273L endows the crucial in polymerization and resultant poor mem-
brane expression. This loss of function mutation in human reveals arthrophathy
(Lamandé et al. 2011). Interestingly, the analysis of Ca2+ images indicates that the
mutants were unable to respond completely to hypotonicity while less to agonists.
The swell-activated mechanism requires the N-terminal dependent polymerization
or the interaction of this loop to AQP water channel (see below).

4.2.8 Modulation by Phosphorylation

The classic protein kinase C (PKC) activator, phorbol 12-myristate 13-acetate
(PMA), a known activator of PKC, activates TRPV4 (Gao et al. 2003; Xu et al.
2003a, b). The activation by PMA at room temperature is not noticeable, but be-
comes obvious at warm temperature (37 ◦C) (Gao et al. 2003). There are a number of
possible phosphorylation sites. Among these, S162, S189, T175 and S824 are impor-
tant for PKC-dependent functional enhancement (Peng et al. 2010; Fan et al. 2009).
PKA phosphorylation of S824 is dependent on the scaffolding protein AKAP79, and
results in the enhancement of channel function (Fan et al. 2009). cGMP inactivates
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the TRPV4 current in lung endothelial cells (Yin et al. 2008) and in DRG neurons
(Ding et al. 2010) that play an important role in the negative feedback loop.

Src family tyrosine kinases are involved in mediating activation due to swelling
(Xu et al. 2003a, b). Whether the phosphorylation is essential for hypoosmolality-
induced channel activation is controversial, however, Xu et al. (2003b) reported
that hypotonic stress resulted in the genistein-sensitive phosphorylation of TRPV4
at residue Y253, and that cells expressing the Y253F mutant were incapable of re-
sponding to hypotonic cell swelling. However, these results could not be reproduced
by another group (Vriens et al. 2004). In contrast, irritable chemical-triggered, and
hypotonic and hypertonic solution-induced hyperalgesia are TRPV4-mediated and
dependent on integrin/Src tyrosine kinase signaling in sensory cells in vitro and in
the rat in vivo (Alessandri-Haber et al. 2004, 2005, 2006)), and this process is po-
tentiated by the prostaglandin E pathway (Alessandri-Haber et al. 2003). Therefore,
tyrosine phosphorylation appears to be involved in the sensitization of TRPV4 to
other stimuli (Wegierski et al. 2009), and not in the activation of the channel per se.

The WNK family of kinases was described by Wilson et al. (2001) in a screen
for novel mitogen-activated protein (MAP)/extracellular signal-regulated protein ki-
nase (ERK) kinase (MEK) family members in the rat brain. Human hypertension
(pseudohypoaldosteronism type II, PHAII) is, in some cases, caused by mutations in
WNK kinases. WNK kinases are activated by a variety of stimuli, including hyper-
tonicity and hypotonicity (Lenertz et al. 2005). Interestingly, WNK4 down-regulates
TRPV4 membrane expression, although no direct coupling of WNK4 and TRPV4
has been demonstrated (Fu et al. 2006). The N-terminal deletion mutant (�2–147)
is unable to interact with WNK4, suggesting that an unknown protein(s) regulates
the membrane expression of TRPV4 under the influence of WNK kinases. Studies
using gain of WNK4 function demonstrate that the protein has an inhibitory role
in PHAII, revealing the involvement of TRPV4 in the pathogenesis of hypercal-
cemia and hypertension (Gamba 2006). Because loss of function of WNK4 leads
to PHAII, where renal distal tubule cell-cell junctions are abnormally leaky, the
WNK4 signaling cascade may play a role in the regulation by TRPV4 of cell barrier
function.

4.2.9 Lipids

During pharmacological studies of endothelial Ca2+ channels, researchers observed
that TRPV4 was activated by arachidonic acid (AA) (Nilius et al. 2004). Subse-
quently, electrophysiological studies revealed the molecular mechanisms behind
hypoosmolality-activation of TRPV4. Exposure of cells to hypoosmolality activates
TRPV4 by the PLA2-dependent formation of AA (Basavappa et al. 1998) and its
subsequent metabolization to 5,6-EET through a cytochrome P450 epoxygenase-
dependent pathway. Consequently, hypoosmolality-activated currents driven by
TRPV4 can be completely blocked by PLA2 inhibitors, such as methylarachi-
donyl fluorophosphate (MAFP), arachidonyl trifluoromethyl ketone (AACOCF3),
3-[(4-octadecyl) benzoyl]acrylic acid (OBAA, 100 μM), N-(p-amylcinnamoyl)
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anthranilic acid (ACA, 80 μM) and p-bromophenacyl bromide (BPB, 100 μM) in
TRPV4-expressing HEK cells (Watanabe et al. 2003b; Vriens et al. 2004). PLA2
can be divided into two groups—cytosolic PLA2 (cPLA2) in the cell interior and
secretory PLA2 (sPLA2) in the plasma. The effect of inhibitors on each PLA sub-
class varies: MAFP, AACOCF3 and OBAA are inhibitors of cPLA2, while BPB
is a specific inhibitor of sPLA2 (Hernández et al. 1998). Furthermore, the inhibi-
tion of the cytochrome P-450 epoxygenase pathway by 5,8,11,13-eicosatetraynoic
acid, miconazole, 17-octadecynoic acid (all at 10 μM) (Vriens et al. 2004) and sul-
faphenazole (for CYP2C9) (Vriens et al. 2005) blocks the hypoosmolality activation
of TRPV4. The amino acid motif in TRPV4 responsible for the effect of 5.6-EET
remains unclear. Although not substantiated, BPB at 100 μM might be non-specific
and might block other currents (Loukin et al. 2010a).

AA is derived from various fatty acids of the plasma membrane. Hydrolysis of the
endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), which
are endogenous ligands of the CB1 and CB2 metabotropic cannabinoid receptors, is
one mechanism resulting in the formation of AA. AEA and 2-AG activate TRPV4 in
an AA-dependent pathway (Watanabe et al. 2003b).

Bisandrographolide (BAA), a compound derived from plants, was found to acti-
vate TRPV4 (Smith et al. 2006), but not TRPV1–3. BAA also functions in cell-free
inside-out patches indicating a membrane-delimited action. The mutations L584M
and W586A were fully unresponsive to BAA (Vriens et al. 2007).

4α-Phorbol-12,13-didecanoate (4αPDD; EC50, 200–400 nM), a phorbol ester
analogue, is a potent activator of TRPV4 (Watanabe et al. 2002a). The tyrosine-
serine (YS) motif in the TM2-TM3 loop domain is important for the activation of
TRPV1 by capsaicin (Jordt and Julius 2002). In an experiment based on analogy,
Vriens et al. (2004) mutated aY residue (Y-555) or theYS sequence (Y555 and S556)
in the N-terminal part of TM3 to alanine (A)—this strongly impaired the activation
of TRPV4 by 4αPDD and warmth, but had no effect on activation mediated by cell
swelling or AA. 4α-phorbol 12,13-dihexanoate (4α-PDH) shows a very high effi-
cacy for TRPV4 activation (EC50 70 nM), being 5 times more potent than 4αPDD
(Klausen et al. 2009). A number of different TRPV4 agonists are currently available,
including 4α-PDD and GSK1016790A, which are 300- to 1000-fold more potent
than 4αPDD. Another fully synthetic TRPV4 agonist was identified by screening
small molecule libraries (Thorneloe et al. 2008; Willette et al. 2008). Unfortunately,
the most potent compound, GSK1016790A, is also an efficient activator of TRPV1
(EC50, 50 nM) (Jin et al. 2011).

Vincent et al. (2009) found that the antagonists RN-1734 and RN-1747 were
able to completely inhibit both ligand and hypotonicity-activation of TRPV4. In
addition, RN-1734 was found to be selective for TRPV4. Everaerts et al. (2010)
found that HC-067047 (EC50 of 22 nM for 4αPDD activated Ca2+ fluorescence)
was a potent antagonist of TRPV4-induced currents and fluo-4 fluorescence. HC-
067047 increased functional bladder capacity and reduced micturitional frequency;
consequently, it might be useful for treating cyclophosphamide-induced cystitis or
neurogenic bladder. We sought a specific blocker in a 16,804 chemical compound
library by using human TRPV4 expressing HEK cells and found that a sulfonamide
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derivative, in the micromolar range, blocked the 4αPDD-induced rise (but not the
ATP-induced rise) in intracellular Ca2+ (unpublished observation).

4.2.10 Trafficking

As demonstrated by reduced surface expression of spliced variants and by the phe-
notype of human mutations, as mentioned above, the N-terminal ANK domains
and the C-terminal domains are essential for homotetramerization and sorting.
The TRPV4 monomer is synthesized in the ER. Human OS-9 is a ubiquitously-
expressed protein that is localized to the ER and plays an important role in the
selection of substrates for ER-associated degradation. OS-9 binds to the N-terminal
of TRPV4, preventing its polyubiquitination and subsequent proteosomal degra-
dation (Wang et al. 2007). After homotetramerization, TRPV4 was transported to
the plasma membrane. Caveolin in endothelial cells induced TRPV4 to preferen-
tially localize to cholesterol-rich caveolae (lipid rafts). The absence of caveolin-1
in knockout mice led to decreased TRPV4 activity, observed as a reduction in ni-
tric oxide (NO) and endothelial-derived-hyperpolarizing factor (EDHF)-mediated
relaxation (Saliez et al. 2008; Rath et al. 2009). TRPV4 and other proteins that
are required for cell volume regulation are colocalized to form a functional unit
and lipid rafts are important for promoting the assembly of fully functional channel
complexes.

TRPV4 in the plasma membrane can be sequestered by ubiquitination performed
by atrophin-1-interacting protein. Monoubiquitinated TRPV4 can enter the ER path-
way to be recycled. The possible mechanisms mediated the recycling of mutated
TRPV4 variants have been discussed in detail (Dai et al. 2010). Trafficking of
TRPV4 may be important for future understanding of the mechanism of TRPV4
channelopathies (Dai et al. 2010), since most mutational hotspots are located in the
N and C-termini, where interaction with other molecules frequently occurs. How-
ever, some mutations do not affect recycling, but rather alter channel kinetics (see
Sect. 4.4).

4.3 Distribution of TRPV4

TRPV4 mRNA is widely distributed. While the presence of a functional TRPV4
channel has been demonstrated in some tissues, the presence of functional TRPV4
remains to be established for others. TRPV4 mRNA is detected at high levels in
the lung and the kidney. Northern blot analysis revealed that TRPV4 transcripts are
present at the highest levels in the trachea, followed by the kidney, prostate, pancreas,
placenta (Liedtke et al. 2000; Wissenbach et al. 2002b), liver and heart (Strotmann
et al. 2000).

In the brain, in situ hybridization revealed that the lamina terminalis, the sub-
fornical organ, and the median preoptic area in the hypothalamus express TRPV4
transcripts. The ependymal cells in the choroid plexus of the third and lateral
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ventricles also express TRPV4 transcripts (Liedtke et al. 2000). All of these structures
are involved in regulating body fluid osmolality.

The trigeminal ganglion is positively stained by in situ hybridization and by an
anti-C-terminal antibody (Liedtke et al. 2000; Suzuki et al. 2003a, c). In the murine
cochlea, TPV4 is expressed in most cells lining the endolymphatic duct of the mouse
ear, including the hair cells and the marginal cells of the stria vascularis (Liedtke
et al. 2000; Shen et al. 2006; Kumagami et al. 2009).

DRG neurons and primary sensory neurons express TRPV4 (Alessandri-Haber
et al. 2003) in the mouse, but not in humans (Delany et al. 2001). Interestingly,
TRPV4 mRNA, but not the protein, could be detected in the soma of DRG neurons,
suggesting that there might be a mechanism for the transport of the TRPV4 protein
from the neuronal bodies to the sensory terminals (Guler et al. 2002). Human sym-
pathetic ganglia have been reported to possess TRPV4 immunoreactivity (Delany
et al. 2001). Human and mouse motor neurons also express TRPV4 (Facer 2007),
but at low levels compared with the trachea. Adrenal and sweat glands are other
sites thought to express TRPV4 mRNA, although immunolocalization data is not
available. Vagal afferent nerves may also express TRPV4.

In the skin, keratinocytes in deep layers, rather than the surface, express TRPV4.
Merkel bodies (Liedtke et al. 2000) and other mechanosensitive terminals with
Merkel endings (Suzuki et al. 2003c) may express TRPV4. Both white and brown
adipocytes in rodents strongly express TRPV4. Endothelial cells in mouse aorta show
robust positive signals for TRPV4 by Northern blot and histochemical analyses, but
cells in small vessels, such as in the lung, show negative signals. In contrast, human
endothelial cells in the lung, but not in the aorta, were shown to contain TRPV4
transcripts by RT-PCR. Thus, a species difference in the expression of TRPV4 in
endothelial cells may exist. Vascular smooth muscle cells in the aorta and pulmonary
arteries of rodents also express TRPV4.

In the kidney, the basolateral membrane, from the proximal to the connecting
tubules, is positively stained by an anti-C-terminal antibody. The water-permeant
cells of the macula densa are, however, unstained. Moderate TRPV4 expression
is noted in all collecting duct portions and in the papillary epithelium, including
intercalated cells (Tian et al. 2004). Luminal localization has also been demonstrated
using an anti-N-terminal antibody (Cuajungco et al. 2006).

Liver expresses TRPV4 mRNA by Northern blot analysis (Strotmann et al. 2000),
and human hepatoblastoma cells show TRPV4 mRNA by RT-PCR; these also exhibit
a 4αPDD-induced Ca2+ increase (Vriens et al. 2004; Gradilone et al. 2007). Human
synoviocytes also show mRNA as well as increases in Ca2+ (Kochukov et al. 2006,
2009; Itoh et al. 2009). It is not known whether heart muscles express functional
TRPV4 channels, although an early report suggested the presence of mRNA by
Northern blotting (Strotmann et al. 2000). Coronary vessels may express TRPV4.
TRPV4 mRNA is detected in chondrocytes, osteoblasts and osteoclasts. TRPV4 is
also found in urinary bladder epithelium (Yu et al. 2011; Everaerts et al. 2010). The
cornea (Pan et al. 2008; Mergler et al. 2010) and retinal gangion neurons (Ryskamp
et al. 2011) expresses TRPV4 that may be important in vision. Details of TRPV4
expression in the various tissues and the proposed role of the protein are summarized
in Table 4.1.
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Table 4.1 Summary of TRPV4 pathophysiology: The human diseases with abnormal function of
TRPV4 clearly indicate most frequent abnormality of TRPV4 seen in bone development. Addition-
ally, HMSN2C’s symptoms show axonal degeneration with skeletal abnormality, peripheral muscle
atrophy, weakness of mechanical sensation, a significant weakness of thermal sensation, bladder
incontinence and hearing loss. Based on the signs and symptom in these human diseases TRPV4
dysfunction is clearly found and summarized in Table 4.1 summary 1. However, more roles are
suggested, though not prominent phenotypes in human disease, in animal models and experiments
in summary 2. Summary TRPV4 is detected and functionally active in summary 3. Summary 1
includes important phenotypes for human model tissues for understanding the pathophysiology.
Summary 2 includes vivid evidences for the contribution of TRPV4, although phenotypes or symp-
toms are not clarified. A kind of stress such as salt-overloading may reveal the phenotypes where
TRPV4 underlies the pathogenesis of a disorder. Summary 3 shows tissues expressing TRPV4 that
are functionally active.

Summary 1 TRPV4-channelopathy reported with human mutations
Impaired bone development
Motor dysfunction
Sensory loss where touch sensation is affected more than thermal and pain sensation
Abnormal sensation of osmolarity, hyponatremis
Hearing impairment
Bladder dysfunction
Airway dysfunction

Summary 2 TRPV4 underlies a disorder until not clarified by human mutations
Skin barrier and skin sensatio
Mechanosensitivity in blood vessels
Mechano-and osmo-sensitivity in renal function
Insulin secretion
Liver function
Pressure sensing in esophagus

Summary 3
Group 1. Localization where TRPV4 is closely related to human disease phenotype,

Bone; chondrocytes, osteoblast, osteoclast, Brain; circumventricular organ, choroid plexus,
hippocampus, substantia nigra, trigeminal ganglion, hypothalamus, Ear; (inner) and outer
hair cell, vestibular gangion Peripheral neurons; DRG, dorsal horn, lateral root, Merkel body,
Lung; epithelial cells, smooth muscle cells, endothelium, Urinary bladder; epithelium, Skin;
keratinocyte

Group 2. Localization where TRPV4 is functionally active. Pathophysiologic roles in diseases
are still unknown
Heart; cardiomyocytes, coronary artery Blood vessels; aorta, carotid artery, celleberal artery,
mesenteric artery, endothelium, smooth muscle, Kidney (Cohen 2007a, b); thick ascending
limb, distal tubules (connecting, distal convoluted collecting tubules), collecting tubules,
Liver: Hepatocyte,

Group 3. Localization where TRPV4 may be active
Cornea

Adipocytes; brown, white fat, (Wang et al. 2009)
Skeletal muscle
Pancreas β-cell (Casas et al. 2008; Islam 2011)
Adrenal
Uterus
Testis
Odontblast (Sole-Magdalena et al. 2011; Son et al. 2009)
Esophagus; epithelium (Mihara et al. 2011; Ueda et al. 2011)
Olfactory (Ahmed et al. 2009)
Basophilic cells (Yang et al. 2009)
Salivary (Aure et al. 2010)
Mast cell line (Kim et al. 2010)
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Table 4.1 (continued)

Leukocytes (Spinsanti et al. 2008)
Larynx (Hamamoto et al. 2008, 2009)
Female reproductive organ; ciliated epithelia in the
amplulla and isthmus (Teilmann et al. 2005)

Attention should be given to the antibody used, since localization is dependent
on the specific antibody. For example, an anti-C-terminal peptide antibody detected
TRPV4 in the basolateral membrane of renal tubules (Tian et al. 2004), while an anti-
N-terminal antibody detected it in the luminal membrane of renal tubules (Cuajungco
et al. 2006). Both antibodies detect a 98 kDa signal in exogenous channel-expressing
cells by Western blot analysis. Thus, controversy remains regarding the precise im-
munohistological localization of TRPV4 in situ. The precise localization of TRPV4
protein will not be known until the generation of marker tagged TRPV4 or the
production of highly specific antibodies.

4.4 Molecular Mechanisms Converting Physical Stimuli into
Channel Opening

4.4.1 Mechanical Force

4.4.1.1 Variables in Mechanical Force (Fig. 4.2)

A number of studies have been performed to elucidate the molecular mechanisms that
convert mechanical stress into channel opening, since the first observation of single
channel activity by patch-clamping. Cations are conveyed through their respective
channels opened by direct membrane stretch applied with a pipette (in so-called
stretch-activated Na+, K+ and Ca2+ -permeable cation channels). Other mechanical
stimuli, such as direct touching of the cell, swelling by hypotonic solution, liquid
flow on the cell surface and noxious pressure, were previously all considered to
be transduced by the same membrane stretch mechanism. However, the molecular
identification of ion channels that were proposed to be sensitive to mechanical force
revealed that several different mechanisms are required for mechano-gated channel
opening. In other words, the nature of the mechano-gating is not uniform, but
varies for different cells and channels. TRPV4 was first considered to be activated
by cell-swelling, but not by direct stretch of the patch membrane (Strotoman et al.
2000). However, inflation of the cell, induced by applying positive pressure into
the patch pipette in the whole cell configuration, activated TRPV4 in CHO cells
expressing exogenous channel (Suzuki et al. 2003a). Subsequent investigations
in vivo suggested that TRPV4 sensed pressure directly in neurons (Liedtke et al.
2003; Suzuki et al. 2003a) and bladder (Andersson et al. 2010). A sensory inability
to detect vibration is found in humans with a TRPV4 mutation (hereditary motor
and sensory neuropathy, type 2 C; HMSN2C). These data led us to examine in detail
the various direct mechanical forces on the TRPV4 protein. We may subdivide
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Fig. 4.2 Molecular mechanisms of TRPV4 signal transduction. Right cell shows direct mechanisms
of TRPV4 signals. Mechanical pressure/stretch activates TRPV4 with cytoskeletal elements includ-
ing tubulin, actin and integrin. Flow moves primary cilium that activates TRPP2 (or other TRPs)
with TRPV4 complex resulting in TRPV4 activation. Hypotonic solution lets water drive through
AQPs that may increase the surface expression of TRPV4 and potentiate TRPV4 activation. TRPV4
and K and/or Cl channels construct a functional channel complex unit located together in caveolae
that effluxes the ions and decreases cellular volume. Left shows indirect regulatory mechanisms
of TRPV4 activation. The increase in the intracellular Ca driven by TRPV4 activated PLA2 and
PLC that activates TRPV4. The increase would couple with adhesion molecule such as cadherin
to tighten the cell-junction. The increase would release NO, EDHF (PLA2 products) and ATP that
transmit the signal around the cells, such as vascular smooth muscle or peripheral neurons

mechanical stimuli into (1) membrane stretch, (2) membrane pressing/pulling,
(3) shear stress, and (4) swelling in hypotonic solutions, as discussed below.

Cytoskeletal elements are crucial in sensing the mechanical force in cells. Ex-
periments using fluorescence-tagged TRPV4 and F-actin revealed that TRPV4 and
actin colocalize (Becker et al. 2009). Single photon counting methods predict the
minimum of 4 nm between actin and TRPV4 (Ramadass et al. 2007). Biochemi-
cal screening also successfully showed that actin and tubulin were colocalized with
TRPV4 (Goswami et al. 2010; Matthews et al. 2010). Integrin is a receptor that
mediates attachment between a cell and the substrate surrounding it, and it was con-
sidered to be a TRPV4-binding protein. Polycyctin is also a probable binding protein
for TRPV4 and has an ankyrin-like extracellular domain.

4.4.1.2 Membrane Stretch

The most well-known mechanism is the direct coupling of membrane stretch and
channel opening, due to alterations in the lipid bilayer caused by a direct physical
force. Stretch energy changes the composition of phospholipids and phosphoinosi-
tides, resulting in alterations in membrane fluidity that induces topological changes
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in the TM domains of the channels. This mechanism was first established for the
Na+ selective MEC channel and the K+ selective TREK channel. Because most
TRP channels are sensitive to lipids, it was hypothesized that one of them might be a
stretch-activated cation channel. Indeed, TRPC1 and TRPC6 expressed in Xenopus
oocytes and in artificial membranes appear to be stretch-activated channels (Maroto
et al. 2005; Spassova et al. 2006); however, this is controversial (Gottlieb et al. 2007).

The effects of negative and positive pressure, as applied to the patch pipette,
on channel activity in the cell-attached mode were examined, but no significant
effect on TRPV4 activation was observed in an early report (Strotmann et al. 2000).
However, in DRG neurons, TRPC1 and TRPC6 cooperate with TRPV4 to mediate
mechanical hyperalgesia and nociceptor sensitization, although direct coupling of
these molecules has not been demonstrated (Alessandri-Haber et al. 2009).

Recently TRPV4 and a gain-of-function mutant, expressed in Xenopus oocytes,
exhibited stretch-activated channel activity (activation at -20–30 mmHg) even in the
presence of PLA2 blockers. The activation of direct stretch, from 0–60 mmHg, was
observed in detached membranes in the presence of PLA2 blockers (Loukin et al.
2010a, b). We had examined stretch activity in CHO cells transfected with TRPV4
and found a few channels with characteristics of stretch-activated channels (4–5/100
trials). Loukin et al. (2010b) observed patch-to-patch heterogeneity but showed a sta-
tistically significant probability that TRPV4 was the stretch-activated channel. This
may reflect differences in patch elasticity or other geometric and mechanical com-
plexities of the membrane and its subtending cytoskeleton. Thus, stretch-mediated
TRPV4 activation might also be detectable in neuronal, bone and urothelium cells
in situ, since TRPV4 appears to be able to sense direct mechanical pressure in these
tissues (see Sect. 4.4).

4.4.1.3 Pressing/Pulling of the Membrane

We (Suzuki et al. 2003a) early on proposed that inflation of the cell, by positive
pressure in the whole cell patch configuration, can induce TRPV4 activation more
efficiently than by hypotonic swelling in CHO cells at room temperature. Inflation is
different from swelling since measured capacitance is increased by inflation, but not
by hypotonicity (220–250 mOsm) and water is not transferred across the membrane.
Matthews et al. (2010) developed a unique method of directly pulling the plasma
membrane using magnetic beads while performing fluo-4 Ca2+ imaging in endothe-
lial cells. Using a specific antibody against integrin β1, they showed that TRPV4 was
rapidly activated (within 4 ms) by local forces over 450 pN. The displacement of the
plasma membrane per se, rather than the adhesion of the beads, was required, indicat-
ing that TRPV4 opening was not due to generalized deformation of the plasma mem-
brane, membrane stretch, or structural changes in the submembranous cytoskeleton
alone. Cytochalasin D potentiated the TRPV4-induced Ca2+ influx following bead
pulling, suggesting that actin, though thought to be colocalized with TRPV4, did
not transmit the pulling force required to activate the channel. In contrast, the distal
portion of integrin β1 was found to play an important role in transmitting the pulling
force. TRPV2, proposed to be another stretch-activated channel, could not be opened
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by this method. The authors concluded that the mechanical force, transmitted via in-
tegrin, opened the mouth of the TRPV4 channel. Indeed, the microtubule stabilizing
agent, taxol, potently inhibited TRPV4 activation in this model and by the inflation.

In another report for presumably intermediate strength of mechanical force, stretch
was applied to the basal side of cells by a specific designed stretchable dish. Cultured
cells were grown on the dishes and stretched by this device. TRPV4 in exogenously
expressed cells and bladder epithelial cells endowed direct stretch-sensitive Ca2+
influx with fluo-4 that was disrupted by actin modifying agents (Mochizuki et al.
2009).

4.4.1.4 Shear Stress

Shear stress arises from fluid flow, which observes Poiseuille’s equation, where
velocity and viscosity are critical parameters. Although not precisely defined by
physical parameters, shear stress in the aorta is thought to be much higher than
shear stress in renal tubules. Higher magnitude shear stress, due to rapid fluid flow,
opens TRPV4 even in cells in which the channel is artificially overexpressed (O’Neil
and Heller 2005). High magnitude shear stress, that occurs for example, in the
aorta (Fian et al. 2007; Tanaka et al. 2008), arteries (Kohler et al. 2006) and air-
ways lined with thick viscous fluid, stimulate PLA2, leading to the activation of
TRPV4. Airway ciliary beat frequency, achieved by varying viscosity, was related to
TRPV4 activity and was dependent on the activation of PLA2 (Andrade et al. 2005,
2007). PBP completely blocked, but AACOCF3 only partially inhibited, the 20 %
dextrose-activated Ca2+ influx in ciliary cells. These data indicate that shear stress
activates PLA2, resulting in the activation of TRPV4, which causes Ca2+ in-
flux. However, the association of PLA2 with primary mechanical sensors, such
as cytoskeletal elements, was not elucidated in detail.

Lower magnitude shear stress, such as urinary flow in renal microtubules, also
activates TRPV4. Polycystin is a well-known glycoprotein that plays a role in renal
tubular development, and mutations in this gene have been associated with autosomal
dominant polycystic kidney disease. Polycystin may function as an integral mem-
brane protein involved in cell-matrix interactions, and might modulate intracellular
calcium homoeostasis in response to urinary flow. Polycystin-2 (TRPP2), in mam-
mals and in zebrafish, is a TRPV4 coupling protein located in the primary cilium
of renal epithelia where integrin is also located (Kottgen et al. 2008). The primary
cilium is a sensory structure that decorates renal epithelial cells and possibly all other
cell types. Because TRPP2 homo-multimers lack mechanosensitivity, we hypothe-
sized that TRPP2 may require and bind TRPV4. Using fluorescence, researchers
showed that TRPP2 and TRPV4 colocalized. In addition, TRPP2 and TRPV4 could
be co-immunoprecipitated. Furthermore, co-transfection of TRPP2 and TRPV4 into
Xenopus oocytes resulted in higher magnitude currents than in oocytes transfected
with TRPP2 or TRPV4 alone. Flow-dependent Ca2+ transients in MDCK cells, a
kidney epithelial cell line, were diminished by siRNA against TRPV4. TRPV4 and
TRPP2/TRPP1 also colocalized in oviduct cilium (Spinsanti et al. 2008). TRPP2
formed heterotetramers with TRPV4 as well as TRPC1 (Stewart et al. 2010; O’Neil
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and Heller 2005). Lower magnitude flow in tubular cells, therefore, might move
cilia sufficiently to magnify the integrin-based mechanical force, thereby activating
TRPP2/TRPV4.

Heteromeric TRPV4 and TRPC1 channels mediate flow-induced Ca2+ influx in
vascular endothelial cells (Ma et al. 2010a, b). Administration of dominant-negative
TRPC1 inhibited TRPV4-dependent flow-induced [Ca2+]i increase in human umbili-
cal vein and rat mesenteric artery. The authors also emphasized that heteromerization
enabled it be negatively inhibited by protein kinase G. Whether the response of this
heteromer to shear stress is dependent on PLA2 products was not examined.

4.4.1.5 Swelling Due to Hypoosmolarity

Most cells in hypotonic solution swell due to an excess of water passing through
aquaporin channels. The cells recover their volume by exiting solutes, such as K+
and Cl− ions, through channels, which helps to maintain isoosmolarity between the
cell exterior and interior. This recovery is termed regulatory volume decrease (RVD).
A functional RVD-molecular complex forms when K+, Cl- and Ca2+ channels asso-
ciate. The TRPV4 Ca2+ channel, the Ca2+ -activated K+ channel and the CFTR Cl−
channel may work together. It is known that TRPV4 in many mammalian cells plays
a central role in Ca2+ influx during RVD (Liedtke 2005; Liedtke et al. 2000; Nil-
ius et al. 2004; Strotmann et al. 2000; Becker et al. 2005). Nevertheless, effects
on TRPV4 seem to be indirect since activation by cell-swelling is relatively slow.
Swelling may be sensed by phospholipase A2 (PLA2), leading to production of
arachidonic acid, which is in turn metabolized to epoxyeicosatrienoic acids (EETs)
which activate TRPV4 (Watanabe et al. 2003b). Ca2+-activated K+ channels (K(Ca))
are active during RVD and might be coupled with TRPV4, forming a K+ secreting
complex. Swelling-activated Ca2+ entry via TRPV4 is defective in cystic fibrosis air-
way epithelia (Arniges et al. 2004). Patients’airway epithelia lack PLA2 activity, thus
TRPV4 may not respond to hypotonicity. Although not demonstrated in epithelial tis-
sues, lipid rafts and caveolae in smooth muscle contain a tripartite functional unit
involving TRPV4, K(Ca)s, calcium regulatory proteins and connexin 43, a molecular
component of gap junctions. Thus cells swollen in hypotonic media may directly or
indirectly activate the RVD-molecular complex to recover their original volume.

The pathway from swelling to TRPV4 channel opening by the PLA2 cascade is
fascinating but may only be a part of the story. TRPV4 activation during hypotonic
cell swelling might occur in the absence of PLA2 in the yeast (Loukin et al. 2009).
Yeast swelling still activates TRPV4, resulting in an increase in Ca2+ from intra-
cellular stores. Activation of TRPV4 by swelling might be cell-dependent, as HEK
cells showed better expression of swelling-induced TRPV4 currents than did CHO
cells. When treated with an actin disrupting agent, hypotonic stress no longer acti-
vated TRPV4 in CHO cells (Becker et al. 2009). N and C-terminal deletion mutants
of TRPV4 are unresponsive to swell-activation. Therefore, it appears that, in addi-
tion to the lipid-dependent mechanism, swelling involves translocation of TRPV4,
interaction with the cytoskeleton and/or requires additional proteins.
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Aquaporin 5 (AQP5) is expressed in lung epithelia and various secretory glands,
where it is required for water permeability and cell volume regulation. In airway
epithelial cells, the amount of AQP5 surface expression is reduced in the hypotonic
state required for TRPV4 activation (Sidhaye et al. 2006; Liu et al. 2006). Fur-
ther studies indicated that AQP5 and TRPV4 cooperate to recover cell volume in
hypotonic media and to enable barrier function against shear stress (Sidhaye et al.
2008). Importantly, an N-terminal deletion of AQP5 did not inhibit cell swelling in
hypotonic solution, but it suppressed TRPV4-mediated Ca2+ influx, indicating the
involvement of a PLA2-independent mechanism. AQP5 might pull TRPV4 toward
the plasma membrane when water permeates through itself. Subsequently, Ca2+
influx might reduce the abundance of the AQP5/TRPV4 complex. Consequently,
TRPV4 might be activated by hypotonic solutions only when colocalized with aqua-
porin (Liu et al. 2006). Presumably, N-terminal of AQP and N-terminal of TRPV4
are required for the mechanism under swelling although further studies are needed
to substantiate.

The other aquaporins, such as AQP4 in astrocytes (Benfenati et al. 2011) and
possibly AQP2 in renal collecting tubules, can interact with TRPV4. Human en-
dolymphatic sac showed intimate colocalization of AQP2 with TRPV4 in the luminal
membrane (Taguchi et al. 2007).

4.4.2 Temperature

In cells expressing exogenous TRPV4 (Watanabe et al. 2002b) or in primary cultured
cells (Chung et al. 2003; Chung et al. 2004), warm temperature (> 33 ◦C) induced
the characteristic outward-rectified current or a rise in [Ca2+]i. As suggested by Gao
et al. (2003), warm temperature (37 ◦C) amplifies the magnitude of other stimuli that
activate TRPV4, such as shear stress, phorbols and hypoosmolality, and integrates
them.

Based on analogy to TRPV1, thermo-sensitive amino-acid residues were initially
proposed to be located in the TM segments. The mechanism behind the activation
of TRPV4 by warmth would involve a ligand-dependent conformational change of
TM3 (Y555); thus, heat and 4αPDD would share similar molecular mechanisms
(Vriens et al. 2004). However, the opening of TRPV4 in cell-attached patches by
warming was abolished by detaching the membrane from TRPV4-expressing HEK
cells (Watanabe et al. 2002) or from 308 keratinocytes (Chung et al. 2003). In this
regard, TRPV4 was not behaving in the same manner as thermo-TRPs, such as
TRPM8, TRPA1, TRPV1, TRPV2 or TRPV3, because thermo-TRP activity could
be observed in cell free membranes. A vast effort has been made to elucidate the
molecular mechanism of temperature sensing in the first thermo-TRP channel iden-
tified, TRPV1 (Grandl et al. 2010; Salazar et al. 2009). Patch clamp recordings of
single channels showed that thermal stimuli mainly produce changes in the open
probability rather than in unitary currents. C-terminal domains were considered to
be sensitive to hot temperature (Vlachová et al. 2003; Brauchi et al. 2006); however,
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research has shown that mutations near the ion permeation pathway (pore, loop and
TM5,6) resulted in diminished temperature activation by heat (> 42 ◦C).

At present, warmth activation of TRPV4 is considered to require the N-terminal
domain, and the mechanism is thought to be quite different from that involved in the
opening of thermo-TRPs. But a structure based explanation for the thermosensitivity
of TRPV4 requires further study.

4.4.3 Nociception and Inflammation

Several signal transduction pathways were investigated to uncover the mechanisms
of pain sensation by TRPV4. Alessandri-Haber et al. (2003, 2004, 2005, 2006,
2008, 2009) investigated, in a series of studies, the role of TRPV4 in nociception
in peripheral DRG neurons. They suggested that hypoosmolality, mechanical stress
and chemical irritants induce TRPV4 dependent pain sensation. Administration of
4αPDD promoted the release of substance P and calcitonin gene related peptide
from central terminals of primary afferent neurons (Grant et al. 2007). The release
of these peptides in the central nervous system mediated pain sensation. Studies on
Trpv4−/− mice revealed that TRPV4 has a significant role in the development of
acute inflammatory mechanical and osmotic hyperalgesia (Levine 2007). Trpv4−/−
mice also showed marked reduction of C-fiber sensitization to mechanical and hypo-
tonic stimuli induced by inflammatory mediators (Chen et al. 2007). Capsaicin and
carrageenan could reduce inflammatory and thermal hyperalgesia in TRPV4-null
mice (Todaka et al. 2004). The anti-cancer drug, paclitaxel, induces pain. Adminis-
tration of TRPV4 antisense oligonucleotides reversed paclitaxel-induced mechanical
hyperalgesia (Alessandri-Haber et al. 2004). The authors suggested the involvement
of PKA, PKC (Cao et al. 2009) and integrin/Src kinase in nociception mediated by
TRPV4. TRPV4 has also been implicated in visceral nociception in response to col-
orectal distension (Brierley et al. 2008; Cenac et al. 2008), colitis (D’Aldebert et al.
2011) and pancreatitis (Ceppa et al. 2010; Vergnolle et al. 2010).

TRPV4 is co-expressed with PAR2 (Grant et al. 2007), a G protein-coupled recep-
tor and inflammatory mediator, in a subset of primary sensory neurons. Activation of
PAR2 induced sensitization of TRPV4-expressing cells to mechanical and osmotic
stimuli via activation of phospholipase C and protein kinase A, C and D (Alessandri-
Haber et al. 2006; Cenac et al. 2008; Grant et al. 2007; Sipe et al. 2008; Akopian
et al. 2009). In contrast, PAR4 negatively modulated TRPV4 activation. Visceral
inflammation, where PAR4 was involved (Auge et al. 2009), including colonic pain
and pancreatitis, was also considered to be mediated in conjunction with TRPV4 in
mice (Bradesi 2009). The interaction of TRPV4, integrin and SRC tyrosine kinase in
mechanical hyperalgesia was also reported (Alessandri-Haber et al. 2008; Wegierski
et al. 2009). The role of TRPV4 in nociception was considered not only for DRG
neuronal cell bodies, but also for nerve endings mediating dental pain (Magloire
et al. 2010) and for trigeminal neurons (Chen et al. 2008, 2009a, b; Li et al. 2009). In
fact, a new antagonist against TRPV4 mitigated pain sensation due to drug-induced
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cystitis (Everaerts et al. 2010). All of these studies lead to the conclusion that reagents
blocking TRPV4 are potential drug candidates for pain relief in TRPV4-expressing
tissues.

Oxidative stress plays an important role in various physiological and pathophys-
iological process, including aging, cancer, diabetes mellitus, atherosclerosis and so
on. The TRP channel was originally discovered in a study of anoxic cell death in
Drosophila. Oxidative stress activates TRP and TRPL, inducing Ca2+ influx in pho-
toreceptor cells (Agam et al. 2000). Oxidative stress appears to directly increase
TRPV1 activation via several cysteine residues (Chuang and Lin 2009). In turn, ac-
tivation of TRPV4 may produce oxidative stress in the hippocampus (Bai and Lipski
2010) and in the bladder. Activation of TRPV4-dependent Ca2+ influx is crucial
for the production of H2O2 via NADPH oxidase, which promotes inflammation in
mouse urothelium (DonKo et al. 2010).

4.4.4 Signals Mediating TRPV4 Activation

Since second messengers, such as IP3 (Garcia-Elias et al. 2008, Fernandes et al.
2008), PLA2, PKC, etc., modulate TRPV4 sensitivity, various molecules were in-
vestigated as candidates that enhance Ca2+ influx by activating TRPV4 or altering
channel sensitivity. Acetylcholine (Ach) in mesenteric endothelial cells activates
TRPV4 followed by Ca2+ influx, leading to vasodilatation. Ach-induced vasodilata-
tion, decreased blood pressure, and Ca2+ signal transduction are absent in Trpv4−/−
mice in vivo and in vitro (Zhang et al. 2009). Ach stimulates TRPV4 activity via
PKCα in vascular endothelium (Adapala et al. 2011).

Histamine and serotonin in DRG neurons (Cenac et al. 2010) sensitize TRPV4 and
play a role in visceral hyperalgesia. The PKC, PLA2, PLCβ and MAPKK pathways
may contribute to signal transduction (Cenac et al. 2010). In oral mucosa, TRPV4,
sensitized by serotonin, mediates nociceptive hyperalgesia (Nakatsuka et al. 2009).

4.4.5 Signaling Cascades Downstream of TRPV4 Activation

4.4.5.1 Cell Shape

Activation of TRPV4 in individual tissues may induce not only Ca2+ influx, but also
activate specific signaling cascades, such as SOX9, cytoskeleton-associated proteins,
such as rho, and paracrine factors that affect cell shape/orientation/regeneration, cell
junction formation or the release of ATP.

TRPV4 activation is associated with SOX9, a transcription factor that plays a
major role in chondrocyte differentiation. Interestingly, SOX9 is regulated partly
by the activation of rho (Haudenschild et al. 2010). As noted, the C-terminal of
TRPV4 interacts with the cytoskeleton and the TRPV4 signal may trigger cytoskeletal
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reorganization. As a result, neuronal cell shape, cell differentiation, and epithelial
polarity may be effected and neo-vascularization or the development of collateral
vessels may develop (Troidl et al. 2009). However, the molecular mechanisms
underlying these changes remain obscure.

4.4.5.2 Cell Barrier Function

Activation of TRPV4 tightens cell-cell junctions; it is found in airway epithelia (Al-
varez et al. 2006), endothelial cells (Willette et al. 2008), keratinocytes (Sokabe
et al. 2010), renal tubules (Taniguchi et al. 2007) and mammary epithelia (Reiter
et al. 2006). After the Ca2+ burst by TRPV4, specified signal transduction cascades
other than Ca2+-dependent signaling may be triggered. The integrity of cell-cell junc-
tions is dependent on TRPV4. We found that the transepithelial voltage difference
of renal collecting cells was nearly zero in Trpv4−/− mice compared to the −10 mV
difference in wild-type mice, suggesting that the absence of TRPV4 makes cell-
cell junctions leaky. In keratinocytes, TRPV4, but not TRPV3, bound to β-catenin,
forming complexes with adhesion molecules such as cadherin and actin fibers. Rho
was activated by the TRPV4 mediated-Ca2+ influx induced by warmth (33 ◦C).
Cytoskeletal reorganization involving the participation of adhesion molecules then
occurred, forming cell-cell junctions (Sokabe et al. 2010). Keratinocytes are un-
able to form apical cell-cell junctions without extracellular Ca2+, at low temperature
(24 ◦C) or without TRPV4 (i.e., in Trpv4−/− keratinocytes). In lung endothelium,
pressure causes TRPV4 activation in lung capillary endothelial cells, leading to an in-
creased vascular permeability via NO formation and activation of myosin light chain
kinase (Hamanaka et al. 2010; Yin et al. 2008). Administration of a large amount
of the TRPV4 stimulant, GSK1016790A, into the body induced low blood pressure
(BP) and vascular collapse that could be prevented by blocking NO synthesis or by
using Trpv4−/− vessels (Willette et al. 2008).

All of these observations reveal an intimate association between TRPV4 and cell-
cell junction formation and integrity, although a common mechanism for all tissues
has not been demonstrated yet.

4.4.5.3 Release of ATP

ATP is released by cells when TRPV4 is activated resulting in the transmission of
mechanical signals via the ATP-receptor (purinergic receptor). It is observed in renal
medullary thick ascending tubules (Silva et al. 2008), keratinocytes (Sokabe et al.
2010), bladder urothelium (Mochizuki et al. 2009; Andersson et al. 2010; Birder et al.
2007) and lung epithelia (Seminario-Vidal et al. 2011). Renal medullary ATP may
regulate Na+ reabsorption following the activation of TRPV4 by hypoosmolality.
Keratinocytes release ATP, following TRPV4 activation, which directly stimulates
purinergic receptors of C-fibers that transmit warm temperature sensation. Infla-
tion of the bladder by filling or by stretching the urothelium releases ATP, which
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activates purinergic receptors on sensory afferents to transmit bladder volume sen-
sation. Lung epithelia also release ATP; this release is regulated by rho-dependent
pannexin 1 opening, which is triggered by stretch activation of TRPV4 (Seminario-
Vidal et al. 2011). Activation of purinergic receptor in airway epithelia is important
for mucocilliary clearance. Vasoactive intestinal peptide is released from Merkel
cells via activation of TRPV4 (Boulais et al. 2009).

4.5 TRPV4 Channelopathies

Figure 4.1b shows mutational hot spots in the TRPV4 amino acid sequence. Three hot
spots have been identified: N-terminal, C-terminal and the TM5 pore regions. Repre-
sentative mutations in these three sites result in channel gain-of-function. TM5 may
be related to channel inactivation, with the R616 mutation resulting in a constitutively
open channel. N-terminal representative mutants (R269, R315 and R361) prolong
open time probability of the channel. P19S is likely phosphorylated and provides a
loss of function. More recently, G270, R271 and F273 are related to a loss of function
because of unable to polymerize. The functional analyses of other mutations have
not yet been performed.

A skeletal mutation involves the abolition of C-terminal P799 and substitution
with a stretch of 63 missense amino acids (Nishimura et al. 2010). The authors
state (Dai et al. 2010) that it is difficult to hypothesize that it is a gain-of-function
mutation, because the truncation of the C-terminal from amino acid 828 leads to
accumulation in the ER (Becker et al. 2008). However, V814, located between amino
acids 799 and 828, is a site of calmodulin-dependent inhibition, and thus deletion
from P799 might abolish this inhibition and be a gain-of-function mutation. Further
mutational analysis in vitro is required to confirm this notion.

4.5.1 Gain-of-Function Mutations

A striking finding by Rock et al. (2008) was that missense mutations in the
TRPV4 gene in 2 families segregated with autosomal dominant brachyolmia type 3.
Expression of the R616Q mutation in HEK cells resulted in a large constitutively
active current before agonist application at room temperature. The shape of the IV
curve and the reversal potentials were unchanged. The gain of function mutation was
found to be due to a V620I substitution, with a significantly increased constitutive
current at + 100 mV (although somewhat smaller than for the R616Q mutant). The
authors suggested that TRPV4 was an important regulator of bone growth at the
growth plate.

In addition to brachyolmia, spondylometaphyseal dysplasia, Kozalowski type and
metatropic dysplasia (Krakow et al. 2009) are caused by gain-of-function mutations,
D333G and R594H, in TRPV4. While brachyolmia is characterized by short stature,
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a short trunk and scoliosis, Kozlowski type shows additional skeletal dysplasias
involving the spine, as well as metaphyses of the long bones. A mild form of metat-
ropic dysplasia has also been shown to be a TRPV4 channelopathy (Andreucci et al.
2011). Additional mutations have been found, increasing the range of abnormali-
ties between metatropic dysplasia and Kozalowski type (Dai et al 2010), and these
should be helpful for the diagnosis of the various channelopathies. Although func-
tional analysis of these mutants awaits further study, the patients commonly exhibit
metaphyseal involvement. Different mutations (approximately 30) have been found
in skeletal dysplasias, as shown in Fig. 4.1b.

Most mutations in the various skeletal disorders are of the missense type and are
widely found in the N-terminal ANK domain, the pore domain and the C-terminal
modulation domain. A representative pore mutant, R616Q, displayed a higher density
of channel currents without an alteration of single channel characteristics (Loukin
et al. 2010a, b). Furthermore, the W733R, L619P and L623P mutations produce
a constitutively open channel that is no longer activated by 4αPDD or hypotonic
swelling (Loukin et al. 2011). The sites of the different mutations affect the clos-
ing mechanism, although independent of Ca2+ blocking. Interestingly, gating still
possessed outward rectification and voltage-dependence, suggesting the presence of
multiple pores in the mouth of the TRPV4 channel.

Three prominent research articles (Auer-Grumbach, et al. 2010; Deng et al. 2010;
Landoure et al. 2010) described the identification of TRPV4 mutants in a spectrum of
neuromuscular diseases, including congenital distal spinal muscular atrophy (SMA)
and hereditary motor and sensory neuropathy type IIC (HMSN2C or Charcot-Marie-
Tooth disease type 2). Most mutations in the neuromuscular type disorder were found
in the N-terminalANK domain. The mutations, R269H, R315W and R361C, resulted
in loss of function due to reduced surface expression in HeLa cells (Auer-Grumach
et al. 2010), while mutations R269C and R269H caused marked cellular toxicity
and increased constitutive TRPV4 currents in Xenopus oocytes and HEK cells. A
follow-up expression study revealed that the mutations at these three sites are gain
of function (Fecto et al. 2011; Klein et al. 2011). Expression of these three mutants
in cells demonstrated that they were constitutively active, possessing a higher open
probability than wild-type TRPV4. The amount of plasma membrane expression of
the mutants was not altered, and the R269H mutation did not affect the ability of the
channel to interact with calmodulin or PACSIN3 (Fecto et al. 2011).

The affected family members exhibited short stature (Chen et al. 2010) and pro-
gressive motor paralysis in dorsal muscles. These were more prominent than the loss
of temperature, pain and vibration sensation. Bilateral sensorineuronal hearing loss
and impairment in bladder voiding were reported. To determine the role of the var-
ious mutations in generating the associated phenotypes, animal models with tissue
specific overexpression of these TRPV4 mutants is required.

4.5.2 Loss of Function Mutation

The unique P19S mutation results in clinical hyponatremia. Tian et al. (2009) demon-
strated that the SNP in the TRPV4 gene was significantly associated with serum
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sodium concentration and hyponatremia (< 135mEq/l) in non-Hispanic Caucasian
male populations. Confocal microscopy revealed that the intracellular distribution
of the channel was not affected by the P19S mutation. The amount of the mutant in
the plasma membrane was almost equal to that of the wild type. The P19S mutant
channel exhibited a much diminished response to hypotonic stress, but a similar re-
sponse to 4αPDD compared with the wild-type channel in whole cell currents. The
serine may be modified by phosphorylation, resulting in the loss of function.

Recently, Lamandé et al. (2011) report that dominantly inherited arthropathy,
familial digital arthrophathy-brachyodactyly (FDAB) in three independent families
causes from TRPV4 mutations in N-terminal. The mutations, G270V, R271P and
F273L expressed in HEK cells show poor membrane surface expression and the
activation of TRPV4 in response to agonists and hypotonicity is diminished. They
also show that amount of expression of TRPV4 changes during arthritis model mouse
suggesting that age-and injury-related osteoarthritis may be also involved in the
TRPV4 channelopaties.

Chronic obstructive pulmonary disease (COPD) may also be caused by mutations
in TRPV4, as revealed by SNP analysis (Zhu et al. 2009). The authors genotyped 2
independent Caucasian populations at 20 SNPs in the TRPV4 gene on chromosome
12q24.1 and found a statistically significant correlation with COPD. However, no
functional correlation was proposed or reproduced in vitro.

As pointed out (Dai et al. 2010), simple loss or gain of function mutations in
TRPV4 are not strictly correlated with phenotype in HMSN2C. There are several
possible explanations in addition to differences in experimental conditions. Variable
phenotypes are observed even among a single family carrying the same mutation.
Reduced penetrance is a possible genetic cause (Berciano et al. 2011; Zimon et al.
2010). Expression of spliced variants may be another reason among different species.
In addition, negative feedback makes the phenotype more complex—TRPV4 leads
to Ca2+ influx, and Ca2+, in turn, inhibits TRPV4 function. Furthermore, associated
proteins, including aquaporins and cytoskeletal components, modulate TRPV4 func-
tion, and the extent of modulation may depend on the expression levels of the various
regulators. Finally, activation of TRPV4 influences neuronal growth and cytoskele-
tal reorganization. The small, but significantly larger currents in the TRPV4 mutants
may affect neuronal phenotype, making them refractory to stimuli that normally
activate TRPV4. This might explain why some features of HMSN2C patients are
similar to those of TRPV4-null mice.

4.6 Physiology and Pathophysiology of TRPV4

4.6.1 Bone

Most mutations in TRPV4 have been reported in diseases showing abnormalities
of bone development involving chondrocytes. Cartilage is a connective tissue that is
comprised of matrix containing a relatively sparse population of chondrocytes, which
produce and maintain the matrix. Chondrogenesis begins with the aggregation and
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condensation of loose mesenchyme to form the chondrocytes (Cameron et al. 2009).
Expression of the key protein SOX9 follows. Various types of chondrogenesis occur,
forming hyaline, fibrous and elastic cartilage. Hyaline cartilage is found in cranio-
facial structures, bronchial tubules and the growth plate of long bones. This type of
bone growth involves the process of endochondral ossification and is affected by
mechanical stress. As proposed in the human disease possessing the gain of function
TRPV4 mutation (Rock et al. 2008), endochondral ossification is a process where
TRPV4 is able to transmit signals to chondrocytes leading them to produce various
matrix proteins. Possible mechanisms of how TRPV4 modulates bone morphogen-
esis and enchondral ossification have been considered. The mechanical signal is
believed to involve integrin receptors. Integrin receptor complexes bind extracellular
matrix and transmit the mechanical perturbations to the cytoplasm of chondrocytes
(Shakibaei et al. 1997). The TRPV4/integrin complex may be a primary sensor of
the mechanical force. Otherwise, the ten-fold volumetric increase in hypertrophic
chondrocytes contributes to the formation of the long bone growth plate (Hunziker
1994). This volumetric change may stimulate TRPV4. Finally TRPP2 (and TRPP1)
have been shown to be located in the primary cilium of osteoblasts and osteoclasts.
TRPP1-null mice develop articular cartilage and growth plate defects (Lu et al. 2001;
Xiao et al. 2006). Thus the TRPV4/TRPP2 complex may transduce the mechanical
signal in the primary cilium of bone cells.

It is believed that chondrocytes generally grow in synovial fluid, a source rich in
anionic substrates. When mechanical stress is applied, water moves to the interstitium
with the remaining cationic ions, resulting in a hypertonic synovial fluid. The hyper-
osmolality diminishes over time or when the mechanical stress is removed. Porcine
TRPV4 in cartilage plays a role in hypoosmolality, but not in hyperosmolality (Phan
et al. 2009). TRPV4 may respond to a change in osmolality rather than directly to
mechanical stress (Hung 2010). TRPV4 may be a particularly important player in
arthritis, where the changes in osmolality are larger and the release of inflammatory
substrates, such as arachidonate, is enhanced.

Human disease: Gain of function mutations in TRPV4 are responsible for autoso-
mal dominant skeletal dysplasias as described above. In particular, the development
of axial bone is impaired, suggesting that chondrocyte and osteocyte-dependent
ossification is mediated, at least in part, by TRPV4-mediated signal transduction.
Metatropic dysplasia, characterized by short extremities, a short trunk with pro-
gressive kyphoscoliosis, and craniofacial abnormalities, is due to a gain of function
mutation in TRPV4. Histological studies in two cases of lethal metatropic dysplasia
revealed markedly disrupted endochondral ossification, with reduced numbers of
hypertrophic chondrocytes and the presence of islands of cartilage within the zone
of primary mineralization. These findings suggest a common TRPV4 mutation in
these two cases alters chondrocyte differentiation in the growth plate, leading to the
observed clinical findings (Camacho et al. 2010).

Recently, a loss of function mutations in TRPV4 is found in FDAB (Lamandé et al.
2011). FDAB is distinct to metatropic dysplasia where FDAB includes deformity in
the fingers and toes but not includes that in the spine, knee, hip and other joints.
This fact implies that a loss of function of TRPV4 does not influence the normal
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Fig. 4.3 a Gross appearance of 8-week-old Trpv4−/− male mouse (right) and the sex-matched
wild type littermate (left). Note the shorter tail of Trpv4−/−. b Tail and body lengths in mutant
and wild types. *, p < 0.05, by student t. c RT-PCR analysis for mRNA expression of TRPVs
in primary cultured murine chondrocytes, osteoblasts, and osteoclasts. GAPDH were as positive
control. d Schematic speculation of growth plate between in normal and TRPV4 mutants. In the
normal endochondral ossification of prepuberty, resting chondrocytes differentiate unidirectionally
to proliferative and hypertrophic chondrocytes and die by apoptosis. TRPV4 senses mechanical
stress and the signal transmits to OS-9 contributing to the development. TRPV4 may present in
the early process of this development; in proliferating chondrocytes. The column derived from this
process is organized synchronously along the longitudinal axis. In Trpv4 mutants, the chondrocyte
lineage often aligns in a disrupted order. TRPV4 channel on the proliferative chondrocytes is
responsible for growth of and correct orientation of the chondrocyte alignment and matrix formation
by sensing the mechanical force.

development of joints and cartilage but influence the healing process of the minor
joints. They suggest that age- and injury related recovery of arthritis are TRPV4-
related, although the details in the mechanism remained obscure.

Animal models: Although TRPV4 overexpression in mammals has not been stud-
ied yet, Zebrafish oocytes have been injected with the channel to examine its role
in vivo (Wang et al. 2007). The overexpression of TRPV4 in Zebrafish leads to nu-
merous abnormalities, including curved or shortened body axis, edema, as well as
malformation of the eyes and brain. OS-9 rescued these abnormalities by promoting
the retention of TRPV4 in the ER.

When we generated Trpv4−/− mice, we found that they had a significantly shorter
tail compared with wild-type mice (Fig. 4.3). However, the long bones are of nor-
mal length and skull size appears normal as well. Histological observations revealed
a slight abnormality in enchondoral ossification. Mild osteopetrosis, which may
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indicate osteoclast dysfunction, is observed (Masuyama et al. 2008). Chondrocytes
were collected from the ribs of new-born mice and cultured. Patch clamp exper-
iments showed that the swelling-activated outward rectified cation currents could
be blocked by gadolinium, but no activation was found in hypotonic solution in
Trpv4−/− chondrocytes, revealing the importance of swelling-activated TRPV4 in
chondrocytes. In addition to the PLA2 inhibitor, chemical disruption of the cilium
with chloral hydrate, which disrupts microtubules, prevents the swelling-activated
Ca2+ influx in porcine chondrocytes (Phan et al. 2009). Thus, mechanical stress may
activate TRPV4 via signaling from microtubules.

In cartilage, SOX9 is a well-established chondrocyte transcription factor that reg-
ulates the expression of cartilage specific extracellular matrix proteins and controls
chondrocyte differentiation and bone formation. Muramatsu et al. (2007) described,
using a unique approach, that TRPV4 stimulated SOX9-dependent reporter activity
in mesenchymal stem cells via a Ca2+-CAM dependent mechanism. However, the
signal transduction mechanisms between TRPV4 activation and SOX9 induction re-
main unknown. Rho activation may play a role in the signaling cascade since it is a
demonstrated regulator of SOX9 and is activated by Ca2+ influx.

Speculation on the lack of mechanosensation in bone cells led us to perform hind
limb unloading. Mechanical hind limb unloading induces osteopenia, reduces the
rate of bone formation and stimulates bone resorption by increasing the number of
osteoclasts. These effects are suppressed in Trpv4−/− mice (Mizoguchi et al. 2008).
Recently, increased trabecular bone mineral density and increased cortical thickness,
resulting from reduced bone resorption, was found to be a consequence of disrupted
osteoclast differentiation (Masuyama et al. 2008). Activation of functional TRPV4 in
acidosis and a role for the channel in osteoclast differentiation in mice and humans
was suggested (Kato and Morita 2011). TRPV4 mRNA is detected in human and
murine osteoblast line cells (Abed et al. 2009). However, the role of TRPV4 in
isolated osteoblasts has not been examined yet (Fig. 4.4).

Synovial fluid becomes hypotonic during the onset of arthritis. Inflammation may
also involve PLA2 activation, releasing AA, which activates TRPV4. Thus, TRPV4
is conjectured to be activated in inflammatory arthritis. However, Clark et al. showed
that Trpv4−/− mice exhibit severe osteoarthritic joint degeneration, indicating that
TRPV4 plays an important role in maintaining the health of bone and joints (Clark
et al. 2010). Lamandé et al. indicate that TRPV4 mRNA is reduced in the late healing
process of arthritis model in mouse. The contribution of TRPV4 to the process and
development of joint is now focused in human disease and will be clarified in the
near future.

4.6.2 Central Nervous System

TRPV4 and Osm9 are similar and both have been proposed to play a role in
osmo-sensation in the brain. The osmolality of the extracellular fluid is maintained
near 290 mOsm by thirst and antidiuresis when hypertonic liquid is administered.
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Fig. 4.4 RT-PCR detection of TRPV4 was performed on bone cells. Positive signal was detected
in chondrocytes, osteoblast and osteoclasts. Thus TRPV4 may directly sense mechanical pressure
and influence their development. We hypothesized the signal in chondrocytes showing schematic
comparison of growth plate between in normal wt and Trpv4−/− mice. In the normal ‘endochondral
ossification’ of prepuberty wt, resting chondrocytes differentiate unidirectionaly to proliferative
and hypertrophic chondrocytes, and die by apoptosis (left). The column derived from this process
is organized synchronously along the longitudinal axis. In Trpv4−/−, focal disordered column
because of unable to detect the spatial orientation, like as ‘cell nest’, are shown (right). The
chondrocyte lineage often aligns in disorder. TRPV4 channel on the proliferative chondrocytes is
responsible for decision of orientation of the cell alignment and matrix formation by sensing the
mechanical force (bottom).

In contrast, osmolality is maintained by diuresis and salt craving when animals
are administered hypotonic liquid. This homeostatic control is believed to be
mediated by osmosensory neurons in the organum vasculosum lamina terminalis
(OVLT), which synaptically regulates the electrical activity of effector neurons in
the supraoptic nucleus (SON), which release hormones (Bourque et al. 2007). The
neurons express stretch-activated and stretch-inactivated cation channels and are
believed to play a crucial role in sensing body osmolality. TRPV4 was first believed
to be involved in these channels (Liedtke et al. 2003a, b, Mizuno et al. 2000)
but controversy was emerged in the Trpv4−/− mouse model. On the other hand,
a truncated form of TRPV1 was then involved in the hyperosmolality sensitive
channel (Sharif Naeini et al. 2006) and Trpv1−/− showed the phenotype similar
to diabetes insipedes (Ciura et al. 2006). Direct measurement of OVLT neurons
suggests that TRPV1 but not TRPV4 contribute the hyperosmolality sensitive
channel (Ciura et al. 2011). However, contribution of TRPV1 to this mechanism
in vivo remained obscured (Taylor et al. 2008). More complex mechanisms should
also be considered (May and Jordan 2011).
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Human disease: Hyponatremia was observed in loss of function mutations of
TRPV4. Mutations may enable the N-terminal of TRPV4 to be inactivated by
phosphorylation. It is hypothesized that the mutant channel is less responsive to hy-
potonicity in vitro; decreased sensitivity of a hypotonicity sensor in vivo would permit
water excess. An exaggerated vasopressin response was considered to contribute to
the hyponatremia.

Mouse model: Trpv4−/− mice are expected to show lack of thirst sensation leading
to a diabetes insipidus-like phenotype (Liedtke et al. 2003a, b). However, we (Mizuno
et al. 2003) examined drinking behavior and the effects of intensive water intake,
salt overloading and a low salt diet, and failed to find a difference compared with
wild-type mice. We concluded that Trpv4−/− mice exhibited a phenotype similar
to that due to disrupted ADH secretion. Figure 4.3 shows the vasopressin level in
various serum sodium concentrations in wild-type and Trpv4−/− mice. An overall
higher concentration of vasopressin is present in Trpv4−/− animals. An exaggerated
vasopressin response to hyperosmolality was found in perfused Trpv4−/− mouse
brain slices. Presumably, TRPV4 suppresses vasopressin secretion when stimulated.
The findings are similar to those observed in asymptomatic hyponatremia in humans
with loss of TRPV4 function. Hyponatremia is observed in liver cirrhosis where an
exaggerated vasopressin response is thought to contribute to the pathogenesis. The
amount of TRPV4 in SON neurons was decreased in a rat cirrhosis model while
vasopressin and renin activity were increased (Carreno et al. 2009).

More recently, TRPV4 has been shown to sense hypoosmolality in mouse liver
neurons connecting to thoracic DRGs, and it is thought to play a role in the main-
tenance of isoosmolality and extracellular fluid volume. When hypotonic, but not
isotonic, solution was ingested, TRPV4 was activated and thought to transmit the
signal from the liver to the CNS (Lechner et al. 2011). This transmission may regu-
late BP. After portal hpoosmolality was achieved by water ingestion, wild-type, but
not Trpv4−/− mice, exhibited an increase in BP (McHugh et al. 2010).

Based on the above findings, chronic water intake or a restricted-salt diet for a
long duration may produce serum hypotonicity, resulting in hyponatremia that was
maintained by the relatively higher level of vasopressin in Trpv4−/− animals.

Direct injection of 4αPDD (Tsushima 2006) or ghrelin (Hashimoto et al. 2010;
Tsushima 2006) inhibited angiotensinII-induced dipsogenic behavior after 24 hours
of water deprivation in the rat. TRPV4 activation in choroid plexus may thus prevent
excessive thirst.

Taken together, the mechanisms that maintain body osmolality appear more com-
plex than previously thought (that it was only regulated by stretch-sensitive channels
in the SON). The mechanisms likely involve peripheral afferent signals in addition
to central signals, and TRPV4 may contribute to both signaling pathways.

In addition to osmosensing neurons, TRPV4 can be found in other CNS struc-
tures. Functional TRPV4 is detected in the choroid plexus (Millar et al. 2007),
substantia nigra (Guatteo et al. 2005), hippocampal CA1 (Lipski et al. 2006;
Shibasaki et al. 2007), thermo-regulatory neurons (Shibasaki et al. 2007), astrocytes
(Benfenati et al. 2007) and retinal cells (Benfenati et al. 2007). However, the physio-
logical role of TRPV4 in these regions is unknown. For instance, TRPV4 was thought
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to play a role in thermoregulatory neurons in the brain because of its localization in the
hippocampus (Guler et al. 2002). It is hypothesized that a thermosensitive popula-
tion of serotonergic neurons plays an important role in stress-related neuropsychiatric
disorders, including anxiety and affective disorders (Lowry et al. 2009). The hypotha-
lamus is thought to play a role in locomotor and metabolic circadian rhythms. IL15
regulates the rhythm, including heat dissipation and locomotion, and concomitantly
activates TRPV4 in the hypothalamus (He et al. 2010). Interestingly, TRPV4 mRNA
levels were dependent on circadian rhythms. Using Trpv4−/− mice, we examined the
regulation of body temperature, memory and mood, but we failed to detect notable
differences. The analysis may have been not detailed enough to permit detection of
small differences.

4.6.3 Auditory System

TRP channels that mediate mechanosensation are proposed to contribute to normal
hearing (Corey 2006; Cuajungco et al. 2007). TRPV4 is expressed in the auditory
system in hair cells and nerve endings (Tabuchi et al. 2005; Takumida et al. 2005).
RT-PCR revealed that mRNA expression of TRPA1, TRPP3 and TRPC5.2, but not
TRPV4, changed with development, suggesting that these three TRP channels are
important in the formation of the cochlea and in hearing impairment (Asai et al. 2010).
Nonetheless, a TRPV4 channelopathy, HMSNII, involved a patient with progressive
sensorineuronal hearing loss (Zimon et al. 2010). Because HMSNII appears to be
due to a toxic gain of function in TRPV4, it is reasonable that the affected members
should exhibit hearing loss. Gain of function TRPV4 may damage the nerve endings
in the inner ear by causing excessive Ca2+ influx into the cells. In the absence of
extracellular Ca2+, TRPV4 was permeable to aminoglucoside antibiotics, leading to
their uptake and toxicity in hair cells (Karasawa et al. 2008, Steyger and Karasawa
2008; Ishibashi et al. 2009; Kitahara et al. 2005).

We isolated outer hair cells from wild-type and Trpv4−/− mice and found that the
swelling-activated rise in intracellular Ca2+ was absent in Trpv4−/− cells. Takeda-
Nakazawa et al. (2007) also found that hypotonic swelling activated TRPV4 and
released NO in guinea pig outer hair cells. Because outer hair cells are surrounded
by lymphatic fluid, isotonic to serum, swelling of outer hair cells may occur in inflam-
mation of the auditory system, such as in Meniere’s disease. Although TRPV4 may
be related to the pathogenesis of hearing loss, no direct measurement of functional
TRPV4 has been performed in inner hair cells. On the other hand, Trpv4−/− mice
did not present with congenital deafness, but these mice were more vulnerable to
acoustic injury and developed late-onset hearing loss (Tabuchi et al. 2005). TRPV4
was not needed for normal development of the cochlear system.

4.6.4 Peripheral Nervous System

Peripheral sensation, including mechanical, thermal and nociceptive sensation, is
transduced by specific nerve endings, such as Merkel bodies and is transmitted
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through unmyelinated C-fibers and myelinated Aγ fibers. TRPV4 was found in sen-
sory systems in skin, keratinocytes, specific nerve endings, DRG neurons and central
neurons. Thus, TRPV4 is considered to play cardinal roles in sensing osmolality,
pressure, temperature and noxious stimuli. Accordingly, a loss of TRPV4 function is
expected to result in a loss of mechanosensation and nociception. A gain of function
is toxic to the channel-expressing neurons, leading to axonal degeneration and re-
sulting in the loss of mechanosensation, thermosensation and nociception. Because
TRPV4 is expressed, though little, in motor neurons, the toxic TRPV4 results in
late-onset motor paralysis. In zebrafish, TRPV4 is expressed in neurons involved in
mechanosensation, thermosensation, hearing, vision and taste (Amato et al. 2011;
Mangos et al. 2007).

Human disease: TRPV4 mutants are found in HMSN2. HMSN consists of two
subtypes—HMSN1 (myelin type) and HMSN2 (axonal type)—which present with
similar clinical features. The onset of clinical symptoms is in the first or second
decade of life. Weakness starts distally in the feet and progresses proximally in an
ascending pattern. Neuropathic bone deformities develop, including pes cavus and
hammer toes. Muscle stretch reflexes disappear early in the ankles and later in the
patella and upper limbs. Mild sensory loss to pain, temperature or vibration in the
legs is observed. Patients also complain of allodynia, numbness and tingling, but
paresthesias are not as common as in acquired neuropathies (Gemignani et al. 1999).
Human TRPV4 is expressed in motor neurons, in the ventral and lateral roots, and in
DRG neurons (Facer et al. 2007). The amount of TRPV4 protein expression is low,
and less than 5 % of the signal found in the trachea was detected in mouse dorsal
and lateral horn, primarily in motor and sensory neurons (Landoure et al. 2010).
Following the onset of symptoms, the distribution of TRPV4 in peripheral neurons
paralleled the clinical features in HMSN2.

