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Abstract

Transient Receptor Potential Canonical (TRPC) channels have been implicated in several aspects
of cardiorena physiology including regulation of blood pressure, vasoreactivity, vascular
remodeling, and glomerular filtration. Gain and loss of function studies also support the role of
TRPC channelsin adverse remodeling associated with cardiac hypertrophy and heart failure. This
review discusses TRP channels in the cardiovascular and glomerular filtration systems and their
role in disease pathogenesis. We describe the regulation of gating of TRPC channelsin the
cardiorenal system aswell asthe influence on activation of these channels by the underlying
cytoskeleton and scaffolding proteins. We then focus on the role of TRP channelsin the
pathogenesis of adverse cardiac remodeling and as potential therapeutic targets in the treatment of
heart failure.
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Introduction

Hypertension has long been recognized as arisk factor for cardiorenal diseasesincluding
chronic renal insufficiency, atherosclerosis, stroke and cardiomyopathy (1). It has become
clear that the cellular response to the hemodynamic and neurohormonal changes associated
with hypertension result in mal adaptive tissue remodeling and subsequent tissue damage (2).
A variety of medications have long been used as effective agents to lower blood pressure,
but often fail to prevent damage in certain tissues (3). Thus, an improved understanding of
the pathophysiologic mechanism of cellular damage in response to hypertension would
potentially lead to novel therapeutic strategies aimed at preventing underlying tissue
damage. In particular, we have focused on transient receptor potential (TRPC) channels
which are non-selective cation channels that are frequently implicated in hypertension (4-5).
How TRPC channel activation is altered in hypertension islikely to involve changesin the
manner in which TRPC associate in large protein complexes. Commonly TRPC channels
associate with the cytoskeleton in order to link changes in membrane cationic flux with
alteration in the actin-based cytoskeleton (6-8). This review will discuss the role of TRP
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channels in the cardiovascular and glomerular filtration systems and their role in disease
pathogenesis. We describe the role of mechanotransduction in the regulation of gating of
TRP channels as well as the influence on activation of these channels by the underlying
cytoskeleton and scaffolding proteins.

TRPC Channels - Overview

TRPC channels are G-protein coupled receptor (GPCR) activated ion channels that include
seven family members which can be divided into sub-groups based on their activation
mechanism (9). TRPC channels are found in virtually every tissue and are activated by
diverse chemical and environmental cues including temperature, mechanical forces and
various ligands (10). TRPC channels are non-sel ective meaning that opening of the channel
leads to the influx of Naand Ca2* into the cytosol. TRPC channels are classified by sub-
groups based on their gating mechanism: TRPC2 is a pseudogene in humans, TRPC3/6/7
represent one group and the TRPC4/5 channels are a second sub-group (9). TRPC1 is often
considered as part of the TRPCA4/5 subgroup although its activation mechanism may be
distinct and remains unclear (11). An important form of regulation of TRPC channelsisthe
delivery of the channdl to the cell surface. Most often TRPC3/6/7 channelsreside in vesicles
underneath the cell membrane and are directed to the cell surface upon activation of a
receptor tyrosine kinase and GPRC activation. Considerable evidence suggests that Gg-
dependent production of diacylglycerol (DAG) isthe mechanism triggering TRPC3/6/7
activation (12-14). Once in the surface membrane the channels are constitutively active and
rapidly conduct the Na/Ca2* current. Alternatively TRPC4/5 channels are tethered in the
membrane via scaffold proteins utilizing PDZ domains and are activated in response to
hydrolysis of phosphoinositol phosphate (PIP2) (8, 15). In addition to forming homo-
oligomers, TRP channels have been shown to form hetero-oligomers with other TRPC
channels as well as with members of the TRPV and TRPP channel families (16-19). An
important limitation is the lack of specific pharmacologic tools such as subtype specific
inhibitors (20). It islikely that as these compounds are developed, we will develop a greater
appreciation for the physiologic function of these channels.

Role of the Cytoskeleton and Scaffolding Proteins in TRPC Channel
Regulation

Growth factor stimulation resultsin translocation of TRPC channels to the plasma
membrane via a process involving cytoskeletal rearrangements regulated by Rho GTPase
activity (8). In turn, calcium influx through TRPC channels regul ates cytoskel etal

reorgani zation important for cellular migration (21). Evidence also suggests an
interdependence between TRPC channel activation and cytoskeletal signaling during muscle
remodeling. Activation of TRPC1 in differentiating myotubes has been shown to be
influenced by the formation of stress fibersin response to stimulation with sphingosine 1-
phosphate: a bioactive lipid which has also been shown to promote satellite cell renewal and
differentiation in muscle damaged by eccentric contraction (22-23). TRP channel activation
has al so been shown to influence the activity of cofilin, akey regulator of actin remodeling
in neurons (21).

