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Abstract

Calcium is an essential intracellular messenger and serves critical cellular functions in both excitable
and non-excitable cells. Most of the physiological functions in these cells are uniquely regulated by
changes in cytosolic Ca2* levels ([Ca2*];), which are achieved via various mechanisms. One of these
mechanism(s) is activated by the release of CaZ* from the endoplasmic reticulum (ER), followed by
Ca?* influx across the plasma membrane (PM). Activation of PM Ca2* channels is essential for not
only refilling of the ER Ca2* stores, but is also critical for maintaining [CaZ*]; that regulates biological
functions, such as neurosecretion, sensation, long term potentiation, synaptic plasticity, gene
regulation, as well as cellular growth and differentiation. Alterations in Ca2* homeostasis have been
suggested in the onset/progression of neurological diseases, such as Parkinson's, Alzheimer's, bipolar
disorder, and Huntington's diseases. Available data on transient receptor potential conical (TRPC)
protein indicate that these proteins initiate Ca?* entry pathways and are essential in maintaining
cytosolic, ER, and mitochondrial Ca2* levels. A number of biological functions have been assigned
to these TRPC proteins. Silencing of TRPC1 and TRPC3 has been shown to inhibit neuronal
proliferation and loss of TRPC1 is implicated in neurodegeneration. Thus, TRPC channels not only
contribute towards normal physiological processes, but are also implicated in several human
pathological conditions. Overall, it is suggested that these channels could be used as potential
therapeutic targets for many of these neurological diseases. Thus, in this review we have focused on
the functional implication of TRPC channels in neuronal cells along with the elucidation of their role

in neurodegeneration.

Introduction

Intracellular Ca2* concentration plays a vital role in regulating many fundamental cellular
processes such as gene regulation, muscle contraction, neurosecretion, integration of electrical
signaling, neuronal excitability, synaptic plasticity, cell proliferation, and apoptosis [1-5]. In
neuronal cells, Ca2* homeostasis is very tightly regulated and disturbances in Ca* homeostasis
have been implicated in diseases such as Parkinson's, Alzheimer's, and Huntington's [6-8]. It
is not at all surprising that disturbances in Ca2* signaling pathways underlie neuronal loss,
since many factors involved in neuronal function are dependent on Ca2* signaling [9].
However, the cellular mechanism(s) underlying neurodegeneration, due to alterations in
Ca?* homeostasis, remains to be elucidated. Accumulating evidence suggest that both
excessive elevation of intracellular Ca2* as well as loss of [Ca2™]; is crucial for
neurodegeneration [10,11]. Increased [Ca%*]; leads to inappropriate activation of CaZ*-
dependent processes that are normally inactive or operate at low Ca2* levels, thereby causing
metabolic derangements that ultimately lead to neuronal death [12-14]. Increase of intracellular
Ca?* load is mediated via two closely related mechanisms: excessive release of Ca?* from the

*Address correspondence to this author at the Department of Biochemistry and Molecular Biology, School of Medicine & Health
Sciences, University of North Dakota, Grand Forks, ND 58201, USA,; Tel: 701-777-0834; Fax: 701-777-2382;
bsingh@medicine.nodak.edu.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Selvaraj et al.

Page 2

endoplasmic reticulum (ER) stores, followed by Ca2* influx through the plasma membrane
(PM) channels, a process referred to as store-operated Ca2* entry (SOCE) [15]. Although
different Ca2* entry mechanism(s) have been identified, SOCE is the major mechanism for
Ca?* influx upon store depletion that can increase cytosolic Ca2* [16].

In contrast, under physiological conditions Ca2* entry through SOCE channels is essential for
regulating divergent processes ranging from, exocytosis, gene transcription, cell proliferation,
and differentiation [17]. Furthermore, Ca2* influx followed by ER store depletion
accomplishes several critical cellular functions. First, this Ca?* influx replenishes the ER
Ca?* stores, thereby maintaining its ability to release Ca?* upon subsequent stimuli. Moreover,
this is also critical since Ca2* concentrations within the ER must be maintained at sufficient
levels in order for the organelle to carry out many of its fundamental functions [18,19]. Second,
since ER has limited Ca2* capability, Ca2* influx via SOCE is essential for increasing
[Ca?™]; to have a physiological response. Thus, chronic depletion of ER Ca?*, as would occur
in the absence of SOCE, could not only influence ER-dependent processes such as protein
folding and trafficking, but could also inhibit cellular functions that are dependent on Ca2*.
Furthermore, loss of Ca2* homeostasis, due to improper SOCE, could lead to ER stress
responses, and even apoptosis [18-20]. Thus, overall a set point for Ca?* concentrations is
critical to maintain normal physiological response and alterations in this Ca?* set point could
tilt the balance, thereby resulting in pathological conditions as discussed in this review.