Movement: The Trpv4−/− mice underwent the standard mouse behav-
ior/locomotion test but did not show a significant weakness of movement. Body
weight and lifespan were not different until 2 years of age from wild-type mice.
TRPV4, TRPV2, TRPC1, C3, C4 and C6 are detected in skeletal muscle (Brinkmeier
2011). Because of faint expression in motor neurons, the role of TRPV4 in motor
neurons has not yet been examined.

Mechanosensation: We (Suzuki et al. 2003c) and others (Liedtke et al. 2003a, b)
reported that tail pressure sensation, but not gentle touch sensation in the hind paw,
was impaired in Trpv4−/− mice. Stretch and pressure sensation, i.e., a harmful
mechanical force, but not gentle mechanical touch sensation, was impaired in the
Trpv4−/− mice.

TRPV4 contributes to mechanical allodynia following chronic compression of
the dorsal root ganglion in rats (Zhang et al. 2008). After chronic compression of the
DRG, mechanical hyperalgesia occurs in rats as well as in HMSN2 patients. These
effects are at least in part mediated by an upregulation of TRPV4 expression 1–4
weeks after the compression.

Merkel bodies, specialized nerve endings located under the skin that sense
mechanical force, express TRPV4. They appear to be activated in response to
hypoosmolality, but not directly to mechanical force (Boulais et al. 2009).
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Cultured peripheral neuronal cell lines also express TRPV4. Nociceptive signals
were reproduced in these cells. Notably, activation of TRPV4 by mechanical stress
not only induced Ca2+ influx, but concomitantly induced cytoskeletal reorganization
(Goswami et al. 2010) and migration (Zaninetti et al. 2011) of neurons. Thus, gain of
function of TRPV4 in human HMSN peripheral neurons may induce abnormalities
in cytoskeletal organization, leading to axonal degeneration in addition to the Ca2+
toxicity.

Thermosensation: In human gain of function and in mouse loss of function
TRPV4 mutations, a mild, but significant, abnormality was reported in thermosen-
sation. Mild impairment in temperature sensation and thermotaxis was observed in
the mouse model (Todaka et al. 2004). In addition to peripheral nerves, skin and
central neurons also contribute to thermosensation. It was thought that heat sensitive
TRPV1 and cold sensitive TRPA1 were sufficient to permit normal thermosensation
(Voets et al. 2004). Nonetheless, TRPV4 certainly played a role in warmth sensa-
tion. A precise analysis of thermosensation in human mutants of these channels will
be informative since, in contrast to mice, humans are capable of providing verbal
feedback regarding the feeling of temperature.

TRPV4 is present in the sarcolemma of mouse muscle (Kruger et al. 2008). The
application of an agonist increases resting Ca2+ influx in mouse muscles (Pritschow
et al. 2011); however, little is known about the physiological significance of TRPV4
in skeletal muscle.

4.6.5 Bladder

Sensations from the bladder are conveyed by pelvic and hypogastric nerve afferents—
Aγ and C fibers. There are two different mechanosensory information signaling
pathways—direct, at nerve terminals, and indirect, mediated by chemical trans-
mitters. Furthermore, two different magnitudes of mechanical stimuli are involved;
a high threshold painful one and a low threshold physiological one that controls
micturition.

The urothelium has recently been shown to play a major role in low threshold
mechansensory transduction (Birder 2005). In response to mechanical and chemi-
cal stimuli, various neuromediators, such as ATP, ACh, NO and prostaglandins, are
released from urothelial cells (Ferguson et al. 1997; Birder et al. 2002). Bladder
epithelium expresses functional TRPV4 that was proposed to play a role in stretch
sensing, and in inflammation and warmth sensation (Everaerts et al. 2008; Gevaert
et al. 2007; Kullmann et al. 2009; Thorneloe et al. 2008; Yamada et al. 2009;
Combrisson et al. 2007, Xu et al. 2009). Mochizuki used cultured urothelium on
stretchable dishes and demonstrated thatTRPV4 was actually a stretch-sensitive Ca2+
influx channel and that activation was followed by the release of ATP. TRPV4 is hy-
pothesized to sense the filling of the bladder, promoting ATP release, which activates
ATP/purinergic receptors to signal to sensory nerve endings. HMSN2 symptoms in-
clude bladder incontinence or neurogenic bladder. In contrast, TRPV4-deficient mice
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exhibit abnormal voiding frequencies and non-voiding contractions in cystometric
experiments (Andersson et al. 2010). All of these findings parallel the importance of
TRPV4 in bladder mechanosensitivity.

At present, pharmacological agents targeting TRPV4 are used for the treatment of
inflammatory and neuropathic pain, urinary incontinence, painful bladder syndrome,
and even certain types of prostate cancer (Eid 2011; Boudes et al. 2011).

4.6.6 Respiratory System

TRPV4 is abundant in the lung where it has a vital role in airway epithelial vol-
ume regulation, smooth muscle contraction, mucociliary transport, and epithelial
and endothelial permeability. However, Trpv4−/− mice do not show a prominent
phenotype in respiratory function. The respiratory phenotype in human patients with
TRPV4 mutations is still controversial.

Human disease: Zhu et al. (2009) genotyped 2 independent Caucasian populations
at 20 SNPs in the TRPV4 gene and tested qualitative COPD and quantitative FEV1
and FEV1/FVC phenotypes. TRPV4 is supposed to play a role in the development
of asthma (Liedtke et al. 2004). In a family-based study of 606 families and 1,891
patients, 7 of 20 SNPs tested were associated with COPD, and 6 SNPs were associated
with FEV1/FVC. On the other hand, this association is not found in more wide
population study (Obeidat et al. 2011). In contrast, the loss of function TRPV4 (P19S)
was not associated with these lung diseases, but a loss of function TRPV1 variant
was associated with a lower risk of childhood asthma (Cantero-Recasens et al. 2010).
However, no lung abnormality has been described in the TRPV4 channelopathies,
HMSN2 and brachyolmia.

Airway smooth muscle: Airway smooth muscle cells express TRPV4, which could
be activated by hypotonic swelling (Jia et al. 2004). Activation of TRPV4 (Townsley
et al. 2006) by pressure or by serotonin (Ducret et al. 2008) induced pulmonary hyper-
tension, the mechanism of which may involve not only smooth muscle contraction,
but proliferation induced by Ca2+ influx as well.

Mucociliary transport: Ciliated tracheal epithelial cells express TRPV4, which
is activated by the flow of viscous fluid. This flow-triggered activation of TRPV4
involves receptor-mediated Ca2+ influx followed by ATP dependent ciliary beat fre-
quency (Lorenzo et al. 2008). Thus, TRPV4 plays a role in mucociliary transport.
TRPV4-mediated dysfunctions in mucociliary transport and mucus homeostasis may
also contribute to the development of chronic rhinosinusitis (Bhargave et al. 2008).

Lung endothelial cells: Activation of TRPV4 by high lung pressure causes disrup-
tions in the alveolar septal barrier and leads to alveolar flooding and hypoxemia (Jian
et al. 2008; Alvarez et al. 2006; Curry and Glass 2006). Inflation of the lung activates
endothelial TRPV4—this occurs through a mechanism involving myosin light chain
kinase—and NO synthesis. This process makes the endothelium permeable, possi-
bly leading to lung edema. Subsequently, NO likely inhibits TRPV4 function via the
cGMP pathway (Yin et al. 2008). Alterations of TRPV4 function may further lead to
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different pathological processes in the respiratory system (Li et al. 2011; Hamanaka
et al. 2007, 2010).

4.6.7 Cardiovascular System

TRPV4 mRNA was abundant in aortic endothelial cells; therefore, mechanical stress,
blood pressure and shear stress were early candidate stimulatory signals (Nilius
2003). Injection of the TRPV4 agonist, 4αPDD, rapidly decreased BP in vivo. Vas-
cular tone is regulated by the endothelium through multiple mechanical signals via a
rise in [Ca2+]i. Two pathways that elevate [Ca2+]i are known: the so-called “receptor-
stimulated Ca2+ influx” (RSC) pathway and the “store-operated Ca2+ influx” (SOC)
pathway. The former mechanism is largely impaired in Trpc4−/− endothelium
(Freichel et al. 2004) and the latter is impaired in Trpv4−/− mice (Zhang et al.
2009). Although TRPV4 may play a role in RSC, heteromers of TRPV4 and TRPC1
appear to play a role in SOC. When the Ca2+ store was depleted, the heteromer
moved toward the plasma membrane (Ma et al. 2008). Two important mediators
released after the rise in [Ca2+]i are NO and endothelium-derived hyperpolarization
factor (EDHF), both of which act on smooth muscle to cause relaxation. NO diffuses
into smooth muscle cells and stimulates guanylyl cyclase to inhibit myosin kinase. In
smooth muscle, EDHF stimulates TRPV4 coupled to the K(Ca) channel. K channel
opening hyperpolarizes the membrane potential leading to cellular relaxation.

Vascular endothelium: TRPV4 mRNA is present in the endothelium of numerous
organs and tissues, including bovine adrenal cortex capillaries (Thodeti et al. 2009),
human cerebral cortex (Brayden et al. 2008), dermis, lungs, submucosal umbilical
veins (Willette et al. 2008; Loot et al. 2008), mouse aorta (Zhang et al. 2009) and
cerebral cortex (Ma et al. 2008), mesenteric arteries (Mendoza et al. 2010; Gao and
Wang 2010), rat carotid artery (Kohler et al. 2006), rat cerebral cortex (Marrelli
et al. 2007) and femurs (Troidl et al. 2009). TRPV4 mRNA is not detected in renal
microvasculature in any species. TRPV4 mediated shear-stress induces release of
NO via Ca2+ influx and NO synthase activation in the endothelium (Gao et al. 2010;
Kohler and Hoyer 2007; Hartmannsgruber et al. 2007). Shear stress activates PLA2

andAA products, which in turn activates TRPV4 ((Loot et al. 2008; Hartmannsgruber
et al. 2007). In isolated carotid, cerebral, pulmonary, aortic (Yang et al. 2006) and
mesenteric arteries, shear stress-induced TRPV4 activation and NO production were
determined to be mediated by the PLA2 cascade (Loot et al. 2008).

Endothelium is composed of a monolayer of cells tightly adherent to each other.
The paracellular pathway relies on the integrity of cell-cell junctions, which is main-
tained by a balance between the force applied by blood pressure at the junctions
and the adhesive force applied by contractile molecules. As described above, acti-
vation of TRPV4 by lung pressure or agonists, such as EETs and 4aPDD, produced
blebs or breaks in the epithelial wall in the airway endothelium. Administration of
GSK1016790A decreased BP, followed by profound vascular collapse and hemor-
rhaging in the lungs, intestines and kidneys. This damage could not be prevented
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by NOS inhibition in wild-type animals and was not observed in Trpv4−/− mice
(Willette et al. 2008).

Smooth muscle: In smooth muscle, a predicted factor, released by the endothelium
and that induced vasodilatation via the activation of K+ channels, had not been iden-
tified and was termed the “endothelium-derived hyperpolarization factor” (EDHF).
H2 O2, K+ ions and the cytochrome P450 product, EETs, were candidates for the
EDHF. As noted, the epoxygenase product, 11,12 EET, activates TRPV4, resulting
in Ca2+ bursts. Earley et al. (2005) suggested that EET induced Ca2+ bursts via
TRPV4 and the ryanodine receptor in sarcoplasmic reticulum, and that the activation
of the Ca2+ activated K(Ca) nearby caused a transient hyperpolarisation of smooth
muscle cells that led to arterial vasodilatation. In bronchial epithelial cells, Ca2+ in-
flux trough TRPV4 directly activates BKCa channels without the help of ryanodine
receptors (Fernandez-Fernandez et al. 2008). This was the initial evidence that EET
was, in fact, the EDHF that induced vasodilatation (Kotlikoff 2005). NO-induced
cGMP then decreased the activity of TRPV4, probably via the CAMII cascade, com-
pleting the negative feedback loop. This feedback system was theoretically linked
to the cyclic dilatation and constriction of the vasculature—myogenic autoregula-
tion—after an increase in shear stress or flow. This cyclic movement was weak or
absent in Trpv4−/− mice (Kohler et al. 2006; Kohler 2007).

TRPV4 acts as a mechanosensor that regulates neovascularization in small arterial
endothelial cells. Pulsatile mechanical stimuli induce cytoskeletal reorganization,
forming new blood vessels via Ca2+ signal transduction. TRPV4 was shown to
be the main sensor transducing the mechanical signals into Ca2+ influx. (Thodeti
et al. 2009). Shear stress stimulated collateral growth in arterial occlusions, in which
TRPV4 was also an important player (Troidl et al. 2009; Schierling et al. 2011).

Stimulation of the acetylcholine receptor via protein kinase C activates
TRPV4 in endothelial cells, resulting in vasodilatation (Adapala et al. 2011).
5-hydroxytryptamine activates TRPV4 in pulmonary arteries, resulting in vasocon-
striction; this mechanism probably also leads to smooth muscle proliferation and
might cause pulmonary hypertension (Ducret et al. 2008).

TRPV4 mRNA was detected in heart muscle (Strotmann et al. 2003), but its func-
tional role in cardiomyocytes remains to be clarified (Li et al. 2008; Hu et al. 2009).
Fibroblasts possess functional TRPV4 (Hatano et al. 2009).

Basal BP in Trpv4−/− mice is not different from wild-type mice. Acetylcholine-
induced hyperpolarization and vasodilation were reduced by approximately 75 % in
mesenteric resistance arteries from Trpv4−/− mice, compared with wild-type mice
(Zhang et al. 2009). Injection of L-NAME, a NO synthase inhibitor, produced an
increase in BP in Trpv4−/− mice that was greater than the increase induced in wild-
type animals (Earley et al. 2009). Activation of TRPV4 decreased BP in rats fed a
normal-salt diet. Furthermore, the TRPV4 channel blocker, which increased BP in
animals on a normal-salt diet, had a greater effect on rats fed a high-salt diet (Gao
et al. 2009). Salt intake unmasked a difference in blood pressure in the Dahl salt-
sensitive hypertensive rat. Salt-sensitive rats develop hypertension due to a decrease
in TRPV4 in the kidneys and in the DRGs, compared to salt-resistant rats (Gao and
Wang 2010; Armando and Jose 2009). Even in normal mice (Earley et al. 2009),
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hypertension by salt overloading can be intensified by inhibiting TRPV4 activity.
These experiments have shed light on the apparently normal, sub-clinical condition
of hypertension and have provided the foundation for future research. The known
human TRPV4 mutations exhibit no obvious phenotype in blood pressure or heart
function.

4.6.8 Kidney

Abundant expression of TRPV4 channels has been detected in the kidney. However,
the Trpv4−/− mouse model and patients with TRPV4 mutations do not exhibit a
prominent disturbance of renal function. Tian et al. (2004) found basolateral expres-
sion of TRPV4, using a sensitive antibody, in all the nephron segments following the
ascending thin limb, except for the macula densa in rat and mouse kidney. Low, but
significant, expression can be observed in luminal membranes.

Flow sensor: Several experiments have demonstrated that TRPV4 is an api-
cal/luminal flow sensor in a renal tubular cell line overexpressing the protein (Kottgen
et al. 2008) and in freshly isolated renal tubules (Taniguchi et al. 2007). TRPV4 is
a sensor of luminal flow/shear stress in the collecting duct, functioning to open and
enhance K excretion, possibly via the BKCa channel. TRPP2 is known to be another
flow-sensor (Nauli et al. 2003) and plays a role in polycystic kidney disease. A defect
of the flow-sensing mechanism was considered to be pathogenetic of cyst formation.
Interestingly, both TRP channels are colocalized in the primary cilium, forming a
functional flow-sensing complex (Kottgen et al. 2008). However, renal cysts were
never observed in Trpv4−/− mice. This indicates that the loss of TRPV4 function
does not induce cyst formation and that a defect in the flow-sensing mechanism
was not involved in cyst development. Nonetheless, activation of TRPV4 might help
prevent cyst formation in renal tubules, but not in liver cysts, which are made of
cholangiocytes (Gradilone et al. 2010).

Calcium metabolism: TRPV4 is phosphorylated by WNK4, reducing membrane
expression of the channel. Gamba (2006) and Fu et al. (2006) proposed that patients
with a gain of function mutation in WNK4 with lowered TRPV4 activity may de-
velop a PHAII-like syndrome where enhanced Na reabsorption in cortical collecting
ducts leads to salt sensitive hypertension. Calcium reabsorption is also proposed to
be enhanced in Trpv4−/− mice. Leaky epithelia may potentiate Ca2+ reabsorption in
cortical collecting ducts or in the thick ascending limb. In contrast, high blood Ca2+
concentrations stimulate PLA2 via the Ca2+-sensing receptor in the thick ascend-
ing limb to inhibit Ca2+ reabsorption through the paracellular pathway. If TRPV4
contributes to this mechanism, Trpv4−/− mice should develop hypercalciuria.

Sodium metabolism: Hyperosmolality is maintained in renal medulla by a counter-
current mechanism. When free water is ingested, medullary hyperosmolality is
decreased to dilute urine to keep body osmolality within the normal range. TRPV4
in the medullary thick ascending limb and cortical collecting ducts has been pro-
posed to play a role in this process (Chen 2007). Reduction of osmolality in the thick
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ascending limb releases ATP, which regulates Na excretion—this is not observed in
TRPV4-deficient mice (Silva and Garvin 2008). Flow or swell induces the sustained
rise in DCT and CCD that is required for P2Y2 receptor and TRPV4 (Mamenko et al.
2011). ATP is here again coupled with TRPV4 activation since isolated tubules from
P2Y2 or TRPV4 null mice provoke much less Ca2+ influx from lumen in response
to ATP. ATP stimulates rather than is stimulated by the activation of TRPV4.

Humans: No obvious phenotype in electrolyte metabolism or renal function has
been reported yet in gain of function TRPV4 channelopathies.

Mouse model: No obvious renal defect has been reported in TRPV4 null mice.
We maintained wild-type and Trpv4−/− mice for 2 years and found no difference in
renal weight. No cysts were detected in either group of mice. Volume overloading
was performed by removing of one kidney, but no functional difference was found
in the remaining one.

Taken together of the data regarding electrolytes and osmotic fluctuation, one
can at least propose that (1) TRPV4 contribute osmotic, thus, sodium homeostasis
that is amplified and become detectable by an alteration of extracellular tonicity (or
volume) and that (2) TRPV4 is natriuretic rather than sodium retensive player in
various organs contributing to sodium homeostatis, in the kidney, in the brain and in
peripheral nerves spread in the liver.

4.6.9 Skin

As discussed above, TRPV4 in keratinocytes plays a role in thermosensation (Chung
et al. 2003, 2004, Denda et al. 2007). A range of temperatures, roughly from room
temperature to body temperature, activates TRPV4 in keratinocytes. The resulting
Ca2+ influx releases ATP, leading to stimulation of purinergic receptors on sen-
sory nerve endings. TRPV4 also plays a role in cell-cell junctions—the barrier
of the skin—and in keratinocytes during development. Mechanical stimulation of
keratinocytes might similarly be involved in the activation of TRPV4, but this possi-
bility has not been investigated yet. ATP and the purinergic P2Y2 receptor were also
shown to be important for the transmission of mechanical stimuli to nerve endings
((Lumpkin and Caterina 2007).

4.7 Conclusion and Perspectives

With a wide distribution, number of molecular studies and human diseases, TRPV4
is critically established as a mechanosensitive Ca2+ permeable channel that thereby
is central for understanding the molecular mechanism of the conversion of physical
force to ion permeation. Presumably, the mechanical force can directly pull the
channel via cytoskeletal elements and also indirectly amplifies the activation by
chemical cascade and local endocrines. Another protein adds an additional function:
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Aquaporin adds TRPV4 to the sensing of water flux and polycystin adds TRPV4 to a
flow sensing on primary cilium. Mutations of TRPV4 induced abnormalities in bone
development, motor paralysis and mild loss of variable sensation. Analysis of the
mutations will have own merit for understanding how mechanical sensation plays in
normal and in disease.
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Chapter 5
Mechanical Stretch and Intermediate-
Conductance Ca2+-Activated K+ Channels
in Arterial Smooth Muscle Cells

Yasunobu Hayabuchi, Miho Sakata, Tatsuya Ohnishi and Shoji Kagami

5.1 Introduction

Ion channels are important transmembrane proteins that, through their ability to alter
membrane potential and intracellular ion levels and cell volume, impact multiple
functions of vascular smooth muscle cells, including contractile state, size, and rates
of proliferation and apoptosis. Although K+ channels are classically recognized
as regulators of vascular tone, through their effects on membrane potential they
secondarily regulate K+ and Ca2+ concentrations and thereby regulate cell migration,
proliferation, and apoptosis (McMurtry et al. 2004; Remillard and Yuan 2004).

K+ channels contribute to the regulation of the membrane potential in electrically
excitable cells, including those found in smooth muscle. Membrane hyperpolariza-
tion due to an efflux of K+ results from the opening of K+ channels in vascular smooth
muscle. This effect is followed by the closure of voltage-dependent Ca2+ channels,
leading to a reduction in Ca2+ entry, and vasodilation (Nelson and Quayle 1995). In
contrast, inhibition of K+ channels function leads to membrane depolarization and
vasoconstriction. K+ channel activity is known to be linked to cell cycle progression
in a variety of cell types (Ouadid-Ahidouch et al. 2001; Wonderlin and Strobl 1996;
Wonderlin et al. 1995; Woodfork et al. 1995). Wonderlin et al suggested that the
hyperpolarization during the transition through G0/G1 and into the S phase probably
results from an increase in the relative permeability of the plasma membrane to K+
(Wonderlin et al. 1995).

The intermediate-conductance Ca2+-activated K+ (IKCa) channel was first de-
scribed by Gardos in erythrocytes (Gardos 1958). More recently, IKca channels
are expressed in many different cell types such as secretory epithelial cells,
endothelial cells, fibroblasts, T lymphocytes, melanoma cells, granulocytes,
macrophages, erythrocytes, and cultured cell lines (Schwab 2001; Fioretti et al. 2005;
Ouadid-Ahidouch et al. 2004). Since its discovery it has held numerous names,
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including IK, IK1, IKca1, SMIK, ImK, fIK, hIK, mIK, KCa3.1, and SK4. The
gene encoding KCa3.1 is known as KCNN4 or IK1 (Neylon et al. 1999). Thus,
IKca channels are required for a wide variety of physiologic functions ranging from
transepithelial secretion to T cell activation. Many of the nonepithelial cells express-
ing IKca channels have the ability to migrate. Previous studies demonstrate that cell
migration is modulated by the activity of IKca channels (Schwab 2001). Furthermore,
in vascular smooth muscle cells, IKca channels contribute to muscle plasticity (Ney-
lon et al. 1999). Köhler et al demonstrated that blockade of IKca channels results in
inhibition of epidermal growth factor (EGF)-stimulated smooth muscle cell prolif-
eration in vitro and in reduced neointima formation in vivo (Köhler et al. 2003). The
human IKca channel (hIK1 or hSK4) has been cloned from placenta and pancreas
(Ishii et al. 1997; Joiner et al. 1997).

In this review, we will discuss the role and regulation of IKca channel in arterial
smooth muscle cells during physiological and pathophysiological conditions.

5.2 Calcium-Activated Potassium Channels

Potassium channels are the largest and most diverse subgroup of ion channels and
are classified in four subgroups according to their membrane topology (Gutman et al.
2003; Alexander et al. 2008). Voltage-dependent K+ (KV) channels open upon depo-
larization of the plasma membrane in vascular smooth muscle cells. The subsequent
efflux of K+ through the channels induces repolarization to the resting membrane
potential. Changes in the intracellular Ca2+ concentration and membrane depolar-
ization stimulate large-conductance Ca2+-activated K+ (MaxiK or BKCa) channels,
which are thought to play an important role in maintaining the membrane potential.
ATP-sensitive K+ (KATP) channels underscore the functional bond between cellu-
lar metabolism and membrane excitability. The blockade of KATP channel function
results in vasoconstriction and depolarization in various types of vascular smooth
muscle. Inward rectifier K+ (Kir) channels, which are expressed in smooth muscle
of the small-diameter arteries, contribute to the resting membrane potential and basal
tone. Kir channel activation has been shown to raise the extracellular K+ concen-
tration to 10–15 mM, resulting in vasodilation. Each of K+ channels listed above
is responsive to a number of vasoconstrictors and vasodilators, which act through
protein kinase C (PKC) and protein kinase A (PKA), respectively. Impaired these
channel functions has been linked to a number of pathological conditions, which
may lead to vasoconstriction.

The Ca2+-activated K+ channel family is divided into two subfamilies, the
small (SKCa) and intermediate (IKCa) conductance KCa subfamily including KCa2.1–
KCa2.3 (also known as SK1–SK3) and KCa3.1 (also known as IK1 or SK4) subunits
and the large conductance (MaxiK or BKCa) KCa subfamily including the KCa1.1 a
subunit (also known as Slo1α).
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5.2.1 SKCa and IKCa Channels

SKCa and IKCa channels are voltage-independent and their calcium sensitivity is
ascribed to the association with calmodulin (Köhler et al. 1996; Joiner et al. 1997;
Xia et al. 1998; Fanger et al. 1999). Tetraethylammonium and tetrabutylammonium
are non-specific blockers of KCa. SKCa channels are specially blocked by the bee
toxin apamin and by some scorpion toxins such as scyllatoxin (also named leiuro-
toxin I from Leiurus quinquestriatus), tamapin (Mesobuthus tamulus) and BmSKTx1
(Buthus martensi) (Xu et al. 2004). The plant alkaloid tubocurarine and the synthetic
compound UCL-1684 (Campos et al. 2000) are also potent and reasonably spe-
cific blockers of SKCa channels (Castle 1999; Dunn 1999; Strøbaek et al. 2000;
Liegeois et al. 2003). Tamapin appears to be selective towards SK2 over SK1 and
to a lesser extent over SK3 (Pedarzini et al. 2002). Non-specific blockers of IKCa

channels include the scorpion toxins charybdotoxin (Leiurus quinquestriatus) and
maurotoxin (Maurus palmatus) as well as clotrimazole, a non-peptide inhibitor of
cytochrome P450 monooxygenase. The analogues of clotrimazole, TRAM-34 and
TRAM-39, are devoid of cytochrome P450 epoxygenase inhibitory properties and
are considered as specific blockers of IKCa (Wulff et al. 2000), although the former
is also a blocker of non-selective cation channels (Schilling and Eder 2007). 1-EBIO
(1-ethyl-2-benzimidazolinone), its more potent analogue DCEBIO (dichloro-1-
ethyl-2-benzimidazolinone), chlorzoxazone-related compounds and riluzole are
weak and non-specific activators of IKCa and SKCa (Cao et al. 2001; Wulff et al.
2007). Another derivative of 1-EBIO, NS-309, is a much more potent opener of
both IKCa and SKCa, with a preferential selectivity for the former (Strøbaek et al.
2004; Leuranguer et al. 2008). CyPPA [cyclohexyl-[2-(3,5-dimethylpyrazol-1-yl)-6-
methyl-pyrimidin-4-yl]-amine] is a preferential positive modulator of SK2 and SK3
over SK1 but is less potent than NS-309 and possesses inhibitory properties versus
BKCa and some Na+ channels (Hougaard et al. 2007; Wulff et al. 2007).

5.2.2 BKCa Channels

BKCa channels are characterized by a high unitary conductance and are both voltage-
and calcium-regulated potassium channels. Numerous isoforms of the Slo1α subunit
are generated by alternative splicing (Meera et al. 2001; Latorre and Brauchi 2006).
In addition, the expression of accessory β subunits (β1 to β4) can lead to channel di-
versity (Shieh et al. 2000). BKCa channels are also blocked by charybdotoxin and low
concentrations of tetraethylammonium. Another scorpion toxin, iberiotoxin (Buthus
tamulus), and mycotoxins such as paxilline and penitrem A as well as the synthetic
and nonpeptide compound 1-[1-hexyl-6-(methyloxy)-1H-indazol-3-yl]-2-methyl-1-
propanone (HMIMP) (Zeng et al. 2008), are potent and selective inhibitors of this
channel. They are activated by synthetic compounds such as NS-11021 the benz-
imidazolone derivatives, NS-1619 and NS-004, and naturally occurring compounds
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such as pimaric acid (Gribkoff et al. 2001; Meera et al. 2001; Bentzen et al. 2007;
Nardi and Olesen 2008).

5.3 Calcium-Activated Potassium Channels and Vascular
Smooth Muscle Cells

5.3.1 IKCa Channels in Vascular Smooth Muscle Cells

IKCa channel is found predominantly in peripheral tissues such as blood cells, ep-
ithelia, and smooth muscle cells where it functions to couple alterations in cytosolic
Ca2+ to K+ flux (Bond et al. 1999; Jensen et al. 2001; Wulff et al. 2003). IKCa chan-
nels thereby play an important physiological role to set the membrane potential at
negative values close to the K+ equilibrium potential (Bond et al. 1999; Jensen et al.
2001; Wulff et al. 2003; Stocker 2004). This effect on membrane potential can have
diverse physiological responses in a variety of cell types, including water movement
and volume regulation in red blood cells, mitogen activation of T-lymphocytes, Cl−
secretion of exocrine epithelial cells, and control of proliferation by a variety of
cells such as T and B-lymphocytes, vascular smooth muscle cells, keratinocytes, and
some cancer cell lines (Khanna et al. 1999; Ghanshani et al. 2000; Fanger et al. 2001;
Koegel and Alzheimer 2001; Köhler et al. 2003; Maher and Kuchel 2003; Ouadid-
Ahidouch et al. 2004; Wulff et al. 2004). Based on these activities, pharmacological
modulation of IKCa channels has been proposed to treat proliferative diseases such
as restenosis after angioplasty and cancer, transplant rejection as well as secretory
diarrheas, sickle cell anemia, and cystic fibrosis (Rufo et al. 1997; Jensen et al. 2001;
Maher and Kuchel 2003; Wulff et al. 2003).

In contrast to intestinal smooth muscle, there is little evidence for a functional
role of SKCa channels in vascular smooth muscle cells, although a non-identified
apamin sensitive and voltage-dependent conductance has been reported (Gebremed-
hin et al. 1996; Quignard et al. 2000; Gauthier et al. 2004; 2008). Similarly, in
healthy and freshly isolated vascular smooth muscle cells IKCa channels are not or
very poorly expressed. However, in proliferating cells, as seen in culture or after
vascular injury, the expression of this channel increases dramatically (Neylon et al.
1999; Köhler et al. 2003; Tharp et al. 2006; 2008). Up-regulation of IKCa is neces-
sary for mitogen-induced suppression of smooth muscle-specific marker genes, that
is, differentiation of vascular smooth muscle cells, as well for their proliferation and
migration (Tharp et al. 2006). Selective blockade of IKCa with TRAM-34 (Wulff
et al. 2000) prevents smooth muscle phenotypic changes and coronary artery neoin-
timal formation in two different models of post-angioplasty restenosis (Köhler et al.
2003; Tharp et al. 2008). Similarly, coronary arteriolar remodelling in L-arginine-
methylester (L-NAME)-treated rats and post-ischaemic cardiovascular remodelling
in rats subjected to coronary artery ligation are associated with an increase in IKCa

channel expression in vascular smooth muscle cells. A treatment with a statin in the
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former model and with an AT1 receptor antagonist in the latter prevented both the
up-regulation of IKCa expression and the structural alterations (Saito et al. 2002;
Terata et al. 2003).

5.3.2 Effect of Mechanical Stretch on IKca Channel

Blood vessels in vivo are continuously exposed to hemodynamic forces. These in-
clude shear stresses on the luminal surface generated by blood flow, cyclic distension
due to the vascular wave caused by the pulsatility of the blood flow, and endocrine and
local factors including angiotensin II (Ang II) and endothelin-1 (Williams B 1998;
Fernandes-Santos et al. 2009). The luminal surface of blood vessels is lined with
endothelial cells so that shear stress is sensed predominantly by endothelial cells.
However, both endothelial and vascular smooth muscle cells are subjected to cyclic
stretch. Under normal conditions, vascular smooth muscle cells are quiescent and
contractile (Williams 1998; Davis and Hill 1999; Wu and Davis 2001). In response
to pathologic stress, however, vascular smooth muscle cells develop a proliferative,
hypertrophic, and secretory phenotype (Williams 1998; Davis and Hill 1999; Wu and
Davis 2001). These alterations result in vascular remodeling characterized by cellular
hyperplasia, hypertrophy, apoptosis, enhanced protein synthesis, and extracellular
matrix reorganization.

Mechanical stretch stimulates the migration and proliferation of vascular smooth
muscle cells. Recent studies indicate that Ca2+-activated K+ channels, specifically
IKCa channels, have an important role in cell migration and proliferation. There-
fore, we investigated whether the cell membrane stretch is linked to IKCa channel
regulation.

5.3.3 Effect of Angiotension II on IKca Channel

Ang II is one of the most potent and physiologically important endogenous vasocon-
strictors that acts to increase intracellular Ca2+ and the contractile force of vascular
smooth muscle cells. It also has an important pathophysiologic role in cardiovascu-
lar disease, including cardiac hypertrophy, myocardial infarction, hypertension, and
atherosclerosis (Gurantz 2005; Matsusaka and Ichikawa 1997). Furthermore, Ang II
promotes migration and proliferation of vascular smooth muscle cells, leading to
neointima formation (Wilson 1999). Proliferating vascular smooth muscle cells are
characterized by alterations in functional plasticity as they switch from a contractile
phenotype to a de-differentiated phenotype.

The actions of Ang II have been widely studied in several vascular tissues. Ang II
induces an increase in Ca2+ currents, blockade of K+ currents, and depolarization
of the plasma membrane (Toro 1990; Hayabuchi et al. 2001a, b). K+ channels
have an important role in controlling vascular tone by altering the resting membrane
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potential and thereby Ca2+ entry (Nelson and Quayle 1995). BKCa channels (Toro
1990), voltage-dependent K+ channels (Hayabuchi et al. b), and ATP-sensitive K+
channels (Hayabuchi et al. 2001a) in vascular smooth muscle cells are inhibited by
Ang II.

Mature smooth muscle cells predominantly express BKca channels (Neylon
1999), a product of the S/o gene (Atkinson 1991), which have a pivotal role in vascu-
lar smooth muscle cell relaxation by dampening depolarization-dependent activation
of Ca2+ channels and Ca2+ influx through membrane hyperpolarization (Latorre R
1989). In contrast to the vasodilatory function of BKca channel, the role of SKca and
IKca channels in vascular smooth muscle cells is not completely understood. IKca

channels are required for many physiologic functions such as proliferation, epithe-
lial transport, and cell migration (Schwab 2001; Fioretti 2005; Ouadid-Ahidouch
2004). They are regulated by the intracellular Ca2+ concentration and by phosphory-
lation (Neylon 1999; Wulf and Schwab 2002; Zhou et al. 1996; Gerlach 2000, 2001;
Hayashi et al. 2004).

We therefore investigated whether Ang II regulates the activity of IKca channels in
arterial smooth muscle cells using patch-clamp techniques. Furthermore, we studied
the signal transduction of these effects on IKca channels.

5.4 Property and Regulation of IKca Channels in Vascular
Smooth Muscle Cells

5.4.1 IKca Channels are Predominantly Expressed in Cultured
Smooth Muscle Cells

The electrophysiologic properties of the Kca channels expressed on cultured smooth
muscle cells were studied by whole-cell and single-channel recordings. First, we
performed whole-cell patch-clamp experiments on cultured smooth muscle cells to
measure functional Kca channel expression. Whole-cell recording was performed
with a holding potential of −60 mV. The selective BKca channel blocker iberiotoxin
(IbTX) inhibited the current by only 17±3 %. The subsequent addition of charyb-
dotoxin (ChTX), the blocker of BKca and IKca channel, caused a large decline in
the current (Fig. 5.1a). Next, we examined the effect of clotrimazole (CLT), a selec-
tive blocker of IKca channels. CLT-sensitive current was predominantly expressed in
cultured smooth muscle cells (Fig. 5.1b).

Furthermore, in inside-out patches, BKCa currents, as characterized by their large
amplitude and voltage-dependent open probability, were rarely observed in cultured
smooth muscle cells. BKCa-like activity was observed in 1 of 22 membrane patches
excised from smooth muscle cells. The predominant K+ current in these cells had
a smaller unitary conductance than BKCa channels, and 1–4 of these channels were
recorded in 20 of 22 excised patches. Single-channel openings were recorded from
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Fig. 5.1 Cultured smooth muscle cells predominantly express IKca channels. a Representative
recording of whole-cell current from a smooth muscle cell held at − 60 mV. The current shows
iberiotoxin (IbTX)-insensitive and charybdotoxin (ChTX)-sensitive K+ currents. The vertical arrow
indicates when the whole-cell configuration was established, and the dashed line shows the zero
current level. The cell was dialysed with a solution containing 140 mM K+, and the extracellular
K+ concentration was 140 mM. IbTX and ChTX were added as indicated. IbTX inhibited the
ChTX-sensitive currents by 14 % in this cell. b Representative tracing of whole-cell current. The
current shows clotrimazole (CLT)-sensitive K+ current. CLT inhibited the current by 79 % in
this cell, and ChTX inhibited the remaining current. c Percentage inhibition of ChTX-sensitive
K+ current by IbTX or CTL in experiments like those illustrated in A and B (n = 7 and 6 cells,
respectively). The bars show mean ±SEM. *p < 0.0001. d The effect of CLT (1.0 μM) on the
channel activity in a cultured smooth muscle cell. The trace is a record of an inside-out patch
exposed to symmetrical 140 mM K+ solutions, and the intracellular solution contained 1.0 μMf ree
Ca2+. The pipette solution contained CLT. Control channel activity was recorded before diffusion
of CLT to the extracellular surface of the patch. The channel activity was absent after exposure to
CLT. The membrane potential was − 40 mV. Closed state is represented by C. (Reproduced from
Hayabuchi et al. 2006 with permission from Journal of Molecular and Cellular Cardiology and
Elsevier Limited via Copyright Clearance Center)

inside-out excised membrane patches in which the pipette was back-filled with 1.0
μM CLT (Fig. 5.1d). Initially, K+ channel openings were recorded immediately after
formation of the high-resistance seal. Channel activity disappeared within 2–3 min,
however, because of diffusion of the CLT to the membrane patch. In control patches
(no CLT included in the pipette solution), the small K+ currents were recorded for
greater than 20 min at potentials both positive and negative of 0 mV.
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Fig. 5.2 Single channel properties of IKca channels expressed in smooth muscle cells. a IKca

single-channel currents from an inside-out patch exposed to symmetrical (140 mM) K+ solu-
tions. Intracellular free Ca2+ concentration = 300 nM. Membrane potential was stepped from −80
to +80 mV in10 mV increments. b Single-channel current–voltage (I–V) curve obtained in sym-
metrical K+ solutions. c Intracellular Ca2+ activation of IKca channels. Representative traces show
single-channel activity of inside-out patches exposed to 0, 0.1, 0.5, 1.0, and 5.0 μmol/L free Ca2+.
Channel openings are shown as downward deflections. Voltage was −80 mV, and K+ concentra-
tion was symmetrical at 140 mM. d Normalized mean current at a constant membrane potential
of − 80mV from six different experiments plotted as a function the internal Ca2+ concentrations.
Current at each Ca2+ concentration was normalized against the current in 10 μM Ca2+ solution
(NPo-10). The sigmoid curve was computed according to a Hill equation with ED50 = 1.17 ± 0.06
μM and a Hill coefficient of 2.40 ± 0.07. (Reproduced from Hayabuchi et al. 2006 with permission
from Journal of Molecular and Cellular Cardiology and Elsevier Limited via Copyright Clearance
Center)

5.4.2 Characterization of IKca Channels

The IKca channel was characterized in a series of inside-out patch-clamp experiments.
The single channel current-voltage relationship measured in symmetrical 140 mM
K+ solution is presented in Fig. 5.2a. The channel showed clear inwardly rectify-
ing behavior. The mean values of six independent experiments were 3.1±0.2 and
2.1±0.1 pA at −80 and +80mV, respectively, corresponding to chord conductances
of 37±2 and 26±1 pS, respectively. The single-channel current-voltage (I-V) relation
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Fig. 5.3 Effect of cell membrane stretching on IKca channels. a Representative recordings show-
ing the effect of membrane stretching on IKca channels in cultured smooth muscle cells. IKca

channel currents are recorded from cell-attached patches at a pipette voltage of + 40 mV. b Am-
plitude histograms showing the activation of IKca channels in the same experiments as those of A.
c Representative recordings showing the effect of membrane stretching on IKca channels in inside-
out patch configuration. IKca channel currents are recorded at an intracellular Ca2+ concentration
of 215 nM, and at a pipette voltage of − 80 mV. d Amplitude histograms showing the activation of
IKca channels in the same experiments as those of C. (Reproduced from Hayabuchi et al. 2011 with
permission from Heart and Vessels and Springer Science + Business Media Limited via Copyright
Clearance Center)

is plotted in Fig. 5.2b. Inside-out single channel recordings measured in symmetrical
140 mM K+ conditions for internal Ca2+ concentrations ranging from 0–10 μM are
present in Fig. 5.2c. In these experiments, the membrane voltage was maintained
at − 80 mV. Raising the internal Ca2+ concentration from 0–10 μM significantly in-
creased the single channel activity (Fig. 5.2d). The sigmoidal curve in Fig. 5.2d was
computed using the Hill equation with an ED50 of 1.17±0.06 μM and a Hill coeffi-
cient of 2.40±0.07. There was no obvious voltage dependence of the channel because
NPo remained unchanged when the holding potential was varied between − 80 mV
(NPo = 0.11 ± 0.03) and + 80 mV (NPo = 0.12 ± 0.05). These properties are consis-
tent with IKca channels expressed in immature and de-differentiated smooth muscle
cells (Neylon et al. 1999).
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Fig. 5.4 Effect of hyposmotic stretching on IKca channels. a Representative recordings showing
the effect of hyposmotic stretching on IKca channels. IKca channel currents are recorded from
cell-attached patches at a pipette voltage of + 40 mV. Hyposmotic solution was added as indicated.
The dashed line shows zero current level. b Effect of extracellular Ca2+ on the activation of IKca

current. The trace shows a recording of cell-attached patch. Ca2+-free isosmotic solution was
replaced with Ca2+-free hyposmotic solution. The activation of IKca channels was attenuated under
this condition. c Effect of nicardipine on the activation of IKca current. The trace shows a recording
of cell-attached patch that had been pretreated with nicardipine (5 μM). Hyposmotic stress activated
IKca channels under this condition. d Effect of Gadolinium (Gd3+) on the activation of IKca current.
The trace shows a current recording pretreated with Gd3+ (100 nM). Gd3+ attenuated the activation
of IKca channels. e Effect of extracellular Ca2+, nicardipine, and Gd3+ on IKca channel activation
by hyposmotic swelling. The bars show mean NPo (+ SEM) of IKca current before (filled bars)
and after the hyposmotic stress (open bars) under these pretreatment conditions. *, p < 0.01 vs
isotonic condition of each pretreatment.†, p < 0.01 vs hypotonic stress under the control (without
the pretreatment) condition. (Reproduced from Hayabuchi et al. 2011 with permission from Heart
and Vessels and Springer Science + Business Media Limited via Copyright Clearance Center)

5.4.3 Effect of Mechanical Stress on IKca Channels

5.4.3.1 Effect of Membrane Stretching on IKca Channels

Stretch-induced activation of IKca channels was observed in cultured smooth muscle
cells. The effect of suction application of 25 and 45 mmHg was tested at + 40 mV in
cell-attached mode. Figure 5.3a shows a sample recording from one of the patches
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containing one channel that are activated during the application of negative pressure
and subsequently inactivated after removal of the pressure.

To determine if IKca channel activity is enhanced by release of Ca2+ from intra-
cellular stores or entrance of Ca2+ through the plasma membrane by stretch stimulus
application, we performed experiments in the inside-out mode. At constant Ca2+
concentration (100 nM), application of pressure increased the member of channel
openings at 25 and 45 mmHg (Fig. 5.3b). Application of negative pressure to the
pipette caused activation of channels that produced outward unitary currents. The
NPo without the negative pressure was 0.135 ± 0.027. The NPo after application of
25 and 45 mmHg were 0.281 ± 0.041 and 0.440 ± 0.101, respectively, which were
significantly higher than the control condition. After restoring atmospheric pressure
to the pipette, open probability returned to the control level. Fig. 5.3c, d display the
amplitude histograms showing the effect of the negative pressure on IKca channel
activity in the cell-attached and in the inside-out configuration, respectively.

5.4.3.2 Effect of Hyposmotic Stretching on IKca Channels

Hypotonic shock has been used in other many cell types to stretch the cell membrane.
This procedure increases cell membrane tension due to cell swelling. We evaluated
the effect of a hypotonic stimulus on the cell-attached mode. IKca currents were first
recorded in isotonic medium (control; 310 mOsm/kg H2O) and afterward, the bath
solution was replaced by hypotonic medium (223 mOsm/kg H2O).

Figure 5.4a is a typical recording showing the effects of hyposmotic stress on
the IKCa channel in cultured smooth muscle cells. The superfusion with hyposmotic
solution significantly stimulated IKCa channel activity. The mean open probability
increased from 0.009 ± 0.006 in control solution to 0.480 ± 0.012 at 5 min of hypo-
tonic stress. Subsequent application of TRAM-34 induced a significant inhibition in
IKca channel current. Channel activity usually decreased when the hypotonic solution
was removed and the cells were again bathed in control solution.

5.4.3.3 Effect of Extracellular Ca2+ on the Activation of IKCa Current
Induced by Hyposmotic Swelling

It is well known that IKCa channel is activated by intracellular free Ca2+ and that
extracellular Ca2+ is necessary for efficient control of Ca2+ homeostasis. To de-
termine if Ca2+ influx is involved in the hyposmotic stretch-induced activation of
the current, we removed extracellular Ca2+ and observed the effect of hyposmotic
swelling on IKCa channels. When Ca2+-free isosmotic solution was replaced with
Ca2+-free hyposmotic solution, the activation of IKca was attenuated significantly
compared with the recordings using physiological Ca2+ solution (Fig. 5.4b). Al-
though the mean open probability increased from 0.009 ± 0.005 in control solution
to 0.120 ± 0.006 at 5 min of hypotonic stress, it was significantly lower than the NPo
with the physiological Ca2+ hyposmotic solution.
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5.4.3.4 L-type Ca2+ Channel is not Involved in the Pathway

To assess the contribution of L-type Ca2+ channels to the hyposmotic stretch-induced
activation of IKCa channels, we tested the effect of hyposmotic solution on the IKCa

current in the presence of nicardipine, an L-type Ca2+ channel blocker (Fig. 5.4c).
Nicardipine was added to the extracellular solution for 10 min before the appli-
cation of hyposmotic solution. The NPo after pretreatment with nicardipine was
0.007 ± 0.005, which was not significantly different from the NPo without the pre-
treatment. The NPo of IKca channels was significantly increased by hyposmotic so-
lution after nicardipine treatment. The NPo in hyposmotic stress was 0.401 ± 0.109,
which was not significantly different from the NPo without the pretreat-
ment. This result indicates that L-type Ca channel is not involved in this pathway.

5.4.3.5 Gadolinium Blocks Hyposmotic Swelling-Induced Activation

Next, we examined the effect of the pretreatment of 100 nM Gadolinium (Gd3+), a
stretch-activated non-selective cation (SA) channel blocker. As shown in Fig. 5.4d,
Gd3+ attenuated the activation of IKca channels induced by hyposmotic swelling.
These results suggested that the influx of extracellular Ca2+ is through the SA channel
and not the L-type calcium channel and that it is involved in the activation of IKCa

channels.

5.4.3.6 PKC and F-actin are Involved in the Pathway

Although Ca2+-free extracellular solution or the presence of Gd3+ attenuated the
activation, the IKca current was still enhanced in those conditions. Furthermore,
in the experiments of inside-out patch configuration, membrane stretch activated
the IKca channel current at constant Ca2+ concentration. Therefore, other signal
pathways may exist besides those that depend upon an increase in intracellular Ca2+.

In order to test the involvement of PKC in hyposmotic swelling-induced IKCa

channel activation, the effect of GF109203X, a PKC inhibitor, was examined in the
experiments using Ca2+-free extracellular solution. Pretreatment of smooth muscle
cells with 10 μM GF109203X for 20 min abolished the effect of hyposmotic shock
(Fig. 5.5a). Subsequent application of 10 μM A23187 induced a significant increase
in IKCa channel current.

Another possibility involves a possible role played by the actin cytoskeleton in cell
membrane stretch-dependent regulation of IKca channels. We therefore examined the
effect of treatment with cytochalasin D. To disrupt the F-actin cytoskeleton in some
experiments, smooth muscle cells were pre-incubated for 3 h in 3 μM cytochalasin
D before being subjected to membrane stretch experiments. This treatment almost
completely eliminated the response of IKca channels to cell swelling (Fig. 5.5b).

The GF109203X application data suggested that PKC is involved in the pathway
of swelling-induced IKca channel activation. Therefore, we tested the effect of 1,2-
dioctanoyl-sn-glycerol (DOG), a membrane permeable analog of 1,2-diacylglycerol
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Fig. 5.5 Effects of PKC and F-actin on IKca channel activation induced by hyposmotic stress.
a Representative recordings showing the effect of GF109203X (10 μM) on the activation of IKca

current induced by hyposmotic stretching. Hyposmotic solution did not activate IKca channels
under this condition, while subsequent application of the calcium-ionophore A23187 (10 μM)
was effective. The pipette and bath solutions were the same as in Fig. 5.4. The pipette voltage
was + 40 mV. The dashed line shows the zero current level. b Effect of cytochalasin D (3 μM)
on the activation of IKca current. The trace shows a recording of cell-attached patch. Hyposmotic
stress did not activate IKca channels under this pretreatment. Subsequent application of A23187 was
effective. c Effect of 1,2-dioctyanoyl-sn-glycerol (DOG) on the activation of IKca current under the
pretreatment with cytochalasin D. The trace shows a recording of cell-attached patch that had been
pretreated with cytochalasin D (3 μM). Neither hyposmotic solution nor DOG (10 μM) activated
IKca currents. d Effect of DOG on the activation of IKca current in the absence of cytochalasin
D. DOG activated IKca channels under this condition. e Effect of GX109203X and cytochalasin D on
IKca channel activation by hyposmotic swelling. The bars show mean NPo (+ SEM) of IKca current
before (filled bars) and after the hyposmotic stress (open bars). *, p < 0.01 vs isotonic condition
of each pretreatment.†, p < 0.01 vs hypotonic stress under the control (without the pretreatment)
condition.‡, p < 0.01 vs DOG under the control (without the pretreatment) condition. (Reproduced
from Hayabuchi et al. 2011 with permission from Heart andVessels and Springer Science + Business
Media Limited via Copyright Clearance Center)

(DAG) on IKca channel activity in the presence of cytochalasin D. In cells pretreated
with GF109203X, DOG failed to activate the IKca current, whereas DOG increased
NPo from 0.470 ± 0.101 to 1.380 ± 0.112 without the presence of cytochalasin D.

5.4.3.7 Effect of PKC and F-actin on the Experiments of Negative Pressure

In order to confirm the signal transduction of the mechanical stretch demonstrated
in the hyposmotic stretch experiments, we tested the effect of GF109203X and
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Fig. 5.6 Effect of PKC and F-actin on IKca channel activation induced by negative pressure.
a Representative recordings showing the effect of GF109203X (10 μM) on the activation of IKca cur-
rent induced by membrane stretching. Negative pressure of 45 mmHg did not activate IKca channels
under this condition, while subsequent application of A23187 (10 μM) was effective. The pipette
and bath solutions were the same as in Fig. 5.3a. The pipette voltage was + 40 mV. The dashed line
shows the zero current level. b Effect of cytochalasin D (3 μM) on the activation of IKca current. The
trace shows a recording of cell-attached patch. Membrane stretching did not activate IKca channels
under this pretreatment. Subsequent application of A23187 was effective. c Effect of DOG on the
activation of IKca current under the pretreatment with cytochalasin D. Negative pressure did not
activate IKca current, and subsequent application of DOG was also ineffective. d Effect of DOG
on the activation of IKca current in the absence of cytochalasin D. DOG activated IKca channels
under this condition. e Effect of GX109203X and cytochalasin D on IKca channel activation by
membrane stretching. The bars show mean NPo (+ SEM) of IKca current before (filled bars) and
after the addition of negative pressure (open bars). *, p < 0.01 vs 0 mmHg of each pretreatment.†,
p < 0.01 vs 45 mmHg under the control (without the pretreatment) condition.‡, p < 0.01 vs DOG un-
der the control (without the pretreatment) condition. (Reproduced from Hayabuchi et al. 2011 with
permission from Heart and Vessels and Springer Science + Business Media Limited via Copyright
Clearance Center)

cytochalasin D in the cell-attached patch configuration. These examinations were per-
formed in Ca2+-free extracellular solution. Pretreatment with GF109203X abolished
the stretch-induced IKca channel activation (Fig. 5.6a). Cytochalasin D also inhib-
ited the effect of stretch on IKca current (Fig. 5.6b). Although DOG activated IKCa

channels in the control condition, the pretreatment with cytochalasin D abolished
the effect of DOG (Fig. 5.6c).
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5.4.3.8 Mechanical Stretch and IKca Channels

Our study demonstrated that membrane stretch and hyposmotic swelling activates
IKCa channels in cultured artery smooth muscle cells. In cell membrane stretch
condition, extracellular Ca2+ influx through SA channels activated IKca channels.
Furthermore, our results demonstrate clearly that PKC and F-actin are important
factors in the cell membrane stretching-induced activation of IKCa channels. Unitary
conductance was not modified by suction or swelling.

The arterial wall is continuously exposed to mechanical stimulation such as shear
stress and luminal pressure. It is well known that such mechanical strain plays a piv-
otal role in the development of vascular remodeling in hypertension (Setoguchi et al.
1997; Folkow 1995). However, its exact mechanism remains unknown. Mitogen-
activated protein kinases (MAPKs), members of a family of serine/threonine-specific
protein kinases (Kosako et al. 1992) are believed to be involved in the pathway of cell
proliferation and, therefore, in vascular structural remodeling (Alvarez et al. 1991;
Pulverer et al. 1991; Sturgill et al. 1988). Kubo et al have reported that increases
in perfusion pressure in isolated perfused rat aortae caused a pressure-dependent
increase in the activity of MAPKs (Kubo et al. 2000). They also demonstrated that
pressure loading of the vascular wall of rat aorta can activate p42 and p44 MAPKs
and that MAPK activation is mediated at least in part by the vascular angiotensin
system (Hosokawa et al. 2002). The regulation of MAPK is dependent upon changes
in intracellular Ca2+ (Lucchesi et al. 1996). Furthermore, it is reported that activation
of IKCa channels enhances Ca2+ influx by increasing its transmembrane electrical
gradient (Lepple-Wienhues et al. 1996; Verheugen et al. 1997). The increase in Ca2+
influx, caused by activation of IKCa, stimulates distinct cellular mechanisms associ-
ated with smooth muscle growth and proliferation (Hayabuchi et al. 2006; Neylon
et al. 1999), which can be mediated via MAPK activation. These previous studies
suggest that the activation of IKCa channels is linked to the activation of MAPK.

5.4.3.9 Signal Transduction of Cell Membrane Stretch on IKCa Channels

Regulation of ion channel activity by changes in the organization of the F-actin
cytoskeleton has been suggested for the epithelial Na+ channel (Berdiev et al. 1996),
the cystic fibrosis transmembrane regulator, CFTR (Cantiello 1996), Kv channels,
and cardiac KATP channels (Furukawa et al. 1996). Changes in the structure of the
F-actin cytoskeleton may also play an important role as a cell volume regulator.
Generally, cell swelling is reported to cause a decrease in cellular F-actin content.
Stretch has been shown to enhance vascular smooth muscle cell migration as a result
of the translocation of PKCδ to the cytoskeleton (Li et al. 2003).

The pathway of signal transduction of IKca channel activation is still unknown.
Our results show that PKC and F-actin are both involved in the activation of IKca

channels in cultured smooth muscle cells. In order to study the relationship between
PKC and F-actin in the activation pathway, we examined the effect of DOG together
with cytochalasin D on the activation of IKca current under hyposmotic and stretched
condition. The results showed that no significant current was activated as compared
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with the control, which was different from the activation effect of DOG alone. This
suggests that activation of PKC by DOG under the condition of depolymerization of
F-actin cannot elicit IKca current any longer. This implies that the role of F-actin for
regulation of IKca channel in the signal pathway would be downstream site related to
the role of PKC. For stress-activated or mechanically gated channels, several studies
have shown that the cytoskeleton directly interacts with the channel protein and can
intrinsically sense the cell stretch (Hamill and Martinac 2001; Ingber and Tensegrity
1997). Stretch-activated IKca channels may act similarly. IKca channel activation
by cell-membrane stretching contributes to Ca2+ entry in smooth muscle cells and
therefore affects migration and proliferation in some pathophysiologic conditions.
So far there have been few functional studies of the regulation of IKca channels
by mechanical stress, though the IKca channel is required for de-differentiation,
proliferation, and migration (Hayabuchi et al. 2006; Neylon 1999; Köhler et al. 2003).
There is a clear need for future functional studies of the role of IKca channel activation
by cell membrane stretch in cardiovascular disease, especially hypertension.

5.4.4 Activation of IKCa Channels by Ang II

5.4.4.1 AngII Activates IKCa Current

Figure 5.7a is a typical recording showing the effects of Ang II on the IKCa chan-
nel in cultured smooth muscle cells. Figure 5.7b displays the amplitude histogram
showing the effect of Ang II on IKca channels. The addition of Ang II significantly
stimulated IKca channel activity in a concentration-dependent manner. The ED50,
the concentration required for stimulation of channel activity to 50 % of the maximal
value, was 92 ± 3 nM. The Hill coefficient was 1.06 ± 0.14 (Fig. 5.7c).

5.4.4.2 PKC inhibitors block Ang II-induced activation

In addition to intracellular Ca2+ (Latorre et al. 1989; Neylon et al. 1999), phospho-
rylation modulates IKca channel gating (Wulf and Schwab 2002; Zhou et al. 1996;
Gerlach et al. 2000, 2001; Hayashi et al. 2004). Recently, it was demonstrated that
PKA enhances IKca channel activity (Gerlach et al. 2000, 2001), and cGMP, by
activating cGMP-dependent protein kinase (PKG), produces the same effect (Zhou
et al. 1996). Some reports demonstrate that IKca current is regulated by PKC (Wulf
and Schwab 2002).

First, to assess the contribution of PKC activation to the Ang II-induced acti-
vation of IKca channels, we pretreated smooth muscle cells with 100 μM PKC-IP
20–28. PKC-IP 20–28 was applied in the extracellular solution for 10 min before
the application of Ang II. The NPo after pretreatment with PKC-IP 20–28 was
0.014 ± 0.009, which was not significantly different from the NPo without the pre-
treatment (NPo = 0.010 ± 0.003). In the presence of the PKC-IP 20–28, Ang II failed
to induce a change in the current activity (NPo = 0.032 ± 0.010) (Fig. 5.8a).
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Fig. 5.7 Effect of Ang II on IKca channels in A10 cells. a Representative recordings showing the
effect ofAng II on IKca channels in cultured smooth muscle cells. IKca channel currents are recorded
from cell-attached patches at a pipette voltage of + 40 mV. Ang II-activated IKca channels in a
concentration-dependent manner. b Amplitude histograms showing the concentration-dependent
effect of Ang II on IKca channels in the same experiments as those of panel A. c Normalized
concentration-response relationship for the effect of Ang II. The data were fitted with the Hill
equation, yielding an EC50 of 92 ± 3 nM and a Hill coefficient of 1.06 ± 0.14. (Reproduced from
Hayabuchi et al. 2006 with permission from Journal of Molecular and Cellular Cardiology and
Elsevier Limited via Copyright Clearance Center)

Next, in order to confirm that PKC is involved in Ang II-induced IKca channel
activation, the effect of GF109203X, a PKC inhibitor, were examined. Pretreatment
of A10 cells with 10 μM GF109203X for 20 min abolished the effect of Ang II
(Fig. 8b).

5.4.4.3 PKA and PKG are not Involved in the Pathway

We tested the effect of Ang II on the IKca current in the presence of Rp-cAMPS,
a PKA inhibitor (Fig. 5.8c). The NPo of IKca channels was significantly increased
by Ang II after Rp-cAMPS pretreatment. This result indicates that the PKA system
is not involved in this pathway. Next, we examined the effect of the pretreatment
of 1.0 μM KT-5823, a PKG inhibitor. The effect of Ang II was not affected by the
presence of KT-5823 (Fig. 5.8d). The NPo after pretreatment with either Rp-cAMPS
or KT-5823 was not significantly different from the NPo without pretreatments both
before and after the addition of Ang II (Fig. 5.8e).
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Fig. 5.8 PKC inhibitors prevent the current activation byAng II. a Effect of PKC-IP 20–28. The trace
shows a recording of cell-attached patch made from a smooth muscle cell that had been pretreated
with PKC-IP 20–28 (100 μM). Ang II did not activate IKca channels under this condition. The
dashed line shows the zero current level. b Effect of GF109203X. The trace shows a recording of
cell-attached patch made from an A10 cell that had been pretreated with GF109203X (10 μM).
Ang II did not activate IKca channels under this condition. c Effect of Rp-cyclic 3′,5′-hydrogen
phosphothiate adenosine triethylammonium (Rp-cAMPS). The trace shows a current from a smooth
muscle cell that had been pretreated for 10 min with Rp-cAMPS (100 μM).Ang II still activated IKca

channels under this condition. d Effect of KT-5823. The trace shows a current recording pretreated
with 1.0 μM KT-5823. Ang II was added as indicated. KT-5823 did not abolish the effect of Ang II.
e Effect of PKC-IP 20–28, GF109203X, Rp-cAMPS, and KT-5823 on IKca channel activation by
Ang II. The bars show mean NPo (+ SEM) of IKca current before (filled bars) and after adding
Ang II (open bars) under these pretreatment conditions. *p < 0.0001 vs. before adding Ang II. n.s.,
not significant. (Reproduced from Hayabuchi et al. 2006 with permission from Journal of Molecular
and Cellular Cardiology and Elsevier Limited via Copyright Clearance Center)

5.4.4.4 Losartan Inhibits the Action of Ang II

Ang II receptors can be divided intoAT1 andAT2 subtypes (Guo et al. 2001). TheAT1
receptor is coupled to phospholipase C through Gq/G11 G-proteins and is negatively
coupled to adenylyl cyclase (Guo et al. 2001). To investigate the type of receptor
involved in IKca channel activation, we tested the effect of Ang II in the presence
of losartan (1.0 μM), an AT1 selective antagonist. Figure 5.9a is a representative
recording from a cell-attached patch, and shows that Ang II did not activate IKca

current in the cells after 10 min pretreatment with losartan. Subsequent application
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of the calcium ionophore A23187 (10 μM) induced a significant increase in IKca

currents.

5.4.4.5 Kca Current is Activated by DOG

The PKC-IP 20–28 application data suggested the involvement of PKC in the pathway
of Ang II action. Therefore, we tested the effect of DOG, a membrane-permeant
analog of DAG on IKca channel activity. In six cells pretreated with losartan, Ang II
failed to activate the IKca current. Subsequent application of 10 μM DOG induced
a significant increase in the IKca current (Fig. 5.9b).

5.4.4.6 Effect of AngII on IKca Channels

Our study demonstrated that Ang II activates IKca channels in cultured artery smooth
muscle cells. The results provide evidence that Ang II increases these currents by
interacting with the AT1 receptor, a mechanism that is involved in the activation of
PKC.

The major bioactive peptide of the renin-angiotensin system, Ang II, has a fun-
damental role not only in controlling cardiovascular and renal homeostasis, but also
contributes to various cardiovascular diseases such as hypertension, atherosclerosis,
and heart failure. It is likely that the growth promoting activity of the AT1 receptor
is involved in the progression of cardiovascular remodeling (Gurantz et al. 2005;
Matsusaka et al. 1997; Wilson et al. 1999). In this respect, Ang II is recognized as
a growth-promoting factor contributing to structural alteration in an endocrine and
autocrine manner in various organs (Matsusaka et al 1997; Wilson et al. 1999).

Ang II regulates various types of K+ channels (Toro et al. 1990; Hayabuchi et al.
2001a, b). We therefore tested the hypothesis that Ang II regulates IKca channels in
smooth muscle cells. This is the first report that demonstrates Ang II regulation of
IKca channels.

We previously reported that Ang II inhibits Kv channels and KATP channels in
enzymatically isolated rat mesenteric artery smooth muscle cells (Hayabuchi et al.
2001a, b). Ang II inhibits these channels through the activation of PKC and inhibition
of PKA. Furthermore, Ang II activated IKca channels in proliferative smooth muscle
cells. It is reported that activation of IKca channels enhance Ca2+ influx by increas-
ing its transmembrane electrical gradient (Lepple-Wienhues et al. 1996; Verheugen
et al. 1997). The increase in Ca2+ influx, caused by activation of IKca, stimulates
distinct cellular mechanisms associated with smooth muscle growth and prolifera-
tion (Hazelton et al. 1979; Cory et al. 1987; Nilius and Wohlrab 1992). Changes in
the cytosolic Ca2+ concentration provide important regulatory signals during the cell
cycle. Ca2+ is required for progression through G1 and for the G1/S transition in sev-
eral cell types, including human embryonic lung fibroblasts (Hazelton et al. 1979)
and L1210 leukemic cells (Cory et al. 1987). A link between intracellular Ca2+
and membrane potential was first reported in melanoma cells, where membrane
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Fig. 5.9 Ang II is ineffective in the presence of losartan. a Recording of cell-attached patch current
made from a smooth muscle cell pretreated with 1.0 μM losartan. Ang II did not activate IKca

channels under this condition, while subsequent application of the calcium ionophore A23187
(10 μM) was effective. The pipette and bath solutions were the same as in Fig. 5.7. The pipette
voltage was + 40 mV. b Recording of cell-attached patch current pretreated with 1.0 μM losartan.
Ang II did not affect IKca channel activity. Subsequent application of 1,2-dioctyanoyl-sn-glycerol
(DOG) was still effective. c Mean NPo (+ SEM) of IKca channel in cells without (filled bars) and
with pretreatment of losartan (open bars). *Results significantly different from the value without
pretreatment (p < 0.0001). n.s., not significant. (Reproduced from Hayabuchi et al., 2006 with
permission from Journal of Molecular and Cellular Cardiology and Elsevier Limited via Copyright
Clearance Center)

hyperpolarization increased intracellular Ca2+ by controlling the electrochemical
gradient for Ca2+ entry into the cell (Nilius et al. 1992). This increase in Ca2+ might,
in turn, induce the activation of IKca channels, thus providing a positive feedback
mechanism.

The mechanisms of action of Ang II have been studied in several vascular tissues
(Toro et al. 1990; Hayabuchi et al. 2001a, b). The signal transduction of the regulation
of IKca channels, however, has not been elucidated. Our results using losartan indicate
that the binding of Ang II to AT1 receptors leads to the activation of IKca current.
Furthermore, the present study indicated that PKC activation is involved in thisAng II
action. Activation of AT1 receptors in the plasma membrane leads to the formation
of inositol 1,4,5, triphosphate and DAG through G-protein-mediated activation of
phospholipase C (Guo et al. 2001). DAG activates PKC, which in turn stimulates
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protein phosphorylation and ionic channel activation (Toro et al. 1990; Hayabuchi
et al. 2001a, b). On the other hand, the AT1 receptor is negatively coupled to adenylyl
cyclase G-proteins (Guo et al. 2001). Moreover, previous reports indicated that PKA
and PKG modulate IKca current activity (Zhou et al. 1996; Gerlach et al. 2000;
Gerlach et al. 2001). However, the present results suggest that PKA and PKG are
not involved in the action of Ang II on IKca channels.

IKca channel activation byAng II is expected to contribute to Ca2+ entry in smooth
muscle cells and therefore affect migration and proliferation in some pathophysio-
logic conditions. IKca channel is required for de-differentiation, proliferation, and
migration (Nelson and Quayle 1995; Neylon et al. 1999). There is a clear need
for future functional studies of the role of IKca channel activation by Ang II and
other endogenous growth factors in cardiovascular disease, including hypertension,
atherosclerosis, and restenosis after balloon angioplasty.

5.5 Role of IKca Channels in Smooth Muscle Cells

IKca channels have an important role in cell migration and proliferation. Previous
reports suggest that proliferative smooth muscle cells predominantly express IKca

channels (Neylon et al. 1999; Köhler et al. 2003) and that cell migration is also
modulated by the activity of IKca channels (Schwab 2001).

Functional plasticity is a fundamental property of vascular smooth muscle, impor-
tant for regulating blood pressure and controlling vascular growth and repair during
development, in response to disease states, and after mechanical injury (Owens
1995; Sartore et al. 1997; Frid et al. 1997). Plasticity is dependent on extensive
diversity in the properties, distribution, and function of individual smooth muscle
cell populations, arising from both phenotypic modulation between contractile and
de-differentiated states and the establishment of smooth muscle cell lineages early
in embryonic life, which have the potential to become major cell populations in
pathological conditions (Sartore et al. 1997; Frid et al. 1997).

Several studies suggest that differential expression of ion channels contributes to
smooth muscle plasticity (Neylon et al. 1994a, Archer et al. 1996; Reeve et al. 1998).
Morphologically distinct smooth muscle cell types exhibit marked differences in ion
channel expression, giving rise to differences in electrical properties and respon-
siveness to vasoactive substances (Neylon et al. 1994a). Much of the variation in
contractile reactivity between different arterial segments, vessels, and physiological
and pathophysiological states can be explained, at least in part, by differences in the
expression and/or activity of ion channels on functionally distinct smooth muscle
cell types (Neylon et al. 1994a; Archer et al. 1996). Because calcium ions (Ca2+)
play a pivotal role in the control of many smooth muscle cell functions, ion chan-
nels that regulate Ca2+ are clearly of functional importance. A class of ion channels
known to modulate intracellular Ca2+ are the Ca2+-activated K+ channels (Vergara
et al. 1998). Activation of these channels produces membrane hyperpolarization
which reduces vascular contractility by limiting Ca2+ influx through voltage-gated
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Ca2+ channels (Brayden et al. 1992; Nelson et al. 1995). It is reported a marked
contrast in the magnitude of a Ca2+-activated K+ channels current between smooth
muscle cell types that differ in their morphology and proliferative capacity (Neylon
et al. 1994b). This finding indicated that the functional properties of smooth mus-
cle may be dependent in part on the expression and activity of Ca2+-activated K+
channels.

