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TRP Channel Classification

Hongyu Li

Abstract

The transient receptor potential (TRP) ion channels are named after the 
discovery of the photo-transducted channels in Drosophila. TRPs, acti-
vated by various extracellular and intracellular stimuli, play a plethora of 
physiological and pathological roles. There are seven families of TRPs 
including TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), 
TRPA (ankyrin), TRPP (polycystin), TRPML (mucolipin), and TRPN 
(Drosophila NOMPC) in mammals. In yeast, the eighth TRP family was 
recently identified and named as TRPY. We here briefly summarize the 
classification and function of TRP cation channel superfamily.

Keywords

Transient receptor potential (TRP) protein • trp gene • Ion channel

Transient receptor potential (TRP) channels are 
wildly expressed on the plasma membrane in 
numerous types of cells, including neurons. The 
trp gene was initially identified in Drosophila 
melanogaster in the late 1960s. The first human 
homolog was reported in 1995. Since then about 
30 trp genes and more than 100 TRP channels 
have been identified. There are seven families of 
TRP (a phylogenetic tree of human TRP channels 
is shown in Fig. 1.1): TRPC (canonical), TRPV 
(vanilloid), TRPM (melastatin), TRPA (ankyrin), 

TRPP (polycystin), TRPML (mucolipin), and 
TRPN (Drosophila NOMPC). In yeast, the eighth 
TRP family was recently identified and named as 
TRPY in which Y stands for yeast. TRPC, TRPV, 
TRPM, and TRPA are classified as Group1 TRP 
channels which have the strongest similarity with 
the Drosophila TRP. The Group2 TRP channels, 
including TRPP and TRPML, have distal rele-
vance to Drosophila TRP.  The classification of 
TRP superfamily is based on the differences in 
their amino acid sequences and topological struc-
tures, while it is difficult to differentiate the func-
tion of individual family and member simply 
according to the classification. Actually, TRPs 
play a plethora of physiological and pathological 
roles in response to various extracellular and 
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intracellular stimuli, such as changes of tempera-
ture, pH, or osmolarity, injury, depletion of cal-
cium stores, as well as volatile chemicals and 
cytokines. Once activated, TRP channels, with 
homo- or hetero- tetrameric configurations, func-
tion as an integrator of several signaling path-
ways to elicit a serial of responses. TRPs share 
common structure features, including six putative 
transmembrane spanning domains with intracel-
lular C and N termini and a pore lining between 
the fifth and sixth transmembrane domains [17, 
39, 43, 51].

1.1	 �TRPC Channels

The TRPC family is the closest homolog to 
Drosophila TRP channels. The TRPC family 
consists of seven members (TRPC1–7) with 
trpc2 being a pseudogene in human beings [38]. 
The seven mammalian homologs share ≥30% 
amino acid identity within the N-terminal 750–
900 amino acids. Based on sequence alignments 
and functional comparisons, the mammalian 

TRPCs fall into four subsets: TRPC1, TRPC2, 
TRPC3/6/7, and TRPC4/5.

TRPC1 protein shows a broad expression 
across different cell types [9]. It can interact with 
all other human TRPC proteins (TRPC3–7) to 
form a heterotetrameric channel [16, 23, 35, 55–
57, 68]. TRPC1 is also able to interact with mem-
bers in other families of TRP channel, such as 
TRPP2 [65] and TRPV4/6 [36, 54]. It is reported 
that TRPC1 and other TRP channels form a 
receptor-activated channel. For example, TRPC1/
TRPP2 channel is activated by G-protein-coupled 
receptors (GPCRs). TRPC1 is also activated by 
hormone, orexin A, which is associated with the 
regulation of sleep/wake-up states, alertness, and 
appetite [27]. As expressed broadly, TRPC1 
channel is related with many physiological 
functions.

The trpc2 is a pseudogene in humans; how-
ever, in rodents it plays an important role in pher-
omone detection via the vomeronasal sensory 
neurons (VSN) [66]. In these cells, TRPC2 pro-
tein is mainly localized to the sensory microvilli, 
which are specialized for chemical signal detection. 

Fig. 1.1  A phylogenetic 
tree of human TRP 
channels (Modified  
from [40]). TRP 
channels fall into seven 
families, based on 
full-length sequence 
comparisons of human 
TRP channel proteins. 
TRPNs are not present 
in mammals and trpc2 is 
a pseudogene in human.
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Outside the vomeronasal organ, TRPC2 has been 
detected in the main olfactory epithelium [34], 
testes, heart, brain, liver, spleen, and erythrocytes 
[21, 22]. In the acrosome region of sperm, TRPC2 
was also detected, which indicated its possible 
role in fertilization [25].

TRPC3 is most prominently expressed in spe-
cific regions of the brain, in the heart, and lungs 
[7, 50]. Its proteins could assemble homotetra-
meric and heterotetrameric channels with some 
other TRPC proteins. In brain synaptosomes, 
TRPC3 has been shown to interact with TRPC6 
and 7 but not with other members of the TRPC 
family [16]. Many evidences show that TRPC3 is 
a constitutively active receptor-operated channel 
that can be further stimulated by DAG [29]. 
TRPC3 is a multifunctional cellular sensor  
with a wide range of physiological/pathological 
functions.

TRPC4 exists in many brain regions [69], 
endothelium and smooth muscle cells [2, 59], 
intestinal pacemaker cells (ICC) [26], adrenal 
glands [46], and kidneys [14]. Multiple signal-
ings downstream of receptors mediate activity of 
TRPC4 homo-/heterotrimeric channels. TRPC4 
can interact with TRPC1 and TRPC5 but not with 
TRPC3, TRPC6, or TRPC7 [16, 23]. TRPC4 has 
been shown to be involved in response to neural 
injury, the regulation of neurite outgrowth and 
neuronal exocytosis [41]. In human kidney epi-
thelial cells, silencing TRPC4 impairs secretion 
of thrombopsondin-1 (TSP1) [61].

TRPC5 is mainly expressed in brain tissue 
[22], especially in fetal brain, indicating that 
TRPC5 may play an important role during brain 
development [56, 57]. TRPC5 participates in the 
formation of transient working memory in the 
entorhinal cortex [71]. TRPC5 is important for 
amygdala function and fear-related behavior 
[48]. In the central nervous system (CNS), 
TRPC5 can form heteromeric cation channels 
with TRPC1, and these heteromultimers are 
involved in store-operated Ca2+ entry (SOCE). 
The homotetrameric TRPC5 channel functions as 
a receptor-activated channel. Some studies report 
that TRPC5 is also activated by nitric oxide (NO) 
[67].

TRPC6 expression is the lowest in the brain 
compared to other TRPCs while still widely 
expressed in the cardiac neurons [4], retinal gan-
glion cells [64], olfactory epithelium neurons 
[12], and some areas of the brain, such as the cor-
tex, substantia nigra, hippocampus, and cerebel-
lum [6, 15]. TRPC6 has been reported to play 
important roles in brain development and dis-
eases. Its physiological function is involved with 
excitatory synapse formation [72], dendritic out-
growth [58], and BDNF-mediated survival of 
granule cells in the cerebellum [24]. TRPC6 also 
participates in many pathological processes, 
including neuronal damage in stroke [11, 31], 
Aβ-production  in Alzheimer’s Disease (AD) 
[63], and human glioma cell proliferation  
[10, 32].

TRPC7 is mainly expressed in the kidney and 
pituitary gland [22, 37, 49] and closely related 
with TRPC6. TRPC7 has high sequence homol-
ogy with TRPC3 and TRPC6 and always forms 
heteromultimers with TRPC3 and TRPC6. The 
functions of the heterotetrameric TRPC7 channel 
with TRPC3 and TRPC6 in kidney and heart dis-
ease were reported previously [1, 53]. TRPC7 is 
a receptor-activated channel activated by PLC-
mediated metabolism of PIP2 and production of 
DAG [42, 60].

1.2	 �TRPV Channels

TRPVs, activated by vanillin, vanillic acid, and 
capsaicin in the plants, are thermo-TRP channels, 
as TRPV1, TRPV2, TRPV3, and TRPV4 can be 
activated by heat. There are six different mem-
bers (TRPV1–6) in this family. Compared to 
TRPV1–4 which are referred to as nocireceptor 
that sense the damaging signals, TRPV5 and 
TRPV6 are epithelial calcium ion channels [52]. 
TRPV1 was first identified and cloned in the late 
1990s. It can be activated by multiple stimuli, 
such as moderate heat (≥43 °C), low pH, capsa-
icin, ethanol, endogenous lipids, black pepper, 
and garlic as well as inflammatory mediators. 
TRPV1 is expressed in most neurons and widely 
investigated. In nerve injury associated with 

1  TRP Channel Classification
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neuropathic pain and chronic pain, TRPV1 plays 
a central role. TRPV2 shares 50% of sequence 
homology with TRPV1 and is activated by higher 
temperature (52 °C). Other stimuli responsible 
for TRPV2 activation include osmotic stress and 
mechanical stretch. TRPV2 is expressed both in 
neuronal and nonneuronal cells. However, the 
exact physiological function of this TRPV mem-
ber remains to be clarified. TRPV3 is expressed 
in the brain, spinal cord, trigeminal ganglia, and 
DRG neurons. It acts as a thermo-sensor in the 
skin and is activated by temperature higher than 
34 °C. Other activators of TRPV3 include endog-
enous ligands such as PGE2, ATP, bradykinin, 
and histamine. TRPV4 is a nonselective cation 
channel and activated by temperature higher than 
27 °C, mechanical stimuli, hypotonicity, and 
metabolites of arachidonic acid. It serves as a 
sensor of osmolality and mechanical stretch. 
TRPV5 is mainly expressed in kidney epithelial 
cells and plays an important role in the reabsorp-
tion of Ca2+. It can be regulated by various fac-
tors, including 1,25-dihydroxyvitamin D3, 
parathyroid hormone, dietary Ca2+, and acid-base 
status change of pH [30]. TRPV6 share some 
common features with TRPV5. They are co-
expressed in several tissues, such as intestine, 
kidney, prostate, and testis. Unlike TRPV1–4, 
they are selective channels for Ca2+. The gene 
expression of TRPV6 is upregulated in most 
common cancers, including prostate and breast 
cancers. TRPV6 is also an important channel for 
male fertility [13, 19].

1.3	 �TRPM Channels

There are eight members (TRPM1–8) of TRPM 
family in mammals. Based on sequence homol-
ogy, TRPMs fall into three subgroups: TRPM1–
3, TRPM4–5, and TRPM6–7. Some of TRPMs 
are located on intracellular membranes. TRPM1 
is a prognostic marker for metastasis of mela-
noma [44]. TRPM2 is widely expressed in vari-
ous tissues, including brain, heart, hematopoietic, 
vascular smooth muscle, and endothelial cells. It 
functions as a Ca2+ permeable channel in plasma 
membrane and a lysosomal calcium release chan-
nel in pancreatic beta-cell and dendritic cells [70]. 

TRPM3 is activated by moderate heat and steroid 
pregnenolone sulfate. It is expressed in islet cells 
of the pancreas, regulating insulin secretion, and 
in the brain, both in neurons and oligodendro-
cytes, as well as in the peripheral nervous system 
[3]. TRPM4 channels are Ca2+-activated nonse-
lective cation channels permeable only to mon-
ovalent ions (K+ and Na+). TRPM4 forms a 
functional channel as a tetramer which is 
expressed in a wide range of human tissues and 
involved in various physiological processes such 
as T cell activation, myogenic vasoconstriction, 
allergic reactions, and neurotoxicity [5]. TRPM5 
shows 40% identity of the amino acid sequence 
with TRPM4 and is a Ca2+-activated cation chan-
nel that mediates signaling in taste and other che-
mosensory cells. TRPM6 is a bifunctional protein 
comprising a TRP cation channel segment cova-
lently linked to α-type serine/threonine protein 
kinase. TRPM6 is expressed in the intestinal and 
renal epithelial cells. TRPM7 has been found in 
mammalian tissues and plays important roles in 
cellular and systemic magnesium homeostasis. 
TRPM8 plays a critical role in the detection of 
environmental cold temperatures [33].

1.4	 �TRPA Channels

TRPA was firstly named as ANKTM1, because it 
has many N-terminal ankyrin repeats. TRPA1 is 
the only member of TRPA family in mammals, 
while there are two and four TRPA members in 
C. elegans and Drosophila, respectively [62].
TRPA1 is activated by painful cold with the tem-
perature that is lower than 17 °C. TRPA1 is found 
in the plasma membrane of pain-detecting sen-
sory nerves and activates pain pathways that trig-
ger avoidance behaviors and pathways that 
promote long-lasting responses, such as inflam-
mation. Blocking TRPA1 function is therefore a 
promising strategy to reduce pain. Pungent agents 
from wasabi and other TRPA1 triggers, known to 
be electrophiles, activate TRPA1 by forming 
covalent bonds with specific cysteine or lysine 
amino-acid residues [8]. TRPA1 antagonists, 
such as mustard oil and garlic, have potential for 
improving neurogenic inflammatory conditions 
provoked or exacerbated by irritant exposure [45].

H. Li
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1.5	 �TRPN Channels

Mammals do not encode any TRPN members. 
They are found in worms, flies, and zebrafish. 
The TRPN proteins are strong candidates for 
mechano-transducing channel subunits in both 
vertebrates and invertebrates. TRPN homologs are 
present in insects, nematodes, fish, and amphibians 
and required for tactile and proprioceptive behavior 
in insects and nematodes and for transduction of 
vibratory stimuli in zebrafish hair cells [28].

1.6	 �TRPP Channels

As mentioned above, TRPP and TRPML belong 
to Group2 of TRP channels and have limited sim-
ilarity to the Group1 in homology. Furthermore, 
they have a large loop between transmembrane 
domain one and two, which discriminates them 
from Group1 [62]. The three human genes encod-
ing for TRPP protein family are polycystic kid-
ney disease 2 (PKD2, TRPP2), PKD2-like 1 
(PKD2L1, TRPP3), and PKD2-like2 (PKD2L2, 
TRPP5). TRPP2 is a 110 kDa protein and 
involved in autosomal dominant polycystic kid-
ney disease (ADPKD). TRPP2 functions as a 
Ca2+-permeable nonselective cation channel. The 
highest sequence similarity between TRPP chan-
nels is in transmembrane segments S1–S6, with 
rather little sequence homology in their predicted 
amino and carboxyl terminals. All mammalian 
TRPP orthologues are highly conserved, with 
~90% identities for TRPP2 and TRPP3 and 
~80% for TRPP5. TRPP ion channels are regu-
lated by and assemble with Polycystin-1 family 
proteins into receptor-channel complexes to form 
the core of a signaling pathway where Ca2+ is a 
second messenger [20].

1.7	 �TRPML Channels

TRPML includes three members TRPML1, 
TRPML2, and TRPML3, among which they 
share about 75% amino acid similarity. TRPML1 
has 580 amino acids and a molecular weight of 
65 kDa. It is also referred to as mucolipin-1 or 

MCOLN1. Mutations in this protein are respon-
sible for lysosomal storage disorder mucolipido-
sis IV.  TRPML1 is responsible for iron ions 
across the endosome/lysosome membrane into 
the cell [18, 47]. TRPML2 is a 566-amino acid 
protein with a predicted weight of 65 kDa. No 
evidence suggests that its mutations associated 
with any disorder in either human or animal mod-
els to date. TRPML3 has 533 amino acids and 
predicted weight of about 64 kDa. It is mainly 
expressed intracellularly in the inner ear. Previous 
reports suggested that TRPML3 is an inwardly 
rectifying monovalent cation channel that is per-
meable to Ca2+ and suppressed by H+ [47].

1.8	 �Conclusion and Perspectives

Now there are at least 28 genes encoding mam-
malian TRP channel subunit proteins. Seven fam-
ilies of TRP are grouped, including TRPC (1–7), 
TRPV (1–6), TRPM (1–8), TRPA (1), TRPP 
(2/3/5), TRPML (1–3), and TRPN (1), respec-
tively. Based on the similarity to Drosophila 
TRP, TRPC, TRPV, TRPM, and TRPA are classi-
fied as Group1 TRP channels, which have the 
strongest similarity. The Group2 TRP channels, 
including TRPP and TRPML, have distal rele-
vance to Drosophila TRP.  It has been demon-
strated that these TRP family members are 
involved in cell physiological functions and also 
in many hereditary and acquired diseases. Some 
TRPs are involved in sensory functions such as 
smell, taste, pain, and pheromone sensing. Some 
are responsive to temperature and may help to 
avoid tissue-damaging noxious temperatures. 
Some TRPs are sensitive to natural compounds 
or their ingredients that have been used in medi-
cal practice.

Abnormalities in TRP channel function, as the 
result of alteration of protein expression levels, 
changes in channel properties, or changes in their 
myriad regulators, have been associated with 
numerous diseases ranging from chronic pain to 
cardiovascular disease, skeletal abnormalities, 
kidney diseases, brain diseases, and cancer, 
which provides numerous opportunities for ther-
apeutic intervention.

1  TRP Channel Classification
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TRPC Channel Structure 
and Properties

Shengjie Feng

Abstract

TRPC channels are the first identified members in the TRP family. They 
function as either homo- or heterotetramers regulating intracellular Ca2+ 
concentration in response to numerous physiological or pathological stim-
uli. TRPC channels are nonselective cation channels permeable to Ca2+. 
The properties and the functional domains of TRPC channels have been 
identified by electrophysiological and biochemical methods. However, 
due to the large size, instability, and flexibility of their complexes, the 
structures of the members in TRPC family remain unrevealed. More 
efforts should be made on structure analysis and generating good tools, 
including specific antibodies, agonist, and antagonist.

Keywords

TRPC • Structure • Property

TRP channel subunits are rather large, ranging 
from 70 kD to more than 200 kD [40]. 
Transmembrane (TM) segment prediction sug-
gests TRP channels resemble voltage-gated K+ or 
Ca2+ channels [74]. A consensus has been reached 
by researchers that putative organization of TRP 
channels consists of six transmembrane (TM) 
domains with the carboxyl (C-) and amino (N-)
terminals facing the intracellular side of the 

membrane [20, 73, 74]. The features of TRP 
channels change from family to family. However, 
no matter how diverse these subunits are, they are 
conserved in their pore region, a hydrophobic 
region between fifth and sixth segment and their 
TRP domain on the proximal C-terminal region 
[40, 67]. The results obtained by biochemical and 
optical methods strongly suggest that TRP chan-
nels are formed by four subunits [2, 29, 35], 

S. Feng (*) 
Department of Physiology, University of California, 
San Francisco, CA, USA
e-mail: sjfeng100@gmail.com

2

mailto:sjfeng100@gmail.com


10

assembling as homo- or heterotetramers [22, 25, 
40, 77].

2.1	 �TRPC Channel Structure

2.1.1	 �Structure of TRPC Channels

Three factors make structural studies of TRP 
channels a great challenge. First, structural biol-
ogy techniques require an ample supply of highly 
pure and stable protein samples. TRP channels, 
however, are not endogenously expressed in bac-
teria. This is perhaps a major limiting factor for 
the lack of high-resolution structures of full-
length TRP channel. Moreover, membrane pro-
teins are extremely difficult to be produced in 
large quantities and be purified in a stable native 
state [18]. Second, TRP channels are very large 
tetramers with multiple domains in each subunit. 
Such large protein complexes cannot be accessi-
ble to high-resolution nuclear magnetic reso-
nance (NMR) techniques of molecules in an 
identical conformation [16]. Third, flexibility 
also complicates single-particle electron micros-
copy (EM) studies. The flexibility afforded by 
multiple domains, which probably has functional 
significance, often hinders crystallization [16]. 
For TRP channels, especially, they respond to 
diverse chemical or physical stimuli and are 
therefore believed to be conformationally 
dynamic. An additional obstacle to coaxing these 
proteins is forming well-ordered crystal lattices 
required for X-ray and electron crystallographic 
analysis [46].

Three major techniques are commonly used to 
obtain structural information on macromole-
cules: X-ray crystallography, NMR spectroscopy, 
and electron cryomicroscopy (cryo-EM) – either 
single-particle EM or electron crystallography 
[45]. Currently, three approaches have yielded 
information on the structure of TRP channels: (a) 
X-ray crystallography and NMR spectroscopy 
have been employed effectively to obtain high-
resolution structures of functionally important 
cytosolic domains of six TRP channels. 
Biophysical measurements of isolated cytosolic 
domains of several TRP channels also gain 
insights into their biological function [16]. (b) 

Single-particle EM studies provide six low-
resolution structures (TRPA1, TRPC3, TRPV1, 
TRPV2, TRPV4, and TRPM2) (13.6–35 Å) for 
full-length TRP channels [16, 21]. (c) Recently, a 
breakthrough in electron cryomicroscopy makes 
it possible to obtain a high-resolution view (~3–4 
Å) of an entire TRP channel. Till now, three high-
resolution structures (TRPV1, TRPV2, and 
TRPA1) have been determined [46, 68, 106].

Similar to most TRP channels, TRPC channel 
subunits have six transmembrane domains and a 
putative pore region between fifth and sixth trans-
membrane domains and assemble into tetramers 
to form functional channels (Fig. 2.1a, b). Though 
no high-resolution structures of TRPC members 
have been obtained yet, in the six existing low-
resolution structures, mouse TRPC3 has the 
second highest resolution (15 Å) and is the most 
unique [61]. TRPC3 has a bell-shaped structure 
containing ample water-filled spaces within the 
molecule (Fig. 2.1c). The structure can be further 
divided into two components, a dense globular 
inner core and a sparse outer shell with a mesh-
like structure. Viewing from the top, the antenna-
like outer columns radiate from the inner chamber 
like terminals in the airport. Four small extracel-
lular segments are held away from the membrane 
surface by slender arms. These structures are 
assumed to function as signal sensing modules 
for agonists and regulators. The overall height of 
the TRPC3 molecule is 240 Å, the side length at 
the widest position is 200 Å, and a diagonal line 
yields 210 Å. Therefore, the reconstituted struc-
ture of TRPC3 is much larger than that of the 
other five TRP structures, even though the calcu-
lated mass of a TRPC3 tetramer is the smallest in 
the six molecules. One explanation for this dis-
parity is the presence of many large water-filled 
cavities in the TRPC3 structure [45]. Another 
reason is its enormous volume mostly conformed 
by the cytoplasmic domain, which is made of a 
sparse external shell [40]. Though it is still not 
clear why the structures of TRPC3 and TRPM2 
are so different from that of TRPV1/TRPV2/
TRPV4 and TRPA1, it is hypothesized that the 
simultaneous association of TRPC3 with other 
protein complexes and its multimodal activation 
and modulation mechanisms may underlie its 
expanded structure. However, the use of an auto-
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mated particle-selection algorithm might have 
caused distortions in the data analysis and struc-
tural reconstruction of TRPC3 and TRPM2 [45].

2.1.2	 �Functional Domains of TRPC 
Channels

Structural biologists usually define a protein 
“domain” as an independently folding segment 
that can take on its native conformation even 
when isolated from the rest of the protein [16]. 
Though it has not been confirmed by experimen-
tal structure study, all members of TRPC chan-
nels were predicted to have 3–4 ankyrin repeat 
domains (ARD) on their N-terminal region and a 
conserved TRP domain at the beginning of the 
cytosolic C-terminal region [90] (Fig. 2.1a).

2.1.3	 �Ankyrin Repeat Domain

Ankyrin repeat (AR) sequences span ~33 resi-
dues and fold into a structural motif consisting of 
two α-helices folding back onto each other to 
form a helical hairpin, followed by a long hairpin 
loop that extends roughly perpendicular to the 
helical axes [63]. Several repeats of these struc-
ture motifs, ranging from 3 to over 30, are stacked 
side by side with their helices nearly parallel to 

each other, forming a modular, highly efficient, 
and specific protein-binding surface [15, 16]. The 
AR is one of the most common protein-protein 
interaction motifs [16, 40]. They function in vari-
ous cellular processes, including regulation of 
transcription, cell cycle, development, cell-cell 
signaling, and transport.

Though little is known about TRPC ARs 
based on structure studies, the structure of several 
TRPV ARs has been published, which might give 
some hints to the understanding of TRPCs. When 
hundreds of chemicals were screened to optimize 
the TRPV1-ARD crystallization conditions, it 
was observed that the presence of ATP altered the 
crystal shape, likely by changing the packing 
interactions between protein molecules. The 
electron density map and biochemical assays fur-
ther demonstrated that both ATP and calmodulin 
bind to the TRPV1-ARD [52] on the concave 
surface in a competitive manner. The TRPV2-
ARD structure predicts that phosphorylation sites 
in its N-terminus (S116, Y200) should be on the 
surface of interaction of ARD with other proteins 
[31]. Furthermore, it is reported that ARDs play a 
role in promoting tetrameric assembly of TRPV5 
and TRPV6 [6, 11]. Besides TRPVs, studies have 
shown that ARs of TRPA1 dictate sensitivity to 
thermal and chemical stimuli and ARs of TRPN 
(NompC) conveys force to gate the NOMPC 
mechanotransduction channel [8, 102].

Fig. 2.1  Structures of TRPC channels. (a) Trans
membrane topology of TRPC channels. The TRPC pro-
tein has six putative transmembrane domains, a pore 
region between the fifth and sixth transmembrane 
domains, four ankyrin domains (predicted), and a TRP 

domain in the proximal C-terminal region. (b) Structure 
of TRPC tetramer. The TRPC protein assembles into 
homotetramers or heterotetramers to form functional 
channels. (c) The large dimensions of TRPC3 [61]

2  TRPC Channel Structure and Properties



12

TRPC channels likely have four ARs, which 
have weak similarity to the AR consensus [40]. 
The structure of AR in TRPC channel is there-
fore likely to have some unusual kinks and 
loops, as is observed in TRPV channels. Even 
there is still lack of structural evidence, bio-
chemical assays uncover the function of TRPC 
ARD.  TRPC1 negatively regulates TRPV6 by 
interaction with TRPV6 on its N-terminal 
ankyrin-like repeat domain [80]. The heterom-
erization of TRPC3 with TRPC1 was shown by 
GST pull-down assay of TRPC3 portions with 
TRPC1. The portion containing the AR region 
of TRPC3 was bound to TRPC1. The hetero-
meric TRPC3/TRPC1 is shown to participate in 
regulating the resting cytosolic Ca2+ levels in 
skeletal muscle [96].