Store Operated Calcium Entry, Its Mechanism of Regulation, and Channels Involved

SOCE (also known as capacitative Ca2* entry) was initially proposed as a mechanism for
Ca?* influx, which is regulated by the ER Ca2* pool, rather than by the Ca2* signals generated
upon agonist stimulation (15). The first step that leads to an increase in [Ca%*]; via this
mechanism is always the binding of a hormone or a growth factor to its receptor that is localized
at the PM. Activation of this receptor regulates breakdown of phosphatidylinositol-4,5-
bisphosphate (PIP5) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Fig. 1).
Binding of IP3 releases Ca2* from the intracellular stores (ER or its specialized counterpart in
muscle, the sarcoplasmic reticulum), which controls Ca2* influx across the PM via the SOCE
mechanism [15,21]. Alternatively, Ca2* influx can also be initiated by second messengers such
as cyclic nucleotides and DAG analogues [21,22]. Although, SOCE was identified 2 decades
ago, neither the ion channel(s) that regulate Ca%* entry upon store depletion nor the mechanics
of how information from the internal Ca?* store is relayed to the PM channels, was not
identified until recently. Two major families of proteins, TRPC and ORAI channels have been
identified in various cell types that have been shown to be critical for SOCE [23,24]. Although,
the highly selective Icrac currents have been shown to be mediated via the ORAI channels
[25-28], their importance in neuronal cells has not yet been elucidated. Importantly, it has also
been shown that in some cells, ORAI and transient receptor potential conical (TRPC) channels
form multimers [29-31]; however, it is not known if similar association is also present in
neuronal cells and if so, what is the functional implication of this interaction? Nevertheless,
identification of these two proteins has opened new and exciting areas in ion channel research,
which are critical for the understanding of several biological processes; importantly, it is
anticipated that alterations in these proteins could contribute to various pathological conditions.
To understand the mechanism for SOCE regulation/activation, classical RNAI screening was
performed, which identified Stromal Interaction Molecule (STIM) proteins as the molecular
link between ER Ca?* store depletion and SOCE activation [32,33]. Recent studies have shown
that both TRPC and ORA\I proteins interact with STIM1, which is important for the gating of
the channel [23,24,29,34]. Although, there is no doubt that ORAI and STIML1 proteins are
critical for SOCE and could have an extraordinarily important role in regulating basic cellular
functions, we have focused mainly on TRPC channels since no data is currently available that
could identify the role of ORAI or STIML1 in neuronal cells. Nevertheless, since SOCE is
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present in neuronal cells, it could be anticipated that alterations in ORAI or STIM1 proteins
could lead to pathological conditions.

It is convincing from the current data that members of the TRPC family contribute to the
elevation of [Ca?*];, however their mode of activation as well as their biophysical properties
are very distinct (Table 1). TRPC1 and TRPC4 have been shown to be activated by store
depletion per se, whereas activation of TRPC3, 5, 6 and 7 has been shown to be mediated by
receptor activation [35,36] (Fig. 1). Alternatively, DAG analogues have also been shown to
directly activate TRPC3 and TRPC6 channels, indicating that lipid mediators might also
activate TRPC channels [37]. However, regardless, as how these TRPC channels are regulated,
they all contribute towards Ca2* entry. Importantly, a number of biological functions have
already been assigned to various TRPC proteins that include mechanosensing activity, axon
guidance, neurotransmitter release, neuronal proliferation/development, cell survival, axon
guidance, neuronal morphogenesis, and synaptogenesis [38]. Thus, SOCE influences many
aspects of neuronal biology and contributes towards normal physiology, and alterations in
Ca?* signaling could lead to the onset/progression of several pathological conditions of human
health. This is intriguing, since these channels could now be used as potential therapeutic
targets for several neurodegenerative diseases.

Diverse Function of TRPC in Neurons

Increased Ca2* entry is implicated in both cell survival and in cell death processes [39]. Thus,
it could be anticipated that different actions of Ca2* in different cells must be dependent on its
cellular concentration as well as on its location [40]. Ca?* exerts a biphasic effect on cellular
growth, a modest increase in [Ca%*];, could promote cell proliferation, whereas relatively high
[CaZ*]; would lead to increased mitochondrial Ca2* and accounts for the release of pro-
apoptotic factors resulting in cell death [39-41]. An interesting theme that is now emerging is
the role of TRPC channels in cell growth, differentiation, and proliferation. TRPC1 and other
members of its family, have been associated with cell proliferation and the level of expression
of different TRPC proteins has been linked with the proliferative capacity in different cell
lineages [38,41;Table 1]. TRPC1, 3 and 6 proteins are more highly expressed in embryonic
CNS than in adult, which implicates these TRPC's in early development [42]. Furthermore,
Ca?* entry through TRPC channel plays a critical role in basic fibroblast growth factor (bFGF)-
induced cortical neural stem cell (NSC) proliferation [43]. All TRPCs, except TRPC7, were
present in E3 telencephalon and TRPC1-4 and 6, but not TRPCS5, were expressed in NSC
populations. Interestingly, TRPC1, 2 and TRPC4 showed higher expression, whereas TRPC6
expression was decreased in NSC populations, suggesting significant roles for different TRPC
channels during differentiation [43]. Importantly, blocking of TRPC's channel or silencing of
TRPC1 alone attenuated bFGF-induced intracellular Ca2* elevation and NSC's proliferation
[43]. In addition, Ca2* influx through TRPC1 and TRPC3 controlled the switch between
proliferation and differentiation in immortalized hippocampal neuronal cells, H19-7 [44]. On
the other hand TRPC3 has been shown to be associated with neuronal growth, which is
regulated by either BDNF receptor stimulation [45] or Epo-induced cell proliferation and
differentiation [46]. Based on these results, TRPC proteins might play a critical role in neuronal
survival, proliferation, and differentiation. Although in many cases the survival and
proliferation induced by TRPCs are shown to be dependent on CaZ* entry, it remains to be seen
if TRPCs also regulate other proteins, a function that will be independent of their ability to
regulate Ca?* influx, since most TRPC have been shown to form large protein-protein
complexes.