Köhler et al. demonstrated that growth factor stimulation ofA7r5 rat aortic smooth
muscle cell proliferation was blocked by TRAM-34 (Köhler et al. 2003), while
Neylon and colleagues (Shepherd et al. 2007) demonstrated that blockade of IKCa

channels with clotrimazole and TRAM-34 prevented growth factor induced prolifer-
ation of airway smooth muscle cells. Tharp et al. demonstrated that IKca channel was
upregulated by PDGF-BB, and that TRAM-34 blocked PDGF-BB induced down-
regulation of smooth muscle specific marker genes, and thus smooth muscle cell
phenotypic modulation in vitro (Tharp et al. 2006). Furthermore, they observed
increased KCa3.1 (IKca channel) mRNA expression in proliferating porcine coro-
nary medial cells taken from swine demonstrating signs of early atherosclerosis
induced by a hypercholesterolemic diet (Tharp et al. 2006). TRAM-34 prevented
IKCa channel upregulation 2 h post-angioplasty, downregulation of SMMHC 2 days
post-angioplasty, and reduced restenosis 14 and 28 days post-angioplasty (Tharp
et al. 2008). These data demonstrate IKCa channel upregulation is necessary for
smooth muscle cell dedifferentiation, proliferation, and migration, which contributes
to arterial lesion development. Therefore, investigating the pathways responsible
for IKCa channel upregulation is vital to understanding the progression of vessel
disease. Blockade of IKCa channel, or inhibition of the pathway(s) responsible
for its upregulation, represents a potential treatment for reducing post-angioplasty
restenosis

Upregulation of IKCa channel by growth factors appears to be mediated largely
via activation of the traditional MEK/ERK kinase cascade. Basic fibroblast growth
factor (FGF) increases IKCa channel expression via the ERK pathway in fibroblasts
(Pena et al. 2000), as well as in human umbilical vein endothelial cells (Grgic et al.
2005), which leads to increased cell proliferation. In A7r5 cells, PDGF-BB induced
upregulation of IKCa channel was found to be dependent on the phosphorylation of
ERK1/2 as well as Ca2+ mobilization (Si 2006). Ghanshani et al described the role of
IKCa channel in Tcell activation, and demonstrated that IKCa channel activation and
mRNA expression was increased with PKC (Ghanshani et al. 2000). Interestingly,
both ERK and PKC can activate c-jun and c-fos, which bind to AP-1 promoter
response elements. The KCa3.1 promoter region contains 7 putative activator protein-
1 (AP-1) motifs, and mutations in the 5′-AP-1 motif abolished induction of KCa3.1
with T-cell activation (Ghanshani et al. 2000). AP-1 as a common end point for
signaling cascades regulating IKCa channel expression.

Evidence in the literature to date strongly supports a significant role for IKCa

channels in the vasculature in both physiological and pathophysiological conditions.
Upregulation of IKCa channel has been demonstrated to be an early and necessary step
in smooth muscle cell phenotypic modulation, proliferation, and migration, which
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will impact the onset and development of numerous vasculoproliferative diseases,
such as atherosclerotic and post-angioplasty restenotic lesions. Therefore, IKCa

channel holds significant promise as a therapeutic target for vascular disease.

5.6 Conclusion and Perspectives

IKca channels play important roles in physiological and pathophysiological condi-
tions. The regulation of IKca channel modulation and expression can be a strong
therapeutic tool in various vascular diseases.
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Chapter 6
Sensing Mechanism of Stretch Activated Ion
Channels

Naomi Niisato and Yoshinori Marunaka

6.1 Introduction

Physical stresses/mechanical force such as expansile force (membrane tension), os-
motic pressure, hydrostatic pressure, shear stress, and gravity are crucial stimuli for
cells in various tissues to control their proliferation, differentiation, development and
cell death. For instance, the transpulmonary pressure balance produced by appro-
priate lung fluid is crucial for normal lung growth and development in the fetal late
stages (Hooper et al. 2006). The airways and alveoli of the fetal lung are filled with
fluid. Tracheal ligation, which impedes the outflow of fluid from the trachea, pro-
duces large fluid-filled lungs (Alcorn et al. 1997; Carmel et al. 1965), and increases
hydrostatic pressure to expand the lung. In contrast, tracheal drainage reduces the
hydrostatic pressure by excreting the fluid from the inside of lung to the outside.
Previous studies with fetal lamb have indicated that lung growth and development
is stimulated by tracheal ligation-increased expansion of lung (Alcorn et al. 1997;
Fewell et al. 1983), and is inhibited by tracheal drainage (Alcorn et al. 1997). So far,
various in vivo and in vitro model systems have been developed to investigate the
mechanotransduction process. In the lung epithelial cells and fibroblasts, mechanical
force is mainly recognized by membrane proteins such as stretch-activated cation
(SAC) channels and receptor tyrosine kinases that transduce the mechanical force
into intracellular signal molecules associated with their proliferation and differentia-
tion (Liu et al. 1995, 1999). For the cardiovascular systems, endothelial cells, smooth
muscle cells and cardiac myocytes are the major cells that face mechanical force in-
cluding vessel stretch and cardiac stretch. Blood pressure is the major determinant of
vessel stretch, and blood volume and pressure are the major determinants of cardiac
stretch. Mechanical forces in the cardiovascular systems have been categorized into
at least three elements; magnitude, frequency and duration in cyclic stretch. Although
cells in cardiovascular systems are exposed to a dynamic mechanical environment
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modified by pulsatile pressure and oscillatory shear forces, they should have mech-
anisms sensing these mechanical stimuli. Endothelial cells are mainly exposed to
shear stress produced by flowing blood that is known to cause stress fibers aligned
perpendicular to the stretch direction for bearing less tension and remodeling of
endothelial cells (Chien 2007; Taber 1998). Mechanical stretch in vascular smooth
muscle cells in vitro can cause a uniform alignment almost perpendicular to stretch
vector (Lehoux et al. 2000; Standly et al. 2002). These phenomena show that cells
in vascular system sense both magnitude and direction of mechanical force, and
that cytosckelton and extracellular matrix molecules complementarily support the
basic sensing mechanism through membrane tension. Further, shear stress, osmotic
pressure and hydrostatic pressure are also important stimuli for Na+ reabsorption
to control extracellular fluid volume and blood pressure in renal tubule. When ep-
ithelial cells in cortical collecting duct (CCD) are exposed to the decreased plasma
osmolality, epithelial Na+ channel (ENaC)-mediated Na+ reabsorption in CCD is
stimulated to recover normal plasma osmolality, suggesting that epithelial cells in
CCD have ability to sense changes in extracellular osmolality and precisely respond
to it by increasing both translocation and gene expression of ENaC (Niisato et al.
2000; Taruno et al. 2007). On the other hand, weightlessness and being bedridden
accelerate bone resorption, indicating that physical stress/mechanical force by grav-
ity and exercise is necessary for osteogenesis (Carmeliet et al. 2001; LeBlanc et al.
2007).

As described above, it is well known that physical stress/mechanical force is
a crucial signal for diverse cellular functions likely chemical stimuli. In previous
studies, the existence of mechanosensitive ion (MS) channels have been recognized
in various cells and tissues, and MS channels are considered to be involved in sensing
physical stress/mechanical force (Arnadóttir et al. 2010; Yoshimura et al. 2010).
Currently, MS channels are believed to play central roles in mechanotrasduction and
to convert physical stress/mechanical force into intracellular signals that contribute
to physiological functions in their expressed cells and tissues.

6.2 MS Channels in Bacteria for Sensing Osmotic Pressure

6.2.1 Physiological Importance of MS Channels

Prokaryotic cells possess MS channels that sense mechanical force to survive and
adjust to a new environment. When bacteria cells are exposed to hypotonic envi-
ronments (for example, exposure to rain), the cells protect themselves against the
hypotonicity-caused lysis by activating MscS (mechanosensitive channel with small
conductance) and MscL (mechanosensitive channel with large conductance) (Kung
et al. 2010; Levina et al. 1999; Batiza et al. 2002) that release cytosolic components
for reduction of intracellular osmotic pressure adapting to extracellular hypotonic
environments. Especially, in bacteria cell as monad, the action of MS channel to
avoid hypotonic lysis is closely related to a matter of life and death. In bacteria cells,
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MS channels are considered to be activated by an increase of membrane tension due
to cell swelling (Levina et al. 1999) in response to hypotonic stress and serve as
‘emergency valves’. Notably, for bacteria cells, sensing magnitudes of changes in
extracellular osmolality is essential to determine amounts of cytosolic components to
be released for adaptation to reduction of extracellular hypotonic pressure. Therefore,
these two MS channels with different conductance, MscS and MscL, are activated
at different tension thresholds and control amounts of cytosolic components to be
released through MscS and MscL. Hypotonic stress is converted to cell swelling
(i.e., the changes in cell volume) through osmotic pressure-dependent water influx,
which in turn produces membrane tension as mechanical force. Namely, magnitudes
of hypotonic stress are transduced to magnitudes of membrane tension. This means
that bacteria cells can sense changes in extracellular osmolality as magnitudes of
membrane tension. The MscS and MscL channels open, when the membrane ten-
sion is larger than their thresholds. If hypotonic stress is weak or moderate, only
MscS with small conductance is activated, because the amount of cytosolic com-
ponent to be released in response to the hypotonic stress is relatively small. On the
contrary, if hypotonic stress is strong, both MscS and MscL should be activated for
releasing large amounts of cytosolic component. These regulatory mechanisms of
two MS channels physiologically seem to be reasonable and similar to regulatory
volume decrease (RVD) as regulatory mechanisms of cell volume observed in higher
organisms.

6.2.2 MscL (Mechanosensitive Channel with large Conductance)

MscL in Escherichia coli (EcMscL) and Mycobacterium tuberculosis (TbMscL)
is one of the most studied MS channels in prokaryotic cells. MscL is a homo-
pentamer (Fig. 6.1a) and each subunit has two transmembrane domains, TM1 and
TM2 (Sukharev et al. 1994, 1999) (Fig. 6.1b). The sequence at amino-terminus and
carboxy-terminus forms S1 and cytoplasmic helixes (CP), respectively (Fig. 6.1b).
The channel pore is lined with TM1 and the gate is probably formed between two
residues, A20 and G26 (Fig. 6.1c). The region facing to the membrane (lipid bilayer)
comprises the whole length of TM2 and the periplasmic end of TM1. EcMscL has
a conductance of 3 nS and passes low molecular substances such as inorganic ions
(Ajouz et al. 1998). It is supposed that exposure of hydrophobic surface of the gate
in TM1 to aqueous environments is an energy barrier for channel gating (Fig. 6.1d).
Hydrophobic lock of the gate via this energy barrier stabilizes the closed structure
of EcMscL. In MS channels, membrane tension is generally an energy source for
activation of channel getting over the barrier (Sokabe et al. 1991; Hamill et al. 2001).
Mutants in the pore-lining residues substituted with a more hydrophilic amino acid
lower the gating threshold. Substitution of Gly-22 in the gate with all other 19
amino acids reveals that hydrophilicity determines the ease of gating (Fig. 6.1c). The
diameter of the open pore is estimated to be as large as 3–4 nm. This large pore is
formed by an iris-like rotation of the transmembrane helices: the helices tilt, while
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Fig. 6.1 Structure and gating model of MscL and MscS channel. a Crystal structure of M. tuber-
culosis MscL channel. b Structure of single subunit of Tb MscL. S1; N-terminal helix, TM1; the
first transmembrane helix, TM2; the second transmembrane helix, PL; periplasmic loop, CP; cyto-
plasmic helix. c Positions of important residues in the schematic EcMscL. The pore is constricted
between A20 and G26. Gating threshold depends upon the hydrophilicity of G22 and mechanosen-
sitivity is lost on hydrophilic substitution of Y78. d Gating model of MscL. (i) The closed structure
is stabilized by the hydrophobic lock of the gate. (ii) Membrane tension perceived by the tension
sensor opens the gate that results in the exposure of hydrophobic lock to water. (iii) On full opening,
cytoplasmic helices are disassembled. e Structure of single subunit MscS. TM1; the first transmem-
brane helix, TM2; the second transmembrane helix, TM3; the third transmembrane helix, which
is separated by a kink at G113 (TM3a and TM3b). f Important residues for MscS function. L105
and L109 form a pore of MscS. g The gating threshold increases on asparagine substitution at the
residues indicated by S1 (A34, I37, A85, L86), S4 (I48, A51, L55) and S2 (F68). Conversely, the
threshold decreases on mutation at I39, V40 and V43 (S3). (Reproduced fromYoshimura et al. 2010
with copyright permission, Royal Society Publishing)
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sliding between neighboring TM1 helices occurs (Fig. 6.1d). Further, expansion in
the transmembrane domain dissociates the CP helices that probably causes associa-
tion between TM2 and CP. Previous studies critically indicate that MscL opens by
directly sensing changes in membrane tension, since MscL keeps mechanosensing
ability in its purified and reconstituted form in liposomes (Sukharev et al. 1993;
Häse et al. 1995). Notably, it is revealed that the identified 21 residues in M1 and
M2 domains contribute to interaction with membrane lipid (Yoshimura et al. 2004),
and that this lipid-protein interaction plays a central role in sensing membrane lipid
tension directly. Especially, mapping by asparagine scanning mutagenesis in the
lipid-protein interface region indicates that high-impact residues (Leu-36, Ile-40 and
Ile-41 in M1 domain and Phe-78, Ile-79, Phe83 and Ile-87 in M2 domain) form clus-
ters in the lipid-protein interface probably receiving the membrane tension (stretch)
from membrane lipid through hydrophobic interaction. Further, roles of the periplas-
mic loop are not fully understood although a number of loss-of-function mutations
are detected in this region (Li et al. 2004; Yoshimura et al. 2004). Proteolysis of the
periplasmic loop in MscL markedly increases its sensitivity to membrane tension by
decreasing the gating threshold, suggesting that periplasmic loop might be involved
in holding MscL in the closed state (Ajouz et al. 2000; Yoshimura et al. 2004). Thus,
the gating of MscL is regulated in a balance between the expansible force of MscL
by membrane tension and the strength of intramolecular interaction for holding the
closed conformation.

6.2.3 MscS (Mechanosensitive Channel with Small Conductance)

MscS is also a major component for adaptation of bacteria to hypotonic stress in
addition to MscL (Blount et al. 1999; Levina et al. 1999). MscS is gated by both
membrane tension and voltage (Martinac et al. 1987). Bass et al. have revealed that
the MscS with 1 nS conductance is composed of homo-heptameric complex with
three transmembrane helices in a subunit and a large cytoplasmic C-terminal domain
by presenting crystallographic analysis of the 3D MscS structure (Bass et al. 2002)
(Fig. 6.1e). The transmembrane domains TM1 and TM2 are thought to constitute to
sensing membrane tension and voltage (Bass et al. 2002), whereas TM3, a pore lining
helix, has a distinctive kink at G113, which divides TM3 into amino-terminal helix
TM3a and carboxy-terminal helix TM3b (Fig. 6.1f). TM3a helices fit each other to
form a tightly closed gate by inserting knobs of alanine residues into holes of glycine
residues as a highly conserved region in the membrane domain (Edwards et al. 2005).
The cytoplasmic domain forms a large cage. TM3b covers the upper surface of the cy-
toplasmic cage (Fig. 6.1e). A study by using electron paramagnetic resonance (EPR)
spectroscopy indicates that one side of TM1 is exposed to membrane lipid and an-
other side faces to other domain of the channel protein (Vasquez et al. 2008), and that
TM2 is mostly buried in the protein. The gating threshold is increased by substituting
four hydrophobic residues (A34, I37, A85, L86) in the periplasmic ends of TM1 and
TM2 with asparagine (Fig. 6.1g; S1). Loss of hydrophobic contact between TM1
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and TM2 at these ends possibly interrupts transmission of membrane tension to the
channel. The mutants (I48, A51, L55) on one side of TM1 close to the cytoplasmic
end also have decreased sensitivity to mechanotransduction (Fig. 6.1g; S4), leading
a distorted TM1 conformation. Hydrophobic residues at border between membrane
lipid and channel protein maintain the tension-sensitive conformation. Phe-68 is con-
sidered to play a crucial role in transmitting membrane tension to the gate through
hydrophobic contact between TM2 and TM3a (Fig. 6.1g; S2), as Phe-68 points to-
wards TM3 (Belyy et al. 2010). Conversely, three mutants (I39N, V40N and I43N)
on the TM1 facing to lipid decrease the threshold (Fig. 6.1g; S3) (Nomura et al.
2006). Interestingly, introduction of asparagine into the most hydrophobic residues
in the middle of transmembrane domains does not interrupt the mechanosensitivity.
In contrast, mutations that increase the gating threshold are only at the ends of trans-
membrane domains. These observations suggest that residues close to the surface
of the lipid bilayer are essential parts for MscS function. In previous studies, it is
considered that membrane proteins are subject to a negative lateral pressure from
the lipid just beneath the surface of the membrane. Therefore, proper intramolecular
interactions at the level of water-lipid interface are important for the MscS function.
MscS shares the same characteristics as MscL in which the interaction with lipid
near the polar-apolar boundary is essential to the function.

During transition from the closed to the open state, MscS drastically changes its
conformation (Miller et al. 2003, Edwards et al. 2004). TM3 is considered to be
involved in the channel opening by slight iris-like rotations and tilting by expansile
force (Edwards et al. 2005) likely to MscL. Further, MscS is inhibited by submil-
limolar concentrations of gadolinium (Gd3+) likely to other MS channels (Hamill
et al. 2001). Notably, Gd3+ is thought to affect mechanical properties of lipid bilayer
surrounding the MS channels, due to its high affinity to negatively charged lipid head
groups (Ermakov et al. 1998), rather than directly acting on the MS channels. Nu-
merous compounds are discovered to activate MS channels by modifying membrane
curvature after asymmetrical insertion into the membrane, thereby changing the pres-
sure profile in lipid bilayer (Kung 2005). Among the compounds, chlorpromazine
(CPZ) and trinitrophenol (TNP) can activate the MS channel in the absence of pres-
sure (Martinac et al. 1990). Lysolipids as conical lipids also modify membrane shape
and affect MS channel gating by causing hydrophobic mismatches and/or curvature
at the critical protein–lipid interphase (Martinac et al. 1990). Recently, parabens
(p-hydroxybenzoic acid) has been found to activate MscS and MscL of E. coli by
directly binding the gate of these channels without membrane stretch (Nguyen et al.
2005). The discovery of these compounds is expected to characterize the gating of
MS channels.

As described above, MscS and MscL are channels to sense the membrane tension
directly and be activated by conformational changes. The subunits of these channels
tilt depending upon expancile forces of membrane through hypotonic cell swelling
by iris-like rotation, resulting in opening of the MS channels. When bacteria adapts
to the changes in extracellular osmolality for survival, they need to sense magnitudes
of the changes in extracellular osmolality to release the proper amount of cytosolic
components through MS channels. A physiological role of MscS and MscL channels
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Fig. 6.2 Models for mechanosensitive ion channels gating

is to convert the expansile force caused by changes in osmotic pressure into survival
ability to release cytoplasmic components leading to reduction of cytoplamic osmotic
pressure for adaptation of cytoplasmic osmolality to extracellular hypotonic one.

6.3 MSCs in Eukaryotes

We can sense physical contact, gravity, sound waves, muscle stretch, fluid flow, and
blood pressure via conversion of these stimuli interacting with specific sensory cells
into electrical signals through MS channels. At the present, several types of MS chan-
nels in eukaryotes are recognized as candidates for transmission of mechanical force.
MS channels can be gated directly with membrane tension coming from lipid bilayers
themselves or from tethered extracellular matrixes and/or cytoskeletons (Fig. 6.2).
An alternative indirect model involves another primary mechanosensor(s), such as
a membrane receptor and associated second messenger(s) (Fig. 6.2). In recent stud-
ies, most focused MS channels in eukaryotes belong to transient receptor potential
(TRP) ion channel superfamily, nonselective cation channels to permeate Ca2+. The
mechanotransduction for sensing mechanical forces through MS channels are mostly
mediated to regulate cytosolic Ca2+ concentration that in turn activates downstream
signal molecules to respond to the mechanical forces. Noteworthy, eukaryotic cells
have extensive cytoskelton near the lipid bilayer and contact to extracellular matrix
through focal adhesion. The cytoskeletons and/or extracellular matrixes as tethers
enable to sense the magnitude, direction and duration of mechanical forces and to
transmit the elements of mechanical forces to various intracellular signal molecules
for achievement of complicated and precise responses to diverse stimuli. In this sec-
tion, we summarize the mechanical gating of the MS channels in eukaryotes and
discuss physiological importance of these channels.
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6.3.1 TRP Channels as MSCs

Transient receptor potential (TRP) ion channel superfamily is known to contribute
to sensing and transduction of various external and internal stimuli including pain,
temperature, pH, mechanical force, osmotic pressure, and chemical stimuli. Most of
TRP channels are Ca2+ permeable, non-selective cation channels. They are composed
of four homomeric or heteromeric TRP subunits. TRP channels in mammals are di-
vided into several groups (TRPA, TRPC, TRPN, TRPV, TRPM, TRPP and TRPML)
on basis of similarity of their amino-acid sequences. TRP channels are considered
to have a common topological structure with six transmembrane domains and intra-
cellular amino- and carboxyl-termini. Numerous evidences have recently revealed
that members of TRP ion channel superfamily are potential candidates for cellular
mechanosensing and mechanotransduction.

6.3.1.1 TRPV Channels

Transient receptor potential vanilloid (TRPV) channels (TRPV1–6 have been iden-
tified) are widely expressed in both sensory and nonsensory cells, and are activated
by various chemical and physical stimuli. TRPV4 displays significantly a stronger
homology with TRPV1-TRPV3 than with TRPV5 or TRPV6. TRPV4 (OTRPC4,
VRL-2, VR-OAC, and TRP12) was first described as a channel activated by
hypotonicity-induced cell swelling (Liedtke et al. 2000; Nilius et al. 2001). Ge-
netic analysis in Caenorhabditis elegans has revealed that OSM-9 and OCR-2
are essential for both osmosensory and mechanosensory (nose-touch) behaviors
(Colbert et al. 1997; Tobin et al. 2002; Sokolchik et al. 2005). In particular, the
rescue of OSM-9 and PCR-2 functions with mammalian TRPV4 and TRPV2 re-
spectively has indicated that these two channel proteins are a central component
of the sensor channel in C. elegans. It is now recognized that TRPV2 (Muraki
et al. 2003) and TRPV4 (Strotmann et al. 2000) are sensitive to hypotonic cell
swelling, shear stress/fluid flow (TRPV4), and membrane stretch (TRPV2). In the
study of osmotic metabolism in TRPV4−/− mice, TRPV4 in the brain may trans-
mit a negative signal to AVP secretion similar to an inhibitory pass through the
baroregulatory system (Mizuno et al. 2003). Therefore, TRPV4 may be the hypotha-
lamic osmoreceptor, or a component of the osmoreceptor, which controls water
balance by releasing vasopressin from the posterior pituitary (Liedtke et al. 2003;
Mizuno et al. 2003; Suzuki et al. 2003). Further, functional characterization of the
TRPV4 has progressed owing to discovery of synthetic 4alpha-phorbol as a direct
channel activator. The mechanism to activate TRPV4 channel by cell swelling is
not due to a direct sensing to mechanical stimuli, whereas it may be activated indi-
rectly through arachidonic acid metabolic pathways. Cell swelling has been shown
to activate phospholipase A2 (PLA2), producing arachidonic acid and cytochrome
P450 metabolite, 5′, 6′-epoxyeicosatrienoic acid (5′6′-EET) that would be signals to
activate TRPV4 (Basavappa et al. 1998, Thoroed et al. 1997). Moreover, abolishment
of the arachidonic acid and 5′6′-EET production by preventing PLA2 and cytochrome
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P450 epoxygenase respectively strongly inhibited the hypotonicity-induced TRPV4
Ca2+ influx and TRPV4 channel current (Vriens et al. 2004). Accordingly, hypotonic
activation of TRPV4 channel would be mediated via indirect pathways.

6.3.1.2 TRPM Channels

The melastatin-related transient receptor potential (TRPM) subfamily is named based
on the first discovered member, melastatin (TRPM1), which has identified in the
study of melanomas. Some members of TRPM channels have been shown to relate
to human tumors. Expression of TRPM8 increases in prostate carcinomas (Tsavaler
et al. 2001), TRPM5 may be found in Wilms’ tumours and rhabdomyosarcomas
(Prawitt et al. 2000), and reduction of TRPM1 expression is linked to more-malignant
melanomas (Duncan et al. 1998; Deeds et al. 2000). It is proposed that TRPM chan-
nels play a role in tumourigenesis, proliferation and differentiation, while members
of TRPM channels, TRPM3, TRPM4 and TRPM7, are activated with mechanical
stimuli such as hypotonic cell swelling and membrane stretch. TRPM7 is initially
characterized as a Ca2+-permeable, non-selective cation channel. Oancea et al. have
previously indicated that shear stress activates TRPM7 channel by increasing exo-
cytotic incorporation of TRPM7 into plasma membrane in vascular smooth muscle
cells and recombinant TRPM7-overexpressing HEK293T cells (Oancea et al. 2006).
On the other hand, Numata et al. have demonstrated that endogenously expressed
TRPM7-like channel in HeLa cells is directly activated by membrane expansion
induced by membrane stretch or osmotic cell swelling (Numata et al. 2007a). Fur-
ther, Numata et al. have revealed that membrane stretch directly activates TRPM7
by increasing open probability of heterologous TRPM7 expressed in HEK 293 cells
(Numata et al. 2007b). Consequently, it is considered that mechanical forces activate
TRPM 7 channel by increasing both number and open probability of the channel in
a cell type- and tissue-dependent manner. On the other hands, TRPM4-like channels
can be activated by membrane stretch, possibly through ryanodine receptor (RyR)
activation in rat cerebral artery myocytes and TRPM4B-overexpressing HEK cells.
Activation of TRPM4 channel in response to membrane stretch is mostly abolished
by a putative RyR antagonist in cell-attached mode patch clamp, whereas inhibitors
for PLC-dependent cascade failed to suppress the effect of membrane stretch on
TRPM4 channels (Morita et al. 2007). TRPM3 is also characterized as a cation
channel activated by extracellular hypotonic stress (Harteneck et al. 2007). Although
the mechanism of TRPM3 activation by hypotonic stress is at the present unclear,
sphingosine is a possible candidate to activate TRPM3 channel. It is well known that
hypotonic stress and cell swelling activate receptors for growth factors and coupled
to G proteins (Franco et al. 2004; Niisato et al. 2000; Sadoshima et al. 1996; Taruno
et al. 2007). Production of sphingosine is dependent upon activity of enzymes such
as sphingomyelinase and ceramidase following activation by growth factors (Coro-
neos et al. 1995; Jacobs et al. 1993). Therefore, cell swelling and hypotonic stress
might activate TRPM3 by up-regulating the sphingomyelinase/ceramidase pathway
through activation of receptor tyrosine kinase for growth factors (Kraft et al. 2005).
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As describe above, TRPM7 channel increases its activity by sensing membrane
tension, meanwhile TRPM3 and TRPM4 is might be indirectly activated through
sphongosine- and ryanosine-dependent pathway respectively. However, even in
TRPM7, exocytotic insertion of TRPM7 channel to the plasma membrane induced
by hypotonic stress might be regulated by intracellular signal molecules. Therefore,
it is supposed that TRPM channel is likely to be indirectly regulated by hypotonic
cell swelling and membrane stretch through intracellular signal cascades.

6.3.1.3 TRPC Channels

The subfamily of TRP channels; canonical TRP channels (TRPC) have seven mem-
bers. TRPC1 and TRPC6 are non-selective Ca2+ permeable channels that have been
recently claimed to be stretch-activated cation channels (SACs) (Maroto et al. 2005;
Spassova et al. 2006). Further, these channels are related to inherited and acquired
pathologies including familial focal segmental glomerulosclerosis, Duchenne mus-
cular dystrophy (DMD), and cardiac hypertrophy (Pagnamenta et al. 2011; Ward
et al. 2008; Winn et al. 2005). TRPC1 is widely expressed, and is a non-selective
“store-operated ion channel” (SOC) involved in Ca2+ entry following Ca2+ depletion
of the endoplasmic reticulum (ER). Maroto et al. have indicated that TRPC1 is a com-
ponent of vertebrate mechanosensitive cation channels that are gated by tension in
reconstituted lipid bilayers (Maroto et al. 2005). TRPC6 is another Ca2+-permeable
non-selective cation channel, and is activated in response to PIP2 receptors, thus
called a “receptor-operated channel” (ROC). When TRPC6 is coexpressed with
angiotension II type 1 receptor (AT1R), TRPC6 would gain ability of mechano-
sensitivity without any ligands in vascular smooth muscle cells (Mederos et al. 2008).
TRPC6 activation by stretch or swelling is blocked by PLC inhibition or by GDPβs
that suppresses G protein activation (Mederos et al. 2008; Park et al. 2003). Conse-
quently, membrane stretch causes an agonist-independent conformational change of
AT1R thereby activating the downstream Gq11/PLC/DAG/TRPC6 signaling cascade.
As mentioned above, activation of TRPC6 is mediated through an indirect pathway
and a G protein-coupled receptor (GPCR) might be a sensor of membrane tension.

6.3.1.4 TRPP Channels

TRPP subunits are abundantly expressed in the kidney and the cardiovascular system
(Bichet et al. 2006). TRPP1 (PKD1, PC1) is a large transmembrane glycoprotein
with an extended N-terminal extracellular domain, 11 transmembrane domains and
a short intracellular C-terminal domain (Bichet et al. 2006). TRPP channel sub-
family has four members including TRPP1 and TRPP2 (PKD2, PC2) (Giamarchi
et al. 2006). Surfaces of the primary cilium in renal epithelial and endothelial cells
express the TRPP1/TRPP2 complex. Shear stress causes an increase in intracellu-
lar Ca2+ concentration in primary cilia and this response disappears in cells lacking
TRPP1 or TRPP2 (Nauli et al. 2003, 2008; Praetorius et al. 2003). Sharif-Naeini et al.



6 Sensing Mechanism of Stretch Activated Ion Channels 199

have indicated that TRPP2 alone inhibits stretch-activated ion channels (SACs)
(Sharif et al. 2009). This inhibitory effect is reversed by coexpression with TRPP1.
On the other hand, the actin cytoskeleton is indeed implicated in SAC inhibition
by TRPP2, as this effect is abolished by F-actin disruption (Sharif et al. 2009).
Further, filamin A (FLNa) is a novel cytoskeletal element interacting with TRPP2
(Stossel et al. 2001). FLNa stiffens cell cortexes by virtue of its ability to crosslink
adjacent actin filaments and increases actin polymerization/gelation rates in vitro
(Stossel et al. 2001). Activity of nonselective SACs is reduced in the presence of
FLNa, and the inhibitory effect of TRPP2 on SACs is abolished when FLNa is absent.
Thus, it is now recognized that the TRPP1/TRPP2 ratio controls SAC mechanosensi-
tivity through coupling of FLNa to the actin cytoskeleton, and affects the conversion
of intraluminal pressure to local bilayer tension for modulating the arterial myo-
genic response to intraluminal pressure (Giamarchi et al. 2006; McGrath et al. 2003;
Nauli et al. 2003; Sharif et al. 2009).

6.4 Degenerin/Epithelial Na+ Channel (DEG/ENaC)
Superfamily

C. elegans degenerins were named due to phenotypes of some touch-defective
mutants that cause neuronal degeneration. Degenerin/epithelial Na+ channel
(DEG/ENaC) family is generally characterized as being selective for Na+ and
blocked by amiloride. DEG/ENaC subunits have two transmembrane domains with
intracellular amino- and carboxyl- termini and a large extracellular loop. Chan-
nels of DEG/ ENaC family are multimeric (both homomeric and heteromeric) and
appear to be gated by diverse stimuli including hormones (Marunaka et al. 1991;
Rossier 2002), mechanical force, low extracellular pH (Krishtal et al. 1981). Genes
required for mechano (touch) sensitivity are first identified in C. elegans by screening
mutants defective in response to gentle touch. Screened genes are named mec for
mechanosensory abnormal and expressed in touch receptor neurons. Four mec genes
are coded proteins involved in mechanosensory channel complex. Electrophysiolog-
ical studies in live animals have revealed that touching the animal actually increases
amiloride-sensitive Na+ inward current that probably transduces the mechanical
stress into electrical signals through mechanosensitive channels such as degenerins.
However, it is still unclear how gentle touch activates the mechnosensory channel in
C. elegans.

6.4.1 ASIC: Acid-Sensing Ion Channel

In 1981, Krishtal and Pidoplichko have provided the first evidence to indicate a
receptor for H+ that carries inward Na+ currents, that is ASIC (acid-sensing ion
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channel), in mammalian sensory neurons (Krishtal et al. 1981). Currently, ASIC
proteins have 4 members (ASIC1, ASIC2, ASIC3, and ASIC4) and closely related to
ENaC. ASIC can form homomultimeric and heteromultimeric channels. The struc-
ture of ASIC in the chicken has been revealed by X-ray crystallography, and the
crystallized ASIC is composed of a homotrimer (Jasti et al. 2007). Although ASIC
is also sensitive to amiloride, they need higher doses than ENaC (10- to 100-fold)
to be blocked. A decrease in extracellular pH opens most of ASICs. ASIC has also
been proposed as a mechanosensor. ASICs among the DEG/ENaC superfamily are
identified in neuronal and neuroepithelial tissues, where they may be involved in acid
taste, acid sensation, learning, and mechanosensation. Further, recent evidences sug-
gest that ASICs are also expressed in vascular smooth muscle cells and involved in
cardiovascular homeostasis through actions as mechanoreceptors in arterial barore-
ceptor neurons and vascular smooth muscle cells. For example, ASIC/ENaC blocker
(amiloride) suppresses responses in baroreceptor neurons to mechanical stimula-
tion (Drummond et al. 1998). In addition, mechanosensory dorsal root ganglion
cells are found to express ASIC subunits (Garcia-Anoveros et al. 2001). Investi-
gations in ASIC knock-out mice have revealed that these channels may indeed be
required for touch sensitivity (Price et al. 2000, 2001). Furthermore, ASIC3 ex-
pression in transgenic mice leads to an increased sensitivity to mechanical stimuli
(Mogil et al. 2005). On the contrary, more recent reports have failed to demon-
strate a significant role of ASICs in mechano-sensory function (Drew et al. 2004;
Roza et al. 2004). Therefore, involvements of ASICs in mechanotransduction remain
controversial.

6.4.2 ENaC: Epithelial Na+ Channel

ENaC plays a key role in maintenance of Na+ balance and regulation of blood
pressure. Generally, entry of Na+ through ENaC in the apical membrane is the
rate limiting step for transcellular Na+ absorption in epithelium. ENaC belong to
the DEG/ ENaC superfamily (Kellenberger et al. 2002; Mano et al. 1999) and is
characterized to be sensitive to amiloride and its derivatives. Three homologous
ENaC subunits (α, β and γ ), which has two transmembrane domains (Canessa et al.
1994) with intracellular amino- and carboxyl- termini and a large extracellular loop,
assemble to form a highly Na+ selective channel. Firsov et al. (Firsov et al. 1998)
have indicated that ENaC stoichiometry (four subunits) is two α, one β and one
γ and that the channel pore consists of two α subunits (Berdiev et al. 1998). The
conformational analysis of ENaC by mutagenesis reveals that the region of G/SXS;
G587–S589 in α-ENaC forms the narrowest part of the pore, which determines ionic
selectivity and unitary conductance (Kellenberger et al. 1999a, b, 2001). The binding
site of amiloride, a pore blocker, is located at four residues upstream of the selectivity
filter, as identified by mutations of residues, αS583 and homologous βG525/γ G537
that obstruct amiloride binding (Schild et al. 1997).
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It is well known that activity of ENaC is generally regulated by various factors
such as hormones (Marunaka et al. 1991; Rossier 2002), kinases (Diakov et al. 2004;
Nilius et al. 2001), intrinsic Na+-dependent mechanisms (Garty et al. 1997;
Turnheim 1991) and proteases (Caldwell et al. 2003; Knight et al. 2006; Rossier 2004;
Vallet et al. 1997). So far, evidences implicating responses of ENaC to mechanical
force including osmotic stress (Awayda et al. 1998; Ji et al. 1998; Taruno et al. 2007),
hydrostatic pressure (Awayda et al. 1995; Palmer et al. 1996), and laminar shear stress
(Carattino et al. 2004; Satlin et al. 2001) have been provided. When alpha-bENaC
(bovine ENaC) alone is inserted into artificial planar lipid bilayers without β- and
γ -subunits, the reconstituted ion channel with a single-channel conductance of 40 pS
exhibits characteristics very similar to those of stretch-activated nonselective cation
channel observed in several types of tissues (Awayda et al. 1995) and is activated
due to increasing open probability by exposure to a hydrostatic pressure gradient.
Kizer et al. have also indicated (Kizer et al. 1997) that stretch-activated, nonse-
lective cation channels were observed in α-ENaC alone expressed in LM (mouse
fibroblast cell line) cell, that the channels are activated by negative pressure applied
to the cell attached patches, cell swelling, or patch excision. However, it is still
controversial, because some studies have failed to indicate mechanosensitivity of
ENaC (Awayda et al. 1998). Possibilities of ENaC to have mechanosensitivity are
explained by reasons why some kinds of epithelia expressing ENaC are constantly
exposed to mechanical forces; that is airway epithelia by air flow during breathings
(Sidhaye et al. 2008; Tarran et al. 2005) and the cortical collecting duct epithelium
by the tubular flows (Liu et al. 2003; Satlin et al. 2001). Shear stress such as air
and fluid flows is one of possible mechanical stresses for ENaC physiologically rel-
evant to ENaC functions in various cells. Althaus et al. have clearly indicated that
laminar shear stress (LSS) significantly increases open probabilities (Po) of rENaC
(rat ENaC) and xENaC (Xenopus ENaC) after LSS exposure by using single-channel
recordings. Increased Po is associated with either a significant increase of mean open
time or a decrease of mean closed time. There is no significant increase in the number
of active ENaCs in exposure to LSS. On the other hand, shear force also activates
hENaC (human ENaC) cloned from human lung tissue that is expressed in Xenopus
oocytes. In outside-out single channel recording experiments, it is proved that ENaC
is directly activated by shear force with increases in NPo (number of channels ×
Po) (Froniusa et al. 2010). This observation suggests that hENaC has a crucial role
in regulation of pulmonary Na+ absorption and pulmonary fluid homeostasis by di-
rectly sensing shear force. Further, ENaC subunits are revealed to be expressed in
vascular tissues (Drummond et al. 2001, 2004; Jernigan et al. 2005) and sensory
nerve endings (Drummond et al. 2000). ENaC expressed in vascular tissues might
contribute to mechano-sensory systems that are involved in control of blood pressure
(Drummond et al. 2001, 2004). These studies strongly support the possibilities that
ENaC responds to some kinds of mechanical forces and plays a crucial role as a
mechanosensor.
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6.5 MS Channels in Renal Tubules

6.5.1 Sensing Renal Fluid Flow

It has previously reported (Engbretson et al. 1987; Malnic et al. 1989; Satlin 1994,
2001; Stokes 1993) that elevation in tubular fluid flow rate upregulates net Na+ re-
absorption in the mammalian cortical collecting duct (CCD). On the other hand, we
and others have indicated that ENaC and/or non-selective stretch-activated cation
(SAC) channel as a Na+ permeable ion channel exist in CCD and contribute to Na+
reabsorption (Butterworth 2010; Marunaka et al. 1994, 1997; Niisato et al. 2001).
Therefore, it is expected that at least either of ENaC or SAC channel in CCD should
be activated in response to shear stress caused by tubular fluid flow. A flow-induced
increase in net Na+ absorption in CCD or INa in oocytes expressing ENaC is supposed
to be caused by increasing the number of apical channels and/or channel open prob-
ability. LSS does not enhance mutant ENaC channels (αβS518Kγ or αS580Cβγ )
that have a high intrinsic open probability, suggesting that LSS activates ENaC by
increasing channel open probability (Carattino et al. 2004). A previous study has
indicated that LSS alters the channel gating, especially the open probability, with-
out affecting other parameters including amiloride binding kinetics, single-channel
conductance, or ion selectivity (Carattino et al. 2005). Nevertheless, it is postulated
mechanosensors might be located at the extracellular region of the channel. Namely,
mechanosensors might either be parts of, or associated with, the large extracellular
loops of ENaC molecules which must be coupled to the gating of the channel. This
hypothesis, the large extracellular loop is a mechanosensor, is further supported by
a recent study indicating that ENaC activation by LSS (fluid flow) is independent
of membrane trafficking (Morimoto et al. 2006). However, additional experimental
data are necessary to identify mechanosensors and to clarify this issue.

6.5.2 NSC Channel in Xenopus Laevis A6 Cells

In a model of CCD cell (A6 cells) to study ENaC-mediated Na+ reabsorption, our
and other laboratories have shown that A6 cells have stretch activated non-selective
cation (NSC) channels that are activated by negative pressure applied to patch pipettes
(Marunaka et al. 1994, 1997; Nakahari et al. 1996; Niisato et al. 2001; Urbach
et al. 1999; Yu et al. 1997). In our previous reports, NSC channels have 28–29 pS
conductance and Na+/K+ permeability. Although most of SACs can permeate Ca2+
in addition to Na+ and K+, 28 pS NSC channel in A6 cells hardly permeate Ca2+
(Nakahari et al. 1996; Marunaka et al. 1997). The NSC channel is also activated
by compounds to increase cytosolic cAMP concentration. After the NSC channel is
once fully activated by cAMP, negative pressure can no longer activate it and vice
versa (Fig. 6.3). At the present, it is considered that cAMP and negative pressure
is involved in a common mechanism for activation of NSC channels. By using
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Fig. 6.3 Single channel recording of NSC channel stimulated with IBMX and stretch in the
presence or absence of H89 and cytochalasin D. a Effects of negative pressure (stretch) on open
probability (Po) of NSC channels obtained from cell-attached patches formed on the apical mem-
brane at no applied potential (the resting membrane potential) in IBMX-untreated and -treated cells.
Representative traces of single channel currents with and without negative pressure of 60 cm H2O
(stretch) in IBMX -untreated and -treated cells. b Effects of H89 (a PKA inhibitor) and cytochalasin
D (CD) on Po of NSC channels obtained in cell-attached patches of A6 cells treated with IBMX or
subjected to negative pressure as stretch. (Modified from Marunaka et al. 1997)

open and closed time-interval histograms obtained from cell-attached patches, single
channel kinetics in the NSC channel in the presence and absence of 3-isobutyl-1-
methylxanthine (IBMX, an inhibitor of phosphodiesterase used to increase cytosolic
cAMP) and negative pressure is analyzed. The open time-interval histogram obtained
from an NSC channel is fitted by one exponential function. In contrast, the closed
time-interval histogram is fitted by two exponential functions. The mean values of
open or closed times do not change significantly with application of IBMX, although
IBMX increases the open probability (Po) as NSC channel activity. To clarify how
IBMX could increase the Po without any detectable changes in open and closed
times, the frequency of events staying at each state is compared. IBMX increased
the frequency of the short closed events and decreased the frequency of the long
closed events leading to an increase in Po of the channel. In A6 cells, the NSC
channel has one open and two closed states, and a linear gating kinetic model “CL

↔ CS ↔ O” (the long closed state, CL; the short closed state, CS,the open state,
O) is the most suitable one to explain observed channel behaviors. According to the
Model “CL ↔ CS ↔ O” only the leaving rate of the channel for CL from CS is
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Fig. 6.4 Statistical results of
the effects of H89 and
cytochalasin D (CD) on Po of
basal, IBMX-, and
stretch-activated channels.
(Modified from Marunaka
et al. 1997)

decreased by application of IBMX or stretch, resulting in an increase in the Po of the
channel.

On the other hand, the actin cytoskeleton is known to contribute to sensing me-
chanical force and regulation of MSCs activities (Prat et al. 1993a, b). In NSC
channels of A6 cells, treatment with cytochalasin D, which depolymerizes actin fila-
ments, decreases the Po of the IBMX- or stretch-activated channel to the basal level
(Figs. 6.3 and 6.4). H89 (a PKA inhibitor) also markedly decreased the Po of the
NSC channel and abolished the response of the NSC channel to IBMX or stretch
(Figs. 6.3 and 6.4). On the other hand, a PKA catalytic subunit significantly increases
Po, which is abolished by cytochalasin D (Fig. 6.5). The observations indicate that
both activation of PKA and existence of polymerized actin filaments are essential
for activation of NSC channels in A6 cells by IBMX and stretch.

In excised inside-out patches, catalytic subunits of PKA significantly increased
Po of NSC channels and single channel kinetics are changes to “C ↔ O” (one closed
state and one open state). It is supposed that PKA may influence only the communi-
cation between the short and long closed states without affecting the communication
between CS and O. There are two possibilities to explain this phenomenon: (i) the
long closed state really disappeared (in other words, the channel does not have
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Fig. 6.5 Effects of PKA
catalytic subunit and
cytochalasin D (CD) on Po of
NSC channels obtained from
excised inside-out patches
formed on the apical
membrane at a membrane
potential of −40 mV in the
presence of 2 mM ATP.
a Representative traces of
single-channel currents
before treatment (Control),
10 min after application of
PKA (10 μg/mL) (PKA), and
10 min after PKA application
with CD pretreatment (5 μM,
10 min) (PKA + CD) to the
cytosolic surface of the patch
membrane. The closed level
is marked by a horizontal bar
and “C.” b Statistical results
of effects of PKA catalytic
subunit and CD on the Po.
(Modified from Niisato et al.
2001)

access to the long closed state and has only one closed state), or (ii) the mean time
of the channel staying at the long closed state becomes identical to that of the short
closed state (in other words, based upon only the mean times the long closed state
cannot be distinguished from the short closed state, hence giving an impression that
the channel has only one closed state). Consequently, application of PKA catalytic
subunit affects the transition rate of the channel from the short closed state to the
long closed state, and that PKA action on this rate is abolished by treatment with
cytochalasin D. Communication of the channel between the short and long closed
states is affected by PKA-induced phosphorylation of polymerized actin filaments.
These observations and our previous study (Marunaka et al. 1997) indicate that phos-
phorylation of polymerized actin filaments mimics the action of stretch, suggesting
that phosphorylation might produce some stretch-like mechanical phenomenon.

It is generally considered that mechanical force initiates signal transduction via
stretch-activated ion channels in the cell membrane (Gillespie et al. 2001). How-
ever, cellular mechanotransduction may involve numerous molecular mechanisms
other than ion channels, such as force initiated signal transduction via changes in
cytoskeletal-ECM linkages (Sawada et al. 2002; Tamada et al. 2004). In this study,
negative pressure as mechanical force might be converted to chemical signals activat-
ing PKA. As reported in studies on mechanosensitivity of TRPC6 channel (Mederos
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et al. 2008; Park et al. 2003), membrane tension possibly activates G protein-coupled
receptor (GPCR) associated with adenylate cyclase without ligand, and the increased
cAMP by membrane tension activates PKA in A6 cells. Therefore, a sensor of mem-
brane tension in A6 cells might be GPCR but not NSC channel. However, it is still
unclear that a role of the polymerized actin filament especially in excised inside-out
patches. One possibility is that existence of actin filaments nearby cell membrane
is essentially required but not transmit the mechanical force through cytoskelton
network to the channels. It is seemed that gating of NSC channels is “indirect
gating” rather than “tether model” shown in Fig. 6.2, although further studies are
needed.

6.6 Conclusion and Perspectives

Physical force including osmotic pressure, hydrostatic pressure, gravity, shear stress
and expansile force (membrane tension) is a crucial signal to control cellular functions
such as proliferation, differentiation, development and cell death. In prokaryotic cell
as monad, physical stress such as osmotic pressure directly connects to life and death.
In bacteria cells, MS channels simply and directly sense the magnitude of membrane
tension as the osmotic pressure activating MS channels if the membrane tension
is larger than its gating threshold. MscL and MscS in lipid bilayers are physically
expanded by membrane tension, which in turn causes conformational changes for
gating. Recent progress of crystallographic analysis and computing modeling have
revealed gating mechanisms of MscL and MscS; tiling of transmembrane domains
in lipid bilayer by iris-like rotations that enlarges the channel pore size through
transition from the closed state to the open state. The gating of MscL and MscS
seems to be simple, because bacteria cells only need to recognize the magnitude
of membrane tension as osmotic pressure that determines the amount of releasing
cytosolic components. In contrast, eukaryotic cells, more complex mechanisms are
involved in sensing mechanical force. Mechanical force contains some kinds of el-
ements; magnitude, direction, cycle, duration. To precisely sense mechanical force
including elements, MS channels recognize the mechanical force not only through
membrane tension itself but also through cytoskeltal networks, adhesion between
cell and extracellular matrix and mechanosensitive membrane proteins associated
with MS channels (Fig. 6.2). Basically, channel gating is tightly related to the con-
formation of the channel in the plasma membrane. On the other hand, cytoskeletons
backup the plasma membrane by connecting to proteins in the plasma membrane.
This means that modification of cytoskeletons is an alternative way to affect MS
channels in the plasma membrane. Thus, indirect transmission of mechanical force
via cytoskeletons might enable more fine control of activity of MS channels. One
of the most interesting examples is a response to shear stress in endothelial cells.
They align perpendicular to the stretch for bearing less tension. This phenomenon
indicates that endothelial cell can recognize the direction of blood flow as shear
stress through stress fiber reconstitution. In eukaryotic cell, cytoskelton contributes
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to recognition of the direction of mechanical force. As an indirect gating of MS
channels, mechanosensitive proteins in the plasma membrane are also involved in
the mechanotransduction. MS channels such as TRPC6 channel and NSC channel in
A6 cells might be regulated by GPCR-dependent signal molecules and GPCR con-
verts the mechanical force to production of its second messengers without its ligand.
This means that mechanical force is a physical ligand to activate receptors located
in the plasma membrane instead of chemical ligands. Based on previous numerous
studies, the plasma membrane itself might be a special complex to sense physical
stress and lipid bilayer is a transmitter of mechanical stress to MS channels. Further
studies are necessary to reveal the complete understanding of MS channel gating.
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Chapter 7
Ion Channels in Cardiac Fibroblasts: Link
to Mechanically Gated Channels and their
Regulation

Denis V. Abramochkin, Ilya Lozinsky and Andre Kamkin

7.1 Introduction

For many years the question of cardiac functioning was boiled down mainly to
the functioning of cardiomyocytes and their interaction. However, though cardiomy-
ocytes occupy approximately 75 % of normal myocardial tissue volume, they account
for only 30–40 % of cell numbers (Vliegen et al. 1991). The majority of the remaining
non-muscular cells are fibroblasts. Other cell types, such as endothelial or vascular
smooth muscle cells, represent comparatively small populations (Adler et al. 1981).
In several regions of the heart, such as sinoatrial node, the density of fibroblasts
is particularly high. Along with the extracellular matrix (ECM) these cells occupy
more than half of the sinoatrial tissue volume (Boyett et al. 2000; Kohl et al. 2005).
Throughout the myocardium fibroblasts form the surroundings of cardiomyocytes,
so that every cardiomyocyte is closely related to a fibroblast in normal cardiac tissue
(Camelliti et al. 2005). Thus, the great importance of fibroblasts for development
of myocardial structure is beyond dispute. However, during the last two decades
the growing evidence of their contribution to the electro-mechanical function of
myocardium was reported.

It is generally accepted that cardiac fibroblasts can affect electrophysiological
properties of myocardium passively, for example by acting as obstacles to the orderly
spread of electrical excitation (Camelliti et al. 2005). For example, fibroblasts, sepa-
rating the sinoatrial node from the interatrial septum, reduce direct electrical coupling
between these regions and form unique anisotropic pattern of impulse propagation
from the sinoatrial node (Boyett et al. 2000; Oren and Clancy 2010). Moreover,
interstitial fibrosis and collagen accumulation correspond as an important source of
local anisotropy in myocardial ischaemia and hypertrophy, enhancing predisposition
to cardiac arrhythmogenesis (Spach and Boineau 1997; Wolk et al. 1999). However,

A. Kamkin (�) · I. Lozinsky · D. V. Abramochkin
Department of Fundamental and Applied Physiology, Laboratory of Electrophysiology,
Russian State Medical University, Ostrovitjanova 1, Moscow 117997, Russia
e-mail: Kamkin.A@g23.relcom.ru

A. Kamkin, I. Lozinsky (eds.), Mechanically Gated Channels and their Regulation, 215
Mechanosensitivity in Cells and Tissues 6,
DOI 10.1007/978-94-007-5073-9_7, © Springer Science+Business Media Dordrecht 2012



216 D. V. Abramochkin et al.

the possibility that fibroblasts may actively contribute to cardiac electrophysiology
has been considered only recently (Kamkin et al. 2003a, b).

Early investigations on cultured cell lines have shown that fibroblasts posess rest-
ing membrane potential (Em) between −10 mV and −40 mV (Tsuchiya et al. 1981;
Okada et al. 1984). However, the fibroblasts within the cardiac tissue are not iso-
lated at all. The subsequent studies demonstrated abundant presence of gap junction
channels between cardiomyocytes and fibroblasts (Rook et al. 1992; Kohl et al.
2005). The electrical coupling between cardiomyocytes and fibroblasts is so effec-
tive that action potential propagates between two cardiomyocytes interconnected
through a fibroblast with no apparent delay. In fibroblasts, which were co-cultured
with cardiomyocytes, the changes of membrane potential, synchronized with the
contractions of cardiomyocytes, have been detected (Goshima and Tonomura 1969;
Goshima 1970). Therefore, the electrophysiological properties of cardiac fibroblasts
should be studied to the possible extent in intact myocardium.

In 1986 these properties were determined for the first time in our lab by means of
floating glass microelectrode technique and subsequently studied in detail (Kiseleva
et al. 1987; Kamkin et al. 1988). Fibroblasts in rat atrial tissue had a mean resting
membrane potential (Em) of approximately −22 mV with a distribution range be-
tween −5 mV and −70 mV, and input resistances of ≈0.5 G� (Kiseleva et al. 1998;
Kamkin et al. 2002). The wide range of recorded Em points to the possibility that
fibroblasts are exposed to variable mechanical forces in their normal tissue environ-
ment. A step-by-step increase of applied stretch gradually hyperpolarized Em of the
fibroblasts (Kamkin et al. 1999; 2003b, c) (Fig. 7.1). On the other hand, mechanical
compression depolarized the membrane potential in the majority of fibroblasts and
elicited so-called “mechanically induced potentials” (MIPs) (Kiseleva et al. 1996).

The present review is focused on properties and function of ionic currents de-
scribed in the cardiac fibroblasts. At the present time several types of potassium
ionic channels, as well as sodium and chloride voltage-gated channels, proton chan-
nels and non-voltage gated non-selective cation TRP channels are found in cardiac
fibroblasts (Table. 7.1). As long as these cells demonstrate drastic susceptibility to
mechanical stimuli, special attention is given to the mechanosensitive currents and
mechanically gated ion channels. The reported electrophysiological findings were
obtained in isolated fibroblasts, and considering the possible physiological role of
each current one should take into account that fibroblasts, which are incorporated
into the cardiac tissue differ from freshly isolated or cultured cells.

7.2 Voltage-Gated K+ Currents

The typical potassium voltage-gated channels (KV channels) contain six transmem-
brane segments and one pore-forming region (Tamargo et al. 2004). Immediately
after depolarization KV channels move from the closed to the open state (activation),
leading to onset of related potassium current. After the activation many channels
enter into a nonconducting state (inactivation), leading to a decline in activated
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Fig. 7.1 Typical membrane potential changes of a rat atrial fibroblast and mechanically induced
potentials (MIPs) in response to mechanical stretch of the tissue. Synchronous registration of the
active force and resting force (top curve) and MIPs of the fibroblast (bottom curve). The symbol
(↑) indicates the time point of stretch application, whereas ↓ marks the release of applied stretch.
AF—active force, RF—resting force, MIP—mechanically induced potential of the fibroblast, Em—
resting potential of the fibroblast. Modified from Kiseleva et al. (1998) with permission of Elsevier

current. During the repolarization of the membrane channels recover from the
inactivated state and are once again capable of opening in response to membrane
depolarization. Two major types of inactivation are distinguished (Yellen 2002).
The fast N-type inactivation results from the blocking of the intracellular mouth of
the channel pore by a “ball and chain” mechanism when the channel opens. The
relatively slow C-type inactivation appears to involve a rearrangement of residues
in the external mouth of the channel that becomes occluded consequently.

The delayed rectifier potassium current (IK) is carried through channels formed
from four identical α-subunits (homotetramers) or combinations of different sub-
units (heterotetrameres). These subunits are KV1.1, KV1.2, KV1.3, KV1.5, and KV1.6
(Tamargo et al. 2004). It is widely recognized that IK is present in all cardiomyocytes
and crucial for the repolarisation stage of action potential. In the human cardiomy-
ocytes, IK can be separated into at least three different components, the ultrarapid
(IKur), rapid (IKr) and slow (IKs) delayed rectifier current (Roden and Balser 2002).
These currents exhibit different kinetics and pharmacological properties, are regu-
lated by different intracellular signaling pathways and are encoded by separate genes.

In cardiac fibroblasts the presence of IK is beyond any doubt. The first detailed
characterization of the time- and voltage-dependent properties of IK in freshly
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Fig. 7.2 Inactivation kinetics of the cardiac fibroblast K+ current. a An example of the outward
currents obtained at selected membrane potentials between +10 and +50 mV from a Vh of −90 mV
(gray lines) in 5 mM [K+]o. The superimposed heavy lines denote best fit of a single exponential
function. This analysis yielded inactivation time constants (τ) ranging from 2461 ms at a membrane
potential of +10 mV to 1894 ms at a membrane potential of +50 mV. b Mean values of the
time constants (τ) of activation versus membrane potentials from 0 mV to +5 0 mV in 5 mM (◦)
and 100 mM (�) [K+]o are shown. Statistically significant differences between these values of
inactivation time constants are indicated by asterisks: *P < 0.05. (From Shibukawa et al. (2005)
with permission of Elsevier)

isolated adult rat ventricular fibroblasts was provided by Shibukawa et al. (2005).
Their biophysical and pharmacological results showed that rat ventricular fibroblasts
express a slowly activating and slowly inactivating K+ current, which appears to
exhibit C-type inactivation (Fig. 7.2), which activated with a time constant (τ) of
19 ms at +50 mV and underwent steady-state inactivation with a half-maximal
voltage (V1/2), required for inactivation, of −24 mV in physiological external
solution. This current is sensitive to dendrotoxin-I (Shibukawa et al. 2005), which
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selectively blocks KV1.1, 1.2, 1.3 and 1.6 (Coetzee et al. 1999) and rTityustoxin-Kα,
KV 1.3 blocker (Rodrigues et al. 2003). Therefore authors supposed that the
fibroblast potassium current resembling the properties of IK is generated by channels
consisting of subunits from the KV1.x family.

In neonatal rat ventricular fibroblasts two types of kinetically distinct IK currents,
different from those described in adult rat fibroblasts, were found (Walsh and Zhang
2008). The first current, defined as the fast delayed rectifier (IKf ), activated with a
T of 2.4 ± 1 ms at + 50 mV. It was resistant to tetraethylammonium (TEA), but
sensitive to 4-aminopyrydine (4-AP). The second, slow inward rectifier current (IKs)
was, nevertheless much faster than IK in adult fibroblasts (T – 6 ± 1 ms at +50 mV).
Unlike IKf it was sensitive to TEA, but, in contrast to IK of adult rat fibroblasts, it
was completely insensitive to dendrotoxin. Authors propose KV1.5 as a molecular
basis for IKf and KV2.1– for IKs. It is wholesome to note that IKf was present only in
22 % and IKs – in 19 % of neonatal fibroblast, while IK was found in ∼90 % of adult
rat fibroblasts.

While speculating about possible clinical implications of cardiac fibroblast ionic
currents, we should note that to the present moment there are no electrophysiological
studies conducted on freshly isolated human cardiac fibroblasts. However, the prop-
erties of cultured cells were studied by Li et al. (2009). According to their findings, IK,
sensitive to 4-AP, is present in cultured human cardiac fibroblasts, although this cur-
rent was not characterized in detail. Authors have also demonstrated significant gene
expression of KV1.5 and KV1.6 and proposed their participation in generation of IK.

Another important voltage-gated current is Ito. This current is rapidly activated and
inactivated in response to depolarization. In cardiomyocytes Ito is usually considered
to be a sum of a voltage-dependent, calcium-independent K+ current sensitive to
4-AP and Ca2+-activated 4-AP insensitive Cl− or K+ current (Tamargo et al. 2004;
Oudit et al. 2001). However, the latter one is questionable and is not found in
fibroblasts, so we are going to discuss only the former current, which has completely
potassium nature. In cardiomyocytes Ito is responsible for early rapid repolarization
phase of action potential and therefore determines the height of the early plateau.
The KV1.4, KV4.1, KV4.2 and KV4.3 α-subunits, which can combine into homo- or
heterotetrameres represent the molecular basis of Ito (Tamargo et al. 2004).

While Ito was not found in cardiac fibroblasts of adult rats (Shibukawa et al. 2005;
Chilton et al. 2005), it is abundant in neonatal rat ventricular fibroblasts (was present
in 58 % of studied cells) (Walsh and Zhang 2008). The current activated during volt-
age steps applied to potentials positive to −40 mV (Fig. 7.3) and inactivated during
depolarizing steps to more positive potentials. The time constant of inactivation of Ito,
measured during a 100-ms voltage step to −50 mV, was 29 ± 2 ms in average, V1/2,
required for inactivation was −58 mV, whereas the V1/2for activation was −1 mV
(Walsh and Zhang 2008). The results of immunoblot analysis indicated that Ito in
these fibroblasts is generated by the channels composed of KV1.4 only, unlike the
cardiomyocytes, where KV4.x are predominant (Kaab et al. 1998). Such difference
in molecular composition may be the possible explanation of surprising complete
insensitivity of the fibroblast Ito to 4-AP.
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Fig. 7.3 Measurement of a transient outward K+ current (Ito) in neonatal rat ventricular fibroblasts.
a Currents recorded during voltage steps, given in 10-mV increments, to potentials ranging from
−30 to + 50 mV. b Peak current vs. voltage relationship for Ito (n = 20 cells). Currents were
normalized to cell membrane capacity. (From Walsh and Zhang (2008) with permission from The
American Physiological Society)

In contrast to rat fibroblasts, human cultured cardiac fibroblasts express Ito very
similar to those present in cardiomyocytes (Li et al. 2009). It is sensitive to 4-AP and
depends on KV4.3 and KV4.2 α-subunits, instead of KV1.4. The V1/2for activation
of this current was 11.2 ± 0.4 mV.

Interestingly, Ito can be regulated by PKC phosphorylation at least in fibroblasts
of newborn rats (Walsh and Zhang 2008). Activation of PKC with phorbol esters
leads to substantial decrease in Ito, indicating the potential role of this current as a
target for various agents activating the phosphoinositide signaling cascade.

7.3 Inward Rectifying K+ Currents

Inward rectifier K+ channels (Kirs), which are responsible for inward rectifier
current (IK1), potassiumATP-dependent current (IKATP) and potassium acetylcholine-
dependent current (IKACh), differ from KV channels in their structure and functions.
These channels contain two transmembrane domains connected by a pore region
and intracellular N- and C-termini (Shieh et al. 2000; Lopatin and Nichols 2001).
They can conduct K+ currents in the inward direction easier than in the outward. In
cardiomyocytes these currents play an important role in setting the resting potential
close to the potassium equilibrium potential and in repolarization.

The latter statement is especially true for IK1. At negative potentials IK1 conduc-
tance is many times larger than that of any other current, therefore it clamps the
membrane potential of cardiomyocytes close to the potassium equilibrium potential
(Lopatin and Nichols 2001; Schram et al. 2002). The K1 channels are formed by
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Fig. 7.4 Effect of Ba2+ on IK1

in human cardiac fibroblasts:
I–V relationships of
membrane currents recorded
in a representative cell with a
2-s ramp protocol (−120 to
0 mV from a holding
potential of −40 mV) in
5 mM K+

o, 20 mM K+
o, and

after application of 0.5 mM
Ba2+. (From Li et al. (2009))

Kir2.1, Kir2.2 and Kir2.3 subunits, among which the Kir2.1 is predominant (Lopatin
and Nichols 2001).

IK1 was found and characterized in adult rat ventricular fibroblasts by Chilton et al.
(2005). Approximately 70 % of studied fibroblasts expressed a measurable inwardly
rectifying current. This current is sensitive to Ba2+, which is a potent blocker of
IK1 (Wible et al. 1995), and depends greatly on changes in extracellular potassium
concentration ([K+]o). Increase in [K+]o caused shift in the reversal potential of IK1

to the less negative potentials. Authors claim the crucial role of IK1 in maintenance
of resting membrane potential in fibroblasts, which is usually close to the potassium
equilibrium potential. Such low membrane potential is required, in turn, for survival
and proliferation of fibroblasts (Chilton et al. 2005). Basing on discovered significant
expression of Kir2.1 mRNA they propose that in fibroblasts IK1 is conducted by Kir2.1
channels similarly to the cardiomyocytes.

Experiments on cultured human fibroblasts provided quite similar results to those
obtained in rat fibroblasts (Li et al. 2009). In these cells IK1 also depends on [K+]o

and can be abolished by Ba2+ (Fig. 7.4). Kir2.1 and Kir2.3 are substantially expressed
in human fibroblasts.

Novel inwardly rectifying K+ channels, which are not present in cardiomyocytes,
have been described recently by Benamer et al. (2009) in mouse ventricular fibrob-
lasts. In many ways these channels resembleATP-dependent channels, however, they
are not sensitive to intracellular ATP at all and consist of Kir6.1 α-subunits and SUR2
regulatory β-subunits, while normal ATP-dependent channels have Kir6.2 with ATP-
binding site instead of Kir6.1. Similarly to IKATP this current can be stimulated by
pinacidil and blocked by glibenclamide (Fig. 7.5). Sphingosine-1-phosphate (S1P),
a sphingolipid which is secreted by macrophages and platelets in response to cell
damage stimulates this current via the third type of S1P receptors (Benamer et al.
2011). It leads to increased cell proliferation and decreased secretion of IL-6 (pro-
hypertrophic cytokine) and collagen by fibroblasts, therefore these current might be
involved in cardioprotection and postinfarct recovery of the heart.
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Fig. 7.5 Effects of pinacidil (100 μM) and glibenclamide (10 μM) on whole-cell currents.
a Currents elicited by membrane depolarizations from −120 to +50 mV in control conditions
(left), in the presence of 100 μM pinacidil (middle), and in the presence of pinacidil + gliben-
clamide 10 μM (right). Holding potential: −50 mV. b Mean I/V relationships obtained under
control conditions, in the presence of pinacidil and in the presence of pinacidil+glibenclamide
(n = 12). (From Benamer et al. (2009) with permission of Elsevier)

7.4 Ca2+-Activated K+ Currents

The large-conductance Ca2+-activated channels (BKCa), which are formed by
α-subunit (KCa1.1) homotetramers (Vergara et al. 1998), differ from most of other
K+ channels, because their activation is allosterically switched on either by mem-
brane depolarization or by increased intracellular Ca2+. While these channels are
abundant in vascular smooth muscle cells and participate in the regulation of vascu-
lar tone (Saito et al. 2002), they are absent in cardiomyocytes’ plasmatic membrane.
However, cardiomyocytes express another type, small conductance Ca2+-activated
K+ channels (SK) (Xu et al. 2003). Along with IK, Ito and IK1, ISK was shown to play
an important role in the repolarization phase of the action potential.

Among cardiac fibroblasts of different species, the presence of BKCachannels
was demonstrated only in cultured human fibroblasts. The pioneering findings of
Wang et al. (2006) were subsequently confirmed by two other studies (Li et al. 2009;
He et al. 2011). In human cardiac fibroblasts IK(Ca) is a large, noisy outward current
with a pronounced outward rectification and reversal potential of −75 mV (Fig. 7.6).
In patch-clamp experiments it can be greatly reduced by removal of extracellular
Ca2+ or completely abolished by increase in the intracellular EGTA concentration.
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Fig. 7.6 Effect of removal of extracellular Ca2+ on IK(Ca)recorded from human cardiac fibroblasts.
The cells were bathed in normal Tyrode’s solution containing 1.8 mM CaCl2. The cell was held
at −50 mV, and voltage pulses ranging from −60 to +60 mV in 10-mV increments were applied
with a duration of 300 ms. The patch solution contained 0.1 mM EGTA. a Superimposed current
traces obtained in the control (left) and during exposure (right) to Ca2+-free solution. The upper
parts shown in each current record indicate the voltage protocol examined. b I–V relationships
of IK measured at the end of voltage pulses in the absence (o) and presence (•) of extracellular
Ca2+ (1.8 mM). Each point represents the mean ± SE (n = 7–10). (From Wang et al. (2006) with
permission of Springer)
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IK(ca) could be easily blocked by paxilline and iberiotoxin, typical blockers of
BKCa channels, while it was almost insensitive to apamine (SK channels blocker)
and glibenclamide (KATP blocker) (Wang et al. 2006). Thus, in contrast to cardiomy-
ocytes, expressing SK, but not BKCa, channels, cultured human cardiac fibroblasts
express prominent IK(ca), mediated by BKCa channels and composed of KCa1.1
α-subunits (Li et al. 2009).

The authors have also shown that IK(Ca) can be elicited by simulated cardiomyocyte
action potential waveform. Therefore, the activity of BKCa channels in fibroblasts
can be elicited by action potential from cardiomyocyte, if these two types of cells are
functionally linked by gap junctions. On the other hand, the K+ outward current to
which BKCa channel activity seen in cardiac fibroblasts contributes, tends to have an
impact on electrical activity of cardiomyocytes (Wang et al. 2006). Another physio-
logical function of BKCa in cardiac fibroblasts is their recently shown involvement in
the regulation of proliferation in cultured human cardiac fibroblasts by promoting cell
cycle progression via modulating cyclin D1 and cyclin E expression (He et al. 2011).