The first ankyrin-like repeat is the minimum 
indispensable key structure for functional assem-
bly of homo- and heteromeric TRPC4/TRPC5 
channels assayed by confocal Förster resonance 
energy transfer (FRET) and total internal reflec-
tion fluorescence (TIRF) microscopy [79]. 
Consistently, by using GST pull-down, yeast 
two-hybrid, circular dichroism approaches and 
chimeras, studies show that the N-terminus of 
TRPC4 self-associates via the AR domain and 
the coiled-coil domain (CCD) to assemble the 
tetrameric channel of TRPC4 [43, 44]. These two 
domains are responsible for the association 
between TRPC4 and TRPC6 (members of dis-
tinct subgroups of TRPCs) [43]. TRPC4 can 
form complexes with TRPC6 subunits containing 
the N-terminal ankyrin and coil-coiled domain 
(residues 1-304) of TRPC4 [43]. Using both GST 
pull-down assay and immunoprecipitation, 
researchers show that MxA and RNF24 inter-
acted with the ankyrin-like repeat domain of all 
TRPCs and regulated their activity or trafficking 
[55, 56]. The cGK-Iα interacts with the AR 
domain in the N-terminus of TRPC7 and phos-
phorylated TRPC7 at threonine 15, which con-
tributes to the quick and accurate regulation of 
calcium influx and CREB phosphorylation [99]. 
In conclusion, ARs of TRPCs may play roles in 
the regulation of channel assembling, activity, 
and trafficking.

2.1.4	 �TRP Domain

Most TRP families display a conserved sequence 
on their proximal C-terminal region which has 
been regarded as a signature sequence for TRP 
channels. This ~25-amino acid intracellular 
region, just after the sixth transmembrane 
domain, is called the TRP domain [62]. This 
domain contains the TRP box, a conserved motif 
defined by the consensus sequence “WKFQR.” 
All members or relatives of the mammalian 
TRPC family contain this highly conserved TRP 
box. It is possible to identify a second conserved 
region on the carboxy-terminal end of the TRP 
domain with proline-rich sequence of LPPPF 
(leucine on the first position is highly conserve-
ative) [40]. However, the second TRP box is only 
conserved in TRPC and TRPM subfamilies. 
Although the main function of the TRP domain 
remains elusive, it may be required for PIP2 
binding and regulation of channel gating [75].

TRPC3 and TRPC6 TRP domains differ in 
seven amino acids. Assayed by chimera and 
mutation experiments, the TRP domain of 
TRPC3, but not that of TRPC6, is found essential 
for association with cytoskeleton and the 
increased channel translocation to cell surface in 
response to Epo stimulation [24].

2.1.5	 �Pore Region

Few studies have been aimed at the identification 
of the pore region and the description of the pore 
properties of TRPC channels [67]. A theoretical 
prediction of pore elements seems to be ineffective 
to TRPC channels. Unlike TRPV channels, the 
segment between TM5 and TM6 of TRPC mem-
bers does not share significant homology to the 
sequence of the pore region of bacterial K+ chan-
nels [67]. This loss of homology to the bacterial 
archetype pore may signify that TRPCs are phylo-
genetically younger than TRPV channels [67].

The ultimate proof that a region contributes to 
the pore of an ion channel is demonstrating that 
pore properties, e.g., ion selectivity, can be 
altered by mutations to the putative pore-forming 
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region [94]. To this extent, the location and struc-
ture of the pore region and selectivity filter of 
most TRP proteins, including all members of the 
TRPC subfamilies, are currently unknown. Till 
now, three studies have addressed the role of sev-
eral amino acids in the TM5-TM6 linker of three 
TRPC members, which gives some hints about 
the pore region.

To determine the degree of cooperativity 
within a TRPC channel pore complex, research-
ers generated a dominant-negative construct of 
TRPC6 (TRPC6DN) by exchanging three highly 
conserved residues, L678, F679, and W680, in 
the putative pore region for alanine residues. The 
TRPC6DN protein is correctly inserted into the 
plasma membrane and was functionally silent. 
Transient expression of TRPC6DN nearly abro-
gates TRPC3- and TRPC6-dependent currents, 
but does not compromise TRPC4 or TRPC5 
activity [27]. It is shown that substitution by posi-
tively charged lysines at Glu576 and Asp581 in 
TRPC1, both located just outside the putative 
pore region, reduced the Ca2+ permeability [53]. 
For TRPC5, mutating glutamate residues 
(Glu543, Glu595, and Glu598), which are located 
close to either TM5 or TM6, affect the potentia-
tion and inhibitory effects of extracellular La3+ on 
channel activity [32].

A conserved glycine residue within the cyto-
solic S4–S5 linker of both TRPC4 and TRPC5 
proteins is important for their mysterious 
pore function. Mutating the glycine residue by a 
serine forces the channels into an open confor-
mation. Expression of the TRPC4G503S and 
TRPC5G504S mutants causes cell death, which 
could be prevented by decreasing extracellular 
Ca2+ concentration in the culture medium. 
Current-voltage relationships of the 
TRPC4G503S and TRPC5G504S mutant chan-
nels resemble that of wild-type TRPC4 and 
TRPC5 channels [4]. Introduction of a second 
mutation (S623A) into TRPC4G503S suppressed 
the constitutive activation. Therefore, it is likely 
that the S4-S5 linker is a critical constituent of 
TRPC4/TRPC5 channel gating and that distur-
bance of its sequence allows channel opening 
independent of stimulation [4].

Given that these different residues are not con-
served within the TRPC subfamily, it is unlikely 
that they form part of the actual selectivity filter, 
but rather contribute to the extracellular mouth of 
the pore [94].

2.1.6	 �Coiled-Coil Domain

Coiled coil is a protein structure in which 
α-helices wrap around each other in a helical coil 
conformation [45]. Sequences with a propensity 
to assume coiled-coil structures are characterized 
by recurring pattern of aliphatic residues alternat-
ing every third and then fourth residue to form 
seven residue repeats [45]. Coiled-coil structures, 
functioning as oligomerization domains, are 
found in a variety of proteins including transcrip-
tion factors, motor proteins, structural proteins, 
cellular and viral membrane fusion proteins, and 
ion channels [45, 64]. Coiled-coil domains have 
been implicated in subunit interaction and assem-
bly of ion channels, including TRPV1 [14], 
TRPM2 [58], TRPM7 [13], and TRPM8 [10, 87].

Coiled-coils are predicted in TRPC channels 
at either or both the N-terminal intracellular 
linker between the AR and the transmembrane 
domain and the C-terminal domain [42, 81]. 
Though these TRPC coiled-coil regions still need 
to be confirmed through biochemical and/or 
structural experiments, the Orai1-activating 
region of STIM1 interacts with the TRPC chan-
nel coiled-coil domains (CCDs). This interaction 
is essential for opening the channels by STIM1 
[41]. Disruption of the N-terminal CCDs by 
mutations eliminated TRPC surface localization 
and reduced binding of STIM1 to TRPC1 and 
TRPC5 while increasing binding to TRPC3 and 
TRPC6 [41]. Using a yeast two-hybrid assay, the 
coiled-coil domain is found to facilitate homodi-
merization of the N-terminus of mTRPC1 and is 
required for structural organization, thus forming 
functional channels [9]. The CCD is one of the 
two domains responsible for the association 
between TRPC4 and TRPC6 [43, 44]. Thus, 
TRPC channel CCDs can participate in channel 
gating and assembling.

2  TRPC Channel Structure and Properties
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2.1.7	 �Other Functional Domains

Binding domains for various signaling molecules 
exist in the N-termini and C-termini of certain 
TRPC proteins. In addition to these structurally 
defined domains mentioned above, functional 
domains, including PIP2- and calmodulin (CaM)-
binding domains, CRIB domain, and PDZ 
domain, also yield insights into the biological 
function of TRPC channels [73].

Because of their common interaction with ion 
channels, PIP2 and calmodulin may be consid-
ered as channel components [23, 76]. TRPC pro-
teins contain multiple putative CaM-binding sites 
in their N- and C-termini, some of which overlap 
with an IP3 receptor (IP3R)-binding site (CRIB 
domain) [85]. The GST fusion proteins of all 
TRPC channels interact with CaM in  vitro. By 
using CaM and IP3R peptides, in  vitro Ca2+-
dependent competition experiments demon-
strated that Ca2+/CaM and IP3Rs may dynamically 
regulate TRPC through competitive interactions 
[85]. However, the function of TRPC and IP3R 
interactions has been challenged when receptor-
activated TRPC3 functions have been found 
totally normal in avian DT40 cells lacking all 
three IP3R isoforms [89].

In Drosophila photoreceptors, TRP channels 
are tethered into signaling complexes via PDZ 
interactions with the scaffolding protein INAD 
[19]. Both TRPC4 and TRPC5 contain a car-
boxyl terminal PDZ-binding motif (VTTRL) 
which is absent in other TRPCs. This motif in 
both channels mediates interactions with 
NHERF/EBP-50 and PLCβ1 [86]. The PDZ 
domain of TRPC4 controls its localization and 
surface expression in HEK293 cells [59]. 
Although PDZ-binding motifs of TRPC channels 
have been demonstrated to participate in plasma 
membrane localization [59, 82], few data so far 
directly implicate PDZ proteins in the control of 
TRPC channel activity.

A finding shows that 437–508 aa of TRPC6 
is important for its inhibition of Aβ production 
[95]. This domain contains the first and second 
transmembrane regions and the first extracellu-

lar loop. When the second transmembrane 
(TM2) region is mutated, by point mutation, 
replacement, or reversal, TRPC6 is not able to 
reduce Aβ levels, indicating that the TM2 
domain is essential for TRPC6 to regulate Aβ 
production.

2.2	 �TRPC Channel Properties

2.2.1	 �Expression Pattern of TRPC 
Channels

2.2.1.1	 �Tissue Distribution
TRPC channel proteins are expressed in both 
excitable and non-excitable cells. While mRNA 
and protein of TRPC1 are widely expressed in 
mammalian tissues, those of TRPC3 and TRPC5 
are predominantly detected in the brain. A rela-
tively weak signal of TRPC3 mRNA is present in 
the ovary, colon, small intestine, lung, prostate, 
placenta, and testis [103]. TRPC5 can also be 
detected in the liver, kidney, testis, and uterus in 
much lower levels [66]. TRPC6 mRNA is 
detected in the lung and at a lower level in the 
brain, muscle, placenta, and ovary [5, 90]. TRPC7 
mRNA expression is in the heart, lung, and eye 
and moderate expression in the brain, spleen, and 
testis [65]. TRPC2 is a pseudogene in human, 
and its protein localizes to neuronal microvilli in 
rat vomeronasal organ and in the head of mouse 
sperm [33, 50, 54] (Table 2.1).

2.2.1.2	 �Expression Pattern 
During Development

During fetal development, TRPC1 is expressed at 
the highest level in the brain and at lower levels in 
the liver and kidneys. In the adult, TRPC1 is 
expressed at the highest levels in the heart, testes, 
ovary, and many regions of the brain [105]. In rat 
hippocampus, TRPC1 and TRPC3 proteins are 
detectable at postnatal day 14 and 7 [84], and 
their expression levels remain high into adult-
hood. By contrast, the peak expression of TRPC4, 
TRPC5, and TRPC6 is between postnatal days 7 
and 14 [84].
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2.2.2	 �Electrophysiological 
Properties of TRPC Channels

Interpretation of the functional data of TRPC 
channels is often difficult and complex due to a 
noisy background caused by endogenous cation-
selective, Ca2+-permeable channels regulated by 
store depletion and/or products of PLC-dependent 
pathways [67]. This has led to conflicting descrip-
tions of the pore properties of TRPC channels. 
For example, TRPC4 and TRPC5 have been 
described as either Ca2+ selective or nonselective 
between mono- and divalent cations.

2.2.2.1	 �Activation Properties of TRPC 
Channels

There are two major mechanisms proposed for 
the activation of TRPC channels, either through 
receptor-operated or store-operated Ca2+ channel 
[7]. However, the activation mechanism of mam-

malian TRPC channels remains controversial. 
The results conflict with each other when the sys-
tems are varied. TRPC homologs have been 
found to be gated by a direct interaction with ino-
sitol 1,4,5-trisphosphate (IP3) receptors, ryano-
dine receptors, or diacylglycerol [26, 38, 39, 65, 
66, 78]. But studies of Drosophila mutants lack-
ing its only IP3 receptor indicate that TRP activa-
tion is independent of Ca2+ store depletion in its 
native environment in photoreceptor cells [1, 60, 
72]. TRPC2 can function as a store-operated 
channel in transfected cells and is likely involved 
in sperm function [33, 88]. However, within its 
native environment in vomeronasal neuron, 
TRPC2 acts as a diacylglycerol-gated cation 
channel participating in the chemoelectrical 
transduction [54]. TRPC3 was used as a repre-
sentative of a store-operated Ca2+ channel (SOC) 
to study the property and machineries of SOC 
[70]. But abundant evidence has been shown that 

Table 2.1  Properties of TRPC Channels Homotetramer

Name Selectivity Conductance (pS)

Effects of 
trivalent 
cations Activation mechanism Expression

TRPC1 Non 16 La3+, Gd3+ Store operated/STIM1 Widely 
expressedMechanical stimuli

TRPC2 2.7 42 La3+, Gd3+ Store operated /STIM1, 
receptor operated

VNO, sperm, 
testis, heart, 
brain

TRPC3 1.6 23/66 La3+, Gd3+ Store operated/IP3, Brain (mainly), 
heart, placenta, 
muscle, lung, 
ovary, colon, 
prostate, small 
intestine, testis

Receptor operated,

Mechanical stimuli

TRPC4 1.05/7 41 La3+ Store operated/STIM1, 
receptor operated

Brain, testis, 
placenta, adrenal 
gland, retina 
endothelia, testis

TRPC5 9.5/1.79 63 La3+, Gd3+ 
(GTPγS)

Store operated/STIM1, 
receptor operated

Brain (mainly), 
liver, kidney, 
testis, uterus [66]La3+, Gd3+s 

(ATP)

TRPC6 5 35 La3+, Gd3+ Store operated, Lung, brain, 
muscle, placenta, 
ovary

Receptor operated

Mechanical stimuli

TRPC7 1.9/5 25-50 La3+, Gd3+s Store operated, Heart, lung, eye, 
brain, spleen, 
testis

Receptor operated

Non nonselective, s slightly, red inhibition, green activation
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TRPC3 can be activated in a receptor-operated 
way [7, 70].

Yet, there are similarities among TRPC chan-
nels, as all members are activated through path-
ways coupled to stimulation of phospholipase C 
(PLC) [90]. Consistently, PLC-deficient mutants 
also show that Drosophila TRP is gated in some 
manner downstream of PLC.  Notable findings 
are the identification of STIM1, a Ca2+ sensor of 
endoplasmic reticulum essential for SOC and 
Icrac, and Orai1 or CRACM1, functioning as 
Icrac channels or as an Icrac subunit [12, 92, 
101]. STIM1 selectively binds to TRPC1, 
TRPC2, and TRPC4, but not to TRPC3, TRPC6, 
or TRPC7, providing evidence for TRPC1, 
TRPC2, and TRPC4 being SOC [28]. It is worth 
mentioning that although the Orai and TRPC 
channels can function independently of each 
other to mediate the CRAC current [100] and 
nonselective Ca2+-permeable current, it was 
shown that all Orai channels interact with TRPC 
channels to complex with STIM1 and enhance 
TRPC channels’ store dependence [47−49]. In 
most cells, both Orai and TRPC channels appear 
to be required for SOC by affecting the activity of 
each other. Deletion of Orai1 inhibits all forms of 
Ca2+ influx in these cells. For the TRPC3/TRPC6/
TRPC7 channels, the majority of published 
results suggest that endogenous DAG, produced 
upon PLC activation, or exogenous DAG (usu-
ally oleyl acetyl glycerol, or OAG) can be the sig-
nal activating these channels [7, 70, 90]. It turned 

out that TRPC3 can function as STIM1-dependent 
SOC channel only by assembling with TRPC1. 
TRPC6 functions as STIM1-dependent channel 
only in the presence of TRPC4 [98]. Notably, in 
the absence of TRPC1 and TRPC4, activation of 
TRPC3 and TRPC6 is STIM1 independent. Since 
TRPC4 and TRPC5 channels are highly sensitive 
to protein kinase C (PKC), it is difficult to obtain 
evidence that DAG can activate TRPC.  Indeed, 
OAG inhibits the activation of TRPC4 or TRPC5, 
and this inhibition is blocked by inhibitors of 
PKC [70, 91]. The Gαi/o proteins, including 
Gαi2 and Gαi3, are proposed to be important for 
the activation of TRPC4 and TRPC5 [30, 37].

It is reported that TRPC1 can be activated 
with a latency of a few milliseconds by stretch in 
patches from Xenopus oocytes [57]. In another 
study, TRPC1 is found forming mechanosensi-
tive channels in growth cones of Xenopus spinal 
neurons [36]. Recently, it has been shown that the 
sensitivity of podocyte cells to stretch is reduced 
by TRPC6 RNAi or by the expression of podo-
cin, a protein that interacts with TRPC6 [3]. In a 
study, TRPC3 and TRPC6 are proposed to be 
essential for normal mechanotransduction in sub-
sets of sensory neurons and cochlear hair cells 
[71]. These findings suggest that some members 
of TRPC channels can be activated in response to 
mechanical stimuli.

The activation mechanism of TRPC channels 
is summarized in Fig. 2.2 and Table 2.1.

Fig. 2.2  Activation mechanisms for TRPC channels

S. Feng



17

2.2.2.2	 �Properties of TRPC Channel 
Homotetramer

TRPC1
TRPC1 has no bias of Ca2+ and Na+ selectivity. 
By performing noise analysis of the currents, the 
relation between the currents and their variances 
is roughly linear, and the slope of this relation 
indicates a single-channel amplitude of 1.1 pA at 
−70 mV.  Assuming a linear amplitude-voltage 
relation, the predicted single-channel conduc-
tance is 16 pS [105].

TRPC2
The current-voltage (I-V) relationship of the 
SAG-activated TRPC2 conductance was nearly 
linear, with a reversal potential of 1.72 ± 2.4 
mV. SAG activates a nonselective cation conduc-
tance that is permeable for Na+, Cs+, and Ca2+ but 
not for NMDG+. Under bi-ionic conditions, the 
relative permeabilities PCa/PNa and PCs/PNa 
were 2.7 ± 0.7 and 1.5 ± 0.3, respectively. SAG-
induced single-channel currents with a mean uni-
tary current amplitude of −3.3 ± 0.5 pA at a 
holding potential of −80 mV, exhibiting a nearly 
linear I-V relationship with a slope conductance 
of 42 pS in symmetrical 150 mM Na+ solution 
[54].

TRPC3
The permeability for monovalent cations is 
PNa > PCs ≈ PK >> PNMDG, and the relative 
permeability PCa/PNa is 1.62 ± 0.27. The triva-
lent cations La3+ and Gd3+are potent blockers of 
TRPC3 current (the IC50 for La3+ was 24.4 ± 0.7 
μM). The single-channel conductance of bTRPC3 
(cloned from bovine retina) activated by ATP, 
assessed by noise analysis, is 23 pS [34]. 
Stimulated by intracellular Ca2+, hTRPC3  in 
inside-out patches shows cation-selective chan-
nels with 66-pS conductance and short (<2 ms) 
mean open times [104].

TRPC4
Following GTPγS stimulation, the PCa/PNa 
value calculated using the Goldman equation for 
divalent and monovalent cations is 1.05 for 
mTRPC4 [78]. According to the constant-field 

theory, the permeability ratio PCs/PNa of 
bTRPC4 is about 0.9 at nominal extracellular 
free Ca2+. Extrapolating the ratio to higher diva-
lent ion concentrations, the lower limits for the 
relative permeabilities PCs/PNa/PCa/PBa of 
bTRPC4 is 1:1.1:7.7:12.3 [69]. In contrast to 
TRPC3, La3+ enhances mTRPC4 current [78]. 
Under symmetrical buffer conditions, the single-
channel I-V relation for mTRPC4 closely resem-
bled those for whole-cell currents, showing a 
doubly rectifying shape and a reversal potential 
close to 0 mV. The single-channel chord conduc-
tances at 260 mV are 41 ± 1 picosiemens for 
mTRPC4 [78].

TRPC5
The PCa/PNa value calculated using the Goldman 
equation for divalent and monovalent cations is 
1.79 for mTRPC5 following GTPγS stimulation. 
However, in response to ATP, on the assumption 
that activity coefficients are 0.3 for Ca2+ and 0.75 
for both Na+ and Cs+, the reversal potentials of 8 
mV in the 0Ca2+ external solution and 17 mV in 
the 10 mM Ca2+ solution lead to permeability 
ratios PCa/PNa/PCs = 14.3:1.5:1 [66]. Similar to 
TRPC4, the GTPγS-induced TRPC5 current at 
both positive and negative membrane potentials 
is potentiated by La3+ without changing the rever-
sal potential. Carbachol-induced Mn2+ entry 
through mTRPC5  in fura-2-loaded HEK cells 
was not impaired by La3+ at concentrations up to 
300 mM [78]. However, La3+, but not Gd3+, sig-
nificantly suppresses Ca2+ influx induced by ATP 
in TRPC5-transfected cells [66]. Like mTRPC4, 
the single-channel I-V relation for mTRPC5 
shows a doubly rectifying shape and a reversal 
potential close to 0 mV. The single-channel chord 
conductance at 260 mV was 63 ± 1 pS for 
mTRPC5 [78].

TRPC6
The hTRPC6 is a nonselective cation channel 
that is permeable for Ca2+, Cs+, Na+, and K+, but 
not NMDG. The relative permeabilities PCa/PNa 
and PNa/PCs are 5 and 0.7, respectively, under 
bi-ionic conditions with Cs+ as the main cation in 
the pipette. The current-voltage (I-V) relation 
reveals dual inward and outward rectification. 
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The reversal potential of the hTRPC6 current is 
−3.6 ± 0.8 mV.  In inside-out patches, single-
channel currents with a mean unitary current 
amplitude of −1.7 ± 0.1 pA are detected at a 
holding potential of −60 mV.  The hTRPC6 
exhibited a linear I-V relationship with a calcu-
lated slope conductance of 35 pS and 37.5 pS in 
symmetrical 120 mM Cs+ and in the bath solution 
with 120 mM Na+. The open probability for 
hTRPC6 is higher at positive (+60 mV) than at 
negative (−60 mV) holding potentials, and the 
mean open time is within 1 ms [26].

TRPC7
The current-voltage relationship of TRPC7 cur-
rent induced by ATP was almost linear, showing 
a slight flattening approximately between 0 and 
20 mV and outward rectification at more positive 
potentials. Divalent cations, Ca2+, Ba2+, and Mn2+, 
permeate the TRPC7 channels responsible for the 
spontaneous and ATP-enhanced inward currents. 
The calculated relative permeabilities (PCs/PNa/
PCa/PBa) are 1:1.0:1.9:3.5 for the spontaneous 
current and 1:1.1:5.9:5.0 for the ATP-enhanced 
current. In the presence of 2 mM Ca2+, further 
addition of 100 μM Gd3+ only slightly inhibits the 
currents induced by ATP [65].

2.2.2.3	 �Properties of TRPC Channel 
Heterotetramer

The combinatorial rules within the TRPC sub-
family put forward by Hofmann et al. appear to 
apply in  vivo, since the complex formed by 
TRPC1/TRPC4/TRPC5 is found in the embry-
onic brain [27, 83]. Although some ruled out het-
eromerization between distant relatives in the 
TRPC family, the nature of the heterotretramer is 
not clear so far. The evidence provided by several 
groups indicates that distant TRPC members can 
form heteromeric channels. For example, TRPC3 
can assemble with TRPC1 [51], and a TRPC3/
TRPC4 complex is able to form redox-sensitive 
channels in endothelial cells.

Moreover, TRPC heteromultimers with func-
tional properties are distinct from homodmeric 
channels. Co-expression of TRPC1 and TRPL in 
Xenopus oocytes produced a thapsigargin-
stimulated current that was not observed in 

oocytes expressing either TRPC1 or TRPL alone 
[17]. The co-expression of TRPC1 and TRPL in 
293T cells produces a novel current not present 
in either TRPC1-expressing or TRPL-expressing 
cells [97, 93]). Co-expression of TRPC1 and 
TRPC3 results in a constitutively active cation 
conductance higher than that in TRPC1 or 
TRPC3 expression [51]. Coincidently, co-
expression of TRPC1 and TRPC4 or TRPC5 
results in outwardly rectifying nonselective cat-
ion conductances [83]. Homomeric TRPC5 is 
inwardly rectifying and has a conductance of 38 
pS; TRPC1/TRPC5 is outwardly rectifying and 
displays an eightfold smaller conductance. The 
whole-cell I-V curve of the TRPC1/TRPC5 cur-
rent is not changed upon removal of intra- and 
extracellular Mg2+, indicating that the rectifica-
tion mechanisms in TRPC1/TRPC5 may be dif-
ferent from TRPC5 homomers. The recombinant 
TRPC1/TRPC5 channel is activated by 
Gq-coupled receptors, and its activity is indepen-
dent of calcium store depletion, which supports 
the hypothesis that TRPC heteromers form 
receptor-modulated currents in the mammalian 
brain. Moreover, biochemical analyses have 
identified TRPC1, TRPC4, and TRPC5 hetero-
multimers in rat embryonic brains, which form 
channels with novel conductances when 
expressed in vitro [83].

Together, heteromerization of TRPCs can 
form channels that have unique properties not 
exhibited by homomeric TRPC channels. Such a 
mechanism of homo- and heteromultimeric chan-
nel formation should create an incredible diver-
sity of channels with an array of distinct 
biophysical properties and biological functions.

2.3	 �Prospectives

More efforts are required on structure analysis 
and in vivo study to have a better understanding 
of the TRPC channels. The good news is that 
there is great progress made by cryo-EM. 
Therefore, determining the structures of TRPCs 
is more than promising.