Selective degeneration of hippocampal neurons is a common feature in several
neurodegenerative conditions including Alzheimer's disease, epilepsy and stroke.
Accumulating evidence suggest that glutamate, an excitatory neurotransmitter intimately
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involved in learning and memory, is also involved in neurodegeneration [47,48]. Recently,
Narayanan et al. reported that glutamate activates cell death by massive increases in [Ca2*];
via the TRPC1 channel [49]. TRPC1 expression was increased after glutamate treatment and
2APB, a blocker of TRPC channels, significantly reduces cell death in hippocampal
organotypic slice cultures. Moreover, knockdown of TRPCL1 significantly improved cell
survival upon exposure with glutamate. Taken together, these results suggest the causative role
of TRPCL1 in glutamate-induced cell death in hippocampus. In contrast, TRPC1 has also been
shown to protect neurons from several extracellular stimuli [50-52]. Thus, TRPC channels
could act as a “double- edged sword” since TRPC channels physiologically regulate neuronal
development, whereas excessive Ca2* influx especially upon glutamate treatment can induce
neuronal degeneration. Furthermore, cellular toxicity is not simply a function of increased
[Ca2*];. For example, treatments with AMPA or KCI can increase [Ca2*]; up to 1-2 uM in
cortical neurons, without causing toxicity [53]. Equally high Ca2* loads are toxic when entering
via the NMDA channels, but not when entering via the voltage-dependent Ca2* channels
[53], suggesting that the source of increased [Ca2*]; or the Ca2* channel(s) themselves are
critical in deciding the fate of the neuron.

TRPC Channels in Oxidative Stress

Overproduction of reactive oxygen species (ROS) and reactive nitrogen species (RNS) have
been suggested to play crucial roles in the pathogenesis of several chronic neurological
disorders including Alzheimer's disease, Parkinson's disease, schizophrenia or bipolar disorder
and also stroke [54-57]. Several physiological pathways are responsible for the production of
ROS including, respiration (generated by mitochondrial electron transport chain) and
activation of the arachidonic acid cascade [58]. ROS could activate cell death processes directly
by the oxidation of proteins, lipids and/or nucleic acids or could act as initiators or second
messengers in the cell death process [59-61]. The production of ROS or free radicals is tightly
controlled by cellular antioxidants and oxidative stress is usually associated with the imbalance
between oxidants and antioxidants [60,62,63]. Importantly, during normal ageing, oxidants are
increased that alter membrane permeability and modify the function of various cellular proteins
and lipids [64,65]. This modification further leads to a wide variety of cellular damages, which
are believed to be an early event in neurodegeneration [66,67]. Also, oxidative stress could
result in cellular defects including a defect in ER Ca?* uptake and Ca2* efflux, thereby
increasing [Ca2*]; and CaZ* influx [68]. This increase in [Ca2*]; induces an exacerbation of
oxidative stress [69], and activates several Ca2*-dependent enzymes including, calpain and the
endonuclease pathways, which ultimately cause cytoskeleton alterations and cell death
[70-72].

To date, four TRP family members have been identified that are influenced by oxidative stress,
TRPC3, TRPC4, TRPM2 and TRPMY. Itis likely that TRPC3 and TRPC4 are directly activated
in response to oxidative stress [73,74]. The causative role of TRPC3 protein in oxidative stress
was first documented by Balzer and colleagues [75]. The oxidant tert.-butylhydroperoxide
(tBHP) completely depolarized endothelial cells by the activation of a TRP-related cationic
current and expression of a dominant negative N-terminal splice variant of TRPC3. These
results suggest that the TRPC protein determines endothelial redox sensitivity and suppression
of TRPC could be an approach to the treatment of oxidative stress-induced vascular
dysfunction. Moreover, overexpression of TRPC3 or TRPC4 in HEK293T cells showed an
increase in basal membrane conductance upon tBHP treatment, which is mainly due to the
influx of Na* [76]. This suggest that TRPC3 and TRPC4 form redox sensitive cation channels
during oxidative stress and could participate in Na* loading and membrane depolarization.
Furthermore, Rosker et al. reported that extracellular Na* regulates TRPC3 channel-mediated
Ca?* influx in HEK293 cells [77]. Agonist stimulated Ca2* entry through TRPC3 channels
was greatly reduced when the extracellular Na2* concentration was decreased to 5mM.
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Moreover, an inhibitor of the Na*/Ca2* exchanger, KB-R9743, strongly suppressed TRPC3
mediated Ca2* influx, but not TRPC3- mediated Na* currents. This suggests that Ca2* entry
in TRPC3-expressing cells involves Na*/Ca?* exchange in a reversed-mode. Activation of
TRPC3-mediated cationic current, by oxidative stress, could also be achieved by tyrosine
phosphorylation and and activation of phospholipase C [78]. The phospholipase C inhibitor,
U73122, abolished oxidative stress induced-TRPC3 cationic current, which support the
conclusion that phospholipase C is necessary for ROS-induced TRPC3 activation. ROS
activates tyrosine kinase receptors (RTKSs) by direct oxidation of specific cysteine residues or
by the formation of specific intermolecular disulfide bonds with other molecules present within
the complex [79-81]. Also inhibition of tyrosine kinase, specifically Src kinases, abolishes
TRPC3 activation [82], suggesting that tyrosine kinase activation plays a crucial role in redox
activation of TRPC3.