7.5 Na+ Voltage-Gated Currents

For a long time it was believed that no depolarizing inward currents, like those
conducted by calcium and sodium voltage-sensitive channels in cardiomyocytes, can
be present in nonexcitable cells such as fibroblasts. However, voltage-gated sodium
currents were found in cardiac fibroblast just recently (Li et al. 2009). Calcium
voltage-gated current are still not described in fibroblasts, although an auxiliary
β subunit (CaVβ2) is expressed in murine cardiac fibroblasts (Meissner et al. 2011).

The first observation of sodium inward current in cardiac fibroblasts was made by
Walsh and Zhang (2008) in their electrophysiological investigation of neonatal rat
ventricular fibroblasts. The current, which was sensitive to tetrodotoxin (TTX) was
detected in 36 % of studied cells, however, the authors didn’t characterize it.

The only detailed study of fibroblast sodium voltage-gated currents was performed
using cultured human cardiac fibroblasts (Li et al. 2009). Two distinct currents were
described. The first exhibited an incomplete inactivation during 50 ms depolarization,
similarly to ICaL in cardiomyocytes. Nevertheless, it was carried by Na+ cations and
was insensitive to ICaL blocker nifedepine, but could be abolished by nanomolar
concentrations of TTX. This TTX-sensitive sodium current (INa,TTX) had a threshold
potential of −40 mV and peaked at +10 mV (Fig. 7.7). Another sodium current was
resistant to TTX (INa,TTXR), but was sensitive to nifedipine, although it was carried
by Na+. INa,TTXR had a threshold potential of −50 mV and peaked at 0 mV. The
inactivation process of INa,TTXR was faster than that of INa,TTXR, at the same time the
recovery from inactivation was slower for INa,TTXR than for INa,TTXR.

Thus, the INa,TTX in cultured human cardiac fibroblasts shares some properties
with typical neuronal INa, e.g. a transient inward current followed by a persistent
component, sensitive to inhibition by nanomolar TTX, and is likely to be encoded
by NaV1.2, NaV1.3, NaV1.6, and NaV1.7, since mRNAs of these α-subunits are
expressed in human cardiac fibroblasts. The INa,TTXR in human cardiac fibroblasts
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Fig. 7.7 Two types of sodium currents in human cultured cardiac fibroblasts. a Mean values of
I–V relationships of INa.TTX and INa.TTXR. b Inactivation time course of representative INa traces
(at 0 mV) was fitted to a monoexponential function with time constant (τ) shown, 4.3 ms for INa.TTX

and 1.82 ms for INa.TTXR. (From Li et al. (2009))

shares some features with INa in cardiomyocytes, e.g. can be inhibited by micromolar
TTX and it is encoded by NaV1.5, although it is not completely the same.

To the present moment there are no sensible hypothesis concerning the functional
role of INa in cardiac fibroblast. The possible participation of this current in regulation
of fibroblasts proliferation was excluded in the recent study (He et al. 2011).

7.6 Volume-Sensitive Chloride Current

A volume-sensitive chloride current (ICl.vol) is found in mammalian cardiomyocytes,
including human ones (Hiraoka et al. 1998; Baumgarten and Clemo 2003; Du et al.
2004). In normal myocytes this current is negligibly small, however, it is activated by
cell swelling and/or membrane deformation. In the myocardium ICl.vol participates in
the cell volume regulation, shortens cardiac action potential and depolarizes resting
membrane potential (Hiraoka et al. 1998). ICl.vol is believed to be conducted by so-
called volume regulated anion channels, although molecular basis of these channels
is still not defined clearly.

Recently, ICl.vol was found in cultured human cardiac fibroblasts by El Chemaly
et al. (2006) and studied in detail by Li et al. (2009). In contrast to cardiomyocytes,
7 % of studied fibroblasts exhibited ICl.vol without any hypotonic exposure or any
other manipulations. During the hypotonic exposure this current was extensively
activated in almost all fibroblasts. The current was sensitive to specific Cl−
channel inhibitor 4,49-diisothiocyanostilbene-2,29-disulfonic acid (DIDS). The
I–V relationship (Fig. 7.8) of the DIDS-sensitive current obtained by subtracting
control currents from the current recorded after DIDS application displayed
outward rectification and had a reversal potential of −35 mV, which is close to Cl−
equilibrium potential (ECl, −46.8 mV).

Clcn3 channel was proposed as a major candidate for ICl.vol channels. The pres-
ence of Clcn3 and to the lesser extent of Clcn2 in the cultured human cardiac
fibroblasts was shown in the latter study (Li et al. 2009).
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Fig. 7.8 ICl in human cardiac fibroblasts. a Voltage-dependent current was inhibited by the Cl−
channel blocker DIDS (150 μM). Current was elicited by the voltage steps ranging from −100 to
+60 mV as shown in the inset (0.2 Hz). b I–V relation curve of DIDS-sensitive current obtained
by subtracting currents before and after DIDS application in A

According to the recent study, along with obvious role of ICl.vol in control of cell
volume, one of the possible functions of this current is mediation of the cell cycle
progression (He et al. 2011).

7.7 Voltage-Gated Proton Current

A voltage-gated current carried by protons has been described for many types of
mammalian cells, although it was not found in cardiomyocytes to our knowledge
(Decoursey 2003; El Chemaly et al. 2006). It is conducted via special voltage-gated
channels HV1, which are selectively permeable for protons. In contrast to typical
voltage-gated channels (KV, e.t.c.), where ions go through a single pore located
between membrane-spanning pore domains from each of four subunits, Hv1 channel
is a dimer, in which each subunit contains its own pore and gate, which is controlled
by its own voltage sensor (Tombola et al. 2008). The pore is likely to be situated in
the heart of voltage sensing domain of the subunit (Fig. 7.9).

Among cardiac fibroblasts voltage gated proton current (IHv) was found only in
the cultured cells from humans (El Chemaly et al. 2006), where it is quite abundant
(detected in 86 % of studied fibroblasts). This current is activated by depolarization
and during normal extracellular pH it can be registered only in the case of intracellular
acidification, because pH transmembrane gradient is needed as a driving force for
this current. Changing the pH gradient by one unit leads to a 51 mV shift in the
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Fig. 7.9 Tetrameric omega-conducting shaker potassium channel compared to the dimeric Hv1
channel and the monomeric chimera NVSP-Hv-CVSP. Voltage-sensitive domains are blue, and the
pore domain of Shaker is pink. Intracellular domains are dark yellow. In Hv1 and Shaker, the
intracellular domains are important for oligomerization. The intracellular domain of Ci-VSP is a
lipid phosphatase. The ability of the voltage-sensitive domains of Shaker and Hv1 to conduct ions
or protons depends on the presence of neutral residues at key positions in the S4 segment. Wild
type Ci-VSP does not conduct protons or solution ions, but the NVSP-Hv-CVSP chimera conducts
protons. (From Tombola et al. (2009) with permission of Elsevier)

reversal potential of IHv (Fig. 7.10), demonstrating a high selectivity of Hv channels
for protons. IHv can be completely blocked by 100 μM Zn2+ (Fig. 7.10), while Cd2+
promotes only moderate reduction in the current amplitude. The authors propose the
important role of IHv in control of the membrane potential in the case of intracellular
acidosis, which may appear at least due to the ischemic conditions. The augmentation
of pH gradient facilitates the outward current by shifting its activation threshold to
more negative potentials, thereby polarizing the cell membrane.

7.8 Non-Selective Cation Currents

During the last five years the presence of non-selective cation currents (NSCC),
conducted via transient receptor potential (TRP) channels, in cardiac fibroblast
was discovered and confirmed in several studies (Rose et al. 2007; Rose and Giles
2008; Yue et al. 2011). TRP channels represent a large family of non-selective
cation channels permeable at least for Na+ and Ca2+ (Clapham et al. 2001; Nilius
et al. 2005; Owsianik et al. 2006). There are 6 subfamilies of TRP channels, among
which TRPC (canonical) subfamily with 7 members, TRPM (melastatin) subfamily
with 8 members and TRPV (vanilloid) subfamily including 6 channel types are the
most widely distributed in the organism. All TRP channels consist of putative six
transmembrane polypeptide subunits assembling as homo- or heterotetramers to
form cation permeable pore (Montell 2005). However, they demonstrate only weak
voltage sensitivity. Some TRP channels are constitutively open, while others open
upon Gq-linked receptor activation. TRPC1–6, TRPV2 and 4 and TRPM3, 4 and
6 were found in mammalian cardiomyocytes, although their functions are still not
understood clearly (Yue et al. 2011).

In cardiac fibroblasts NSCC mediated by TRP channels were described for the
first time by Rose et al. (2007) using rat ventricular fibroblasts. In K+-free conditions
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Fig. 7.10 Ionic characterization, inhibition and function of the H+ current in human cultured cardiac
fibroblasts. The bath solution contained 100 μM NPPB. Tail currents at −40 to +20 mV a and −80
to −20 mV b after depolarizing prepulses to +70 mV (duration 2.2 s) from a holding potential of
−60 mV. pHi was 6.2 while pHo was 6.2 and 7.4 in (a, b), respectively. c Reversal potentials plotted
against the pH gradient (δpH = pHo − pHi). Data were fitted by a continuous line with a slope
of −51 mV/pH unit. Data are means ± SEM with the number of cells tested given in parentheses.
d Current–voltage curve in the absence (�) or presence (�) of 100 μM Zn2+. H+ currents evoked
by 3 s voltage steps from −60 to +60 mV in 20 mV increments from a holding potential of −70 mV
in control and in the presence of 100 μM Zn2+ (pHi/pHo = 6.2/7.4) (example in inset). (From El
Chemaly et al. (2006) with permission of Elsevier)

the authors observed small inward and outward currents with weak outwardly
rectifying properties and reversal potential near 0 mV (Fig. 7.11). Removing ex-
ternal Na+ markedly decreased inward currents without affecting outward currents
(Fig. 7.11a). Removing Ca2+ substantially increased both inward and outward
currents, indicating possible block of monovalent cation permeation by divalent
cations (Fig. 7.11b). These currents could be strikingly increased by application
of C-type natriuretic peptide or carbachol, which are both acting via Gi-proteins.
Basing on RT-PCR data the authors assumed the possible role of TRPC2, TRPC3,
TRPC5, TRPV2, TRPV6, TRPM4 and TRPM7 in conduction of these NSCC.

In cultured rat cardiac fibroblasts the presence of functional TRPV4 channels
was also demonstrated (Hatano et al. 2009). The NSCC generated by TRPV4 had
properties very similar to NSCC in the former study (Fig. 7.12). It could be stimulated
by selective TRPV4 agonist 4αPDD or blocked with ruthenium red.
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Fig. 7.11 Properties of a weakly outwardly rectifying ionic current identified using voltage ramps
in acutely isolated rat cardiac fibroblasts. The voltage-clamp protocol consisted of a 1 s ramp
from −100 to +100 mV from a holding potential of 0 mV. Under these conditions, and in the
absence of any external pharmacological compounds, a small weakly outwardly rectifying current
was identified. a representative recordings of the effects of replacing external Na+ with NMDG+.
Replacement of external Na+ with NMDG+ significantly decreased inward current at −100 mV
without altering outward current at +100 mV. b Representative recordings of the effects of divalent
cation removal, which significantly increased both inward and outward currents and linearized the
current–voltage (I–V) curve. (From Rose et al. (2007) with permission of John Wiley and Sons)

As long as TRP channels seem to be the only way for extracellular Ca2+ to enter
the cardiac fibroblasts, they might play an important physiological role for these
cells, mediating variety of Ca2+-dependent processes.

7.9 Mechanosensitive Ionic Currents

Mechanically induced non-selective cation currents were described for the first
time in freshly isolated rat cardiac fibroblasts and cultured rat cardiac fibroblasts
by our group. The membrane currents of freshly isolated rat atrial and ventricular
fibroblasts were studied by means of the patch-clamp technique in whole-cell
configuration (Kamkin et al. 2003a, b). These cells had Em of −37 ± 3 mV, an

Fig. 7.12 I–V relationships of
non-selective cation current
carried by TRPV4 channels in
the acutely isolated rat
cardiac fibroblasts. The first
I–V curve was obtained in
control conditions and the
second—during the
application of selective
TRPV4 agonist 4αPDD.
(From Hatano et al. (2009)
with permission of Elsevier)
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Fig. 7.13 Examples of electrophysiological characteristics of acute isolated fibroblast during “rest-
ing compression” by patch-pipettes. a Whole-cell currents from cardiac fibroblast in control.
Starting from a holding potential of −45 mV, pulses of 140 ms duration were applied at 0.5 Hz.
b Whole-cell currents after addition of 8 μM Gd3+. c The I–V curves of the IL in control (open
triangles, E0 = 40 mV) and after application of 8 μM Gd3+ (filled triangles, E0 > −100 mV).
Note: pCa = 7; Kin/Kout solution configuration. (From Kamkin et al. (2003) with permission of
Oxford University Press)

input resistance of 514 ± 11 M� and a membrane capacity of 18 ± 3 pF. Thus,
Em in the isolated fibroblasts significantly differs from Em ≈ −22 mV, which was
registered in the fibroblasts within the cardiac tissue. Cultured rat fibroblasts had
resting potential of −32 ± 3 mV, a membrane resistance of 531 ± 32 M�, and a
membrane capacity of 18 ± 3 pF (Kamkin et al. 2010b).

In the further patch-clamp experiments we have used original system of two
patch-pipettes: first for registration and second for stretch or compression of the cell.
Examples of electrophysiological characteristics of acute isolated cardiac fibroblast
during “resting compression” by two patch-pipettes are presented in the Figs. 7.13a,
c (open triangles, E0 = 40 mV). The amplitude of the currents during both depolar-
izing and hyperpolarizing clamp steps are demonstrated in Fig. 7.13a. Addition of
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8 μM Gd3+ shifted E0 to −90 ± 5 mV during the first 7 min (Fig. 7.13b, c (filled
triangles, E0 > −100 mV). Gd3+ shifted the holding current into the positive direc-
tion (beginning of the traces in Fig. 7.13b) and decreased current amplitudes during
depolarizing and hyperpolarizing clamp steps (Fig. 7.13b).

Currents at the end of the 140 ms long voltage-pulses were assembled to obtain the
current-voltage relations (I–Vcurves). We were concerned that the different values of
E0 had resulted from a “resting compression” of the cell by the two patch-pipettes.
Without artificial compression or stretch, 8 μM Gd3+ shifted the intercept of the
I–Vcurve (IL) with the voltage axis leftward indicating hyperpolarization, and E0

shifted from −34 ± 4 to −98 ± 5 mV. Figure 7.13c (open triangles) demonstrates the
effect, when two patch-pipettes are attached to the cell: PP in whole-cell configuration
and SP in cell-attached mode. In this case E0 was −40 mV. Addition of 8 μM Gd3+
(Fig. 7.13c; filled triangles) shifted E0 during the first 7 min to −92 ± 4 mV. During
the following time (15 min) Gd3+ further hyperpolarized E0 toward values more
negative than −100 mV (−120 mV by linear approximation). Figure 7.13 may
suggest a “resting compression” by two patch-pipettes even in the absence of lateral
displacement. This possibility was tested by comparing currents measured with a
single patch-pipette. Under these conditions, E0 was −35 ± 5 mV. Addition of 8
μM Gd3+ shifted E0 to −90 ± 5 mV during the first 7 min. Since these values did
not differ from those measured with two patch-pipettes it has been postulated that
activation of Gns by the second cell attached patch-pipette was negligible. These
results suggested that a Gd3+-sensitive non-selective membrane conductance Gns is
active in atrial fibroblasts under “normal recording conditions”, and that this Gns

moves the resting potential away from the EK (Kamkin et al. 2003a).
In freshly isolated rat cardiac fibroblasts we have observed modulation of net

membrane currents by mechanical forces in a way that results in a shift of the
holding current at −45 mV to more negative values during the slight (2 μm)
compression of the cells with an attached glass stylus (Fig. 7.14a). Compression
also increased the current amplitudes during the depolarizing clamp steps without
changing their time course. At negative potentials, the currents were more negative
than under resting conditions without compression. Hence, mechanical compression
increases the membrane conductance of the cardiac fibroblasts, and this effect may
be blocked by Gd3+ (Fig. 7.14a) suggesting that mechanical compression activates
a mechanosensitive ion conductance in cardiac fibroblasts (Kamkin et al. 2003a, b).

Conversely, application of mechanical stretch (2 μm) to isolated cardiac fibrob-
lasts shifted the holding current at −45 mV to more positive values (Fig. 7.14b).
Furthermore, stretch application almost blocked the inward currents at negative po-
tentials and lowered the outward currents at positive potentials, indicating a reduction
of the membrane conductance (Fig. 7.14b). Gd3+ further reduced the currents during
sustained stretch (Fig. 7.14b). These observations indicate that MGCs in cardiac fi-
broblasts are activated by mechanical compression and inhibited by physical stretch
(Kamkin et al. 2003a).

In the absence of mechanical stimulation, the I–V curves intersected the voltage
axis at −37 mV denoting the normal resting membrane potential Em (=Vm) of a non-
clamped fibroblast (Fig. 7.15a—empty triangles). Mechanical compression of the
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Fig. 7.14 Membrane currents in freshly isolated rat cardiac fibroblasts. a Whole-cell currents in
cardiac fibroblasts in the absence (A1) and presence (A2) of mechanical compression (2 μm). Effect
of 8 μM Gd3+ on the whole-cell currents during sustained compression (A3). Note, that compres-
sion increased transmembrane ion currents in cardiac fibroblasts, and this effect was sensitive to
inhibition with gadolinium. b Whole-cell currents in cardiac fibroblasts in the absence (B1) and
presence (B2) of physical stretch (2 μm). Effect of 8 μM Gd3+ on the whole-cell currents during
sustained stretch (B3). Changes of the holding current are marked by arrows. (From Kamkin et al.
(2003) with permission of Oxford University Press)

cells increased the steepness of the I–V curve and shifted Em to more positive values
(Fig. 7.15a—filled triangles). In contrast, when cardiac fibroblasts were stretched,
the steepness of the I–V curve was reduced and the intersection with the voltage axis
shifted to a more negative Em (Fig. 7.15c-filled triangles after stretch versus empty
triangles in control). Currents during compression and stretch reversed their polarity
close to 0 mV as would be expected for non-selective cation MGCs that conduct Na+,
K+ and Cs+ ions. In summary, the voltage-dependence and the Gd3+-sensitivity
of the compression-induced currents resembled the mechanosensitive currents in
cardiomyocytes (Isenberg et al. 2003; Kamkin et al. 2000, 2003a; Zhang et al. 2000)
and other cell types (for review about stretch-activated, non-selective cation channels
(SACs) see Sachs and Morris 1998). Hence, we may conclude that modulation of
MGCs is responsible at least in part for the mechanosensitivity of cardiac fibroblasts.

In addition to the experiments with freshly isolated fibroblasts, cardiac fibroblasts,
which were cultured up to 5 days, were used for voltage-clamp analysis of ionic



234 D. V. Abramochkin et al.

Fig. 7.15 Mechanosensitivity of membrane currents in freshly isolated rat atrial fibroblasts.
a Current-voltage relations (I–V curves) before (empty triangles) and during 2 μm compres-
sion (filled triangles). Note the shift of the zero-current potential from Em −37 mV to −28 mV.
b Reversibility of the compression-induced changes (empty triangles before, filled triangles 2 min
after stretch). c I–V curves before (empty triangles) and during 2 μm stretch (filled triangles). Note
the shift of Em from −37 mV to −60 mV. I–V curves A, B, C were recorded from the same cell.
Control curves in the absence of externally applied force are indicated as “C”. (From Kamkin et al.
(2003) with permission of Oxford University Press)

currents responsible for generation of mechanically-induced potentials (Kamkin et al.
2010b). Cultured cardiac fibroblasts responded to mechanical deformation similarly
to the freshly isolated cells. Axial compression of the cultured cardiac fibroblasts
by 2, 3 and 4 μm caused increase in depolarization by activating inward currents
through a non-selective cation conductance. On the contrary, axial stretch of similar
extent depressed inward currents and led to marked hyperpolarization. The changes
in membrane currents continued as long as stretch (or compression) was sustained,
i.e. there were no signs of adaptation (tested up to 15 min). Alterations in membrane
potential and net current induced by compression or stretch were independent of the
pCa indicating their dependence on non-selective Gd3+-sensitive cation conductance.
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The mechanosensitive currents were carried by Na+, K+ and Cs+, and can be blocked
by application of Gd3+ (Kamkin et al. 2010b). These data suggest that cultured
cardiac fibroblasts preserve MGCs up to 5 days without special flexible substrates,
which allow application of the stretch and compression, and do not change their
conductance during direct axial compression or stretch of the cells.

The next stage of mechanosensitive channels study in cardiac fibroblasts re-
quired the registration of single channels activity. Mechanically stimulated single
MGCs and whole-cell currents were simultaneously recorded from isolated car-
diac fibroblasts using the cell-attached and whole-cell patch-clamp configurations or
first cell-attached pipette (CAP) and second whole-cell pipette (WCP), respectively
(Kamkin et al. 2010a). It was the first successful attempt to record activity of single
MGCs caused by mechanical deformation of the whole cell, not by changing the
pressure in the patch pipette, as earlier investigators used to do (Hamill and Martinac
2001; Sachs and Morris 1998).

Under “resting compression” by two patch-pipettes occasional typical “resting”
whole-cell currents (Fig. 7.16A1) were observed, the single channel activity was
registered simultaneously. This activity represented the short openings of two types
of MGCs: one with the amplitude of single channel current of 1.95 ± 0.18 pA
and the other with the amplitude of 3.9 ± 0.20 pA under the control conditions
(Fig. 7.16A2), i.e. without any applied mechanical deformation. The conductances
of these two MGC types were 43 pS and 87 pS, respectively. Application of 8 μM
Gd3+ via cell attached pipette abolished openings of MGCs in control condition.

Small (1 μm) mechanical deformations affected neither MGCs nor whole-cell
MG-currents. Higher levels of compression (by 2, 3 and 4 μm) increased the mem-
brane conductance and increased the frequency and duration of single MGC openings
(Fig. 7.16b for 2 μm of compression), while just a moderate (2 μm) stretch was
enough to block the MGC activity completely.

In particular, compression of the cell by 2 μm shifted the holding current at
−45 mV to the negative direction (beginning of the traces in Fig. 7.16B1 in compari-
son with the beginning of the traces in Fig. 7.16A1) and increased the currents during
the depolarizing clamp steps without changing their time course. Stretch shifted
the holding current at−45 mV to more positive values (beginning of the traces in
Fig. 7.16C1 in comparison with the beginning of the traces in Fig. 7.16A1). It re-
duced the amplitude of the currents during the pulses during both depolarizing and
hyperpolarizing steps, suggesting that stretch reduced the membrane conductance
(Fig. 7.16C1). Cellular compression by 2 μm drastically increased the frequency
of MGC openings (Fig. 7.16B3), while cellular stretch by 2 μm abolished channel
activity (Fig. 7.16C2). Please note that termination of compression resulted in a de-
crease in MGC activity (Fig. 7.16B3). Interestingly, in contrast to the whole-cell
mechanosensitive currents, single MGC activity was eliminated by a 2 μm stretch
abruptly and completely (Fig. 7.16C2).

Compression of cells by 3 μm also significantly increased membrane conductance
and the frequency of MGC openings. A 4 μm compression shifted the holding current
to the negative direction (cf. Fig. 7.17A1 with Fig. 7.17A2) very significantly and
raised the membrane conductance (Fig. 7.17A2). It strongly increased the frequency
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Fig. 7.16 Compression and stretch of cardiac fibroblast by 2 μm. A1 Whole-cell currents during
control. A2 Single MGC activity recorded in the cell-attached mode. Sample traces show the
activity of single MGCs in control (‘resting compression’). B1 Whole-cell currents during a 2 μm
cell compression. B2 Whole-cell currents after the release of mechanical stress (cf. A1). B3 Single
MGC activity during compression. Returning to the control length decreases MGC activity to the
control level. C1 Whole-cell currents during a 2 μm cell stretch. C2 Single MGC activity during
stretch. Bars show the duration of applied stimuli. (From Kamkin et al. (2010) with permission of
John Wiley and Sons)

of MGC openings (Fig. 7.17A3, B3, for the two types of MGCs). The effect of
compression was also reversible (Fig. 7.17A3, B3). It is important to mention that
the compression-induced changes in membrane currents continued as long as the
compression was sustained, i.e. there was no sign of adaptation (tested for up to
15 min). Figure 7.17 shows that MGCs remain in the open state after a 3 min break
in recording.

In general, cell compression shifted E0 to more positive values. During 2, 3 and
4 μm compression E0 shifted to −27 ± 3, −14 ± 3 and −8 ± 2 mV respectively
(Fig. 7.18B1). Thus, lateral compression of the isolated cell caused depolarization
via activation of inward current through MGCs. Cell stretch shifted E0 to more
negative values (−42 ± 6), −50 ± 4, and −81 ± 7 mV during 2, 3 and 4 μm
stretch respectively; Fig. 7.18C1). Compression-induced difference currents reversed
at approx. 0 ± 2 mV (Fig. 7.18B2). It is important to note the high degree of
rectification in the whole-cell currents and high degree of rectification in difference
current during mechanical stimulation (Fig. 7.18).
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Fig. 7.17 Compression of cardiac fibroblast by 4 μm. A1, A2 Whole-cell currents during control
A1 and a 4 μm compression A2. (A3) Single MGC activity induced by a 4 μm compression. Sample
traces show the activity of small conductance MGCs elicited by compression. (B1) Whole-cell
currents during control. B2 Whole-cell currents during compression. B3 Sample traces show the
activity of large conductance MGCs elicited by compression. To prevent a possible seal disruption,
a 4 μm compression was applied relatively slowly. The arrow shows the development of compres-
sion. Duration of 4 μm compression is indicated by the solid line. Asterisk shows the beginning of
compression removal and return of the cell to its original condition. Note that both MGCs demon-
strate no adaptation to mechanical stimulus. (From Kamkin et al. (2010) with permission of John
Wiley and Sons)

Cell compression increased both the mechanosensitive whole-cell currents and
the activity of single MGCs. At the holding potential of −45 mV, a 2 μm compression
induced Ici of −0.03 ± 0.01 nA and increased the probability of MGC opening (P0)
to 0.20 ± 0.04 and 0.19 ± 0.05 for small and large conductance MGCs respectively
(Fig. 7.18a). A 3 μm compression caused Ici of −0.18 ± 0.05 nA and increased the
MGC P0 to 0.52 ± 0.05 and 0.51 ± 0.09 for small and large conductance MGCs
respectively (Fig. 7.18a). A 4 μm compression induced Ici of −0.35 ± 0.08 nA and
increased P0 of MGCs to 0.98 ± 0.01 and 0.97 ± 0.02 for small and large conductance
MGCs respectively (Fig. 7.18a). As P0 values at this level of compression are close to
1, one can say that during 4 μm compression MGCs stay almost permanently in the
open state, suggesting the saturation of compression-mediated response of cardiac
fibroblasts.

The single-channel current–voltage relationships for both types of MGCs were
acquired during application of 3 μm compression and shown in Fig. 7.19. Both
channels
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Fig. 7.18 Probability of opening (P0) of single MGCs A and whole-cell MG currents induced by
mechanical compression of acutely isolated cardiac fibroblasts B. A P0, probability of opening for
small conductance (filled column) and large conductance (empty column) MGCs. B Mechanical
compression increases the whole-cell net membrane current and shifts the resting potential to
more positive values. B1 Corresponding current–voltage relationships. Under ‘resting compression’
E0 = −45 mV (control: empty triangles). The figure depicts the increase in later currents during
2 μm compression (filled triangles, E0 = −35 mV), 3 μm compression (filled squares, E0 =
−18 mV) and 4 μm compression (filled circles, E0 = −12 mV). B2 Current–voltage relationships
of differential currents induced by different degrees of compression: 2 μm (filled triangles; Ici =
−0.03 nA at −45 mV; Erev = 0 mV), 3 μm (filled squares; Ici = −0.19 nA at −45 mV; Erev =
0 mV), 4 μm (filled circles; Ici = −0.55 nA at −45 mV; Erev = 0 mV). (From Kamkin et al. (2010)
with permission of John Wiley and Sons)



7 Ion Channels in Cardiac Fibroblasts 239

Fig. 7.19 The current–voltage relationship of small a and large b conductance MGCs, obtained
from the single-channel data. Recordings were performed during a 3 μm compression. (From
Kamkin et al. (2010) with permission of John Wiley and Sons)

display linear current–voltage relationships. The reversal potential was close to 0 mV.
Single channel conductance determined as a slope of the current–voltage relationship
was 43 and 87 pS for small and large conductance MGCs respectively. Please note the
absence of rectification in the single-channel I–V curves (Figs. 7.19a, b), although
the mechanosensitive whole-cell currents demonstrate rectification (Fig. 7.18b).

Thus, we conclude that fibroblasts are able to sense the directionality of the
applied stress. The mechanisms of this sensitivity still require clarification. Nev-
ertheless, several facts point to the possible important role of cytoskeleton in the
translation of mechanical energy from the place of deformation to the mechanically
gated channel protein (Sachs and Morris 1998; Lammerding et al. 2004). Accord-
ing to our own data, disruption of cytoskeletal proteins by cytochalasin D (which
dissembles the microfilaments) and colchicine (which dissembles the microtubules)
suppresses mechanically induced potentials of fibroblasts in the multicellular prepa-
rations (Kamkin et al. 2001) and completely blocks the whole-cell mechanosensitive
currents and single-channel activity (Fig. 7.20) in the isolated cardiac fibroblasts
(Kamkin et al. 2010a). Hence, mechanically gated channels and their putative
cytoskeletal attachments, represent a vectorial sensor in cardiac fibroblasts.

Since MGCs are activated by cell compression and are inactivated by cell stretch,
the transfer of mechanical energy seems to be rather asymmetrical. In cardiac fibrob-
lasts incorporated into the myocardium, mechanical stress-induced response may be
defined by several cellular components including extracellular matrix, integrins, the
cytoskeleton and stretch-activated ion channels. The linkage between these cellular
components undoubtedly plays a critical role (for reviews, see Thampatty and Wang
2008; Carver and Fuseler 2010). While the importance of cytoskeletal proteins in
the transfer of mechanical energy seems to be confirmed, the role of integrins and
extracellular matrix should be investigated in future experiments. Thus, further in-
vestigation will be important to reveal the elements responsible for the sensing of
mechanical stimuli direction.
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Fig. 7.20 Cytochalasin D and colchicine inhibit both the whole-cell mechanosensitive currents
and single MGC activity after 5 min of application. a Current–voltage relationships of whole-cell
currents recorded in control (open triangles), during a 3 μm compression (filled triangles), and
during a 3 μm compression in the presence of cytochalasin D (100 μm) and colchicine (100 μm,
filled circles) after 5 min of application. b Single MGC activity induced by a 3 μm compression was
inhibited by cytochalasin D (100 μm) and colchicine (100 μm) after 4 min of application. (From
Kamkin et al. (2010) with permission of John Wiley and Sons)

7.10 Conclusion and Perspectives

In the present review we have demonstrated the growing evidence that cardiac fi-
broblasts participate in the mechanical and electrical function of the heart. One of the
most intriguing aspects of cardiac fibroblasts physiology is their ability to function
as mechanoelectrical signal transducers in the heart. Transformation of mechani-
cal forces into an electrical signal involves the activation of mechanically gated ion
channels in response to cell compression that occurs during spontaneous contrac-
tions of the heart. Transmembrane influx of cations through gadolinium-sensitive,
mechanically gated channels gives rise to mechanically induced potentials (MIPs).
As long as fibroblasts are connected with cardiomyocytes via gap junctions, the
repolarization of the MIPs may potentially extend the action potential duration in car-
diomyocytes thereby predisposing the heart to arrhythmia. Since cardiac fibroblasts
express various cation channels, including voltage-dependent potassium KV chan-
nels and Ca2+-activated K+ channels, the role of these channels in the modulation
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of cardiac fibroblasts mechanosensitivity seems to represent an important field for
future investigations. Further research should also be dedicated to the physiological
mechanisms of regulation of mechanosensitive currents in cardiac fibroblasts. Suc-
cessful studies may eventually allow one to develop new strategies for the treatment
of cardiac arrhythmias.
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Chapter 8
The Role of Nitric Oxide in the Regulation
of Ion Channels in the Cardiomyocytes:
Link to Mechanically Gated Channels

Ekaterina Yu. Makarenko, Ilya Lozinsky and Andre Kamkin

8.1 Introduction

Nitric oxide is an important regulator of the cardiac function under normal conditions
and in different pathologies. During recent years our group described the impact
of this endogenous low molecular agent on activity of mechanosensitive channels
(MGCs) of cardiomyocytes (Kazanski et al. 2010a, b, 2011; Abramochkin et al.
2012), which play the key role in generation of mechanically induced arrhythmias,
which frequently lead to fibrillation (Kamkin et al. 2000, 2003). However on tissue
and organ level it would be misleading to consider NO influence on MGCs of
cardiomyocytes without taking into account its impact on other cardiac cells.

According to literature nitric oxide affects almost every transport system of car-
diomyocytes, modulating ionic currents and changing functional activity of cells of
the cardiac muscle (briefly reviewed in Tamargo et al. 2010). In this manuscript
we will not address widely discussed NO effects on calcium-activated potassium
channels (Bang et al. 1999; Wang et al. 2004), sarcoplasmic reticulum Ca2+ release
channels—ryanodine receptors (Stoyanovsky 1997; Lim 2008; Wang 2010; Donoso
2011), mitochondrial ATP-sensitive potassium channels (Sasaki et al. 2000; Han
et al. 2002; Cuong et al. 2006; Ljubkovic et al. 2007), chloride channels (Chiang
et al. 2004; Nishimura et al. 2010) and other cellular channels of cardiac cells. It
will focus on description of the NO mediated alterations of the activity of ion chan-
nels of cardiomyocytes (Na+, Ca2+, K+), which play the major role in formation
and modulation of the action potential and its form under normal and pathological
conditions. We will pay special attention to recent findings related to NO effects on
cardiomyocyte mechanosensitive channels.
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Table 8.1 Effect of nitric oxide on Na+ channels of cardiomyocytes

Currents Objects Effects References

INa hH1 channels expressed No effects (non Hu et al. 1997
in Xenopus oocytes significant inhibition)

Isolated guinea pig and mice Inhibition (Fig. 8.1a) Ahmmed et al. 2001
ventricular myocytes

INaL Isolated rat ventricular Activation (Fig. 8.1b) Ahern et al. 2000
myocytes

If Isolated rabbit sinoatrial Activation (Fig. 8.2) Musialek et al. 1997;
node cells Yoo et al. 1998

8.2 Effect of Nitric Oxide on Sodium Channels

8.2.1 Na+ Channels of the Ventricular Myocytes

Currently data regarding NO effects on voltage sensitive sodium channels is scarce.
We summarize it in Table 8.1 and Fig. 8.1.

According to Hu and colleagues (1997), nitrogen oxide does not significantly alter
single Na+ channels, expressed in cell culture. So, NO-donor SNAP (600 mkmol/l)
does not change current through human cardiac tetrodotoxin-resistant Na+ channels
(hH1), expressed in oocytes from Xenopus laevis. Reported moderate inhibition
of whole-cell current authors interpret as absence of pronounced effect. Moreover
similar absence of effect is shown for rat skeletal muscle Na+ channels (μ1) expre-
ssed in human embryonic kidney cells (Hu et al. 1997).

Other groups report pronounced modulatory effect of nitrogen oxide on car-
diomyocyte sodium channels. Ahmmed et al. (2001) showed that NO statistically
significantly reduces peak whole-cell Na+ current (INa) in isolated guinea pig
and mouse myocytes in a dose dependent manner (Fig. 8.1a). The same paper
shows that sodium oxide does not affect steady-state activation or inactivation
kinetics, as well as conductance of single Na+ channels. Modulatory effect of
NO authors attribute to significant reduction of open probabilities and/or channel
number.

Ahern et al. (2000) demonstrated that nitrogen oxide activates late Na+ current
(INaL) in isolated ventricular rat myocytes (Fig. 8.1b). Photo-induced release of NO
from NO-caged solutions leads to incomplete inactivation of Na+ channels during
action potential along with prolongation of theAP plato phase in cardiomyocytes. NO
donor diethylamineNONOate (1–2 mM) induces appearance of persistent Na+ cur-
rent. Besides that Ca2+-dependant activation of NO-syntases by ionomycin (5 mkM)
leads to triple increase of persistent Na+ current. Therefore stimulation of endoge-
neous synthesis of NO as well as exogeneous application of it leads to appearance
and increase of late sodium current in ventricular myocytes.
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Fig. 8.1 Effect of nitric oxide on ventricular cardiomyocyte Na+ channels. a Examples of families
of whole-cell INa elicited by a series of voltage-clamp steps from a holding potential of −100 mV
obtained from a guinea pig ventricular myocyte in control (left) and after application of NO (right).
From Ahmmed et al. 2001 with permission Wolters Kluwer Health via Copyright Clearance Center.
b Superimposed Na+ currents before and after photorelease of NO in rat ventricular myocytes.
Insets show enlargements of the same traces. Currents were evoked by voltage steps from −65 to
−35 mV (200 ms). (From Ahern et al. 2000 with permission of American Society for Biochemistry
and Molecular Biology via Copyright Clearance Center)

8.2.2 Na+ Channels of the Pacemaker Cardiomyocytes

Nitrogen oxide demonstrates a pronounced effect on Na+ channels activity of cardiac
pace maker cells. There are reports that NO modulates hyperpolarization-activated
inward current (If ) in sinoatrial node myocytes (Table 8.1 and Fig. 8.2).

B. Casadei showed that If blockers CsCl (2 mmol/L) and ZD7288 (1 mkmol/L)
attenuate positive chronotropic effect, triggered by NO-donors sodium nitroprusside
(SNP, 10 mkmol/L) and 3-morpholinosydnonimine (SIN-1, 50 mkmol/L) in isolated
guinea pig spontaneously beating sinoatrial node/atrial preparations. Direct effect
of NO on hyperpolarization-activated inward current was investigated by the same
group in rabbit isolated patch-clamped sinoatrial node cells. They found that SNP
and SIN-1 (5 mkmol/L) significantly increase Cs+-sensitive If in pacemaker cells
(Musialek et al. 1997).
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Fig. 8.2 Effect of nitric oxide
on pacemaker cardiomyocyte
Na+ channels. Present effect
of NO-donor on basal
hyperpolarization-activated
inward current. (From Yoo
et al. 1998 with permission of
Elsevier via Copyright
Clearance Center)

Yoo and colleagues (1998) reported similar findings. They showed that sodium
nitroprusside (80 mkmol/L) increases basal If in single sinoatrial node cells of
the rabbit (Fig. 8.2). It is interesting to note that in the same preparation SNP
significantly decreases stimulation of hyperpolarization-activated inward current,
triggered by β-adrenergic agonist isoproterenol (1 mkmol/L). Different effects of
NO on hyperpolarization-activated inward current in pacemaker cardiac cells in ab-
sence and presence of pre-stimulation of If authors attribute to existence of different
intracellular NO mediated pathways.

8.3 Effect of Nitric Oxide on Calcium Channels

L-type of calcium channels (ICaL) play the key role in formation of the plato phase of
the action potential of cardiac myocytes. During last decades there were numerous
reports of activating (Kumar et al. 1997; Vandecasteele et al. 1998; Wang et al.
2000), inhibiting (Han et al. 1994, 1995, 1996; Gallo et al. 1998, 2001; Levi RC et
al. 1994; Vulcu et al. 2000; Abi-Gerges et al. 2001; Dittrich et al. 2001; Schröder
et al. 2003), dual (Wahler and Dollinger 1995; Campbell et al. 1996) or biphasic
(Méry et al. 1993; Kirstein et al. 1995) effects of NO on crdiomyocyte calcium
channels. Summary of NO effects on Ca2+ channels is shown in Table 8.2.

Several papers report direct activating effect of NO on ICaL. According to Van-
decasteele and colleagues (1998), SNAP (100 nM) increases basal calcium current
in isolated human atrial myocytes. This effect is completely blocked by applica-
tion of NO-syntase inhibitor L-NMMA (1 mM), which proves direct involvement
of NO-mediated mechanisms. This report goes in hand with findings of Kumar
and colleagues, who showed that another NO-donor nitrosoglutathione (GSNO, 10–
100 mkM) increases basal ICa (Fig. 8.3a) in rabbit newborn ventricular and adult
atrial cells (Kumar et al. 1997; Wang et al. 2000).

Currently there are plenty of reports regarding inhibitory effects of NO on cal-
cium current in cardiac cardiomyocytes. SNAP (100 mkM) inhibits ICaL (Fig. 8.3b) in
neonatal rat cardiac ventricular myocytes (Vulcu et al. 2000), and another NO-donor
DEA-NO (1 mkM/L). It has similar effect in mouse ventricular myocytes (Schröder
et al. 2003). According to Gallo and colleagues (1998, 2001), NO-syntases inhibitor
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Table 8.2 Effect of nitric oxide on L-Ca+ channels of cardiomyocytes

Currents Objects Effects References

ICaL Isolated human atrial
myocytes

Activation Vandecasteele et al.
1998

Isolated rabbit atrial and
ventricular myocytes

Activation (Fig. 8.3a) Kumar et al. 1997;
Wang et al. 2000

Isolated guinea pig
ventricular myocytes

Inhibition Gallo et al. 1998, 2001;
Levi RC et al. 1994

Neonatal rat cardiac
ventricular strips

Inhibition (Fig. 8.3b) Vulcu et al. 2000

Mouse ventricular
myocytes

Inhibition Schröder et al. 2003

Isolated frog ventricular
myocytes

Biphasic effect (Fig. 8.3c) Méry et al. 1993

Isolated human atrial
myocytes

Biphasic effect Kirstein et al. 1995

Isolated guinea pig
ventricular myocytes

Dual effect Wahler and Dollinger
1995

Isolated ferret ventricular
myocytes

Dual effect Campbell et al. 1996

L-NMMA (1 mM) and L-NNA (1 mM), as well as NO scavenger PTIO (0.5 mM)
triggered fast pronounced stimulation of calcium current in isolated guinea pig ven-
tricular myocytes. Other authors showed that different NO-donors inhibit calcium
current, which is prestimulated by β-adrenergic agonist in rat ventricular myocytes
(Abi-Gerges et al. 2001) and rabbit sinoatrial cells (Han et al. 1994, 1995, 1996).

There are also reports of biphasic effects of NO on cardiomyocyte calcium
currents. Kirstein and colleagues (1995) showed that NO-donor 3-morpholino-
sydnonymine (SIN-1) has pronounced stimulatory effect on ICa in isolated human
atrial myocytes, starting from 1 pM concentration. It reaches maximum stimula-
tory effect (doubling of the current amplitude) at 1 nM, while increasing NO-donor
concentration to 1–100 mkM abruptly decreases it stimulatory effect on ICa. More
over at 10 nM SIN-1 demonstrates pronounced simulatory effect on basal ICa. This
data goes in hand with other reports. So, Méry and colleagues (1993) showed that
at low concentrations (0.1 nM) SIN-1 has moderate activating effect on calcium cur-
rent, which was prestimulated by application of β-adrenergic agonist, in isolated frog
ventricular myocytes. At high concentrations (10 nM–100 mkM) NO-donor leads to
pronounced dose dependant increase in β-adrenergic-stimulated ICa (Fig. 8.3c).

Several authors reported dual effects of NO on Ca2+ channels. Campbell and
colleagues (1996) on isolated ferret ventricular myocytes showed that SIN-1 (1 mM)
under the same experimental conditions in approximately 40 % of cases has stimu-
latory, in 40 %—inhibitory and in 20 %—biphasic effect on basal calcium current.
Similar data was acquired by Wahler and Dollinger (1995) in isolated guinea pig ven-
tricular myocytes: SIN-1 (10 mkM) in some experiments showed inhibitory effect,
while in some stimulatory effect on calcium current, which is prestimulated by ap-
plication of β-adrenergic agonist. At 100 mkM NO-donor has pronounced inhibitory
effect on this current (Wahler and Dollinger 1995).
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Fig. 8.3 Effect of nitric oxide
on ventricular cardiomyocyte
Ca2+ channels. a Increase of
ICaL by NO in rabbit atrial
myocytes: time course of I
(pA/pF) (a) and the
superimposed current
recordings where current
traces (b) labeled as 1, 2 and 3
were obtained at the times
marked by the corresponding
letters in (a). From Wang
et al. 2000 with permission of
Oxford University Press via
Copyright Clearance Center.
b Decrease of ICaL by NO in
neonatal rat ventricular
myocytes. Present effect of
NO-donor. From Vulcu et al.
2000 with permission of
Elsevier via Copyright
Clearance Center. c Biphasic
effect of NO-donor on
isoprenaline-stimulated ICa

(a) and current traces were
obtained at the times
indicated by the
corresponding letters on the
lower part (b). From Méry
et al. 1993 with permission of
American Society for
Biochemistry and Molecular
Biology via Copyright
Clearance Center

Therefore it is possible to suppose that contradictory reports regarding NO ef-
fects on cardiomyocyte calcium channels can be explained by biphasic concentration
dependence of the physiological effect of this endogenious regulator.

Physiological role of T-type Ca2+ channels, which are expressed in fetal and early
neonatal cardiac cells, under normal conditions in adult organism is not clear yet.
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Table 8.3 Effect of nitric oxide on K+ channels of cardiomyocytes

Currents Objects Effects References

Ito1 Kv4.1 channels expressed in
Xenopus oocytes

Inhibition (Fig. 8.4) Wang et al. 2007

Kv4.3 channels expressed in
Chinese hamster ovary cells

Inhibition Gómez et al. 2008

Isolated human atrial and mouse
ventricular myocytes

IKur hKv1.5 channels expressed in
mouse fibroblasts

Inhibition (Fig. 8.5) Núñez et al. 2006

Isolated mouse ventricular my-
ocytes

IKr Kv11.1 channels (hERG1) ex-
pressed in Xenopus oocytes

Inhibition Taglialatela et al. 1999

IKs Isolated guinea pig ventricular
myocytes

Activation (Fig. 8.6) Bai et al. 2004

IK1 Kir2.1 channels expressed in
Chinese hamster ovary cells

Activation (Fig. 8.7) Gómez et al. 2009

Isolated human atrial myocytes

However there are reports of abrupt increase in their expression in adult ventricu-
lar myocytes during pathological hypertrophy (Nuss and Houser 1993). There are
no reports regarding NO effects on T-Ca2+ channels. However Nakayama and col-
leagues (2009) showed that transgenic mice with overexpression of channels, which
generated CaV1.3 current (ICaT), do not demonstrate pathological miocardium hy-
pertrophy and NOS3 inhibitor abrogates antihipertrophic effect of overexpression.
Therefore NO-mediated mechanisms are participating in modulation of ICaT in adult
cardiomyocytes.

8.4 Effect of Nitric Oxide on Potassium Channels

Effects of NO on different subtypes of potassium channels in cardiomyocites were
investigated during recent decades relatively well. NO effects on main types of K+
currents in cardiac cells are summarized in Table 8.3.

There is a number of reports that testify that NO inhibits activity of cardiac
potassium Kv4 channels (Table 8.3 and Fig. 8.4), which participate in formation
of the Ca2+-independent transient outward potassium current (Ito1) (Tamargo et al.
2004). Also, fast NO-donor MAHMA-NONOate (100 mkmol/L) rapidly and signif-
icantly inhibits outward K+ current in KV4.1 channels expressed in Xenopus oocytes
(Fig. 8.4). Slower NO-donor DEA-NO has similar effect (Wang et al. 2007).

Paper by Gómez et al. (2008) reports similar findings, showing that NO inhibits
Kv4.3 channels. So, NO-donor SNAP (200 mkmol/L) reduces the peak IKv4.3 of
channels, expressed in Chinese hamster ovary cells. DEA-NO (3 mkmol/L) and NO-
saturated solution demonstrate similar effect. This study also showed that NO inhibits
transient outward potassium current in human atrial myocytes. In presence of 4-AP
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Fig. 8.4 Effect of nitric oxide
on cardiomyocyte KV4.3
channels. IKv4.1 recorded in
Xenopus oocytes in the
absence and presence of
NO-donor. (From Wang et al.
2007 with permission of
American Society for
Biochemistry and Molecular
Biology via Copyright
Clearance Center)

Fig. 8.5 Effect of nitric oxide
on cardiomyocyte Kv1.5
channels. hKV1.5 currents
elicited in Ltk – cells by
500 ms-pulses from −80 to
+60 mV and in the absence,
presence and after washout of
NO-donor. (From Núñez et al.
2006 with permission of
Oxford University Press via
Copyright Clearance Center)

(IKur blocker, 50 mkmol) SNAP (200 mkmol/L) decreases Ito1 amplitude without
alterations in time course of current decay. Authors propose, that NO-induced Ito1

inhibition, which leads to prolongation of the plato phase of the action potential,
can contribute to prevention or elimination of such severe pathology as ventricular
fibrillation (Gómez et al. 2008).

NO inhibits activity of potassium KV1.5 channels (Núñez et al. 2006), which gen-
erate ultrarapid delayed rectifier current (IKur) that determines the height and duration
of atrial action potentials (Tamargo et al. 2004). It was show for hKV1.5 channels
expressed in mouse fibroblasts that SNAP (200 mkmol/L) significantly reduces the
current amplitude (Fig. 8.5). Under such experimental conditions NO-donor does not
affect the time course of current inactivation and kinetics of tail currents. Another NO-
donor SNP (100 mkmol/L), NO-saturated solutions and NO precursor L-Arginine
also depress IKv1.5. The same study reported that SNAP significantly reduces native
IKur in isolated mouse ventricular myocytes (Núñez et al. 2006).

NO affects different components of delayed rectifier current in different ways,
inhibiting its fast component – IKr (Taglialatela et al. 1999) and increasing its slow
component – IKs (Bai et al. 2004, 2005).

Investigation by (Taglialatela et al. 1999) showed that NO depresses currents
through human ether-a-gogo-related gene-1 (hERG1) K+ channels. This type of
channels, classified as KV11.1, is responsible for rapidly activating delayed rectifier
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Fig. 8.6 Effect of nitric oxide
on IKs. Present effects of NO-
donor SNP. Representative
superimposed current traces
in the drug-free condition or
in the presence of SNP at
concentrations of 0.1, 0.3, 1,
or 3 mM. (From Bai et al.
2004 with permission of John
Wiley and Sons via Copyright
Clearance Center)

current – IKr (Tamargo et al. 2004). An investigation of hERG1 channels expressed in
Xenopus oocytes showed that NO source L-arginine (0.03–10 mM) inhibits outward
current in a dose dependant manner. Different in their chemical origin NO-donors–
sodium nitroprusside (SNP, 1–1000 mM), 3-morpholino-sydnonimine (SIN-1, 100–
1000 mM), (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-
diolate (NOC-18; 1–300 mM), and S-nitroso N-acetylpenicillamine (SNAP, 1–
300 mM)—inhibit current through hERG1 channels in a dose dependant manner
as well (Taglialatela et al. 1999).

T. Furukawa et al. reported that NO activates slowly activating component of
the delayed rectifier potassium current (IKs). NO-donor sodium nitroprusside (SNP,
1 mM) significantly increases this current in isolated guinea pig ventricular my-
ocytes (Fig. 8.6). Under their experimental conditions an inhibitor of nitric oxide
NO-synthases S-methylisothiourea (1 mM) and NO scavenger N-acetyl-L-cystein
(1 mM) significantly depress IKs (Bai et al. 2004). Following publications of this
research group show that NO plays a crucial role in Ca2+ mediated regulation of
channels underlying IKs (Bai et al. 2005).

Investigation of Gómez et al. (2009) showed that NO increases the activity of
Kir2 channels, which generate inwardly rectifying K+ current (IK1), which plays a
critical role in terminal repolarization phase of cardiac action potential (Tamargo et al.
2004). SNAP (200 mkmol/L) significantly increases current through Kir2.1 channels
expressed in Chinese hamster ovary cells (Fig. 8.7). Similar data was reported in case
of application of DEA-NO (3 mkmol/L) and NO-saturated solution. It is also shown
that SNAP increases both inward and outward IK1 in isolated human atrial myocytes.
Authors suggest that NO facilitates the close-to-open transition and accelerates the
channel closing kinetics (Gómez et al. 2009).

8.5 Effect of Nitric Oxide on Leak Channels
(Two-Pore Potassium Channels)

Currently in literature there is only one report of NO effects on leak channels.
According to Lu et al. (2007), in case of ischemic preconditioning, triggered by
sodium cyanide (NaCN), NO modulates activity of K2P channels in single guinea
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Fig. 8.7 Effect of nitric oxide
on cardiomyocyte Kir2.1
channels expressed in
Chinese hamster ovary cells.
Presents IKir2.1 traces recorded
by applying 250-ms pulses in
the absence and presence of
NO-donor. (From Gómez
et al. 2009 with permission of
Wolters Kluwer Health via
Copyright Clearance Center)

pig ventricular cardiomyocytes. Increase of NO level via application of L-arginine
increases NaCN-induced current via TALK-1 (K2P16.1) and TALK-2 (K2P17.1)
channels, while inhibitor of NO-synthases L-NAME significantly deceases current
through those channels. Authors propose that such modulatory effect of NO plays
an important role in protection of cardiac cells during long lasting eschemia.

8.6 Effect of Nitric Oxide on Mechanically Gated Ion Channels

NO effects on mechanosensitive currents and cardiomyocyte channels as well as pos-
sible underlying mechanisms are discussed in detail (Kazanski et al. 2011). Investiga-
tions of mechanisms of action of NO on mechanically gated currents (MG-currents),
which were performed at the same time by groups of G. Isenberg and A. Kamkin
convincingly testify that NO is involved in regulation of MGCs in cardiomyocytes.

According to reports of the first and second groups of authors (Dyachenko et al.
2008; Dyachenko et al. 2009; Kazanski et al. 2011) application of NO-scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1–1-oxy-3-oxide (PTIO, 100
mkmol/L and 500 mkmol/l) blocks MG-currents in isolated cardiomyocytes
(Fig. 8.8). Besides that application of the blocker of NO-synthases Nω-Methyl-
L-arginine acetate (L-NMMA, 200 mkmol/L) led to complete abolishment of
MG-currents (Dyachenko et al. 2008). It is important to note that in the same in-
vestigation authors made an attempt to evaluate the contribution of NO-synthases
(NOS) to modulatory effects of NO on activity of mechanosensitive channels of car-
diomyocytes. It is shown that knockout of NOS1 does not lead to alterations of the
MG-current, while in cardiomyocites from NOS3 knockout mice MG-currents can
not be triggered at all (Dyachenko et al. 2008).

Investigations of A. Kamkin research group showed that NO-donors affect MG-
currents (Fig. 8.9), registered in isolated mice, rat and guinea pig ventricular
myocytes (Kazanski et al. 2010a, 2011). So, SNAP (100 mkmol/L) and DEA-NO
(250 mkmol/L) in undeformed myocytes trigger appearance of current, which is sim-
ilar to that appearing in response to cellular stretch by 10 μm. During mechanical
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Fig. 8.8 Voltage dependence of membrane currents in ventricular myocyte from guinea-pig under
PTIO perfusion on the background of the cell stretch. a I–V curve measured before stretch (IC )
and during 10 μm stretch (IS ). The arrows show the direction of the I–V curve shift. b I–V curves
modifications under PTIO perfusion with continued stretch for 8 min (IS, PTIO). The arrows show
the direction of I–V curve shift at the given cell stretch under PTIO perfusion. It is obvious that
during the PTIO perfusion the activity of MGCs is inhibited. (Modified from Kazanski et al. 2011
with permission from Springer)

Fig. 8.9 NO-donors affect MG-currents. a Voltage dependence of membrane currents in ventricular
cardiomyocytes from mouse under the SNAP perfusion of unstratched cell. I–V curve measured in
control (IC ) and after 2 min SNAP perfusion (ISNAP). b Voltage dependence of membrane currents
in ventricular cardiomyocytes from rat under DEA-NO perfusion of unstretched cell. I–V curve
measured in control (IC ) and after 2 min DEA-NO perfusion (IDEA-NO). (Modified from Kazanski
et al., 2011 with permission from Springer)

deformation of cardiomyocytes, which according to a number of reports leads to
an increase of endogeneous concentration of NO (Pinsky et al. 1997; Petroff et al.
2001), effect of NO-donors is opposite (Kazanski et al. 2010a, 2011): perfusion
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Fig. 8.10 Voltage dependence of membrane currents in ventricular cardiomyocyte under SNAP and
DEA-NO perfusion on the background of the cell stretch. a Current-voltage relation (I–V curve)
measured before stretch (IC ) and during 10 μm stretch (IS ). The arrows show the direction of
the I–V curve shift at the given cell stretch. b modified I–V curves on the background of SNAP
perfusion at continuous stretch during 3 min (IS, SNAP). The arrows show the direction of the I–V
curve shift at the given cell stretch under SNAP perfusion. It is obvious that during SNAP perfusion
the activity of MGCs is inhibited. c I–V curve measured before stretch (IC ) and during 10 μm stretch
(IS ). The arrows show the direction of the I–V curve shift at the given cell stretch. d modified I–V
curves on the background of DEA-NO perfusion under continuous stretch during 3 min accordingly
(IS, DEA-NO). The arrows show the direction of the I–V curve shift at the given cell stretch on the
background of its DEA-NO perfusion. It is obvious that in the process of DEA-NO perfusion the
activity of MGCs is inhibited. (Modified from Kazanski et al. 2011 with permission from Springer)

with SNAP and DEA-NO during cellular stretch leads to inhibition of MG-currents
(Fig. 8.9). Such dual effect of nitric oxide authors explain by the proposition that dur-
ing perfusion with NO-donors as well as during cellular stretching there is a moderate
elevation of NO concentration, which leads to activation of MGC of cardiomyocytes.
However in case of perfusion with NO-donors during application of cellular stretch
total concentration of NO significantly increases which in turn leads to inhibition
of MGC. Since data regarding structure of mechanosensitive channels of cardiomy-
ocytes is currently missing this assumption is based on analogy with concentration
dependence of NO-donors effects on ICaL (Kelly et al. 1996) (Fig. 8.10).
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Fig. 8.11 Effects of NOS elimination on MG-currents in cardiomyocytes. a I–V curve for wild
type mouse cardiomyocyte in control (IC) and during stretching (IS). b currents in cardiomyocytes
from NOS1–/– mice in the control (IC) and during stretching (IS). c currents in cardiomyocytes
from NOS2–/– mice in the control (IC) and during stretching (IS). d cardiomyocyte isolated from
a NOS3–/– mice. 10-μm stretch of the myocyte does not induce MS currents in NOS3–/– mice
cardiomyocytes in the control (IC) and during stretching (IS). Arrows show direction of curve shift
during cell stretching. (Modified from Kazanski et al. 2011 with permission from Springer)

Other investigations of the same group reported that NO-scavenger PTIO
(500 mkmol/L) blocks background MG-currents (Fig. 8.8) of not stretched (resting)
isolated ventricular myocytes (Kazanski et al. 2010b, 2011), which goes in hand with
report by Dyachenko et al. (2008). During cellular stretch PTIO also leads to inhibi-
tion of MG-currents, including background ones. Blockers of NO-syntases L-NAME
(20 mkmol/L, 100 mkmol/L) and L-NMMA (200 mkmol/L) completely prevent ap-
pearance of MG-current in response to cellular stretching. Therefore endogeneous
NO is required for activation of MGC cardiomyocytes.

Investigation involving knockout mice (Fig. 8.11) with different NO-syntases
missing showed that for presence of response of cardiac myocytes to mechanical
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Fig. 8.12 Effects of nitric oxide on ventricular myocytes. The comparison of dynamics of effects
of discrete stretching and NO-donor SNAP. Curves are modified from original recordings. (Kamkin
et al. 2000; Abramochkin et al. 2012)

stimulus NOS3 is most important (Kazanski et al. 2010b, 2011). So in cardiomy-
ocytes from wild type mice as well as in cardiomyocytes from NOS1 and NOS2
knock out mice MG-currents, appearing in response to cellular stretch, are identical
and typical for according levels of stretch. In cardiomyocytes from NOS3-knockout
mice on the contrary deformation does not trigger MG-currents.

Investigation of preparations of the right rat atria performed by means of mi-
croelectrode technique showed that NO-donor SNAP (3 × 10−4 mol/L) on the
background of physiological level of tissue stretch triggers alterations of the re-
polarization phase of the cardiomyocyte action potential typical to “hump-like”
depolarization, which leads to development of arrhythmias. Gadolinium (40 μmol/L)
blocks this effect, which proves involvement of mechanosensitive ion channels
in development of NO-induced abnormalities. Increase in SNAP concentration
(to 6 × 10−4 mol/L), as well as tissue stretch eliminates NO-triggered “hump-like”
depolarization (Abramochkin et al. 2012). Therefore NO at low concentrations ac-
tivates mechanosensitive channels of cardiomyocytes, leading to mechanoinduced
arrhythmias, while at high concentrations it inactivates them.

8.7 Conclusion and Perspectives

Possible mechanisms of NO effects were described in earlier publications (Kazan-
sky et al. 2011). Major pathways of NO-mediated effects on ion channel activity
in cardiac myocytes are activation of cGMP-dependent pathways (Han et al. 1996;
Musialek et al. 1997; Wang et al. 2000; Vulcu et al. 2000; Ahmmed et al. 2001;
Gallo et al. 2001; Núñez et al. 2006) and S-nitrosylation of reactive aminogroups of
channels (Bai et al. 2004; Gómez et al. 2009). The key role in determination of the di-
rection of the NO effect belongs to its concentration, which is convincingly proven by
abovementioned data regarding NO effect on calcium and mechanosensitive channels
of cardiac myocytes.

It is important to note that according to our experimental data NO effects are
similar to effects of discrete cardiac tissue stretching (Fig. 8.12: Kamkin et al. 2000;
Abramochkin et al. 2012).
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Fig. 8.13 Effects of nitric oxide on stretched and non-stretched ventricular myocyte currents

Figure 8.13 demonstrates summarized data regarding NO effects on ionic channels
of cardiac myocytes.

Taking into consideration all abovementioned it is possible to confidently con-
clude that NO is one of the key physiological regulators of activity of cardiac cells,
which mediates its effects via affecting cardiomyocyte transport systems, in particular
altering activity of membrane ion channels.
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Gómez R, Núňez L, Vaquero M, Amorós I, Barana A, de Prada T, Macaya C, Maroto L, Rodrıguez
E, Caballero R, López-Farré A, Tamargo J, Delpón E (2008) Nitric oxide inhibits Kv4.3 and
human cardiac transient outward potassium current (Ito1). Cardiovasc Res 80:375–384

Gómez R, Caballero R, Barana A, Amorós I, Calvo E, López J, Klein H, Vaquero M, Osuna L,
Atienza F, Almendral J, Pinto A, Tamargo J, Delpón E (2009) Nitric oxide increases cardiac IK1

by nitrosylation of cysteine 76 of Kir2.1 channels. Circ Res 105:383–392
Han X, Shimoni Y, Giles WR (1994) An obligatory role for nitric oxide in autonomic control of

mammalian heart rate. J Physiol 476(2):309–314
Han X, Shimoni Y, Giles WR (1995) A cellular mechanism for nitric oxide-mediated cholinergic

control of mammalian heart rate. J Gen Physiol 106:45–65
Han X, Kobzik L, Balligand J-L, Kelly RA, Smith TW (1996) Nitric oxide synthase (NOS3)–

mediated cholinergic modulation of Ca2+ current in adult rabbit atrioventricular nodal cells.
Circ Res 78:998–1008

Han J, Kim K, Joo H, Kim E, Earm YE (2002) ATP-sensitive K+ channel activation by nitric
oxide and protein kinase G in rabbit ventricular myocytes. Am J Physiol Heart Circ Physiol
283:H1545–H1554

Hu H, Chiamvimonvat N, Yamagishi T, Marban E (1997) Direct inhibition of expressed cardiac
L-type Ca2+ channels by S-nitrosothiol nitric oxide donors. Circ Res 81:742–752

Kamkin A, Kiseleva I, Isenberg G (2000) Stretch-activated currents in ventricular myocytes:
amplitude and arrhythmogenic effects increase with hypertrophy. Cardivasc Res 48(3):409–420

KamkinA, Kiseleva I, Isenberg G (2003) Ion selectivity of stretch-activated cation currents in mouse
ventricular myocytes. Pflugers Arch—Europ J Physiol 446(2):220–231

Kazanski VE, Kamkin AG, Makarenko EY, Lysenko NN, Sutiagin PV, Bo T, Kiseleva IS (2010a)
Role of nitric oxide in activity control of mechanically gated ionic channels in cardiomyocytes:
NO-donor study. Bull Exp Biol Med 150(1):1–5



8 The Role of Nitric Oxide in the Regulation of Ion Channels in the Cardiomyocytes 261

Kazanski VE, Kamkin AG, Makarenko EY, Lysenko NN, Sutiagin PV, Kiseleva IS (2010b)
Role of nitric oxide in the regulation of mechanosesnsitive ionic channels in cardiomyocytes:
contribution of NO-synthases. Bull Exp Biol Med 150(2):263–267

Kazanski V, Kamkin A, Makarenko E, Lysenko N, Lapina N, Kiseleva I (2011) The role of nitric
oxide in the regulation of mechanically gated channels in the heart. In: Kamkin A, Kiseleva I
(eds) Mechanosensitivity in Cells and Tissues 4. Mechanosensitivity and mechanotransduction.
Springer, Berlin, pp 109–140

Kelly RA, Balligand JL, Smith TW (1996) Nitric oxide and cardiac function. Circ Res 79(3):363–
380

Kirstein M, Rivet-Bastide M, Hatem S, Benardeau A, Mercadier J, Fischmeister R (1995) Nitric
oxide regulates the calcium current in isolated human atrial myocytes. J Clin Invest 95:794–802

Kumar R, Namiki T, Joyner RW (1997) Effects of cGMP on L-type calcium current of adult and
newborn rabbit ventricular cells. Cardiovasc Res 33:573–582

Levi RC, Alloatti G, Penna C, Gallo MP (1994) Guanylate-cyclase-mediated inhibition of cardiac
ICa by carbachol and sodium nitroprusside. Pflugers Arch 426(5):419–426

Lim G, Venetucci L, Eisner DA, Casadei B (2008) Does nitric oxide modulate cardiac ryanodine
receptor function? Implications for excitation–contraction coupling. Cardiovasc Res 77:256–
264

Ljubkovic M, Shi Y, Cheng Q, Bosnjak Z, Jiang MT (2007) Cardiac mitochondrial ATP-sensitive
potassium channel is activated by nitric oxide in vitro. FEBS Lett 581:4255–4259

Lu Z, Gao J, Zuckerman J, Mathias RT, Gaudette G, Krukenkamp I, Cohen IS (2007) Two-pore K+
channels, NO and metabolic inhibition. Biochem Biophys Res Commun 363(1):194–196

Méry P, Pavoine C, Belhassen L, Pecker F, Fischmeister R (1993) Nitric oxide regulates cardiac
Ca2+ current. J Biol Chem 268(35):26286–26295

Musialek P, Lei M, Brown HF, Paterson DJ, Casadei B (1997) Nitric oxide can increase heart rate
by stimulating the hyperpolarization-activated inward current, If . Circ Res 81:60–68

Nakayama H, Bodi I, Correll RN, Chen X, Lorenz J, Houser SR, Robbins J, Schwartz A, Molkentin
JD (2009) α1G-dependent T -type Ca2+ current antagonizes cardiac hypertrophy through a
NOS3-dependent mechanism in mice. J Clin Invest 119:3787–3796

Nishimura N, Reien Y, Matsumoto A, Ogura T, Miyata Y, Suzuki K, Nakazato Y, Daida H, Nakaya
H (2010) Effects of nicorandil on the cAMP-dependent Cl− current in guinea-pig ventricular
cells. J Pharmacol Sci 112:415–423

Núñez L, Vaquero M, Gómez R, Caballero R, Mateos-Cáceres P, Macaya C, Iriepa I, Gálvez
E, López-Farré A, Tamargo J, Delpón E (2006) Nitric oxide blocks hKv1.5 channels by
S-nitrosylation and by a cyclic GMP-dependent mechanism. Cardiovasc Res 72:80–89

Nuss HB, Houser SR (1993) T-type Ca2+ current is expressed in hypertrophied adult feline left
ventricular myocytes. Circ Res 73(4):777–782

Petroff MG, Kim SH, Pepe S, Dessy C, Marbán E, Balligand JL, Sollott SJ (2001) Endogenous
nitric oxide mechanisms mediate the stretch dependence of Ca2+ release in cardiomyocytes.
Nat Cell Biol 3(10):867–873

Pinsky DJ, Patton S, Mesaros S, Brovkovych V, Kubaszewski E, Grunfeld S, Malinski T (1997)
Mechanical transduction of nitric oxide synthesis in the beating heart. Circ Res 81(3):372–379

Sasaki N, Sato T, Ohler A, O’Rourke B, Marbán E (2000) Activation of mitochondrial ATP-
dependent potassium channels by nitric oxide. Circulation 101:439–445

Schröder F, Klein G, Fiedler B, Bastein M, Schnasse N, Hillmer A, Ames S, Gambaryan S, Drexler
H, Walter U, Lohmann SM, Wollert KC (2003) Single L-type Ca2+ channel regulation by
cGMP-dependent protein kinase type I in adult cardiomyocytes from PKG I transgenic mice.
Cardiovasc Res 60:268–277

Stoyanovsky D, Murphy T, Anno PR, Kim Y, Salama G (1997) Nitric oxide activates skeletal and
cardiac ryanodine receptors. Cell Calcium 21(1):19–29

Taglialatela M, Pannaccione A, Iossa S, Castaldo P, Annunziato L (1999) Modulation of the K+
channels encoded by the human ethera-gogo-related gene-1 (hERG1) by nitric oxide. Mol Pharm
56:1298–1308



262 E. Yu. Makarenko et al.

Tamargo J, Caballero R, Gomez R, Valenzuela C, Delpon E (2004) Pharmacology of cardiac
potassium channels. Cardiovasc Res 62:9–33

Tamargo J, Caballero R, Gomez R, Delpon E (2010) Cardiac electrophysiological effects of nitric
oxide. Cardiovasc Res 87:593–600

Vandecasteele G, Eschenhagen T, Fischmeister R (1998) Role of the NO—cGMP pathway in
the muscarinic regulation of the L-type Ca2+ current in human atrial myocytes. J Physiol
506(3):653–663

Vulcu SD, Wegener JW, Nawrath H (2000) Differences in the nitric oxidersoluble guanylyl cyclase
signaling pathway in the myocardium of neonatal and adult rats. Eur J Pharm 406:247–255

Wahler GM, Dollinger SJ (1995) Nitric oxide donor SIN-l inhibits mammalian cardiac calcium
current through cGMP-dependent protein kinase. Am J Physiol 268(37):45–54

Wang Y, Wagner MB, Joyner RW, Kumar R (2000) cGMP-dependent protein kinase mediates
stimulation of L-type calcium current by cGMP in rabbit atrial cells. Cardiovasc Res 48:310–322

Wang X,Yin C, Xi L, Kukreja RC (2004) Opening of Ca2+-activated K+ channels triggers early and
delayed preconditioning against I/R injury independent of NOS in mice. Am J Physiol Heart
Circ Physiol 287:H2070–H2077

Wang G, Strang C, Pfaffinger PJ, Covarrubias M (2007) Zn2+-dependent Redox Switch in the
Intracellular T1-T1 Interface of a Kv Channel. J Biol Chem 282(18):13637–13647

Wang H, Viatchenko-Karpinski S, Sun J, Györke I, Benkusky NA, Kohr MJ, Valdivia HH, Murphy
E, Györke S, Ziolo MT (2010) Regulation of myocyte contraction via neuronal nitric oxide
synthase: role of ryanodine receptor S-nitrosylation. J Physiol 588(15):2905–2917

Yoo S, Lee SH, Choi BH, Yeom JB, Ho WK, Earm YE (1998) Dual effect of nitric oxide on the
hyperpolarization-activated inward current (If) in sino-atrial node cells of the rabbit. J Mol Cell
Cardiol 30:2729–2738



Chapter 9
The Role of Ion Channels in Cellular
Mechanotransduction of Hydrostatic Pressure

Kevin D. Champaigne and Jiro Nagatomi

9.1 Introduction

The sensation of pressure, followed by a resulting alteration of cellular function, may
be critical to a number of organs and systems, including the vasculature (Folgering
et al. 2008), intervertebral disks (Ishihara et al. 1996), the eye (Kwon et al. 2009),
the renal system (Arnold et al. 2009), and the urinary system (Ferguson et al. 1997).
Like temperature, hydrostatic pressure (HP), which is a pressure acting uniformly
in all directions, is a thermodynamic state variable, and therefore can be considered
a ubiquitous factor in all biological processes. However, there remains considerable
debate as to whether physiologic levels of HP can cause a direct, detectable effect
on cells which are generally considered incompressible, or whether HP is sensed
indirectly via local tissue deformation or other mechanism.