Though lots of efforts have been made to fig-
ure out the properties of TRPC channels, conflict 
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results obtained from varied systems make the 
whole field confusing. Many reasons can be 
listed to explain the contradiction. Firstly, due to 
various splice variants of TRPC homologs, it is 
possible that the expressed TRPC homolog may 
differ from that utilized to make the native chan-
nel. Each cell line has its own preference of pro-
tein expression, and even the same cell line 
cultured in various labs or by different people 
may have its unique expression profile. Secondly, 
it is not the exogenously expressed TRPC chan-
nels but the endogenous regulatory proteins that 
cause the difference. Thirdly, even when channel 
activities detected by electrophysiology are not 
present in the control cells, it does not necessarily 
imply that the activity belongs to the exogenously 
expressed protein. Fourthly, characterization of 
TRPC channels relies on “transient” overexpres-
sion or downregulation TRPC proteins. However, 
the “transient” time is enough to change the 
expression of numerous endogenous proteins or 
the activation of endogenous channels in response 
to the overexpression protein. In addition, for 
TRPCs, the universal expressed channels which 
have relatively small current amplitudes, it is 
hard to tell how much contribution belongs to 
these endogenous channels. Generating good 
antibody, especially functional antibody, and 
screening specific agonists and inhibitors, along 
with determining the structures, may be helpful 
for resolving the differences.
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TRPC Channel Downstream 
Signaling Cascades

Zhuohao He

Abstract

The family of TRP channel is comprised of a large group of cation-
permeable channels, displaying as signaling integrators for sensing extra-
cellular stimulus and initiating intracellular signaling cascades. This 
chapter offers a brief review of the signaling molecules related to TRPC 
channels, the first identified mammalian TRP family. Besides the signal-
ing molecules involved in TRPC activation, I will focus on their upstream 
and downstream signaling cascades and the molecules involved in their 
intracellular trafficking.
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TRP, a large family of membrane channels with 
the common structure of six transmembrane seg-
ments and two cytoplasmic terminals, was first 
identified and cloned in Drosophila [37] and later 
found to be evolutionarily conserved with diverse 
functions in a wide range of metazoan organisms 
[22, 32, 57–60]. They have attracted more atten-
tions for their important roles in neuronal devel-

opment; sensory functions such as sensing 
temperature, touch, pain, osmolarity, phero-
mones, taste, and other stimulus; cardiovascular 
functions; and even in tumor cell proliferation. 
Their diverse functions are probably due to their 
central roles in the cellular signaling transduc-
tion, associating both extracellular and intracel-
lular signaling cascades. I will take TRPC 
channels as the examples to review their integrat-
ing roles for both extracellular signal sensors and 
intracellular signaling initiators. The following 
parts will first give a brief review about the two 
common signaling cascades directly involved in 
TRPC channel activation and then offer a review 
of the related signaling cascades for each TRPC 
subfamily member, respectively.
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3.1	 �Common Signaling Cascade 
Involved in TRPC Activation

Generally, there are two major mechanisms 
involved in TRPC activation. They are receptor-
operated calcium entry (ROCE) and store-
operated calcium entry (SOCE). In ROCE, G 
protein-coupled receptors (GPCR) and receptor 
tyrosine kinase (RTK) are responsible for TRPC 
activation. In the presence of environmental stim-
uli, i.e., ligands/agonists, these receptors will be 
activated and subsequently recruit phospholipase 
C (PLCβ/γ) to hydrolyze phosphatidylinositol 
4,5-bisphosphate (PIP2) to produce diacylglyc-
erol (DAG) and inositol 1,4,5-trisphosphate 
(IP3). DAG can directly interact with TRPC 
channels, leading to its activation. The produced 
IP3 would bind to IP3 receptor (IP3R) located in 
endoplasmic reticulum (ER), releasing intracel-
lular calcium and subsequently triggering extra-
cellular calcium influx through TRPC channels, 
the process of which is called SOCE [11].

3.2	 �Diverse Signaling Cascades 
of TRPC Channels

TRPC channel family has several subgroups: 
TRPC1, TRPC4 and TRPC5, TRPC3 and TRPC6, 
and TRPC7. The different channel-related signal-
ing cascades in the order of different subgroups 
are summarized in Table 3.1 and will be discussed 
in details in the following sessions.

3.2.1	 �TRPC1

Growth factors are important for the activation of 
TRPC1 channels. It has been reported that TRPC1 
mediates bFGF-induced Ca2+ entry and the conse-
quent proliferation in embryonic rat neural stem 
cells (NSCs). The expression of both TRPC1 and 
FGFR-1 is found in the embryonic rat telencepha-
lon. Knocking down TRPC1 decreases bFGF-
induced Ca2+ entry, the proliferation of NSC 
progeny, and an inward cation current evoked by 
bFGF in proliferating NSCs without affecting the 
release of Ca2+ from intracellular stores or 

1-oleoyl-2-acetyl-sn-glycerol-induced Ca2+ entry 
[43]. Netrin-1, brain-derived neurotrophic factor 
(BDNF), and myelin-associated glycoprotein 
have been also reported to activate TRPC1 in the 
process of neuronal growth cone turning. 
XTRPC1, the Xenopus homolog of mammalian 
TRPC1, are required for proper growth cone turn-
ing for Xenopus spinal neurons in responses to 
microscopic gradients of netrin-1, brain-derived 
neurotrophic factor, and myelin-associated glyco-
protein, but not to semaphorin 3A [47]. The 
TRPC1 channel opening associated with cis/trans 
isomerization is regulated by FK506-binding pro-
teins (FKBP)12 and 52. But these two signaling 
molecules, respectively, mediate distinct func-
tional signaling pathways. KFBP52 mediates 
TRPC1 gating through isomerization, the signal-
ing of which is required for axonal growth cone 
chemotropic turning in response to netrin-1, 
myelin-associated glycoprotein, and netrin-1 and 
its receptor DCC-dependent midline axon guid-
ance of commissural interneurons in the develop-
ing spinal cord. On the other hand, FKBP12 
mediates spontaneous opening of TRPC1 through 
isomerization and is not required for growth cone 
in responses to netrin-1 [48].

TRPC1 is also expressed in perisynaptic 
regions of the cerebellar parallel fiber–Purkinje 
cells and physically associated with group I 
metabotropic glutamate receptors (mGluR1). 
The mGluR1-evoked slow excitatory postsynap-
tic current (EPSC) is mediated by TRPC1. 
Interfering TRPC1 blocks the mGluR1-evoked 
slow EPSC in Purkinje cells (Kim, [23]). In non-
nerve systems, TRPC1 acts synergistically with 
vascular endothelial growth factor A (VEGF-a) 
in controlling intersegmental vessel (ISV) growth 
in zebrafish larvae and appears as the downstream 
to VEGF-a in controlling angiogenesis. The Ca2+ 
influx through TRPC1 in response to VEGF-a is 
important for the phosphorylation of extracellu-
lar signal-regulated kinase (Erk) [65].

TRPC1 also interacts with a wide range of 
scaffolding and trafficking proteins. The interac-
tion between TRPC1 and IP3R is mediated by 
RhoA in endothelial cells [33] and by Homer1 in 
HEK293 cells [25]. Additionally, RhoA [33], 
Cav-1 [1, 6, 29], and β-tubulin [5] affect the  
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surface expression of TRPC1. Cav-1 and RhoA 
mediate TRPC1 localization in lipid raft domains 
where TRPC1 channels are assembled and acti-
vated in response to store depletion [42].

3.2.2	 �TRPC4 and TRPC5

The amino acid sequences of TRPC4 and TRPC5 
are highly similar, with 65% identity and only 
diverge in the last 220 amino acids. These two 

subunits usually coexist in the same 
heterotetramers and function similarly. TRPC5 
channels could sense extracellular neurotrophic 
factors such as NT-3 by physically interacting 
with NT-3 receptor tyrosine receptor kinase C 
(TrkC). When NT-3 binds to TrkC, whereby 
PLCγ is recruited to activate TRPC5  in ROCE 
pathway, the resulted calcium influx through 
TRPC5 channel specifically activates CaMKIIα, 
which inhibits dendritic development in primary 
rat hippocampal neurons [17].

Table 3.1  Summary of molecular signaling associated with TRPC channels

Name Upstream signaling Downstream signaling Modulators

TRPC1 bFGF [43] Erk [65] FKBP12, FKBP52 [47]

Netrin-1, BDNF, and 
myelin-associated 
glycoprotein [47]

Rho A [33, 42]

Homer1 [25]

Cav-1 [1, 6, 29, 42]
mGluR1 [23]

VEGF-α [65] β-tubulin [5]

TRPC4/5 NT3-TrkC [17] CaMKIIα [17] Protein 4.1 [10]

Leptin [44, 45] Rac1 [54] SESTD1 [35]

NHERF, ZO1 [39, 53]NO [64]

Thioredoxin [62] Fyn [40]

Caveolae [56]

Stathmin-2, SNARE [16]

Dynamin, clathrin, and MxA [15]

PI3K, PIP5K [4]

NCS-1 [19]

TRPC3/6 BDNF [20] CREB, Erk [20] VAMP2 [49]

NT4 [17] CaMKIV, CREB [17, 51, 68] RACK1, IP3R, Orai1 [2, 59]

PDGF [14] Rab9, Rab11 [8]

PI3K, PTEN [24, 36]

MxA [30]

Syntaxin [3]

Clathrin, dynamin [15]UTP [46] CDK1, Cdc25c [14, 46]

Hypoxia [26]

TGF-β and Ang II [12] HIF-1α, α-ketoglutarate, 
PHD, GLUT1 [26]

Calcineurin-NFAT [12, 41]

Rho A [54]

TRPC7 PRKG1α [67]

CaM, IP3R, PIP2 [21, 34, 49, 66]

TRPC2 RTP1 [31]

STIM1 [18]

CaM [52, 63]

Anoctamin 1 [13] Enkurin [50]
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Other molecules, for example, leptin, can acti-
vate TRPC4 and TRPC5, in hypothalamic proo-
piomelanocortin (POMC) neurons and kisspeptin 
neurons [44, 45]. TRPC4 and TRPC5 channels 
also sense nitric oxide (NO) directly through the 
nitrosylation at Cys553 and nearby Cys558 sites 
on the N-terminal side of pore-forming region. In 
endothelial cells, nitrosylation of native TRPC5 
upon G protein-coupled ATP receptor stimulation 
elicits entry of Ca2+ [64]. TRPC5 homomulti-
meric and TRPC5–TRPC1 heteromultimeric 
channels could be activated by extracellular 
reduced thioredoxin, which acts by breaking a 
disulfide bridge in the predicted extracellular 
loop adjacent to the ion-selectivity filter of 
TRPC5 [62].

The calcium influx through TRPC5 could reg-
ulate actin remodeling and cell motility in fibro-
blasts and kidney podocytes. It has been shown 
that TRPC5 is in a molecular complex with Rac1 
and TRPC5-mediated Ca2+ influx induces Rac1 
activation, thereby promoting cell migration [54]. 
It is interesting to notice that Rac1 could also 
promote dendritic development in neurons [38, 
55], whereas the Ca2+ signaling through TRPC5 
also inhibited dendritic development in cultured 
rat hippocampal neurons [17]. The different con-
sequential results through the similar signaling 
pathways in different cell types indicate that 
TRPC channels would assemble with different 
signaling molecules into distinct micro-signaling 
modules, leading to different effects within dif-
ferent cellular contents.

TRPC4/5 channel activity and trafficking can 
be regulated by different molecules. Protein 4.1 
functionally links TRPC4 to the actin cytoskele-
ton and spectrin in endothelial cells [10]. SESTD1 
associates with both TRPC4 and TRPC5 via the 
CIRB domain and functions to couple TRPC 
channel activity to lipid signaling [35]. Signaling 
proteins involved in interactions with TRPC4/5 
also include the PDZ-domain proteins NHERF 
and ZO1 via the “VTTRL” sequence in the 
C-terminus of TRPC4/5 and PLC [39, 53] and 
Fyn [40]. The dynamic interplay between tyro-
sine kinases, TRPC4/5 and NHERF, regulates cell 
surface expression and activation of these chan-
nels. TRPC4 also associates with the caveolae in 

the region where growth factor receptor signaling 
proteins and NHERF-binding proteins, such as 
ezrin, are localized [56]. It has been proposed 
that the interaction with NHERF and Z01 pro-
vides a scaffold to position the channel in the api-
cal or lateral regions of polarized cells, such as 
endothelial cells. The trafficking of TRPC5 to 
specific sites in the hippocampal neurons is regu-
lated by its interaction with the stathmin-2, 
SNARE proteins, and other trafficking proteins, 
such as dynamin, clathrin, and MxA [15, 16]. 
Insertion of TRPC5 into the plasma membrane 
requires phosphatidylinositide 3-kinase (PI3K), 
Rac1, and phosphatidylinositol 4-phosphate 
5-kinase (PIP5K) [4]. Moreover, the neuronal cal-
cium sensor-1 (NCS-1) binds to the C-terminus of 
TRPC5 [19] and is involved in retardation of neu-
rite outgrowth by TRPC5 homomeric channels [4].

3.2.3	 �TRPC3 and TRPC6

TRPC3 and TRPC6 are the most studied TRPC 
family members, and different signaling cascades 
have been identified in their activation, down-
stream signaling, and trafficking. In the central 
nerve system, BDNF can activate TRPC3 and 6. 
In cerebellar granule neuron (CGN) cultures, 
blocking or downregulating TRPC3/6 channel 
proteins decreases BDNF-triggered intracellular 
Ca2+ elevation. The Ca2+ influx through TRPC3/6 
is important for the activation of Erk and cAMP 
response element-binding protein (CREB), pro-
moting CGN survival [20]. Additionally, NT-4 
can also activate TRPC6 channels [17]. The Ca2+ 
influx through TRPC6 specifically activates 
CaMKIV-CREB signaling pathway, which is 
critical for TRPC6 effects on dendritic develop-
ment [17, 51] and synaptogenesis [68].

TRPC3/6 channels also mediate important 
signaling cascades in non-nerve systems. In gli-
oma cells, inhibition of TRPC6 activity attenu-
ates the increase in intracellular Ca2+ induced by 
platelet-derived growth factor (PDGF). The Ca2+ 
influx through TRPC6 is important for glioma 
cell growth and clonogenic ability. Through 
regulating cyclin-dependent kinase 1 and cell 
division cycle 25 homolog C expression, such 
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signaling pathway helps glioma cells quickly 
bypass the cell cycle checkpoint in G2/M phase 
and reduces their sensitivity to ionizing radiation 
[14]. This signaling cascade is not specific for 
glioma cells, as TRPC6 also initiates the similar 
signaling pathway in esophageal cancer cells 
[46]. Moreover, TRPC6 could respond to hypoxia 
by the IGF-1R-PLCγ-IP3R signaling pathway 
and mediate intracellular Ca2+ elevation during 
hypoxia in glioma cells. TRPC6 promotes 
HIF-1α hydroxylation to inhibit HIF-1α accumu-
lation. Inhibition of TRPC6 increases 
α-ketoglutarate levels and promotes PHD activi-
ties, leading to HIF-1α degradation. Furthermore, 
TRPC6 regulates GLUT1 expression, so as to 
affect glucose uptake during hypoxia, indicating 
the involvement of TRPC6-related signaling cas-
cades in controlling glucose metabolism [26].

In the cultured cardiomyocytes cells, the acti-
vation of nuclear factor of activated T cells 
(NFAT) and cardiomyocyte hypertrophy requires 
the Ca2+ influx through TRPC3 and TRPC6. The 
activation of angiotensin (Ang) II receptors could 
activate PLC, producing DAG, which directly 
activates TRPC3 and TRPC6, the resulting cation 
(Na+ and Ca2+) influx changes the membrane 
potential to positive, leading to the further activa-
tion of voltage-gated Ca2+ channels (VGCC). The 
Ca2+ influx through VGCC activates calcineurin-
NFAT pathway, to trigger the hypertrophic 
responses in cardiomyocytes [41].

TRPC6 also senses transforming growth fac-
tor β (TGF-β) and angiotensin II in the process of 
myofibroblast transdifferentiation. Knocking out 
TRPC6  in mice impairs dermal and cardiac 
wound healing after injury. The profibrotic 
ligands TGF-β and angiotensin II induce TRPC6 
expression through p38 mitogen-activated pro-
tein kinase (MAPK)/serum response factor (SRF) 
signaling. Once induced, TRPC6 activates the 
Ca2+-responsive protein phosphatase calcineurin, 
which itself induces myofibroblast transdifferen-
tiation. Moreover, inhibition of calcineurin pre-
vents TRPC6-dependent transdifferentiation and 
dermal wound healing [12].

Unlike TRPC5, the Ca2+ influx through 
TRPC6 shows opposite regulations on actin 
remodeling and cell motility in fibroblasts and 

kidney podocytes. TRPC6 is in a molecular com-
plex with RhoA, and the Ca2+ influx through 
TRPC6 increases RhoA activity and inhibits 
fibroblast cell migration [54]. Thus the Ca2+ 
influx through TRPC6 channels in different cell 
types functions differently, probably due to dif-
ferent signaling partners.

Diverse signaling pathways are involved in 
regulating the surface localization of TRPC3 and 
TRPC6. The cell surface expression of TRPC3 is 
regulated by VAMP2-mediated fusion of TRPC3-
containing intracellular vesicles with the plasma 
membrane. Expression of TRPC3 in the plasma 
membrane is increased following stimulation 
with carbachol (CCh), and this increase is abol-
ished by treatment with tetanus toxin, which 
inhibits VAMP2 activity [49]. The receptor for 
activated C-kinase-1 (RACK1) interacts with the 
TRPC3 channel and regulates its plasma mem-
brane localization and activation. The interac-
tions of TRPC3 with IP3R, Orai1, and RACK1 
are important for CCh-induced intracellular cal-
cium elevation and the increase of surface TRPC3 
expression [2, 59]. It is regarded that actin cyto-
skeleton affects TRPC3 localization and func-
tion. Enhancing or stabilizing cortical actin layer, 
via the treatment with jasplakinolide or calyculin 
A, promotes the internalization of TRPC3 signal-
ing complex and inhibits TRPC3 function [28].

Surface expression of TRPC6 is enhanced fol-
lowing cell stimulation by muscarinic receptor 
agonists or passive depletion of the ER-Ca2+ 
stores by thapsigargin [9]. The GTPases, Rab9 
and Rab11, regulate the intracellular trafficking 
of TRPC6  in HeLa cells [8]. In cells cotrans-
fected with Rab9, TRPC6 is partially co-localized 
in the Rab9-containing vesicles. However, when 
Rab11 is overexpressed, TRPC6 is predomi-
nantly presented at the cell periphery. The sur-
face expression and the channel activity of 
TRPC6 are increased following the expression of 
a dominant-negative mutant of Rab9 (S21 N) and 
Rab11, whereas the channel activity is decreased 
when dominant-negative mutant of Rab11 
(S25N) was expressed. Together, the intracellular 
trafficking of TRPC6 is through early endosomes 
and late endosomes, where the channel protein 
interacts with Rab9-containing vesicles and is 
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translocated to the plasma membrane via Rab11-
containing vesicles [8]. PI3K and PTEN are also 
reported to regulate the trafficking and activation 
of TRPC6 channels. PTEN-dependent inhibition 
of PI3K reduces the translocation of TRPC6 to 
the plasma membrane and consequently 
decreases TRPC6-mediated Ca2+ influx in T6.11 
cells [24, 36]. Other proteins also interact with 
TRPC6 and regulate its trafficking, such as MxA 
[30], syntaxin [3], clathrin, and dynamin [15].

3.2.4	 �TRPC2

The human Trpc2 is a pseudogene, but in other 
mammals, TRPC2 protein forms functional chan-
nels in the vomeronasal organ, testis, spleen, and 
liver. TRPC2 forms a signaling complex with the 
receptor-transporting protein 1 (RTP1), Homer1, 
and IP3R in the vomeronasal organ. In cells 
cotransfected with RTP1, the surface expression 
of TRPC2, as well as the channel activity, is 
increased compared to cells expressing TRPC2 
alone [31]. Other signaling proteins that interact 
with TRPC2 include STIM1 [18] and CaM [52, 
63]. TRPC2 co-localizes with anoctamin 1 in the 
vomeronasal epithelium [13] and interacts with 
enkurin in sperm [50].

3.2.5	 �TRPC7

TRPC7 is probably the least studied TRPC chan-
nel. The mechanisms of activation regulation, 
trafficking, and localization are largely unknown. 
The function of TRPC7 has been reported to be 
modulated by cGMP-dependent protein kinase 
1α (PRKG1α) [67], CaM, IP3R, and PIP2 [21, 34, 
49, 66].

3.3	 �Perspectives

There are different signaling molecules involved 
in TRPC channel activation, trafficking, subcel-
lular localization, and downstream cascades, 
enabling their diverse functions in different sys-
tems and cells. To better understand their biology 

and identify potential targets for TRP-related dis-
eases, it is important to identify the specific sig-
naling cascades related to specific TRP channels 
in different systems. However, the lack of good 
research tools, such as validated good antibodies 
and specific agonists/antagonists for each spe-
cific TRP channels, impedes the fast develop-
ment of this field. Some exciting progresses have 
been made, for example, the detailed structure 
information of TRP channels has been revealed 
[7, 27], which will greatly benefit the design and 
production of more useful antibodies as well as 
more specific pharmacological agonists/antago-
nists. These in turn will accelerate the study of 
TRP channels and the discoveries of more related 
signaling cascades.
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Abstract

This chapter offers a brief introduction of the functions of TRPC channels 
in non-neuronal systems. We focus on three major organs of which the 
research on TRPC channels have been most focused on: kidney, heart, and 
lung. The chapter highlights on cellular functions and signaling pathways 
mediated by TRPC channels. It also summarizes several inherited diseases 
in humans that are related to or caused by TRPC channel mutations and 
malfunction. A better understanding of TRPC channels functions and the 
importance of TRPC channels in health and disease should lead to new 
insights and discovery of new therapeutic approaches for intractable 
disease.
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With the fact that TRPC channels are universally 
expressed in most of the major organs, it is not 
surprising that they contribute to normal develop-
ment, and their malfunction leads to diseases of 
these organs. We will discuss in depth the physi-
ological and pathological functions of TRPC 
channels in nervous system in the following  

chapters. In this chapter, we will give a general 
introduction of the roles of TRPC channels in the 
kidney, cardiovascular system, and lung, the three 
major organs that the functions of TRPC channels 
have been most extensively studied in the past 
decades.
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4.1	 �TRPCs in Kidney Health 
and Disease

The key function of the kidney is to filter the 
plasma to dispose metabolic end products, excess 
electrolytes, and water. It is accomplished by a 
structure called glomerulus or renal corpuscle. 
The glomerulus is the functional blood filtration 
unit and is the first component involved in regu-
lating the composition of urine. Disruption of the 
glomerular filtration barrier is a common out-
come of many kidney diseases, including focal 
segmental glomerulosclerosis (FSGS), diabetic 
nephropathy, and lupus nephritis [1]. Proteinuria 
is a hallmark of dysfunction of glomerular filtra-
tion barrier [2]. Persistent dysfunction leads to 
progressive renal failure and needs for dialysis or 
kidney transplantation.

The basic unit of the glomerulus tuft is a sin-
gle capillary with the glomerular basement mem-
brane (GBM) as primary structure scaffold. 
Endothelial and mesangial cells providing capil-
lary support are located inside GBM, whereas 
podocytes are attached to the outside the 
GBM. There are thus four major cell types in the 
glomerulus: endothelial cells, mesangial cells, 
parietal epithelial cells of Bowman’s capsule, and 
podocytes. The expression of TRPC channels has 
been found mostly in mesangial cells and podo-
cytes in the glomerulus. Several lines of evidence 
show that TRPC1, TRPC3, TRPC4, TRPC5, and 
TRPC6 were all expressed in the kidney [3–8]. 
TRPC1 is exclusively expressed in mesangial 
cells, whereas TRPC3 and TRPC6 have broader 
expressions. TRPC3 and TRPC6 are confined to 
podocytes and mesangial cells. They are also 
expressed in the collecting duct which connects 
the nephrons to the ureter. In the following part of 
this chapter, we will provide an overview of the 
current knowledge of TRPC channels on mesan-
gial cells and podocytes and functions of TRPC 
channels in the collecting duct which plays an 
important role in reabsorption and excretion.

4.1.1	 �TRPCs in Mesangial Cells

Mesangial cells are specialized cells around 
blood vessels in glomerulus. Major functions of 
mesangial cells are to remove trapped residues 
and aggregated protein from the GBM, thus 
keeping the filter free of debris. They are contrac-
tile cells that regulate filtration rate by altering 
surface area of the capillaries. Ca2+ influx across 
the plasma membrane is critical for mesangial 
cell contraction in response to vasoactive pep-
tides. Altered responses of mesangial cells to 
vasoactive peptides is one of the major causes 
that leads to various renal diseases, such as dia-
betic nephropathy [9]. Several types of Ca2+ 
channels are involved in this physiological pro-
cess. These channels include voltage-gated Ca2+ 
channels, receptor-operated Ca2+ channels, and 
store-operated Ca2+ channels [10–14]. Both 
TRPC1 and TRPC4 are key components of store-
operated Ca2+ channels in mesangial cells [5]. 
TRPC1 contributes to contractile function of 
mesangial cells by mediating vasoconstrictor-
stimulated Ca2+ responses, whereas TRPC4 is 
activated by store depletion. In high glucose-
treated cultured mesangial cells, an in vitro model 
for diabetes, TRPC6 expression is reduced. 
TRPC6 knockdown in high glucose-treated 
mesangial cells shows reduced Ca2+ entry in 
response to angiotensin II, suggesting that defi-
ciency of TRPC6 might contribute to the impaired 
Ca2+ signaling of mesangial cells seen in diabetes 
[7, 15, 16].