What is clear from these recent studies in neurons and muscle cellsis that TRPC channels
interact with cytoskeletal elements, either directly or through scaffold proteins, such as the
homer proteins (Figure 1) (24). Homer proteins are Ena Vasodilator Homology (EVH1)
domain containing proteins that scaffold TRPC channels. We found that Homer 1 isoforms
are the predominant Homer isoforms in skeletal muscle. Mice lacking Homer 1 exhibited a
myopathy characterized by decreased muscle fiber cross-sectional area and decreased
skeletal muscle force generation (25). Homer 1 knockout myotubes displayed increased
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basal TRP current density and spontaneous cation influx. This spontaneous cation influx in
Homer 1 knockout myotubes was associated with a marked reduction in the stiffness of the
cytoskeleton of the homer-1 knockout cells as determined by atomic force microscopy.
Moreover, diminished Homer 1 expression in mouse models of Duchenne's muscular
dystrophy suggested that loss of Homer 1 scaffolding of TRPC channels may contribute to
theincreased TRPC channel activity observed in max myofibers and therefore areduction in
the pre-stress of the muscle fiber (25-26). Whether Homer-1 proteins serve asimilar
function to link TRPC activity with cytoskeletal stiffnessin other cell type such as
podocytes and neurons remains an important question.

Role of TRPC Channels in Renal Function and the Progression to End
Stage Kidney Disease

An important complication of longstanding hypertension is the development of significant
kidney damage, often necessitating renal replacement therapy as hemodialysis or
transplantation. Unlike the cardiovascular complications of hypertension, tight blood
pressure control has not been found to be renal protective except in patients exhibiting
substantial proteinuria (27). It istherefore important to understand the pathogenic
mechanism underlying hypertensive renal disease. Interestingly, TRPC channels are widely
expressed in the adult kidney including the podocyte, rena fibroblasts, tubular cells and
certainly in the vascular smooth muscle cells (28). In particular TRPC6 channels influence
the filtration barrier function of podocytes in the glomerulus. Mutations in TRPC6 have
been reported in several families with an inherited form of focal segmental
glomerulosclerosis (FSGS) (29-30). Here, activating mutations disrupt the barrier function
and result in substantial proteinuriaand eventual end stage kidney disease. In contrast, mice
lacking TRPCG are resistant to the nephrotoxic effects of angiotensin |1, a neurohormone
that causes hypertension and vasoconstriction (31). It isimportant to point out that TRPC
channels have been shown to alter the organization of the actin cytoskeleton in the
podocytes which may represent an important pathogenic mechanism in focal segmental
glomerulosclerosis (FSGS) (32). In this case, excessive TRPC channel currents remodel the
actin cytoskeleton which can alter the adhesive properties of the foot processes (33). It will
be important to know if a similar mechanism is activated in the glomerulus subjected to
hypertension. In this way, inhibitors of TRPC channels may ameliorate the damage caused
to the nephron by elevated glomerular pressure.

Role of TRPC Channels in Vascular Reactivity and the Progression of
Vascular Disease

Poorly controlled hypertension resultsin vascular injury and remodeling and is a major risk
factor for the development of atherosclerosis. Hypertensive arterial remodeling involves
both smooth muscle cell (SMC) hypertrophy and migration, results in changes in arterial
compliance, and contributes to aneurysm formation in mouse models and humans (34). The
renin-angiotensin system is a key regulator of blood pressure and hypertensive arterial
remodeling. Angiotensin I1, in addition to promoting hypertension by increasing vascular
tone, promotes SMC migration and proliferation (35). TRPC channels have been implicated
in the modulation of calcium influx during agonist stimulation of the vasculature and in the
pathophysiology of hypertension (4, 36). TRPC channel expression is upregulated in
monocytes from spontaneously hypertensive rats and in patients with essential hypertension
(37-38). TRPCS6 deficient mice may exhibit elevated blood pressure and enhanced agonist-
induced contractility of isolated aortic rings and cerebral arteries. Thisincrease in vascular
reactivity observed in mice lacking TRPC6 was found to be due to an upregulation of
TRPC3 with constitutive activity in vascular smooth muscle (39). Chronic stimulation with
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angiotensin |1 resultsin arterial remodeling characterized by medial expansion (34).
Spontaneously hypertensive rats exhibit increased expression of TRPC3 in SMCsand
knockdown of TRPC3 by siRNA inhibited calcium influx in response to angiotensin 11
stimulation (40). Angiotensin Il stimulation has a so been shown to result in upregulation of
TRPC1 in human coronary artery smooth muscle cells, and silencing of TRPC1 resulted in a
significant reduction of angiotensin I1-mediated SMC hypertrophy (41).