Although the cell may not undergo significant mechanical deformation due to
HP changes alone, numerous studies have shown effects of HP on cells and tissues,
including changes in intracellular ion concentrations, gene expression, membrane
trafficking, cell proliferation, and apoptosis (Ishihara et al. 1996; Haberstroh et al.
1999; Nagatomi et al. 2001, 2002, 2003; Ohashi et al. 2007; Stover and Nagatomi
2007; Nagatomi et al. 2009; Drumm et al. 2010; Huang et al. 2010). However,
studies investigating the fundamental mechanism responsible for physiological HP
mechanosensitivity are rare. Ion channels are known to be responsible for certain
observed events under high pressures (up to 100 MPa) in deep sea animals and diving
mammals including humans, where thermodynamic effects have been shown to
directly alter channel open probabilities (Macdonald 2002). Such direct modulation
of gating probabilities may also be involved with some observed effects on chon-
drocytes, which have been tested up to 50 MPa (Hall 1999). Normal physiological
pressures of less than 20 kPa, though, have also been shown to cause effects in cells
from the eye, the vestibular system, and the bladder, where alternative mechanisms
are likely needed to provide pressure sensitivity (Macdonald and Fraser 1999).
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It is not a simple task to effectively eliminate all potential extraneous sources
of stimulation, such as fluid shear stress, while subjecting cells or tissues to con-
trolled HP stimuli. Thus, experimental setups and techniques are critically important
for generating valid pressure sensitivity results. Examples of approaches include,
but are not limited to, the use of water column height adjustment, pressurization of
the gas phase above liquid media, and direct mechanical pressurization of the liq-
uid phase. Consideration of gas partial pressures, temperature, nutrients, fluid flow,
pressure stability, and cell substrate stiffness, among other parameters, must be un-
dertaken while continuing to provide functional experimental conditions. Although
patch clamp techniques have most often been employed for investigating ion chan-
nel effects of high hydrostatic pressures, imaging with calcium-sensitive fluorescent
dyes have thus far been most often used for physiological range HP ion channel
research.

This review will first present evidence for the involvement of particular ion chan-
nels or transporters in cellular HP sensitivity for a number of organ systems and cell
types across a range of physiologic pressures. Testing techniques which are able to
isolate the effects of HP on cells will then be reviewed to not only provide the reader
with potential methods for further experimentation, but also to better illustrate the
application the hydrostatic pressure stimulus under physiological conditions. Finally,
potential physical mechanisms by which an extracellular HP stimulus could elicit
a cellular response, including example estimates of changes to physical parameters
that would be experienced within physiological and pathological conditions, will be
presented.

9.2 Ion Channel-mediated Pressure Mechanotransduction in
Various Cell Types

9.2.1 Bladder

Mechanical parameters such as bladder wall tension or intravesical pressure due
to bladder filling are sensed at the cellular level and contribute to both conscious
sensation and reflex responses. The urothelium, the epithelial lining of the bladder
luman, has been shown to contribute to bladder sensation through the release of
neurotransmitters such as ATP, as well as to actively respond to bladder filling by
increasing the surface area of the umbrella cells that line the bladder (Birder 2005;
Apodaca et al. 2007). Malfunctions in these sensing abilities are likely to contribute
to lower urinary tract dysfunction (de Groat 2004), but the mechanisms by which
sensory transduction is accomplished at the cellular level within the lower urinary
tract are not well understood.

The generally agreed understanding of bladder mechanosensory event sequence is
that when urine volume reaches a certain threshold, an afferent nerve signal activates
the pontine micturition center to induce bladder contraction and urethra relaxation,
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which results in voluntary voiding (Yoshimura et al. 2008). However, there has been
a long debate whether the bladder afferent is activated by the threshold volume,
intravescical pressure, or wall tissue tension caused by the pressure (Downie and
Armour 1992; Moss et al. 1997). An early work by Iggo, which was later supported
by the work of others, demonstrated that increasing intravescical pressure due to pas-
sive filling or isotonic contraction both led to the afferent nerve responses, indicating
that pressure and/or the associated wall tissue tension, play a major role in bladder
mechanosensing (Iggo 1955). Indeed, spontaneous contraction of the bladder detru-
sor muscle, which would increase pressure in the bladder but not cause stretch of
the bladder, wall increases the urge to urinate. In contrast, others have suggested
that there exist “volume sensitive” afferents innervating the bladder which detect the
stretch (change in the length of wall tissue) irrespective of the intravescical pressure
(Moss et al. 1997; Morrison 1999; Shea et al. 2000; Zagorodnyuk et al. 2006). These
concepts are supported by the existence of so-called stretch-sensitive ion channels
on various cells within bladder wall (Araki et al. 2008) and evidence that bladder
strips subjected to stretching evoke afferent responses (Moss et al. 1997). It is also
still not clear whether tension or stretch is the direct stimuli on the nerve terminal
or whether other cells such as smooth muscle or urothelial cells release neurotrans-
mitters to activate chemical receptors on afferent nerves. These functional units are
not necessarily exclusive and it is possible that more than one mechanism exists to
complement or compensate each other.

Ferguson et al. first demonstrated thatATP is released from the urothelial cell layer
following the application hydrostatic pressure to the mucosal (or apical) surface of
the bladder wall in rabbits, and were the first to suggest that this release of ATP
may be part of a mechanosensory pathway to detect bladder filling (Ferguson et al.
1997). Experiments by Wang et al. later showed that ATP was released by both the
mucosal and serosal surfaces of isolated rabbit bladder tissue when stretched by
the application of hydrostatic pressure to the apical surface of the umbrella cells
(Wang et al. 2005), and that ATP signaling pathways regulate both exocytosis and
endocytosis rates, thereby controlling apical membrane dynamics. Yu et al. further
observed that modification of the apical membrane surface area requires activation
of both a non-selective cation channel and a member of the epithelial sodium channel
(ENaC) family, as well as an intact cytoskeleton (Yu et al. 2009).

Multiple members of the Transient Receptor Potential (TRP) family of cation-
selective ion channels have been identified in the bladder (Everaerts et al. 2010),
which are activated by widely varying stimuli and contribute to sensory perception
in hearing, vision, taste, smell, and touch, as well as cellular regulation processes such
as due to osmotic challenges (Venkatachalam and Montell 2007). The TRP family of
proteins has been divided into 7 subfamilies (TRPV, TRPC, TRPM, TRPA, TRPN,
TRPP, and TRPML), although the functional characteristics and sensing modalities
often do not correspond to subfamily classification. Members of the ENaC/degenerin
family of ion channels play critical roles in maintaining Na+ homeostasis in a variety
of tissues, including ENaCs and the homologous acid-sensing ion channel (ASIC).
Both channels are highly Na+ selective, amiloride sensitive, and have been found to
be responsive to mechanical stimuli (Kashlan and Kleyman 2011).
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Work by Olsen et al. (2011) investigated the response of rat urothelial cells to
physiological levels of hydrostatic pressure as would be experienced during bladder
filling. Unlike the experiments described above, where the urothelial tissues were
stretched by the applied pressure difference, these experiments were performed on
cells cultured on a rigid substrate, resulting in negligible stretch. Urothelial cells
were prepared in separate dishes for each parameter group and subjected to hydro-
static pressure at 5, 10, 15, and 20 cm H2O (0.5, 1, 1.5, 2 kPa), each for 5, 15,
and 30 min. Supernatant media were collected before and after exposure of urothe-
lial cells to pressure. The ATP release from the cultured cells into the supernatant
media was significantly increased in response to the application of pure hydrostatic
pressure stimulus of 10 cm H2O when applied for 5 or 15 min. This ATP release
was blocked by the broad TRP channel blocker ruthenium red, the ENaC channel
blocker amiloride, the stretch activated channel blocker gadolinium (Gd3+), or by the
chelation of extracellular calcium with BAPTA. This implies that pressure sensation
is dependent upon a serial pathway including ENaC channels and stretch-activated
channels such as TRP channels, as well as Ca2+ influx from the extracellular space.
However, whether these ion channels are activated by HP or via a separate secondary
mechanism is yet to be demonstrated.

9.2.2 Optic Nerve Cells

Glaucoma is a chronic, degenerative optic neuropathy caused by the loss of retinal
ganglion cell (RGC) axons, along with supporting glia and vasculature (Kwon et al.
2009). Elevated intraocular pressure (IOP) is an important risk factor for the de-
velopment of glaucoma (Kumar et al. 2005), although glaucoma can occur without
elevated IOP. Intraocular pressure is currently the only factor that can be modified
by treatment, which has been shown to slow the onset and progression of glaucoma
(Kwon et al. 2009). As such, numerous studies have been performed to attempt to
identify the causative mechanism for the effect of HP on various cell types. Identified
studies that have shown a potential connection between the mechanosensation of HP
via ion channels and glaucoma are reviewed in this section.

A study by Sappington et al. investigated the contribution of the transient re-
ceptor potential vanilloid subunit 1 (TRPV1) channel to the release of interleukin-6
(IL-6) and the nuclear translocation of nuclear factor kappa B (NFκB) in microglial
cells from rat retinas (Sappington and Calkins 2008). Calcium imaging revealed that
[Ca2+]i increases via calcium influx are observed following the application a hy-
drostatic pressure of + 70 mmHg (9.3 kPa), which potentiates NFκB translocation
to the nucleus and release of IL-6. Removal of extracellular calcium or blocking
of all TRP channels via ruthenium red substantially reduced the effects of pres-
sure, while targeted desensitization of the TRPV1 channels via iodo-resiniferatoxin
(I-RTX) only reduced the response by approximately 25 %. The TRPV1 agonist
capsaicin alone did not activate NFκB or cause IL-6 release. TPRV1 was shown by
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immunohistochemistry to be diffusely distributed throughout the cell and on the
plasma membrane, which was attributed to the presence of the channel on the endo-
plasmic reticulum as well as the cell membrane. Although the mechanism by which
hydrostatic pressure caused the calcium influx was not identified, the fact that cap-
saicin was not able to induce the same effects as hydrostatic pressure implied that
other pressure sensitive mechanisms are necessarily present.

Sappington et al. further probed the mechanisms by which increased HP causes
increased retinal ganglion cell death through potential involvement of TRPV1 chan-
nels (Sappington et al. 2009). Expression of TRPV1 channels was verified in rat and
mouse RGCs, and activation of TRPV1 channels by capsaicin was shown to increase
RGC apoptosis rates in a dose-dependent manner. When exposed to an elevated HP
of + 70 mmHg (9.3 kPa) for 48 h, RGC apoptosis rates increased from ambient lev-
els by 36 %. This increase in apoptosis rate was significantly reduced in the presence
of I-RTX, a TRPV1 antagonist, as well as through chelation of extracellular Ca2+
with EGTA, suggesting that an influx of Ca2+ via TRPV1 channels is at least par-
tially responsible for HP-induced death of RGCs. The Ca2+ indicator dye fluo-4 was
used to show a fourfold increase in [Ca2+]i in RGC cell bodies and processes due
to elevated HP. Use of antagonist I-RTX reduced the increase in [Ca2+]i by 40 %,
demonstrating that TRPV1 channel activation is a prominent factor in the increase
in intracellular calcium in RGCs exposed to elevated HP.

A study by Mandal et al. (2009) found that elevated hydrostatic pressure acti-
vates the sodium/hydrogen exchanger-1 (NHE1) in rat optic nerve head astrocytes.
Pressures of either 15 or 30 mmHg (2 or 4 kPa) applied for 2 h were found to cause
phosphorylation of ERK1/2, ribosomal S6 protein kinase (p90RSK), and NHE1.
The activation of NHE1 in HP exposed cells did not lead to baseline acidification of
the cell cytoplasm, but did significantly increase the rate of intracellular pH recov-
ery from induced acidification. This effect was abolished in the presence of either
U0126, an MEK/ERK inhibitor, or dimethylamiloride, an NHE inhibitor, suggest-
ing that HP induced NHE1 phosphorylation through the ERK pathway rather than
directly inducing activation of NHE1.

A follow-up study by Mandal et al. (2010) was undertaken to investigate if intracel-
lular calcium was involved in the upstream events that caused ERK1/2 and p90RSK
phosphorylation. Cytoplasmic calcium levels of cells subjected to 15 mmHg (2 kPa)
were measured using the ratiometric calcium indicator fura-2 AM. Control cells not
exposed to increased HP were found to maintain a steady [Ca2+]i of approximately
100 nM. In cells subjected to HP, this baseline level increased in a steady manner
by approximately 27 nM in 15 min. This increase was unchanged when calcium-free
medium was employed or in the presence of 4 mM nickel chloride, suggesting a re-
lease from an internal calcium store rather than an influx through the cell membrane.
The increase was abolished by cyclopiazonic acid (CPA), a specific inhibitor of the
sarcoendoplasmic reticulum Ca2+ pump, but not by xestospongin C, an IP3 receptor
antagonist. Ruthenium Red and dantrolene, inhibitors of ryanodine receptor-
mediated calcium release, abolished the calcium increase, suggesting a contribution
of ryanodine-sensitive calcium stores. Treatment with dantrolene was further found
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to abolish the increase in ERK1/2 phosphorylation due to HP, verifying that increased
[Ca2+]i precedes ERK activation in the response of astrocytes to HP stimuli.

9.2.3 Chondrocytes

Articular cartilage is typically subjected to loads up to 18 MPa in vivo during normal
activities (Hodge et al. 1986). Upon compressive loading of the joint, HP of the fluid
in the cartilage increases, which is maintained due to the low permeability of the
tissue. Sustained pressure causes fluid to be slowly exuded from the tissue until a
new equilibrium condition is reached, as balanced by the osmotic pressure due to the
highly negatively-charged proteoglycan content of cartilage. Chondrocytes within
the cartilage would experience the increase in HP pressure as a uniform normal
stress (Elder and Athanasiou 2009). Numerous studies have subjected chondrocytes
to HP stimuli of various levels and frequencies, and demonstrated a direct effect on
extracellular matrix (ECM) composition, protein expression, chondroprotection, and
cell differentiation (Elder and Athanasiou 2009; Grad et al. 2011). A subset of these
studies are reviewed here that specifically investigated the role of membrane-bound
transporters and ion channels in the mechanotranduction of HP by chondrocytes.

Hall (1999) studied the effects of HP on isolated bovine articular chondrocytes
and found that increased HP inhibited both the Na/K pump (ouabain sensitive) and
the Na/K/2Cl cotransporter (bumetanide sensitive), as well as the residual K+ per-
meability. Specifically, static pressures of 0.1–50 MPa were applied for either 20 s
or 10 min, and the resulting relative inhibition of the channels was observed. A
28 % reduction in K+ flux through Na/K transporters was observed in response to a
2.5 MPa pressure applied for 10 min, with modestly increasing inhibition for higher
pressures. A 24 % inhibition in the Na/K pump occurred for a 10 MPa stimulus ap-
plied for 20 s, again with increasing inhibition at higher pressures. This inhibition of
the Na/K pump was not observed when the [Na+]i was reduced below physiologic
levels, and was reduced for elevated [Na+]i. The Na/K/2Cl cotransporter was shown
to be inhibited up to 68 % by pressures of 15 MPa applied for 10 min, and by 52 % by
pressures of 15 MPa applied for 20 s. The residual K+ flux, occurring in the presence
of ouabain and bumetanide, was additionally found to be inhibited by a pressure of
greater than 7.5 MPa applied for 10 min. Based on these findings, the authors suggest
that inhibition of these K+ transport mechanisms could lead to decreased in [K+]i,
which may alter matrix metabolism as occurs in cartilage under load.

Browning et al. (1999) investigated the effects of HP up to 30 MPa on the Na/H
exchanger in isolated bovine articular chondrocytes when applied for 300 s. HP
application in this regime was not found to affect the resting internal pH of chondro-
cytes. However, the recovery from induced acidification was found to be stimulated
by HP, suggesting that the Na/H exchanger was activated by HP. This effect was
dependent upon the presence of extracellular Na+ and could be inhibited by the
Na/H exchanger inhibitor ethylisopropylamiloride (EIPA, 10 mM). The stimulation
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was also abolished by the non-specific kinase inhibitor staurosporine, which implies
pressure sensitive phosphorylation is responsible for the effect. A further study by the
same group (Browning et al. 2004) investigated the short-term effects of increased
HP on isolated juvenile bovine articular chondrocytes. Specifically, pressures of
30 MPa applied for 30 s resulted in a 3-fold increase in intracellular calcium, largely
caused by calcium release from intracellular stores. Increases in [Ca2+]i due to pres-
sures applied for 240 s were abolished by the removal of Ca2+ from the medium,
implying an extracellular calcium source. These increases were also blocked by the
inhibitors neomycin and thapsigargin, showing that an IP3-mediated calcium release
from internal calcium stores was occurring.

Mizuno (2005) attempted to characterize the calcium response of chondrocytes
to the application of 0.5 MPa hydrostatic pressure for 5 min. Interestingly, no re-
sponse was observed for cells cultured for just 2 days, presumably due to the lack
of accumulated ECM. For cells cultured for 5 days, however, up to a twofold in-
crease in [Ca2+]i was observed, with the peak concentrations occurring 20–140 s
after HP application. This transient increase in [Ca2+]i returned to near-baseline lev-
els within 300 s. The effect was reduced to 55 % of the unaltered pressure response
by gadolinium, a blocker of stretch-activated channels, and to 36 % by dantrolene,
an intracellular Ca2+ storage blocker. The effect was also blocked by using Ca2+ free
medium with EGTA, but was not affected by verapamil, an L-type calcium channel
blocker. Evidence provided by these studies provides a potential explanation of the
mechanism by which the composition and structure of cartilage is modified by the
applied loading regimen, with each effect potentially modifying the function of the
associated chondrocytes.

9.2.4 Vestibular Cells

In the endolymphatic system, very low levels of hydrostatic pressure (changes as low
as 0.5 cm H2O or 50 Pa) has been postulated to cause endolymphatic hydrops or Me-
niere’s Disease (Bohmer and Dillier 1990), which is characterized by vertigo, hearing
loss, and tinnitus. In order to determine if ion channel currents in vestibular cells are
modulated by HP, Düwel et al. (2003) quantified potassium currents in vestibular
type II hair cells from guinea pig utricles using patch clamp techniques. HP was con-
trolled within the range of 0.2 cm H2O (20 Pa)–1 cm H2O (100 Pa) by manipulating
the height of the fluid bath during patch clamp experimentation. Significant increases
in baseline K+ current densities of 22 ± 14 % at + 40 mV were observed after the
application of just 0.5 cm H2O. This pressure-sensitive K+ current (IK,p) occurred
immediately upon the application of HP, remained elevated during the entire period
of increased HP (2–4 min), and then receded after the HP stimuli was removed.
No similar pressure-sensitive Ca2+ current was identified. IK,p was most effectively
blocked with charybdotoxin, a blocker of Ca2+-sensitive K+ currents, which was
able to consistently and reversibly block the current while not affecting other K+
currents. A subsequent study (Düwel et al. 2005) demonstrated that cinnarizine and
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nifedipine, blockers of voltage-gated Ca2+ currents which are sometimes prescribed
to treat Meniere’s disease, reduce IK,p by reducing Ca2+ influx. This IK,p current was
shown to alter the membrane voltage response and subsequently the transmitter re-
lease by hair cells by acting as an increased depolarizing current (Dinh 2008), which
could be modulated with cinnarizine (Haasler et al. 2009). Together, these findings
potentially explain the diminished afferent activity in Meniere’s disease patients.

9.2.5 Bone Cells

Mechanical loading on the skeleton affects bone homeostasis, with increases in
loading activities leading to increased bone mineral density (Leblanc et al. 1990;
Zerwekh et al. 1998) and decreases in loading activities leading to decreased bone
mass (Krolner et al. 1983; Courteix et al. 1998). Mechanical stimulation, such as
HP, strain, or fluid shear stress, has been postulated to be sensed by osteocytes,
osteoblasts, or osteoclasts, thereby modulating the bone remodeling process (Chen
et al. 2010). Multiple in vitro studies have shown that the application of HP to
bone cells can affect differentiation, gene expression, cytoskeletal organization, and
apoptosis (Nagatomi et al. 2001; Liu et al. 2010). Thus far, however, the role of ion
channels or transporters in the response of bone cells to HP has not been specifically
investigated. A recent study by Liu et al. (2010) has, however, demonstrated an
increase in [Ca2+]i due to cyclic HP on an osteocyte-like cell line. MLO-Y4 cells were
subjected to cyclic HP with a 0.5 Hz triangular waveform and a peak pressure of 68
kPa for 1 or 2 h. SinceTRP channels can be activated by hypo-osmotic stimulation and
induce calcium ion influx in osteoblasts (Gomis et al. 2008), the authors suggested
that a similar mechanism may be involved with cyclic HP mechanosensation.

9.3 Experimental Techniques for Ion Channel Pressure
Mechanotransduction Research

Experiments involving low pressures must be carefully designed and executed to
provide the proper pressure stimuli while maintaining all other conditions sufficiently
constant to avoid false results. Various test configurations used to date and potential
issues to be aware of when developing experiment setups and protocols are reviewed
in this section.

9.3.1 Water Column

Perhaps the most straightforward approach to apply highly stable small hydrostatic
pressures is simply to create a water column above the cells of sufficient height. This
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technique was employed for the patch clamp experiments performed by Düwel et al.
(2003), where the height of the fluid bath was controlled by adding and removing
fluid while the cell remained patched. The cells were monitored under the microscope
to make sure that the hair cells did not move upon fluid addition or removal. Extreme
care must be taken to avoid fluid shear stress which would not be present in the control
case, or perhaps to replicate the shear stress as close as possible by exchanging an
equivalent volume of fluid at similar rates with the control cells.

Water column height adjustment was also used for portions of the work by Mandal
et al. (2009, 2010) to expose cells to 15 mmHg pressure for 2 h. Control cells were
placed in a horizontal tray containing the same volume of media in the same cell
culture conditions. Both configurations were bubbled with 95 % air-5 % CO2 to
maintain constant gas tensions, and care was taken to place the gas outlet a similar
distance from the cells and to use identical gas flow rates. Modifications of dissolved
gas concentrations, pH, or nutrients must be avoided, particularly for longer term
experiments. It has been shown (Lei et al. 2011) that increasing the height of the
water column without proper controls can cause changes in gas tensions that can be
the actual cause of effects attributed to HP. Within a standard column, gases must
diffuse over an increased diffusion distance versus standard culture dishes with a
thin layer of media, causing hypoxic conditions near the cells due to metabolism.
This was avoided by Lei through the use of a horizontally oriented tube of media to
provide similar diffusion conditions.

9.3.2 Gas Phase Pressurization

For cells cultured in media with gas, the HP experienced by cells is the sum of the
gas pressure and the fluid pressure due to the height of the media above the cells.
This configuration is well suited to experiments at high HPs, due to the relative ease
of providing gases at high pressure. Figure 9.1 shows a typical system diagram for
gas phase pressurization which employs a compressed gas source, electronic valves,
a pressure transducer, and a computer (Stover and Nagatomi 2007).

A small container of water was included within the pressure chamber for this setup
as well as a similar setup employed by Sappington et al. (Sappington and Calkins
2008; Sappington et al. 2009) to maintain humidity levels. Significant artifacts due
to changes in pH, dissolved oxygen content, and dissolved carbon dioxide content
must be ruled out by the experimenters as was done by these studies, since pH, pO2,
and pCO2 will all be affected to some degree by increased gas pressure.

9.3.3 Liquid Phase Pressurization

Direct pressurization of the liquid phase can be achieved through the use of peristaltic
(Mandal et al. 2010), isocratic (Mizuno 2005), or syringe pumps (Liu et al. 2010),
among others. This technique is well suited to either low or high pressure application,
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Fig. 9.1 Schematic of the computer-operated cyclic pressure system. Pressure levels within the
sealed chamber were monitored by the transducer and controlled by the operation of inlet and
outlet valves using custom written Labview software. Thin and thick lines indicate electrical and
gas connections, respectively. The directions of electrical signals and gasflows are represented by
dotted and solid arrows, respectively. (Reprinted with permission from Stover and Nagatomi 2007)

and it allows the simultaneous application of HP and fluid flow, thereby enabling
the administration of drugs, channel blockers, or altered solution salt concentrations
during experiments. System components of an innovative test configuration from
Mandal et al., are shown in Fig. 9.2 (Mandal et al. 2010), where changing the outlet
height directly controls the HP stimulus experienced by the cells in the imaging
chamber. Pressure dampening is often required for such a system, as the peak to
peak amplitude of the dynamic pressure swings from the peristaltic pump coupled
with inflexible tubing can potentially exceed the static pressures desired. A similar
design was implemented by Browning et al. (1999) however a computer operated
back pressure controller was utilized rather than the manual height adjustment. Such
a system could potentially be used for pressures greater than those for which height
adjustment would be practical.

9.3.4 Considerations for Optical Microscopy under Pressurized
Conditions

Optical imaging is often used in pressure experiments to perform ion concentra-
tion measurements or other indicators of ion channel or transporter activity. In such
experiments, care must be taken to avoid introducing focus shift artifacts due to cov-
erslip deformation under pressure. For relatively low pressures, increased thickness
coverslips (#1.5 or greater) is often sufficient (Mandal et al. 2010), depending upon
optical parameters. For high pressures, it may be necessary to decouple the cell layer
from the pressure-retaining optical window to enable the use of stronger windows
and to guarantee that cell responses to bending are not falsely attributed to HP.



9 The Role of Ion Channels in Cellular Mechanotransduction of Hydrostatic Pressure 273

Fig. 9.2 Schematic diagram of HP application system. (Reprinted from Mandal et al. (2010) with
permission)

The test configuration shown in Fig. 9.3, implemented by Mizuno (2005) demon-
strates such a configuration, which uses a long working distance lens to image the
cells while inverted above the pressure-containing optical window.

9.4 Potential Physical Mechanisms for Ion Channel Modulation
by Hydrostatic Pressure

Provided that cells can be subjected to isolated hydrostatic pressure that elicits cellu-
lar/molecular responses as observed in numerous studies so far, in order to describe
a cell as pressure sensitive, underlying physical mechanisms must be explained. As
ion channels and transporters have been implicated in HP sensation in numerous cell
types (Sect. 9.2), this section will outline a series of potential mechanisms by which
relatively small pressures could yield electrophysiological responses, which would
likely occur due to direct physical deformation, modified chemical reaction kinetics,
or changes to lipid bilayer membrane properties.
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Fig. 9.3 Image acquisition system. Balanced salt solution (BSS) is injected into a pressure-proof
chamber with an HPLC socratic pump. The hydrostatic pressure (HP) in the chamber is regulated
with a needle valve attached to a spring and a computer-driven actuator. The chamber has sapphire
glass windows (2 mm thick and 30 mm in diameter, 20-mm-diameter available optical field) and
holds up to 10 MPa pressure. The coverslip was inverted and placed onto stainless steel suspension
rails (0.5 mm thick) over the sapphire glass window in the chamber so that the cells opposed the
sapphire glass window and faced the lens. Thus the cells were isolated from deformation of the
sapphire glass during application of HP. (Reprinted from Mizuno (2005) with permission)

9.4.1 Physical Deformation

Perhaps the simplest potential mechanism for the sensation of hydrostatic pressure
would involve direct cell membrane stretching, such as occurs with vascular en-
dothelial cells due to blood pressure. Although endothelial cells would experience
a small hydrostatic pressure increase as blood pressure increases due to the vis-
coelastic nature of blood vessels, this pressure would be quickly equalized with
surrounding tissues through stretching of the vessel wall. Membrane stretch in vas-
cular smooth muscle cells activates stretch-sensitive ion channels such as the transient
receptor potential (TRP) channels, the amiloride-sensitive ENaC/ASIC channels and
the potassium channels K2P and Kir, thereby contributing to the integrated myogenic
response to changes in pressure (Folgering et al. 2008). Such a response is likely not
associated with HP directly, which can cause confusion. Similar confusion is expe-
rienced when pressure is applied to the intracellular space by pressurization of the
fluid within a patch clamp electrode, also causing the activation of stretch-activated
ion channels (e.g. Kohler et al. 1998). This review only considers the sensation of
hydrostatic pressure stimuli that do not cause observable membrane stretching.

Assuming a compressibility for erythrocytes of 4 × 10−10 Pa−1 (Shung et al.
1982), a 1 kPa load would produce a percent volume change of just 4 × 10−5 (Myers
et al. 2007). Cells are therefore considered nearly incompressible, and it is unlikely
that the direct bulk compression of the cell could be sensed. Alternatively, a related
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theory states that differential compression of neighboring heterogeneous structures
could cause detectible micro-strains which could activate ion channels (Macdonald
and Fraser 1999). This could occur either between cells and substrates of differing
stiffness or between intracellular components of differing compression moduli.

Direct conformational changes in membrane proteins such as ion channels due
to hydrostatic pressure have been demonstrated for high pressures up to 100 MPa
(Macdonald 2002), which directly modulate the gating of ion channels. However,
such an effect has not been demonstrated for ion channels at small hydrostatic pres-
sures of less than 20 kPa such as reviewed in this chapter (except for the chondrocyte
experiments, which used pressures up to 50 MPa). Although such a conformation
change is inherently a binary process that could be tuned to occur at a particular pres-
sure level, local temperature variations and other uncontrolled effects would seem
to make this an implausible sensing mechanism (Macdonald and Fraser 1999).

9.4.2 Modified Chemical Reaction Kinetics

Pressure is a variable in all chemical reactions that take place within the cell. A review
by Myers et al. (2007) put forth a mechanism by which hydrostatic pressure may
modulate the polymerization and depolymerization rates of cytoskeletal components,
such as actin filaments and microtubules, thereby enabling a cellular mechanosen-
sitive response. Indeed, studies have shown that high HP (4 or 70 MPa) can cause
cytoskeletal disorganization and changes in cell shape (Haskin and Cameron 1993;
Wilson et al. 2001). Changes in reaction rates for kinases, enzymes, etc. could have
effects on cellular metabolism, protein expression, motility, apoptosis, or many other
cellular processes. However, it is likely that with the small pressure levels consid-
ered here, some sort of a threshold effect or other amplification mechanism would
be necessary to generate a discernible change due to reaction kinetics, which has not
been demonstrated thus far.

9.4.3 Lipid Bilayer Membrane Properties

A lipid bilayer surrounds every cell and many intracellular compartments, providing
chemical and electrical isolation, controlled passage of solutes, and anchoring loca-
tions for membrane bound proteins, among other functions. Membrane tension has
been shown to mechanically gate certain stretch-sensitive ion channels (Hamill and
Martinac 2001), and has been hypothesized to control endocytosis and exocytosis
rates (Apodaca 2002). Membrane molecular order has been shown to increase when
the membrane is exposed to increased hydrostatic pressure (or lower temperature)
(Williams et al. 2001). Such increases in membrane order cause the lipid molecules
of the membrane to become more closely packed, and thereby increase membrane
tension (Winter et al. 2007), potentially activating stretch-activated ion channels.
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Particularly interesting is the concept that pressure would reduce membrane fluidity
in this way, raising the temperature of membrane phase transition from the gel state
to the liquid crystalline state (Bravim et al. 2010). Such a phase transition could
potentially provide increased sensitivity to very small pressure changes if properly
tuned to the pressures of interest.

Rauch et al. (2010) recently presented a theoretical model of the control of the
kinetics of fluid phase endocytosis (FPE) within cells and validated the model using
published data for multiple, unique cellular phenomena. Using both thermodynamic
and hydrodynamic modeling, the kinetics of FPE are shown to not be dependent upon
membrane tension, but instead be modulated by membrane lipid number asymme-
try and cytosolic hydrostatic pressure. Increasing the environmental HP or osmotic
pressure was shown to favor exocytosis, which could potentially provide a sens-
ing mechanism through autocrine signaling, ion channel trafficking, or membrane
composition modification.

9.5 Conclusion and Perspectives

The lack of success thus far in identifying a single hydrostatic pressure-sensitive pro-
tein structure or complex, such as an ion channel, implies that the mechanosensation
process of HP is likely a multifaceted process that exploits an unconventional sens-
ing mechanism. Numerous studies have demonstrated downstream effects including
altered gene expression, proliferation, and apoptosis rates. However, relatively few
experiments have been performed to investigate the underlying mechanism respon-
sible for the sensation of HP by cells. Thus far, most of these experiments have
implicated ion channels or transporters, particularly members of the TRP and ENaC
channel families. Interruption of particular stages of the pressure signaling cascade
has been achieved, and indeed therapeutic drugs that affect ion channel function
are clinically administered, but the fundamental mechanical transduction process
involved in HP sensation remains to be discovered.
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Chapter 10
Lipid-Mediated Mechanisms Involved in the
Mechanical Activation of TRPC6 and TRPV4
Channels in the Vascular Tone Regulation

Ryuji Inoue, Yaopeng Hu, Yubin Duan and Kyohei Itsuki

10.1 Introduction

The circulatory system composed of the heart and blood vessels is constantly ex-
posed to various forms of mechanical stresses such as blood pressure/flow, osmotic
change, and direct deformation synchronized with the periodic cardiac contraction-
relaxation cycle. There is now mounting evidence that these mechanical stimuli may
be of essential significance to activate or modify the contractility, excitability, Ca2+
handling and metabolism of cells comprising the circulatory system (i.e. vascular
smooth muscle and endothelial cells: dubbed as VSMCs and VECs respectively;
cardiomyocytes and cardiac fibroblasts: dubbed as CMs and CFs, respectively) and
actively participate in short- and long-term regulations of cardiovascular (CV) func-
tions. There are many such well-characterized examples including the Frank-Starling
mechanism, Bayliss effect (myogenic response), baroreceptor reflex and other circu-
latory reflexes, and the release of neurohormonal factors (e.g. renin, atrial natriuretic
peptide, nitric oxide). These not only exert immediate hemodynamic effects on the
CV system (CVS), but also alter the performance of CVS via changes in blood vol-
ume and osmolarity, as well as via long-term adaptive changes by the remodeling of
CV tissues. It has been speculated that disruption of these regulations may lead to
pathological conditions such as hypertension, arteriosclerosis, vasospasm, and car-
diac hypertrophy (Johnson et al. 2008; Davis and Hill 1999; Heineke and Molkentin
2006; Davis 2009). Recent investigations have suggested that many of such mechan-
ical responses in CVS may involve Ca2+ mobilization tightly associated with the
transient receptor potential (TRP) proteins, a large cation channel family which be-
longs to the six membrane-spanning, voltage-dependent cation channel superfamily
(Inoue et al. 2009b; Yin and Kuebler 2010).

TRP channels form a large non-voltage-gated nonselective cation channel
(NSCC) family which shows diverse activation/regulation profiles. Their human
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isoforms are classified into six subfamilies, i.e. TRPC1–7 (canonical or classical),
TRPV1–6 (vanilloid), TRPM1–8 (melastatin), TRPP1–4 (polycystin), TRPML1–3
(mucolipin), and TRPA1 (ankyrin) (Ramsey et al. 2006; Flockerzi 2007). In general,
TRPCs act as Ca2+-permeable cation channels activated by diacylglycerol (DAG)
and/or store-depletion upon stimulation of phospholipase C (PLC)-coupled recep-
tors. In contrast, TRPV1–4, TRPM2–3, TRPM7–8, and TRPA1 act as physically-
or chemically-activated NSCCs which are responsive to pungent, cooling and gus-
tatory agents, membrane lipids, acidity, heat/cold, membrane stretch/shear stress,
hyperosmolarity/hypoosmolarity, and ischemia/oxidative stress. The other TRPVs
and TRPMs are constitutively activated (TRPV5, V6, M6, M7) or activated directly
by an elevated [Ca2+]i (TRPM4, M5), but also modulated by PLC-coupled receptor
stimulation. Many of TRP channels show the polymodality of activation/modulation
being responsive to several distinct stimuli (Ramsey 2006; Flockerzi 2007). In CVS,
more than ten TRP members have been identified and implicated in a variety of CV
functions and dysfunctions (Inoue et al. 2006; Watanabe et al. 2008;Yin and Kuebler
2010).

Although there is no direct proof yet, the majority of native mechanosensive
(MS) channels involved in Ca2+ mobilization in the CVS share similarities with TRP
channels expressed therein (Inoue et al. 2009b). Further, the activation/modulation
of TRP channels seems intimately associated with membrane lipid mechanics and
metabolism (Meves 2008; Suh and Hille 2008; Raghu and Hardie 2009; Lundbaek
et al. 2010a). In the following, we therefore focus on the mechanical regulation
of TRP channels in CVS particularly in terms of membrane lipid mediators, af-
ter introducing some general concepts about the mechanism for mechanical signal
transduction and lipid-mediated regulation.

10.2 Diversity of Mechanical Signal Transduction

The strategies by which a cell can sense, transmit and transduce mechanical stimuli
appear to have emerged in a very early stage of evolution. We can find such primitive
cases in bacteria and archaea as MS channels which operate as a safety valve to release
the osmolites in response to a sudden drop in environmental osmolarity (Martinac and
Kloda 2003). In higher organisms which possess the cytoskeleton, more elaborated
micro-architectures consisting of many mechanosensing/transducing molecules are
organized so as to respond to more generalized forms of mechanical stimuli, e.g.
compression, retraction, bending, torsion, and shear whereby to exert more complex
biological functions.

In general, the mechanisms for mechanical signal transduction can be classified
into several different categories depending on the timescale, mode and complexity
of its operation (Inoue et al. 2009a, b);

• bilayer-dependent mechanism
• tethered mechanism
• mechanobiochemical conversion
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• facilitated membrane trafficking
• enhanced gene transcription

The first one is the simplest and fastest form of mechanotransduction and is purely
dependent on the cell membrane lipid bilayer. A typical exemplar is found for MS
channels in E. coli and archaea, which are gated directly, even when reconstituted in
artificial liposome, by changes in the bilayer deformation energy (bilayer-dependent
mechanism; Sukharev et al. 1993; Corry and Martinac 2008). Because of the absence
of intervening processes, the activation kinetics of MS channels by altered bilayer
mechanics is as fast as micro- to milli-seconds. The mechanism for this type of fast
mechanosensation/transduction has been most intensively investigated in prokaryotic
MscL and MscS channels. By means of EPR spectroscopy with site-directed spin
labeling, molecular dynamic simulation and statistical calculations, it is postulated
that hydrophobic mismatch at the boundary of lipid bilayer and channel protein
produced by membrane deformation (thinning, bending, altered elastic properties,
etc.) causes conformational movements of channel gating apparatus, leading to the
opening of the channels. In case of MscL, this occurs as a radial, iris-like broadening
of a narrow constriction gate via increased tilt of pore-forming TM domains (Perozo
et al. 2002; Corry and Martinac 2008). In vertebrates, many MS cation channels
(MSCCs) with as-yet unidentified molecular entities have been recorded from acutely
isolated CMs, VSMCs, andVECs and found to be activated on a millisecond scale (for
review, Inoue et al. 2009b; Nilius et al. 2001). Although controversial (Dietrich et al.
2005; Gottlieb et al. 2008), some of expressed canonical transient receptor potential
(TRP) channels (TRPC1 and TRPC6) may be (Maroto et al. 2005; Spassova et al.
2006), and more convincingly, two-pore domain K+ channels (TREK-1, TAAK;
Dedman et al. 2009), DEC/ENAC/ASICs family members (Drummond et al. 2008),
and Piezo 1/2 (Coste et al. 2010), can be assigned to this category of MSCCs.
Interestingly, many of these vertebrate MSCCs have been reported to be inhibited
by an amphipathic tarantula venom peptide GsMTx-4, which has been suggested to
directly act on the bilayer thereby changing its tension profile and elastic properties
(Suchyna et al. 2000; Maroto et al. 2005; Spassova et al. 2006; Buxton et al. 2010;
Bae et al. 2011). In contrast, GsMTx-4 has been reported to activate cold-sensing
TRPA1 channel probably in a bilayer-mediated manner (Hill and Schaefer 2007).

In vertebrate audio-vestibular hair cells, there is a specialized tethered struc-
ture called ‘tip-links’. This structure is believed to transduce the acoustic vibrations
or head movements into electrical signals via the strength-dependent deflection
(or resultant tension) of elastic stereocilia which then activates NSCCs (tethered
mechanism). A similar tethered mechanism also appears to operate in Drosophila’s
bristle and nematode’s touch sensations (Tavernarakis and Driscoll 1997; Hamill and
Martinac 2001; Christensen and Corey 2007). In the latter, it has been shown that
several distinct mec genes encoding the extracellular matrix, transduction channel,
intracellular scaffold and their linkers are indispensable for normal mechanotrans-
duction, in which the deflective force is transmitted through intervening intracellular
linkers (e.g. filamentous actin) to NSCCs (Tavernarakis and Driscoll 1997; Hamill
and Martinac 2001). The molecular correlates of these MSCCs were originally



284 R. Inoue et al.

proposed to be TRPN1 and TRPA1 respectively. These TRP channels possess extraor-
dinarily many ankyrin-like repeats on their N-termini that may enable the coupling
of transduction channel to cytoskeleton. However, studies using loss-of function mu-
tations or genetic deletion of these MSCC candidates do not support the obligatory
involvement of these molecules (Christensen and Corey 2007). Other examples of
the tethered MSCC model includes the renal epithelial TRPP2 channel, which phys-
ically interacts with TRPP1 and cytoskeletal components such as Hax-1, CD2AP,
troponin I, tropomyosin-1, KIF3, mDia1, and α-actinin to form a mechanotransduc-
tion complex transmitting the displacing movement of primary cilia by fluid flow
(Witzgall 2007; Chen et al. 2008); and the glomerular slit diaphragm TRPC6 chan-
nel which is physically associated with a putative mechanosensor podocin (Huber
et al. 2006; Moller et al. 2009) and clustered with many slit diaphragm proteins
such as nephrin, NEPH-1 CD2AP, ZO-1 and actin-associated cytoskeletal proteins
(Lowik et al. 2009). Although there is still no compelling evidence to directly link
them to mechanotransduction, the genetic mutations or impaired functions of these
proteins are known to disrupt the glomerular ‘filtration barrier’ function and cause
progressive proteinuric glomerulosclerosic diseases (Dietrich et al. 2010).

In higher organisms than bacteria, a dynamic and complex submembranous net-
work of protein filaments (actin, microtubules, intermediate filaments) called the
cytoskeleton exists, which provides mechanical support for the cell and also enables
cell shape changes during division and migration. The intracellular network of cy-
toskeleton is a specialized framework which communicates with extracellular matrix
via transmembrane proteins called integrins at focal contacts. It has been proposed
that such cellular framework may serve as a pre-tensed architecture (‘tensegrity’
model; Ingber 2008) and is linked to intracellular signaling thereby converting
the external mechanical forces into biochemical information (mechanobiochemical
conversion). There are numerous reports that various forms of mechanical stimuli
can activate cell surface receptors, G-proteins, or intracellular enzymes includ-
ing adenylyl cyclase, protein kinase A (PKA), mitogen-activated protein kinases
(MAPKs), non-receptor tyrosine kinase, thereby modulating ion channel activities
(e.g. Martinez-Lemus et al. 2003; Hughes-Fulford 2004). For instance, the mechan-
ical activation of α4β1 and α5β1 integrin-mediated pathways in VSMCs potentiate
voltage-dependent Ca2+ channels via activation of Src and PKA producing vaso-
constriction (Martinez-Lemus et al. 2003). In other cases, mechanical stimuli can
more directly activate cell membrane-associated enzymes such as PLC and phospho-
lipase A2 (PLA2) to generate functionally active lipid mediators, e.g. diacylglycerol
(DAG) and arachidonic acid (AA). These lipid mediators then act directly or are
further metabolized to modify a variety of cellular functions. The Drosophila TRP
channels and many of mammalian TRP channels (e.g. TRPC subfamily, TRPV1/V4,
TRPM2/M7/M8) likely undergo this type of regulation (see below). In addition to
these, there is substantial evidence that mechanical stimuli facilitate the membrane
insertion (facilitated membrane trafficking) or transcriptionally upregulate the ex-
pression (enhanced gene transcription) of many membrane proteins including TRP
channels (Kanzaki et al. 1999; Guinamard et al. 2006; Oancea et al. 2006; Dalrymple
et al. 2007; Fleming et al. 2007).
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Table 10.1 Activation mechanisms for mechanosensitive TRPs in CVS. (Information derived from
Inoue et al. (2009a). nd; not determined. GPCR: PLC- and Gq/11-protein-coupled receptor. For
other abbreviations, see the text.)

Distribution Mode of mechanotransduction

Bilayer Tethered Mechanobiochemical Trafficking Transcription

TRPC1 CM, VEC,
VSMC

Yes? nd nd nd Yes?

TRPC6 VEC, CM,
CF, VSMC

Yes? Yes (podocin?) GPCR/PLC/DAG
PLA2/ω
-hydroxylase/20-
HETE

Yes nd

TRPV1 Sensory n.,
VEC

nd nd Mediated by LOX-
12 metabolites?,
20-HETE?

nd nd

TRPV2 CM, VSMC nd nd ? Yes nd
TRPV4 CM, VEC,

VSMC
nd Yes (MAP7?) PLA2/epoxygenase/

5′,6′-EET
nd Yes?

TRPM7 CM,VEC,
CF, VSMC

Yes? nd nd Yes nd

TRPP2 CM, VEC,
VSMC

nd Yes (TRPP1) nd nd nd

Table 10.1 categorizes mechanically stimulated Ca2+ influx associated with sev-
eral TRP isoforms in CVS in light of the above-mentioned mechanisms. It is
noteworthy that the same TRP channel is often regulated at multiple levels of mechan-
otransduction, i.e. lipid bilayer, cytoskeletal dynamics, lipid mediators, membrane
trafficking and gene transcription. This diversity of regulation is the characteristic fea-
tures of mechanically-induced Ca2+ mobilization in CVS, and seemingly matches up
with the promiscuous features of TRP channel activation intricately associated with
membrane lipid mechanics and metabolism. In the next section, we will therefore
see briefly what is generally known about lipid-mediated regulation of ion channels
to gain more precise insight therein.

10.3 Mechanisms for the Lipid-Mediated Regulation of Ion
Channels

Tight regulation of ion channels by membrane lipids is an emerging theme to under-
stand their activation and inactivation kinetics and sensitivity to gating modification
(Hilgemann et al. 2001; Meves 2008; Falkenburger et al. 2010). Particularly, phos-
phoinositide phosphates (PIPs) such as phosphatidylinositol 4,5-bisphosphate (PIP2)
and its metabolites by PLC, as well as PLA2-related membrane phospholipid metabo-
lites (i.e. AA and its metabolites), seem to play central roles in the regulation of
TRP channel gating and functions. Several mammalian TRPC subfamily mem-
bers (TRPC2, TRPC3/C6/C7) and the archetypal Drosophila TRP channels can be
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Fig. 10.1 Four representative mechanisms for lipid-mediated ion channel regulations. a ‘bilayer-
mediated’. b ‘ligand-receotor’ interaction. c ‘electrostatic’ interaction. d ‘metabolization’ or
‘signaling’-mediated. Abbreviations not appearing in the text; COX: cyclooxygenase; PGs:
prostaglandins; LOX: lipooxygenase; LTs: leucotriens; EOX: epoxygenase; EETs: epoxye-
icosatrienoic acids; HD: ω-hydroxylase: HETEs: hydroxyeicosatetraenoic acids. For explanation,
refer to the text

activated by DAG or its potential metabolites includingAA and other poly- and mono-
unsaturated fatty acids (linolenic, linoleic and oleic acids) (Putney 2007; Raghu and
Hardie 2009). These effects do not need the activation of protein kinase C or further
metabolization, thus probably being direct on channel gating. There is also increas-
ing evidence that PIP2 itself may have direct regulatory effects on many types of ion
channels including TRP channels (Hilgemann 2001; Hille et al. 2008; Falkenburger
et al. 2010). Similarly, AA and its metabolites generated through the lipooxygenase,
cyclooxygenase, and cytochrome P450 pathways have been reported to exert effects
on TRP channel gating (Meves 2008).

The mechanisms underlying such lipid actions can be summarized into at least four
categories (Fig. 10.1); bilayer-mediated, ligand-receptor interaction, electrostatic
interaction and metabolization- or signaling-mediated mechanisms.

10.3.1 Bilayer-Mediated Mechanism

Figure 10.1a demonstrates bilayer-mediated mechanism. By investigating the dis-
joining kinetics of gramicidin channel monomers as a measure for the changes in
the lipid bilayer elastic energy, many amphipathic membrane lipids such as AA,
lysophosphatidylcholine, docosahexaenoic acid, oleic acid, eicosapentaenoic acid
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have been shown to be reversibly absorbed in the bilayer membrane thereby being
capable of changing the bilayer stiffness (Lundbaek et al. 2010a, b). Strikingly, many
of them (e.g., AA, oleic acid, docosahexaenoic acid) are found to affect, at
their concentrations to alter the bilayer stiffness; the activation/inactivation of
voltage-dependent Na+ and Ca2+ (N-type) and K+ channels and large conductance
Ca2+-dependent K+ channel; the desensitization of nicotinic ACh receptor chan-
nel and the ligand binding of GABAA receptor channel (Lundbaek et al. 2010a).
These actions appear clearly different from the classical ‘key and lock’ or ‘ligand
and receptor’ interaction, and thus may represent nonspecific but rather commonly
occurring actions of membrane lipids on channel gating. There is no rigorous proof
yet, but the effects of membrane lipids and an amphipathic neurotoxin GsMTx-4
on several TRP channels likely occur through this mechanism (see above). Of note,
cholesterol which has been thought to increase the membrane rigidity, has indeed
proved to increase the bilayer stiffness by using the gramicidin-based bilayer elastic
energy measurement (Lundbaek et al. 2010a). Interestingly, the ‘ionotropic’ activa-
tion of TRPM3 channel by neurosteroids has been reported to be greatly enhanced
by the depletion of cholesterol, which is counteracted by the exogenous application
of cholesterol (Naylor et al. 2010). This might also involve the bilayer-mediated
mechanism.

Although it is still uncertain, recent investigations have proposed that certain
membrane-derived lipids such as linoleic acid may alleviate the intrinsic voltage-
dependent inhibition (note: the authors describe this phenomenon as the relief of
‘open channel block’), thereby increasing the activity of several TRP channels
(Drosophila TRP and TRPL, TRPV3) presumably via bilayer-mediated mechanism
(Parnas et al. 2009a, b).

10.3.2 Ligand-Receptor and Electrostatic Interactions

Figure 10.1b, c demonstrates ligand-receptor and electrostatic interactions. In stark
contrast with the bilayer absorbing effects of lipids on ion channels, the interaction
with PIPs appears more direct in that it requires specific or nonspecific binding to
target proteins. The typical example of the former is the pleckstrin homology (PH)
domain, which is found in many cyoplasmic signaling proteins including PLC. The
PH domain consists of positively charged amino acid residues in a binding pocket
that are positioned so as to optimize the interaction with the phosphorylated head
groups of PIPs. This type of structure is a kind of ‘ligand-receptor’ interaction and
may provide the specificity over different PIPs molecules. On the other hand, pro-
teins bearing a long stretch of clustered polybasic residues can nonspecifically binds
the acidic head groups of multiple PIPs molecules. The MARCKS (myristoylated
alanine-rich C kinase substrate) protein is representative for this type of binding,
which sequestrates PIP2 in the inner bilayer leaflet when not phosphorylated by
PKC or interacting with calmodulin (Suh and Hille 2008). Both specific binding
via structured domains and nonspecific binding via clustered polybasic residues
seem important for channels showing PIPs-sensitivity such as inward rectifying K+
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and TRP channels. A recent crystallographic study of Kir2.2 inward-rectifying K+
channel revealed that binding of PIP2 through both specific and nonspecific interac-
tions with the transmembrane and cytoplasmic domains of the channel is essential for
its opening (Hansen and MacKinnon 2011). Although controversial, PIP2-mediated
potentiation of TRPV1 is shown to be associated with its proximal C-terminal re-
gion containing polybasic amino acid residues (Ufret-Vincenty et al. 2011), whereas
a study on TRPM8 has proposed that the very proximal C-terminal ‘TRP-domain’
may serve as a general PIP2-binding pocket in TRP channels (Rohacs et al. 2005).

As for other membrane lipids, there is considerable paucity of information. How-
ever, a recent bioinformatic approach with the GDDA-BLAST tool has proposed a
specific DAG-binding region (TRP_2) on the proximal N-terminus of TRPC3 chan-
nel, which is crucial for the functional expression of the channel protein (van Rossum
et al. 2008). It has been proposed that positive regulation of TRPM2 channel by AA
may be mediated by its specific binding domain on N-terminus (AA-responsive
sequence: ARS) which is also requisite for the response to H2O2 (Hara et al. 2002).

10.3.3 Metabolization or Signaling-Mediated Mechanism

Figure 10.1d demonstrates metabolization or signaling-mediated mechanism.
Many lipid-mediated regulations involve the multi-step activation of metaboliz-
ing and/or signaling molecules such as enzymes and adaptor/signaling proteins.
A well-known example is the AA cascade, in which three biologically important
lipid metabolites, i.e. prostaglandins/thromboxanes, leucotrienes, eicosatrienoic
acids/hyroxyeicosatetraenoic acids, are further generated by cyclooxygenase,
lipooxygenase, and cytochrome P450 enzymes. The classical pathway of PLC-
mediated PIP2 metabolization is to generate IP3 and DAG, but there is a bypass
to generate AA from DAG via DAG kinase and lipase. The consequences of the gen-
eration of these membrane lipid-derived second messengers are diverse, ranging from
the direct activation/modulation of downstream effector proteins (e.g. IP3 receptor,
PKC, ion channels) to the sequential activation of enzymes (e.g. PI3 K/Akt/eNOS,
MAPK cascade) which in most cases leads to the induction of transcriptional,
translational and trafficking activities.

The considerations so far strongly suggest that the mechanisms of mechanotrans-
duction intimately involve membrane lipid dynamics and metabolism, which have
great influences on the regulation of TRP channel gating. This means that lipid-
mediated regulation may be a general paradigm accounting for mechanical activation
and resultant functions of many TRP channels.

In the following, to gain more precise insight, we will take two TRP channels,
i.e. TRPC6 and TRPV4, as the representative lipid-regulated channels showing con-
trasting nature in CVS. These channels are the most ubiquitous and reportedly the
first mechanosensitive TRP isoforms with well-investigated details in CVS (Inoue
et al. 2009b). And their functional antagonism in VSMC and VEC seems to play a
pivotal role in vascular tone regulation, via mutually interwined activation/regulation
mechanisms through lipid dynamics and metabolism.
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10.4 Lipid-Mediated Mechanisms Involved in Mechanical
Activation of TRPs in Vascular Tone Regulation

10.4.1 Two Lipid Mediators DAG and 20-HETE Synergistically
Regulate TRPC6 Channel in VSMC

The vascular tone is regulated by both neurohormonal and myogenic mechanisms.
While the former indicates vasoconstrictor response to receptor agonists such as
noradrenaline, vasopressin, and angiotensin II, the latter is defined as an intrinsic
mechanosensitive mechanism independent of neural, metabolic and hormonal in-
fluences, which has been traditionally called ‘myogenic response’ (Davis and Hill
1999). In general, agonist-induced vasoconstrictor response occurs as the result of
PLC-dependent Ca2+ mobilization and is responsible for raising the systemic vas-
cular resistance and thereby blood pressure, for which the essential roles of TRPC6
and its homologues have been speculated (for review, see e.g. Inoue et al. 2006).
In contrast, the role of myogenic response has been ascribed to local blood flow
control through not yet firmly determined mechanosensitive mechanisms which are
generally believed different from those of receptor-mediated mechanism. However,
as will be seen below, such simple dichotomy may not be relevant, particularly in that
membrane lipids associated with receptor-mediated metabolization would contribute
to both vascular responses.

The ‘myogenic response’ or ‘Bayliss effect’ is a long-standing concept that has
been used to explain the auto-regulatory response of small arteries. This mechanism
is thought to be of critical importance to maintain the blood flow constant in response
to blood pressure fluctuations in specialized circulations, i.e. cerebral, renal and coro-
nary circulations (Davis and Hill 1999). The important characteristics of myogenic
response include not only its dependence on extracellular Ca2+ and inhibition by
VDCC or MSCC blockers (e.g. Gd3+ and GsMTx-4), but also its sensitivity to PLC
inhibitors (Osol et al. 1993; Matsumoto et al. 1995; Davis and Hill 1999; Lee et al.
2007). This indicates that myogenic response would also be tightly linked to Ca2+
influx dependent on PLC-mediated phospholipid metabolization. There are indeed
several reports showing that increased intravascular pressure promoted the hydroly-
sis of PIP2 in a PLC-dependent manner (e.g. Narayanan et al. 1994), and that Ca2+
-permeable DAG-sensitive cationic conductances could be induced by membrane
stretch (e.g. Park et al. 2003; Lee et al. 2007).

A recent study applying the antisense approach to organ-cultured cerebral artery
unequivocally united the above independent observations to show that pressure-
induced activation of a DAG-sensitive NSCC TRPC6 channel contributes to the
development of myogenic tone (Welsh et al. 2002). More recently, Spassova et al.
(2005) demonstrated that expressed TRPC6 channels can be directly gated by mem-
brane stretch at both macroscopic current and single channel levels, which are
inhibited by an amphipathic neurotoxin GsMTx-4. These observations led the au-
thors to propose the ‘bilayer-dependent’ mechanism for TRPC6 channel activation
(Fig. 10.2); both membrane deformation by stretch and DAG generated through
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PLC-coupled receptor activation would directly activate TRPC6 channel in a ‘bilayer-
mediated’ fashion. However, deletion of trpc6 gene in mice could not confirm these
observations. The myogenic response of cerebral artery from these mice was not
compromised at all. This questioned the obligatory involvement of mechanical acti-
vation of TRPC6 channel in the myogenic response (Dietrich 2005). Instead, the same
study found that compensatory overexpression of TRPC3 protein in TRPC6-/- mice
rather produced vascular over-reactivity to both receptor and mechanical stimula-
tions. These disparate results seemed difficult to reconcile each other, but subsequent
studies proposed alternative views.

The fact that PIP2 hydrolysis can be stimulated by mechanical stimuli does not nec-
essarily mean that PLC should directly be activated by mechanical stimuli. Mederos
et al. (2008) reported that, when Gq/11/PLC-coupled receptors [GPCRs; angiotensin
(AT1), endothelin (ETA), muscarinic (M5) and histamine (H1) receptors] were over-
expressed, various forms of mechanical stimuli, i.e. hypotonicity, cell inflation, cell
stretch and negative pressure applied into patch pipette could activate coexpressed
TRPC6 channels. This mechanical activation of TRPC6 channel was prevented by
the PLC inhibitor U73122 or an inactive GTP analogue GDPβS, and even by the
antagonist of overexpressed AT1 receptor losartan. Importantly, pretreatment with
losartan also attenuated the BRET signals reflecting the interaction between AT1

receptor and its downstream signaling molecule β-arrestin, and suppressed (but not
abolished) myogenic response of cerebral artery in the absence of AT1 receptor ag-
onist. These results together suggest that mechanical stimuli may directly activate
empty GPCRs thereby activating the downstream PLC-dependent pathway thereby
activating TRPC6 channel (Fig. 10.2). Thus, it is not surprising that vascular reactiv-
ity was not impaired in TRPC6-/- mice where compensatory upregulation of another
DAG-sensitive NSCC TRPC3 may fully substitute the role of TRPC6 channel.

In strong support of this view, a recent independent study using the substituted
cysteine accessibility mapping technique has shown that mechanical stimulation
can actually cause the conformational change of unoccupied AT1 receptor with an
anticlockwise rotation and a shift of the 7th transmembraneTM segment into a ligand
binding pocket. Moreover, this effect was inhibited by the AT1 receptor antagonist
candesartan which probably stabilizes the AT1 receptor in an inactive state (Yasuda
et al. 2008). The mechanism by which mechanical stimuli causes the conformational
change ofAT1 receptor remains still unclear. However, the most plausible explanation
is that mechanical stimulation might increase the hydrophobic mismatch at the lipid
– AT1 receptor protein boundary, and the compensatory movement of the 7th TM
segment to diminish this membrane ‘frustration’energy might bring the receptor into
the activated state. Nevertheless, even though the activation of PLC-coupled receptor
is the primary mechanism, it does not preclude that TRPC6 channel could be activated
by mechanically produced DAG through the bilayer-dependent mechanism described
above.

Despite the importance of PLC-dependent mechanism, the myogenic response
of cerebral artery was only partially inhibited by the AT1 receptor antagonist losar-
tan (Dietrich et al. 2005). In other types of arteries than cerebral artery such as
resistance arteries (e.g. mesenteric arteries, skeletal muscle arterioles), it has been
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Fig. 10.2 Three hypothetical mechanisms for mechanical activation of TRPC6 channels. Mechani-
cal stimuli applied to VSMC membrane may activate TRPC6 channel directly or indirectly through
three distinct pathways, i.e. TRPC6 channel itself, PLC-coupled receptor, and PLA2-dependent
pathway. Note that all mechanisms could involve deformation energy due to altered membrane
tension or bending in the initial step

known that noticeable myogenic response is induced only after vasoconstrictive
receptor in VSMC is activated by its agonist, e.g. noradrenaline. Or conversely,
agonist-induced vasoconstriction is enhanced by increased intravascular pressure or
preexisting vascular wall tension (VanBavel et al. 1994; Meininger et al. 1991; Davis
and Hill 1999). These observations suggest that there is a synergy between receptor-
mediated and mechanically-induced signaling in VSMCs, which may involve an
additional signaling pathway independent of PLC. The PLA2-dependent pathway is
one of plausible candidates to fit this idea. PLA2 is activated by mechanical stimuli
to generate AA, from which many vasoactive metabolites can be derived. Amongst
them, 20-hydroxyeicosatetraenoic acid (20-HETE) has drawn particular attention,
because it acts as a potent vasoconstrictor and is actively formed via cytochrome
P450A family enzymes (ω-hydroxylase) in VSMCs (Harder et al. 1997; Marji et al.
2002; Roman 2002).

The formation of 20-HETE is dependent on perfusion pressure in cerebral artery
(Gebremedhin et al. 2000), and overexpression of cytochrome P450A1 enzyme
enhances the constrictor response to phenylephrine with increased production of
20-HETE in renal interlobar artery (Kaide et al. 2003). Furthermore, pharmacologi-
cal inhibition of endogenous production of 20-HETE impaires the autoregulation of
renal and cerebral blood flow in response to increased intravascular pressure (Zou
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et al. 1994; Gebremedhin et al. 2000). These results have established the integral
role of 20-HETE in the development of myogenic tone (Harder et al. 2011). The
mechanism underlying the vasoconstrictor actions of 20-HETE in cerebral artery
has been ascribed to the inhibition of Ca2+-dependent K+ channel (Zou et al. 1996)
and potentiation of VDCC; both result in the enhancement of voltage-dependent
Ca2+ influx by membrane depolarization, and activation of PKC which increases the
Ca2+ sensitivity of contractile machinery (Harder et al. 1997, 2011).

To explore whether a similar mechanism operates in enhanced myogenic response
by receptor stimulation, Inoue et al. (2009a) re-investigated the mechanical activa-
tion of TRPC6 in the light of synergy between receptor and mechanical stimulations.
Both in expression system and A7r5 vascular myocytes, mechanical stimulation (hy-
potonicity, shear stress, intrapipette negative pressure, application of an amphipathic
compound trinitrophenol) enhanced the activity of TRPC6 channel only after it was
activated by GPCR agonists. Oppositely, when the mechanical stimuli were applied
first, the subsequent activation of TRPC6 channel by agonists was greatly enhanced
with more than 100-fold leftward shift of concentration-response relationship. The
mechanical potentiation of receptor-activated TRPC6 channel was completely ab-
rogated by siRNA knockdown of cytosolic PLA2 and pharmacological inhibition
of PLA2 or 20-HETE production via ω/ω−-hydroxylase. Conversely, exogenous ad-
ministration of 20-HETE, which could itself elicit a very small magnitude of cationic
currents with atypical properties (Basora et al. 2003), resulted in remarkable poten-
tiation of TRPC6 channel activities induced by a DAG analogue OAG. At the tissue
level, pressure-induced contraction (myogenic response) of rat mesenteric artery was
marginal in the absence of agonist, but was markedly enhanced by preceding weak
α1-adrenoceptor stimulation. This enhancement was almost completely inhibited
by the ω/ω-hydroxylase-specific blocker HET0016 (Fig. 10.3) or TRPC6 channel
blockers Gd3+ and SK&F96365. In aggregate, these results suggest that, upon si-
multaneous receptor and mechanical stimulations, two lipid mediators derived from
PLC- and PLA2-dependent pathways, DAG and 20-HETE, may synergistically acti-
vate TRPC6 channels (Fig. 10.3). The specific receptors responsible for the actions of
20-HETE and DAG on TRPC6 channels have not yet been identified, but again, the
possibility that both lipids may rather affect the channel activity via altered bilayer
elastic energy (see above) cannot be ruled out.

In physiological settings, a certain amount of noradrenaline is continuously re-
leased from the sympathetic nerve ending because of its autonomic tone, and many
vasoactive factors (e.g., vasopressin, angiotensin II, endothelin) are released from en-
docrine organs and VEC and circulating in the blood. VSMCs are constantly exposed
to this vasoconstrictive neurohormonal drive. Under these conditions, the mechani-
cal reactivity of peripheral arteries is expected to be enhanced or ‘sensitized’ by the
above-mentioned mechanism. As described above, the enhanced myogenic response
has been observed in resistance arteries which mainly contribute to systemic vascu-
lar resistance. This further implies that simultaneous operation of mechanical and
receptor stimulations may greatly enhance the mechanical responsiveness of resis-
tance arteries. Under normal conditions, this would help to more efficiently elevate
decreased blood pressure, whereas in pathological conditions, it could exacerbate
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Fig. 10.3 Involvement of 20-HETE production in enhanced myogenic response in small mesenteric
arteries. Left: myogenic response expressed as a % decrease of initial diameter before and after
application of an α1-adrenergic agonist phenylephrine, in the presence or absence of the specific
ω-hydroxylase blocker HET0016. Right: schematic representation of a set-up used for videomi-
croscopic diameter measurement of cannulated artery preparation. (Modified from Inoue et al.
(2009b))

hypertensive propensity. A similar situation may also hold for the heart, since it is con-
tinuously subjected to mechanical loads and under tight neurohormonal regulation.
Thus, the synergy between mechanical (PLA2-meidated) and PLC-coupled receptor
stimulations may be of general physiological and pathophysiological significance
for the regulation of CVS functions.

In addition, contribution of 20-HETE to myogenic response has also been assigned
to the activation of vasosensory TRPV1 (see below) in small branches of mesenteric
artery (Scotland et al. 2004). The proposed hypothesis is that mechanically pro-
duced 20-HETE in VSMCs may activate TRPV1 channels in adjacent vasosensory
terminals; which in turn triggers the release of substance P thereby evoking vasocon-
striction via stimulation of neurokinin 1 receptor on the VSMC membrane. Although
TRPV1 is known to be activated by several 12-LOX products (Hwang et al. 2000),
it is not clear whether 20-HETE could exert the same action. Thus, physiological
relevance of vasosensory TRPV1-mediated mechanism for local blood pressure/flow
regulation remains to be determined.

10.4.2 EET Mediates the Activation of TRPV4 Channel in VECs

Blood stream continuously generates shear stress thereby facilitating the release of
vasodilative agents from VECs such as nitric oxide (NO) (Busse and Fleming 2003).