Mesangial cell proliferation and apoptosis are 
involved in the maintenance of glomerular integ-
rity. Perturbation of glomerular integrity provides 
pathophysiological mechanisms that underlie 
kidney disease. Mesangial cell excessive prolif-
eration and extracellular deposition is a patho-
logical condition commonly found in chronic 
kidney diseases. Mesangial cell apoptosis con-
tributes to the resolution of glomerulosclerosis 
[17]; however, it is associated with proteinuria 
and hypertension in diabetic nephropathy [18]. 
TRPC6 activation has been shown to be involved 
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in inhibiting proliferation and triggering apop-
totic cell death in primary neonatal pig mesangial 
cells. It is achieved by induction of calcineurin/
NFAT, FasL/Fas, and caspase signaling cascade 
[19]. Interestingly, angiotensin II, which can 
stimulate mesangial cell proliferation, affects 
TRPC6 protein level and distribution [20]. 
Nevertheless, whether angiotensin II-stimulated 
mesangial cell proliferation is mediated by Ca2+ 
influx through TRPC6 needs to be further 
validated.

4.1.2	 �TRPCs in Podocyte

Podocytes are pericyte-like cells with a complex 
cellular organization consisting of a cell body, 
major processes, and foot processes. Their foot 
processes elaborate into a characteristic pattern 
with foot processes of neighboring podocytes, 
forming in between the filtration slits. Podocyte 
foot processes play a major role in establishing 
the selective permeability of the glomerular fil-
tration barrier [21]. Therefore, podocyte injury is 
associated with marked albuminuria [22].

Disruption of Ca2+ signaling and homeostasis 
were postulated as early events in podocyte 
injury. Since TRPC6 mutations are found in 
patients with FSGS, the molecular mechanisms 
involving TRPC channels have been studied 
extensively in podocyte biology [13]. Within 
podocytes, TRPC6 appears to localize in both 
major processes and foot processes, and at least 
some TRPC6 colocalizes to the slit diaphragm 
(SD), suggesting that it is the abnormal function 
of TRPC6 within the podocyte that ultimately 
leads to disease in families with FSGS-associated 
TRPC6 mutations [12]. Mounting evidences 
have been shown that proteinuria and podocyte 
foot processes effacement are mediated by rear-
rangement of the actin cytoskeleton [23]. 
Recently, angiotensin receptor-activated TRPC5 
and TRPC6 channels have been shown as antago-
nistic regulators of actin dynamics and cell motil-
ity through the regulation of Rac1 and RhoA, 
respectively [24, 25]. The later study shows that 
inhibition of TRPC6 results in the loss of stress 
fibers, Rac1 activation, and increased mobility. 

On the contrary, inhibition of TRPC5 leads to 
enhanced stress fiber formation, RhoA activation, 
and decreased motility. Thus, there are two dis-
tinct signaling microdomains emerged in podo-
cytes, one with the TRPC5 which specifically 
interacts with and activates Rac1 and the other 
with TRPC6 specifically interacts with and acti-
vates RhoA.  Consistent with previous studies, 
CsA restores synaptopodin expression in TRPC6-
depleted cells, whereas synaptopodin expression 
is preserved in TRPC5-depleted podocytes [6, 
26].

Transgenic mice overexpressing wild-type 
TRPC6 and TRPC6 gain-of-function mutants 
develop albuminuria and FSGS-type lesions [27]. 
In keeping with this, TRPC6 knockout mice are 
protected from the proteinuria effects of angio-
tensin II [28]. In the light of the antagonistic 
effects of TRPC5 and TRPC6 on podocyte actin 
dynamics, one would assume that they might 
have opposite effect in the biology of proteinuria 
development. Surprisingly, a recent study has 
shown that depletion of TRPC5 or pharmacologi-
cal inhibition of TRPC5 protects mice from pro-
teinuria [6]. One possible explanation is that the 
motility of the foot processes needs to be 
increased fast enough in response to environmen-
tal changes but also to be stable enough in the 
stationary state. Breaking the balance in either 
direction will lead to leakage of the filter.

4.1.3	 �TRPCs in Collecting Duct

The collecting duct of the kidney connects the 
nephron to the ureter. It plays a role in electrolyte 
and fluid balance through reabsorption and secre-
tion. Both TRPC3 and TRPC6 are expressed in 
the principle cells of the collecting duct [8, 10]. 
TRPC3 is primarily localized to the apical mem-
brane, whereas TRPC6 is found in both apical 
and basolateral domains. Diffuse TRPC3 and 
TRPC6 are also found in cytoplasm, presumably 
localized to intracellular vesicles. Arginine-
vasopressin (AVP), which is an antidiuretic hor-
mone that controls water homeostasis and urine 
concentration by controlling water reabsorption 
in the collecting duct, can selectively translocate 
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TRPC3, but not TRPC6, to the apical membrane 
[29]. Furthermore, AVP-induced increase of 
intracellular Ca2+ is attenuated by expressing a 
dominant-negative TRPC3. These results suggest 
that TRPC3 targeting to the apical membrane in 
collecting duct principle cells can contribute to 
the AVP-induced Ca2+ reabsorption in this region 
of nephron [29].

4.2	 �TRPCs in Heart 
and Vasculature

Like in other tissues, Ca2+ plays an important role 
in maintaining the physiological functions of car-
diovascular system, such as cardiac contractility, 
hemodynamic stretch, dilatation, and repair. 
TRPC channels, which are ubiquitously 
expressed in almost all cell types in heart and 
vasculature, work with other membrane receptors 
and ion channels to regulate intracellular calcium 
concentration spatiotemporally. Dysfunctions of 
TRPC channels are involved in many types of 
cardiovascular diseases; therefore, TRPC chan-
nels have been proposed as therapeutic targets for 
drug development [30, 31].

4.2.1	 �TRPCs in Heart

TRPC channels are localized to the peripheral 
plasma membrane in cardiomyocytes. It is 
reported that the expression and activation of 
TRPC channels are both increased during cardiac 
hypertrophy and heart failure. In cultured cardio-
myocytes and in  vivo models, the hypertrophic 
factors, such as endothelin-1 (ET-1), angiotensin 
II (Ang II), or pressure overload, increase the 
expression of TRPC1 [32, 33] and TRPC3 [34]. 
In animal models, upregulation of TRPC1 and 
TRPC7 is observed in myocardium of Dahl salt-
sensitive hypertensive rats [33, 35]. In human 
patients, the expression of TRPC6 is increased in 
cardiac hypertrophy and heart failure [36], and 
TRPC5 is found to be increased in human failing 
heart samples [34]. Cardiac hypertrophy is a 
thickening of myocardium which results from 
several pathological conditions, such as hyper-

tension, excess neurohormones, valvular abnor-
malities, and myocardial infarction remodeling. 
Dysregulation of Ca2+ is one of the mechanisms 
proposed to be involved in formation of cardiac 
hypertrophy. The substantial and low increased 
of [Ca2+]i elicited by SOCE or ROCE activates 
calcineurin, a calcium and calmodulin-dependent 
serine/threonine protein phosphatase, which 
dephosphorylates nuclear factor of activated T 
cell (NFAT). Subsequently, activated NFAT 
translocates into nucleus and induces the tran-
scription of several hypertrophic genes [37]. 
Recent studies suggest that TRPC channels are 
responsible for the substantial and low increased 
of [Ca2+]i elicited by SOCE or ROCE in cardio-
myocyte and contribute to cardiac hypertrophy 
through Calcineurin-NFAT pathway [38].

In hypertrophied myocytes, the expression of 
TRPC1 and [Ca2+]i induced by SOCE are both 
significantly increased compared to normal myo-
cytes [33]. Overexpression of TRPC1 in cultured 
cardiomyocytes elevates [Ca2+]i elicited by SOCE 
and activates calcineurin/NFAT pathway [33]. 
Trpc1 gene silencing inhibits NFAT activation 
and 5-HT2A receptor-mediated hypertrophic 
response induced by ET-1 and Ang II [39]. 
Moreover, TRPC1−/− mice was protected from 
cardiac hypertrophy and maintained preserved 
cardiac function after hemodynamic stress and 
excess neurohormone insults [32]. In contrast, 
transgenic mice with cardiomyocyte-specific 
expression of TRPC3 or TRPC6 show enhanced 
calcineurin/NFAT signaling and are more sensi-
tive to pressure overload or agonist-induced car-
diac hypertrophy [36, 40]. Additionally, the 
hypertrophic phenotype in TRPC3 transgenic 
mice was abolished by deletion of the calcineurin 
A gene, which further supports the idea that the 
hypertrophic effect of TRPC channels is associ-
ated with enhanced calcineurin/NFAT signaling 
[41]. Interestingly, it is found that NFAT also 
increases the expression of TRPC1, TRPC3, and 
TRPC6 to form a positive feedback loop, which 
is proposed to be involved in the development of 
cardiac hypertrophy [33, 34, 36]. Transgenic 
mice with a dominant-negative form of TRPC3 
or TRPC6 show attenuated hypertrophic response 
after pressure overload or neurohormone stimu-
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lations [38]. Consistently, a new report shows 
that phenylephrine (PE) that caused pathologic 
cardiac hypertrophy in wild-type mice was 
prevented by deletion of TPRC3 gene [42]. In 
addition, deletion of trpc6gene prevents stress-
induced exaggerated cardiac remodeling in 
Klotho-deficient mice [43]. Moreover, TRPC3/
TRPC6 antagonists (GSK2332255B and 
GSK2833503A) block cell hypertrophy in neo-
natal and adult cardiac myocytes following ET-1 
or Ang II stimulation in a dose-dependent man-
ner [44], and TRPC3-selective inhibitor Ryr3 
attenuates cardiac hypertrophy in mice subjected 
to pressure overload [45]. The N-terminal frag-
ment of TRPC4, which disturbs the functions of 
TRPC4 homomeric and TRPC4/TRPC5 hetero-
meric channels, protects the mice from hypertro-
phic stimulations [38, 46]. All these findings 
raise the possibility that TRPC channels might 
serve as therapeutic targets to prevent cardiac 
hypertrophy.

Over time, hypertrophic heart eventually ends 
up with heart failure. Though the transition from 
cardiac hypertrophy to heart failure is not clear, 
myocardial apoptosis is proposed to be an impor-
tant step in between. Intracellular Ca2+ overload 
induces apoptosis in many cell types. It is 
reported that overexpression of TRPC3 increases 
apoptosis in adult mouse cardiomyocytes sub-
jected to ischemia-reperfusion [47], which sug-
gests that TRPC3 may be involved in heart 
failure. Besides TRPC3, TRPC7 acts as a G 
protein-activated Ca2+ channel mediating Ang 
II-induced myocardial apoptosis [35]. The 
expression level of TRPC7 and cell apoptosis 
increased simultaneously in the failing myocar-
dium of Dahl salt-sensitive hypertension rats, and 
temocapril, an angiotensin-converting enzyme 
inhibitor, suppressed both [35]. Inconsistent with 
previous reports, TRPC7, unlike its close homo-
logues TRPC3 and TRPC6, undergoes remark-
able downregulation during the establishment of 
cardiac hypertrophy [48]. Furthermore, TRPC6 
activation might suppress heart failure via inhibi-
tion of myofibroblast differentiation [49]. Thus, 
how TRPC channels involved in the transition 
from cardiac hypertrophy to heart failure still 
need to be further investigated.

4.2.2	 �TRPCs in Vasculature

The extracellular Ca2+ entrance in vascular 
smooth muscle cells (VSMC) and endothelial 
cells regulates various functions in pulmonary 
and systematic circulation, such as artery remod-
eling, vasoconstriction, and vasodilatation. All 
subunits of TRPCs are expressed in VSMC and 
vascular endothelial cells to form functional 
channels that are permeable to Ca2+, which sug-
gests that TRPC channels may also play impor-
tant roles in vascular system [50–52].

Abnormal VSMC proliferation in vascular 
remodeling is associated with development of 
hypertension and atherosclerosis [53]. It is shown 
that the elevation of [Ca2+]i is critical for VSMC 
growth. Chelating extracellular or intracellular 
Ca2+ both inhibit the cell proliferation [54]. 
Upregulation of TRPC1and TRPC4 has been 
reported in VSMC and contributes to cell growth 
subjected to various stimulation, such as Ang II, 
ATP or pressure load insults, by phosphorylation 
of cyclic AMP response element-binding protein 
(CREB) through elevation of [Ca2+]i [55, 56]. 
Excessive proliferation of pulmonary artery 
smooth muscle cell (PASMC) has been observed 
in patients with idiopathic pulmonary arterial 
hypertension (IPAH). The expression of TRPC3 
and TRPC6 is increased in PASMC in the pulmo-
nary artery tissue from IPAH patients. 
Downregulating the expression of TRPC6 by 
siRNA attenuates cultured PASMC proliferation 
from IPAH patients [57]. However, deletion of 
TRPC6 does not protect mice from chronic pul-
monary hypertension and vascular remodeling 
[58]. Besides, TRPC1 is thought to be critical for 
cell proliferation in human PASMC from non-
pulmonary hypertension [55, 59].

VSMC contraction caused by Ca2+ entry 
through Ca2+ permeable channels is important for 
regulation of blood pressure. Attenuating the 
function of TRPC1 by anti-TRPC1 antibody 
inhibits the SOCE-induced cell contraction. 
Consistently, overexpression of TRPC1 in rat pul-
monary artery increases [Ca2+]i elicited by SOCE 
and promotes contraction [60]. It’s also reported 
that TRPC6 is the essential component of vascu-
lar α1-adrenoceptor-activated Ca2+-permeable  
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cation channel in rabbit portal vein smooth mus-
cle cell (SMC). SMC contraction induced by α1-
adrenergic agonists can be blocked by suppress-
ing TRPC6 expression [61]. In addition, activation 
of TRPC6 has been found in vasopressin, a vaso-
constrictor, stimulated A7r5 aortic SMC [62]. 
Unexpectedly, TRPC6−/− mice show elevated 
blood pressure, hyperactivity of airway smooth 
muscle cells, and increased contractility in iso-
lated tracheal and aortic rings [63, 64]. 
Furthermore, SMC from TRPC6−/− aorta or cere-
bral arteries are more depolarized with enhanced 
spontaneous and agonist-induced Ca2+ entry [63]. 
These phenomena can be explained by compensa-
tory expression of constitutive active TRPC3 
channels in TRPC6−/− mice. It is reported that 
UTP-induced depolarization of rat cerebral arter-
ies and subsequent contraction of SMC can be 
blocked by suppressing the expression of TRPC3, 
not TRPC6, in these cells [65]. In spontaneous 
hypertension rats, the expression of TRPC3 is 
abnormally high compare with normotensive 
Wistar-Kyoto rats [66]. ET-1, which also works as 
potent vasoconstrictor in controlling blood pres-
sure, activates aCa2+-permeable cation channel 
with TRPC7 and TRPC3 in rabbit coronary artery 
myocytes [67]. Regional alveolar hypoxia induces 
constriction of pulmonary arteries and redirects 
blood flow to alveoli with higher oxygen content 
to ensure maximal oxygenation of the venous 
blood [68]. The phenomenon is called hypoxic 
pulmonary vasoconstriction, and [Ca2+]i elevation 
is suggested to play a key role in this process [69]. 
TRPC6−/− mice completely lost acute hypoxic 
pulmonary vasoconstriction, and hypoxia-
induced [Ca2+]i elevation is absent in PASMC of 
TRPC6−/− mice [58]. Upregulation of TRPC1 and 
TRPC6 has been reported in hypoxic pulmonary 
arteries accompanied with increased [Ca2+]i ele-
vation induced by SOCE or ROCE as well as the 
basal level of [Ca2+]I [70]. The increased expres-
sion level of TRPC1 and TRPC6  in PASMC is 
mediated by the activation of oxygen-sensitive 
transcription factor hypoxia-inducible factor 1 
(HIF1) [71].

Endothelial cells are involved in many aspects 
of vascular biology such as barrier function, 
angiogenesis, vasoconstriction, and vasodilata-

tion. The endothelium acts as a semi-selective 
barrier between the vessel lumen and surround-
ing tissue. Chronic inflammation in vessels 
changes the shapes of endothelial cells and 
increases the permeability of endothelium which 
may lead to tissue edema or swelling [72]. It’s 
suggested RhoA activation and Ca2+ entry 
through TRPC1, TRPC4, and TRPC6 channels 
both contribute to the thrombin-induced increase 
in endothelial cell contraction, to the cell shape 
change, and consequently to the mechanism of 
increased endothelial permeability [73–75]. 
TRPC1, TRPC3, and TRPC6, together with vas-
cular epithelial growth factor (VEGF) receptor 2, 
mediate VEGF-induced Ca2+ entry and permea-
bility of human microvascular endothelial cells 
[76, 77]. TRPC6 channels mediate VEGF-
induced angiogenesis in human umbilical cord 
vascular endothelial cells (HUVEC) [78, 79], and 
TRPC1 and TRPC4 are required for tubular for-
mation in primary HUVEC in another report 
[80]. Additionally, hypoxia sensed by endothelial 
cells leads to growth factor production and vascu-
lar remodeling. TRPC3/TRPC4 heteromeric 
channels in endothelial cells and HEK293 cells 
are responsible for hypoxia-induced Ca2+ entry 
[81]. Ca2+ entry through TRPC channels plays an 
important role in agonist-induced vasoactivation. 
Endothelial cells in TRPC3−/− mesenteric arteries 
showed attenuated PE-stimulated vasoconstric-
tion, impaired acetylcholine-induced nitro oxy-
gen (NO) production, and increased vasodilatation 
[82, 83]. Similarly, in aortic endothelial cells of 
TRPC4−/− mice, acetylcholine-induced Ca2+ 
entry and vasodilatation are both reduced [74].

4.3	 �TRPCs in Lung Health 
and Disease

The lung is composed of multiple structural cell 
types including epithelial cells, airway smooth 
muscle, pulmonary vascular smooth muscle, and 
endothelial cells. Inflammatory lung diseases, 
such as asthma and chronic obstructive pulmo-
nary disease (COPD), feature alterations in the 
morphology and function of structural cells. For 
example, there is epithelial hyperplasia and 
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development of an epithelial hypersecretory phe-
notype in asthma and chronic bronchitis and air-
way smooth muscle hypertrophy and 
hyperreactivity in asthmatics [84, 85]. Studies of 
expressions of TRPC channels suggest several 
TRPCs are highly expressed in different cell 
types and that their expression pattern levels are 
distinct [86, 87, 88], suggesting their unique 
functions in different cell types.

4.3.1	 �TRPCs in Lung Epithelial Cells

Little is known about TRPC expression in pri-
mary airway epithelial cells. TRPC1, TRPC4, 
and TRPC6 mRNA and TRPC6 protein are 
expressed in human bronchial epithelium and 
submucosal gland epithelium [86]. On the other 
hand, much more is known about the expression 
of TRPC channels in primary lung endothelial 
cells. There are several recent studies showing 
that TRPC1, TRPC3, TRPC4, TRPC6, and 
TRPC7 are expressed in either human or mouse 
pulmonary artery endothelial cells [57, 89].

Calcium ion influx through plasmalemmal 
calcium channels can impact the integrity of lung 
endothelial barrier and thus its permeability of 
fluid and protein. Store-operated Ca2+ entry 
increases lung endothelial permeability, both 
in vivo and in vitro [90]. It has been reported that 
store-operated calcium channels in culture pul-
monary endothelium and caveolar fractions har-
vested from intact lung epithelium consist of 
TRPC1 and TRPC4 [91]. The interaction of 
TRPC4 and Orai1 is responsible for channel’s 
calcium selectivity. Furthermore, thrombin-
induced store-operated Ca2+ entry is reduced in 
lung endothelial cells isolated from TRPC4−/− 
mice [74]. However, in another study, activation 
of Ca2+ entry by OAG or thrombin in human pul-
monary artery endothelium is reduced by treating 
the cells with siRNA against TRPC6 [75]. In con-
cert with attenuated Ca2+ entry, RhoA activity, 
myosin light chain phosphorylation, actin stress 
fiber formation, and monolayer permeability are 
all decreased [75]. Ischemia-induced intracellu-
lar Ca2+ overload and subsequent increase of 

monolayer permeability are attenuated in endo-
thelial cells isolated from TRPC6−/− mice. Thus, 
TRPC6−/− mice are protected from ischemia-
induced increases in lung permeability and 
edema [92].

4.3.2	 �TRPCs in Airway Smooth 
Muscle Cells

Airway smooth muscles control the passage of 
air in airways. The dysfunction of airway smooth 
muscles is implicated in asthma. Excessive con-
traction of airway smooth muscle will cause air-
way narrowing, which is the primary mechanism 
of morbidity and mortality in asthma [93, 94]. 
Extracellular Ca2+ influx has been shown to play 
a critical role in smooth muscle contraction [95]. 
Multiple TRPC channels are expressed in smooth 
muscle cells, of which TRPC1, TRPC3, and 
TRPC6 have been shown to be expressed consis-
tently across species [87, 96, 97].

TRPC3 is the major component of the native 
constitutively active nonselective cation channels 
in airway smooth muscle cells, of which the 
activity is increased in response to agonists [96]. 
They play an important role in various cellular 
responses including contraction, proliferation, 
migration, and gene expression in airway smooth 
muscle cells. TRPC3-encoded nonselective cat-
ion channels are also important for controlling 
the resting membrane potential and intracellular 
Ca2+ concentration in airway smooth muscle 
cells. Knocking down of TRPC3 results in a pro-
nounced hyperpolarization by ~14 mV [96]. 
Moreover, trpc3 gene silencing inhibits metha-
choline-, acetylcholine-, and tumor necrosis fac-
tor α (TNFα)-evoked [Ca2+]i, suggesting TRPC3 
mediates agonist-induced [Ca2+]i elevation in 
smooth muscle cells [98]. In reminiscent of these 
results, TRPC3 mRNA and protein level are sig-
nificantly increased in airway smooth muscles 
following treatment with TNFα, an important 
asthma mediator [98]. These lines of evidence 
suggest that TRPC3 plays a fundamental role in 
smooth muscle physiology, and it is a prominent 
candidate for treatment of asthma.
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4.4	 �Perspectives

In the past few years, TRPC channels have 
emerged as central players in various physiologi-
cal processes. Mutations in these proteins are fre-
quently associated with human diseases. As more 
information from the in vivo role of TRPC chan-
nels in animal models and clinical data from 
patients carrying mutations become available, 
our knowledge of the role of TRPC channels in 
disease pathogenesis will expand considerably. 
TRPC channels are expressed universally among 
most cell types. Studies from one system can be 
referenced to another. Further progress in mecha-
nistic understanding of TRPC channels may help 
in identification of novel therapeutic targets.
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TRPC Channels and Programmed 
Cell Death

Jian Zhou and Yichang Jia

Abstract

Neurotrophins, including nerve growth factor (NGF) and brain-derived 
neurotrophic factor (BDNF), bind to their high-affinity receptors to pro-
mote neuronal survival during brain development. One of the key down-
stream pathways is the phospholipase C (PLC) pathway, which not only 
plays a central role in calcium release from internal store but also in acti-
vation of TRPC channels coupled with neurotrophin receptors. TRPC 
channels are required for the neurotrophin-mediated neuronal protective 
effects. In addition, activation of TRPC channels is able to protect neurons 
in the absence of neurotrophin. In some circumstances, TRPC channels 
coupled with metabotropic glutamate receptor may mediate the excitotox-
icity by calcium overload. One of the key questions in the field is the chan-
nel gating mechanisms; understanding of which would help design 
compounds to modulate the channel properties. The development and 
identification of TRPC channel agonists or blockers are promising and 
may unveil new therapeutic drugs for the treatment of neurodegenerative 
diseases and epilepsy.
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5.1	 �Introduction

5.1.1	 �Programmed Cell Death 
in the Brain

The term of programmed cell death is first coined 
by Richard Lockshin and Carroll Williams, when 
they described the phenomenon that the interseg-
mental muscles of silk moths break down and 
disappear within a short period during their 
development [42]. However, it has been a long 
time for scientists to propose that the programmed 
cell death during brain development helps to 
shape the brain by removing the extra neurons 
which could not find their right targets. In 1892, 
the founder of modern neuroscience, Ramon y 
Cajal, proposed the “neurotrophic hypothesis” to 
explain how the tip of neuronal axons, also 
known as growth cone, finds their targets [69] 
(Fig. 5.1). It took almost a century for neurosci-
entists to accept his prophetic predictions, in 
which Cajal believed that the target cells must 
secrete the attractive and repulsive substances to 
guide the axons to find their desired destination. 
A hundred years later, the repulsive axon guid-
ance cue, named netrin, is first experimentally 
identified by Marc Tessier-Lavigne’s group [66].

In the early 1950s, a group of scientists, includ-
ing Rita Levi-Montalcini and Stanley Cohen, 
together with Viktor Hamburger, discovered nerve 
growth factor (NGF) as one of the neurotrophic 
factors to promote nerve growth and neuronal sur-
vival during early brain development [13]. Among 
them, Rita and Stanley won the Nobel Prize in 
Physiology or Medicine in 1986. In the coculture 
of the chicken embryos with the tumor cells, Levi-
Montalcini observed the overgrowth of nerve 
fibers from chicken embryo, suggesting the secre-
tary NGF from the tumor cells [13]. Using the 
assay developed by Levi-Montalcini assessing the 
nerve growth, Stanley aimed to define the protein 
identity of NGF.  However, the obstacle was the 
biological materials that contain enough NGF for 
further purification. During his searching, Stanley 
happened to find that the snake venom contains 
the similar substances that can promote nerve 
growth [13, 56]. Though the snake venom is still 
not a common resource for the type of research, 
the accidental finding led Stanley to purify the 
massive amount of NGF from mouse salivary 
glands, an organ secreting the saliva similar to 
venom, and easily to obtain in a large scale, which 
further led to the characterization of sequence and 
structure of NGF [7].