Lipid rafts also play a crucial role in the initiation of oxidative stress by causing aggregation
and crosslinking of kinases, which combines ROS-generating oxidation machinery with ROS-
sensitive cysteine residues required for ROS generation [80,81]. Interestingly, almost all TRPC
channels are present in lipid raft domains (LRDs) and it is believed that disruption of lipid rafts
in the plasma membrane could have an impact on the function of the TRPC channels [83,84]
Studies from our laboratory and others have shown that mammalian TRPC proteins are
assembled in a multiprotein complex that includes key proteins involved in Ca?* signaling and
that LRDs serve as a platform for this molecular assembly. Also, TRPC1 and TRPC3 signaling
complexes are associated with caveolar LRDs in the plasma membrane [83]. Caveolin 1, a
substrate for nonreceptor tyrosine kinase, has a crucial role in the localization of TRPC channels
at the plasma membrane [83]. Under oxidative stress, c-Src kinase phosphorylates caveolin 1
at tyrosine 14 which affects downstream signaling targets [85,86], that in turn could serve as
acrucial step for TRPC channel localization and molecular assembly. Therefore, future studies
are necessary to test whether disruption of caveolar LRDs affects TRPC function and signaling
mechanisms in response to oxidative stress.

Moreover, Crouzin et al. reported that pretreatment with a-tocopherol mediates long lasting
neuroprotective effect against Fe2*-induced oxidative damage by suppressing Ca2* entry
through TRP-like channels in cultured hippocampal neurons [87]. Treatment with FeSO4
induces hippocampal neuronal death by increasing the intracellular Ca2* levels. Treating
hippocampal neurons with Trolox significantly prevented intracellular Ca%* elevation and cell
death; suggesting that intracellular Ca2* elevation by FeSO, is due to oxidative stress mediated
by FeZ* ions. FeSOy, fails to increase intracellular Ca2* level in Ca?* free medium; this indicates
that CaZ* entry exclusively from the extracellular medium contributes towards Fe2* mediated
[Ca?*); elevation. TRP-like nonspecific Ca2* ion channel blockers, Ruthenium Red, La3*, and
Gd3*, prevented Fe2* -induced oxidative stress and toxicity. Interestingly, pretreatment with
a-tocopherol prevents [Ca2*]; elevation induced by Fe?* and suppress SOCE after
metabotropic glutamate receptor stimulation. Due to the lack of specific pharmacological
inhibitors, these authors fail failed to identify the specific TRPC channels responsible for
FeZ* induced Ca?* influx. Although, this study supports the toxic role of TRPC-like channels
in oxidative damage, further studies are necessary to identify the specific TRPC-like channels
that are involved in neuronal death induced by oxidative stress. Identification of these targets
would be essential to the discovery of specific therapeutic agents that are protective against
oxidative stress-induced neurodegeneration. Furthermore, ORAI and ORAI3, which
contributes towards SOCE, has been also shown to be activated by arachidonic acid and since
arachidonic acid is critical for ROS production, these channels could also contribute towards
oxidative stress.
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TRPC Channels in NO Synthesis

Nitric oxide (NO) is an important signaling molecule that plays pivotal roles in many
physiological processes such as vascular remodeling, platelet activation, and synaptic plasticity
[88]. NO production is dependent on CaZ* entry and since TRPC channels allow Ca2* influx,
they could contribute to the production of NO, which subsequently would stimulate
downstream targets. In striatal neurons the TRPC channel blocker SKF-96365 or addition of
1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA-AM) significantly
decreased NO dependent gene regulation [89]. Additionally, NO also activates protein kinase
G (PKG), which is known to specifically phosphorylate TRPC3 at two specific positions
(Thr-11 and Ser-263). Phosphorylation of TRPC3 at these two sites inactivates TRPC3 channel
and thus PKG likely functions to fine tune [Ca2*]; through the action of NO [90]. This decrease
in [Ca2*]; could protect the cells from the detrimental effects of excessive [CaZ*]; and/or NO,
since increased [Ca?*]; is important for NO production. It might be nice here to note the
dynamic regulatory feedback looping that seems to exist in this system with the implications
of tight regulation of Ca. Importantly, PKG phosphorylation sites, Thr-11 and Ser-263, are
also conserved in other members of the TRPC3/6/7 subfamily, suggesting that PKG could also
phosphorylate TRPC6 and TRPC7; however, it remains to be investigated if indeed TRPC6
and TRPC7 are phosphorylated by PKG and if they exhibit protection similar to that observed
by TRPC3. Importantly, TRPC5 has been shown to be activated via cysteine S-nitrosylation
and TRPCS has been particularly shown to be sensitive to NO [91]. In neuronal cells,
production of amyloid p stimulates NO production from the microglial cells, which could
induce Ca2* influx via the TRPC5 channel which might contribute to neuronal cell death
[92]. Since as described above NO has both inhibitory and activating roles in regulating
different TRPC channels, it NO might regulate process that are dependent on the expression
of a particular TRPC channels. Some processes could be neurotoxic (activation of TRPC5
might induce cell death cascades) whereas other processes might be neuroprotective (activation
of PKG and other downstream targets inhibit TRPC3, thereby protecting these cells).

TRPC Channels in CCL2 Signaling Against Tat Neurotoxicity

HIV infection leads to a variety of progressive neurological disorders, including HIV-
associated dementia (HAD) [93,94]. HAD is characterized by deterioration of cognitive and
motor functions and behavioral changes [95,96]. A recent study reported on a role for CCL2
(Chemokine (C-C motif) ligand 2, also known as monocyte chemoattractant protein-1) in
neuroprotection against toxicity mediated by Trans-Activator of Trancription (Tat) in rat
midbrain neurons [52]. Ca2* influx through TRPC channel requires CCL2-mediated
neuroprotection. CCL2 is a known activator of phospholipase C that results in 1P3-receptor
mediated Ca2* release of the internal stores and simultaneously activate CaZ* influx through
TRPC channels. This in turn could lead to the activation of extracellular signal-regulated kinase
(ERK) followed by the activation of cAMP response element-binding protein (CREB).
Blocking of TRPC channels or specific knockdown of TRPC1 and TRPC5 resulted in the
suppression of CCL2-induced neuroprotection, which was attributed to the prevention of
CCL2-mediated intracellular CaZ* elevation and ERK/CREB phosphorylation [52]. These
results suggest that TRPC1 and TRPC5 could contribute towards neuroprotection against HIV.