294 R. Inoue et al.

The mechanism by which shear stress facilitates the NO production is diverse, but
Ca2+ influx through mechanically activated TRPV4 channel in VEC is one of crucial
steps contributing to NO production and resultant vasodilation or increased blood
flow (Kohler et al. 2006; Hartmannsgrube et al. 2007; Loot et al. 2008). TRPV4 is
abundantly expressed in VECs and activated by hypoosmolarity, shear stress, warm
temperature and synthetic 4α-phorbols. The activity of TRPV4 channel is positively
modulated by voltage and [Ca2+]i and PKC-mediated phosphorylation (Nilius et al.
2004).

Mechanical activation of TRPV4 by hypoosmolarity is suppressed by the
inhibitors for PLA2 and cytochrome P450 epoxygenase which are responsible
for the production of AA and its metabolites epoxyeicosatrienoic acid (EETs)
respectively. Exogenous administration of anandamide, AA or 5′,6′-EET (but not
other EETs except for 8′,9′-EET which shows only a weak activating effect) induced
TRPV4-mediated Ca2+ responses but only 5′,6′-EET could elicit single channel
activities in inside-out patch membrane (Watanabe et al. 2003). These results suggest
that 5′,6′-EET is generated via mechanical activation of PLA2/expoygenase pathway
to act as a membrane-delimited lipid mediator responsible for mechanical activation
of TRPV4 channel. A subsequent investigation with specific point mutagenesis re-
vealed that activation of TRPV4 by hypoosmolarity or 5′,6′-EET critically depended
on Tyr-591 and Arg-594 residues in the C-terminal part of the 4th TM segment
(TM4). These amino acid residues were also necessary for heat- or 4αPDD-induced
activation, which however additionally required hydrophobic residues (Leu584,
Trp586) in the central part of TM4 as well as Tyr-556 in the third TM segment
(Vriens et al. 2007). Through the comparison of chemical structures and efficacies
to activate TRPV4 channel of 4α-phorbol esters and analogy to TRPV1 channel,
it has been hypothesized that the C-terminal part of TM4 (Tyr-591 and Arg-594)
may not contribute to the specific binding of TRPV4 agonists but rather be involved
in the gating of TRPV4 channel per se (Vriens et al. 2007). These results raise
the possibility that 5′,6′-EET might activate TRPV4 channel through a nonspecific
‘bilayer-mediated’ mechanism. It is an intriguing subject of further investigation to
evaluate such potential bilayer-dependent action of 5′,6′-EET in the light of its effects
on the gramicidin channel kinetics as described above (Lundbaek et al. 2010a).

The synergy of mechanical stimulation and PLC-coupled receptor has also been
documented for TRPV4 channel. Besides the potentiating effect of PKC activation on
TRPV4 channel (Nilius et al. 2004), it has been reported that receptor-activated IP3R
enhances hypotonicity-induced (i.e EET-mediated) activation of TRPV4 channel, via
binding to the TRPV4C-terminal region harboring a CaM-binding motif (Fernandes
et al. 2008; Garcia-Elias et al. 2008). Although the available information is still
sparse, the above observations raise an intriguing idea that the synergistic operation
of PLC and PLA2 may serve as a common paradigm to amplify an otherwise marginal
Ca2+ mobilization caused by either neurohormonal or mechanical stimulus alone.

In addition, mechanical activation of TRPV4 channel has been suggested to
involve Src-mediated phosphorylation of N-terminal Tyr-110 residue. The point
mutation of this residue resulted in impairment of shear stress- and hypoosmolarity-
induced TRPV4 channel activation leaving the activating effect of 4αPDD unchanged
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(Wegierski et al. 2009). It is uncertain however how Src-mediated Tyr-110 phos-
phorylation on the N-terminus could maintain the sensitivity of TRPV4 channel
to mechanical stimuli. Whether some conformational changes induced directly
or indirectly via auxiliary proteins by Tyr-110 phosphorylation may mediate the
enhancement of mechanical activation of TRPV4 is a matter of future investigation.

10.4.3 Functional Antagonism between TRPC6 (and TRPC3)
and TRPV4 Channels in Vascular Tone Regulation
via Lipid-Mediate Regulation and their Therapeutic
Significance in Future

In the vasculature, two AA metabolites derived form PLA2-dependent pathway,
EETs and 20-HETE are known to play reciprocal roles (Roman 2002; Busse and
Fleming 2003). The former is actively produced in VECs, and thought to contribute
to vasodilative response. In contrast, 20-HETE is derived mainly from VSMCs,
and under pressurized conditions, considerable amount of 20-HETE is released into
peripheral circulations from VSMCs. There is compelling evidence that altered pro-
duction of EETs and 20-HETE is closely related to the onset and progression of
hypertensive disorders (Fleming 2001; Roman 2002). Furthermore, recent studies
have suggested that in both spontaneously hypertensive rats and patients with essen-
tial hypertension, expression of TRPC3 is upregulated relative to that of TRPC6 and
Ca2+ mobilization associated with PLC-coupled receptor activation (i.e. through
these TRPC channels) is exaggerated (Liu et al. 2005, 2006, 2009). In the early
stage of essential hypertension, excessive activities of sympathetic nerves and renin-
angiotensin system are commonly observed features (Johnson et al. 2008). This
means that excessive activation of PLC-dependent pathway may play a key role in
the onset/progression of the hypertension. Taking all these facts together, it is possible
that disruption of the lipid-mediated regulation of DAG-sensitive TRPC subfamily
members (i.e. TRPC3, TRPC6), particularly via their synergistic activation by PLC-
and PLA2-dependent pathways (i.e. via DAG, 20-HETE), may lead to abnormally
elevated blood pressure, due to increased vascular reactivity and resistance and the
exacerbating process of hypertension resulting from defective renal protection due
to impaired myogenic response of renal arteries.

It has been reported that the production of 20-HETE in VSMCs is inhibited by
NO, which binds and inactivates the heme moiety of cytochrome P450A enzymes
via formation of nitrosyl-iron complexes (Harder et al. 1997, 2011). The production
of NO is facilitated by shear stress-induced activation of TRPV4 channel in VECs
via mechanically produced 5,6,-EET. Although TRPV4-/- is found to be normoten-
sive (Willette et al. 2008), the vasodepressor effect of NO is strongly dependent
on the activation of TRPV4 channels (Kohler et al. 2006; Hartmannsgrube et al.
2007; Loot et al. 2008; Willette et al. 2008). Moreover, NO released from VECs
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Fig. 10.4 Functional
antagonism between
TRPC3/C6 and TRPV4
channels in vascular tone
regulation. The two
membrane lipid-metabolizing
pathways, PLC/DAG and
PLA2/cytochrome P450
enzymes are likely involved in
mechanical activation of these
channels, in which two lipid
mediators, EET and 20-HETE
may play antagonistic roles.
Solid and dashed arrows
indicate stimulatory and
inhibitory effects on targets at
the arrowheads, respectively

continously diffuses into VSMCs to activate protein kinase G (PKG). The activa-
tion of PKG has been reported to phosphorylate TRPC3 and TRPC6 channels and
suppress Ca2+ influx into VSMCs (Kwan et al. 2004, 2006; Takahashi et al. 2008;
Koitabashi 2010; Inoue et al. 2010) with enhanced Ca2+ uptake into the sarcoplas-
mic reticulum and decreased Ca2+ sensitivity of contractile machinery in VSMCs
(Lincoln et al. 2001). All these can contribute to produce vasorelaxation and decrease
blood pressure.

The above-mentioned mechanisms provide us a new conceptual framework of
functional antagonism between TRPC6/C3 channels inVSMCs and TRPV4 channels
in VECs via PLC/ω-hydroxylase/20-HETE and PLA2/epoxygenase/EET, NO/PKG-
mediated regulation of vascular tone and blood pressure (Fig. 10.4). This framework
may become an important basis for developing a new therapeutic strategy toward
more effective treatments of hypertensive disorders in future. A similar strategy can
also be applied to the treatment of cardiac hypertrophy wherein both neurohormonal
and mechanical activation of TRPC1/C3/C6 channels may play a pivotal role in con-
cert with the calcineurin/NFAT-mediated signaling (Heineke and Molkentin 2006;
Inoue et al. 2006, 2010).
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Chapter 11
Stretch Effects on Atrial Conduction: A Potential
Contributor to Arrhythmogenesis

Michela Masè and Flavia Ravelli

11.1 Introduction

The existence of a close relationship between stretch and atrial arrhythmias is sup-
ported by large clinical and experimental evidence (see Ravelli 2003; Eckstein et al.
2008 for review). Clinical studies have reported an increased prevalence of arrhyth-
mias for hearts that have been mechanically compromised by congestive heart failure
(Packer 1985; Francis 1986), or exposed to pressure overload through hypertension
(Sideris 1993) and aortic valve disease (Dreifus 1993). In addition, atrial dilatation
is known to be an important independent risk factor for atrial fibrillation (AF) (Vaziri
et al. 1994; Psaty et al. 1997), with left atrial size being a predictor of successful
cardioversion and maintenance of sinus rhythm (Hoglund and Rosenhamer 1985;
Brodsky et al. 1989). Consistently with clinical evidence, experimental studies in
animal models have shown that both acute and chronic atrial stretch increase the
vulnerability to atrial fibrillation (Boyden and Hoffman 1981; Solti et al. 1989;
Sideris et al. 1994; Ravelli and Allessie 1997; Chorro et al. 1998; Neuberger et al.
2005, 2006). In particular, the arrhythmogenic role of stretch was demonstrated
in the small rabbit heart, which, unable to sustain any atrial arrhythmia in normal
conditions, could instead produce a fibrillatory response to electrical stimulation,
if preconditioned by stretch (Ravelli and Allessie 1997). On the other hand, atrial
dilatation can be a consequence of atrial fibrillation (Probst et al. 1973; Keren et al.
1987; Petersen et al. 1987; Sanfilippo et al. 1990; Suarez et al. 1991). The electrical
remodeling induced by the arrhythmia is indeed accompanied by a progressive loss
of atrial contractility and increase in atrial compliance, which determine an enlarged
atrial volume (Wijffels et al. 1995; Schotten and Allessie 2001; Schotten et al. 2011).
In this way, atrial dilatation contributes to the vicious circle which perpetuates AF
(Allessie et al. 2002).
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Atrial stretch may contribute to the development and maintenance of atrial arrhyth-
mias through the modulation of several electrophysiological parameters, promoting
focal arrhythmias that trigger self-perpetuating AF or maintaining irregular activa-
tion through substrate modification. In experimental preparations stretch has been
shown to induce both early and delayed afterdepolarizations able to trigger premature
beats and atrial tachyarrhythmias (Nazir and Lab 1996; Kamkin et al. 2000), as well
as to accelerate the firing rate (Kalifa et al. 2003) or increase the arrhythmogenic
activity of the pulmonary veins (Chang et al. 2007). As concerns substrate modifi-
cation, previous works in both isolated rabbit hearts (Ravelli and Allessie 1997) and
humans (Tse et al. 2001) have shown a close relationship between the vulnerability
of the atria to AF and the stretch-induced shortening of atrial refractoriness. A proar-
rhythmic factor has been also identified in the nonuniform modulation of local atrial
refractory periods induced by stretch, which has been attributed to an heterogeneous
distribution of wall stress in the intact human atrium (Satoh and Zipes 1996; Chen
et al. 1999; Tse et al. 2001).

In addition to these factors, stretch may contribute to the formation of an arrhyth-
mic substrate through the modulation of atrial conduction properties. Experimental
and clinical studies on this issue remain, nevertheless, rather sparse, since stretch
and speed represent a “complicated couple” to investigate (Allessie 2011). Macro-
scopic conduction properties are determined by a variety of microscopic factors, all
of which can be potentially modulated by stretch, which results in variegate strain-
velocity responses in different stretch ranges and tissue preparations (McNary et al.
2008). In addition, the reliable measurement of conduction velocity and stretch-
induced changes poses important technical issues, as concerns the mapping system
resolution, as well as the definition and estimation of conduction properties from
experimental data (Allessie 2011; Ravelli et al. 2011).

In this chapter, we will review the experimental and clinical evidence which
supports the role of stretch-induced conduction disturbances in the creation of an ar-
rhythmic substrate. After an introduction concerning the methodological challenges
and technical advancements involved in the investigation, the effects of acute stretch
on macroscopic conduction properties will be described, as well as the potential
microscopic determinants of the observed changes. The mechanisms through which
stretch-induced conduction changes may contribute to the generation, maintenance
and stabilization of arrhythmic conditions will be pointed out, complementing the
conduction changes produced by acute stretch with the even more deleterious effects
chronic dilatation.

11.2 Determination of Stretch Effects on Conduction:
Methodological Aspects

The actual determination of stretch effects on atrial conduction in whole-heart
preparations involves two principal methodological issues: the definition of di-
latation protocols able to elicit significant electrophysiological responses, and the
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development of methods for a reliable estimation of conduction properties from the
available mapping data. The study of stretch-induced conduction changes in humans
by minimally invasive techniques introduces further constraints, which make the task
particularly challenging.

11.2.1 Atrial Dilatation Protocols

Acute changes in atrial volume/pressure have been obtained in intact heart animal
models by a variety of dilatation protocols. The mainly used techniques include acute
volume loading by normal saline solutions (Sideris et al. 1994; Satoh and Zipes 1996)
or plasma expander (Wijffels et al. 1997) and inflation of a balloon catheter (Solti
et al. 1989; Chorro et al. 1998). Changes in right and left atrial pressures over a wide
range of values have been obtained in the Langendorff-perfused rabbit heart (Ravelli
and Allessie 1997; Eijsbouts et al. 2003) using the experimental model of biatrial
dilatation designed by Ravelli and Allessie (1997). Specifically, the experimental
setup provides that the caval and pulmonary veins are ligated and the perfusion
fluid entering the right atrium from the coronary sinus is allowed to leave the heart
exclusively through a cannula in the pulmonary artery, while the inter-atrial septum is
perforated to guarantee an equal pressure in both atria. In this way, the atrial pressure
and degree of biatrial dilatation can be controlled simply adjusting the height of the
pulmonary outflow cannula (Ravelli and Allessie 1997).

The possibility to extend the study of stretch effects to humans has originated from
the observation that atrial pressure and size can be actually controlled by sequen-
tial atrioventricular (AV) pacing. Indeed, by monitoring atrial pressure and size in
open chest anesthetized dogs during sequential AV pacing, Kaseda and Zipes (1988)
showed that these parameters changed at varyingAV intervals, with maximal increase
in peak and mean atrial pressure and atrial size for AV intervals approaching zero.
Based on this principle, stretch effects have been studied in humans by performing
simultaneous AV pacing (see Fig. 11.1; Klein et al. 1990; Calkins et al. 1992; Chen
et al. 1999; Tse et al. 2001; Ravelli et al. 2011), or during arrhythmic conditions,
such as AV node reciprocating tachycardia (Klein et al. 1990), where near simultane-
ous activation of the atrium and ventricle spontaneously occurs at tachycardia rate.
These protocols have been shown to elicit consistent electrophysiological changes
in human atria, both in terms of refractory (Klein et al. 1990; Calkins et al. 1992;
Chen et al. 1999; Tse et al. 2001) and conduction (Ravelli et al. 2011) properties.

11.2.2 Conduction Velocity Measurements

Different approaches and techniques have been used for the quantification of the con-
ductive properties of the cardiac tissue. The choice of the technique strictly depends
on the available mapping system (i.e., the number and displacement of the recording
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Fig. 11.1 Right atrial dilatation in humans during simultaneous AV pacing. Atrial electrograms
(AEG) and surface electrocardiograms (ECG, left panels), showing the relative timing of atrial and
ventricular activations during control (a) and simultaneous AV pacing (b), are displayed with the
anterior and right lateral views of the CARTO-reconstructed right atrium (central and right panels,
respectively). Note the dilatation of the atrial chamber during simultaneous AV pacing. (Modified
from Ravelli et al. (2011), with permission)

sites), and determines different levels of estimation accuracy. With a limited num-
ber of recording sites available, rough estimates of atrial conduction properties have
been obtained in terms of inter/intra-atrial conduction times, by calculating the de-
lay between activation at two different atrial locations (Solti et al. 1989; Sideris
et al. 1994). The accuracy of these measures is nevertheless undermined by the im-
possibility of defining the direction of wavefront propagation. Differently, accurate
estimation of conduction properties have been obtained in animal models by map-
ping the cardiac surface by high-density regularly-spaced electrode grids (Lammers
et al. 1990; Bayly et al. 1998; Eijsbouts et al. 2003) or optical mapping techniques
(Sung et al. 2003; Mills et al. 2008). Indeed, the construction of phase-maps (Lam-
mers et al. 1990), velocity maps (Eijsbouts et al. 2003) or model-fitted velocity
vector fields (Bayly et al. 1998; Sung et al. 2003; Mills et al. 2008) from multisite
data has allowed the detection and spatial tracing of activation wavefronts, as well
as the local quantification and spatial mapping of conduction properties, leading to
the identification of conduction inhomogeneities. Techniques developed for regular
grid data are not straightforwardly applicable to clinically-obtained electroanatomic
mapping data, since these usually present lower resolution, spatial scattering and
irregular spacing. In order to comply with clinical data features, specific methods
have been proposed, such as triangulation approaches acting on point triads (Kana-
garatnam et al. 2002), linear (Fitzgerald et al. 2003) or cosine (Weber et al. 2010)
model fitting of small datasets of points, and scattered-data interpolation techniques
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Fig. 11.2 Principles of triangulation method and velocity map construction from clinical mapping
data. On the left, trigonometric equations used to calculate the velocity vector magnitude (ν) and
direction (α) from the activation time differences (tOA, tOB) and spatial distances (OA, OB, AB)
between triangle vertices. On the right, automated construction of velocity maps by triangulation.
In the upper panels, the distributions of eligible point triads (left) and averaged velocity vectors
(right) are displayed over the colored right atrial activation map (posterior view). In the lower
panels, conduction velocity vectors are color-coded according to their magnitude (left) and the
corresponding conduction velocity map is obtained by velocity value interpolation (right). (Modified
from Ravelli et al. (2011), with permission)

(Masè and Ravelli 2010). In particular, several studies (Kanagaratnam et al. 2002;
Kojodjojo et al. 2006a, b, 2007; Ravelli et al. 2011) have shown the ability of the
triangulation method to accurately measure wave propagation velocity in the direc-
tion of wavefront propagation with the access afforded by endocardial mapping in
the conscious patient. The triangulation method is simply based on the principle
that the magnitude and direction of conduction velocity vectors can be measured
using the difference in local activation times and the spatial distance between triads
of mapping points (see equations in Fig. 11.2), provided that a single planar wave-
front propagates in the plane of measurements and uniform conduction properties are
present in the triangle area. The accuracy of triangulation methods is, thus, condi-
tioned by a careful choice of point triads, which have to satisfy spatial and temporal
constraints (Kojodjojo et al. 2006a, b, 2007; Ravelli et al. 2011), in order to comply
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with triangulation assumptions and limit the effects of inaccuracy factors, such as
chamber curvature, local conduction heterogeneity, inaccuracies in activation time
estimation, which may be present in real data. Methods for the automatic identifi-
cation of eligible triads and the spatial averaging of velocity vectors (Ravelli et al.
2011) have been used to improve the basic triangulation method, in order to yield
reliable estimates of local conduction velocity, as well as statistically consistent and
homogeneous spatial mapping of velocity vectors (Fig. 11.2, right panels).

The measurement of conduction velocity in conditions of atrial stretch involves
additional methodological issues. Stretch effects on cardiac conduction may indeed
be estimated by two different velocity measures, based on either constant or chang-
ing electrode distance (Penefsky and Hoffman 1963; Rosen et al. 1981). “Penefsky
and Hoffman (1963) suggested that the conduction velocity measured over a fixed
distance was an “apparent” conduction velocity, whereas that measured between two
moving sites on a lengthening tissue surface was a “true” conduction velocity” with
“Penefsky and Hoffman (1963) suggested that the conduction velocity measured over
a fixed distance, in basal and stretch conditions, was an “apparent” conduction veloc-
ity, whereas the “true” conduction velocity had to be measured between two moving
sites on a lengthening tissue surface”. Indeed, in unidimensional fiber preparations,
velocity measurements performed at changing distance between marked points guar-
anteed conduction to occur on the same electrical pathway, i.e., between the same
number of cells in both control and stretch conditions. Estimations of “true” conduc-
tion velocity have been proposed also in isolated rabbit heart mapping studies with
bidimensional electrode arrays (Eijsbouts et al. 2003). Specifically, approximate
“true” conduction velocity values were obtained by normalization of “apparent” ve-
locity values for stretch level, assuming that the number of cells varied linearly with
distance, as well as conduction properties and stretch levels were homogeneous over
the tissue surface. Differently, in experimental settings where these conditions are
not satisfactorily met, such as in whole chamber mapping studies (Sung et al. 2003;
Mills et al. 2008; Ravelli et al. 2011), the effects of stretch have been quantified just
in terms of “apparent” conduction velocity changes. On the other hand, the recon-
struction of velocity vector fields from optical (Sung et al. 2003; Mills et al. 2008)
or movable catheter (Ravelli et al. 2011) mapping data in these studies provided a
global quantification of conduction properties during control and stretch conditions.

11.3 Effects of Acute Stretch on Cardiac Conduction

The relationship between acute mechanical strain and cardiac conduction has been
studied since the sixties in a variety of experimental models, but just recently com-
plemented with results from clinical human studies (Ravelli et al. 2011). In their
seminal work of 1963, Penefsky and Hoffman (1963) first investigated the conduc-
tion changes induced at different strain levels in one-dimensional fiber strips from
different animal species and cardiac tissue types. The study revealed a complex
biphasic response of conduction velocity to stretch conditions, with an increase of
conduction in the low strain range and a decrease in the high strain range. Since then
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further studies have observed different types of strain-velocity relationships (Mc-
Nary et al. 2008), which include biphasic (Penefsky and Hoffman 1963; Rosen et al.
1981; McNary et al. 2008), constant (Spear and More 1972; Reiter et al. 1997; Zhu
et al. 1997), increasing (Deck 1964; Dominguez and Fozzard 1979; Tavi et al. 1996)
and decreasing (Spear and More 1972; Solti et al. 1989; Sideris et al. 1994; Zabel
et al. 1996; Chorro et al. 1998; Eijsbouts et al. 2003; Sung et al. 2003; Mills et al.
2008) behaviors. The heterogeneity of experimental findings may be partially due
to the multiplicity of experimental protocols applied, which involved differences in
dilatation protocol and stretch range, in animal model and cardiac tissue type, as
well as in the definition and quantification of conduction properties. More homo-
geneous results have been reported in studies based on intact heart animal models
and in human studies, where a depression of atrial (Solti et al. 1989; Sideris et al.
1994; Chorro et al. 1998; Eijsbouts et al. 2003; Ravelli et al. 2011) or ventricular
(Sung et al. 2003; Mills et al. 2008) conduction was observed at increasing stretch
levels. Details concerning the stretch-induced conduction disturbances observed in
the atrial tissue will be provided in the following paragraphs for animal models and
patient data, respectively.

11.3.1 Stretch-Induced Conduction Disturbances in Animal
Model Atria

First evidence of the negative dromotropic effects of stretch on atrial conduction
was provided in a dog model (Solti et al. 1989; Sideris et al. 1994), where intera-
trial conduction times measured in normal conditions were compared with values
observed in presence of atrial stretch. Stretch was indeed shown to depress atrial
conduction, with a lengthening of the interatrial conduction time when atrial pres-
sure was acutely increased by transfusion (Sideris et al. 1994) or by balloon catheter
inflation (Solti et al. 1989). A more accurate description of the phenomenon was
provided by high-density mapping studies in the isolated rabbit heart (Chorro et al.
1998; Eijsbouts et al. 2003). Indeed, Chorro et al. (1998) observed a progressive
and reversible global reduction of conduction velocity in the right atrium distended
by balloon inflation, with conduction velocity decreasing from a control value of
73.3 ± 4.4 cm/s to 66.8 ± 5.1 cm/s to 55.2 ± 3.1 cm/s for average longitudinal dilata-
tions of 24 and 41 %, respectively. Similarly, Eijsbouts et al. (2003) observed a
progressive decrease of the normalized right atrial conduction velocity by 35 and
49 % in the rabbit heart, when the atrial pressure was augmented to 9 cm H2O and
14 cm H2O by raising the level of an outflow cannula in the pulmonary artery, after
occlusion of the caval and pulmonary veins. More interestingly, the authors showed
that atrial dilatation not only depressed conduction, but also promoted spatial inho-
mogeneities in conduction properties, suggesting that the underlying architecture of
the atrial myocardium played a significant role in stretch-induced conduction dis-
turbances. In particular, by pacing the atrium from four different atrial sites and
computing corresponding high-density activation and velocity maps (Fig. 11.3), the
authors revealed a significant increase in the incidence of slow conduction areas
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Fig. 11.3 Effects of acute stretch on right atrial conduction in the isolated rabbit heart. Upper
panels. Photographs of the free wall of the right atrium at pressures of 2 cm H2O (control, left)
and 14 cm H2O (dilatation, right). The mapping array is indicated by the black box and pacing
sites are positioned at the box corners. The white dashed lines indicate the same tissue part at
increasing degree of dilatation. Lower panels. High-density isochrones maps of the right atrial free
wall during high-frequency stimulation from the four pacing sites (a, b, c and d). Note the less
uniform conduction and crowding of isochrones during acute dilatation. (Modified from Eijsbouts
et al. (2003), with permission)

and conduction block sites during atrial dilatation (right panels) in comparison with
basal conditions (left panels), where conduction was instead mostly uniform. The
lines of block prevalently occurred along the border of the crista terminalis and larger
atrial trabeculae, which could be explained as the consequence of an heterogeneous
distribution of wall stress over the atrial surface. The complex architecture of the
atrial wall indeed exhibits large variations in orientation and size of muscle bundles,
as well as large differences in wall thickness. Since an increase in atrial pressure
should stretch the thinner part of the atrium more than the thicker regions (Satoh
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and Zipes 1996), the thin epicardial layer, overlaying the trabecular network, may
be more sensitive to acute stretch and potentially reach the critical value of conduc-
tion block earlier than the thicker bundles. The heterogeneous stretch response of
the atrial wall, leading to the formation of lines of blocks and forcing the propa-
gating wavefronts to follow the complex atrial architecture, may have significant
consequences on the propagation of activation wavefronts and thus on arrhythmia
stabilization.

11.3.2 Stretch-Induced Conduction Disturbances in Human Atria

The effects of acute atrial stretch on conduction properties have been recently
analyzed in humans by Ravelli et al. (2011). The investigation was performed
in the clinical setting during electrophysiological studies preceding ablation of
paroxysmal supraventricular tachycardia. In order to make stretch induction and
conduction mapping consistent with clinical practice and minimally invasive tech-
niques, the authors combined simultaneous AV pacing to distend the atria, with
electroanatomic mapping and triangulation techniques to quantify and spatially map
conduction velocity. Specifically, right atrial mapping was performed by CARTO
electroanatomic mapping system during proximal coronary sinus pacing (basal con-
dition) and repeated during simultaneous AV pacing (stretch condition) at a fixed
cycle length of 450–500 ms. In order to have an adequate spatial resolution, a
mean of 80 mapping points were sampled during each step of the procedure, ac-
quiring three-dimensional coordinates and corresponding activation times in each
location. Automatic triangulation of data points was applied to compute conduc-
tion velocity vectors and to construct velocity maps and distributions in each patient
(Fig. 11.4).

Simultaneous AV pacing produced an overall significant increase of right atrial
volume from 72.0 ± 29.0 to 86.3 ± 31.3 ml, which, in turn, induced a depression
of atrial conduction. Spatial mapping of conduction velocity in basal and stretch
conditions (Fig. 11.4) revealed a significant stretch-induced increase in the extension
of slow conduction regions and in the number of sites with velocity smaller than
30 cm/s (red spots in panel A), which resulted in a shift of the conduction velocity
distribution towards lower velocity values (panel B). Similarly to the experimental
findings in the isolated rabbit heart (Eijsbouts et al. 2003), slow conduction sites
were mostly located on the trabecular lateral atrial wall. In the overall population of
patients (Fig. 11.5) the authors observed that the 23 ± 14 % increase in atrial volume
(left) was accompanied by a significant decrease of median conduction velocity
(centre) from 65.8 ± 5.9 cm/s to 55.2 ± 7.2 cm/s and an increase of the incidence of
slow conduction areas (right) from 10.3 ± 4.2 % to 15.9 ± 7.7 %.

These results extend to humans the findings obtained in experimental animal
models, thus confirming the deleterious action of dilatation on atrial conduction
properties, which involves slowed and heterogeneous propagation.
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Fig. 11.4 Effects of acute atrial dilatation on conduction velocity (CV ) distribution in the human
right atrium. Anterior and right lateral views of the reconstructed interpolated CV maps (a) and
corresponding CV histograms (b) are shown during control (left) and stretch conditions (right).
Red spots in the map mark the slow conduction and local conduction block sites (CV < 30 cm/s).
The incidence of slow conduction and block clearly increases during dilatation. (From Ravelli et al.
(2011), with permission)
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Fig. 11.5 Effects of atrial stretch on right atrial volume (left), median conduction velocity (CV,
centre) and incidence of slow conduction (right) in the overall patient population (N = 10).
* p < 0.01 and ** p < 0.001, respectively. (Modified from Ravelli et al. (2011), with permission)

11.4 Microscopic Determinants of Stretch-Induced Conduction
Slowing

Propagation in cardiac tissue is a complex process that depends on the active electrical
properties of myocyte membranes (membrane excitability and resting membrane
potential), the passive (resistive and capacitive) properties of the cellular network
(McNary et al. 2008), and the coupling with other non-myocyte cell populations
(i.e., fibroblasts; Camelliti et al. 2005; Kamkin et al. 2005; Kohl et al. 2005). Stretch
can affect all these properties and the relative contribution of these factors can result
in different macroscopic outcomes for different stretch ranges and preparations.

Concerning active electrical properties, myocardial stretch has been associated
with a slight depolarization of resting membrane potential, which is mainly attributed
to an increased open state probability of stretch-activated ion channels (SAC; Hu and
Sachs 1997; Zhang et al. 2000; Kamkin et al. 2003). At moderate levels of strain,
membrane depolarization favors conduction by a reduction of the time to activa-
tion, while at larger strain the increased depolarization of the membrane leads to
inactivation of the sodium channels, reducing upstroke velocity and slowing con-
duction (McNary et al. 2008). Stretch activated channels may also indirectly affect
conduction properties by modulating action potential duration and refractory peri-
ods, as demonstrated in computational studies by the dependence of strain-velocity
relationship on stimulation rate (Trayanova et al. 2004; Kuijpers et al. 2007; Sachse
et al. 2007).

With regards to passive tissue properties, experimental and computer models have
shown stretch to affect both resistive and capacitive properties of the cellular network.
In computer models including the effects of stretch on tissue conductivity (Sachse
et al. 2000, 2002; Kuijpers et al. 2007; McNary et al. 2008), moderate to large levels
of stretch were generally assumed to increase the myocardial resistance associated
to the cell interior by increasing cell length and decreasing cell cross-sectional area,
while the intercellular resistance associated to gap junction was considered strain-
independent (McNary et al. 2008). In experimental models, stretch has been shown
to increase effective membrane capacitance (Mills et al. 2008), which could be the
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result of an increased effective cell membrane surface area-to-volume ratio by uncov-
ering of “surplus” sarcolemma and expansion of sarcolemmal vesicles (Kohl et al.
2003). Interestingly, Mills et al. (2008) have shown that these capacitive effects pre-
vailed over resistive effects in the determination of conduction velocity. Although
experimental evidence of the relation between stretch and gap-junction uncoupling is
still lacking, it has been suggested that extreme levels of stretch could lead to closure
of gap-junction channels, preventing intercellular current flow and conduction, and,
possibly, contributing to the formation of conduction blocks (McNary et al. 2008).

In addition to the active and passive properties of myocytes, conduction may
be modulated by the interactions between myocytes and other cell populations.
In particular, fibroblasts have been recently proposed to play a role as electri-
cal bridges or current sinks. (Camelliti et al. 2005; Kohl et al. 2005), Computer
models of cardiac propagation including fibroblasts have indeed confirmed myocyte-
fibroblast coupling to significantly affect conduction (Jacquemet and Henriquez
2008; Sachse FB et al. 2009). Since cardiac fibroblasts possess an inherent
mechanosensitivity, with fibroblast membrane resistance and potential changing con-
siderably with mechanical stimulation (Camelliti et al. 2005; Kamkin et al. 2005;
Kohl et al. 2005), fibroblast-myocyte coupling may affect conduction differently,
depending on the acute mechanical loading condition. Further investigation and
experimental evidence are, nevertheless, required to better clarify the effective con-
tribution of myocyte-fibroblast interaction in the conduction alterations produced by
stretch.

The decrease in conduction velocity observed during acute dilatation in intact heart
experimental models and clinical data may be ascribed to a prevalent effect of factors
hindering conduction versus factors with facilitating effects, at the stretch level con-
sidered. Specifically, conduction disturbances might be the result of a SAC-induced
reduction of excitability, an increased membrane capacitance and, potentially, of
gap-junctional uncoupling. The possible role of stretch activated channels in stretch-
induced disturbances has been indeed evidenced in a simulation study by Kuijpers
et al. (2007). In a model of atrial tissue the authors showed that a depolarized resting
membrane potential produced by SAC currents could slow conduction by inactivation
of Na+ channels and lowering of maximum upstroke velocity. As concerns the role
of capacitive changes, the combination of experimental data and computer modeling
in the isolated rabbit heart suggested that the stretch-induced slowing of ventricular
conduction was consistent with a prevalent increase of membrane capacitance over
reduced intercellular resistance, rather than be mediated by stretch-activated chan-
nels (Sung et al. 2003; Mills et al. 2008). The effects on conduction of electrical
uncoupling have been investigated by multisite optical mapping in linear strands
of cultured neonatal rat ventricular myocytes by Rohr et al. (1998). The authors
found that gap junctional uncoupling could have even stronger effects on conduction
velocity than a reduction of excitability. In addition, while the latter caused an uni-
form slowing of conduction, electrical uncoupling made cellular activation patterns
change from uniform to highly discontinuous, due to the pronounced spatial differ-
ences in the degree of electrical coupling among cells (Rohr et al. 1998). The effects
of stretch on gap-junctional coupling and the extent to which electrical coupling has
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to decrease to affect wavefront propagation are, however, still a matter of debate and
require further investigation.

In addition to the actual depression of conduction, characterized by the slowing of
the excitation wavefront along the direction of propagation, the macroscopic decrease
of conduction velocity measured in experimental and clinical settings may be due
also to an increase in the tortuosity of the trajectories of impulse propagation at the
microscopic level, due to the presence of non-excitable blocks (Allessie 2011). This
would be consistent with the significant increase in the number of slow conduction
sites and lines of conduction block observed during dilatation in both animal (Eijs-
bouts et al. 2003) and human atria (Ravelli et al. 2011). The presence of these barriers
may indeed force the activation wavefront to deviate from a straight course, length-
ening the conduction time between recording sites. For instance, zigzag conduction
with tortuous routes around unexcitable barriers has been revealed to underline the
macroscopic slow conduction areas present in the papillary muscles of patients with
myocardial infarction (de Bakker et al. 1993).

Further high-density mapping studies should be performed to elucidate the actual
microscopic determinants of stretch-induced conduction disturbances, assessing the
relative contribution of depressed conduction and tortuosity of propagation patterns,
in order to identify potential targets of therapeutic approaches.

11.5 Contribution of Stretch-Induced Conduction Disturbances
to the Arrhythmic Substrate

The previously described conduction impairment induced by conditions of acute
atrial dilatation may constitute an important factor for the development of a sub-
strate for atrial arrhythmias. The impairment of conduction may even worsen
in presence of prolonged atrial stretch conditions, such as during chronic
atrial dilatation, and play a crucial role in the long-term stabilization of atrial
fibrillation.

11.5.1 Acute Stretch Contribution

Both animal (Solti et al. 1989; Sideris et al. 1994; Chorro et al. 1998) and human
(Ravelli et al. 2011) studies have reported stretch-induced conduction changes to be
paralleled by an increased vulnerability of the atria to the development of arrhyth-
mias, suggesting the potential role of conduction disturbances in the creation of an
arrhythmic substrate. Experimental data from the distended dog atria showed that
the stretch-induced lengthening of interatrial conduction times was accompanied by
an augmented propensity to atrial arrhythmias (Solti et al. 1989; Sideris et al. 1994).
Indeed, in conditions of left atrial dilatation by balloon inflation, atrial arrhyth-
mias could be regularly induced by an early extrastimulus or burst pacing. As well,
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Fig. 11.6 Spontaneous occurrence of atrial fibrillation (AF) during acute atrial dilatation by simul-
taneous AV pacing. ECG (V1), coronary sinus (CS) electrogram and atrial cycle length (ACL) series
recorded during simultaneous AV pacing in a representative patient developing AF. (Modified from
Ravelli et al. (2011), with permission)

spontaneous episodes of atrial tachycardia occurred in 38 % of the dilated dog atria
(Solti et al. 1989). Similarly, Sideris et al. (1994) observed a higher (57.9 vs 12.5 %)
induction of AF by rapid atrial pacing at high (> 14 mmHg) vs low (< 10 mmHg)
atrial pressures during transfusion-bleeding. In the isolated rabbit heart, Chorro et al.
(1998) showed that the decrease of conduction velocity due to atrial dilatation was
accompanied by an increasing number of pacing-induced arrhythmia episodes with
respect to basal conditions (22 episode at 24 % longitudinal dilatation vs 5 episodes
at control). Finally, in humans, Ravelli et al. (2011) observed a higher occurrence
of spontaneous arrhythmic episodes during atrial dilatation (Fig. 11.6), in parallel
with conduction impairment. Indeed, while during control condition atrial fibrilla-
tion never occurred, during acute atrial dilatation by simultaneous AV pacing six
over ten patients developed 15 episodes of AF, four of which had durations longer
than ten seconds.

Stretch-induced conduction slowing and increased conduction heterogeneity
could both act as predisposing factors for the genesis, modulation and persistence
of arrhythmias based on abnormal impulse propagation and reentrant mechanisms.
Indeed, the decrease of conduction velocity may contribute to the shortening of the
wavelength of excitation (i.e., the product between refractory period and conduction
velocity), promoting the formation of reentries of small dimension and allowing an
increase of the maximal number of wavelets coexisting on the atrial surface. On the
other hand, an increased heterogeneity of electrophysiological properties may favor
the formation of unidirectional conduction blocks, as well as provide a central ob-
stacle for reentrant activity (Allessie et al. 1988). The favoring role of heterogeneous
conduction on reentry formation has been stressed by Spach and Dolber (1986),
who showed that, in nonuniform anisotropic tissue, reentry can occur in very small
circuits, within small areas of few mm2.
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Stretch-induced conduction changes may not only favor the onset and mainte-
nance of atrial arrhythmias, but may also modulate the rate of reentrant arrhythmias,
such as atrial flutter. The small beat-to-beat variability of atrial flutter cycle length has
been indeed correlated to periodic variations of atrial volume/pressure due to hemo-
dynamic changes associated with ventricular contraction and respiration (Lammers
et al. 1991; Ravelli et al. 1994, 2008; Masè et al. 2008; Masè et al. 2009). Ac-
cording to the recently formulated mechano-electrical feedback paradigm (Ravelli
et al. 2008), changes in atrial volume should modulate atrial flutter rate via direct
alteration of circuit size and mechano-electrical modulation of conduction velocity.
Specifically, cyclical conditions of acute atrial stretch due to ventricular systole and
inspiration would lengthen the reentrant circuit pathway as well as slow the reentrant
wavefront, leading to a periodic prolongation of the revolution time around the flutter
circuit.

11.5.2 Chronic Stretch Contribution

Large experimental and clinical evidence has demonstrated that chronic atrial dilata-
tion causes an increased stability of AF (Eckstein et al. 2008; Schotten et al. 2011).
Interestingly, this occurs in absence of shortening of atrial refractoriness, and is in-
stead related to an increased heterogeneity in conduction. Animal models of chronic
atrial dilatation have, indeed, shown that chronic stretch conditions induce severe
structural alterations, which concur to a progressive loss of integrity of the lateral con-
nection between neighboring muscle bundles, and yield to macroscopic conduction
disturbances and substrate formation. Proarrhythmic structural alterations have been
mainly identified in fibrosis (Boyden and Hoffman 1981; Verheule et al. 2003, 2004),
myocyte hypertrophy (Ausma et al. 1997; Neuberger et al. 2005, 2006), altered ex-
pression and/or distribution of connexin proteins (Haugan et al. 2006; Takeuchi et al.
2006).

Specifically, in a canine model of chronic left atrial dilatation (4–5 weeks) due to
mitral regurgitation (MR, see Fig. 11.7a; Verheule et al. 2003, 2004) combined his-
tological analysis (upper panels) and high-resolution optical mapping (lower panels)
revealed the presence of areas with inflammatory infiltrates and increased fibrosis,
which affected propagation, leading to strong curvature of activation wavefronts,
pronounced regional conduction slowing and a marked dependence on propagation
direction during high-frequency pacing and premature stimuli introduction. An in-
creased duration of AF episodes was observed concurrently with these alterations,
suggesting that the higher stability of AF could be associated with chronic stretch-
induced structural changes leading to increased conduction heterogeneity. Similarly,
in a goat model exposed to four weeks of complete AV block (Fig. 11.7b; Neuberger
et al. 2005, 2006) atrial dilatation was paralleled by a gradual prolongation of AF
duration, although no changes in the values or dispersion of the atrial effective refrac-
tory period were observed. Atrial mapping during high-rate pacing instead revealed a
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Fig. 11.7 Atrial structure (upper panels) and conduction pattern (lower panels) in a canine model
of chronic left atrial dilatation due to mitral regurgitation (MR) (a) and in a goat model of biatrial
dilatation due to chronic complete AV block (b). The dog model presented areas of fibrosis (in blue,
trichrome staining) and inflammatory infiltrates, which determined slow conduction with strong
wavefront curvature at closely coupled premature stimulation (S2). In the goat model, chronic
AV block did not increase fibrosis (in red, Sirius red staining), but areas of slow heterogeneous
conduction were revealed by high-frequency pacing. (Modified from Eckstein et al. (2008), with
permission)

higher incidence of areas with slow conduction in the chronically-dilated atria (lower
panels), which was correlated with an increased myocyte hypertrophy, without signs
of fibrosis or alterations in connexin distribution (upper panels). Differently, a signif-
icant reduction in the expression levels of both Cx40 and Cx43 protein was observed
in a rabbit model with arterio-venous shunt leading to chronic overload (Haugan
et al. 2006). In these dogs atrial conduction velocity was significantly decreased, and
the atria were more vulnerable to the induction of atrial tachyarrhythmias by burst
pacing with respect to control dogs (Hirose et al. 2005). Alterations in the distribution
of Cx43, with no changes in expression level, were revealed by confocal microscopy
in patient with AF and atrial dilatation (Takeuchi et al. 2006). Nevertheless obser-
vations in different clinical studies are not consistent and the actual role of altered
connexin distribution patterns in the formation of a substrate for AF remains to be
elucidated (Duffy and Wit 2008).
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It is worth to notice that the different micro-structural alterations, produced by
different chronic dilatation models, had an increased heterogeneity of conduction in
common. The connection between structural alterations and conduction properties
has been investigated in a series of simulation studies by Spach et al. (Spach and
Boineau 1997; Spach et al. 2000, 2004), using a detailed mathematical cell model
with well-defined microstructure. Computer simulations showed that in presence
of fibrosis and increased transverse fiber separation, transverse propagation might
become discontinuous and discrete time delay in activation might appear between
adjoining myocytes or myocycte bundles (Spach and Boineau 1997). Similarly, non-
uniform distribution of gap-junction and increased cell size had strong effects on
conduction anisotropy, leading to pronounced propagation delays between myocyte
during transverse propagation (Spach et al. 2000, 2004). Simulation results evidence
that with the loss of side-to-side fiber coupling, the myocardial architecture may
fail to reestablish a smoothed wavefront at the macroscopic level. As well, spatial
nonuniformities of electrical loading may give rise to conduction block and favor
reentry (Spach and Boineau 1997).

The progressive loss of integrity between neighboring muscle bundles produced
by fibrosis and/or cell hypertrophy, and the consequent electrical dissociation may
play a crucial role in the development of a substrate of persistent AF, as shown in
both humans and animal models (Spach and Dolber 1986; Allessie et al. 2010; Ver-
heule et al. 2010). In particular, increased longitudinal dissociation, characterized by
lines of block running parallel to the atrial musculature, has been recently revealed
by epicardial mapping in patients with longstanding AF and structural heart disease
involving chronic atrial stretch (Allessie et al. 2010). Similarly, pronounced dissoci-
ation of fibrillation waves with large activation time differences has been observed
in goats with long-term AF (6 months) with respect to short-term AF (3 weeks), in
parallel with an increased myocyte hypertrophy and increased endomysial fibrosis
(Verheule et al. 2010). In addition to longitudinal dissociation, electrical dissocia-
tion might occur also between different layers of the atrial wall, i.e., between the
epicardial layer and the endocardial bundle network (de Groot et al. 2010; Everett
et al. 2010; Eckstein et al. 2011). In a recent study in the goat model of persistent
AF, Eckstein et al. (2011) have shown that epi-endocardial dissociation can occur as
a consequence of AF-induced structural remodeling, and be the result of a progres-
sive electrical uncoupling between the epicardial layer and the endocardial bundle
network, instead of a transmural dispersion of refractoriness. Electrical uncoupling
resulted both in dyssynchronous activation of the epicardial and endocardial bun-
dle network and in differences in the direction of propagation, which transformed
fibrillatory conduction in a three-dimensional process. This transition from a two to
a three-dimensional arrhythmic substrate may be of crucial importance in the sta-
bilization of the fibrillatory process. Dissociation of the endocardial and epicardial
layers may indeed lead to a consistent increase of the functional area available for
wavefront propagation and provide transmural bifurcation and pivot points, prereq-
uisite of epicardial breakthrough events, which more frequently occur in complex
substrates of AF (de Groot et al. 2010).
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All these findings provide evidence for the crucial role of stretch-induced
conduction disturbances in the progressive stabilization of AF, and suggest the po-
tential mechanisms of contribution of conduction changes to the formation of an
increasingly complex and multi-dimensional fibrillatory substrate.

11.6 Conclusions and Perspectives

In this chapter we have explored the experimental and clinical evidence which sup-
ports the strong interrelation between stretch, conduction impairment and atrial
arrhythmias. Starting from seminal experiments on unidimensional fiber prepara-
tion and passing through intact heart animal models, the investigation has finally
ventured into the measurement of stretch-induced conduction changes in humans
in the clinical setting, taking advantage of the progressive advancement of map-
ping system and signal processing techniques. Evidence gathered in both animal
and human atrial models indicates stretch to induce a slowing and increased het-
erogeneity of conduction, factors which can consistently contribute to the creation
of an arrhythmic substrate. Data from high-resolution mapping are now required in
order to correlate the macroscopic impairment of conduction with its microscopic
determinants, distinguishing an actual depression of the propagated action poten-
tial from an increased tortuosity of propagation pathways. A second crucial issue,
which needs to be deepened, relies on the effects of prolonged dilatation on atrial
conduction and arrhythmia vulnerability, and, in particular, on the time course, ir-
reversibility, and signaling pathways, which may determine structural changes in
the chronically dilated myocardium. Acquisition and integration of multiscale data
and computer modeling may help to bridge the gap between micro and macroscopic
perspectives, in order to identify potential targets for the prevention and treatment
of stretch-induced conduction disturbances and arrhythmias, and, thus, to interrupt
the deleterious circle formed by the stretch, conduction and atrial fibrillation.
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Chapter 12
Early Activation of Intracellular Signals after
Myocardial Stretch: Anrep Effect, Myocardial
Hypertrophy and Heart Failure

Horacio E. Cingolani, María C. Villa-Abrille, Claudia I. Caldiz,
Irene L. Ennis, Oscar H. Cingolani, Patricio E. Morgan,
Ernesto A. Aiello and Néstor Gustavo Pérez

12.1 Introduction

The link between the Anrep effect and myocardial hypertrophy and failure, although
obvious–since this effect is the result of myocardial strain- was not appreciated until
we proposed it in the 2005 edition of the book “Mechanosensitivity in Cells and
Tissues”. Previous experiments by Izumo and Sadoshima (Sadoshima et al. 1993),
Ito et al. (1993) and Yamazaki et al. (1996) performed in neonatal cardiomyocytes
showed that mechanical stretch induces the release of preformed angiotensin II (A2)
to the surrounding media, yet these findings were never linked to the Anrep effect,
a phenomenon originally described in the open chest dog model (von Anrep 1912).
Furthermore, Ito et al. (1993) showed that in stretched-conditioned medium where
A2 was released, the hypertrophic signals were abolished by interfering with the en-
dothelin (ET) action, finding that is in agreement with our own results demonstrating
that stretching adult myocardium releases A2 (or activates the AT1 receptor by de-
formation) triggering the release and/or formation of ET (for review see Cingolani
et al. 2011a).

12.2 The Anrep Effect

Although the contractile performance of the heart is under continuous neurohor-
monal and electrophysiological influence, the heart possesses intrinsic mechanisms,
adapting to different hemodynamic conditions by changing its cardiac output. An
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increase in ventricular end diastolic volume, induced by increasing aortic resistance
to ejection or venous return, leads to a more powerful contraction. This occurs
immediately and is the well-known Frank-Starling mechanism that allows the heart
to increase its output after an increase in venous return or to eject the same stroke vol-
ume against a greater afterload. However, over the next 10 or 15 min after the sudden
stretch, there is a further increase in myocardial performance and the end diastolic
volume returns towards its original value. The time constant of this phenomenon
will depend on several factors such as species differences, temperature, coronary
blood flow, etc. In 1912, von Anrep showed that after clamping the ascending aorta
in a dog (acutely decreasing outflow and increasing intraventricular pressures), its
heart initially dilated. This was followed by a progressive decline in heart volumes
towards initial values over the next minutes (von Anrep 1912). Von Anrep interpreted
these findings as secondary to a positive inotropic effect mediated by the release of
cathecolamines by the adrenal glands, which were receiving low blood flow. In 1959
Rosenblueth et al. (1959) called attention to the fact that both, an increase in heart
rate (Bowditch effect) and in afterload augmented the contractility in the isolated
canine right ventricle, “the two staircase phenomenon”. Sarnoff, in 1960, coined
the term “homeometric autoregulation” to define the decrease in left ventricular end
diastolic volume after the initial increase in diastolic volume that occurs after an
increase in afterload (Sarnoff et al. 1960). Since both reports (Rosenblueth et al.
1959; Sarnoff et al. 1960) were based on experiments performed in isolated hearts,
the possibility of a positive inotropic effect due to the release of cathecolamines by
the adrenal glands was ruled out.

In 1973, Parmley and Chuck reproduced this phenomenon in isolated strips of
ventricular myocardium (Parmley and Chuck 1973). They showed that if the length
of the muscle was increased, there were corresponding rapid and slow increases
in developed force. The rapid change in force is thought to be the basis of the
Frank-Starling mechanism and occurs secondary to an increase in myofilament Ca2+
sensitivity (Hofmann and Fuchs 1988). The slow force response (SFR) after a change
in length is due to a progressive increase in the Ca2+ transient, as demonstrated by
Allen and Kurihara in 1982 (Allen and Kurihara 1982) and later on confirmed by
other authors, including us (Kentish and Wrzosek 1998; Alvarez et al. 1999). Parmley
and Chuck also ruled out the possible role played by cathecolamines at the nerve
endings in the development of the SFR, since the response was also present in isolated
muscles from reserpinized animals (Parmley and Chuck 1973).

Although the cellular and molecular bases of the Frank-Starling mechanism (or
“heterometric autoregulation”) are well-known and involve mainly an increase in
the response of cardiac myofilaments to calcium (Hofmann and Fuchs 1988), the
mechanism of the Anrep effect (homeometric autoregulation) is less understood. It is
accepted that the increase in cardiac contractility that develops during the 10–15 min
following muscle stretch can be quantitatively explained by a progressive increase
in calcium transients (Allen and Kurihara 1982; Kentish and Wrzosek 1998; Alvarez
et al. 1999). However, the source for this increase in calcium was less understood. It
could not be explained by a hyperactive sarcoplasmic reticulum (SR) (Kentish and
Wrzosek 1998) nor by an increased transarcolemmal calcium current (Hongo et al.
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1996). The mechanism leading to the increase in the calcium transient was clarified
by experiments performed in our laboratory that demonstrated a link between calcium
influx and an autocrine/paracrine response to muscle stretch (Cingolani et al. 1998,
2003a; Alvarez et al. 1999; Perez et al. 2001, 2011; Caldiz et al. 2007; Villa-Abrille
et al. 2010).

12.3 The Autocrine/Paracrine Loop Triggered by Myocardial
Stretch

As stated before, the stretch of cardiac muscle increases developed force in two
phases. The first phase, which occurs rapidly, is generally attributed to enhanced
myofilament responsiveness to calcium and is probably not affected by the au-
tocrine/paracrine mechanism. The second phase (SFR) occurs gradually and is due
to an increase in the calcium transient amplitude as a result of the autocrine/paracrine
mechanism. The SFR was proposed to be the in vitro equivalent of the Anrep phe-
nomenon and its genesis was unknown until we proposed that Na+/H+ exchanger
(NHE-1) activation was the main step in the autocrine/paracrine mechanism lead-
ing to the increase in contractility by increasing intracellular sodium and calcium
(Alvarez et al. 1999).

Most intracellular pathways leading to cardiac hypertrophy and failure are trig-
gered by increases in intracellular calcium levels. Actually, the rise in cardiac muscle
calcium causing the SFR or Anrep effect occurs as fast as 10–15 min after stretch.
It is surprising that most investigators working in the field of excitation-contraction
coupling and cardiac mechanics have not established a link between the Anrep effect
and cardiac hypertrophy and failure. Interestingly, while several years ago we pro-
posed the crucial role of the NHE-1 in the SFR development, more recently, elegant
experiments by Wakabayashi’s group demonstrated that NHE-1 activation is suffi-
cient to generate calcium signals causing cardiac hypertrophy and failure (Nakamura
et al. 2008).

An attractive idea, albeit speculative, will be that the fate of the myocardium
may be determined during the first few minutes after stretch (i.e. it is possible that a
pharmacological intervention that prevents the development of theAnrep effect might
blunt the subsequent hypertrophy and failure). Approximately 23 million people are
affected with heart failure, and 2 million new cases of heart failure are diagnosed each
year worldwide. All the basic studies mentioned in this chapter need to be considered
when designing new therapeutic strategies in the treatment of cardiac hypertrophy
and failure. A clear understanding of the early triggering mechanisms that stretch
imposes to the myocardium will allow us to design novel weapons to win the battle
against this major disease.

In the next sections, we will present the experimental evidence that led us to
propose the autocrine/paracrine mechanism underlying the SFR, as well as its re-
semblance to signals that have been described for cardiac hypertrophy development
and heart failure.
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Fig. 12.1 State of knowledge of the chain of events triggered by myocardial stretch at 2005 (left
panel) and the updated sequence at 2011 (right panel)

12.4 Recent Advances in the Anrep Effect and Myocardial
Hypertrophy and Failure

Figure 12.1 (left panel) depicts the state of knowledge on this subject when we
wrote the chapter in the 2005 edition of the present book. In summary, the chain of
events hypothesized at that time comprised the following: (1)AT1 receptor activation,
(2) release/formation of ET, (3) NHE-1 hyperactivity, (4) increase in intracellu-
lar Na+ concentration, and (5) increase in Ca2+ transient amplitude through the
Na+/Ca2+ exchanger (NCX).

On the right panel of Fig. 12.1 we present the recent advances in this particular
field, stressing the idea that myocardial hypertrophy and failure begins with cardiac
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Fig. 12.2 Left: Contractile response to stretch of an isolated papillary muscle. The first increase
in force (from “a” to “b”, top) occurs without changes in the Ca2+ transient (“a” to “b”, bottom)
while the SFR (from “b” to “c”, top) is due to an increase in the Ca2+ transient (“b” to “c”, bottom).
Right: Pharmacological interventions proved to inhibit the SFR. (Modified with permission from
Cingolani et al. (2001))

strain-triggered intracellular pathways that are in part common to hypertrophy and
failure development and the mechanical counterpart, the so called SFR. Our updated
proposal is that the chain of events triggered by myocardial stretch is as follows:
(1) release ofA2, (2) release/formation of ET, (3) MR activation, (4) transactivation of
the EGFR, (5) NADPH oxidase activation, (6) mitochondrial reactive oxygen species
(ROS) production, (7) activation of redox-sensitive kinases, (8) NHE-1 hyperactivity,
(9) increase in intracellular Na+ concentration, and (10) increase in Ca2+ transient
amplitude through the NCX.

The left panel of Fig. 12.2 shows the typical behavior of a control papillary muscle
before and after stretch. The first increase in force occurs immediately after stretch
without changes in the Ca2+ transient and is attributed to the Frank-Starling mecha-
nism. The SFR is the mechanical result of a chain of intracellular signals triggered by
the stretch that ends with an increase in the Ca2+ transient. The pharmacological in-
terventions that abolished the SFR or Anrep effect are summarized in the right panel
of Fig. 12.2. Note the relationships between these interventions and the therapeutic
treatments used to regress myocardial hypertrophy or to treat heart failure.

During the 5–6 years after the 2005 chapter was written, the followings steps were
added to the sequence of the SFR generation:

12.4.1 The Critical Role of Mitochondrial ROS in the Activation
of Redox Sensitive Kinases Leading to the Anrep Effect

The participation of ROS as intracellular signalling markers of A2/ET-1 in the
myocardium is a well accepted fact (Sugden and Clerk 2006). In fact, we have
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demonstrated that a low dose of A2 (1 nmol/L) increases sarcomere shortening of
isolated cat cardiomyocytes through an autocrine crosstalk with endogenous ET-1
(Cingolani et al. 2006), being this effect dependent on ROS production. Both pep-
tides, A2 and ET-1, are well known activators of the NADPH oxidase (Giordano
2005; Kimura et al. 2005b) and through this action it has been reported a phe-
nomenon called “ROS-induced ROS-release”, by which a small amount of ROS
triggers a greater ROS production from the mitochondria (Zorov et al. 2000; Bran-
des 2005; Kimura et al. 2005a). The fact that ROS were implicated in myocardial
strain-triggered hypertrophy (Pimentel et al. 2006), lead us to explore the possibility
that the ROS-induced ROS-release mechanism would underlie the SFR. Figure 12.3a
shows that stretch -in addition to its mechanical effect- induces an increase in intra-
cellular ROS formation of approximately 30 % above baseline levels. Furthermore,
scavenging ROS with N-(2-mercaptopropionyl)-glycine (MPG) or EUK8 inhibited
both stretch-induced increase in ROS (Fig. 12.3a) and the SFR (Fig. 12.3b). We also
found that ROS scavenging inhibited the increase in [Na+]i that occurs in response
to stretch (Fig. 12.3c).

These results allow us to hypothesize that activation of NAPDH oxidase after
stretch would produce a small amount of O2

−, which may open the ATP-sensitive
mitochondrial potassium (mKATP) channels and produce a larger amount of
O2

− enough to generate the SFR. Experimental evidence supports these assump-
tions since the SFR was abolished after NADPH oxidase inhibition (apocynin
or diphenyleneiodonium chloride, DPI) or after blockade of mKATP channels
(5-hydroxydecanoate, 5HD, or glibenclamide) (Fig. 12.4a). Furthermore, the NHE-
1-induced increase in [Na+]i underlying the SFR was also abolished by these
interventions (Fig. 12.4b).

In this context, it appears reasonable to speculate that stretch-mediated mito-
chondrial ROS production leads to phosphorylation and activation of the NHE-1.
Actually, ROS-mediated activation of NHE-1 has been reported to be due to redox
sensitive kinase-mediated phosphorylation of the exchanger cytosolic tail, being
MEK, ERK1/2 and p90rsk kinases the favourite candidates (Rothstein et al. 2002).
In this regard: (1) RAS-dependent activation of these kinases has been reported af-
ter stretch in neonatal cardiomyocytes (Pimentel et al. 2006); (2) we have detected
significant increases in ERK1/2 and p90rsk phosphorylation after stretch (Fig. 12.5)
that were abolished with 1 μmol/L losartan (Fig. 12.5); and (3) inhibition of MEK
(a kinase upstream ERK1/2) also blunted the SFR (Fig. 12.5).

12.4.2 The Role of Epidermal Growth Factor Receptor (EGFR)
in the SFR Development

It has been recently established that transactivation of the EGFR is the primary
mechanism underlying G-protein coupled receptor (GPCR) agonist activation of
ERK1/2 and its downstream intracellular pathways (Lemarie et al. 2008). Further-
more, myocardial stretch (Anderson et al. 2004; Duquesnes et al. 2009), myocardial
hypertrophy (Kagiyama et al. 2002), and ET-1 signaling (Asakura et al. 2002) have
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Fig. 12.3 Myocardial stretch induced an intracellular ROS increase of∼30 % above the baseline lev-
els that was cancelled by the ROS scavengers MPG and EUK8 (Panel a). MPG and EUK8 also can-
celled the slow force response (expressed as percent of initial rapid phase) (Panel b). Furthermore,
ROS scavenging also blunted stretch-induced increase in (Na+)i (Panel c). Insets show original raw
data. ∗ indicates P < 0.05 control vs. MPG and EUK8. DF = developed force. (Modified with
permission from Caldiz et al. (2007))
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Fig. 12.4 NADPH oxidase inhibition by apocynin (Apo) or diphenyleneiodonium chloride (DPI)
as well as mKATP channels blockade with 5-hydroxydecanoate (5HD) or glybenclamide (Gly)
abolished slow force response (expressed as percent of initial rapid phase) (Panel a). All these
interventions also cancelled NHE-1-mediated increase in [Na+]i that accompanied the slow force
response (Panel b). Insets show original raw data. ∗ indicates P < 0.05 control vs. all other groups.
DF = developed force. (Modified with permission from Caldiz et al. (2007))

been shown to involve EGFR transactivation. The possibility that this receptor was
playing a role in the chain of events following myocardial stretch was examined.
To this aim we explored whether inhibiting EGFR transactivation would impact on
the SFR. Several mediators are known to be involved in the transactivation pro-
cess, but the precise communication between GPCR and EGFR remains not entirely
understood (Wetzker and Bohmer 2003). One proposed mediator is Src tyrosine
kinase (Wetzker and Bohmer 2003); thus, as a first step in probing our hypothesis,
we inhibited Src kinase with the specific tyrosine kinase inhibitor PP1. Figure 12.6b
shows that PP1 (1 μmol/l) completely abolished the SFR.Another proposed mediator
(Krieg et al. 2004; Szokodi et al. 2008) of EGFR transactivation is heparin-binding
EGF (HB-EGF). HB-EGF is generated through extracellular proteolytic cleavage
of proHB-EGF by the action of a matrix metalloproteinase (MMP). To test the
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Fig. 12.5 a Myocardial
stretch significantly increased
ERK1/2 and p90rsk
phosphorylation, effect that
was cancelled by losartan
(Los). b Inhibition of MEK
(a kinase upstream ERK1/2
and downstream RAS) by
PD98059 cancelled the SFR
(expressed as percent of the
initial rapid phase).
DF = developed force.
∗ indicates P < 0.05 vs.
non-stretched control (cont);
† indicates P < 0.05 control
vs. PD98059. (Modified with
permission from Caldiz et al.
(2007))

contribution of this signaling pathway to the SFR, we inhibited MMP with MMP
inhibitor III (MMPI), which specifically targeted MMPs 1, 2, 3, 7 and 13. MMPI
(3 μmol/l) did not completely eliminate the SFR, but significantly reduced its mag-
nitude by <60 % (Fig. 12.6c) providing further support to the notion that EGFR
transactivation was required for a fully developed SFR. Finally, we specifically in-
hibited the EGFR with AG1478 (1 μmol/l), which is known to prevent receptor
phosphorylation, and consequently its activation. Under these conditions, the SFR
was completely abolished (Fig. 12.6d). Thus, these three interventions that inter-
fered with the mechanism of EGFR transactivation significantly decreased the SFR
confirming that EGFR transactivation plays an essential role in the development of
the SFR in cat myocardium.

12.4.3 Activation of Redox Sensitive Kinases and NHE
Phosphorylation after Myocardial Stretch. Role
of the EGFR Transactivation

We (Cingolani et al. 2005; Caldiz et al. 2007) and others (Zhang et al. 2009) pre-
viously showed that the SFR depends on the activation of NHE-1, which is a target
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Fig. 12.6 SFR and EGFR transactivation. (a) a typical force record from a cat papillary muscle
subjected to an increase in length from 92 to 98 % of Lmax; the biphasic response to stretch
can be seen (vertical dotted lines indicate stretching interval). (b–d), same as a but from muscles
pretreated with matrix metalloproteinase inhibitor (MMPI, b), the Src kinase inhibitor PP1 (c) or
the EGFR blocker AG1478 (d), interventions that cancel EGFR transactivation. As can be seen,
all these pharmacological interventions prevented the development of the SFR to stretch. (e), the
averaged results obtained under the different experimental conditions expressed as a percentage of
the initial rapid phase. ∗P < 0.05 control curve vs. others (2-way ANOVA). §P < 0.05 vs. initial
rapid phase (for the sake of clarity, significance is indicated only for 15 min of stretch. (Modified
with permission from Villa-Abrille et al. (2010))

of the redox sensitive kinases, ERK1/2. Others showed that ROS stimulated NHE-1
through MAPK (Rothstein et al. 2002; Haworth et al. 2003; Fliegel and Karmazyn
2004; Akram et al. 2006), and we recently proposed that stretch induced the mito-
chondrial production of ROS (Caldiz et al. 2007). We detected a significant increase
in ERK1/2 phosphorylation after myocardial stretch. This effect was cancelled by
pre-treatment with either AG1478 or PP1 (Fig. 12.7), two inhibitors of EGFR trans-
activation that also blocked the mechanical response. These findings showed that
the prevention of EGFR activation is able to cancel both the increase in ERK1/2
phosphorylation and the mechanical response to stretch.

Additionally, we estimated the levels of NHE-1 phosphorylation at Ser703 with
a phospho-Ser 14-3-3 binding motif antibody. Figure 12.8 shows that phosphory-
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Fig. 12.7 ERK1/2 phosphorylation after stretch. Myocardial stretch (S) significantly increased
ERK1/2 phosphorylation. This effect was blunted either by EGFR blockade with AG1478 (AG)
(a) or by Src kinase inhibition with PP1 (b), demonstrating that EGFR transactivation after stretch
is necessary for ERK1/2 phosphorylation. AG1478 and PP1 alone did not modify basal ERK1/2
phosphorylation (92 ± 4 %, n = 4, and 107 ± 8 %, n = 4, of control respectively). ∗P < 0.05 vs.
non-stretched control (control). (Modified with permission from Villa-Abrille et al. (2010))

lation at the 14-3-3 binding motif was increased after myocardial stretch, and this
increase was prevented with AG1478. Our results support the concept that GPCR
induced-EGFR transactivation plays a role in the chain of events that lead to NHE-1
phosphorylation and SFR development.

Recently, it has been demonstrated that theAnrep effect was absent in a transgenic
mouse lacking thrombospondin-4 (Cingolani et al. 2011b), a matricellular protein
that is normally expressed at modest levels in the heart under normal conditions,
but has been shown to be elevated in animals as well as humans with heart fail-
ure. Interestingly, the thrombospondin-4 molecule carries an EGF-like repeat, and
as mentioned before, mice not expressing this protein not only had the Anrep ef-
fect blunted, but also failed to phosphorylate ERK1/2, as controls did. Surprisingly,
these mice showed a phenotype of dilated cardiomyopathy after their aortas were
banded, suggesting that a complex- not yet completely understood- cross-talk be-
tween the extracellular matrix and myocytes takes place after stretch. Further studies
will continue to address the mechanistic role these matricellular proteins have in the
development of heart failure.

12.4.4 Activation of the MR as a Consequence of Muscle Stretch

The link between A2 or its AT1 receptor and the mineralocorticoid receptor (MR) is
an accepted fact (Lemarie et al. 2008, 2009; Grossmann and Gekle 2009). Although
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Fig. 12.8 Stretch-induced
NHE-1 phosphorylation.
Myocardial stretch
significantly increased
NHE-1 phosphorylation at
Ser703 estimated by a
phospho-Ser 14-3-3 binding
motif antibody. This effect
was cancelled when the
EGFR was blocked by
AG1478 (AG). These results
support a role of the EGFR
transactivation in the chain of
events leading to NHE-1
phosphorylation and SFR
development. AG1478 alone
did not modify basal NHE-1
phosphorylation (93 ± 4 % of
control, n = 4). ∗P < 0.05 vs.
control. (Modified with
permission from Villa-Abrille
et al. (2010))

still somewhat controversial, aldosterone (ALD), which is known to be regulated by
A2, appears to be synthesized and/or released by cardiac muscle (Gomez-Sanchez
et al. 2004; Chai and Danser 2006); (Silvestre et al. 1998, 1999; Takeda et al. 2000).
We have recently hypothesized that if a crosstalk between A2 and the MR occurs
during ROS production, and at the same time A2 and ROS are crucial for SFR
development, therefore MR inhibition would blunt the SFR. In this section we will
present evidence that MR activation is involved in the signalling pathway leading to
the Anrep effect.