Fig. 5.1  The neurotrophic hypothesis. The hypothesis was 
originally proposed by Ramon y Cajal [69]. The target tis-
sue secretes trophic factors that may help axon of the inner-
vating neuron find its target. In turn, the target tissue may 
secrete the trophic factors that promote the neuronal 

survival, strengthen the synaptic interaction between the 
neuron and target tissue, and establish the correct neuronal 
circuits. These trophic factors include NGF (nerve growth 
factor) and BDNF (brain-derived neurotrophic factor). The 
picture is modified from the previous literature [67]
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In fact, during early brain development, scien-
tists, including Rita Levi-Montalcini and Viktor 
Hamburger, observed extra neuron death in differ-
ent brain regions [16, 52]. The processes, scien-
tists believe, must have crucial functions, 
including but not limited to cleanup of mislocal-
ized or misconnected neurons and establishment 
of the correct neuronal circuits. The “neurotropic 
hypothesis” proposed by Ramon y Cajal appears 
to be rational for explaining the processes—the 
pro-survival trophic factors released from target 
tissues and the neuron forming correct connection 
or finding its correct partners receives the pro-
survival factors and survives (Fig.  5.1). Indeed, 
experimentally, the NGF knockout mice show 
neuron loss in the sympathetic ganglia [14]. In 
addition, neuron loss in the sensory ganglia neu-
rons and cerebellar granule cells is also seen in the 
BDNF (brain-derived neurotrophic factor) knock-
out mice [20, 21, 35, 63]. Another trophic factor, 
neurotrophin-3 (NT-3), seems mainly to control 
neuron survival in the sympathetic superior cervi-
cal ganglion, because the approximate 50% of 
these neurons die during the neurogenesis [20, 
21]. Although these results support the “neuro-
trophic hypothesis,” in general, most of trophic 
factor knockout mice appear that only certain 
brain regions are affected, suggesting strong func-
tional redundancy of these pro-survival signals.

The specificity of neurotrophins to promote 
certain neuronal survival has puzzled scientists 
for a long time, and it could be explained by tight 
cross talk between neurotrophins and their high-
affinity receptors happening at right time and 
place during brain development [32]. For exam-
ple, BDNF and its high-affinity receptor TrkB 
(tyrosine protein kinase receptor-B) are expressed 
in the similar time window during cerebellar 
development [34, 39].

5.1.2	 �Trophic Factors Bound 
to Their High-Affinity 
Receptors to Promote Neuron 
Survival

In the early 1960s, after Stanley Cohen character-
ized the NGF from mouse salivary glands, he iso-
lated another protein from mouse submaxillary 

gland and named it epidermal growth factor 
(EGF) due to its capability to promote epithelial 
cell proliferation [11, 12]. Using isotope-labeled 
EGF, Stanley and his colleagues further revealed 
that the receptor for EGF appears on the cell sur-
face and undergoes phosphorylation after the cell 
treated with EGF [8, 9]. In addition, Stanley’s 
group showed that the tyrosine phosphorylation 
on cell surface protein is mediated by EGF appli-
cation, suggesting the tyrosine phosphorylation 
after the activation of EGF receptor (EGFR) [76]. 
After the groundbreaking work of identification 
of EGFR cDNA sequence, an inspiring study 
demonstrated that application of insulin is able to 
activate the tyrosine phosphorylation of a chime-
ric receptor, which is comprised of the extracel-
lular domain of insulin receptor and the 
intracellular domain of EGFR [58, 74]. The find-
ing really supports the notion that the shared 
receptor activation mechanisms underlying the 
ligand bound to their high-affinity receptors by 
the receptor tyrosine phosphorylation. Later on 
these receptors are termed as receptor tyrosine 
kinase (RTK), including NGF receptor-TrkA 
(tyrosine protein kinase receptor-A) and BDNF 
receptor-TrkB. These Trks share high sequence 
similarity with EGFR and, surprisingly, share the 
similar downstream signaling pathways with 
EGF/EGFR as well [4, 25]. The discoveries of 
EGF and EGFR further lead to the identification 
and characterization of as many as 58 RTKs in 
human and mouse genomes [59].

One of the major progresses for RTK and Trk 
field is the crystal structure of NGF receptor-TrkA 
in 1999 [79]. Together with the residue mutagen-
esis studies, the immunoglobulin-like domain 
proximal to the membrane is identified for NGF 
binding [75]. The working model is that the two 
NGF molecules form homodimer to fit into the 
pocket of the receptors, and the residues at 
N-terminal of NGF selectively interact with TrkA 
to determine the ligand/receptor specificity. Due 
to the high similarity between the Trk family 
members, including TrkA, TrkB, and TrkC, the 
structural working model between the extracellu-
lar domain of Trk and their ligands appears very 
similar but with high selectivity [3, 79] (Fig. 5.2).

After the discoveries of EGF and EGFR, the 
downstream signal cascades after ligand binding 
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to its cognate receptor are further characterized, 
including NGF receptor-TrkA and BDNF 
receptor-TrkB [4, 25, 33]. As described above, 
the downstream signals are very similar across all 
the RTKs. Three major pathways downstream of 
RTK activation, including the MAPK 
(microtubule-associated protein kinase), Akt 
(serine threonine kinase), and PLCγ (phospholi-
pase C gamma) pathways, are proposed. As an 
example of TrkB activation triggered by BDNF 
(Fig. 5.2), the ligand/receptor binding induces the 
dimerization of TrkB, which in turn triggers the 
autophosphorylation of tyrosine residues in the 
intracellular domain of TrkB [19, 33]. The 515 
tyrosine phosphorylation of TrkB serves as sites 
to recruit the membrane adaptor protein Shc (the 
Src homology 2 domain containing), followed by 
the recruitment of other adaptors like Grb (growth 

factor receptor-bound protein) and SOS (son of 
sevenless), leading to the activation of MAPK 
and Akt pathways. The 816 tyrosine phosphory-
lation recruits the PLC gamma, which results in 
the hydrolysis of PIP2 (phosphatidylinositol 
4,5-bisphosphate) and generates IP3 (inositol tri-
phosphate) and DAG (diacylglycerol). The PLC 
gamma pathway plays a central role in the 
regulation of cytosolic Ca2+ level downstream of 
BDNF/TrkB. The first layer is the yield of IP3 
from PIP2 hydrolysis, which acts on its ER 
(endoplasmic reticulum)-localized receptor-IP3R 
(IP3 receptor) to induce calcium release from the 
internal calcium store (ER), resulting in  local 
cytosolic calcium level increase. Activation of 
PLC gamma pathway, including PLC itself acti-
vation, DAG production, and internal calcium 
release by IP3 acting on IP3R, is essential for the 

Fig. 5.2  The downstream signaling pathways of BDNF 
bound to its high-affinity receptor, TrkB. Like NGF, two 
BDNF molecules form dimmer to fit the pocket of TrkB 
receptors, which in turn stimulates the receptor dimeriza-
tion and autophosphorylation. Three major pathways are 
downstream of BDNF/TrkB activation, the PI3K/Akt, the 
Ras/Raf/MEK/ERK, and PLC gamma/DAG, IP3 path-
ways. The Akt and ERK pathways play key roles in sup-
porting the neuronal survival in the presence of BDNF. The 
PLC gamma pathway resides in a central position in regu-
lating the internal calcium level by IP3 generated from 
PIP2 hydrolysis. IP3 acts on its ER-localized receptor-
IP3R and triggers calcium release from internal calcium 
store. In addition, PLC gamma also plays a central role in 
the regulation of TRPC channel property. The PLC activa-
tion per se, DAG, and internal calcium release are all 

proved to be able to open TRPC channels downstream of 
BDNF bound to TrkB [39, 47]. The calcium influx through 
TRPC channels may stimulate the ERK and CAMK path-
ways, which converge to CREB activation, eventually 
leading to neuronal survival effect [34]. Abbreviations: 
BDNF brain-derived neurotrophic factor, TrkB tyrosine 
protein kinase receptor-B, NGF nerve growth factor, PI3K 
phosphatidyl inositol-3 kinase, Akt serine threonine 
kinase, MEK MAP/ERK kinase, ERK extracellular signal-
regulated kinase, PLC phospholipase C, PIP2 phosphati-
dylinositol 4,5-bisphosphate, IP3 inositol triphosphate, 
DAG diacylglycerol, Shc the Src homology 2 domain con-
taining, Grb growth factor receptor-bound protein, SOS 
son of sevenless, CAMK Ca2+-calmodulin-dependent pro-
tein kinase, CREB cAMP response element-binding 
protein
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TRPC3/TRPC6 channel activation and extracel-
lular calcium influx through these channels [39, 
47] (Fig.  5.2). All these three pathways are 
reported to contribute to neuronal survival medi-
ated by BDNF/TrkB activation [34, 68].

5.1.3	 �Local Calcium Signalings 
and Their Different Roles 
in Neuronal Survival

In the resting condition, the cytosolic Ca2+ con-
centration is normally maintained in a low level 
about 100 nM, which is 10,000 times lower than 
the extracellular calcium level. Therefore, the cal-
cium influx through the cell surface calcium chan-
nels plays key roles in controlling and regulating 
the cytosolic calcium level. As a second messen-
ger, influxed calcium could stimulate a variety of 
enzymes, including calcium-calmodulin kinases 
and calcium-sensitive adenylate cyclases, and ful-
fill the pivotal functions, including but not limited 
to activity-dependent neuronal survival and activ-
ity-dependent plasticity [23]. However, calcium 
overload through extracellular calcium influx is 
proved to be toxic to neurons, especially calcium 
influx through the ionotropic glutamate receptors, 
such as NMDAR (N-methyl-D-aspartate recep-
tor) and AMPAR (α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor), also termed 
as excitotoxicity [10]. Therefore, the question is 
really why calcium influx through different cal-
cium channels or in different conditions results in 
different or, in some circumstance, completely 
opposite functions.

In 2002, Dr. Hilmar and his colleagues provide 
evidence that calcium influx through synaptic or 
extrasynaptic NMDAR may have completely 
opposite influence on neuronal survival [28]. In 
the cultured hippocampal neurons, about 10% 
inhibitory neurons impose a tonic inhibition on 
the neuronal network through acting on the 
GABA (γ-aminobutyric acid)A receptors, which 
mediate the extracellular Cl− influx to lower the 
membrane potential and neuronal activity. 
Therefore, blockage of GABAA receptor in the 
cultures is able to generate synchronous bursts of 
action potentials by calcium influx through the 
synaptic NMDAR [27]. By application of bicu-

culline, a blocker of GABAA receptor, in cultured 
hippocampal neurons, Dr. Hilmar’s group showed 
that synaptic calcium influx through NMDAR, 
but not the voltage-gated calcium channels, is 
able to activate CREB (cAMP-responsive ele-
ment-binding protein), a transcription factor 
downstream of calcium influx and responsible for 
BDNF expression and neuronal survival [23]. 
However, bath application of glutamate in the cul-
tures, which is supposed to activate both synaptic 
and extrasynaptic NMDAR, did not induce phos-
phorylated CREB and downstream BDNF expres-
sion. Therefore, the data implies that even similar 
subtype of calcium channels may have opposite 
effect on neuronal survival due to their different 
localization in the cellular compartment.

The intracellular local environment underneath 
the calcium channels seems also to play a key role 
in conducting the cellular functions of the calcium 
influx through the corresponding channels. For 
example, the isoleucine-glutamine (IQ) motif in 
the carboxyl terminus of the L-type voltage-gated 
calcium channel, which is responsible for the 
interaction between the channel and Ca2+-
calmodulin, is required for conveying the calcium 
influx signaling to nucleus and the following 
CREB phosphorylation [17]. Mutant CaMor IQ 
motif deletion is not able to convey the signaling 
to nucleus and the CREB activation, suggesting 
that the local calcium influx through the channel 
allows the formation of Ca2+-calmodulin com-
plex, which translocates into nucleus and activates 
the calcium-dependent CREB phosphorylation 
and its related functions. The examples we 
describe here may help to explain the fact that cal-
cium influx through different TRPC channels has 
various functions (see below).

5.1.4	 �TRPC Channel Roles 
in the Brain

Members of the TRPC subfamily have roles in 
multiple cellular processes inside the brain, 
including brain development, neuronal survival, 
and neural stem cell proliferation. For example, 
TRPC1 is responsible for the mGluR1-mediated 
slow excitatory postsynaptic conductance (EPSC) 
in cerebellar Purkinje cells [37]. The activation of 
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TRPC1 seems to facilitate glutamate-induced cell 
death in hippocampal slice culture, possibly due 
to the enhancement of excitotoxicity [50]. The 
activation of TRPC1 seems also to play a key role 
in supporting the embryonic neural stem cell pro-
liferation [22]. Although TRPC2 is a pseudo gene 
in human, it is highly expressed in the mouse 
vomeronasal system and mediates mouse phero-
mone transduction and related social behaviors 
[43]. Gating TRPC3 is coupled with activation of 
TrkB; therefore, TRPC3 contributes to BDNF/
TrkB functions, including BDNF-induced den-
dritic spine formation [1], cerebellar granule neu-
ron (CGN) survival [34], and motor coordination 
[29]. TRPC4 is reported to have a role in neurite 
extension in postmitotic neurons [78]. In hippo-
campal neurons, TRPC5 is highly expressed and 
controls neurite extension and growth cone mor-
phology [15, 24]. Therefore, it makes sense that 
mice without TRPC5 appear long-term potentia-
tion deduction and innate fear deficit [54, 57]. 
Since TRPC3 and TRPC6 may form functional 
channels, like TRPC3, TRPC6 also plays essen-
tial roles in BDNF/TrkB functions, like BDNF-
mediated survival of CGNs during development, 
BDNF-mediated dendritic growth, as well as 
BDNF-mediated synapse formation in hippocam-
pal neurons [34, 72, 84]. In addition, the TRPC6 
transgenic mouse shows better performance in 
Morris water maze, underscoring its crucial roles 
in learning and memory and synaptic plasticity.

5.1.5	 �TRPC Channels in Neuronal 
Survival

In the neuronal development, the newborn neu-
rons need to reach appropriate target cells to 
establish right connection, in order to compete for 
limited trophic factors and activity-dependent sur-
vival signals. As one of the important neurotroph-
ins, BDNF has been recognized for a long time as 
a potent pro-survival trophic factor secreted by 
target cells to support a variety of both central and 
peripheral neuronal survival (Fig. 5.1). It would 
be interesting to investigate whether TRPC chan-
nel can also participate in neuronal survival in the 
axis of BDNF’s function.

As mentioned above, netrin-1 is first identified 
as axon guidance cue [66]. Strikingly, netrin-1 
induces axonal growth cone calcium elevation 
and growth cone turning depending on the activa-
tion of TRPC1 in cultured Xenopus neurons [77]. 
One of the downstreams of netrin-1 bound to its 
receptor DCC (deleted in colorectal cancer) is 
PLC gamma; therefore, the TRPC1 activation 
might be coupled to netrin-1/DCC/PLC signaling 
pathway [80]. Similarly, in mammal growth cone 
turning, TRPC channels mediate BDNF-induced 
growth cone calcium elevation and axon guid-
ance [40].

For TRPC channel function in promoting neu-
ron survival, the first work is done in cultured 
cerebellar granule neurons (CGNs) [34]. 
Different from the inside-out cortical neuron 
maturation pattern in the brain cortex, the CGNs 
are generated in the external granule layer and 
migrate into the internal granule layer to become 
mature inside of the cerebellum [60]. During 
their postnatal migration, CGNs require excit-
atory inputs and trophic factors for proper differ-
entiation and maturation; otherwise, they die 
through apoptosis. This trophic factor-mediated 
survival can be mimicked in primary CGN cul-
tures in  vitro. The cultured neurons undergo 
spontaneous apoptosis when they are deprived of 
serum, but are protected by adding 
BDNF. Knockdown of TRPC3 or TRPC6, but not 
TRPC1, by specific siRNA, abolished BDNF’s 
neuronal protective effect in cultured CGNs [34]. 
In addition, like TRPCs responsible for the axon 
growth cone calcium elevation induced by BDNF, 
TRPC3 and TRPC6 are required for BDNF-
mediated cytosolic calcium elevation in the cul-
tured CGNs. It is well known that ERK/CREB 
pathway and PI3K/Akt pathway are downstream 
of BDNF bound to TrkB.  However, only the 
phosphorylation or activation of ERK/CREB 
pathway triggered by BDNF is dependent on 
TRPC3 or TRPC6 activations (Fig.  5.2). 
Furthermore, knockdown of TRPC3 or TRPC6 in 
CGNs in the cerebellum greatly increased the 
caspase-3-dependent apoptosis in early cerebel-
lum development, from postnatal days 10–12. 
The developmental time window is the peak 
expression of TRPC3, TRPC6, and TrkB inside 
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the cerebellum. These in vitro and in vivo find-
ings indicate that TRPC3 and/or TRPC6 are 
indispensable for conveying the neutrophin fac-
tor message to intracellular calcium level increase 
and then activate ERK/CREB pathways known to 
be calcium-dependent, to promote neuronal 
survival.

The TRPC channels also mediate other tro-
phic factors’ protective effect. For example, 
platelet-derived growth factor-BB (PDGF) can 
provide trophic support for dopaminergic neu-
rons from neural toxicity induced by HIV Tat 
(trans-activating regulatory protein)—the viral 
protein essential for efficient transcription of the 
viral genome [81, 82]. Knockdown of TRPC5 or 
TRPC6 expressions by RNAi in primary cultured 
neurons nearly abolished PDGF-mediated neuro-
nal protective effect against HIV Tat. In addition, 
the calcium elevation induced by PDGF was also 
attenuated by TRPC5 or TRPC6 knockdown. 
Among the downstream signaling pathways trig-
gered by PDGF, only ERK/CREB pathway was 
dependent on TRPC channels, but not PI3K/Akt 
pathway, which is similar to the observation seen 
in cerebellar CGNs [34].

Besides neurotrophic factors, TRPC channel 
is also involved in chemokine (C-C motif) ligand 
2 (CCL2)’s neural protective effect [81, 82]. 
CCL2 is one of the critical chemokines and func-
tions in leukocyte recruitment. It protects mid-
brain neurons from HIV-1 Tat-induced 
neurotoxicity. Like TRPC channels required for 
PDGF’s neural protective effect, blockage of 
TRPC channels results in suppression of both 
CCL2-mediated neuroprotection and intracellu-
lar Ca2+ level elevation. Again, only ERK/CREB 
pathway activation is downstream of TRPC acti-
vation, the signaling pathway responsible for 
protecting the neurons. In contrast, the CCL2-
mediated Akt pathway was independent to TRPC 
channel activation. Because the CCL2 receptor, 
C-C chemokine receptor type 2 (CCR2), is a G 
protein-coupled receptor, the activation of TRPC 
might be due to the PLC beta-signaling.

Although several studies have excluded the 
involvement of TRPC1  in the neurotrophin-
mediated neuroprotective effect, a couple of stud-
ies emphasize the critical role of TRPC1 in neural 

protection, especially in dopaminergic neurons. 
In a mouse model for Parkinson’s disease (PD), 
which is induced by MPTP treatment, both sub-
acute and sub-chronic treatments of MPTP sig-
nificantly reduce TRPC1 expression, but not 
TRPC3, along with increased neuronal death 
[65]. However, overexpression of TRPC1 is able 
to protect the neurons from MPTP-induced apop-
tosis, along with restoration of cytosolic calcium 
level and mitochondrial membrane potential. The 
study underscores the potential protective role of 
TRPC1 channel in the onset and progression of 
PD.  It has been known that the store-operated 
Ca2+ entry (SOCE), which is critical for main-
taining Ca2+ level inside the endoplasmic reticu-
lum (ER), the internal calcium store, is dependent 
on TRPC1 activity in certain cell types [6]. 
Overexpression of TRPC1 can restore the MPTP-
induced loss of SOCE and the MPTP-induced 
ER calcium level decrease [64]. The overexpres-
sion of TRPC1 also rescues the MPTP-induced 
ER stress. It seems that TRPC1 works together 
with the SOCE modulator stromal interaction 
molecule 1 (STIM1) and regulates the SOCE and 
internal Ca2+ level, to the survival of dopaminer-
gic neurons in the disease conditions. Indeed, the 
TRPC1-deficient mice show increased unfolded 
protein response, along with a decreased number 
of dopaminergic neurons. Overexpression of 
TRPC1  in mouse prevented dopaminergic neu-
rons from the MPTP-induced neuron loss. The 
calcium entry through TRPC1 can activate Akt 
pathway to fulfill the neural protection, appar-
ently different from ERK/CREB pathway down-
stream of TRPC3 and TRPC6 for CGN survival. 
The difference may be due to the different func-
tions of TRPC channels in the regulation of cyto-
solic calcium level or internal (ER) calcium level.

Among a variety of physiological functions of 
TRPC channels, promoting neuron survival 
makes them a promising target for future thera-
peutic strategies in neurodegenerative diseases. 
Although trophic factors, including BDNF, can 
restore many neurological deficits in various dis-
ease models or conditions [2, 48], the clinical 
application for BDNF among other trophic fac-
tors is limited by their poor pharmacokinetic pro-
file [55]. Activation of TRPC alone is sufficient 
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to protect neurons from apoptosis [34], suggest-
ing the therapeutic potential in the identification 
of agonists of TRPC channels. A compound 
screening for TRPC channel agonists was carried 
out in human embryonic kidney cells expressing 
recombinant TRPC channels [61]. Several 
piperazine-derived compounds emerged as potent 
activators for TRPC3/TRPC6/TRPC7 channels. 
In addition, these compounds are able to evoke 
cation currents and Ca2+ influx in rat-cultured 
neurons. More importantly, the compounds are 
able to mimic BDNF effects on promoting neu-
rite outgrowth and protecting neuron from apop-
tosis. All these effects are in a calcium-dependent 
manner. It could be interesting to see whether the 
potential TRPC agonists show neural protective 
effect in vivo and lead to potential drug develop-
ment for the treatment of various neurodegenera-
tive diseases.

5.1.6	 �TRPC Channels in Neuronal 
Death

In contrast to well-established roles of TRPC 
channels in promoting neuronal survival, lines of 
evidence support their involvement in neuronal 
death, mainly due to the calcium overload 
through the channels.

When TRP channel was first identified in 
Drosophila photoreceptor cells, the mutant TRP 
resulted in a transient depolarization in response 
to continuous light [44, 46]. Either loss of TRP 
function or constitutive TRP activity results in 
retinal degeneration, which can be suppressed by 
overexpression or disruption of the Na+/Ca2+ 
exchanger, CalX [45]. These findings indicate 
that an appropriate TRP activity is important for 
the maintenance of intracellular calcium 
homeostasis.

Although TRPC1 has been demonstrated to 
protect dopaminergic neurons from ER stress, it 
has also been reported to play roles in the hippo-
campal neuronal death induced by high concen-
tration of glutamate [50]. The expression of 
TRPC1 was increased during glutamate-induced 
toxicity, and knockdown of TRPC1 in hippocam-
pal slice cultures protected neurons from the 

glutamate-induced cell death, suggesting that 
TRPC1 may contribute to the massive calcium 
entry coupling with activation of glutamate 
receptors. Additional evidence suggests that the 
coupling could be with the activation of metabo-
tropic glutamate receptor [51]. In a hippocampal 
cell line, knocking down TRPC1 or blocking of 
TRPC channels by 2-APB attenuates the 
mGluR5-mediated cell death. The discrepancy of 
TRPC1 function in neuronal survival may be 
explained by the extent of its activation and the 
level of calcium entry, or the source of calcium—
the calcium influx through TRPC1 directly 
increasing the cytosolic calcium level or replen-
ishing the internal calcium store by TRPC1 and 
STIM1 interaction. Again, the involvement of 
TRPC channels in the maintenance of intracellu-
lar calcium homeostasis might be the key to keep 
the balance between neuronal survival and death.

Generally, the epileptic seizure is due to syn-
chronized hyper-neuronal activity inside the 
brain, and misregulation of many cation channels 
has been associated with the disease. Dysfunction 
of TRPC channels could contribute to the abnor-
mal epileptiform burst in theory. Indeed, the large 
depolarizing plateau potential induced by 
metabotropic glutamate receptor agonists in lat-
eral septal neurons is completely abolished in the 
TRPC1/TRPC4 double knockout mice [53]. In 
addition, neuronal cell death after pilocarpine-
induced severe seizures in the lateral septum and 
hippocampus is also ameliorated in the TRPC1/
TRPC4 double knockout mice. These results 
implicate the notion that neuronal excitotoxicity, 
an underlying pathogenic process for many neu-
rodegenerative diseases, could be mediated not 
only by conventional ionotropic glutamate recep-
tors but also the TRPC channels coupled with 
metabotropic glutamate receptors.

The TRPC5 knockout mice exhibit both 
reduced seizures induced by pilocarpine and min-
imal seizure-induced neuronal cell death in the 
hippocampus [54]. However, TRPC5 may con-
tribute to seizure and excitotoxicity by distinct 
cellular mechanism compared to TRPC1/TRPC4. 
The major difference is that the TRPC5 knockout 
mice exhibited normal epileptiform burst firing 
induced by metabotropic glutamate receptor ago-
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nists, but the similar application on TRPC1 
knockout and TRPC1/TRPC4 double knockout 
mice reduced the epileptiform burst. Therefore, 
the coupling of metabotropic glutamate receptors 
with TRPC1/TRPC4 may not appear with TRPC5. 
In addition, the hippocampal long-term potentia-
tion (LTP) is greatly reduced in TRPC5 knockout 
mice, but normal in TRPC1 knockout and TRPC1/
TRPC4 double knockout mice, suggesting the 
activation of TRPC5, but not TRPC1/TRPC4, 
coupled with the LTP induction. It is intriguing to 
further examine the distinct mechanisms underly-
ing the epileptogenesis and excitotoxicity of 
TRPC1/TRPC4 and TRPC5, though they have 
high-protein sequence homology and similar gat-
ing properties.

Previous study has shown that the cysteine 
S-nitrosylation, a type of protein modification, in 
TRP channels may contribute to the channel acti-
vation, implying the oxidative stress in regulation 
of the channel properties [83]. For example, 
TRPC5 can be activated by nitric oxide (NO) 
through a mechanism that requires the 
S-nitrosylation at extracellular cysteines. The 
intracellular oxidation rather than extracellular 
oxidative reaction regulates TRPC5 activation 
depending on the cytosolic redox state, such as 
intracellular glutathione disulfide (GSSG) level 
[31]. Indeed, TRPC5 activation by intracellular 
GSSG can be reversed by glutathione (GSH) and 
dithiothreitol, and the Cys176 and Cys178 resi-
dues in TRPC5 can be S-glutathionylated by 
GSSG to activate the channel. The increased lev-
els of endogenous TRPC5 S-glutathionylation 
are observed in not only Huntington’s disease 
mouse model but also in brain tissues from 
Huntington’s disease patients. Consistently, the 
TRPC5 blocker can improve striatal cell survival 
and rearing behavior in Huntington’s disease 
mouse model. Thus, over-activation of TRPC5 
through the S-glutathionylated by oxidative stress 
contributes to neurodegenerative diseases, such 
as Huntington’s disease. However, the gating 
mechanisms of TRPC channels in oxidative 
stress may need more examination in cultured 
neurons and inside the brain in the future.