TRPC Channels in Parkinson's Disease

Parkinson's disease (PD) is the second most common neurodegenerative disorder, which
involves progressive degeneration of dopaminergic neurons present in the substantia nigra pars
compacta (SNpc) region. Neurotoxins, such as 1-methyl, 4-phenyl pyridinium ion (MPP*),
cause selective nigral dopaminergic lesions and Parkinsonian syndromes [97]. A host of
pathogenic factors have been suggested to be responsible for the degeneration of dopaminergic
neurons in the SNpc. These factors include the generation of free radicals, impairment of
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mitochondrial function, disturbances in Ca2* homeostasis, and apoptosis of dopaminergic
neurons [98,99]. Since so many factors might be responsibe for PD, a common factor could
be involved in the pathogenesis of PD. Ca2*, being a common link in all these processes raises
the possibilities that Ca2* channel function might be a common mechanism. Additionally, the
role of Ca2* in mediating apoptosis raises the possibility that Ca2* channels may have a salutary
effect on conditions such as PD in which apoptosis is the ultimate mode of cell death. Increase
in intracellular Ca2* concentration (primarily by Ca2* entry) has been shown to be necessary
to stimulate the release of dopamine (DA) in dopaminergic neurons of the SNpc [100-102],
indicating the importance of Ca2* in PD.

Decrease of Ca?* in the endoplasmic reticulum (ER) is known to induce ER stress, which can
activate cell death cascades [18-20]. Moreover, since Ca?* influx is critical for refilling of the
ER stores, which will prevent ER stress, SOCE is likely critical for neuronal function and
survival. Moreover, TRPC1 and TRPCS5 are highly expressed in SNpc region [102-104] (Table
2). Therefore, the significance of TRPC's in dopaminergic neuronal function and survival
merits examination. Recent data suggest that TRPC1 functions as plasma membrane Ca?*
channels in dopaminergic neurons and the expression/localization of TRPC1 was inhibited/
altered by compounds that induce PD-like symptoms. Importantly, overexpression of TRPC1
reduced neurotoxicity induced by MPP*, whereas protection of dopaminergic cells against
MPP* was significantly decreased upon expression of antisense TRPC1 cDNA or by the
addition of a nonspecific TRPC channel blockers [50]. Surprisingly, activation of TRPC1 by
thapsigargin or carbachol decreased MPP* mediated neurotoxicity, which was partially
dependent on external Ca2* a finding that indicates that some of the protection exhibited by
TRPC1 might be contributed by its Ca2* influx ability [50]. TRPC1 overexpression also
inhibited cytochrome c release from the mitochondria, an initial step in apoptosis.
Interpretations of these data suggest that reduction in the cell surface expression of TRPC1
following MPP* treatment may be involved in dopaminergic neurodegeneration. Furthermore,
TRPC1 might inhibit degenerative apoptotic signaling to provide neuroprotection against PD-
inducing agents [50-51]. Similar results were also obtained when dopaminergic cells (SH-
SY5Y) were treated with an endogenous neurotoxin, salsolinol, which is also involved in the
pathogenesis of PD [51]. Beside these interesting findings, no data are currently available to
elaborate the current understanding of the pathophysiologies exerted by impaired Ca2* influx
upon loss of TRPCL1 in dopaminergic neurodegeneration. Thus, it is important to characterize
TRPC1 channel activity to better define the molecular pathways involved in the onset and
progression of PD. It is hypothesized that conditions such as reduced activity or mutations in
TRPC1 gene could engender a predisposition towards PD. Also, other TRPC channels that are
expressed in substantia nigra could also be involved in excitotoxicity. Ultimately, treatments
aimed towards modulating TRPC channel activity/expression could be helpful in the treatment
of PD.

TRPC Channels in Alzheimer's Disease

Cytosolic Ca?* concentration plays a critical role in cell survival in aging brain. Thus, altered
Ca?* homeostasis might account for a number of age-related brain dysfunctions including
Alzheimer's disease. The momentous role of Ca* in Alzheimer's disease (AD) was first
postulated by Khachaturian in 1987 [105]. In recent years, accumulating evidence suggest that
altered Ca2* homeostasis is one of the main factors responsible for neuronal death in AD
[106-108]. Changes in membrane structure not only alters the function of Ca2* channels
including extrusion pumps and transporters, but also changes the Ca?* binding proteins and
proteins involved in ER Ca2* handling, which could lead to the disruption of Ca?* homeostasis
and augment the vulnerability of neurons to excitotoxicity [107,108]. Inherited mutation in
genes encoding for presenilin | and presenilin 2 (PS1 and PS2) account for up to 40% of the
early onset cases of familial Alzheimer's disease (FAD) [109]. PS1, 2 are expressed in neurons
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throughout the brain where they appear to be localized largely to the ER in cell bodies and
dendrites [110,111]. Mutations in PS1 increase the production of amyloid peptides (Af 40/42)
by y-secretase cleavage of amyloid precursor protein. A is believed to be a crucial mediator
of neuronal degeneration and impaired cognitive function in AD [112,113]. A interaction
with the plasma membrane results in elevated [Ca2*]; and increased susceptibility of neurons
to apoptosis [114,115]. Also, mutant PS1 deregulates intracellular Ca?* homeostasis by
increasing the intracellular pools of Ca?* and decreasing SOCE [116]; however, no information
is currently available on the expression and function of TRPC channels in AD patients.