Figure 12.9 shows that MR activation is necessary to promote ROS formation
by a physiological concentration of A2 (1 nmol/L), since the increase in superoxide
anion formation of ∼50 % was suppressed after blocking MR with spironolactone or
eplerenone. This effect was also suppressed by blocking AT1, ET1 (type A) receptor
or EGFRs, by inhibiting NADPH oxidase, or by targeting mitochondria; and it was
unaffected by glucocorticoid receptor inhibition.
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Fig. 12.9 Superoxide anion production induced by angiotensin II. a MR blockade with spirolactone
(Sp, 10 μmol/L) or eplerenone (Ep, 10 μmol/L) abrogated the effect of 1 nmol/L A2 on the basal
rate of O2

· production. This effect was also blunted by the AT1 and ETA receptor antagonists
losartan (Los, 1 μmol/L) and BQ123 (BQ, 10 μmol/L), respectively, and by NADPH oxidase
inhibition with apocynin (Apo, 300 μmol/L). b A2-induced O2

· formation was also blunted by
targeting mitochondria with 5HD (100 μmol/L), glibenclamide (Gli, 50 μmol/L), or rotenone (Rot,
10 μmol/L), and by preventing EGFR activation either by EGFR blockade with AG1478 (AG,
1 μmol/L) or by inhibiting the metalloproteinase involved in EGFR transactivation with MMPI
(3 μmol/L). Glucocorticoid receptor inhibition with Ru-486 (10 μmol/L) did not influence the
effect of A2. ∗P < 0.05 vs. basal O2

· production. (Modified with permission from Caldiz et al.
(2011))

All interventions except AT1 receptor blockade blunted the increase in superox-
ide anion promoted by an equipotent dose of ET-1 (1 nmol/L), confirming that ET
receptor activation is downstream of AT1 receptor (not shown, (Caldiz et al. 2011)).
Similarly, an increase in superoxide anion promoted by an equipotent dose of ALD
(10 nmol/L) was blocked by spironolactone or eplerenone, by preventing EGFR
transactivation, but not after inhibiting glucocorticoid receptors or protein synthesis,
suggesting a non-genomic MR effect (Fig. 12.10a). Combination of ALD and ET-1
did not further increase superoxide anion formation (Fig. 12.10b). ALD increased
phosphorylation of the redox-sensitive kinases ERK1/2, p90RSK, and the NHE-1,
effects that were eliminated by eplerenone or by preventing EGFR transactivation
(not shown, see ref. Caldiz et al. 2011).
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Fig. 12.10 Superoxide anion production induced by aldosterone. a The effect of ALD at a con-
centration (10 nmol/L) that mimicked the effect of A2 and ET on the basal rate of O2

· production
was suppressed by spirolactone (Sp) and eplerenone (Ep), but not by the glucocorticoid receptor
inhibitor Ru-486 or by preventing protein synthesis with cycloheximide (CicHex, 7 mmol/L). This
demonstrates that MR activation has nongenomic consequences and excludes the possibility of
glucocorticoid receptor activation. On the other hand, as shown for A2 and ET, the ALD-mediated
increase in ROS formation was prevented by NADPH oxidase inhibition (Apo) and by preventing
EGFR activation (AG and MMPI). This suggests that transactivation occurs in the direction of acti-
vated MR to EGFR, and that metalloproteinase activation downstream of MR is crucial for EGFR
transactivation. b The combination of ALD and ET did not promote any further increase in O2

·
production. Under this condition, mitochondrial O2

· production was abrogated by spironolactone
(Sp), but unaffected by ETA receptor blockade with BQ123 (BQ), indicating that the only possi-
ble sequence of events is from ETA to MR. *P < 0.05 vs. basal O2

· production. (Modified with
permission from Caldiz et al. (2011))

Finally, the SFR was suppressed by MR blockade, by preventing EGFR trans-
activation or by scavenging ROS, but it was unaffected by glucocorticoid receptor
blockade or protein synthesis inhibition as shown in Fig. 12.11. These results clearly
suggest that MR activation is a necessary step in stretch-triggered mitochondrial ROS
that mediates the activation of redox-sensitive kinases upstream NHE-1, leading to
de Anrep effect.
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Fig. 12.11 SFR and MR activation. a Typical force record from rat papillary muscle subjected
to an increase in length from 92 to 98 % of Lmax. The biphasic force response to stretch can be
observed. b Same as (a) but from a muscle pre-treated with the MR blocker eplerenone, demon-
strating that prevention of MR activation after stretch eliminated the SFR. c Averaged results of
the SFR expressed as percentages of the initial rapid phase. MR blockade, not only by eplerenone
but also by spironolactone, completely suppressed the SFR. However, the SFR was unaffected
by the glucocorticoid receptor inhibitor Ru-486 or the protein synthesis inhibitor cycloheximide.
d As reported previously in cat myocardium (Villa-Abrille et al. 2010) the SFR required EGFR
transactivation, since it was blunted either by direct EGFR inhibition (AG1478) or by blocking
transactivation with MMPI. Furthermore, the SFR was suppressed by the ROS scavenger MPG,
supporting the notion that ROS formation is a key factor in the chain of events leading to the Anrep
effect. (Modified with permission from Caldiz et al. (2011))

12.5 Direct Measurements of NHE-1 Stimulation
by Aldosterone: Transactivation of the EGFR

Fujisawa et al. (2003) demonstrated that mineralocorticoid/salt-induced rat cardiac
fibrosis and hypertrophy was prevented by the selective NHE-1 blocker cariporide. It
has also been reported that ALD upregulates the expression and function of NHE-1
(Ebata et al. 1999; Karmazyn et al. 2003; Barbato et al. 2004; Matsui et al. 2007)
and that selective blockade of this transporter prevents and/or reverts left ventricular
hypertrophy in various animal models (Cingolani and Ennis 2007). According to
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Fig. 12.12 Aldosterone induced activation of the NHE-1 and its blockade by inhibiting the EGFR.
Panel a: representative traces of pHi during the application of two consecutive ammonium pulses
(20 mmol/L NH4Cl), in the absence (first pulse) and presence of 10 nmol/L ALD (aldo, second
pulse). ALD was applied 10 min before the second pulse. Panel b: average proton efflux JH, carried
by the NHE-1, before (first pulses, closed circles, n = 5) and after application of 10 nmol/L ALD
(second pulses, open circles, n = 5). JH is significantly enhanced by ALD. *P < 0.05 vs. control.
Panel c: representative traces of pHi during the application of two consecutive ammonium pulses
(20 mmol/L NH4Cl), in the absence (first pulse) and presence of 10 nmol/LALD (second pulse). The
EGFR blocker AG1478 (AG, 1 μmol/L) was applied 10 min before the first pulse and maintained
throughout the experiment. ALD was applied 10 min before the second pulse. Panel d: average
proton efflux JH, carried by the NHE-1, before (first pulses, open circles, n = 4) and after application
of 10 nmol/L ALD (second pulses, closed circles, n = 4) in the continuous presence of 1 μmol/L
AG1478. The transactivation of the EGFR by ALD leads to the activation of the NHE-1. (Modified
with permission from De Giusti et al. (2011))

these data and in agreement with our previous results on the SFR described above, we
have recently shown that ALD increases NHE-1 activity in rat ventricular myocytes
through a non-genomic pathway (Fig. 12.12a, b) (De Giusti et al. 2011).

As commented above, EGFR activation represents one of the signaling pathways
involving ALD (Grossmann and Gekle 2007; Grossmann et al. 2007). It has been
shown that the MR blocker spironolactone reduces the EGFR mRNA synthesis after
cerebral ischemia (Dorrance et al. 2001). Accordingly, Grossmann et al. (2007)
reported that MR activation by ALD enhanced EGFR expression via an interaction
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Fig. 12.13 Signaling cascade involved in the aldosterone-induced NHE-1 stimulation in rat car-
diomyocytes. The activation of the MR by ALD (Aldo) (1) leads to EGFR transactivation. This
mechanism is mediated by the activation of the src-kinase (2) and the metalloproteinases. HB-EGF
is released from the cell surface following shedding of the extracellular domain (ectodomain shed-
ding) by this zinc-dependent metalloproteinases (3). HB-EGF binds to the EGFR and increases
the production of superoxide anion (O2− ) (4). These reactive oxygen species (ROS) stimulates the
redox-sensitive kinase ERK1/2 (5), which phosphorylates the kinase p90RSK. This kinase phos-
phorylates the NHE-1 (6), stimulating its activity. Eplerenone (eple) and spironolactone (spiro)
(MR blockers), PP1 (src-kinase inhibitor), MMPI (metalloproteinases blocker) and MPG (ROS
scavenger) were employed to investigate pathways 1–4 (Ref. (De Giusti et al. 2011)). The inhibitor
of the EGFR kinase AG1478 (AG) was used to evaluate the transactivation of this receptor by
aldosterone. (Modified with permission from De Giusti et al. (2011))

with the EGFR promoter of vascular smooth muscle. In addition to these genomic
effects, non-genomic actions of ALD involving EGFR transactivation have also been
reported (Grossmann and Gekle 2008, 2009). Consistent with this evidence, we
have recently shown that ALD enhances NHE-1 activity via transactivation of EGFR
(Fig. 12.12c, d) (De Giusti et al. 2011). The stimulatory effect of this hormone
on NHE-1 was blocked by the inhibitor of the Src-kinase PP1 and the blocker of
metalloproteinases MMPI (De Giusti et al. 2011).

As commented above, these proteases release HB-EGF from its precursor,
proHB-EGF. Figure 12.13 depicts that activation of EGFR by HB-EGF increases
the production of intracellular ROS and triggers the ERK1/2 pathway, which
phosphorylates p90RSK (De Giusti et al. 2011).

This kinase, in turn, phosphorylates Serine703 of the NHE-1, leading to the
activation of the transporter. As noted in Fig. 12.13, at least a fraction of the total
amount of MR appears to be linked to the sarcolemma, likely co-localized to the
EGFR (Grossmann et al. 2010) and/or associated to caveolin-1 (Krug et al. 2011).
This data would explain the binding of ALD to the sarcolemmal fraction reported by
Le Moellic et al. (2004). In addition, non genomic effects ofALD altering stimulation
of a GPCR (GPR30) has been recently reported in vascular smooth muscle and
endothelial cells (Gros et al. 2011).
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12.6 Molecular Approach Targeting the Anrep Effect: Silencing
NHE-1 Expression by Interference RNA

Gene silencing by RNA interference is a natural process occurring in cells by which a
specific mRNA is degraded and therefore the expression of the encoded protein pre-
vented. This mechanism is mediated by a double-stranded RNA (dsRNA) of approx-
imately 18–23 nucleotides of length present inside the cell, known as siRNA (small
interfering RNA) (Mello and Conte 2004; Kim and Rossi 2007). Briefly, through a
multiple step pathway, one of the RNA strands of the siRNA is matched to a com-
plementary mRNA which in turn is cleaved and ultimately degraded. In the research
arena, in vivo or in vitro delivery of siRNA molecules to cells provides a powerful tool
to specifically silence a single type of protein (Akhtar and Benter 2007; Kim and Rossi
2007). This technology has several advantages: (1) It is highly specific and can differ-
entiate between members of the same family and even between isoforms of the same
protein; (2) It has a lasting effect whose extension varies according to the strategy used
to deliver the siRNA or modifications of the siRNA molecule; (3) It can be reversed;
(4) It is relatively easy to obtain a siRNA. Moreover, siRNA technology has the poten-
tial to be used in the therapeutic field, to validate a protein as a suitable target whose
inhibition would mediate the cure or alleviation of a disease. After finding the target
protein, a synthetic drug could be designed to treat the disease. However, the RNA
interference methodology also allows consideration of the siRNA molecule itself as a
possible therapeutic tool (Kim and Rossi 2007). Delivery of siRNA molecules into the
cell portends several challenges, starting with penetration of the plasma membrane,
stability of siRNA inside and outside the cell, toxicity, and triggering of immune
responses (Akhtar and Benter 2007; Kim and Rossi 2007; Manjunath et al. 2009).

Classic pharmacological techniques to inhibit a desired protein in vivo have several
disadvantages compared to interference RNA: (1) The drug distributes broad-wide
in the organism, condition that may affect undesired targets or generate side effects;
(2) It is very difficult to make a drug that can differentiate between members of the
family or isoforms; (3) Drug concentration change along time therefore requiring
frequent administration.

Pharmacological inhibition of NHE-1 was beneficial in different experimental
models of cardiac pathologies (Ennis et al. 1998, 2003; Karmazyn 1999; Avkiran
and Marber 2002; Camilion de Hurtado et al. 2002; Engelhardt et al. 2002; Cingolani
et al. 2003b). However, clinical trials with NHE-1 inhibitors like GUARDIAN (Th-
eroux et al. 2000), ESCAMI (Zeymer et al. 2001) and EXPEDITION (Mentzer
et al. 2008) failed to provide such benefits, and one of these studies was suspended
due to undesired cerebrovascular side effects (Mentzer et al. 2008). Although the
mechanism for this negative effect is still not clear, it could be related to block-
ade of NHE-1 activity in the brain where NHE-1 function seems to be essential,
since animals lacking NHE-1 showed aberrant phenotype that included ataxia and
epileptic-like seizures (Cox et al. 1997; Bell et al. 1999). It is possible then, that
pharmacological inhibition of NHE-1 affects the exchanger in tissues other than the
myocardium where its role is crucial or, even inhibits an unrelated protein required
for normal function (Villafuerte et al. 2007). Activation of the RNA interference
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Fig. 12.14 NHE-1 expression reduction distally from the injection site. a Mice were injected once
in the apex of the left ventricle with naked siRNANHE-1 or siRNAscramble (siRNASCR) as shown in the
heart scheme, and sacrificed after 72 h. b Left ventricle was divided into three parts (apex, middle,
and base) to evaluate NHE-1 expression. c Representative immunoblots of lysates of the different
fractions of the left ventricle. d Average expression of protein, quantified by densitometry and
normalized to the amount of GAPDH (n = 7, ∗P < 0.05 vs. siRNASCR). (Modified with permission
from Morgan et al. (2011))

pathway appeared to be a suitable method to specifically block the NHE-1 because
it spares the other nine members of the protein family. In our laboratory, we de-
signed two different approaches to target the NHE-1 protein exclusively in the heart:
(a) the delivery of naked siRNA, and (b) the delivery of siRNA using the lentivirus
backbone. The use of viral vectors for delivering siRNA inside the cells facilitates
its entry and provides a long lasting inhibition of a protein. Disadvantages of this
strategy are potential changes of the gene expression after integration of viral DNA
in the host genome and generation of immune responses. The use of naked siRNA
has the advantage of preventing a massive immune response, but carries the difficult
task of crossing the plasma membranes, allowing optimal propagation, mainly due
to its size and electrostatic charge. Furthermore, it is more susceptible to be degraded
by nucleases producing a less lasting silencing effect.

We have demonstrated that after a week of a single injection of naked siRNANHE-1

to the left ventricle, an extensive reduction of the NHE-1 expression and function
took place (Morgan et al. 2011) (Fig. 12.14).

These results, suggests the ability of siRNA molecules to spread through the
myocardium and reduce NHE-1 expression and activity faraway from the injection
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Fig. 12.15 Functional activity of the NHE-1 was evaluated by the recovery of pHi after an acidic
load (NH4

+ prepulse) in isolated papillary muscles where the SFR was also tested. The original
pHi recordings (left) as well as the averaged initial H+ fluxes (JH

+, middle) clearly demonstrate
the significant depression of NHE-1 activity in l-shNHE1 injected muscles compared to scramble.
Furthermore, silencing the NHE-1 blunted the SFR (right). ∗P < 0.05 vs. scramble

site. In agreement with our findings, Kizana et al. (2009) demonstrated that siRNA
molecules can move through cultured neighbour neonatal rat ventricle myocytes
when coupled by gap junctions. Accordingly, it was found in different cultured cells
that siRNA molecules can travel from one cell to another through gap junctions (Val-
iunas et al. 2005; Wolvetang et al. 2007) if connexin 43 (the predominant connexin
isoform in adult hearts (Dhein 1998) is expressed (Valiunas et al. 2005). This local
injection of siRNA in the left ventricle did not produce any effect on other organs,
which allowed concluding that the procedure was successful in limiting the effects
of siRNA to the heart (Morgan et al. 2011).

We have also recently incorporated the siRNA sequence able to mediate specific
NHE-1 knockdown into a lentiviral vector (l-shNHE1) and injected into the left
ventricular wall of Wistar rats (Pérez et al. 2011). A separated group of rats injected
with a vector expressing a non-silencing sequence (scramble) served as control.
Confocal microscopy analysis of heart tissue revealed spreading of l-shNHE1 (DsRed
tagged) from the sites of injection throughout the myocardium. Hearts with l-shNHE1
showed reduced NHE-1 protein expression (44 ± 8 % of controls, n = 4, P < 0.05)
that correlated with depressed pHi recovery after acidosis and abolishment of the SFR
(Fig. 12.15), despite preserved ERK1/2 activation (in % of control: stretch 241 ± 10
n = 5; stretch l-shNHE1 285 ± 36 n = 6). These data provide unequivocal support to
our proposal that NHE-1 activation is crucial to the Anrep effect.

12.7 Potential Link Between NHE-1 Activation and Cardiac
Hypertrophy and Failure

Cardiac hypertrophy is known to be one of the main cardiovascular risk factors and
a poor prognostic sign associated with nearly all forms of heart failure (Koren et al.
1991; Lloyd-Jones et al. 2002). Most intracellular pathways leading to pathological
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cardiac hypertrophy and failure converge at the increase in intracellular calcium levels
and downstream activation of the calcineurin-dependent transcriptional pathway. The
rise in calcium may occur through different mechanisms. One of them is an increase
in intracellular Na+ resulting from enhanced function of the NHE-1, which drives the
NCX to increase cytosolic calcium. As stated before, after cardiac muscle is stretched,
an autocrine/paracrine chain of steps occur in which AT1 receptor activation is an
early event (Sadoshima et al. 1993). This pathway also involves NADPH oxidase-
dependent mitochondrial reactive oxygen species release, which itself activates the
NHE-1 redox-sensitive kinasep90RSK, among others.

Enhanced NHE-1 activity as a possible mechanism involved in cardiac hypertro-
phy and failure was previously reported in the hypertrophic myocardium of adult
spontaneously hypertensive rats (SHR) (Perez et al. 1995), in human ventricular
myocytes from hearts with chronic end-stage heart failure (Yokoyama et al. 2000),
in a pressure-volume overload model of cardiac hypertrophy and failure in rabbits
(Baartscheer et al. 2008), in the hypertrophied heart of a type 2 diabetic rat model
(Darmellah et al. 2007) and in neonatal rats (Dulce et al. 2006).

Interestingly, Nakamura et al. (2008) have recently demonstrated in vitro that
NHE-1 hyperactivity is sufficient to generate calcium signals required for cardiac
hypertrophy to take place. Although in vivo physiological data supporting the in-
volvement of this mechanism in the transition to chronic cardiac hypertrophy and its
consequences is scant, Baartscheer et al. (2005) have shown in elegant experiments
that long-term NHE-1 inhibition with cariporide in rabbits with combined pressure
and volume overload cardiac hypertrophy and failure attenuated hypertrophy and
decreased the previously augmented diastolic calcium without significant alteration
of systolic calcium (Fig. 12.16).

An increased activity of calcineurin in the myocardium of the SHR, and its sup-
pression by the antihypertrophic treatment has been reported previously (Zou et al.
2002; Ennis et al. 2007). Similarly, in the hypertrophied myocardium of rats with salt-
sensitive hypertension, an increase in the activity of calcineurin and its prevention by
treatment with an AT1 blocker has been reported (Nagata et al. 2002). We were the
first to report that the regression of cardiac hypertrophy caused by NHE-1 inhibition
was accompanied by normalization of the activity of the calcineurin pathway and
preservation or even improvement of cardiac function. (Ennis et al. 2007). NHE-1
inhibition by decreasing [Na+]i diminishes calcium either by decreasing calcium
entry (reverse mode) or by increasing calcium efflux (forward mode) through the
NCX. At first glance, it may appear difficult to understand how a decrease in cytoso-
lic calcium induced by NHE-1 inhibition can improve myocardial contractility in the
long term. However, the preservation of cardiac function after regression of cardiac
hypertrophy seems not to be unique to the regression of cardiac hypertrophy induced
by NHE-1 inhibition (Esposito et al. 2002). In the myocardium, intracellular calcium
is compartmentalized in such way that the contractile pool is different from the pool
that regulates reactive signaling. In agreement with this, it has been suggested that
calcineurin, as well as CaMKII are preferentially activated by specific sub-cellular
calcium pools (Frey et al. 2004; Wu et al. 2010). Therefore we can speculate that the
decrease in diastolic calcium might be sensed by the calcium calmodulin-calcineurin
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Fig. 12.16 Prevention of cardiac hypertrophy and normalization of the previously augmented dias-
tolic Ca2+ observed in rabbits with cardiac hypertrophy and failure (caused by combined pressure
and volume overload) treated during 3 months with the NHE-1 inhibitor cariporide. Action potentials
(top) and Ca2+ transients (bottom) in isolated myocytes from control (Ctrl), control plus cariporide
(Ctrl-car), heart failure (HF), and heart failure plus cariporide (HF-car) groups. (Modified with
permission from Baartscheer et al. (2005))

pathway, but not by the contractile machinery. Moreover, a negative inotropic effect
of calcineurin through different mechanisms has been described (Sah et al. 2002;
Li et al. 2003), and a positive inotropic effect could therefore be expected with the
phosphatase deactivation.
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Fig. 12.17 Representative experiments showing that in the presence of bicarbonate, NHE-1 ac-
tivation by stretch causes elevation of [Na+]i (assessed by SBFI 340/380 fluorescence ratio)
but not of pHi, due to the simultaneous activation of the AE. (Modified with permission from
Cingolani et al. (2003))

In our scheme, stretch-triggered NHE-1 activation is the main step leading to car-
diac hypertrophy and failure. The experiments that originally induced us to consider
the activation of NHE-1 after myocardial stretch were performed in the absence
of bicarbonate in the medium, where the only active pHi regulating mechanism
was this exchanger (Cingolani et al. 1998). Therefore, the increase in pHi served
as a “marker” for NHE-1 activation by A2-ET. This activation was protein kinase
C-dependent since chelerythrine prevented it (Cingolani et al. 1998). It is interesting
to emphasize that the NHE-1 exchanges one intracellular H+ for one extracellular
Na+, therefore, its activation would be followed by an increase in both [Na+]i and
pHi. However, during our experiments it became evident that the increase in pHi

occurred only in the absence of bicarbonate in the medium. In contrast, when bicar-
bonate was present in the media, the simultaneous activation by the stretch of the
NHE-1 and the Na+ independent Cl−/HCO−

3 exchanger (AE) precluded significant
changes in pHi but not in [Na+]i (Fig. 12.17). Regarding the intracellular signals
leading to activation of NHE-1 by ET, they are not fully understood. If we consider
that part of the positive inotropic effect of ET-1 is the result of endogenously gener-
ated ROS (Sand et al. 2003) and that ROS, through MAPK pathways, phosphorylate
the cytosolic tail of the NHE-1 increasing its activity (Rothstein et al. 2002), we
could suggest that ROS may be involved in the activation of the NHE-1 after stretch.

As pointed out before, the increase in [Na+]i induced by NHE-1 activation is
the most important step in the chain of events leading to its mechanical counterpart,
the SFR, and perhaps portending implications in the mechanism(s) that lead to
myocardial hypertrophy and failure (Gray et al. 2001). In connection with this,
we have demonstrated that exogenous applied A2 stimulates AE activity through
endogenous ET (Camilión de Hurtado et al. 2000). Therefore, under physiological
conditions, stretch will be followed by a sequential release of A2 and ET leading
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Fig. 12.18 When the AE activation is prevented by a functional antibody (antiAE3Loop III)
an increase in pHi takes place (panel a), Thus, the SFR in this condition results from the in-
crease in the calcium transient plus an increase in myofilament calcium responsiveness due to
cytosolic alkalization and, therefore, the SFR to stretch is greater (compare panels b and c).
(Modified with permission from Cingolani et al. (2003a))

to the simultaneous activation of NHE and AE. The rise in pHi induced by NHE-1
activation might be prevented by AE, but this is not the case for the increase
in [Na+]i, due to its Na+ independency. This increase in [Na+]i will trigger an
increase in calcium influx (and consequently the calcium transient) by reducing
the NCX forward mode and/or favoring its reverse mode of operation. Instead,
when the activation of the AE is prevented by a functional antibody, an increase in
[Na+]i takes place (Fig. 12.18a) together with an increase in pHi. The mechanical
counterpart may therefore result from the increase in calcium transient and also from
the increase in myofilament calcium responsiveness due to cytosolic alkalization
(Fabiato and Fabiato 1978; Mattiazzi et al. 1979; Orchard and Kentish 1990). In
agreement with the latter, Fig. 12.18b, c shows that in the presence of the AE
antibody, the stretch of a cat papillary muscle produces a greater SFR.



12 Early Activation of Intracellular Signals after Myocardial Stretch 351

It may be argued that the Na+/K+ATPase should prevent the increase in [Na+]i

elicited by NHE-1 hyperactivity, however, Bers et al. (2003) have shown that the
changes in [Na+]i necessary to alter the Na+ pump activity should be greater than
those detected by us after the stretch. Furthermore, we should consider that an
enhanced activity of the pump would be probably detected due to the increase in
[Na+]i after stretch, but not enough to normalize the [Na+]i. In other words, the
rise in [Na+]i detected during the SFR should be higher if the pump was inhibited.
We may also speculate that, similarly to the Na+ pump lag hypothesis for the force-
frequency relationship, the greater Na+ entry is balanced by an increased Na+ pump
activity, but only at the cost of elevated [Na+]i and hence increased calcium entry. In
contrast, the changes in [Na+]i detected after stretch may suffice to alter the activity
of the NCX, specially if the NHE and the NCX are co-localized (Petrecca et al. 1999;
Brette et al. 2002). Accordingly, we recently showed that the positive inotropic effect
of exogenous A2 or ET-1 is accompanied by a cariporide-sensitive increase in [Na+]i

(Fig. 12.19) (Perez et al. 2003). Additionally, the fact that ET receptors blockade
with TAK044 canceled the A2-induced rise in [Na+]i reinforces the role of ET as
mediator of A2 effects (Perez et al. 2003).

Although the role of NHE-1 activation early after stretch leading to the SFR de-
velopment (and possibly to cardiac hypertrophy and failure) has been detected in
different species including cat (Perez et al. 2001; Caldiz et al. 2007), human (von
Lewinski et al. 2004), rabbit (Luers et al. 2005), and rat (Alvarez et al. 1999; Calaghan
and White 2004) myocardium, involvement of stretch-operated channels in this re-
sponse was recently proposed in mouse ventricular muscle by Ward et al. (2008), who
showed that canonical transient receptor-operated channels (TRPC) are sensitive to
stretch in mice myocardium. Furthermore, Takahashi et al. (2007) showed TRPC
sensitivity to A2 in human coronary artery smooth muscle cells. Interestingly, it
was proposed that TRPC channels were necessary mediators of pathological cardiac
hypertrophy in mice, in part through calcineurin-NFAT signaling (Wu et al. 2010),
a pathway that we showed to be sensitive to NHE-1 inhibition in rats (Ennis et al.
2007). This discrepancy may be explained by two alternative hypotheses: (1) the
TRPC channels were involved in one or some of the steps in the chain of events
described previously; i.e., to induce A2 release after stretch or (2) by species
differences.

Regarding whether some early intracellular signals triggered by the autocrine/
paracrine mechanism, (i.e; NHE-1 activation) persists over time, we recently ex-
plore this in a mouse model of cardiac hypertrophy and failure by transverse aortic
constriction (TAC). After 7 weeks of TAC, cardiac hypertrophy and decreased my-
ocardial performance was detected, along with enhanced oxidative stress, as well as
increased activity of redox-sensitive p90RSK kinase and NHE-1 phosphorylation. Se-
lectiveAT1 receptors blockade with losartan prevented p90RSK and NHE-1 activation
and decreased hypertrophy development, preserving contractility in spite of a higher
workload (Cingolani et al. 2010, 2011c). It is important to highlight that losartan
treatment did not restore wall thickness to control values (it remained ∼24 % higher
than controls), but certainly reduced it to levels “necessary” to counteract for the
increase in pressure induced by the aortic constriction. In other words, an excessive
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cardiac hypertrophy was eliminated. Interestingly, in spite of the increase in wall
stress seen with losartan in the present study, the reduction in cardiac hypertrophy
was accompanied by an increased cardiac performance. These findings suggest that
the degree of cardiac hypertrophy prevented by losartan was maladaptive or “in-
appropriate”, a concept previously coined by others (Mureddu et al. 2009). In this
regard, it seems that pressure overload may trigger multiple intracellular signaling
pathways in addition to enhanced AT1 receptor stimulation. Whereas some of these
may be deleterious, others may benefit the heart allowing it to adapt to different
stressors. The hypothetical proposal to explain these striking findings is schematized
in Fig. 12.20.

12.7.1 Hypertrophic Signals Triggered by NHE-1

The possible link between the SFR and myocardial hypertrophy and failure is sup-
ported by the fact that an enhanced activity of NHE-1 is detected in several models of
cardiac hypertrophy (Kusumoto et al. 2001; Engelhardt et al. 2002). In the hypertro-
phied myocardium of SHR (Wang et al. 2003), an increased activity of NHE-1 has
been detected (Perez et al. 1995; Schussheim and Radda 1995) due to a kinase-
dependent posttranslational phosphorylation of its cytosolic tail (Siczkowski et al.
1995; Ennis et al. 1998). The regression of myocardial hypertrophy produced by
several pharmacological interventions was accompanied by normalization of the
NHE-1 activity (Ennis et al. 1998; Alvarez et al. 2002). Moreover, chronic treatment
of SHR rats with NHE-1 inhibitors caused load-independent regression of cardiomy-
ocyte hypertrophy and fibrosis (Camilion de Hurtado et al. 2002; Cingolani et al.
2003b), although the latter effect took longer than the regression of myocyte size
(Cingolani et al. 2003b), possibly as a reflection of the slower turnover rate of collagen
metabolism (Weber and Brilla 1991).

Based on our previous results in adult multicellular cardiac preparations, hyper-
tensive cardiac hypertrophy and failure are caused by an autocrine/paracrine chain
of events triggered by myocardial stretch that begins with the activation of the AT1
receptors followed by the release/formation of endothelin-1 (ET-1), MR activation,
EGFR transactivation and stimulation of the NHE-1 (Cingolani et al. 2005; Villa-
Abrille et al. 2010; Caldiz et al. 2011). The increased production of ROS that
results from A2/ET-1 stimulation of the NADPH oxidase may be responsible for
ERK1/2-p90RSK activation and NHE-1 stimulation (Caldiz et al. 2007; Garciarena
et al. 2008). NHE-1 hyperactivity leads to an increase in intracellular Na+ concen-
tration that promotes cytoplasmic calcium overload through the NCX (Cingolani
et al. 2005). Calcium is widely recognized as one of the main pro-hypertrophic in-
tracellular signal. It activates several intracellular pathways like calcineurin, nuclear
factor of activated T cells (NFAT), calcium/calmodulin-dependent kinase II, protein
kinase C and possibly other intracellular signaling pathways. Calcineurin is a pro-
hypertrophic serine-threonine protein phosphatase that is activated in response to
sustained elevations of intracellular levels of calcium. Once activated, calcineurin
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Fig. 12.20 Schematic representation of the proposed signaling pathway involved in the prevention
of cardiac hypertrophy by AT1 receptors blockade. In our scheme, the AT1 receptors-sensitive part
of the TAC-induced CH is maladaptive and related to redox-sensitive p90RSK activation, NHE-1
phosphorylation/activation, increase in intracellular Na+ and the consequent increase in intracellular
calcium through the NCX. The increased calcium concentration would then activate the calcineurin-
NFAT signaling pathway responsible for triggering an abnormal cardiac growth. On the other hand,
the same mechanical stimulus (stretch of cardiac muscle) may trigger other prohypertrophic signals
intended to compensate for the increased wall stress (“adaptive hypertrophy”) (Catalucci et al. 2008).
The reason for an improvement in cardiac performance accompanying the regression in cardiac
hypertrophy due to AT1 receptors blockade is not apparent to us at present. However, we could
speculate about cancellation of the negative inotropic effect assigned to calcineurin phosphatase
activation (Sah et al. 2002; Li et al. 2003). (Modified with permission from Cingolani et al. (2011c))

directly dephosphorylates NFATs within the cytoplasm and promotes their transloca-
tion into the nucleus to induce the transcription of several genes. In SHR, Ennis et al.
(2007) described that NHE-1 blockade regressed cardiac hypertrophy, decreased
myocardial BNP, calcineurin Aβ and nuclear NFAT expression. Additionally, they
demonstrated by echocardiography, a reduction in left ventricular wall thickness
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without changes in cavity dimensions or a significant decrease in blood pressure
(Ennis et al. 2007).

Emerging evidence indicates that NHE-1 can be activated by ROS (Sabri et al.
1998; Snabaitis et al. 2002). Less well explored is the possibility that the increased
ROS production, in addition to its role played upstream to NHE-1, may be induced
by a rise in [Na+]i secondary to NHE-1 hyperactivity. Javadov et al. (2005, 2006)
showed in rats with myocardial infarction that NHE-1 inhibition was able to prevent
cardiac hypertrophy and decreased the vulnerability of mitochondria to calcium. In
addition, they attributed the anti-hypertrophic effect of NHE-1 inhibition to the de-
creased generation of mitochondrial-derived ROS. In relation to this, we recently re-
ported that the cardiac superoxide production induced byA2 was reduced under NHE-
1 inhibition (Javadov et al. 2006; Garciarena et al. 2008). Moreover, the decrease
in infarct size and level of tissue lipoperoxidation, induced by ROS scavengers ad-
ministered during the reperfusion, can be mimicked by specific blockade of NHE-1
(Fantinelli et al. 2006). Therefore, NHE-1 inhibition may exert its beneficial effects
by decreasing [Na+]i and/or ROS production. Both [Na+]i and ROS target the NCX
to modify its activity, and therefore target calcium either at the bulk of the cytosol,
or to more restricted spaces.

12.8 Conclusion and Perspectives. Possible Applications
in the Clinical Arena

The RALES trial in 1999, the EPHESUS in 2003 and the EMPHASIS-HF in 2010,
called attention to the beneficial effects of ALD antagonism in the treatment of
heart failure. Cardiovascular disease and specially heart failure is one of the most
important health problems in the world. Cardiac hypertrophy is known to be the
main entrance door to the failing heart. As described above, cardiac hypertrophy
and failure are triggered by intracellular signals that occur following myocardial
stretch. Surprisingly, investigators working in the area of cardiac mechanics did not
often extrapolate their early findings seen after stretch to the development of cardiac
hypertrophy and/or failure. The reason for this could be that time frames in which
these two phenomena occur are quite different. However, the long journey toward
myocardial hypertrophy and failure begins with one step, and this first step may well
be the autocrine/paracrine intracellular signaling pathway triggered by myocardial
stretch as was proposed by Izumo and Sadoshima in neonatal cardiac myocytes
(Sadoshima et al. 1993) and by us (Cingolani et al. 1998; Alvarez et al. 1999;
Perez et al. 2001; Caldiz et al. 2007; Villa-Abrille et al. 2010) in adult multicellular
preparations.

Current treatment against cardiac failure is mainly based on inhibition of hormones
(A2, ALD, catecholamines). Despite the term “ALD inhibition” has been widespread
used, this is often misleading and should be replaced by MR antagonism, mainly
because ALD is not the only agonist binding to and activating MR (Mihailidou et al.
2009). Although several studies have demonstrated the important benefits of MR
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antagonists in heart failure, their clinical use remains lower than expected and the
exact mechanism of the beneficial effect is still unknown.

In 1990 Swedberg et al. (1990) established a relationship between plasma levels
ofALD and mortality in patients with heart failure. This finding called attention to the
possibility of predicting indexes of morbidity and mortality in patients suffering from
this disease with excessive plasma levels of ALD. On the other hand, Karl Weber’s
laboratory carried out several investigations demonstrating that ALD itself is able to
increase myocardial fibrosis independently of blood pressure level (for review see
(Gandhi et al. 2011)). Furthermore, it was also shown that spironolactone, an MR
blocker with diuretic properties developed by Searle laboratories, abolished these
effects.

Contemporarily, several research labs reported that MR are not only expressed in
classical ALD target tissues, but also in many others, including smooth and cardiac
muscle.

The most potent stimulator of ALD synthesis is A2. Consequently, interfering
with A2 actions should decrease systemic ALD levels. However, despite complete
vascular angiotensin converting enzyme inhibition plasma ALD levels were elevated
in patients with heart failure (Jorde et al. 2002). Even the combination of angiotensin
converting enzyme inhibition and A2 antagonism only transiently reduces ALD
plasma levels in patients with heart failure (McKelvie et al. 1999) suggesting A2
independent ALD production. This phenomenon known as ALD escape and whose
underlying mechanism has not been completely clarified yet constitutes a strong
proof to directly inhibit MR activation on top of angiotensin converting enzyme
inhibition or AT1 blockers in the treatment of heart failure.

Among MR inhibitors, spironolactone was the first marketed compound in the
early 1960s, and although proved to be clinically useful, it also showed tolerability
problems due to painful gynecomastia or menstrual disturbances due to its androgenic
and progesteronergic effects. Nevertheless, it was the only compound approved to be
used in the RALES in 1663 patients with severe heart failure (Class III-IV NYHA).
The trial was discontinued after a mean follow-up period of 24 months, because
interim analysis determined that spironolactone reduced the risk of death by 30 %.
Later on, more specific compounds that inhibit MR were developed, and after several
years of delay Searle patented eplerenone in 1984. Eplerenone was tested in a clinical
study called EPHESUS performed on 6642 patients with acute myocardial infarction
complicated with left ventricular systolic dysfunction (ejection fraction less than
40 %). Treatment started 3–14 days after myocardial infarction and was maintained
during 16 months. The results were positive, favoring the active treatment arm, and
the main difference with RALES was that most of the patients in EPHESUS were
receiving beta blockers (75 % vs. 11 % in RALES). All cause mortality decreased
by ∼15 % and sudden cardiac death by ∼21 %. Interestingly, a post hoc analysis of
the EPHESUS (Pitt et al. 2005) showed a reduction of all cause mortality by ∼31 %
as early as 30 days after eplerenone treatment. One important fact to emphasize,
specially after the widely spread concept that high levels of ALD characterizes heart
failure, is that plasma levels of ALD and Na+ were in the normal range in both
RALES and EPHESUS trials at randomization, and the beneficial effects were seen
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early, probably before the “ALD escape” took place. These findings may suggest
that: (1) MRs are activated by ligands other than ALD, or (2) cytosolic MRs are
activated by increased intracellular levels of ALD independently of its plasma levels
(Silvestre et al. 1998).

In contrast with the two mentioned clinical trials, the recently published EM-
PHASIS (Zannad et al. 2010, 2011) was carried out on patients with less severe
heart failure. This study enrolled 2737 patients with heart failure class II and III of
the NYHA and left ventricular ejection fraction of no more than 35 %. The trial was
stopped prematurely according to their rules, after a median follow-up of 21 months,
due to the excess of benefit in reducing the risk of cardiovascular death or hospi-
talization for heart failure, obtained by anti-aldosteronic therapy with eplerenone,
which was then extended to both arms of the trail. Another clinical trial which is
currently running is the TOPCAT. This study will test the effects of MR inhibition in
patients suffering from heart failure with left ventricular ejection fraction of at least
45 %. TOPCAT will probably end in 2013.

Finally, ALBATROS is a clinical trial designed to asses the potential superi-
ority of MR inhibition early after myocardial infarction. The study will evaluate
the intravenous bolus of potassium camreonate followed by a daily dose of 25 mg
of spironolactone for 6 months on top of standard therapy in 1600 patients with
myocardial infarction.

Although clinical evidence undoubtedly showed beneficial effects of treating heart
failure patients with MR blockers, the mechanisms by which MR antagonism provide
cardiovascular protection are not completely understood. In this regard, our own
results assigning a crucial role for MR activation as an early hypertrophic signal
triggered by myocardial stretch (presented before in this chapter) encouraged us to
suggest that prevention of oxidative stress and NHE-1 activation should be considered
as a potential key factor for the salutary effects of ALD antagonism in humans.
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Chapter 13
Recent Aspects of Angiotensin II Action in the
Heart. Implications for Myocardial Ischemia
and Heart Failure

Walmor C. De Mello

13.1 Introduction

Recent advances in cardiovascular research indicate that different factors like the
release of inflammatory cytokines, endothelin, aldosterone, oxidative stress and an-
giotensin II are involved in cardiac remodeling at cellular and molecular levels. The
activation of the renin angiotensin system plays an important role through the for-
mation of angiotensin II and the activation of AT1 receptors which are involved in
generation of fibrosis and ventricular hypertrophy.

13.2 Renin Angiotensin Aldosterone System and Cardiac
Remodeling

The renin angiotensin system (RAS) is classically conceptualized as an enzymatic
cascade in which renin derived from the juxtaglomerular cells of the kidney, acts on
angiotensinogen originated from the liver generating angiotensin I which is converted
to angiotensin II by the angiotensin converting enzyme (ACE). Angiotensin II acti-
vates AT1 receptors causing vasoconstriction and the release of aldosterone which
retains water and sodium in the organism. Two enzymes are involved in the con-
vertion of angiotensin I into angiotensin II: ACE and chymase (Urata et al. 1994).
Although chymase has been reported to be the main enzyme in human heart respon-
sible for Ang I to Ang II conversion, its physiological role in vivo is still unclear. It
is possible that chymase utilizes circulating/tissue PA12 (Urata et al. 1994) because
elevated chymase activity and Ang II generation in various cardiovascular disease
states suggests a possible pathophysiological role(s) for chymase-dependent PA12
processing (Droggel and Wanstall 2004; Miyazaki et al. 2006).
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The CONSENSUS trial emphasized the importance of inhibition of the renin an-
giotensin system to prolong survival in patients with heart failure (CONSENSUS
Trial 1987)- a conclusion confirmed by the SOLVD program (SOLVD Investi-
gators 1991). Studies performed in animal models of heart failure indicated that
angiotensin II antagonism not only prevents interstitial fibrosis (De Mello and Specht
2006) and ventricular hypertrophy (Cohn and Tognoni 2001; Pfeffer et al. 2003) but
also reduces the downregulation of Ca2+ ATPase (SERCA2a) and improves intra-
cellular Ca2+ handling (Bruckschegel et al. 1995; Zierhut et al. 1996) which occurs
during heart failure (Kuo et al. 1992; Cory et al. 1993). Interestingly, valsartan pre-
served the density of beta-receptors and concurrently restored SR function increasing
the Ca2+-uptake and preventing the Ca2+-leak) in an animal model of heart failure
(Tokuhisa et al. 2006). Valsartan also acts on the presynaptic angiotensin-II receptor,
and inhibits norepinephrine release and stimulate norepinephrine uptake back into
the synaptic pool, which results in a reduction of the adrenergic signals (Tokuhisa
et al. 2006).

Although clinical trials have shown that the blockade of the renin angiotensin sys-
tem reduces the end-organ damage in patients with hypertension and heart failure (De
Mello and Frohlich 2011; Cohn and Tognoni 2001; Pfeffer et al. 2003; Gavras and
Gavras 2002; Varagic et al. 2008) AT1 receptor blockers (ARBs) or angiotensin con-
verting enzyme (ACE) inhibitors are unable to achieves complete blockade of the
renin angiotensin system. On the other hand, the duration of the receptor blockade
changes with the compound used (Gavras and Gavras 2002). It is accepted however,
that ARBs significantly reduced end point of morbidity and mortality and signifi-
cantly improves symptoms and signs in patients with heart failure (De Mello and
Frohlich 2011; Gavras and Gavras 2002; Varagic et al. 2008; Pitt and Segal 2000).

Part of the influence of Ang II on cardiac remodeling is caused by a de-
crease of oxidative stress. Indeed, significant improvements were seen with both
AT1 receptor blockers and tempol on NOX activity and insulin-mediated acti-
vation/phosphorylation of Akt (Browe and Baumgarten 2004) Decrease of the
downstream signaling of angiotensin II-induced AT1 receptor activation caused by
AT1 receptor blockers, results in less oxidative stress leading to de novo synthesis
of several proteins like the nitric oxide synthase and the tumor necrosis factor-alpha
in heart cells. Furthermore, there is evidence that AT1 receptors can activate the
epidermal growth factor (EGF) at the surface of plasma cell membrane increasing
cell growth (Tang et al. 2000). All these findings substantiate the notion that Ang II
plays an important role on cardiac remodeling.

13.3 On the Role of a Local RAS

Accumulating evidence supports the notion that different components of the renin
angiotensin system are taken up by different tissues (Kurdi et al. 2005) thereby
influencing the synthesis of Ang II locally (De Mello and Frohlich 2011; De Mello
and Danser 2000; Re 2003; De Mello and Re 2009; De Mello 2004a). Moreover,
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the synthesis of several of these components has been detected in the heart (Kurdi
et al. 2005). Studies in humans showed that the gradients of Ang II across the
heart were increased in patients with congestive heart failure- a finding correlated
with wall stress (Serneri et al. 2001). In the failing heart, the local angiotensin II
concentration is increased and the extent of cardiac angiotensin II release is related
to the pathological signs of heart failure (Serneri et al. 2001).

The precise role of the different components of the RAS on heart pathology is
not completely understood (De Mello and Frohlich 2011). Transgenic mouse models
have been developed to examine the role of the RAS on cardiac remodeling and the
results were quite contradictory because in some models ventricular hypertrophy or
fibrosis, are seen whereas in others not (Reudelhuber et al. 2007). The conclusion
in some of these studies is that cardiac hypertrophy is much more dependent on
hemodynamic changes than on local angiotensin II levels (Reudelhuber et al. 2007).
In hypertensive transgenic mouse lacking the synthesis of angiotensinogen, for in-
stance, the local synthesis of angiotensinogen is involved but not essential in the
development of cardiac hypertrophy and fibrosis (Bader 2002). Generation of Ang II
in the heart elicited by a αMHC promoter to target the cardiac expression of a fusion
protein that directly releases Ang II caused a 20 fold elevation of the cardiac levels
of the peptide without increment of circulating levels of the Ang II. In this model no
hypertrophy was produced (van Katz et al. 2001).

Other studies, however, indicate that upregulation of Ang II generation in the
ventricles of transgenic animals lead to ventricular hypertrophy (Mazzolai et al.
1998) supporting the view that local production of Ang II is responsible for cardiac
remodeling (Mazzolai et al. 1998).

Is important to emphasize that in the majority of these studies hypertrophy was
used as the main parameter to measured the pathological effect of enhanced car-
diac Ang II and the influence of the peptide on other cellular functions like cell
metabolism, cell communication and generation of cardiac arrhythmias-so impor-
tant in heart failure, are not considered. As whole evidence is available that the local
renin angiotensin system is involved in cardiac pathology, especially during heart
failure, diabetes and hypertension (De Mello and Frohlich 2011).

13.4 On the Intracrine Renin Angiotensin Aldosterone System
(RAAS)

Concerning the presence of renin in the cardiac cells evidence is available that under
normal conditions cardiac renin is dependent on its uptake from plasma (Danser et al.
1994). However; renin expression is increased after myocardial infarction (Passier
et al. 1996) as well as after stretch of cardiomyocytes (Malhotra et al. 1999). A
renin transcript that does not encode a secretory signal and remains inside the cell, is
overexpressed during myocardial infarction (Clausmeyer et al. 1999) indicating that
intracellular renin has functional properties. Indeed, when renin or angiotensin II are
dialyzed into cardiac myocytes from the failing heart, cell communication is reduced
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and the inward calcium current is increased (De Mello 1994, 1998). As expected,
the decrease of gap junction conductance leads to generation electrical uncoupling
and mechanical desynchronization (De Mello 1994, 2004a). Recent observations
performed on the intact ventricle of the failing heart indicated that the intracellular
injection of Ang II increased the action potential duration- an effect related to the
inhibition of the potassium conductance through PKC activation (De Mello 2011).
This means that intracellular Ang II changes cardiac excitability from within.

These findings lead to the concept that the intracrine renin angiotensin sys-
tem can be then considered an important functional component of the local renin
angiotensin aldosterone system and might be involved in the generation cellular
hypertrophy (Kumar et al. 2008) and cardiac arrhythmias (De Mello and Frohlich
2011). Although the factors involved in the activation of the intracrine RAAS are
not well known, it is possible that mechanical stretch or genetic remodeling of the
failing heart be involved (De Mello 2006).

Furthermore, a soluble form of ACE is secreted in the interstitium of heart muscle
by proteolytic cleavage of the membrane anchor (Costerrousse et al. 1997) might
be involved in the local formation of Ang II. An intracellular renin receptor [RER]
has been recently described (Schefe et al. 2006) which when activated by renin,
promotes the translocation of a transcription factor (PLZF) to the nucleus with con-
sequent expression of several genes. The intracellular localization was confirmed
using different constructs and studies of mutagenesis and colocalization. Indeed,
mutagenesis of the atypical C-terminal ER-retention signal strongly reduced the
perinuclear localization of the renin receptor (Schefe et al. 2006). Furthermore, a
transcription factor promyelocytic zinc finger protein (PLZF) was identified as a di-
rect protein interaction partner of the C-terminal domain of the renin receptor and
following the activation of RER by renin, PLZF is translocated from the cytoplasm
to the nucleus providing positive or negative regulation of target genes (Schefe et al.
2006). Renin stimulation also increased PI3-K-85α messenger RNA whereas small
interfering RNA against PLZF abolished this effect (Schefe et al. 2006). Moreover,
experiments performed on PLZF knockout mice supported the view that PLZF is an
upstream regulator of RER (Schefe et al. 2006).

Other receptors like mannose-6 phosphate receptors, could internalize renin and
prorenin (Saris et al. 2001) and the intracellular Ang II formation elicited by renin
internalization, might explain the severe cardiac damage seen in transgenic rats
expressing the mouse ren-2nd renin gene (Kantachuverisi et al. 2001). Although the
precise role of the intracellular renin receptor (Nguyen et al. 2002) on heart muscle
is not known, the possibility that its activation by internalized renin or by a renin
transcript (Clausmeyer et al. 1999) lead to changes in cell communication and inward
calcium current cannot be discarded.

13.5 Ang II, Cell Swelling and Activation of Ionic Channels

Cell volume activates stretch-sensitive ion channels and is an important contributor to
metabolism, protein synthesis and gene expression (Baumgarten 2006; Baumgarten
and Clemo 2003; Lang et al. 1998). Mechanical stress or cell swelling for instance,
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stimulates protein kinase C (Richter et al. 1987) and increases tyrosine phosphory-
lation of several proteins (Ruwhof and Laarse 2000; Dagnino et al. 1992), a finding
particularly relevant because it is known that Ang II changes the inward calcium
current in the heart through the activation of PKC and tyrosine kinases (De Mello
1998). Evidence is available that mechanical stretch activates JAK/STAT pathway
in rat cardiomyocytes a finding of possible significance to myocardial ischemia be-
cause the hypotonic stress induced by myocardial ischemia, leads to accumulation
of metabolites intracellularly with consequent cell swelling due to water entering the
cells (Lang et al. 1998; Sackin 1995).

Cell swelling which activates several ionic channels, changes the action potential
duration and alters cardiac excitability. The K(v) 4.2/4.3 channels, which are the
primary subunits of I (to, fast), are regulated by cell volume through phosphory-
lation/dephosphorylation of serine/threonine phosphatases (Wang et al. 2005) and
their activation by cell swelling, facilitates the generation of cardiac arrhythmias.
On the other hand, the activation of swelling-activate chloride current (ICl,swell) by
mechanical stress has different electrophysiologic effects including membrane depo-
larization and reduction of action potential duration (Baumgarten and Clemo 2003;
Lang et al. 1998). It is known, for instance, that Angiotensin II causes cell swelling
and increases I Cl,swell in the failing and in the normal heart (De Mello 2009; De Mello
2008).

Recently it has been shown that that the renin angiotensin aldosterone system is
involved in the regulation of cell volume in normal as well as in the failing heart (De
Mello 2008). Indeed, in myocytes isolated from the failing ventricle and exposed
to renin plus angiotensinogen or to Ang II an increase of cell volume was seen
concurrently with the inhibition of the sodium pump (De Mello 2008). The activation
of the Na-K-2Cl cotransporter is involved in the effect of Ang II because bumetanide
abolished the swelling induced by the peptide (De Mello 2008). It is important to
recognize, however, that the regulation of cell volume involves other components like
ion channels and their voltage dependence and that the cell swelling induced byAng II
causes the activation of ionic channels like the swelling-activate chloride current
(ICl, swell) which have electrophysiologic effects including membrane depolarization
and reduction of action potential duration (De Mello 2009; Baumgarten and Clemo
2003). The peptide causes cell swelling and increases (ICl, swell) in the failing and in
the normal heart (De Mello 2009; Baumgarten 2006). This finding is of particular
interest because the activation of this current seems involved in generation of early
afterdepolarizations in the failing ventricle (De Mello 2009). Ang (1–7), which has
been found to counteract many effects of Ang II (Ferrario et al. 1997), reduces
the heart cell volume and decreases the swelling-activate chloride current (ICl, swell)
(De Mello 2009)—an effect that might be involved in the decrease of incidence
of cardiac arrhythmias during ischemia/reperfusion (De Mello 2004b; Ferreira et al.
2001). Since cell swelling induced by myocardial ischemia or heart failure, represents
an important arrhythmogenic mechanism which are potentiated by the activation of
the plasma RAS, the formation of Ang (1–7) might be of benefit to the ischemic
heart. Therefore, the activation of the ACE2/ Ang (1–7)/Mas receptor axis might be
involved in the regulation of heart cell volume by counteracting the effect of Ang II
(De Mello 2010). Failure of the heart cell to regulate its volume through a lack of
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activation of the regulatory volume decrease (RVD) has serious consequences for
cardiac function because inhibition of the RVD is commonly associated with cell
shrinkage (Lang et al. 1998).

Interestingly, the intracellular administration of Ang II or renin reversed the cell
swelling caused by hypotonic solution –an effect associated with the activation of
the sodium pump (De Mello 1998). The physiological meaning of this finding is not
known and further studies will be needed to clarify the relevance of this finding.

In conclusion, these novel findings lead to the concept that the renin an-
giotensin system is not only involved in regulation of blood volume but also
contributes to the regulation of cell volume with extracellular renin and Ang II
increasing the cell volume and the intracrine RAS reducing it.

13.6 AT1 Receptors as Mechanosensors Independent
of Angiotensin II

Evidence is now available thatAT1 receptors are sensitive to mechanical stress show-
ing a specific change in its conformation without the involvement of Ang II (Yasuda
et al. 2008; Zou et al. 2004). The membrane-stretch-induced conformational changes
were suggested for the AT1R (Yasuda et al. 2008) based on a model of the bovine
rhodopsin crystal structure (Okada et al. 2004; Palczewski et al. 2000). The confor-
mation of such a mechanically activated receptor is different from the active receptor
conformation induced by agonists (Gether 2000). The lack of action of Ang II on
these experiments was supported by the finding that no increase in Ang II concentra-
tion in the medium was seen with stretch and the concentration of the peptide in the
extracellular medium was not enough to activate the extracellular signal-regulated
protein kinase (ERK) in cardiomyocytes (Zou et al. 2004) The agonist-independent
activation of the AT1 receptor can be inhibited by inverse agonists, but not by neutral
antagonists, through the specific drug-receptor interactions (Gether 2000). This lead
to the conclusion that AT1 is a mechanical force-transducing molecule that mediates
mechanical stress-induced cellular responses (Yasuda et al. 2008; Zou et al. 2004)
(see Fig. 13.1). Indeed, information gained over the last decade changed our con-
cept on receptors which are now considered as highly dynamic structures that exist
in equilibriums between active and inactive conformations changing out view of a
yes/no process (Gether 2000). Therefore, an agonist is recognized as a molecule that
can stabilize an active conformation while an inverse agonist (i.e., an antagonist with
negative intrinsic activity) is a molecule that can stabilize an inactive conformation
(see Gether 2000). Antagonists, on the other hand, inhibit responses in competition
with agonists, but they are not able to reduce the constitutive activity of the receptor
or the agonist-independent receptor activity (Miura 2005). SomeAT1 receptor block-
ers have an inverse agonist activity including olmesartan, valsartan and candesartan
(Miura 2005).

These observations indicate that the pressure overload imposed on the heart of
angiotensinogen-deficient mice, generated cardiac hypertrophy supporting the view
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Fig. 13.1 Diagram showing the influence of mechanical stretch, AT1 receptors and aldosterone on
gene expression with consequent generation of ventricular hypertrophy and possible activation of
the intracrine renin angiotensin system

that mechanical stress can induce hypertrophy in absence of Ang II (De Mello 2008).
However, many issues remain to be solved including how mechanical stress acti-
vates the AT1 receptor and how candesartan exerts an inverse agonism is not known
(De Mello 2008). The possibility exists that changes in membrane tension elicits a
conformational alteration in the AT1 receptor or that the activation of mechanosen-
sors such as LIM protein within the disc (Knoll et al. 2002) or that the activation of
integrin-linked kinase (Bendig et al. 2006) are able to the activate the AT1 receptor.

Mechanical forces in cardiac muscle involves different components including the
extracellular matrix, adherent junctions at intercalated discs and costameric proteins
at focal adhesions (Knoll et al. 2002; Cox et al. 2008). Despite the fact that the
mechanism by which cells sense mechanical stimulation is poorly understood. Our
present concept indicates that stretch signals are sensed and transduced by multiple
protein complexes responsible for sensing (Cox et al. 2008) and that the informa-
tion has to be transmitted to the nucleus with consequent change in gene expression
including increased expression of fetal genes (Han et al. 2004; Ruwhof and Laarse
2000) (see Fig. 13.1). It was found that mechanical stretch-induced cSrc protein
tyrosine kinase activation is mediated through the actin-filament associated protein
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(Han et al. 2004). According to these authors the mechanical forces can be trans-
mitted along the cytoskeleton and associated proteins and enzyme-related to signal
transduction converting physical forces into biochemical reactions (Cox et al. 2008;
Han et al. 2004). Mechanical stress may also be coupled to intracellular signals that
are responsible for the hypertrophic response via integrins (Linke 2008; Knoll et al.
2002; Kamkin et al. 2000; Lang et al. 1998) and the cytoskeleton or via sarcolemmal
proteins, such as phospholipases, ion channels and ion exchangers. The signal trans-
duction pathways might involve the mitogen-activated protein kinases (MAPK), the
janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway)
(Lang et al. 1998). On the other hand, the stress signal may be directly transmitted
to the nucleus. Furthermore, through an increase in intracellular Ca2+ concentration,
the stress signal may stimulate the calcium/calmodulin-dependent phosphatase cal-
cineurin (Komuro et al. 1990). How the activation of AT1 receptor by mechanical
stretch induces cardiac remodeling is not completely known.

The concept that the AT1 receptor is a mechanosensor might indicate that during
myocardial ischemia, when there is upregulation of AT1 expression, gene expression
is increased (Kudoh et al. 2003). Prolonged stretch of neonatal rat cardiomyocytes in
culture, for instance, induces fetal gene expression (Dagnino et al. 1992; Richter et al.
1987; Komuro et al. 1990; Kudoh et al. 2003; Wang et al. 2005). Ca2+ is involved in
stretch-induced gene expression because voltage-dependent Ca2+ channel blockers
like nifedipine suppress BNP gene expression by mechanical stress (Richter et al.
1987; Dagnino et al. 1992; Kudoh et al. 2003; Komuro et al. 1990).

Evidence is available that integrins are involved in the response to mechanical
stress (Linke 2008; Knoll et al. 2002) and that Ang II increases the expression of
integrins (Kawano et al. 2000). It is then conceivable that a decline in Ang II levels
in the plasma and in the heart influences the effect of pressure overload on cardiac
remodeling by reducing the expression of integrins. Although the possibility that
AT1 is a mechanoreceptor in humans is not completely clear, it is possible that the
activation of the renin angiotensin system and its consequent increment of arterial
blood pressure represent an important factor in the activation of signaling pathways
related to mechanosensor receptors.

13.7 Shear Stress, Mechanical Deformation and Activation
of Kinases

Shear stress is known to enhance the activities of several kinases involved in phos-
phorylation of signaling proteins in endothelial cells (Kuo et al. 1992), what raises
the possibility that the endocardium might be also involved in the regulation of heart
cell function. Indeed, the endocardium-endothelial (EE) dysfunction play a role in
cardiac pathology and mechanical stress, as well as various hormones and cytokines
can initiate EE dysfunction (Kuo et al. 1992). Chronic deformation of surface cell
membrane like that seen in heart failure, essential hypertension and myocardial is-
chemia causes mechanical stress. Although mechanosensitive channels (MSCs) are
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involved in different cellular responses during physiological and pathological condi-
tions, our present knowledge of their pharmacology is meager. Pharmacologic agents
able to modulate the activity of these channels like lanthanide gadolinium, strepto-
mycin and a peptide toxin (GsMTx-4), prevent the generation of cardiac arrhythmias
by altering the tension-sensing lipid bilayer or the cytoskeleton but not by interacting
directly with these channels (Subramanyan et al. 2010). Further studies, however,
are needed to rule out the direct participation of the channels.

13.8 Conclusion and Perspectives

These novel findings show the importance of mechanical stress and cell swelling
on heart pathology particularly during myocardial ischemia, hypertension and heart
failure, which are sources of mechanical stress. Changes in gene expression and
activation of stretch-sensitive ionic channels lead to the generation of cardiac ar-
rhythmias. The role of mechanical stress generated by pressure overload, by itself,
can induce cardiac remodeling which is certainly potentiated by the activation of the
renin angiotensin aldosterone system.

The evidence that mechanical stress induces biochemical changes including al-
terations of gene expression provides an important avenue for future studies on the
role of mechanosensors on cardiac remodeling during hypertension, heart failure or
myocardial ischemia.
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Chapter 14
Mechanosensitivity of Pancreatic β-cells,
Adipocytes, and Skeletal Muscle Cells: The
Therapeutic Targets of Metabolic Syndrome

Koichi Nakayama, Yoshiyuki Tanabe, Kazuo Obara and Tomohisa Ishikawa

14.1 Introduction

Mechanotransduction describes the molecular and cellular processes that transduce
mechanical/physical forces, such as hemodynamic factors, exercise, and osmotic
change, into biochemical signals, followed by diverse intracellular signaling and
cell responses, thus enabling organisms from bacteria to human beings to adapt to
their physical surroundings (Jaalouk and Lammerding 2009). As mechanosensing
and its feedback system are fundamental for physiological homeostasis, failures in
mechanotransduction would cause various pathological conditions.

The cardiovascular system is known to be particularly sensitive to mechanical
stimuli such as cardiac contraction, blood pressure, and blood flow. We have recently
reviewed specific mechanotransduction signaling involved in myogenic responses
of cerebral arteries (Nakayama et al. 2010): Spatial and temporal interactions of
mechanosensitive kinases including Rho/Rho-kinase, protein kinase C, and tyrosine
kinase were discussed. These kinases are also activated in experimental canine cere-
bral vasospasm after subarachnoid hemorrhage, and play an important role in the
development of the vasospasm. Thus, the mechanism underlying stretch-induced
contraction and cerebral vasospastic episode may overlap.

The metabolic syndrome is characterized by a group of metabolic risk factors,
including diabetic diseases, abdominal obesity, atherogenic dyslipidemia, elevated
blood pressure, and prothrombotic and proinflammatory states in one person (Scott
et al. 2004). Progression of the metabolic syndrome leads to increased risk of coro-
nary heart disease and other vascular occlusive diseases related to plaque buildup
in arterial walls. It is a well-documented fact that non-sensory cells and tissues
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derived from mesenchyme, including stromal cells like cardiac, smooth, and skele-
tal muscles, endothelial cells, fibroblasts, and osteoblasts are mechanosensitive.
Adipocytes are also derived from mesenchyme, while pancreatic β-cells are derived
from endodermal epithelium. Interestingly, these latter two types of cells are also
mechanosensitive. Thus it is worth extending the research field of mechanotransduc-
tion into pancreatic β-cells, adipocytes, and skeletal muscle cells, all of which are
related to the core concerns in metabolic syndrome.

Pancreatic β-cells are inflated by a high glucose level, which leads to insulin
secretion independently of the well-documented KATP channel-dependent mecha-
nism. Adipocytes subjected to mechanical stretching show a variety of phenotype
and functional changes. Moreover, passive stretching in skeletal muscle cells pro-
motes surface expression of glucose transporter 4 (GLUT4) and facilitates glucose
uptake. Thus it seems possible that the level of blood glucose may be controlled
via mechanosensitive mechanisms, which may open the way to a new therapeutic
strategy of diabetic diseases.

The present article focuses on the unitary discussion of three peripheral organs
from the view point of mechanosensitivity/mechanotransduction. We provide herein
some new insights into the mechanotransduction of pancreatic β-cells, adipocytes,
and skeletal muscle cells, based on our series of published papers and those of others
in related fields, i.e., how the cell/tissue is sensing mechanical force, and transducing
it into intracellular signaling and other events related to energy metabolism.

14.2 Pancreatic β-Cell

14.2.1 Introduction

Glucose-stimulated insulin secretion (GSIS) from pancreatic β-cells is attributed
to a sequence of events; acceleration of metabolism, closure of ATP-sensitive K+
(KATP) channels, membrane depolarization, activation of voltage-dependent Ca2+
channels (VDCC), and a rise in cytosolic free Ca2+ concentration ([Ca2+]c) through
Ca2+ influx (Ashcroft and Rorsman 1990; Newsholme et al. 2010). A major aspect
of GSIS is, therefore, the induction of electrical activity. The membrane potential
of β-cells at sub-stimulatory glucose concentrations is normally between −60 and
−70 mV and the cells are electrically silent. The elevation of glucose concentration
results in a gradually developing depolarization, and action potentials are generated
when the membrane potential reaches the threshold potential. This KATP channel-
dependent triggering signal is essential for GSIS. The KATP channels of β-cells are a
heteromultimer composed of the pore-forming Kir6.2 and the sulfonylurea receptor
SUR1 (Drews et al. 2010). However, GSIS is unlikely to be exclusively dependent
only on the KATP channel-dependent mechanism. GSIS consists of two phases; a
transient and marked first phase, followed by a sustained flat or gradually increasing
second phase. The possible mechanisms underlying the two phases of GSIS have
been previously reviewed (Straub and Sharp 2002; Henquin 2009). The first phase
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is currently ascribed to a rapid, KATP channel–dependent increase in [Ca2+]c that
triggers exocytosis of a readily releasable pool of insulin granules. The second phase
requires both the triggering [Ca2+]c elevation and the augmentation of exocytosis
via a KATP channel–independent mechanism. The latter pathway has been estimated
under the conditions where the involvement of KATP channels is eliminated by either
KATP channel openers or blockers (Komatsu et al. 2001). Although the second phase
has been suggested to be caused by various possible mechanisms, the molecular
mechanism still remains to be established.

Functional KATP channels are well known to be essential for β-cell activity. How-
ever, the ionic mechanism triggering insulin secretion, especially in the second phase,
is still a matter of debate. Evidence has been accumulating that inhibition of KATP

channels is not the sole ionic mechanism underlying the depolarization in response
to glucose elevation in β-cells. For example, low concentrations of glucose decreased
42K+ or 86Rb+ efflux from pancreatic islets, probably reflecting KATP channel inhibi-
tion; however, the K+ conductance was little affected or rather transiently increased
when the concentration of glucose exceeded approximately 8.3 mM (Henquin 1978;
Carpinelli and Malaisse 1981). Moreover, KATP channels were shown to be inhibited
by glucose within the range 0–5 mM with no further effect of higher concentrations
(Ashcroft et al. 1988; Best 2002a). Consistent with these findings, the membrane
conductance of β-cells was the minimum at threshold concentrations of glucose but
rather increased at stimulatory glucose concentrations (Best 2000). Moreover, glu-
cose depolarized the membrane potential even in the β-cells where KATP channels
were completely inhibited by sulfonylurea KATP channel blockers (Best 2002a) and
in the β-cells from Kir6.2 knock-out mice (Ravier et al. 2009). In the β-cells from
SUR1 knock-out mice, although they displayed action potentials even at low glucose
concentrations, changes in action potential frequency, percentage of time with action
potentials, and interburst length were still observed when glucose concentration was
raised (Düfer et al. 2004). It is thus highly possible that ionic mechanisms other
than KATP channel inhibition are involved in the membrane depolarization induced
by higher concentrations of glucose in β-cells. In particular, the alternative ionic
mechanisms may be of importance in pathophysiological conditions, as in type 2
diabetes mellitus, where insulin secretion during hyperglycemia cannot be satisfac-
torily explained by the closure of KATP channels. The responses to β-cell swelling
have been postulated as one of the candidate mechanisms.

14.2.2 β-Cell Swelling Induced by High-Concentration Glucose

Of particular interest is the fact that glucose causes the swelling of β-cells (Semino
et al. 1990; Miley et al. 1997; Takii et al. 2006). Glucose-induced β-cell swelling is
dependent on glucose metabolism, because it is not evoked by 3-O-methylglucose,
a non-metabolizable glucose analogue (Miley et al. 1997; Davies et al. 2007). The
mechanisms can be explained as follows: The elevation of glucose concentration ac-
celerates glycolysis, leading to an accumulation of lactate, a product of non-oxidative
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phosphorylation. The expression of the plasma membrane monocarboxylate trans-
porter MCT1, which transports lactate as well as pyruvate, is unusually low in β-cells
(Best et al. 1992; Zhao et al. 2001). This modification would serve a role to prevent
the loss of glucose-derived pyruvate from β-cells; on the other hand, it would lead
to intracellular lactate accumulation when the cells are exposed to high concentra-
tions of glucose. Indeed, there is evidence that an accumulation of lactate formed
from methylglyoxal leads to β-cell swelling (Best et al. 1999). The intracellular
accumulation of lactate would result in intracellular hyperosmolarity, producing cell
swelling (Best et al. 1992; Sekine et al. 1994). A controversial point, however, exists
regarding the capacity of β-cells to generate lactate during glucose stimulation. As
well as MCT1, lactate dehydrogenase (LDH), which converts pyruvate to lactate, dis-
plays very low expression levels in β-cells (Sekine et al. 1994), suggesting that LDH
activity in β-cells may not be sufficient to convert pyruvate generated from glucose to
lactate. As an alternative mechanism for glucose-induced β-cell swelling, an involve-
ment of Na+/H+ and Cl−/HCO3

− exchangers is proposed. These exchangers are of
importance in the extrusion of H+ and HCO3

− generated by glucose metabolism
(Grapengiesser et al. 1989; Shepherd and Henquin 1995). Their activation increases
the intracellular concentrations of Na+ and Cl−, leading to intracellular hyperos-
molarity (Best et al. 1997). Since osmotic β-cell swelling induces insulin secretion
(Blackard et al. 1975; Best et al. 1996a; Drews et al. 1998), the swelling due to
high-concentration glucose is expected to be one of the mechanisms underlying
GSIS.