Another study suggests that TRPC3 and 
TRPC6 are involved into the epileptogenesis in a 

similar pilocarpine-induced mouse model [36]. 
In the hippocampus of the seizure mouse model, 
TRPC3 expression was elevated in CA1 and CA3 
pyramidal cells and dentate granule cells, while 
TRPC6 expression was reduced in these regions. 
Application of a TRPC3 inhibitor prevented the 
upregulation of neuronal TRPC3 expression 
induced by pilocarpine. However, the TRPC6 
activator prevented the downregulation of neuro-
nal TRPC6 expression induced by pilocarpine. In 
addition, both TRPC3 inhibitor and TRPC6 acti-
vator effectively protected neuronal damages 
from pilocarpine-induced seizure. The underly-
ing mechanism of this functional difference is 
still unknown. Although heteromeric channel 
formation is well established for TRPC3/TRPC6/
TRPC7 [30, 41, 70], this study suggests that, at 
least inside of the hippocampus, the TRPC3 and 
TRPC6 may function separately.

Although TRPC channels protected mamma-
lian dopaminergic neurons from neurotoxin and 
ER stress-induced cell death, evidence from 
worms suggests the gain-of-function mutations 
in the TRP worm ortholog result in their dopami-
nergic neuronal loss probably through the cal-
cium overload [49]. In a screen for C. elegans 
mutant animals that lack their normal comple-
ment of dopaminergic neurons, two strains are 
identified. In the strains, the dopaminergic neu-
ron loss was progressive from postembryonic to 
adult. Moreover, the progressive 
neurodegeneration phenotype of the two strains 
is semidominant, with heterozygous animals 
showing degeneration of their dopaminergic neu-
rons, albeit to a lesser degree than the homozy-
gous animals. Furthermore, only the head 
dopaminergic neurons are affected in these 
mutant strains, whereas no degeneration is 
observed in the mid-body and the male tail dopa-
minergic neurons. Whole-genome sequencing 
showed that both strains contain gain-of-function 
mutations in the TRP mechanosensory channel 
trp-4. The mutations affect the same amino acid 
in the pore-forming sixth transmembrane helix of 
TRP-4. Substitutions in adjacent amino acids in 
TRP channel orthologs in yeast are also shown to 
be gain-of-function mutations resulting in gate 
destabilization and a higher probability of the 
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channel opening [71, 85]. The neuron loss can be 
restored by loss-of-function of trp-4 gene. These 
two mutants also show defective in basal slowing 
response, which is a previously characterized 
dopamine-dependent behavioral response [62]. 
The neurodegeneration seems dependent on 
intracellular Ca2+ dyshomeostasis, as EGTA sup-
pressed dopaminergic degeneration. These find-
ings further argue that the calcium overload 
through TRPC channels is neurotoxic, and the 
mutations per se in the worm TRP-4 may help us 
gain insights into channel gating.

Similarly, a gain-of-function mutation in other 
TRPC channel, TRPC3, is found in a mouse 
mutant strain and results in cerebellar neuron loss 
[5]. The inherited cerebellar ataxias are a com-
plex group of neurodegenerative disorders char-
acterized by loss of balance and coordination, 
mainly caused by the degeneration or dysfunc-
tion of Purkinje cells, which form the sole output 
of the cerebellum [18, 38, 73]. A dominant ataxic 
mutant mouse, moonwalker (Mwk), is identified 
to exhibit impaired motor and coordination con-
trol. A slow but progressive loss of Purkinje cells 
is discovered in the mutant cerebellum. Sequence 
analysis shows a threonine-to-alanine amino acid 
change (T635A) in trpc3 gene. The Mwk muta-
tion results in altered TRPC3 gating, which pro-
motes channel opening under conditions of low 
mGluR1 activation. In addition, overexpression 
of the mutant TRPC3 but not wild-type TRPC3 
induces cell death in NSC-34 cell culture. Inside 
the cerebellum, the mutation only affects the sur-
vival of Purkinje cells but not granule cells, prob-
ably due to the distinct receptor/channel coupling 
property between the Purkinje cells and granule 
cells. The threonine 635 is a putative phosphory-
lation site of PKCγ; thus, the mutation may result 
in a loss of PKCγ-mediated phosphorylation of 
TRPC3 and the phosphorylation-mediated inhib-
itory regulation of channel function. However, 
the follow-up study suggests that threonine 635 is 
a hydrogen bonding site and the binding capabil-
ity is crucial for maintaining TRPC3 in a stable 
and closed state [26]. Nevertheless, these find-

ings uncover previously unknown roles for 
TRPC3  in both dendritic development and sur-
vival of Purkinje cells and provide a unique 
mechanism underlying cerebellar ataxia. More 
importantly, the point mutation (T635A) in 
TRPC3 greatly helps us in understanding TRPC 
channel gating and the design of compounds to 
regulate the channel activity.

5.2	 �Perspectives

Unlike other families of cation channels, the 
TRPC channels are unique in terms of (1) the 
receptor-coupling PLC activation and (2) the 
slow and sustained calcium influx, which may 
not result in calcium overload in most circum-
stance. The diverse functions of TRPC channels 
in neuronal survival or death could be explained 
by (1) the different receptors coupled with the 
TRPC channels in different brain regions and 
cells, (2) the different microenvironment post-
channels to convey the calcium signaling, (3) and 
the amount of calcium loaded into the cells. The 
gating mechanisms of TRPC channels are still 
one of the key questions for the future studies, 
including channel structure and heterogeneity in 
different brain regions and different brain cells. 
TRPC channel mutations have been identified in 
the literature, and to study how these channel 
mutations affect channel properties could be ben-
eficial to gain new insights into the gating mecha-
nisms. It is promising to identify the channel 
agonist and blocker, which may have future 
application on disease intervention, especially 
neurodegenerative diseases and epilepsy.
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TRPC Channels and Stroke

Junbo Huang

Abstract

TRPC channels play important roles in neuronal death/survival in isch-
emic stroke, vasospasm in hemorrhagic stroke, thrombin-induced astro-
cyte pathological changes, and also in the initiation of stroke by affecting 
blood pressure and atherogenesis. TRPCs’ unique channel characters and 
downstream pathways make them possible new targets for stroke therapy. 
TRPC proteins have different functions in different cell types. Considering 
TRPCs’ extensive distribution in various tissues and cell types, drugs tar-
geting them could induce more complicated effects. More specific ago-
nists/antagonists and antibodies are required for future study of TRPCs as 
potential targets for stroke therapy.
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6.1	 �Introduction

Stroke, also known as cerebrovascular accident, 
is the second leading cause to death in the world, 
ranking behind coronary artery disease and 
before cancer, according to the WHO data. It 
includes ischemic stroke, which is caused by 
blockage of the main brain artery/arteries, and 
hemorrhagic stroke, which is caused by bleeding 
in/around the brain. Stroke affects 15 million 

individuals annually worldwide, bringing out 
enormous socioeconomic costs [1]. Researchers 
and clinicians have devoted great efforts to alle-
viating damage and improving recovery of stroke 
patients for decades, and any new stroke inter-
vention could make a substantial impact on our 
health. So far only limited types of medicine are 
available for stroke patients, such as recombinant 
tissue-type plasminogen activator (tPA) for isch-
emic stroke patients and nimodipine for hemor-
rhage patients. Failure of the third clinical trial of 
NX095, which was thought to be a very promis-
ing new medicine against ischemic stroke, makes 
investors more cautious about new stroke drug 
development. On the other hand, decades of 
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research uncover many important pathological 
processes of stroke, like excitotoxicity, oxidative 
stress, astrogliosis, and apoptosis.

TRPC channels can be activated in different 
cell types by G-protein-coupled receptors 
(GPCR) and receptor tyrosine kinases (RTK) 
through a phospholipase C (PLC)-dependent 
mechanism [2–4]. These channels have extensive 
distribution and function in various tissues and 
cell types, including in neurons, astrocytes, artery 
endothelial and smooth muscle cells. Neurons are 
sensitive to extracellular environmental changes, 
and they are capable of transferring signals 
among each other rapidly and form a powerful 
network to deal with information flow. The sensi-
tivity, however, makes them vulnerable to harm-
ful stimuli. Acute injuries like brain trauma and 
stroke could easily cause irreversible brain dam-
age. A small number of dead cells in the injured 
area at the beginning could release substances 
and trigger subsequent reactions in adjacent cells. 
These pathological reactions would cause sec-
ondary damages and expand the infarction to a 
considerable volume.

6.2	 �TRPCs in Ischemic Stroke

Ischemic stroke is the main type of stroke, com-
prising of about 85% stroke cases [5]. When one 
of the main arteries in the brain gets occluded and 
the responsive blood supply to the brain tissue 
stops, ischemic stroke occurs. In ischemic stroke, 
the brain function loss appears even earlier than 
dead tissue shows up. If the blood flow could be 
recovered fast enough, within 4.5 h in average, 
the damage would be limited, and function would 
be recovered. Recombinant tissue-type plasmin-
ogen activator (tPA) that could dissolve the clots 
is the only drug that FDA approved to apply on 
patients who suffered from ischemic stroke. 
Other clinical approaches, such as stent retriev-
ers, are used to remove the clots physically. The 
purpose of these approaches and tPA is to recover 
the cerebral blood flow (CBF). Because of the 
time limit in using tPA, only a small number of 
patients can benefit from tPA therapy. For exam-
ple, in the United States, only fewer than 5% 
ischemic stroke patients can receive tPA [1].

Penumbra is a conception discussed by 
researchers and clinicians for more than 30 years. 
In ischemic stroke, occlusion of a main artery 
(e.g., middle cerebral artery, MCA) would form 
an infarct core in the brain region whose blood 
supply is dependent on the occluded artery. The 
CBF of infarct core is less than 5 ml/100 g/min. 
The tissue of infarct core irreversibly dies in min-
utes after occlusion and would enlarge by con-
tinuously recruiting the surrounding tissue to it if 
CBF did not recover. The infarct core represents 
the terminal events of the ischemic cascade [5]. 
Penumbra is the rim of tissue around the infarct 
core, which still maintains some blood flow (10–
18 ml/100 g/min) supplied by collateral circula-
tion [6]. Penumbra tissue is believed to be 
salvageable because it would die in hours to days, 
not as fast as the tissues in the infarct core.

The pathological processes in ischemic pen-
umbra have been the focus of researches for 
decades. A cascade of events starts with energy 
deprivation since the occlusion, including excito-
toxicity together with peri-infarct depolarization, 
inflammation, necrosis, and apoptosis. These 
events range from hours, like excitotoxicity, to 
days, such as inflammation [7]. Excitotoxicity 
refers to the process that neurons are killed by 
great amount of extracellular neurotransmitters 
that is released by dead or damaged cells around. 
Glutamate is the major trigger of excitotoxicity in 
the brain ischemia by extensively activating glu-
tamate receptors, which would cause calcium 
overload to induce a series of detrimental chemi-
cal events in neurons directly, such as ion trans-
porter disruption and abnormal activation of 
enzymes. These direct results would further 
induce cell membrane and skeleton breakdown, 
mitochondrial damage and free radical genera-
tion, low pH, and DNA breakdown [8].

6.2.1	 �TRPCs in Neurons 
Under Ischemic Stroke

Although calcium overload is so destructive to 
neurons, the diverse routes of Ca2+ elevation 
result in different effects. The Ca2+ could play a 
totally different role depending on the source of 
the Ca2+ entry. Even elevating Ca2+ in neurons to 
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the same level, Ca2+ entry through NMDA recep-
tors is much more detrimental than that induced 
by high level of KCl through voltage-gated cal-
cium channels [9]. The role of the Ca2+ source is 
the fundament of neuroprotective research in 
ischemic stroke. The glutamate receptor inhibi-
tors are extensively tested in cell and animal 
stroke models, but unfortunately this strategy in 
clinical trials led to severe side effects [10–12], 
which is due to the important physiological func-
tion of glutamate receptors. These results drive 
the researchers either to find more detailed down-
stream pathways of glutamate receptors for spe-
cific targeting [13, 14] or to find out new pathways 
that are independent of glutamate receptors, like 
TRP channels [15].

TRPC6 is reported to be neuroprotective in 
both in  vitro and in  vivo models of ischemic 
stroke. Primary cultured rat neurons are resistant 
to the damage caused by oxygen-glucose depri-
vation (OGD, an in  vitro model of ischemia) 
when they are treated with the TRPC agonist or 
TRPC6 is overexpressed. TRPC6 transgenic 
mice also show smaller infarct size 24 h after 2-h 
MCA occlusion, higher neurological score, and 
lower mortality in long-term observation [16]. 
The activation of pERK-pCREB pathway is 
responsible for TRPC6 protective effects [17]. 
TRPC6 could also attenuate glutamate-induced 
Ca2+ influx by activating calcineurin, a calcium-
dependent phosphatase that could suppress 
NMDA receptor activation by dephosphorylating 
NMDA receptors [16]. In ischemic models, 
TRPC6  in the penumbra at the early stage of 
ischemia is degraded by calpain, a Ser/Thr prote-
ase activated by glutamate-induced Ca2+ overload 
[18–23]. The degradation of TRPC6 seems to 
start at the N-terminal of the protein. A small 
peptide with the sequence spanning the calpain 
cleavage site in TRPC6 inhibits the degradation 
of TRPC6 and reduces infarct size after ischemia 
attack [18]. Thus, TRPC6 is a potential interven-
tion target for ischemic stroke therapy. It also 
supports the idea that different sources of Ca2+ 
entry are differently involved in the pathological 
process. In another study, TRPC4 expression 
level is elevated in neurons in the striatum and 
hippocampus after focal ischemic stroke. The 

upregulation persists from 12 h to 3 days after 
rat MCAO model [24]. However, the role of 
TRPC4 in ischemic stroke is still unknown.

6.2.2	 �TRPC Channels 
and Atherosclerosis

Atherosclerosis is a major cause of ischemic 
stroke. Main arteries become narrow in the per-
sons with atherosclerosis and are easy to get 
blocked by small clots. The plaque on the vessel 
wall that grows gradually in atherosclerosis could 
also break up from the wall to rapidly form the 
thrombus, leading to blockage of the vessel as 
well as stroke.

TRPC channels are involved in several steps 
of atherogenesis—generation of atherosclerosis 
(including endothelium damage, monocyte adhe-
sion and recruitment to the endothelium), macro-
phage survival, and efferocytosis. When the 
endothelium damage happens, monocytes in 
blood would be recruited to the lesion region and 
differentiated to macrophages that could initiate 
inflammatory reactions in intima. In healthy 
arteries, the macrophages would get into apopto-
sis and cleaned up by phagocytic cells, the 
inflammatory reaction would be reduced, and the 
little damage would get fixed. In arteries with 
atherosclerosis risk, the macrophage would not 
enter apoptosis process. The survived macro-
phage would continue the inflammatory reaction, 
activate, and recruit more immune cells to the 
lesion region; thus, the lesion would get enlarged, 
and the plague starts to be built up. TRPC chan-
nel proteins participate in these pathological pro-
cesses of atherogenesis. TRPC6 mediates 
oxLDL-induced endothelial cell apoptosis. In 
human aortic endothelial cells, oxLDL stimula-
tion inhibits the expression of miR-26a, which 
can suppress TRPC6 expression to protect cells 
from apoptosis. In contrast, overexpressing 
TRPC6 abolishes the anti-apoptosis effect of 
miR-26a [25]. Atherosclerotic lesions prefer to 
form in arteries with certain geometries, such as 
bifurcations, which could be due to the special 
sheer stress the areas receive. Some sheer stress 
patterns were identified as “atheroprotective” and 
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some others as “atheroprone,” which matches the 
areas that are resistant or susceptible to athero-
sclerosis formation [26]. High expression level of 
TRPC6 and TRPV1  in endothelial cells under 
atheroprone sheer stress is found compared with 
the cells under atheroprotective sheer stress [27]. 
Considering the function of TRPC6  in oxLDL-
induced endothelial cell apoptosis, it is specula-
tive that TRPC6 high expression contributes to 
the susceptibility of artery wall under certain 
sheer stress to oxLDL-induced atherosclerosis. 
TRPC3 and TRPM7 expression is higher in 
endothelial cells exposed to shear stress than 
those grown under static conditions [27]. These 
results suggest a possible role of TRPC3 in regu-
lation of blood pressure.

Overexpression of TRPC3 in endothelial cells 
promotes the plague formation in a mouse model 
of atherosclerosis [28]. In human coronary artery 
endothelial cells (HCAECs), TRPC3 mediates 
TNFα-induced monocytes adhesion. TRPC3 is 
required in ATP- or TNFα-induced upregulation 
of VCAM-1 expression and monocytes adhesion. 
Removing extracellular Ca2+ or applying TRP 
channel inhibitors suppresses VCAM-1 expres-
sion and monocyte adhesion. Knocking down 
TRPC3 with siRNA blocks the Ca2+ influx 
induced by ATP [29], as well as the VCAM-1 
expression  increase and monocytes adhesion 
induced by ATP or TNFα, while knocking down 
TRPC6 or TRPC7 has no effect. It is assumed 
that TRPC3 mediates TNFα-induced VCAM-1 
expression by modulating NFκB pathway 
because TRPC3 is required in TNFα-induced 
phosphorylation of IκBα [30, 31]. On the other 
hand, TNFα likely enhances the expression of 
TRPC3 to have a relatively long-term effect on 
the intracellular divalent cation level. TRPC6 and 
TRPC7 are not observed to participate in the pro-
cess because knocking them down does not affect 
TNFα-induced VCAM-1 expression or mono-
cyte adhesion. In patients with essential hyper-
tension, high level of TRPC3 was detected in 
monocytes, and knocking down TRPC3 decreases 
the ability of monocytes to adhere to the endothe-
lium [32]. These results could be at least partially 
explained by the fact that in hypertensive rats 
TRPC3 mediates the store-operated calcium 

influx in monocytes [33]. In atherogenesis, the 
replacement of lost endothelial cells is compro-
mised by extra calcium influx into endothelial 
cells [34]. In response to lysophosphatidylcho-
line (lysoPC), a component of oxLDL, TRPC6 
can translocate to plasma membrane and further 
initiate externalization of TRPC5. The transloca-
tion of TRPC6 is calmodulin (CaM)-dependent 
[35], and TRPC5 that is translocated to the 
plasma membrane induces continuous Ca2+ 
influx, which is believed to affect endothelial cell 
migration and shape change [36]. These reports 
unmask a process that one member of TRPC 
channel regulates another member of TRPC 
channel to enhance or consolidate cellular 
responses. TRPC3 is necessary for efficient mac-
rophage apoptosis following efferocytosis. Less 
apoptotic cells are observed in TRPC3−/− groups, 
and these apoptotic cells are harder to be cleaned 
by phagocytic cells than TRPC3+/+ apoptotic cells 
[37]. It is not clear yet if any endogenous mecha-
nism is responsible for suppression of TRPC3 on 
macrophage in the progress of atherogenesis.

6.3	 �TRPCs and Hemorrhagic 
Stroke

Hemorrhagic stroke is usually caused by an 
artery burst. There are two types of hemorrhagic 
stroke, intracerebral hemorrhage (ICH, bleeding 
inside the brain) and subarachnoid hemorrhage 
(SAH, bleeding outside the brain). More than one 
third of the patients would die in the first month 
after hemorrhagic stroke [38]. The bleeding 
could cause damage by different mechanisms. 
The skull space is so limited that even little 
amount of blood/hematoma could cause huge 
pressure change. This increased intracranial pres-
sure could cause brain tissue damage directly. It 
could also harm the brain by ischemia because 
the circulation system is also pressed. In the situ-
ation of SAH, the vessel around the bleeding spot 
would spasm, which could also induce brain tis-
sue ischemia. The blood-brain barrier (BBB) is 
broken down when bleeding occurs. The blood 
components can kill neurons directly by excito-
toxicity or indirectly by inducing neuron to  
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re-enter cell cycle [39]. A series of immune reac-
tions are rapidly initiated. Immune cells from both 
blood and brain tissues participate in the inflamma-
tion process to cause brain tissue breakdown [40]. 
The brain-derived cells activated by hemorrhage 
include astrocytes, microglia, and master cells.

6.3.1	 �TRPC Channels and Activation 
of Astrocytes

Thrombin, the critical coagulation protease in 
blood, is involved in various pathological condi-
tions when BBB is damaged, including ischemia, 
hemorrhage, Alzheimer’s disease, Parkinson’s 
disease, and multiple sclerosis [41]. Although 
low doses of thrombin are neuroprotective 
(thrombin precondition), high doses of thrombin 
leaking to the brain, as in cases of hemorrhagic 
stroke, would cause brutal damage. The activa-
tion of astrocytes is one of the most crucial events 
initiated by thrombin. Thrombin injected to the 
brain directly could strongly promote astrocyte 
proliferation, morphological changes, and astro-
gliosis [42, 43].

By adding thrombin with or without thrombin 
inhibitors, it is observed that thrombin activation, 
the oscillation of [Ca2+]i, proliferation, and mor-
phological changes of astrocytes are remarkably 
related [44, 45]. Thrombin directly binds to and 
activates the protease-activated receptor (PAR) 
on the cell membrane to start the cascades in 
astrocytes. PAR is a G-protein-coupled receptor. 
When it is activated by thrombin, Gq/11-coupled 
signaling leads to inositol trisphosphate (IP3)-
dependent endoplasmic reticulum Ca2+ release 
and extracellular Ca2+ entry to promote the 
plasma Ca2+ elevation [45]. Knocking down 
TRPC3 by siRNA suppresses astrocyte activa-
tion. It is found that TRPC3 is the only TRPC 
channel protein that is upregulated by thrombin 
stimulation. This upregulation is correlated with 
increased Ca2+ influx while it is blocked by the 
TRPC3 inhibitor, pyrazole-3. It looks like that 
TRPC3 amplifies the thrombin-PAR signal by a 
positive feedback: elevating the cytosolic cal-
cium level and increasing its own expression  
in astrocytes. In vivo data show that agonist of 

PAR could increase TRPC3 expression in mouse 
brain [46]. The pyrazole-3 improves the neuro-
logical outcomes in a mouse intracerebral hemor-
rhage model, and astrogliosis is also mitigated [47].

6.3.2	 �TRPC Channels 
and Hypertension

The cause of hemorrhagic stroke includes hyper-
tension, cerebral amyloid angiopathy, rupture of 
aneurysm, and vascular malformations. Improper 
use of medicine/drug could also lead to stroke, 
such as cocaine and anticoagulants. Hypertension 
is attributed to more than 25% of ischemic stroke 
and around 60% of hemorrhagic stroke [48]. 
High blood pressure weakens the arteries and 
makes them more likely to tear, while aneurysm, 
vascular malformations, and amyloid angiopathy 
all create weak spots on arteries/arterioles. Thus, 
any kind of combination of these factors with 
hypertension could be very dangerous because 
the risk of hemorrhage is largely increased.

TRPC3 and TRPC6 are involved in the patho-
logical process of hypertension. There is a con-
siderable amount of reports about the function of 
TRPC3  in hypertension. Endogenous TRPC3 is 
expressed in both endothelial cells and vessel 
smooth muscle cells (myocytes), while the pat-
terns of the expression are discrepant depending 
on the type and location of the vessel. It has been 
reported that in carotid artery TRPC3 is found 
only in myocyte [49]. In contrast, in mesenteric 
arteries, TRPC3 is only detected in endothelial 
cells [50, 51]. Endothelium and smooth muscle 
are physically and functionally connected to 
react to the change of the blood flow and adjust 
the tone of vessel. The expression discrepancy 
actually provides the chance to generate variant 
models to uncover the roles of TRPC3 in differ-
ent cells and in the interaction of endothelium 
and smooth muscle. Generally, TRPC3 expressed 
in vascular smooth muscle cells contributes to the 
contraction of the muscle, while TRPC3 
expressed in the endothelial cells contributes to 
vasodilation/relaxation. Endothelium regulates 
the tone of smooth muscle by secreting 
endothelium-derived relaxing factors. When the 
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myocytes contract too much or when its relax-
ation could not be properly regulated by endothe-
lium, hypertension manifests itself.

Under physiological condition, TRPC3 on 
myocytes contributes to vessel smooth muscle 
contraction by activating IP3 receptors on sarco-
plasmic reticulum (SR, ER of myocytes). IP3R-
induced calcium release from SR to cytoplasm 
leads to the movement of muscle filament—mus-
cle contraction. In smooth muscle cells, TRPC3 
on plasma membrane and IP3 receptors on SR 
are physically connected by cell scaffolding 
protein caveolin-1(caveolin-1 connects TRPC3 
and IP3R). This connection facilitates TRPC3 
coupling to IP3R in smooth muscle cells of 
resistance-sized cerebral arteries to induce vaso-
contraction. TRPC3 on myocytes could be acti-
vated by endothelin-1 (ET-1) that is released by 
endothelium. The channel activity could be mod-
ified by the level of IP3 in cytoplasm [52].

In endothelial cells, TRPC3 is involved in 
flow- and bradykinin-induced vasodilation, pos-
sibly because of the calcium influx through the 
channel. Application of TRPC3 antisense oligos 
attenuates the [Ca2+]i rise in endothelial cells that 
is stimulated by flow or bradykinin [51]. The cal-
cium elevation in endothelial cells induces the 
relaxation of myocytes by hyperpolarizing myo-
cytes. This process is termed as endothelium-
derived hyperpolarization (EDH). The calcium 
elevation in endothelial cells opens the 
intermediate-conductance calcium-activated 
potassium channels (IKCa) that locate at special-
ized myoendothelial microdomain contact sites 
and cause an efflux of potassium from endothe-
lial cells, which induces the hyperpolarization of 
adjacent myocytes. The calcium through endo-
thelial TRPC3 is involved in this EDH mecha-
nism [50]. The endothelium could also relax 
smooth muscle by generating nitric oxide (NO). 
In rat carotid artery, NO could cause vasorelax-
ation by inhibiting TRPC3 on myocytes through 
activating protein kinase G [49].