The mechanism(s) by which presenilin might increase ER Ca2* pools has been suggested by
Tu et al. [117]. These researchers showed that unprocessed presenilin holo-proteins form
constitutive ER Ca2* leak channels that were independent of y-secretase activity. Several in
vitro and in vivo studies further demonstrated that exaggerated ER Ca2* signaling resulting
from mutations in presenilins, leads to sensitization of PS-FAD neurons to AB and
excitotoxicity through a Ca2*-dependent mechanism [114,118]. Recently, Bojarski et al.,
reported that loss of PS1 or both PS1 and PS2 resulted in enhanced SOCE, while PS1 FAD
mutations exert the opposite effect on Ca2* influx by altering the cellular level of STIM proteins
[119]. Additionally, Lessard et al [120] demonstrated that PS2 controls TRPC6-mediated
Ca?* entry in HEK293T cells. In their study, the dominant-negative mutant of PS2, PS2
(D263A), enhances Angiotensin (Angll)-induced Ca2* entry without affecting agonist induced
Ca?* release whereas wild type PS2 and FAD-linked PS2 mutants, PS2(N1411) & PS2
(M239V), failed to affect the agonist-induced Ca2* entry and release in HEK293T cells,
suggesting that the endogenous PS2 act as an inhibitor of Ca2* entry. They further revealed
that the co-expression of TRPC6 with wild-type PS2 or FAD-linked PS2 mutants completely
abolished Angll-induced Ca?* entry through TRPC6 but not Angll-induced Ca?* release. Co-
expression of PS2 or the FAD-linked PS2 mutants were able to activate TRPC6 by 1-oleoyl-2-
acetyl-sn-glycerol (OAG) suggesting that the negative regulation of TRPC6 by PS2 is not due
to the cleavage of TRPC6 by PS2. Also treatment with Ap peptides (1-40 and 1-42) fails to
amend carbachol (CCh)-induced- Ca?* release and Ca2* entry in TRPC6 overexpressing cells,
suggesting that the inhibitory effect of PS2 and the FAD-linked PS2 mutants in TRPC6 are
independent of AP peptide generation.

TRPC in Neurotransmitter Release and Cerebellar Ataxia

Ca?* plays an important role in regulating a variety of neuronal processes, which includes
excitability, neurotransmitter release, synaptic plasticity, and gene transcription. Like other
cells, neurons also use both extracellular and intracellular sources of Ca2* [22,107]. Although
the role of voltage gated channels in the release of neurotransmitter is well established, other
ion channels also directly contribute to neurosecretory processes [121,122]. TRPC3, a non-
selective Ca?* channel invariably allows Na* to enter the cell, which could partially depolarize
the cells and activate the voltage-dependent Ca2* channels. This combined Ca2* influx would
further contribute to the increase of [Ca2*]; and the spatio-temporally controlled elevations of
[Ca?™]; in defined cell compartments. In addition, neurtrophic factors such as BDNF and NGF
have also been shown to modulate neurotransmitter release [123,124]. TRPC3 has been shown
to be activated by both BDNF and NGF [45,125], implicating TRPC3 in enhancements of
neurotransmitter efflux. Mounting evidence also implicates intracellular Ca* stores in the
regulation of neuronal transmitter release [121,122]. Both TRPC3, and TRPCS5 interact with
the SNARE complex proteins, suggesting their potential role in the release of neurotransmitter
[126]. Pre-synaptic introduction of IP3, CADPR and NAADP, which can activate TRPC
channels, have also been demonstrated to stimulate neurotransmitter release at cholinergic
synapses [127]. Thus, although much is known about the voltage dependent Ca2* influx
pathways, there is less information on the mechanisms exerted by TRPC channels. TRPC
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channels might function alone or in conjunction with these mechanisms in *“fine-tuning”
synaptic activity through direct actions at the pre-synaptic terminals.

The hereditary ataxias have been characterized by the degeneration of the cerebellum and its
associated connections, which leads to the loss of balance and coordination. Purkinje neurons
represent the sole output cell of the cerebellar cortex and play an important role in the normal
function of the cerebellum such as fine-tuning movement and posture [128,129]. The molecular
mechanism(s) that triggers the loss of Purkinje cells in cerebellar ataxias remain incompletely
understood and more than 50 different inherited forms of cerebellar ataxia have been identified
so far [130]. In a recent study, Lim et al. hypothesized that if mutations in different genes lead
to death of Purkinje neurons in all ataxias, then these mutations should be part of a common
biological pathway that is critical for the survival of these cerebellar neurons [131]. Recently,
Becker et al. reported that a point mutation in TRPC3, threonine to alanine amino acid change
(T635A) in the highly conserved S4/S5 linker region, causes abnormal Purkinje cell
degeneration and cerebellar ataxia in moonwalker (Mwk) mice [132]. Dentritic development
was severely affected in mutant Purkinje cells, whereas TRPC3 mRNA or protein levels were
the same in both wild-type and mutant cerebellum; the expression of TRPC1 was not altered
in the cerebellum. Taken together, these results suggest that the Mwk mutation results in
improper TRPC3 channel activity, which could be due to altered TRPC3 phosphorylation or
its gating that could promote aberrant channel opening thereby leading to cell death.