14.2.3 Volume-Regulated Anion Channels

Volume-regulated anion channels (VRAC) are ubiquitously expressed in mammalian
cells and are known to play a pivotal role in the cell volume regulation system,
regulatory volume decrease (RVD), which occurs after hypotonicity-induced cell
swelling (Eggermont et al. 2001; Sardini et al. 2003). In pancreatic β-cells, several
lines of evidence, most of which have been reported by Best and co-workers (see
review by Best et al. 2010), suggest that VRAC activated during RVD could also
be an important mechanism for GSIS: (i) osmotic cell swelling activates VRAC in
β-cells (Kinard and Satin 1995; Best et al. 1996b; Drews et al. 1998); (ii) glucose
activates Cl− currents with features resembling VRAC currents (Best 1999; Best
2002b; Jakab et al. 2002); and (iii) both the glucose-activated Cl− currents and
the swelling-induced insulin release are inhibited by a selective VRAC inhibitor
DCPIB (Best et al. 2004). Since equilibrium potential of Cl− has been shown to
be around −30 mV (Kinard and Satin 1995; Drews et al. 1998), the activation of
VRAC would induce inward current, leading to membrane depolarization. However,
the physiological role of VRAC besides RVD in β-cells is not fully understood.
Recently, the non-metabolizable analogue 3-O-methylglucose as well as glucose
has been shown to induce VRAC currents (Dossena et al. 2011), implying that the
activation of VRAC by glucose may be independent of glucose metabolism.
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14.2.4 Stretch-Activated Cation Channels

Osmotic cell swelling mechanically stretches the plasma membrane. It is thus ex-
pected that stretch-activated cation channels (SAC) participate in the responses to
hypotonic stimulation in β-cells. However, little information exists about SAC in
β-cells. In isolated rat pancreatic β-cells, we have demonstrated that hypotonic
stimulation induces membrane depolarization, produces outwardly rectifying cation
currents, and increases insulin secretion, and that all these responses are sensitive to
relatively low concentration of Gd3+ (Takii et al. 2006). The hypotonicity-induced in-
sulin secretion was also inhibited by other cation channel blockers, such as amiloride,
2-APB, and ruthenium red (Takii et al. 2006). We have also obtained similar results in
mouse pancreatic β-cells (Ishikawa, unpublished data). Thus, SAC is also suggested
to be involved in the insulin secretion induced by β-cell swelling.

In other cell types, some transient receptor potential (TRP) channels are proposed
as candidates of SAC. The TRP superfamily is one of the largest families of cation
channels and subdivided into major branches; TRPC, TRPA, TRPM, TRPP, TRPV,
TRPML, and TRPN (Nilius et al. 2007). There is increasing evidence that numerous
TRP channels are expressed in β-cells, i.e., TRPC1-6, TRPM2-5, and TRPV1, 2,
4 (Islam 2011; Jacobson and Philipson 2007). These channels allow for β-cells to
respond to a variety of stimulations including glucose, leading to membrane depolar-
ization, [Ca2+]c elevation, insulin secretion, cell survival, and apoptosis. At least ten
mammalian TRPs have been suggested to exhibit mechanosensitivity, i.e., TRPC1,
5, and 6; TRPV1, 2, and 4; TRPM3 and 7; TRPA1; and TRPP2 (Inoue et al. 2009).
Since the [Ca2+]c elevation induced by hypotonic stimulation was sensitive to rela-
tively low concentrations of ruthenium red in β-cells isolated from rats (Takii et al.
2006) and mice (Ishikawa, unpublished data), ruthenium red-sensitive channels, i.e.,
TRPV family or TRPA1, may be involved in the hypotonicity-induced responses.
Among them, TRPV4 is a good candidate of SAC in β-cells. A recent study in
the mouse β-cell line MIN6 has shown that human islet amyloid polypeptide (hI-
APP) triggers [Ca2+]c elevation, which corresponded with the appearance of hIAPP
aggregates, alterations in the surface membrane morphology of MIN6 cells, and a
reduction of cell viability. Small interference RNA against TRPV4 prevented hIAPP-
induced [Ca2+]c rises and reduced hIAPP-triggered cell death. It is thus suggested
that TRPV4 may sense physical changes in the plasma membrane induced by hIAPP
aggregation (Casas et al. 2008). Another candidate may be TRPV2. In MIN6 cells,
TRPV2 has been shown to be translocated from the cytosol to the plasma membrane
by insulin and participate in GSIS (Hisanaga et al. 2009). However, there is no indi-
cation how gating of TRPV2 is modulated in β-cells. Further studies are necessary
to determine the molecular identity of SAC activated by cell swelling in β-cells.

14.2.5 Perspectives

There is increasing evidence that insulin secretion is not exclusively dependent on the
KATP channel-dependent mechanism. β-Cell swelling induced by high-concentration
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Fig. 14.1 Mechanisms for
β-cell swelling-induced
insulin secretion. β-Cell
swelling activates
volume-regulated anion
channels (VRAC) and/or
stretch-activated cation
channels, possibly TRPV,
thereby causing membrane
depolarization and
subsequent activation of
voltage-dependent Ca2+
channels (VDCC), thus
elevating insulin secretion

glucose may be one aspect of the KATP channel-independent mechanism. The regula-
tion of cell volume is important in β-cells, in which high rates of glucose metabolism
increase intracellular osmolality. The involvement of VRAC in the membrane de-
polarization and insulin secretion induced by β-cell swelling has been extensively
studied; however, several reports have argued against this proposition by showing that
hypotonicity-induced insulin secretion persists even in the presence of Cl− channel
blockers such as niflumic acid and DIDS (Kinard et al. 2001; Straub and Sharp 2002;
Takii et al. 2006). Thus, the possibility still remains that mechanisms independent of
VRAC are involved in the osmotic insulin secretion. Another potential candidate is
mechanosensitive TRP channels; however, information available on them is limited
(Fig. 14.1).

One major reason for this is the lack of specific inhibitors for TRP channel iso-
forms. Their study would be facilitated through RNA interference in cell culture and
global mouse knockouts. Future studies with these techniques will elucidate the role
of mechanosensitive TRP channels in KATP channel-independent GSIS as well as
β-cell swelling-induced insulin secretion.

14.3 Adipocyte

14.3.1 Introduction

Recent advances in adipocyte research have established that adipose tissue not
only serves as a means of energy storage in the form of triglycerides but also ex-
erts secretory/endocrine functions. Adipocytes are the major cellular component of
parenchymal adipose tissue, and are mesoderm or neuroectoderm in origin. The
differentiation and hypertrophy (maturation) of adipocytes are fundamental pro-
cesses involved in obesity. Mechanical stimuli such as stretching and rubbing of fat
and skeletal muscle during gymnastic exercise or massage are believed to decrease
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obesity as well. It is now considered that adipocytes are well equipped with possible
candidates for mechanosensor molecules. These include chloride channels (Inoue
et al. 2010) and TRP channels (Zhang et al. 2007), caveolae (Parton and Simons
2007; Pilch et al. 2007), kinases, including Rho-kinase (Hara et al. 2011), and focal
adhesion proteins as well as stress fibers (Hara et al. 2011). In this regard, there
have been quite a few papers as to the mechanosensitivity of adipocytes, i.e., how
adipocytes respond to mechanical stimuli. Furthermore, adipocytes play a pivotal
role in the secretion of hormones and cytokines/adipokines. Obese and matured
adipose tissues produce a variety of proinflammatory adipokines, causing chronic
inflammation. It has become clear that this obesity-induced chronic inflammation
plays a key role in the development and progression of metabolic syndrome, in-
cluding type-2 diabetes, hypertension, and pernicious obesity. Here, we present an
overview of how adipocytes respond to mechanical stimuli with particular reference
to the cell differentiation and the functions of secretory/endocrine gland, as well as
adipose tissue inflammation, and their pharmacological interventions.

14.3.2 How does Mechanical Stress Act on Differentiation
of Adipocytes?

14.3.2.1 Cyclic Stretching

Maturation of adipocytes can occur all throughout life irrespective of age from the
pre-existing cluster of adipoprogenitor cells (preadipocytes). Thus both the prolif-
eration and differentiation of preadipocytes into mature adipocytes are issues of
particular importance from a pathophysiological point of view.

Tanabe et al. (2004) first reported the effect of cyclic stretching on adipocyte dif-
ferentiation. The optimum cyclic stretching with a frequency of 1 Hz was applied to
3T3-L1 cells in the induction medium for 45 h (induction period) while undergoing
adipocyte differentiation. After 45 h of induction, the cells subjected to cyclic stretch-
ing were oriented perpendicular to the axis of stretching. Thus, uniaxial stretching
induces a phenotypic change in cytoskeletal structures of adipocytes, similar to that
often observed in vascular endothelial cells subjected to hemodynamic forces such
as blood pressure and blood flow. Furthermore, Oil-Red-O staining revealed that
the accumulation of lipid droplets was significantly inhibited in the 3T3-L1 cells
subjected to cyclic stretching.

As to the molecular mechanism of adipocyte differentiation, at least three mem-
bers of CCAAT-enhancer-binding proteins (C/EBP) family (C/EBPα, β, and δ) and
the γ -isoform of the peroxisome proliferator-activated receptor (PPAR) family
(PPARγ 1 and γ 2) play pivotal roles in the regulation of adipipocyte differentiation,
in particular, from preadipocyte to mature adipocyte (Rangwala and Lazar 2000;
Rosen and Spiegelman 2000). Only the application of cyclic stretching during the
late phase of induction could inhibit the adipocyte differentiation of 3T3-L1 cells,
which was accompanied by the downregulation of PPARγ 1 and γ 2 without any
change in the expression of mRNA transcript for C/EBP (Tanabe et al. 2004).
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Fig. 14.2 Schematic diagram
indicating inhibitory effect of
cyclic/dynamic stretching on
the process of differentiation
involved in adipogenesis.
Note that adipocyte
differentiation is inhibited by
mechanical stretching
through ERK-mediated
downregulation of a
transcription factor PPARγ 2.
Troglitazone, a
thiazolidinedione, accelerates
the differentiation process,
while cyclic stretching
counteracts the process. (See
in detail Tanabe et al. (2004))

14.3.2.2 MEK/ERK Pathway and Rho/Rho-Kinase Activity

Several lines of evidence have suggested that mechanical stimuli evoke the mitogen-
activated protein kinase kinase/extracellular signal-regulated kinase (MEK/ERK)
pathway in various types of cells (Tibbles andWoodgett 1999;Yamboliev et al. 2000).
The stretch-induced blockade of adipocyte differentiation was reversed by PD98,059,
an inhibitor of MEK, with concomitant restoration of the expression of PPARγ 2
at the mRNA and protein levels. In contrast, the expression of PPARγ 1 mRNA,
which was reduced in response to the stretching condition, was not restored by
PD98,059. PD98,059 also restored lipid droplet accumulation. Furthermore, the
differentiation inhibited by stretching was also restored by a synthetic PPARγ ligand
such as troglitazone. Therefore, inhibition of adipocyte differentiation in response to
cyclic stretching is mainly attributable to the reduced expression of PPARγ 2, which
is negatively controlled by activation of the MEK/ERK system (Fig. 14.2).

Mechanical stress also activates Rho/Rho-kinase and the subsequent signaling.
Hara et al. (2011) investigated whether activation of Rho/Rho-kinase in adipose tissue
participates in the development of obesity. 3T3-L1 cells were subjected to direct
application of static mechanical stretching for a 72-hour duration. Rho-kinase activity
and stress fiber formation were increased as lipid accumulated and cells swelled after
the differentiation into adipocytes. Rho-kinase activation induces the expression of
cytokines and chemokines that are adipocytic in origin such as tumor necrosis factor α

(TNFα) and monocyte chemotactic activating factor 1 (MCP-1). Consistently, mature
adipocytes were abundant in the mRNA transcripts encoding TNFα and MCP-1.

14.3.2.3 Dynamic and Static Stretching

Shoham et al. (2012) have reported that static mechanical stretching at the static ten-
sile strains of 12 % to the substrata accelerates lipid production in 3T3-L1 adipocytes
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by activating the MEK pathway. Thus, the input pathway of static mechanical stretch-
ing seems to be similar to that of cyclic stretching. However, a PPARγ inhibitor, GW
9662, had no apparent effect on the adipocyte differentiation, indicating an alternative
signaling pathway not yet revealed may be involved in the adipocyte differentiation.

It is considered that dynamic/cyclic stretching more effectively activates electrical
and subsequent events than static stretching (Johansson and Mellander 1975). For
instance, in vascular smooth muscle, the dynamic stretching mobilizes both extra-
and intracellular-activator Ca2+, while the static one promotes mainly influx of Ca2+
through L-type Ca2+ and other ion channels (Obara et al. 2001; Nakayama et al.
2010). Thus it appears possible that static and dynamic stretching evokes different
cell signaling in adipocytes. However, as to mechanical stress in adipose cells and
tissues, one needs to be careful when interpreting the results obtained. Although
confluent cultures of 3T3-L1 cells undergo differentiation into adipocytes with or
without stretching, this “without stretching” means that static tensile strain somehow
always exists on the cell surface even when adipocytes are cultured on the surface of
substrate. 3T3-L1 cells accumulate lipid droplets without any intentional procedure
for stretching in the mature phase. Accordingly, Hara et al. (2011) have proposed a
scheme depicting the vicious cycle of adipose tissues in obesity. The lipid deposition
evokes adipocyte hypertrophy leading to further stretched cell membrane. Mechan-
ical stretching and possibly some additional factors promote Rho-kinase activity,
which contributes to both adipokine expression and recruitment of inflammatory
cells, including macrophages, to adipose tissues. In turn, the chronic low-grade
inflammatory process is accelerated (chronic inflammation), and lipid is further ac-
cumulated in a vicious cycle manner. It presumes that this vicious cycle of adipose
tissue can take place only when adipocytes and surrounding tissues are properly ad-
hered to each other for expanding (Fig. 14.3). The appropriate interaction between
the cellular and extracellular matrix along with proper angiogenesis are particularly
important for the development of adipose tissue in vivo (Han et al. 2011). As the
developed network of blood vessels also nourishes the inflated-adipose tissues filled
with lipid, it may be said that the state of chronic inflammation in vivo is caused
by adipose tissues in concert with vascular tissues (adipogenesis-angiogenesis in-
teraction) (Manabe 2011). Thus, hypertrophied adipose tissues together with an
invading network of blood vessels and immune cells in vivo induce much more
dysregulated production of proinflammatory mediators relative to the production of
anti-inflammatory adipokines (e.g., adiponectin), which leads to adverse metabolic
and cardiovascular consequences.

14.3.3 Mechanical Stress and Endocrine Function of Adipose
Tissues

It is a well-documented fact that adipocytes/adipose tissue function as the largest
secretory organs in the whole body. In vivo, the clusters of small size adipocytes un-
der non-inflammatory conditions primarily secrete adiponectin, pref-1, and other
anti-inflammatory and anti-obese factors such as leptin. However, mature and
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Fig. 14.3 Possible inhibitory actions of several cardiovascular drugs on vicious cycle of adipose
tissues in obesity. Once adipocyte has matured, it begins to accumulate lipid in the cell, leading
to hypertrophied adipocyte, and stretching of surface membrane. Mechanical stretching together
with other factors activates Rho/Rho-kinase signaling and subsequent proinflammatory processes
including expression of adipocytokines, recruitment of macrophages, and vascular invasion, which
further accelerate systemic insulin resistance, hyperinsulinemia, and obesity. This vicious cycle
contributes to the progress of metabolic syndrome and further complicates obesity. Cyclic stretching
in combination with several drugs such as Rho-kinase inhibitors, statins, and angiotensin AT1

receptor blockers (ARBs), may interrupt this vicious cycle

fat-accumulated adipocytes (large adipocytes) induce the expression of cytokines
and chemokines that are adipocytic in origin such as tumor necrosis factor (TNFα)
and MCP-1. The secreted chemokine recruits immune cells such as M1 macrophages,
T cells and neutrophiles. Moreover, vascular networks invaded by the cluster of ma-
ture adipocytes further propagate inflammatory cascades, leading to a state of chronic
inflammation responsible for systematic insulin resistance and other metabolic ab-
normalities (Nishimura et al. 2008; Manabe 2011). Thus, in order to clarify the effect
of mechanical stress on the adipocytic endocrine function, i.e., how mechanical stress
acts directly and locally on adipose tissues in vivo, it is inevitably necessary to carry
out long-term experiments in conscious animals in vivo.

14.3.3.1 Rho/Rho-Kinase-Dependent Endocrine Function in Diet-Induced
Obesity

Hara et al. (2011) reported that mice fed a high-fat diet showed increased adipocyte
size, Rho-kinase activity, and stress-fiber formation in adipose tissue, as well as body
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weight gain compared to mice fed a low-fat diet. Abundance of the mRNA transcripts
encoding the adipocytokines TNFα and MCP-1 increased in adipose tissue of mice
fed a high-fat diet. Conversely, abundance of the mRNA encoding adiponectin was
decreased in mice fed a high-fat diet. Rho-kinase activity was increased after stretch-
ing in mature adipocytes. Furthermore, the expression of the mRNA transcripts
encoding TNFα and MCP-1 was increased, whereas that encoding adiponectin was
decreased. Fasudil and Y-27362, Rho-kinase inhibitors, reduced lipid accumulation
and Rho-kinase activity in the mature cells. These are consistent with the in vivo data
obtained in the diet-induced obese mice and dominant negative-RhoA transgenic
mice. It is thus likely that lipid accumulation in adipocytes activates Rho/Rho-
kinase signaling at least in part through mechanical stretching and implicates
Rho/Rho-kinase signaling in adipose tissue in obesity.

14.3.3.2 Local Vibration and Metabolic and Endocrine Functions
of Adipocytes

We have investigated in vivo effects of mechanical vibration on adipose tissues in
conscious mice. Male ddY mice fed a high-fat diet and weighing about 50 g re-
ceived mechanical vibration (100 Hz for 30 min) on the lower abdomen twice a day
for up to 16 days. The daily abdominal vibrations significantly lowered triglyceride
content in adipose tissues and plasma concentration of free fatty acids without any
changes in body weight, daily food intake, or plasma concentration of corticosterone,
a stress maker. Moreover, the vibrations decreased expression of adipogenic tran-
scription factors such as PPARγ 2 and sterol-regulatory element-binding protein-1c
(SREBP-1c), while the expression of anti-adipogenic preadipocyte factor Pref-1 was
increased. The increased Pref-1 is expected to induce a lowering of triglyceride con-
tent and the downregulation of adipokines such as leptin, resistin, and adiponectin
in the epidermal adipose tissues, leading to a decrease in nonesterified fatty acids
(NEFAs) in blood plasma. Thus, the daily abdominal vibrations can affect gene ex-
pression, endocrine, and metabolic function of adipose tissues, which would lead to
a beneficial effect on obese-related diseases. However, the local vibration also in-
duced the expression of pro-inflammatory genes; arginase-1, interleukin-10 (IL-10),
and colony-stimulating factor Mgl-1, which are characteristic to M2 macrophages
(alternatively-activated macrophages), and IL-6, IL-1β, MCP-1, and COX2, which
are characteristic to M1 macrophages (classically-activated macrophages). Thus,
mechanical stress such as vibration in combination with anti-inflammatory phar-
macological interventions as mentioned below could improve the balance between
proinflammatory factors and anti-inflammatory ones.

14.3.4 Mechanical Stress and Pharmacological Interventions

Metabolic syndrome is considered to be a kind of chronic inflammatory state. Of the
many cardiovascular drugs, several drug groups can also be used against proinflam-
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matory processes often encountered in metabolic syndrome including hyperten-
sion and obesity. They include inhibitors of Rho/Rho-kinase, fasudil and Y-2736,
eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA), ω-3 poly-unsaturated
fatty acids, thiazolidinediones (TZDs), insulin-sensitizers, angiotensin AT1 receptor
blockers (ARBs), and HMG-CoA reductase inhibitor statins.

14.3.4.1 Rho/Rho-Kinase Inhibitors

Rho/Rho-kinase and subsequent signaling might be activated by stretching cell mem-
brane when mature adipocytes become hypertrophic in obesity (Hara et al. 2011).
Direct application of static stretching to mature adipocytes increased the expression
of the mRNA transcripts encoding TNFα and MCP-1 and stress fiber formation,
whereas the expression of the mRNA encoding adiponectin was decreased. These
changes in mRNA abundance were inhibited by the Rho-kinase inhibitorY-27632 or
fasudil. Thus, lipid accumulation in adipocytes is likely to activate Rho/Rho-kinase
signaling, at least in part, through mechanical stretching. The activated signaling fur-
ther accelerates inflammatory changes in adipose tissue in obesity in a vicious cycle
manner. This vicious cycle could be interrupted by the Rho-kinase inhibitors, which
may provide a novel therapeutic strategy for obesity and related diseases, including
insulin resistance and atherosclerosis (Hara et al. 2011) (See Fig. 14.3).

14.3.4.2 ω-3 Polyunsaturated Fatty Acids, EPA and DHA

A variety of endogenous and exogenous lipids and fatty acids play an important
role in adipocyte differentiation. EPA and DHA are fish-oil-derived ω-3 polyunsat-
urated fatty acid (PUFA) possessing a variety of pharmacological actions, including
antithrombic, anti-inflammatory, anti-atherogenic, and antiarrhythmic activities
(Kris-Etherton et al. 2002; Holub and Holub 2004). Furthermore, ω-3 PUFA mod-
ulates gene expression involved in lipid homeostasis in adipocytes. When EPA was
concomitantly applied with cyclic stretching, adipocyte differentiation was signifi-
cantly reduced, although EPA alone had no effect on the differentiation (Tanabe et al.
2008). EPA could be a substrate of COX2, the expression of which was strongly aug-
mented by stretching. A selective COX2 inhibitor NS-398 attenuated the combined
effect of stretching and EPA. Thus, stretching and EPA are suggested to exhibit a syn-
ergistic effect on the inhibition of adipocyte differentiation through stretch-induced
COX2 production. In contrast, DHA is not a direct substrate for either COX1 or COX2
(Hirafuji et al. 2003), indicating no apparent synergistic effects with stretching.

14.3.4.3 PPARγ Agonist Thiazolidinediones

Thiazolidinediones (TZD) are agonistic ligands for peroxisome proliferator-
activating receptor γ (PPARγ ), a group of nuclear hormone receptors. The activated
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receptor migrates to the DNA, which is involved in the regulation of genes related to
glucose and lipid metabolism. PPARγ agonists have been reported to possess anti-
inflammatory activity, suggesting their possible use for treatment of inflammatory
and autoimmune diseases (Straus and Glass 2007). One of the adverse actions of
TZD is obesity due to a decrease in leptin levels and an acceleration of adipocyte
differentiation. Cyclic stretching inhibited the accelerating action of TZD on the
adipocyte differentiation assessed in 3T3-L1 cells (Tanabe et al. 2004). TZD also
shows anti-inflammatory action by increasing adiponectin and by decreasing certain
interleukins, e.g., IL-6, and vascular endothelial growth factor (VEGF)-induced an-
giogenesis. Thus, mechanical stretching may ameliorate the adverse action of TZD
in obesity and enhance the pleiotropic action of TZD in the therapy of type2 diabetes
(Tanabe et al. 2004).

14.3.4.4 AT1 Receptor Blockers and Statins

Angiotensin II (AngII) type 1 receptor (AT1R), a GTP binding protein-coupled re-
ceptor (GPCR), plays a crucial role in the regulation of cardiovascular homeostasis.
In addition to circulating and local AngII, evidence has accumulated that mechanical
stress including high blood pressure can activate AT1R and induces cardiac hypertro-
phy (Zou et al. 2004; Yasuda et al. 2008) and vascular myogenic contraction (Voets
and Nilius 2009). The mechanical strain is transmitted via Gq proteins coupled to
AT1R (Akazawa and Komuro 2010) or other adaptor proteins such as β-arrestins
(Rakesh et al. 2010). The agonist-independent activation of AT1R can be inhibited
by inverse AT1R agonists such as candesartan and olmesartan (Miura et al. 2006).
AT1R blockers (ARBs) substantially lower the risk for type 2 diabetes, and improves
insulin sensitivity in animal models of insulin resistance. A specific subset of ARBs
such as telmisartan and irbesartan has been shown to stimulate PPARγ activity in-
dependently of their AT1R blocking actions (Schupp et al. 2004). The pleiotropic
effects of ARBs including blocking the action of mechanical stress emerge as an im-
portant pharmacological characteristic for AT1R and other GPCRs, which determine
the efficacy to protect tissue and cells against cardiovascular and metabolic diseases.

The HMG-CoA reductase inhibitor statins have been clinically used to slow down
the progression of atherosclerosis by inhibiting the rate-limiting step of biosynthesis
of cholesterol. However, statins are now also shown to possess non-lipid lowering
benefits, i.e., pleiotropic actions (Lefer 2002). The pleiotropic effects of statins have
been often argued to occur in cardiovascular tissues. Pravastatin and rivastatin act in-
hibitory on the adipose tissue inflammation and toll-like receptor-4 (TLR4)-mediated
signaling in macrophages (Abe et al. 2008). However, some statins including ator-
vastatin inhibited adipocyte maturation and expression of glucose transporter 4
(GLUT4).

There is so far no information available as to the effect of mechanical stretching
in combination with statins on glycemic control in adipocytes. It would be important
to recognize obesity, which is a crucial cause of metabolic syndrome, as a chronic
inflammatory disease and to fully clarify how pharmacological interventions toward
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cardiovascular and metabolic diseases in combination with mechanical stress act on
adipose tissues in vivo.

14.3.5 Perspectives

It has become clear that the intercommunication between the central nervous system
and peripheral organs, including pancreatic β-cells, adipocytes, and skeletal muscle
cells is important for the maintenance of homeostasis in energy-glucose metabolism
(Devaskar 2001; Sandoval et al. 2009). This intercommunication has often been
discussed from the view point of the neurohumoral axis. However, the intercommu-
nication among these peripheral organs is also important. The balance of anti- and
pro-inflammatory cytokines, for instance, adiponectin and plasminogen-activator
inhibitor-1 (PAI-1), respectively, released from adipocyte by mechanical and other
stimuli also strongly affects not only insulin secretion but also the sensitivity of
adipocyte and skeletal muscle cells to insulin (Corgosinho et al. 2011; Lumeng
and Saltiel, 2011). Moreover, the adipogenesis coupled with vascular angiogenesis
(Nishimura et al. 2008; Manabe 2011), an alternative kind of intercommunication,
plays a pivotal role in the process of chronic inflammation and metabolic syndrome.

14.4 Skeletal Muscle

14.4.1 Introduction

The skeletal muscle is the main tissue involved in glucose disposal in vivo, and its
function is exquisitely regulated by several stimuli including muscle contractions
and insulin (Holloszy 2003). The major cellular mechanism for disposal of an ex-
ogenous glucose load is glucose transport into skeletal muscle. The principal glucose
transporter protein in skeletal muscle is GLUT4, which is one isoform of glucose
transporter proteins containing 12-transmembrane domains. Muscle contraction and
insulin increase the glucose transport which can be rapidly induced by translocation
of GLUT4 from intracellular vesicles to the plasma membrane and/or transverse
tubules (T-tubules) (Dombrowski et al. 1996; Holloszy 2003) and possibly by in-
creased intrinsic activity of GLUT4 (reviewed in Furtado et al. 2003). The GLUT4
translocation induced by muscle contraction and insulin is mediated by distinct sig-
naling pathways, and their maximal effects on muscle glucose uptake are additive
(Holloszy 2003). GLUT4 is thus a major mediator of glucose removal from the
circulation and a key regulator of whole-body glucose homeostasis.

Muscle contraction is accompanied by mechanical stimuli such as passive stretch-
ing or deformation of cells and tissues. Stretching of skeletal muscle results in
changes in cellular metabolism, including glucose transport (Ihlemann et al. 1999;
Ito et al. 2006). Indeed, mechanical stretching per se has been reported to increase the
glucose transport in skeletal muscle without force-producing contraction (Ihlemann
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et al. 1999; Ito et al. 2006), as well as in cultured L6 (Mitsumoto et al. 1992) and
C2C12 myotubes (Iwata et al. 2007). We have further shown that passive stretch-
ing induces the translocation of GLUT4 only to the plasma membrane, but not to
T-tubules, in rat skeletal muscle, whereas active contraction and insulin stimulate
the translocation of GLUT4 to both the plasma membrane and T-tubules (Ito et al.
2006). Thus, passive stretching is likely to play a major role in skeletal muscle glu-
cose transport. However, there is still controversy as to which intracellular signaling
pathways that mediate the effects of mechanical stretching on glucose transport.

14.4.2 Mechanosensors in Skeletal Muscle

Many molecules have been proposed as a mechanosensor in skeletal muscle, in-
cluding SAC (Spangenburg and McBride 2006) and integrins (Zanchi and Lancha
2008); however, none of them are definitive. Skeletal muscle may have multiple
mechanosensors, which all integrate the mechanical information into anabolic or
catabolic responses.

14.4.2.1 Stretch-Activated Channels (SAC)

SAC was first discovered by patch clamping in skeletal muscle (Guharay and Sachs
1984), but the molecular identity of the channel is still unknown. SAC in skele-
tal muscle is permeable to Ca2+ as well as Na+ (Franco and Lansman 1990) and
activated by stretching of the membrane. TRP channels are a good candidate to ac-
count for SAC. Several members of the TRPC, TRPV and TRPM subfamilies are
expressed in skeletal muscle. The most prominent TRP channels are TRPC1, C3,
C4 and C6, TRPV2 and V4 as well as TRPM4 and M7. TRPC1 is well character-
ized TRP in skeletal muscle, and can be activated by membrane stretching (Maroto
et al. 2005). Even though many studies point to TRPC1 as being a stretch-activated
channel (Ducret et al. 2006), this topic remains controversial, with tissue-specific
investigations of TRPC1 function often providing negative results (Dietrich et al.
2007).

14.4.2.2 Integrin

There is increasing evidence indicating that integrin plays an important role in
mechanotransduction (Sasamoto et al. 2005). Integrin is a heterodimeric complex
composed of α and β subunits. There are 19α and 8β mammalian subunit isoforms
(Humphries 2000). In skeletal muscle, integrin is limited to seven subunit subtypes,
i.e., α1, α3, α4, α5, α6, α7, and αv subunits, all associated with β1 subunit (Schwan-
der et al. 2003). Recently, we found that stretch-induced glucose uptake is inhibited
by JB1 A, an integrin β1 blocking antibody (Ni et al. 1998), in cultured L6 myotubes
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(Obara et al., unpublished observation), suggesting the involvement of integrin in
stretch-induced glucose uptake into skeletal muscle.

14.4.3 Possible Mediators of Mechanotransduction

Iwata et al. (2007) have shown that mechanical stretch-stimulated glucose uptake is
insensitive to wortmannin, an inhibitor of phosphoinositide 3-kinase (PI3K), whereas
the effect of insulin is completely abolished by the PI3K inhibitor. These results
suggest that the stretch signaling pathway mediates skeletal muscle glucose uptake
through a pathway independent of insulin. Passive stretching of skeletal muscle
is suggested to mimic the effects of muscle contractions on cellular metabolism,
including glucose uptake (Ihlemann et al. 1999). It is thus hypothesized that the
stimulation of glucose uptake by mechanical stretching may be mediated by pathways
similar to those stimulated by contractions/exercise.

14.4.3.1 AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase acti-
vated by various stresses leading to the depletion of cellular ATP (Hardie et al.
1998). AMPK consists of one catalytic subunit (α) and two noncatalytic subunits
(β, γ ). AMPK is proposed to be a key mediator of glucose uptake into skeletal
muscle during contractions and exercise. The α2-containing complex of AMPK is
the primary catalytic isoform and activated during exercise (Musi et al. 2001; Woj-
taszewski et al. 2000). The pharmacological activator of AMPK, adenosine analogue
5-aminoimidazole 4-carboxamide ribonucleoside (AICAR), can increase glucose up-
take (Hayashi et al. 1998). However, there is apparent disassociation between AMPK
activation and glucose uptake during exercise (Derave et al. 2000). Moreover, AMPK
α2 knockout abolishes AICAR-induced glucose uptake, but has no inhibitory effect
on contraction-induced glucose uptake (Jørgensen et al. 2004). Thus, it is likely that
AMPK has the ability to increase glucose uptake, but is not essential for contraction-
stimulated glucose uptake. AMPK is also unlikely to be involved in the stimulation of
glucose uptake by mechanical stretching. In cultured C2C12 myotubes, compound
C, an inhibitor of AMPK, completely inhibited the glucose transport induced by
AICAR but not that induced by stretching (Iwata et al. 2007). This notion is also
supported by our observation that mechanical stretching has no apparent effect on
AMPK activity in mouse skeletal muscle in vitro (Ito et al. 2006).

14.4.3.2 Ca2+ and Ca2+/Calmodulin-Dependent Protein Kinase

The experiments with caffeine, which induces release of Ca2+ from sarcoplasmic
reticulum (SR) of isolated skeletal muscle without membrane depolarization, have
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shown that raising [Ca2+]c increases glucose uptake (Holloszy and Narahara 1967).
Studies from several groups have shown that increases in [Ca2+]c during skeletal
muscle contraction provide the signal leading to contraction-induced increases in
glucose transport (Holloszy and Narahara 1967; Clausen et al. 1975; Wijesekara
et al. 2006). This possibility is supported by the observation that a Ca2+ ionophore
ionomycin or ryanodine, which elicits the release of Ca2+ from SR, induces glucose
uptake into C2C12 myotubes accompanied by an elevation of [Ca2+]c below the
contraction threshold (Iwata et al. 2007).

Cyclic stretch-dependent Ca2+ influx is suggested to be essential in several stretch-
dependent signal transductions (Inou et al. 2002; Wang et al. 2001). In contrast,
intracellular Ca2+ stores seem also to serve as a mechanotransducer in the stretch-
induced signaling pathway in multiple cell types (Taskinen and Ruskoaho 1996). The
stretching of C2C12 myotubes has been shown to induce a rapid increase in [Ca2+]c

(Iwata et al. 2007). The depletion of extracellular Ca2+ did not affect the glucose
uptake induced by cyclic stretching and the inhibition of Ca2+ release from intracel-
lular Ca2+ storage sites completely prevented stretch-stimulated glucose uptake in
C2C12 myotubes (Iwata et al. 2007) and in mouse soleus muscle (Obara unpublished
observation).

Ca2+/calmodulin-dependent protein kinases (CaMK) are activated by Ca2+
(Soderling 1999), and CaMK is involved in the stimulation of muscle glucose uptake
(Chin 2005). The inhibition of CaMK by KN93, a specific inhibitor of CaMK (Sumi
et al. 1991; Corcoran and Means 2001), leads to a decrease in the glucose transport
stimulated by cyclic stretching in C2C12 myotubes (Iwata et al. 2007) and by con-
traction in rodent skeletal muscles (Wright et al. 2004). These findings suggest that
stretch-stimulated glucose transport appears to be dependent on the Ca2+/CaMK
signaling pathway. Three CaMKs, i.e., CaMKI, CaMKII, and CaMKIV, are acti-
vated by Ca2+, and all of the CaMKs are inhibited by KN93 (Corcoran and Means
2001). CaMKII, but not CaMKI or CaMKIV, is expressed in human skeletal muscle
(Rose et al. 2006). The activation of CaMKII by Ca2+ mediates the contraction-
induced increases in glucose transport in rat epitrochlearis muscle (Wright et al.
2004). It is thus likely that stretch-stimulated glucose transport is mediated by the
Ca2+/CaMKII-dependent signaling pathway.

14.4.3.3 Nitric Oxide

Nitric oxide (NO) is a gas synthesized by the enzyme nitric oxide synthase (NOS).
Three NO synthase (NOS) isoforms, i.e., NOS1 (neuronal NOS; nNOS), NOS2
(inducible NOS; iNOS), and NOS3 (endothelial NOS; eNOS), have been described:
NOS1 and NOS3 are constitutively expressed and Ca2+/calmodulin-dependently
activated, while the expression of NOS2 is induced by cytokines (Moncada et al.
1991). Several isoforms have been identified that result from alternative splicing of
the nNOS gene. Of these nNOS isoforms, nNOSμ is the most prevalent isoform
expressed in skeletal muscle fibers (Silvagno et al. 1996). The involvement of NO
in glucose uptake into skeletal muscle is suggested by several lines of evidence: The
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NO donor sodium nitroprusside (SNP) increases glucose uptake in skeletal muscle
independently of insulin (Balon and Nadler 1997) and NOS inhibitors attenuate or
abolish increases in glucose uptake during contractions in rodent skeletal muscle
(Balon and Nadler 1997; Ross et al. 2007). Moreover, skeletal muscle contraction
has been shown to increase cGMP formation (Lau et al. 2000), suggesting that
NO increases contraction-induced glucose uptake via the NO/cGMP pathway. NO
seems also to mediate glucose uptake induced by mechanical stretching as well as
contractions. Cyclic stretching has been shown to increase nNOS expression and NO
production (Tidball et al. 1998; Zhang et al. 2004), and to stimulate glucose uptake in
C2C12 myotubes (Iwata et al. 2007). We have confirmed that N G-nitro-L-arginine
methylester (L-NAME), an inhibitor of NOS, inhibits glucose uptake induced by
cyclic stretching in mouse soleus muscle (Obara, unpublished observation). NO is
thus likely to mediate increased glucose uptake during cyclic stretching as well as
during contraction. In this regard, identifying the pathways through which NO acts
during mechanical stretching is still needed.

14.4.3.4 p38 Mitogen-Activated Protein Kinase

A potential role of p38 mitogen-activated protein kinase (p38 MAPK) in the
contraction- and insulin-stimulation of glucose transport in skeletal muscle is sug-
gested (Somwar et al. 2000; 2002). Somwar et al. (2002) showed that p38 MAPK
mediates an increase in glucose transport by activating GLUT4 although it is not
involved in GLUT4 translocation to the cell surface. In adult rat skeletal muscle, ex-
ercise and contraction increase the phosphorylation and activity of multiple isoforms
(α, β, and γ ) (Goodyear et al. 1996). Of these isoforms, γ -isoform (p38 γ MAPK)
is highly regulated by muscle contraction (Boppart et al. 2000). Recently, it has
been reported that p38 γ MAPK decreases contraction-stimulated glucose uptake by
affecting intrinsic GLUT4 activity in skeletal muscle of mice (Ho et al. 2004). Al-
though we observed that total phosphorylation of p38 MAPK isoforms was increased
by mechanical stretching in mouse skeletal muscle, it is possible that an isoform such
as p38 γ MAPK may negatively regulate glucose uptake induced by passive stretch-
ing, resulting in a small glucose uptake despite large translocation of GLUT4 to the
plasma membrane (Ito et al. 2006).

14.4.4 Perspectives

Mechanical stretching increases skeletal muscle GLUT4 translocation from intracel-
lular vesicles to the surface membrane and increases glucose uptake, but it is clear
that insulin- and contraction-independent pathways are involved. The mechanisms
by which mechanical stretching increases glucose uptake into skeletal muscle are
not fully elucidated, but may involve Ca2+/CaMKII, p38 MAPK, and NO signaling
(Fig. 14.4). In addition, β1 subunit-containing integrins seem to locate upstream of the
mechanotransduction cascade. It is likely that more than one pathway is involved
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Fig. 14.4 Possible
mechanisms involved in
stretch-induced glucose
uptake. SAC, stretch-activated
channel; TRP, transient
receptor potential channel;
NOS, nitric oxide synthase;
NO, nitric oxide; SR,
sarcoplasmic reticulum;
p 38 MAPK,
p 38 mitogen-activated
protein kinase; CaMKII,
Ca2+/calmodulin dependent
protein kinase type II;
GLUT4, glucose transporter 4

in signaling of GLUT4 translocation and glucose uptake stimulated by mechani-
cal stretching and that overlapping of pathways and redundancy may occur; if one
pathway is inadequate or blocked, another pathway may be upregulated.

14.5 Conclusion and Perspectives

In this review, we have provided a brief review of currently available knowledge on
the cellular and molecular mechanisms as to the mechanosensitivity of pancreatic
β-cells, adipocytes and skeletal muscle cells. All of these cells and tissues play a crit-
ical role in the energy metabolism, and are related to a core concern in the metabolic
syndrome. As has been well documented, skeletal muscle cells are always subjected
to mechanical stress during muscle contraction such as exercise, and other various
motions. However, as shown in this review, both β-cells and adipocytes are also quite
mechanosensitive. In this regard, there are quite a few papers as to the mechanosen-
sitive mechanisms of these cells and tissues. It has become clear that these cells and
tissues react differentially in their functions when subjected to mechanical stress. It
is now considered that the obesity-induced chronic inflammation is critical in the
development and progression of metabolic syndrome. While research concerning
pharmacological intervention and mechanosensitivity seems to be still in its infancy,
we believe that further study of mechanosensitivity/mechanotransduction in cells
and tissues, particularly that involved in the metabolic syndrome and cardiovascular
complications, will aid in further recognizing the importance of biomechanical fac-
tors in physiological and pathophysiological conditions, and will open up a new era
of novel therapeutic remedies.
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Chapter 15
The Role of the Primary Cilium in Chondrocyte
Response to Mechanical Loading

Angus K. T. Wann, Clare Thompson and Martin M. Knight

15.1 Introduction

All cells experience external mechanical forces whether it is compression, tension,
fluid shear, hydrostatic pressure or a combination of these. Mechanical signals are
converted to biochemical and structural changes within the cell through a process of
mechanotransduction which ultimately regulates cell function. Indeed this process
of mechanotransduction and response to mechanical environment is fundamental to
many aspects of cell behaviour including stem cell differentiation, cell polarity and
developmental tissue patterning, tissue homeostasis and response to injury. However
the fundamental mechanotransduction pathways and how they are specialised for
different cell types and associated biomechanical environments, is as yet unclear.
Emerging into this context is the primary cilium, a hitherto under-rated and ignored
cellular structure whose function and importance are only just being recognised. In
the 70s and 80s, pioneering studies by Jensen, Poole and others, described the struc-
ture of the primary cilium in a variety of tissues (Albrecht-Buehler and Bushnell 1980;
Jensen et al. 1979; Poole et al. 1985, 1997). However it took another 30 years before
the primary cilium began to be recognised as an organelle of fundamental importance
for cell and tissue function and pathology. It is now acknowledged that the primary
cilium plays a central role in processes that include cell fate and development, cell cy-
cle regulation, chemosensation and cell migration (Gerdes et al. 2009). Of particular
relevance to this book is the finding that primary cilia function as mechanoreceptors
in an increasing range of cell types. In this chapter we explore the role of the chon-
drocyte primary cilium in responding to the complex and demanding mechanical
environment which is so critical to articular cartilage homeostasis and function.
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15.2 The Structure of the Primary Cilium

The primary cilium is a specialized membranous projection or compartment with a
unique framework of microtubules made of acetylated α-tubulin. Unlike motile cilia
such as those found on the airway epithelium, there is only one primary cilium per cell.
The primary cilium consists of an axoneme that extends out from the basal body which
is a modified form of the more mature of the two centrioles. The axoneme exhibits
what is described as a “9 + 0” microtubule structure possessing nine outer doublet
microtubules arranged around a central core as shown in Fig. 15.1. This structure
differs from that of motile cilia which exhibit a “9 + 2” structure comprising the same
9 doublet microtubules as the primary cilium but with an additional central pair which
helps to confer motility on these cilia. The ciliary axoneme is ensheathed in a lipid
bilayer, the ciliary membrane, which is contiguous with the plasma membrane but
has a distinct composition of membrane proteins (Ostrowski et al. 2002; Teilmann
et al. 2005; Teilmann and Christensen 2005). A region at the base of the cilium called
the ciliary necklace separates these two membrane compartments (Gilula and Satir
1972).

Ciliogenesis, the formation of a cilium, is intrinsically linked with the cell cycle.
In proliferating cells cilia assembly typically occurs during G1 whilst cilia resorption
and disassembly occurs upon entry into the cell cycle prior to mitosis (Christensen
et al. 2008; Kim et al. 2011; Li et al. 2011; Pan and Snell 2007; Robert et al. 2007).
Upon exiting mitosis the mother-centriole dissociates from the core of the mitotic
spindle to become the basal body. The basal body moves to the cell surface, associ-
ating with golgi-derived vesicles en-route, and docks at an actin-rich assembly site
where it nucleates outgrowth of ciliary microtubules (Dawe et al. 2007). Electron mi-
croscopy has identified several cilia structures that support the basal body in its role
not only as an anchor for the cilium, but also as a gatekeeper of protein import and
export. These include the striated rootlet (Hagiwara et al. 1997), distal and sub-distal
appendages (Ringo 1967) and transition zone fibres (Anderson 1972). The latter, in
particular, forms a region at the base of the cilium called the transition zone which
contains several protein complexes that regulate selective import and transport of cil-
iary proteins (Garcia-Gonzalo et al. 2011; Williams et al. 2011). This occurs in a cell
type-specific manner, thus controlling the protein composition of the cilium and po-
tentially enabling cilia structure and function to be specialised in different cell types.
Thus in virtually every tissue, a set of specific receptors becomes Localised or local-
ized to the ciliary membrane which are adapted to detect particular environmental
signals.

The process of intraflagellar transport (IFT) is responsible for building and main-
taining the structure of the primary cilium, as shown schematically in Fig. 15.2
(Berbari et al. 2009; Haycraft et al. 2007; Huangfu and Anderson 2005; Pazour and
Witman 2003). IFT is the bidirectional transport of raft-like transport modules, IFT
particles, along the length of the cilium (Davenport and Yoder 2005; Haycraft and
Serra 2008). Assembly of IFT particles occurs at the base of the cilium such that
proteins, including the structural protein tubulin, are transported in the antereograde
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direction to the tip of the cilium, where they become fully assembled and correctly
localized (Qin et al. 2004). Antereograde transport is driven by the Kinesin II motor
complex which is composed of three subunits; KIF3A, KIF3B and KAP (Davenport
and Yoder 2005). Once at the tip Kinesin II is inactivated, this facilitates both cargo
release and return of the raft to the base of the cilium- a process driven by cytoplasmic
dyenin 1b (Krock et al. 2009; Perrone et al. 2003; Schafer et al. 2003).

Ciliary tubulin undergoes several highly conserved post-translational modifi-
cations which include; detyrosination, glutamylation, glycylation and acetylation
(Verhey and Gaertig 2007; Westermann and Weber 2003). Such modifications func-
tion to stabilize the axonemal microtubules and can be used to visualize the cilium
with immunocytochemistry as they are more abundant than elsewhere in the cell
(Jensen et al. 2004). Despite these modifications the cilium remains a highly dy-
namic structure. Assembly continually occurs at the axonemal tip, but once a set
length is reached, the cilium does not extend further as microtubule assembly is bal-
anced by simultaneous disassembly. Microtubule disassembly is an active process
and several mechanisms for how this occurs have been identified (Cao et al. 2009;
Pugacheva et al. 2007; Prodromou et al. 2012).

15.3 The Primary Cilium as a Mechanosensor

Mechanotransduction is the process by which mechanical force or associated defor-
mation or strain is translated into a cellular response (for review see Farge 2011;
Kolahi and Mofrad 2010; Schwartz 2010; Schwartz and DeSimone 2008; Shiv-
ashankar 2011). The mechanisms and signalling pathways involved appear to depend
on the cell type and the precise nature of the mechanical environment. Even within
a single cell type different loading modalities, durations, magnitudes and rates elicit
a variety of cellular responses. Consequently a plethora of mechanotransduction
and mechanosensitive processes have been identified with associated interplay and
redundancy within these pathways. However, the primary cilium has emerged as
a putative mechanotransducer involved in mechanotransduction in a variety of cell
types. In particular the primary cilium has been identified as a flow sensor in osteo-
cytes, vasculature endothelium and kidney tubular epithelia (Lu et al. 2008; Malone
et al. 2007; Nauli et al. 2011; Praetorius and Spring 2003). Studies suggest that flow
rate-dependent deflection of the cilium initiates a signalling cascade involving the
polycystin ion channel complex on the axoneme and related intracellular calcium sig-
nalling (Lu et al. 2008; Nauli et al. 2003; Praetorius and Spring 2001). In bone, it is
suggested that loading initiates fluid flow through the canaliculae which is detected
by deflection of the primary cilia present on the osteocytes (Malone et al. 2007).
This mechanotransduction process regulates bone resorption and formation which
underpins bone mechanoregulation as defined by Wolff’s Law and the Mechanostat
principal (Frost 1987).
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15.4 Cartilage Mechanotransduction

Articular cartilage is the specialised soft tissue that covers the articulating surfaces
within synovial joints where it functions to reduce stress to the underlying bone and
to provide a low friction, low wear weight-bearing surface. As such, articular carti-
lage is subjected to a demanding and complex mechanical environment, consisting
of compressive and shear strain, hydrostatic pressure and fluid flow. This mechanical
loading environment is critical to the health and homeostasis of the tissue maintain-
ing the balance between synthesis and catabolism of the extracellular matrix which
provides the tissue with its mechanical functionality. It is well established that me-
chanical loading regulates matrix synthesis and composition based on in vivo studies
and those using cartilage explants or isolated cells in vitro. Furthermore removal
of this physiological loading or exposure to excessive loading is linked to cartilage
degradation and association pathologies such as osteoarthritis. In addition, carti-
lage development and patterning is also dependent on transduction of appropriate
mechanical forces.

The chondrocyte is the only cell type within articular cartilage and is responsible
for detecting the mechanical environment and regulating the composition, structure
and function of the extracellular matrix. In particular this is achieved by mechanoreg-
ulation of the synthesis of extracellular matrix proteins, such as collagen II and
the proteoglycan aggrecan, as well as proteases, such as ADAMTS5 and MMP13,
which breakdown the matrix. Although chondrocyte mechanotransduction is clearly
of immense importance in cartilage physiology, the mechanisms involved are unclear.

Extensive studies suggest that chondrocytes respond to a wide range of physiolog-
ical mechanical stimuli including cell deformation, fluid shear, hydrostatic pressure,
and associated physicochemical changes such as electrical streaming potentials, pH
and osmolarity (for review see Urban, 1994). However the mechanotransduction
pathways involved are less well defined. Studies indicate that mechanical loading
may initiate downstream changes in cell function through the activation of intracel-
lular calcium signalling pathways (D’Andrea et al. 2000; Edlich et al. 2004; Edlich
et al. 2001; Erickson et al. 2001; Guilak et al. 1999; Kono et al. 2006; Mizuno, 2005;
Ohashi et al. 2006; Pingguan-Murphy et al. 2005; Roberts et al. 2001; Wilkins et al.
2003). More recently, our group, and others, have reported that chondrocytes sub-
jected to mechanical loading release ATP (Garcia and Knight 2010; Millward-Sadler
and Salter 2004) which activates P2 purine receptors leading to global calcium tran-
sients (Pingguan-Murphy et al. 2006, 2005). Until recently the mechanosensitive
mechanism of ATP release in chondrocytes was unknown. In all cell types there is
still debate about the physiological transport mechanisms that facilitate ATP release
with three putative mechanisms namely; anion channels, connexin hemichannels
and exocytosis of ATP-filled vesicles. Studies from our group have now established
that chondrocytes express connexin 43 hemichannels (Fig. 15.2a) and that cyclic
compression opens these hemichannels as shown by the uptake of Lucifer Yellow
which is blocked by the inhibitor flufenamic acid (Fig. 15.2b). Furthermore the me-
chanically induced opening of the hemichannels facilitates the release of ATP as
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confirmed by inhibition with flufenamic acid (Fig. 15.2c). Chondrocytes express the
apparatus for the reception of the extracellular ATP in the form of a selection of P2X
and P2Y receptors (Knight et al. 2009) such that blocking of these receptors prevents
mechanically activated calcium signalling (Pingguan-Murphy et al. 2006). Further-
more we have also shown that this purinergic mechanotransduction ATP-calcium
pathway is responsible for the characteristic compression induced up-regulation of
proteoglycan synthesis in articular chondrocytes (Chowdhury and Knight 2006).

15.5 The Role of the Chondrocyte Primary Cilium
in Mechanotransduction

The chondrocyte primary cilium has been postulated to play a role in cartilage tissue
homeostasis and development (Kaushik et al. 2009; McGlashan et al. 2007). How-
ever it is only very recently that studies have shown for the first time that the primary
cilium is involved in chondrocyte mechanotransduction (Wann et al. 2012). These
studies from Knight’s group at Queen Mary University of London in collaboration
with Poole and McGlashan in New Zealand used immortalized chondrocytes from
Wild-type (WT) and Tg737 Oak Ridge Polycystic Kidney (ORPK) mice provided by
collaboration with Haycraft at Medical University of South Carolina. Hypomorphic
allele mutation of the Tg737 gene (IFT88) disrupts polaris expression, interrupting
ciliogenesis and resulting in severely stunted or absent primary cilia (Fig. 15.3a).
ORPK chondrocytes did not exhibit the classic compression-induced calcium tran-
sients induced in WT cells subjected to compressive loading (Fig. 15.3c, d, e).
However, interestingly ORPK cells did respond to load with increased release ofATP
(Fig. 15.3e). Thus the absence of mechanically induced calcium signalling in ORPK
cells without a primary cilium is not caused by the loss of mechanically activated
ATP release. Instead the primary cilium appears to regulate mechanotransduction
downstream of the initial connexin mediated release of ATP.

Studies also examined whether the disruption of the mechanotransduction path-
way in ORPK cells influenced extracellular matrix synthesis (Wann et al. 2012).
Indeed, whilst chondrocytes derived from wild type mice showed a charac-
teristic mechanically-induced up-regulation of proteoglycan synthesis, no such
mechanosensitive regulation of matrix synthesis at gene or protein level was seen in
ORPK cells (Fig. 15.4). Thus these studies reveal that the primary cilium is essential
for chondrocyte mechanotransduction via ATP induced calcium signalling (Wann
et al. 2012). However, in contrast to separate cilia-mediated mechanotransduction
pathways in other cell types (Malone et al. 2007; Masyuk et al. 2006; Praetorius
and Spring 2001), it is the connexin hemichannels, independent of the chondrocyte
primary cilium, that function as the initial mechanoreceptors. Interestingly, the fact
that the primary cilium is essential for both purinergic signalling and transduction of
extracellular ATP into intracellular calcium transients, suggests that the cilium may
be involved in cell physiology beyond mechanotransduction.
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Fig. 15.4 Primary cilia are required for mechanosensitive up-regulation of extracellular matrix
synthesis in chondrocytes. a Compressive loading of chondrocytes in agarose significantly up-
regulates aggrecan gene expression for WT chondrocytes (p < 0.05) but not ORPK chondrocytes
which lack a primary cilium. Gene expression was measured by qPCR following 1 h cyclic com-
pression. b Compressive loading of WT chondrocytes in agarose stimulates synthesis of sulphated
glycosaminoglycan (sGAG) measured after a 24 period of cyclic compression (p < 0.05). By con-
trast ORPK cells in agarose exhibit significantly reduced levels of sGAG synthesis compared to
WT cells (p < 0.001) and a complete absence of any mechanosensitive changes in sGAG synthesis.
(Adapted from (Wann et al. 2012))

15.6 Hedgehog Signalling and Other Cilia-Mediated Pathways

In addition to mechanotransduction, primary cilia are also involved in a variety of
other signalling pathways. Loss of cilia, or cilia dysfunction has been linked to a
series of related genetic disorders such as Bardet Biedel Syndrome and Polycystic
Kidney Disease, which are collectively termed ciliopathies (for review see (Waters
and Beales 2011)). In addition to defects in cell cycle regulation and mechanotrans-
duction, these ciliopathies have helped to identify a number of other fundamental
signalling pathways which are dependent upon a fully functioning primary cilium. In-
terestingly, emerging evidence suggests that many of these pathways are themselves
mechanosensitive.

Common characteristics of ciliopathies include skeletal patterning defects such
as polydactyly, and abnormalities of the central nervous system, both of which
are indicative of defects in Hedgehog (Hh) signalling. Hh signalling is crucial for
embryonic development and regulates the morphogenesis of a variety of tissues and
organs (Athar et al. 2006; Ehlen et al. 2006; King et al. 2008; Nagase et al. 2008). The
Hh receptor, Patched localizes to the primary cilium and maintains the pathway in an
‘OFF state’ through the inhibition of a second transmembrane protein, Smoothened
(Rohatgi et al. 2007). In vertebrates, Patched not only inhibits Smoothened activation,
but also its localization in the cilium (Rohatgi et al. 2007). Smoothened regulates the
processing of a family of bi-functional transcription factors called Gli proteins. In
the absence of Hh ligands full-length Gli activators are processed to their truncated
repressor forms, this is suggested to take place within the cilium and is dependent
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Fig. 15.5 Schematic diagram showing a simplified overview of the Hedgehog signalling pathway.
a In the absence of Hedgehog (Hh) ligands the hedgehog receptor Patched (Ptch) localises to the
primary cilium where it inhibits the function of Smoothened (Smo). Smo is held in an inactive
conformation and prevented from entering the cilium, the mechanism by which this is achieved is
unclear. Smo regulates the processing of a family of bifunctional transcription factors called Gli pro-
teins. As a consequence of Smo inhibition, Gli transcription factors are either degraded or processed
to their repressor forms (Gli3R) within the cilium resulting in the repression of Hh target genes.
b When Hedgehog (Hh) ligands bind to Ptch, the receptor is internalised and targeted for protea-
somal degradation releasing the inhibition on Smo. Smo undergoes an activating conformational
change and enters the cilium where it inhibits the degradation and processing of Gli transcription
factors, and promotes formation of Gli activators (Gli2A) and thus gene transcription. Several ad-
ditional components are required for this signalling pathway such as Supressor of fused (SuFu),
KIF7 and Rab23 (not shown) for review see. (Cohen 2010)

upon components of the IFT machinery (Haycraft et al. 2005; May et al. 2005).
When Hh ligands bind to Patched, Smoothened inhibition is released. Smoothened
then translocates to the primary cilium where it inhibits Gli processing, allowing full
length Gli activators to move to the nucleus where they activate the expression of Hh-
regulated genes (Day and Yang 2008; Huangfu and Anderson 2005; Huangfu et al.
2003; Milenkovic et al. 2009; Rohatgi et al. 2007; Varjosalo and Taipale 2008; Veland
et al. 2009). The Hh signalling pathway described above is shown schematically in
Fig. 15.5 and reviewed by Wong et al (Wong and Reiter 2008).

The cilium also houses other signalling pathway components important to both
development and homeostasis. These include receptor tyrosine kinases (Christensen
et al. 2012) and the PDGF receptor (PDGFR), which is trafficked into the cilium in
growth arrested cells (Schneider et al. 2005). Ligand-dependent activation of PDGFR
is followed by Akt activation and activation of the Mek1/2-Erk1/2 pathways, with
Mek1/2 being phosphorylated within the cilium and at the basal body (Schneider
et al. 2005) which ultimately regulates cell cycle progression and cellular migration
via NHE-1 (Christensen et al. 2008; Jones et al. 2012; Kim et al. 2011; Schneider
et al. 2010).

Non-canonical wnt signalling also takes places on the cilium resulting in the
breakdown of β-catenin and the inhibition of wnt target genes (Corbit et al. 2008). For
review of the interaction between the primary cilium and the wnt signalling pathway
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see Gerdes et al (Gerdes and Katsanis 2008). The signalling of polycystin 1 and 2 is
another cilia-dependent pathway thought to converge on many downstream effectors
including STAT1, P100, beta catenin and intracellular calcium stores (Dalagiorgou
et al. 2010; Kim et al. 1999; Lal et al. 2008; Low et al. 2006; Nauli et al. 2003;
Pazour et al. 2002; Praetorius and Spring 2001). Furthermore, in some cell types
certain signalling proteins are specifically localised to the ciliary axoneme suggesting
that the primary cilium is critical in these signalling pathways. Examples of these
ciliary signalling proteins include somatostatin receptors in neurons (Handel et al.
1999) and adenylate cylclase isoforms in neurons, osteocytes and synovial fibroblasts
(Bishop et al. 2007; Malone et al. 2007; Ou et al. 2009).

15.7 Mechanoregulation of Hedgehog Signalling
in Chondrocytes

In cartilage, Indian hedgehog (Ihh) is the major hedgehog protein regulating chondro-
cyte proliferation and differentiation during skeletal development. Ihh is essential for
endochondral ossification which is the predominant mechanism of bone formation
(for review see (Ehlen et al. 2006)).

In 2001, Wu et al demonstrated a novel function for Ihh in cartilage, as a mechan-
otransduction mediator (Wu et al. 2001). Using cyclic compression of isolated
embryonic sternal chondrocytes in 3D-culture, they determined Ihh gene expression
was induced by mechanical stress. Ihh induction was sensitive to the stretch-activated
ion channel blocker gadolinium and stimulated chondrocyte proliferation via the in-
duction of BMP2/4 (Wu et al. 2001). The mechanoregulation of Ihh expression
appears to be under the control of specific mechanosensitive microRNAs (Guan
et al. 2011) and is influenced by the presence of the oligomeric extracellular ma-
trix proteins, matrillins (Kanbe et al. 2007; Le et al. 2001). Consequent elimination
of functional matrillins in the chondrocyte pericellular matrix abrogates mechan-
ical activation of Hh signalling (Kanbe et al. 2007). The classification of Ihh as a
‘mechanosensitive’gene has been further strengthened by studies in the avian embry-
onic limb (Nowlan et al. 2008). Nowlan et al. compared the in vivo gene expression
pattern of Ihh with patterns of biophysical stimuli induced by embryonic muscle con-
traction (Nowlan et al. 2008a, b). These studies revealed the expression pattern of Ihh
colocalises with regions of high strain and fluid velocity and that this colocalisation is
disrupted in limbs immobilised with the neuromuscular blocking agent decametho-
nium bromide (Nowlan et al. 2008). The rat tempromandibular joint (TMJ) has been
used to investigate the function of mechanosensitive of Ihh expression in vivo during
post-natal development (hjTang et al. 2004; Rabie and Al-Kalaly 2008). Mechani-
cal stress to the TMJ induces Ihh gene expression within the proliferative layer of
the condylar cartilage growth plate (hjTang et al. 2004), expression increases with
greater loading (Ng et al. 2006; Rabie and Al-Kalaly 2008). Ihh expression is asso-
ciated with increased proliferation of chondroprogenitor cells resulting in increased
cartilage growth (hjTang et al. 2004; Ng et al. 2006).
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Fig. 15.6 Cyclic tensile strain upregulates Ihh gene expression and activates hedgehog signalling
in adult articular chondrocytes. The expression of Ihh is significantly increased in chondrocytes
subjected to cyclic tensile strain (CTS) at 5, 10 and 20 % strain compared to no CTS controls
(p < 0.05). Gene expression was measured by qPCR following 1 h CTS. Changes in Patched1 gene
expression were monitored as a measure of hedgehog pathway activation. Patched1 gene expression
was significantly increased by 5 and 10 % CTS compared to no CTS controls (p < 0.05), however
no significant changes were observed at 20 % strain indicating the pathway is not activated by this
regime

The function of Ihh in adult cartilage is poorly understood. Current studies from
the authors based at Queen Mary, London, have shown Ihh expression is also
mechanosensitive in bovine articular chondrocytes isolated from adult tissue and
subjected to cyclic tensile strain, which leads to strain-dependent Hh pathway activa-
tion (Fig. 15.6). The magnitude of Ihh gene expression is much lower than previously
reported (Shao et al. 2011; Wu et al. 2001). This difference potentially arises due to
the use of adult articular chondrocytes rather than chondrocytes isolated from em-
bryonic chick sterna (Wu et al. 2001) or rat cartilage growth plates (Shao et al. 2011),
as used in previous studies. It is also unlikely that chondrocytes in these different
animals and different locations will be exposed to the same mechanical environment
and may have adapted their responses accordingly.

Recent studies explore the role of the primary cilium in loading-induced Ihh
signalling. Chondrocyte-specific ablation of kif3a, a component of the kinesin II
IFT motor complex, using Col2a-Cre-mediated recombination, results in a loss of
primary cilia in the post-natal murine TMJ (Kinumatsu et al. 2011). Loss of pri-
mary cilia in condylar cartilage results in abnormal hedgehog signalling producing
defects in chondrocyte maturation, intramembranous bone formation, and chondro-
genic condylar growth (Kinumatsu et al. 2011). Similarly, in vitro studies using rat
growth plate chondrocytes demonstrate hedgehog signal transduction in response to
hydrostatic pressure requires a fully functioning primary cilium (Shao et al. 2011).
A role for the primary cilium in the maintenance of articular cartilage has also recently
been demonstrated using the Tg737orpk mouse (Ift88-deficient, see above) (Chang
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et al. 2012). Mutant articular cartilage was thicker with a reduced overall stiffness
and was consequently more prone to the development of osteoarthritis. Hh signalling
was increased in the cartilage of ORPK mice, a phenomenon previously reported in
osteoarthritis (Lin et al. 2009). This increase in Hh signalling was proposed to occur
due to reduced cilia-mediated repression of the Hh signal (Chang et al. 2012).

Cartilage is not the only tissue in which the expression of Hh proteins is me-
chanically regulated. In vascular smooth muscle, strain produced a reduction in the
expression of sonic hedgehog (Shh), another member of the Hedgehog protein family
(Varjosalo and Taipale 2008). This resulted in decreased expression of several com-
ponents of the hedgehog signalling pathway leading to increased apoptosis and
reductions in cell number which could be rescued by addition of recombinant Shh
(Morrow et al. 2007). This study implies there may be tissue-specific mechanisms
regulating Hh signalling in response to mechanical cues.

15.8 Mechanoregulation of Primary Cilia Structure

As cilia-mediated signalling pathways, such as Hh signalling and mechanotransduc-
tion, are starting to be characterised, other studies have focused on primary cilia
structure with a view to understanding the complex structure-function relationship.
Indeed, an increasing number of studies are showing that length and associated
anterograde and retrograde IFT, are correlated to functionality (Besschetnova et al.
2010; Tran et al. 2008) and in some case to disease as in certain ciliopathies (Mokrzan
et al. 2007). In the case of motile, cilia-like flagella this is considerably easier, the
molecular characterization of the mechanisms that regulate cilia length is much fur-
ther ahead (Berman et al. 2003; Nguyen et al. 2005; Rosenbaum 2003; Tam et al.
2003, 2007; Wang et al. 2004). However, regulation of primary cilia length appears
to involve a wide range of possible mechanisms including the cAMP-PKA system,
the PKC- Mitogen-activated (MAP) Protein Kinases, a large range of actin and tubu-
lin related proteins, many cell-cycle related proteins, Gelectins, FGF signaling, and
Hypoxia-inducible factors (HIFs) (Abdul-Majeed et al. 2011; Besschetnova et al.
2010; Cruz et al. 2010; Kim et al. 2010; Kinzel et al. 2010; Li et al. 2011; Lopes
et al. 2010; Massinen et al. 2011; May-Simera et al. 2010; Miyoshi et al. 2009;
Neugebauer et al. 2009; Ou et al. 2009; Palmer et al. 2011; Pugacheva et al. 2007;
Rondanino et al. 2011; Sharma et al. 2011; Thiel et al. 2011; Verghese et al. 2009,
2011). The primary cilia disassembly pathways are perhaps better defined and in-
clude prominent roles for tubulin de-acetylases and cell cycle related kinases such
as Aurora A (Hubbert et al. 2002; Pugacheva et al. 2007; Prodromou et al. 2012).

At its most extreme cilia length regulation, in the form of rapid disassembly, often
takes place in polarized cell types where the cilium is facing into a lumen. Here
fluid-flow induced shear forces exert influence over structure producing a feedback
loop which regulates epithelial cilia-mediated mechanotransduction (Besschetnova
et al. 2010; Iomini et al. 2004). Thus fluid shear-mediated deflection of the primary
cilium activates calcium signalling thereby reducing intracellular cAMP concentra-
tions leading to cilium shortening and decreased mechanotransductive signalling
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(Besschetnova et al. 2010). Similarly for articular chondrocytes, mechanical loading
influences primary cilia structure and length with studies showing strain-dependent
reductions in cilia length following cyclic compression (McGlashan et al. 2010) or
cyclic tension (Fig. 15.6). These data suggests the reported variation in primary cilia
length observed between different zones of the articular cartilage (Farnum and Wils-
man 2011; McGlashan et al. 2008) may be the result of established differences in
the mechanical environment within each zone (Guilak et al. 1995). This is supported
by the fact that zonal differences in cilia length and prevalence are more pronounced
in load bearing regions of the joint and that cilia are shorter and more oriented in
regions experiencing high levels of strain compared with low (Farnum and Wilsman
2011). Interesting recent studies by the authors suggest that the reduction in primary
cilia length observed at high strain magnitudes (20 % cyclic tensile strain), prevents
the mechanosensitive up-regulation of Hh signalling (Fig. 15.6 and 15.7). It remains
to be seen whether this is part of a physiological feedback mechanism as in epithelial
cells subjected to fluid flow or whether this is a pathological injury response.

15.9 Conclusion and Perspectives

The first pioneering studies by Poole and Jensen and others, characterising the pres-
ence of primary cilia in cartilage and other musculoskeletal tissues were largely over
looked for many years. It is only recently that the importance of the chondrocyte
primary cilium in cartilage physiology has begun to be recognised. In particular
chondrocyte primary cilia are now know to be essential for cartilage development.
More specifically cilia are required for chondrocyte mechanotransduction and the
maintenance of a functional extracellular matrix in response to a dynamic mechanical
environment. The primary cilium also functions as a centre for hedgehog signalling
which is required for development and which has recently been found to be involved
in the pathogenesis of osteoarthritis. Interestingly, hedgehog signalling is stimulated
by mechanical loading which also regulates primary cilia structure. Furthermore,
recent studies demonstrate the inflammatory cytokines, present in the osteoarthritis,
regulate primary cilia structure as part of the mechanism controlling downstream
catabolic response (Wann and Knight 2012). All these studies support an emerging
link between mechanical forces, primary cilia structure and cilia function. This is
likely to be of fundamental importance for articular cartilage in health and disease.
Furthermore the understanding of these mechanosensitive relationships may lead to
the development of novel therapeutic strategies.
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