Expression of TRPC channelsis upregulated in response to arterial injury and in the
transition of SMCs from a contractile to migratory phenotype (42-43). Human vein samples
obtained during coronary artery bypass grafting, which developed neocintimal hyperplasia
when cultured /n vitro, exhibited increased expression of TRPC1 in the neointima.
Treatment with atargeted antibody to TRPC1 both reduced neointimal growth in cultured
human vein samples and blocked calcium entry and proliferation of SMCsin culture (44).
Oxidized LDL, which induces inflammation and promotes atherosclerosis, also augmented
surface expression of TRPC1 in SMCsin an actin cytoskel eton-dependent fashion by
promoting its translocation to the cell surface (45).

Role of TRPC Channels in Maladaptive Hypertrophy and the Progression to
Heart Failure

In hypertensive patients, the heart is subjected chronically to increased load which can
precipitate cardiac hypertrophy, and, if left untreated, heart failure. Severa lines of evidence
from multiple laboratories have demonstrated that TRPC channels may play arolein the
pathogenesis of cardiac hypertrophy (26). A working model has been that increased TRPC
channel activity enhances calcineurin signaling to drive hypertrophic signaling in various
models of cardiac hypertrophy and failure. Cardiac expression of TRPC1, TRPC3 and
TRPC6 have been found to be upregulated in response to pressure overload and TRPC
channels are localized to the costamere of cardiomyocytes (46-49). Bush et. al. showed that
TRPC3 expression is upregulated in multiple rodent models of pathologica cardiac
hypertrophy, whereas TRPC5 expression isincreased in failing human hearts (49). Cardiac-
specific overexpression of TRPC3 in mice was associated with increased calcineurin/NFAT
activity, increased hypertrophy in response to pressure overload or treatment with
phenylephrine plus angiotensin |1, and increased propensity to heart failure progression (46).
These adverse effects on cardiac remodeling after pressure overload stimulation were
associated with TRPC3 overexpression and were blocked by targeted disruption of
calcineurin (26, 46).

TRPC6 expression was found to be increased in mouse models of cardiomyopathy due to
constitutive calcineurin activity or pressure overload. Cardiac specific overexpression of
TRPCS6 in transgenic mice was associated with increased NFAT-dependent gene expression,
heightened sensitivity to pressure overload, a propensity for heart failure, and increased
lethality in a dose dependent manner (48). The TRPC6 promoter contains two conserved
NFAT sites which were required for its activation in response to calcineurin/NFAT
signaling, and TRPC6 overexpression in cardiomyocytes increased the expression of the
calcineurin-dependent RCAN1 gene /in vivo. Thus TRPC6 appears to form a positive
regulatory circuit in the calcineurin/NFAT pathway that promotes pressure-overload
hypertrophy and the transition to heart failure (48, 50).

We recently reported that TRPC1 is required for the development of pressure-overload
hypertrophy (51). Aortic banding results in increased TRPC1 expression and an increasein a
non-selective cationic current which is absent in cardiomyocytes from TRPC1 KO mice.
TRPC1 KO mice fail to manifest evidence of maladaptive cardiac hypertrophy and maintain
preserved cardiac function when subjected to pressure overload. Loss of TRPCL1 resultsin
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decreased dephosphorylation and activation of NFAT in cardiomyocytes subjected to
pressure overload suggesting that decreased signaling through the calcineurin/NFAT
pathway confers protection from pressure overload hypertrophy in these mice (51). We
speculate that TRPC channels are present in the costamere to contribute to the adhesion
strengthening response and prevent membrane damage to the cardiomyocytes under
increased hemodynamic load. It is easy to see from these studies that increased wall stress
on cardiomyocytes (associated with hypertension) activates TRPC channel activity and
accel erates downstream Ca2+ dependent signaling events and drive cardiac hypertrophy.

Conclusions

TRPC channels play an influential role in several aspects of cardiorenal physiology
including podocyte function/glomerular filtration, vascular reactivity and remodeling, as
well as maladaptive cardiac hypertrophy and heart failure. Evidence supports the notion that
TRPC channels sense and respond to changes in tension within the cytoskeleton. Increased
TRPC channel activity that occurs with increased pressure can activate signal transduction
cascades which, in turn, can result in maladaptive cytoskel etal remodeling contributing to
the pathophysiology of diverse processes such as hypertensive arterial remodeling and
podocyte dysfunction in familial FSGS. Therapeutic strategies aimed at inhibiting TRPC
channel activity may therefore influence not only blood pressure control, but also blunt the
mal adaptive signaling occurring in the various target organs and therefore limit organ
damage.
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Fig. 1.

Schematic model depicting TRPC channel interaction with cytoskeleton. Homer proteins
scaffolds the channel in the cell membrane. Homer proteins can then interact with actin
filaments through direct interaction.
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