TRPC4 in Axonal Regeneration

Recently, the role of TRPC4 in axonal regeneration in adult rat dorsal root ganglia (DRG) was
reported by [133]. The expression of TRPC4 increases whereas TRPC1, 3, 6 and 7 remained
unaltered after nerve injury induced by either sciatic nerve transection or intra-ganglionic
microinjection of dibutyryl cAMP. The TRPC4 transcript peaked at day 2 but gradually
decreased by day 7 and remained low on day 14. TRPC4 protein level increased at day 4 and
7, but was reduced relative to control levels by day 14 post nerve injury. In addition, TRPC4
transcript in ND7/23 and NDC cells, hybrid cell lines derived from neonatal DRG and
neuroblastoma, increased upon NGF and dibutyryl cAMP -induced differentiation [133].
Suppression of TRPC4 by a specific small interfering RNA significantly reduced the length
of neuritis in cultured DRG neurons [133]. Sh-RNA mediated knockdown of TRPC4 in
differentiated ND7/23 cells resulted in the reduction of neurite length, which was rescued by
TRPC4 overexpression [133]. Taken together, these results suggest that TRPC4 contributes to
axonal regeneration after nerve injury. If these findings have generality, TRPC4 could be an
important molecular target for potential regeneration therapies in patients suffering from
traumatic brain injury.

TRPC in Growth Cone Development

Development of the nervous system requires tightly controlled and directed neuronal
outgrowth. Although the underlying molecular mechanism(s) for neuronal growth are not fully
appreciated, the importance of Ca2*- and Na*-permeable TRPC channels is apparent. The
finding that TRPC channels have such roles is consistent with recent reports, which indicate
that growth cone extension and turning is dependent on Ca2* [134]. One of the TRPC channels
involved in growth cone development is TRPC5. TRPCS5 is predominantly expressed in the
brain where it can form heterotetrameric complexes with TRPC1 and TRPC4 channels. TRPC5
channels have been shown to have an inhibitory role on neurite extension [135,136]. TRPC5
present in growth cones and early synapses determines the growth cone morphology and
motility by complexing with growth cone enriched protein Stathmin 2 [136]. That stathmin 2
is required for packing TRPC5 onto vesicular packets intended for insertion into growth cones
is suggested since TRPCS is largely absent in growth cones of rat hippocampal neurons
transfected with palmitoylation-defective stathmin 2 (Stmn2™Mut), Neurites length and
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filopodia, finger like projections characteristic of growth cones, were longer when compared
with control in Stmn2™Ut and dominant-negative TRPCS5 transfected cells [136]. Growth cone
filopodium and neurite length was inversely correlated with stathmin and TRPC5 expression.
Moreover, it has been shown that the neuronal Ca2* sensor-1 (NCS-1) is essential for neurite
growth. NCS-1 directly binds to the C-terminus of TRPC5, suggesting that TRPC5 could
sequester NCS-1 partnership and have a role in inhibiting neuronal development. Based on
these results TRPC5 -mediated Ca2* entry could be regarded as an important determinant of
axonal growth and growth cone morphology [136]. However, recent reports have also shown
that other TRPC proteins suchas TRPC1, TRPC3, and TRPC6 might also be involved in growth
cone turning upon chemotropic stimulation, expanding the general role of TRPC channels in
neurite extension and growth cone development. Moreover, since organ development is
followed by the development of nervous system, TRPC channels might also be essential for
organ development, especially the development of exocrine glands.

TRPC5 and Response to Fear

Recently, Riccio et al. reported on the important role of TRPC5 in amygdala function and fear-
related behavior [137]. A high level of TRPC5-mRNA was present in the CA1, CA2, and CA3
regions of the hippocampus and dentate gyrus, areas that regulate fear-related behaviors
through projections to the amygdala. Regions of auditory cortex, somatosensory cortex, the
parietalinsular cortex and the perirhinal cortex also contain TRPC5 mRNA. Interestingly,
TRPCS knockout mice exhibited less anxious behaviors (decrease innate fear), in response to
innately aversive stimuli, than wild type mice. Moreover, synaptic strength at afferent inputs
to the amygdala is decreased in P10-P13 TRPC5 null mice. The deletion of TRPC5 showed
no detectable effect on the firing properties of lateral nucleus of the amygdala. Moreover the
basal synaptic transmissions in afferent inputs to the lateral amygdale in 4- to 5-week-old
TRPCS5 knockout mice were also not altered. In contrast, ablation of the TRPC5 gene affected
mGIuR- and/or cholecystokinin2 (CCK2) receptor mediated synaptic response. Taken
together, these findings support that TRPC5 has an essential function in innate fear [137].

TRPC in Dendritic Morphology

Ca?* and its downstream signaling cascades control the development of dendrites. Elevation
in intracellular Ca2* concentration could lead to changes in dendritic morphology [138,139].
Dendritic abnormalities are commonly associated with conditions resulting in mental
retardation, such as Down syndrome [140] and Fragile x syndrome [141]. Several transcription
factors are involved in the Ca2* mediated changes in dentritic morphology [142,143]. cAMP-
response element binding protein (CREB) is one of the transcription factors that is involved
in dentritic morphology and is known to be regulated by TRPC3 and TRPC6 [144]. TRPC6 is
highly expressed in all regions of rat hippocampus (postnatal day 14) and colocalizes with
Microtubule-associated protein 2 (MAP2), a known neuronal marker in proximal dentrites of
CA1 pyramidal neurons. Knockdown of TRPC6 in hippocampal neurons significantly
decreased total dentritic length, whereas introduction of human TRPC6 promoted dentritic
growth through the calmodulin dependent protein kinase 1V (CaMKIV)-CREB pathway. Also
chelating extracellular Ca?* by EGTA or blocking of Ca?* influx by Cd?* prevented TRPC6-
induced dentritic growth. Moreover, an increase in both basal and apical dentritic length and
phosphorylation of CaMKIV and CREB was also increased in TRPCG6 transgenic mice [144].
Taken together, these findings support the idea that Ca2* influx through TRPC6 is vital for
dentritic growth.