TRPC3 protein level is increased in animal 
models and patients with essential hypertension 
[53–55]. According to the histology results, this 
upregulation occurs in myocytes [56]. There is 
no direct evidence about whether the elevation of 
TRPC expression initiates hypertension or if it is 

just a pathological result of the disease. In TRPC6 
knockout mice (TRPC6−/− mice), expression of 
TRPC3 is remarkably increased in both aorta and 
cerebral arteries. TRPC6−/− mice have elevated 
blood pressure. Compared with aorta rings iso-
lated from wild type of mice, aorta rings of 
TRPC6−/− mice show increased contraction in 
response to adrenoceptor agonist stimulation. 
The vessel myocyte cultures of the knockout 
mice have higher basal cation entry, increased 
TRPC-carried cation currents, and more depolar-
ized membrane potentials. The higher basal cat-
ion entry could be fully blocked by siRNA against 
TRPC3 [57]. These results imply the important 
role of TRPC3 in hypertension. In spontaneously 
hypertensive rats (SHR), a commonly used ani-
mal model of hypertension, TRPC3 protein level 
is much higher in vascular myocytes and aorta 
than it is in normotensive Wistar–Kyoto rats. 
Knocking down TRPC3 with siRNA in SHR vas-
cular myocytes could block angiotensin 
II-induced calcium increase, while overexpress-
ing TRPC3 enhances it. It is noticeable that 
angiotensin II stimulation could induce increase 
of TRPC3 expression in SHR myocytes, which 
could be blocked by an antagonist of AT1R 
(angiotensin II receptor) [55]. Angiotensin is a 
major target for drugs to lower blood pressure, 
and it is not the only hormone that has interaction 
with TRPC channels in vascular smooth muscle. 
TRPC1, TRPC3, and TRPC5 are highly expressed 
in mesenteric arterioles of SHR and necessary for 
norepinephrine-induced vasomotion and calcium 
influx to vascular myocytes [58]. These results 
suggest that TRPC3 could be a target for hyper-
tension therapy. A specific TRPC3 inhibitor, 
Pyr3, could block endothelin-1-induced artery 
constriction more effectively in SHR than in nor-
motensive Wistar–Kyoto rats [56]. Other TRPCs 
are also associated with hypertension, such as 
TRPC1 and TRPC6, whose expression is 
increased in ouabain-induced hypertension 
model [59] and hypertensive rats [60]. 
Nevertheless, the elevation of blood pressure in 
TRPC6−/− mice, which could be mainly caused 
by increase of TRPC3, suggests  that the role of 
TRPC6  in vessel cells  and the way it was  
modified could be very different from those  
of TRPC3.
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6.3.3	 �TRPC Channels 
and Vasospasm 
After Hemorrhagic Stroke

Subarachnoid hemorrhage (SAH) comprises 
about 5% of all stroke cases but is associated with 
very high mortality and morbidity. In the report 
in 2009, 50% of the SAH patients couldn’t sur-
vive in the first 30 days after bleeding occurred 
[61]. In recent reports, the fatality of SAH is still 
as high as 35% in the first month [62]. Except for 
the direct damage caused by increased intracra-
nial pressure and BBB breakdown, delayed cere-
bral ischemia (DCI) could appear in hours or 
days caused by vasospasm and microemboli fol-
lowed by hemorrhage, which induces second 
damage. Around two-thirds of aneurysmal SAH 
patients would develop vasospasm in 3–14 days 
after the initial rupture [63]. SAH should receive 
urgent hemodynamic therapy (blood vessel fixa-
tion) and intensive care monitoring. Vasospasm 
doesn’t occur immediately with hemorrhage, 
which makes it relatively the most treatable com-
ponent of SAH.

Vasospasm occurs when the balance of con-
striction and relaxation is broken in vessel wall 
so that arteries/arterioles are over-constriction. 
The mechanisms of vasospasm after SAH are 
complicated and not fully uncovered. Hemoglobin 
released from subarachnoid blood clot is believed 
to be the main initiator of vasospasm. It could ini-
tiate vasospasm by different mechanisms includ-
ing nitric oxide (NO) and endothelin level 
changes, oxidative stress and free radical on 
smooth muscle cells, and modification of ion 
channels [64]. NO is a powerful endogenous 
vasodilator. Low levels of NO after SAH 
undoubtedly contribute to vasospasm by break-
ing the balance of vessel constriction vs. relax-
ation. A mutation on gene coding endothelial NO 
synthase is found to raise the risk of vasospasm 
[65]. Endothelin-1 (ET-1) generation increases 
after SAH in endothelial cells, astrocytes and leu-
cocytes, which causes the elevation of ET-1  in 
cerebrospinal fluid and plasma. ETs can bind to 
ET receptors on smooth muscle cells and elevate 
the [Ca2+]i to induce myocyte over-constriction 
and vasospasm [66, 67]. Astrocytes, neurons, and 

arterioles work as a functional unit to adjust 
blood supply to activate neurons in normal brain. 
In SAH, the calcium oscillation patterns in astro-
cyte endfoot alter and change the [K+] in the 
restricted perivascular space by activating 
calcium-sensitive potassium channel. This [K+] 
change could cause abnormal vasoconstriction in 
SAH [68].

To summarize, blocking the elevation of 
[Ca2+]i in smooth muscle cells is an important 
route to prevent vasospasm after 
SAH.  Nimodipine, an L-type calcium channel 
blocker, is the only FDA-approved medicine 
against vasospasm [69]. Except for alleviating 
vasospasm, nimodipine could also function in 
SAH brain by increasing fibrinolytic activity, 
neuroprotection, and inhibition of cortical 
spreading. Other drugs such as ET receptor 
antagonists, Rho-kinase inhibitor, and ryanodine 
receptors are also in clinical trial or in preclinical 
research [70]. Clazosentan, an ETA receptor 
antagonist, is more effective than nimodipine to 
alleviate vasospasm, while its third-phase clinical 
trial did not show difference of functional out-
come or mortality between drug-treated groups 
and placebo groups [71]. Side effects of clazosen-
tan include hypotension and pulmonary compli-
cations, which could have neutralized the 
beneficial effects of the drug. The major side effect 
of current agents against vasospasm, including 
nimodipine, is hypertension, which could be 
lethal to patients with SAH by inducing second 
bleeding [70]. Thus, researching into the details 
of the [Ca2+]i elevation in myocytes in vasospasm 
would be necessary for developing new drugs 
with higher efficiency and milder side effects.

TRPC channels are involved in ET-1-induced 
vasospasm in SAH models. In rabbit basilar 
artery, ET-1 could induce [Ca2+]i elevation 
through voltage-dependent calcium channels 
(VDCC) and nonselective cation channels 
(NSCC). ET-1-induced [Ca2+]i elevation in artery 
myocytes and vasocontraction are sensitive to 
SKF96365, an inhibitor of the receptor-mediated 
Ca2+ channels (later used as a TRP channel antag-
onist), and U73122, a PLC inhibitor, but not sen-
sitive to nifedipine [72, 73]. Thus, ET-evoked 
contractions of the smooth muscle are considered 
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to be mediated by Ca2+ influx mostly through 
nonselective cation channels. The seventh day 
after SAH in dog, the artery myocytes are more 
sensitive to ET-1. ET-1 level elevates to twofolds 
in cerebrospinal fluid compared with before 
SAH, around 200 pg/ml (0.08 nmol/L) [74]. 
When even higher dose of ET-1 (10 nmol/L) is 
applied, in 93% of control animals, basilar artery 
myocytes would not react, while large inward 
and outward currents are induced in 64% of SAH 
myocytes. These currents could be blocked by 
removing extracellular Ca2+ and by antibodies 
against TRPC1 or TRPC4. The mRNA and pro-
tein levels of TRPC1, TRPC4, and STIM1 are 
increased in SAH models [75, 76]. In a rat SAH 
model, TRPC1 and STIM1 expression increase is 
correlated with morphological changes of the 
arteries spatially and temporally—decrease of 
lumen area and increase of artery wall thickness 
[76]. It is not clear when the TRPC expression 
increase starts after SAH or if it is a reason or 
result or just paralleled phenomenon of morpho-
logical changes of the vessels. Knocking down 
techniques and more specific TRPC inhibitors 
could help to figure out function of upregulated 
TRPCs in vessel change after SAH and also to 
rule out the involvement of other TRPCs, such as 
TRPC3, whose expression does not change after 
SAH [76]. Considering the function of TRPC3 in 
smooth muscle cells of hypertension individual, 
more detailed research of TRPC3  in SAH is 
needed. No matter what the relationship of 
TRPCs and vessel morphological change is, 
upregulated TRPC1 and TRPC4 make myocytes 
more sensitive to ET-1 stimulation and easier to 
spasm, which makes them the possible targets for 
therapy of SAH-induced vasospasm.

6.4	 �Perspectives

Since TRP channel was first time cloned in 
Drosophila decades ago, they have been found to 
involve in different physiological and pathologi-
cal processes. Some of them have become prom-
ising drug targets of cancer (TRPV6) or pain 
(TRPV1). For stroke therapy, translational medi-

cine obstacles and big variability of patient situa-
tion make high cost of new drug development. 
TRPC channels are found to be diversely 
expressed in various cell types of nerve and cir-
culation system and affect stroke progress in 
unique ways, which make them possible therapy 
targets. More selective TRPC channel inhibitors 
and agonists could give exciting opportunity to 
new drug development. Considering the similar-
ity of members in TRPC family, resolving the 
crystal structure of TRPC channels could help 
pharmacological blocker/activator selection. 
Genetic tools like conditional knockout/knock-in 
approaches in specific tissues/cells could help to 
understand more completely about functions of 
TRPC channels. It is still unclear how exactly 
channels that are composed of the same/different 
TRPC proteins modify the component and pat-
tern of ion flow under physiological and patho-
logical states and how TRPC channels interact 
with cellular parts like cytoskeleton, mitochon-
drial, and lipid rafts. More comprehensive under-
standing of the complexity of TRPC channels 
will provide insight of mechanisms on stroke-
induced damage and new insight on its therapy.
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TRPC Channels and Alzheimer’s 
Disease

Rui Lu, Qian He, and Junfeng Wang

Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disease 
in the world. The “amyloid hypothesis” is one of the predominant hypoth-
eses for the pathogenesis of AD. Besides, tau protein accumulation, cal-
cium homeostasis disruption, and glial cell activation are also remarkable 
features in AD. Recently, there are some reports showing that TRPC chan-
nels may function in AD development, especially TRPC6. In this chapter, 
we will discuss the evidence for the involvement of TRPC channels in 
Alzheimer’s disease and the potential of therapeutics for AD based on 
TRPC channels.
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7.1	 �Introduction

Alzheimer’s disease (AD) is one of the most 
common neurodegenerative diseases leading to 
dementia in the aged, affecting 48 million people 
worldwide in 2015. The prevalence is estimated 
that 1 in 85 persons would be living with AD by 

2050, according to a report by Johns Hopkins 
University [12]. Clinically, AD is characterized 
with memory decline, cognitive impairment, 
emotion swings, language breakdown, and bodily 
function lost at the final stage [76]. Synaptic dys-
function is suggested to be responsible for the 
clinical manifestations, and synapse loss is found 
to be best correlated with the dementia degree 
[88]. Pathologically, AD is characterized with 
metabolism decline in the parietal lobe of the 
cerebral cortex, brain atrophy, senile plaques, and 
neurofibrillary tangles in autopsied AD brain sec-
tions [34]. The presence of senile plaques and 
neurofibrillary tangles is required for the defini-
tive diagnosis of Alzheimer’s disease [23]. Senile 
plaques are mainly composed of β-amyloid (Aβ) 
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peptides, and neurofibrillary tangles are mainly 
composed of hyperphosphorylated tau protein. 
Due to the toxicity of Aβ peptides or tau protein 
to AD cell and animal models, Aβ or tau is 
proposed to be the causative agents for the patho-
genesis of the disease, giving rise to “amyloid 
cascade hypothesis” and “tau hypothesis” [61].

The amyloid hypothesis suggests that due to 
genetic or environmental factors, the balance 
between Aβ production and clearance is dis-
rupted, and Aβ is overaccumulated. Aβ would 
then aggregate into oligomers, which could 
attack synapses and neurons, leading to the injury 
of neurites and malfunction of synapses. Aβ 
would also interrupt the ion homeostasis of neu-
rons, which would generate oxidative stress. 
Moreover, Aβ would disrupt the balance of kinase 
and phosphatase, leading to the hyperphosphory-
lation of tau protein and the formation of neurofi-
brillary tangles. Finally, Aβ would induce synapse 
loss and neuronal death, neural circuits’ destruc-
tion, and dementia [31]. The amyloid hypothesis 
is accepted in the field and supported by multiple 
lines of evidence. First, it has been found that in 
early-onset Alzheimer’s patients, who are usually 
familial inherited, several hundreds of mutations 
are located within amyloid precursor protein 
(APP) [5] or presenilin genes [18]. APP encodes 
the substrates of β-amyloid, and presenilins 
encode the catalytic subunit of the key enzyme in 
APP processing. Most of the mutations results in 
more Aβ production or enhancement of the ratio 
of Aβ42/Aβ40, leading to more Aβ aggregation 
[92]. Second, almost half of the late-onset 
Alzheimer’s patients, who are usually sporadic, 
carry the E4 allele of the ApoE gene [24]. ApoE 
encodes a protein related with Aβ production and 
clearance, and ApoE4 has a compromised func-
tion in Aβ production and clearance [39]. Third, 
Aβ is found to be toxic when applying to cultured 
cells [95] or animal models [35], and inhibition 
of Aβ generation or enhancement of its clearance 
is reported to improve the AD-like pathology [46, 
65]. Most recently and importantly, treatment of 
mild to moderate Alzheimer’s patients with Aβ 
antibody led to a delay of the disease progression 
[20, 79].

Aβ is a peptide composed of 39–43 amino 
acids, with Aβ40 and Aβ42 as the two major 
forms. Aβ is generated from sequential cleavage 

of APP by enzymes named secretase. There are 
two types of APP cleavage, the “amyloidosis” 
pathway and “nonamyloidosis” pathway [26]. In 
the “amyloidosis” pathway, APP is first cleaved 
by β-secretase (β-site of APP-cleaving enzyme, 
BACE1), shedding the N terminal of APP 
(sAPPβ) and leaving the C terminal fragment 
(β-CTF, C99) on the membrane, where the β-CTF 
is intramembrane cleaved by γ-secretase (mainly 
composed of presenilin, Pen2, Aph1, and nicas-
trin), releasing the 39–43aa Aβ peptides and the 
APP intracellular domain (AICD). In the “non-
amyloidosis” pathway, APP is first cleaved by 
α-secretases (carried out by ADAM10, 17, and 9) 
after the 16th aa of Aβ peptide, shedding sAPPα 
and leaving α-CTF (C83), and then α-CTF is 
cleaved by γ-secretase, leaving p3 and AICD. As 
α cleavage precludes Aβ formation and sAPPα is 
neurotrophic, the nonamyloidosis pathway is 
proposed to be protective for the disease [26]. 
The Aβ monomer is mainly secreted into extra-
cellular space and then aggregates to oligomers 
and fibrils finally under certain conditions [75]. 
The Aβ fibril is the main component of senile 
plaques, and the oligomer is the most toxic form 
of Aβ [17]. Applying Aβ oligomers to primary 
cultured neurons [44] and mouse models [47, 77] 
is able to induce AD-like pathologies.

The physiological function of Aβ peptides is 
basically unclear. A low level of Aβ could pro-
mote neuronal survival, enhance synaptic plastic-
ity [69], and stimulate neurotransmitter release in 
hippocampal neurons [1]. The mechanism under-
lying the neurotoxicity of Aβ has been widely 
investigated [81]. It could activate caspase 
through ER stress [63], death receptors [37], or 
JNK pathway [89], to induce neuronal apoptosis. 
Aβ could also bind to α7 nicotinic acetylcholine 
receptors (α7 nAChRs) [53], regulate synaptic 
NMDA receptor trafficking [82], induce synaptic 
protein degradation [41], and lead to the dysfunc-
tion of synapses. Moreover, Aβ could bind to the 
receptors on the astrocytes and microglia, leading 
to the activation of the glial cells and the release 
of cytokines and other inflammatory factors, 
which would induce the death of neurons [58, 
94]. There is accumulating evidence suggesting 
that Aβ can disrupt the cellular Ca2+ homeostasis 
to induce synapse and neuronal loss. Thus, stabi-
lizing cellular Ca2+ homeostasis might be the 
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potential preventative and therapeutic strategies. 
Aβ might form a calcium channel on the mem-
brane [40] or potentiate calcium influx through 
L-type calcium channels [90], and the cytosolic 
calcium elevation could activate calcium-
dependent protease-calpain, which could cleave 
p35 to p25 and induce apoptosis [45].

7.2	 �Genetic Evidence 
for the Involvement of TRPC 
Channels in Alzheimer’s 
Disease

Besides APP, presenilin1, presenilin2, and ApoE, 
several single nucleotide polymorphisms (SNPs) 
at genes implicated in immune system (CR1, 
CD33, EPHA1), cholesterol/lipid metabolism 
(clusterin, ABCA7), and vesicle trafficking 
(PICAM, BIN1, CD2AP) have been discovered 
by genome-wide association studies (GWAS) to 
be associated with late-onset Alzheimer’s disease 
(LOAD) [7, 74]. These findings provide new 
implications for the understanding and therapy of 
the disease. The first genetic evidence linking 
TRPC channel to AD came from a study involv-
ing two extended pedigrees, each with 15–16 sib-
lings, and among them 5–6 siblings are affected 
with LOAD [70, 71]. After genotypic analysis of 
the microarray data of the AD samples vs. the 
controls, six SNPs on chromosome 20q11.22 are 
found to be significant after Bonferroni correc-
tion, and all six SNPs are located in the gene of 
TRPC4AP (TRPC4-associated protein). In addi-
tion, a set of ten SNPs, including the above six 
SNPs, are analyzed, and haplotype analysis 
reveals that nine out of the ten affected siblings 
have a specific haplotype, and the genotype is 
homozygous, while genotypes for the control 
samples are generally heterozygous or opposite 
homozygous.

Extending the work to include 199 unrelated 
patients and 85 unaffected spouses to determine 
the prevalence of the TRPC4AP haplotypes, it is 
found that 36% of the patients have the haplo-
type, while only 26% of the spouse controls have 
the haplotype [70, 71]. It is also found that those 
patients with the haplotype might have more 

behavioral changes as well as psychiatric prob-
lems. Thus, the TRPC4AP haplotype is associ-
ated with late-onset Alzheimer’s disease, 
although the results are waiting to be replicated.

TRPC4AP is also named TNF-R1 ubiquitous 
scaffolding and signaling protein (TRUSS) and is 
originally identified in a yeast two-hybrid screen 
as a TNF-R1-associated protein. TRPC4AP is 
previously found to be a component of TNF-R1 
signaling complexes involved in NF-κB pathway 
[83]. As indicated by its name, TRPC4AP also 
interacts with TRPC4 as well as TRPC1 and 5. In 
the context of reduced endoplasmic reticulum 
Ca2+ storage induced by enhanced G protein-
coupled m1 muscarinic acetylcholine receptor 
(m1AchR) signaling, TRPC4AP, TRPC4, and 
TNF-R1 all elevate ER Ca2+ loading. Although 
the physiological or pathological significance of 
this ER Ca2+ loading elevation is unclear, it may 
indicate the malfunction of TRPC4 or its associ-
ated protein could lead to the development of 
Alzheimer’s disease.

In the analysis of the association of SNPs with 
AD in publicly available GWAS data set consist-
ing of three cohorts using data mining methods 
[11], 199 SNPs mostly associated with genes in 
calcium signaling, cell adhesion, endocytosis, 
immune response, and synaptic function are 
identified. In the model building with prior bio-
logical knowledge, 19 SNPs within six genes are 
identified, and four SNPs in TRPC1 are relevant 
in AD. However, there is no direct functional evi-
dence linking TRPC1 and AD. Previous studies 
have found that TRPC1 might be involved in 
store-operated calcium entry (SOCE) [66], which 
might be dysfunctional in AD [84]. However, the 
functional significance of these SNPs to TRPC1 
is still unclear.

7.3	 �TRPC Channels and Calcium 
Signal in Alzheimer’s Disease

Cleavages of APP by α-/β-/γ-secretases and Aβ 
generation have been found to be regulated by 
various cellular signals, including calcium signal. 
The effects of elevated cytosolic calcium concen-
tration on Aβ production are controversial, 
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depending on the concentrations of drugs and dif-
ferent cell lines [9, 13]. PS1 can modulate capaci-
tative calcium entry (CCE), and FAD-linked PS1 
mutation inhibits CCE and promotes Aβ forma-
tion [96]. PS1 also interacts with IP3R and 
SERCA directly, while FAD-linked PS1 muta-
tion enhances IP3R/SERCA activity and Aβ for-
mation [14, 28]. Besides, a new calcium channel 
CALHM can enhance α-secretase cleavage of 
APP and suppress Aβ generation [21]. Recently, 
synaptic NMDA receptor activation elevates 
α-secretase activity and inhibits Aβ formation 
[33, 56]. In addition, ionomycin-induced calcium 
entry activates γ-secretase cleavage of E-cadherin 
[55]. All these works suggest that calcium signals 
contribute to APP cleavage and Aβ production.

The first work linking the TRPC channels 
with APP processing comes from a study on 
SH-SY5Y neuroblastoma cells, which express 
abundant M3 muscarinic acetylcholine receptors 
(mAchR). When stimulated by carbachol or 
oxoM, mAchR would activate the PLC-IP3 signal 
to induce the calcium release from the internal 
store, followed by CCE [72]. In the study, stimu-
lation of SH-SY5Y cells with M3 mAchR ago-
nist oxoM enhances sAPPα production, which is 
dependent on extracellular calcium influx, but 
not dependent on calcium mobilization from 
intracellular stores. Treatment of the cells with a 
nonselective inhibitor (Cd2+), an L-type channel 
inhibitor (nifedipine), an N-type channel inhibi-
tor (conotoxin) (CgTx), an Na+/K+-ATPase inhib-
itor (ouabain), or the Na+/Ca2+ exchanger 
inhibitor (benzamil) did not affect oxoM-induced 
calcium entry pattern and sAPPα release. 
However, treatment with CCE inhibitor Gd3+ or 
SKF96365 dramatically reduces the Ca2+ entry or 
sAPPα release induced by oxoM [42]. The 
involvement of TRPC channels in the CCE and 
sAPPα release in SH-SY5Y cells is thus pro-
posed. Moreover, TRPC1 is expressed in 
SH-SY5Y neuroblastoma cells assayed by 
RT-PCR analysis [10]. It remains unclear whether 
specific TRPC channels are involved in the CCE 
and sAPPα release in SH-SY5Y cells.

7.4	 �TRPC Channels and Glial 
Activation in Alzheimer’s 
Disease

Besides senile plaques, neuronal neurofibrillary 
tangles, and neuronal loss, gliosis is also com-
mon in AD brains, suggesting that glial activation 
contributes to the pathogenesis of AD [60, 62]. 
Glia are nonneuronal cells of the nervous sys-
tems, and their main function is to provide physi-
cal support and nutrients to neurons, insulate one 
neuron from another, and clear pathogens or dead 
neurons [3, 87]. Glia are more than “glue” in the 
nervous system, and the interaction between glia 
and neurons is essential for normal brain function 
[8, 25]. For instance, astrocytes could clear neu-
rotransmitters within the synaptic cleft and pre-
vent possible excitotoxicity caused by 
accumulation of neurotransmitters such as gluta-
mate [73, 85, 86]. Astrocytes are also crucial for 
brain development [16], synaptic plasticity [2, 
64], and synaptogenesis [15, 80]. Many diseases 
such as Alzheimer’s disease [57], Parkinson’s 
disease [32], and ALS [67] are accompanied with 
glial activation.

The Aβ plaques are usually surrounded by 
activated astrocytes, suggesting the important 
contribution of astrocytes in AD brains. On one 
hand, astrocytes could digest Aβ. The cultured 
adult mouse astrocytes migrate to the plaques in 
response to monocyte chemoattractant protein-1 
(MCP-1), a chemokine present in AD lesions. 
Then, the astrocytes uptake and degrade Aβ42 
[93]. Compared with wild-type astrocytes, astro-
cytes from the apolipoprotein E (ApoE)-knockout 
mice are deficient in internalizing and degrading 
Aβ. These results suggest that ApoE is essential 
for the astrocyte-mediated degradation of Aβ 
[43].

On the other hand, Aβ could activate astro-
cytes and induce their inflammatory responses. In 
transgenic mice expressing the Swedish double 
mutation of human amyloid precursor protein 
695, interleukin (IL)-1β-positive astrocytes are 
around Aβ deposits before the age of 13 months. 
Transforming growth factor (TGF)-β1, TGF-β3, 
and IL-10- and IL-6-positive astrocytes are 
detectable in 13-month or older transgenic mouse 
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brain [4]. Moreover, astrocytes release soluble 
inflammatory factors under Aβ stimulation and 
exacerbate Aβ-induced caspase3 activation and 
neuronal death. Once the activated astrocytes are 
treated with anti-inflammatory agent minocy-
cline, the astrocytic inflammatory responses and 
the Aβ-induced caspase3 activation, caspase3-
cleaved tau, and neuronal death are also reduced 
[27]. Taken together, these results suggest that 
inhibition of inflammatory activation of astro-
cytes might be beneficial for AD treatment.