Future Challenges

Tremendous advances have been made in the past ten years in exploring the implication of
TRPC channels especially with regard to neuronal survival, differentiation, and several other
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essential functions as discussed in this review. Although several unanswered question remained
to be addressed, it has been hypothesized that Ca2* influx via the TRPC channels and also
perhaps by ORAI channels, have a significant role in the onset/progression of many
neurodegenerative diseases. Thus, targeting CaZ* entry (both inhibition as well as activation)
through these channels could be critical for maintaining normal physiological functions. Recent
research indicates that Ca2* is critical for Huntington disease; however the significance of
TRPC channels in this disease has not yet been identified. Furthermore, recent findings have
implicated STIML1 as the regulator for SOCE making it interesting to see if STIM1 function/
expression is altered in neurological diseases. Although the current data with regard to the
function of TRPC in neuronal cells is overwhelming, significant information including that
from human samples is still missing. Nevertheless it is anticipated that in the coming years
more clinically-oriented research will be performed, which will eventually define the role of
TRPC proteins in several of these diseases. A significant challenge is that specific activators
and inhibitors for a specific TRPCs have not yet been identified.
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Angll
BAPTA-A
CCL2

CREB
DA
DAG
DRG
ER
FAD
HAD
MPP
NCS-1
ORAI
PD
PKG
PM
PS
ROS
SOCE
STIM
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Aamyloid peptide beta
Angiotensin

1,2-Bis(o-aminophenoxy)ethane-N,N,N’,N’-tetra acetic

Chemokine (C-C motif) ligand 2, also known as monocyte chemoattractant

protein-1

CAMP response element-binding protein

dopamine

Diacylglycerol

Dorsal root ganglia
Endoplasmic reticulum
Familial Alzheimer's disease
HIV-associated dementia
1-Methyl, 4-phenyl pyridinium
Neuronal Ca?* sensor-1
Gene/protein

Parkinson's disease

Protein kinase G

Plasma membrane
Presenilin

Reactive oxygen species
Store operated calcium entry

Stromal interaction molecule
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SNpc Substantia nigra pars compacta
TRPC Transient receptor potential conical
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Fig. (1). Activation and functional regulation of TRPC channels

Binding of an agonist (Ach) to the G protein coupled receptor stimulates G protein, which
activates PLCp, causing the hydrolysis of phosphatidylinositol (4,5) bisphosphate (PIP;) to
inositol (1,4,5)-triphosphate (IP3) and diacylglycerol (DAG). IP5 binds to IP3R, a ligand gated
ion channel, which leads to the release of Ca?* from the internal ER stores. Depletion of
Ca?* from the internal stores in turn allows STIM1 to aggregate, followed by the activation of
the TRPC1, 4 or ORAI Ca2* channels in the plasma membrane, which allows Ca2* to enter
the cell. Importantly, these signaling molecules are associated within lipid raft domains, which
provide the platform for protein-protein interactions and stimulate activation of TRPC
channels.
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Table 1

TRPC Channel Properties and Proposed Neuronal Functions

Subfamily

lon Channel Properties (Modified from Ref. [145])

Proposed Physiological Role

TRPC1

Non selective, 16-24 pS current conductance, inward
rectifying with reverse potential of + 40mV

Proliferation, differentiation [38]
Neuroprotection [50-52]
Axon guidance [134]

TRPC3

Non selective, but Pco/Py4 ratio is 1.6, 42pS current
conductance, slightly inward rectifying with positive current
at membrane potentials above +5 mV

Proliferation, differentiation [38]
Neurotransmitter release [125,126]
Axon guidance [134]

TRPC4

Non selective, but Pc,/Pn, ratio is 1.1, inward rectifying with
positive current at membrane potentials above +10 mV
current conductance 30- 42pS

Neurotransmitter release [146]
Axonal regeneration [133]

TRPC5

Partially selective with Pc,/Py, ratio of 9, current
conductance 47-66pS, voltage dependence decrease below
-50 mv

Growth cone development [134,136]
Innate fear response [137]
Neurotransmitter release [126]

TRPC6

Partially selective with Pc,/Pn,4 ratio of 5, current
conductance 28-37pS) is also partially voltage dependent

Dentritic morphology [144]
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Differential Expression of Human TRPC mRNA in CNS

Table 2

CNS

Expression of Various Levels [147]

Amygdala

TRPC5>TRPC1>TRPC4>TRPC6>TRPC3

Caudate nucleus

TRPC6>TRPC1>TRPC3>TRPC5>TRPC4

Cerebellum

TRPC5>TRPC1>TRPC3>TRPC6>TRPC4

Hippocampus

TRPC5>TRPC1>TRPC4>TRPC6>TRPC3

Putamen

TRPC1>TRPC5>TRPC3>TRPC6>TRPC4

Striatum

TRPC6>TRPC1>TRPC3>TRPC5>TRPC4

Substantia Nigra

TRPC1>TRPC5>TRPC6>TRPC4>TRPC3
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