As the calcium signaling through TRPC chan-
nels is necessary for astrocyte activation induced 
by diverse factors such as lipopolysaccharide 
(LPS), IL-17, and thrombin, it is possible that 
TRPC channels might also be involved in the 
Aβ-induced astrocyte activation. Indeed, Aβ42 
treatment could enhance DHPG-induced Ca2+ 
signals and store-operated Ca2+ entry (SOCE) in 
cultured astrocytes. At the same time, Aβ42 treat-
ment upregulates the expression of TRPC1 and 
TRPC5. Moreover, SOCE is also upregulated in 
untreated astrocytes from the AD mice compared 
with astrocytes from wild-type mice. Consistently, 
in APP KO astrocytes, SOCE activated by ER 
Ca2+ store depletion with CPA is greatly reduced, 
and the protein levels of TRPC1 and Orai1 are 
downregulated. Moreover, knockdown of APP in 
cultured wild-type astrocytes reduces ATP- and 
CPA-induced ER Ca2+ release, extracellular Ca2+ 
influx, and TRPC1 expression level [52].

Several members of TRPC family, including 
TRPC1, TRPC4, TRPC5, and TRPC6, are 
expressed in astrocytes [6, 30, 68], and their 
expression levels are increased with age [54]. 
Several studies have shown that TPRC channels 
play important roles in glial activation. When 
stimulated by exogenous LPS, cultured astro-
cytes could be activated and proliferate, upregu-
late glial fibrillary acidic protein, and secrete 
IL-6 and IL-1β. Simultaneously, LPS induces 
[Ca2+]i increase in astrocytes. SKF-96365, the 
TRPC channel blocker, inhibits the LPS-induced 
[Ca2+]i increase and astrocyte activation [51]. 
These results support the potential involvement 
of TRPC channels in LPS-induced astrocyte acti-
vation. Similarly, TRPC channels also play 
important roles in IL-17-induced astrocyte acti-

vation. IL-17 activates MAPK, PI3K/Akt, and 
NF-kB, leading to upregulation of MIP-1a in 
astrocytes, while SKF96365 inhibits IL-17-
induced astrocyte activation and upregulation of 
MIP-1a [97].

Another study shows that TRPC3 is essential 
for thrombin-induced astrocyte activation. 
Thrombin, a major blood-derived serine prote-
ase, could leak into the brain parenchyma upon 
blood-brain barrier disruption and induce brain 
injury and astrogliosis. Thrombin treatment 
induces morphological changes, upregulation of 
S100B, and proliferation in cultured cortical 
astrocytes. Meanwhile, thrombin induces upreg-
ulation of TRPC3 at the protein level and 
increased Ca2+ influx after thapsigargin treat-
ment. The TRPC3 upregulation is mediated 
through protease-activated receptor 1 (PAR-1), 
extracellular signal-regulated protein kinase, 
c-Jun NH2-terminal kinase, and NF-kB signal-
ing. Finally, the thrombin-induced astrocyte acti-
vation could be inhibited by specific knockdown 
of TRPC3 using RNA interference and a selec-
tive TRPC3 inhibitor, pyrazole-3. These results 
suggest that calcium signaling through TRPC3 is 
necessary for thrombin-induced astrocyte activa-
tion [78].

7.5	 �TRPC6 in Alzheimer’s 
Disease

TRPC6  in the neurons could promote neuronal 
survival [38], synaptogenesis [98], and learning 
and memory [98]. Under the condition of brain 
ischemia, neuronal TRPC6 is degraded, and pre-
vention of TRPC6 degradation is beneficial for 
neuronal survival [22]. Moreover, genetic disrup-
tion of TRPC6  in the autism patient leads to 
abnormal neuronal development, morphology, 
and function [29]. As neuronal survival, learning, 
and memory are compromised in AD, TRPC6 
might play a role in AD development.

The pharmacological evidence to suggest the 
potential role of TRPC6 in AD comes from the 
studies using hyperforin as a TRPC6 channel 
agonist. Hyperforin, a phytochemical produced 
by the plant Hypericum perforatum, is one of the 
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three main active constituents of St. John’s wort 
and the primary active constituent responsible for 
the antidepressant properties of its extracts. Some 
studies have identified TRPC6 as a specific target 
of hyperforin. The hyperforin-induced cation 
entry is highly specific and related to TRPC6 and 
could be inhibited by a dominant negative mutant 
of TRPC6. Hyperforin elevates the intracellular 
Ca2+ concentration by activating TRPC6 chan-
nels without activating the TRPC3 and TRPC4. 
Furthermore, the stimulative effect of hyperforin 
on neuronal axonal sprouting is TRPC6 depen-
dent [49]. Further study shows that hyperforin 
modulates dendritic spine morphology in CA1 
and CA3 pyramidal neurons of hippocampal 
slice cultures through the activation of TRPC6 
channels. Hyperforin evokes intracellular Ca2+ 
transients which are sensitive to the TRPC chan-
nel blocker La3+, thus mimicking the effects of 
the BDNF on hippocampal pyramidal neurons 
[50]. These findings suggest that hyperforin is a 
selective agonist for TRPC6 channels.

Several studies have showed that hyperforin 
could reduce Aβ levels and improve behavioral 
performance in AD models. In rats injected with 
amyloid fibrils in the hippocampus, hyperforin 
could reduce amyloid deposit formation and 
therefore decrease the Aβ-induced neurotoxicity, 
reactive oxidative species, and behavioral impair-
ments [19]. Moreover, a hyperforin derivative 
IDN5706 – tetrahydrohyperforin – also prevents 
the cognitive deficit and synaptic impairment in 
double transgenic APPswe/PSEN1ΔE9 mice in a 
dose-dependent manner. Tetrahydrohyperforin 
decreases the proteolytic processing of APP, total 
fibrillar and oligomeric forms of Aβ, tau hyper-
phosphorylation, and astrogliosis [36]. Further 
studies show that the target of tetrahydrohyperfo-
rin appears to be TRPC6 [59]. In this study, 
mouse hippocampal slices are incubated with tet-
rahydrohyperforin, the TRPC3/6/7 activator 
OAG, SKF96365, and Aβ oligomers. 
Tetrahydrohyperforin and OAG have a similar 
stimulating effect on fEPSPs, which is inhibited 
by SKF96365. Aβ oligomers induce fEPSP 
reduction which could be rescued by tetrahydro-
hyperforin. In wild-type mice, tetrahydrohyper-
forin improves the spatial memory, an effect that 

is neutralized by coadministration of SKF96365. 
There is a strong pharmacophore similarity of 
tetrahydrohyperforin and other reported TRPC6 
agonists (IDN5522, OAG, and Hyp9). These 
findings indicate that hyperforin and its deriva-
tives might be effective for AD treatment and 
highlight the potential protective roles of 
TRPC6 in AD.

The association of TRPC6 with AD is further 
implicated by an in vitro study [48]. The effects 
of two familial Alzheimer’s disease-linked prese-
nilin2 mutants (N141I and M239V) and a loss-
of-function presenilin2 mutant (D263A) on the 
TRPC6 channel activity are assessed. The co-
expression of presenilin2 or its FAD mutants and 
TRPC6  in HEK293T cells abolishes agonist-
induced TRPC6 activation without affecting 
agonist-induced Ca2+ entry. The inhibitory effect 
of presenilin2 and its FAD mutants could not be 
attributed to Aβ increase in the medium because 
Aβ treatment alone does not affect the TRPC6 
channel activity. In contrast, the co-expression of 
a loss-of-function PS2 mutant and TRPC6  in 
HEK293T cells enhances agonist-induced Ca2+ 
entry. These results suggest that the wild-type or 
familial Alzheimer’s disease-linked presenilin2 
mutants influence TRPC6 channel activity in 
HEK293T cells and the normal function of 
TRPC6 might be compromised in AD.

The direct evidence that TRPC6 is protective 
against AD comes from a work showing that 
TRPC6 modulates Aβ production [91]. The 
γ-secretase is a potential therapeutic target for 
AD, but its potent inhibitors would affect the nor-
mal function of γ-secretase which cleaves many 
substrates and lead to different side effects. The 
TRPC6 inhibits Aβ production by specifically 
interacting with APP and C99 to block the cleav-
age of C99 by the γ-secretase. The inhibitory 
effects are specific to APP, but not to Notch or 
other substrates tested. The substrate specificity 
is conferred by the specific interaction of TRPC6 
with APP (C99), but not with other substrates. 
Once TRPC6 binds to C99, the interaction 
between C99 and presenilin1 (PS1) is reduced. 
The TRPC6 domain responsible for the inhibi-
tory effects is identified, and a fusion peptide 
derived from the second transmembrane domain 
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of TRPC6 could also reduce Aβ levels without 
effects on Notch cleavage. Moreover, crossing 
APP/PS1 mice with TRPC6 transgenic mice 
leads to a marked reduction in both plaque load 
and Aβ levels and improvement in structural and 
behavioral impairment. The TRPC6-derived pep-
tide also reduces Aβ levels in APP/PS1 mice.

7.6	 �Conclusion and Perspectives

Most studies show indirect evidence linking the 
TRPC channels and Alzheimer’s disease. 
However, direct evidence shows that TRPC6 is 
protective against AD. Reducing Aβ production 
by enhancing TRPC6 is specifically valuable 
under the circumstances that all the γ-secretase 
inhibitors failed in the clinical trials, largely due 
to the severe side effects. Inhibiting APP and pre-
senilin interaction by TRPC6 may represent a 
novel and viable strategy to target Alzheimer’s 
disease. The potential of TRPC6-based therapies 
such as hyperforin and TRPC6-derived peptide 
deserves further evaluation.
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Abstract

Parkinson’s disease (PD) is a common neurodegenerative disorder, which 
involves degeneration of dopaminergic neurons that are present in the sub-
stantia nigra pars compacta (SNpc) region. Many factors have been identi-
fied that could lead to Parkinson’s disease; however, almost all of them are 
directly or indirectly dependent on Ca2+ signaling. Importantly, though 
disturbances in Ca2+ homeostasis have been implicated in Parkinson’s dis-
ease and other neuronal diseases, the identity of the calcium channel 
remains elusive. Members of the transient receptor potential canonical 
(TRPC) channel family have been identified as a new class of Ca2+ chan-
nels, and it could be anticipated that these channels could play important 
roles in neurodegenerative diseases, especially in PD. Thus, in this chapter 
we have entirely focused on TRPC channels and elucidated its role in PD.

Keywords
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Parkinson’s disease

8.1	 �Introduction

Calcium (Ca2+) is an important element that 
functions as a prominent regulator for processes 
such as gene regulation, neuronal cell growth 

and differentiation, motility and axonal develop-
ment, and even neuronal cell death [6, 9, 65]. 
Thus, it is not surprising that disruption of Ca2+ 
homeostasis in neuronal cells results in decreased 
neuronal functions leading to neurodegenerative 
diseases such as Parkinson’s, Huntington’s, and 
Alzheimer’s [1, 10, 11, 46, 77, 78]. Due to these 
outcomes, Ca2+ homeostasis is strictly main-
tained in neuronal cells. Cells have evolved a 
multitude of mechanisms to regulate cellular 
Ca2+ levels and Ca2+ channels, and pumps play a 
key role in this regulation. Cumulative studies 
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suggest that both excessive elevation and attenu-
ation of intracellular Ca2+ will lead to neuronal 
degeneration through different mechanisms as 
suggested in this chapter (Fig.  8.1). Increased 
intracellular calcium [Ca2+]i concentrations 
mainly via the AMPA or NMDA channels lead 
to enhanced activation of Ca2+-dependent pro-
cesses that are normally inert or functional at 
low Ca2+ levels, thereby causing metabolic 
imbalances which result in neuronal death [3, 
13, 20]. In contrast, decreased [Ca2+]i, upon store 
depletion, could induce ER stress or inhibit acti-
vation of proteins that are essential for cell sur-
vival [48]. Thus, different actions of Ca2+ in 
neuronal cells could be dependent not only on its 
cellular concentration but also on the ion chan-
nels that modulate Ca2+ entry [44, 48, 74]. Ca2+ 
channels, mainly the transient receptor potential 
canonical (TRPC) channels, have recently 
emerged as a key regulator of Ca2+ homeostasis 
in neuronal cell function [9, 57]. Further, TRPC 
channel function and expression are altered in 
various neuronal diseases such as Parkinson’s 

disease (PD) [4, 57, 59]. PD is a neurodegenera-
tive disorder, which is characterized with pro-
gressive degeneration of dopaminergic neurons 
and affects the aging population. Thus, in this 
chapter we will focus on the functional implica-
tion of TRPC channels in neuronal cell function 
and their roles in PD.

8.2	 �TRPC Functions in Neurons

Neuronal cells are heavily dependent on Ca2+ 
signaling for their function and survival [32]. 
Initiation of the action potential activates the 
voltage-gated calcium channels that modulate 
neurosecretion. Growing evidence suggests that 
this mode of Ca2+ entry is also essential in main-
taining the cytosolic, ER, and mitochondrial 
Ca2+ levels. Importantly, as TRPC proteins have 
been identified as putative calcium channels that 
are activated by second messenger-mediated 
store depletion, they could play a critical role in 
neuronal survival, proliferation, and differentia-

Altered Calcium
Homeostasis

Parkinson’s
Disease

Excitotoxicity
Reactive Oxygen
Species (ROS) ER Stress Mitochondrial

Dysfunction
Inflammation

Neuronal Cell Death

Fig. 8.1  Mechanisms that potentially leads to 
PD. Schematic model shows altered Ca2+ homeostasis in 
neuronal cells which causes Parkinson’s disease via vari-

ous mechanism(s) such as ER stress, ROS, mitochondrial 
dysfunction, excitotoxicity, and inflammation
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tion. There is evidence that TRPCs are highly 
expressed in all regions of the central nervous 
system (CNS) [24], but in some cases the expres-
sion of individual TRPC channels is altered dur-
ing development, especially as observed with 
TRPC1 and TRPC3, which are more expressed 
in embryonic CNS than in adult neurons [62]. 
Furthermore, neuronal growth in the presence of 
growth factors, such as basic fibroblast growth 
factor (bFGF), was dependent on Ca2+ entry 
through TRPC channels, especially TRPC1, 4, 
but not TRPC5, suggesting their important roles 
in neuronal growth and survival [17]. Importantly, 
inhibiting the function of TRPC channels or 
even silencing of TRPC1 alone decreases bFGF-
induced intracellular Ca2+ increase and prolifera-
tion of neuronal stem cells [36, 40, 63]. TRPC3 
has also been shown to be associated with BDNF 
receptors stimulation of neuronal growth [21, 
66] and Epo-persuade cell differentiation and 
proliferation [39]. Consistent with these results, 
expression of TRPC1, TRPC2, and TRPC4 is 
observed to be higher, whereas expression of 
TRPC6 is decreased in neuronal stem cells. This 
differential expression of various TRPC chan-
nels suggests that different TRPC channels play 
contrasting roles in neuronal cell proliferation 
and differentiation [63]. In addition, using hip-
pocampal neuronal cells (H19-7), Wu and their 
colleagues showed that Ca2+ influx through 
TRPC1 and TRPC3 was essential in regulating 
the shift between proliferation and differentia-
tion [71].

Importantly, Ca2+ entry is not always benefi-
cial. Activation by massive glutamate increases 
[Ca2+]i mainly through TRPC1 channels, which 
leads to cell death as observed in hippocampal 
organotypic slice cultures. TRPC1 expression is 
enhanced after glutamate treatment, and both 
inhibition of TRPC channel by 2APB and knock-
down of TRPC1 significantly reduce cell death, 
indicating that TRPC1 is involved in glutamate-
induced cell death in the hippocampus. In con-
trast, studies have also shown that physiological 
activation of TRPC1 through other G-protein-
coupled receptors could protect the neurons from 
several extracellular stimuli [15, 35, 37, 71]. 
Similarly, loss of Ca2+ entry has also been shown 

to decrease endoplasmic reticulum (ER) Ca2+ lev-
els, induce ER stress, and promote cell death 
[58]. Together, these studies suggest that TRPC 
channels have a dual role where normal activa-
tion of TRPC channels regulates neuronal devel-
opment, while excessive Ca2+ influx, as observed 
upon glutamate treatment, can induce neuronal 
damage (Fig. 8.2). In addition, there appears to 
be a set point for Ca2+ entry, where physiologic 
concentration of calcium is beneficial, but either 
excessive or decreased calcium entry is harmful. 
Consistent with this notion, studies show that 
equally high Ca2+ loads are toxic through the 

SOCE TRPC1

UPR Pathway

DA Neuronal Cell Death

ER Stress

Parkinson’s
Disease

Ca2+

Channels

MPTP/MPP+

Fig. 8.2  Role of TRPC proteins in PD. Proposed model 
for MPP+/MPTP-induced DA loss which could lead to the 
onset/progression of PD.  MPP+/MPTP attenuates the 
expression of TRPC1 and SOC-mediated Ca2+ influx, 
which leads to prolonged ER Ca2+ depletion and activa-
tion of the UPR pathways and subsequent ER stress-
mediated neurodegeneration
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NMDA channels, compared to through the 
voltage-dependent Ca2+ channels [47, 61] sug-
gesting that diverse Ca2+ channels have different 
roles in deciding the fate of the neuron. Another 
explanation could be that TRPC multimers that 
consist of different subunits could have com-
pletely different functions. Consistent with this 
notion, TRPC1, TRPC4, and TRPC5 are observed 
to be highly expressed in the pyramidal cell layer 
of the hippocampus, frontal cortex, and dentate 
gyrus, while TRPC6 is dispersedly expressed 
only at the molecular layer of the dentate gyrus 
[14, 61]. Furthermore, both TRPC1 and TRPC3 
are observed to protect hippocampal cell lines, 
and silencing either of these channels inhibits 
cell development and proliferation [71]. In con-
trast, the expression of TRPC1 and TRPC6 is 
found in the substantia nigra region and colocal-
izes with tyrosine hydroxylase (TH), as well as 
with mGluR1, suggesting their role in modulat-
ing dopaminergic neuron function [9, 16]. 
Selective degeneration neuron is a common fea-
ture in several neurodegenerative diseases includ-
ing Alzheimer’s disease, epilepsy, Huntington’s 
disease, stroke, and Parkinson’s disease. 
Accumulating evidence suggests that glutamate, 
an excitatory neurotransmitter, is involved in the 
neurodegeneration [50]. In addition, TRPC chan-
nels could also function as a scaffold protein to 
regulate other proteins. This function is indepen-
dent of their traditional role of regulating Ca2+ 
influx, and most TRPC have been shown to form 
large multimers. Thus, exploring the mechanisms 
underlying expression regulation and Ca2+ entry 
modulation of TRPC channels would be helpful 
to clarify their roles in neurodegeneration.

8.3	 �Role of TRPC Channels 
in Parkinson’s Disease

Parkinson’s disease (PD) is the second most 
common neurodegenerative disorder, which is 
caused by progressive loss of dopaminergic 
(DA) neurons in the substantia nigra pars com-
pacta (SNpc). Degeneration of DA neurons in 
the SNpc region is the reason for the observed 

motor symptoms with this disease [26]. Although 
the mechanism underlying the selective degen-
eration of these neurons is largely unknown, a 
host of pathogenic factors have been suggested 
to be responsible for the degeneration of DA 
neurons in the SNpc. These factors include mito-
chondrial dysfunction, ER and oxidative stress, 
protein aggregation, excitotoxicity, and inflam-
mation, and each factor could individually or 
collectively play a role in the pathogenesis of PD 
(Fig. 8.1). In addition, lysosomal-mediated deg-
radation has recently been suggested to inhibit 
the protein degradation pathway that could even-
tually lead to protein aggregation as observed in 
PD. The role of Ca2+ regulation in PD has been 
of interest as it overlaps with several of the 
established pathways that lead to neurodegener-
ation. Importantly, as discussed above, changes 
in [Ca2+]i could mediate intracellular events that 
trigger or inhibit cell death process [7, 53]. 
Increases in [Ca2+]i via the Cav1.3 channels has 
been shown to be necessary to stimulate the 
release of dopamine (DA) from dopaminergic 
neurons of the SNpc [12, 49]. Interestingly, 
Cav1.3 channels are highly expressed in samples 
obtained from PD patients, indicating the impor-
tance of Ca2+ in PD. Furthermore, disturbances 
in Ca2+ homeostasis have been implicated in PD 
[1, 10, 11, 46, 77, 78]. As many factors involved 
in neuronal functions are dependent on Ca2+ sig-
naling, it could be anticipated that loss of these 
critical functions could contribute to PD [7, 53]. 
In addition, [Ca2+]i is maintained by the removal 
of Ca2+ through plasma membrane Ca2+-ATPase 
pump and the Na+/Ca2+ exchanger or sequestra-
tion into intracellular organelle stores by the 
sarco-endoplasmic reticulum ATPase pump 
(SERCA), and most of these processes require 
ATP.  However, ATP level is decreased in PD; 
thus, it can be speculated that the dysfunction of 
these Ca2+pump could be involved in PD patho-
genesis. Moreover, decreases in ATP levels 
could decrease ER calcium levels that could 
stimulate store-operated Ca2+ entry which is 
dependent on TRPC and Orai channels. Thus, it 
is critical to establish their physiological func-
tions as discussed in this chapter.
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8.3.1	 �TRPC1

TRPC1, the founding member of TRPCs, is ubiq-
uitously expressed in high levels in all neuronal 
tissues [2, 62]. Alterations in intracellular Ca2+, 
especially in the storage organelles such as the ER 
and mitochondria, have also been shown to affect 
neuronal survival and are associated with PD 
[28]. Although several Ca2+ channels have been 
identified that bring Ca2+ into cells, Ca2+ entry 
through the store-operated calcium channels 
(SOC) could be the most important. Moreover, as 
Ca2+ entry through SOC has been shown to be 
essential for maintaining intracellular ER Ca2+ 
stores, along with regulating many cellular func-
tions, they could play an important role in neuro-
nal survival [8, 58, 64]. TRPC1 has been shown to 
be essential for the formation of the functional 
SOC as it is activated by store depletion per se in 
DA neurons [8, 58, 59, 64, 68].

One of the possible mechanisms that lead to 
neurodegeneration in PD could be the initiation 
of ER stress or the unfolded protein response 
(UPR) [22, 23]. Ca2+ in the ER is known to be 
important for protein synthesis and folding; thus, 
loss of this vital function could induce abnormal 
protein aggregation as well as ER stress that 
could activate cell death cascades [52, 73]. Ca2+ 
influx through the SOCE mechanism is essential 
for the refilling of the ER Ca2+ stores, which 
could prevent abnormal protein aggregation and 
ER stress. Recently published work [8, 58, 59] 
suggests that in DA neurons TRPC1 functions as 
the endogenous plasma membrane SOC Ca2+ 
channel. Importantly, the expression of TRPC1, 
but not that of other TRPCs as well as ORAI1 or 
SOCE modulator stromal interaction molecule 1 
(STIM1), was decreased in cell and animal mod-
els as well as in PD patients. Interestingly, Ca2+ 
entry into DA neurons was also inhibited by neu-
rotoxin that induced PD-like symptoms and 
decreased ER Ca2+ levels. Consistent with these 
results, overexpression of TRPC1 reduced neuro-
toxicity induced by MPP+ or salsolinol [8, 58]. In 
contrast, knockdown of TRPC1 or by addition of 

TRPC channel blockers inhibited DA neuron sur-
vival, indicating that the neuron protection role of 
TRPC1 might result from its Ca2+ influx ability. 
Similar results are also found in in  vivo model 
and in tissue samples from human patients. Loss 
of TRPC1 shows a decrease in ER Ca2+ level and 
initiates the unfolded protein response. Moreover, 
overexpression of functional TRPC1 is protected 
against neurotoxin-induced loss of SOCE and the 
resultant ER stress response. In contrast, silenc-
ing of TRPC1 or its modulator STIM1 increased 
the UPR, which suggests that ER stress is induced 
in PD and TRPC1 attenuates ER stress [58] 
(Fig.  8.2). Furthermore, Ca2+ entry via TRPC1 
also activates AKT/mTOR signaling and contrib-
utes to neuronal survival [58].

Mitochondrial dysfunction is another mech-
anism that has been demonstrated to have a role 
in the PD pathogenesis [41]. Importantly, cal-
cium entry via SOC has been shown to modu-
late mitochondrial Ca2+ levels, and alterations 
in these Ca2+ levels could also lead to neurode-
generation. In addition, a strong correlation 
between SOCE and apoptosis has also been 
proposed, indicating that lack of Ca2+ entry 
would contribute to apoptosis [27]. Neurotoxins 
induce neuronal loss by decreasing TRPC1 lev-
els, which could decrease mitochondrial Ca2+ 
levels necessary for ATP synthesis followed by 
disrupting mitochondrial membrane potential 
and initiation of apoptosis. Consistent with 
these results, activation of TRPC1 maintains 
mitochondrial membrane potential and inhibits 
Bax translocation to the mitochondria to pre-
vent cytochrome c release and mitochondrial-
mediated apoptosis. These results suggest that 
TRPC1 could prevent neurotoxin-induced cel-
lular death by maintaining mitochondrial mem-
brane potential, which prevents neurons from 
apoptosis [8, 10, 59]. Moreover, another study 
shows that downregulation of STIM1 expres-
sion, which is known to activate TRPC chan-
nels, inhibits cell apoptosis and reduces 
intracellular ROS production in PC12 cells by 
6-hydroxydopamine [38].
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8.3.2	 �TRPC2

Among the seven members of the TRPC, the 
TRPC2 channel, being a pseudogene in human, 
is the least investigated [33, 67]. Therefore, little 
is known about its physiological function. 
However, in rodents TRPC2 is highly expressed 
to the dendritic tip of the vomeronasal sensory 
neurons [30, 72] and plays an important role in 
pheromone sensing [18, 29], while its role in PD 
is not yet identified.

8.3.3	 �TRPC3

TRPC3 is highly expressed in the brain and oxi-
dative stress has been shown to activate TRPC3 
channels. The oxidant tertiary butyl hydroperox-
ide completely depolarized endothelial cells by 
activating TRPC3 [57], suggesting that TRPC3 
determines endothelial redox sensitivity. In addi-
tion, overexpression of TRPC3  in HEK293T 
cells shows an increase in basal membrane con-
ductance upon tertiary butyl hydroperoxide treat-
ment, which is mainly due to the influx of Na+ 
[51]. In another study in primary rat cortical neu-
rons and astrocytes, TRPC3 levels and TRPC3-
mediated Ca2+ flux are dose-dependently 
decreased upon treatment with oxidative stress-
ors [56]. In addition, in murine striatal astrocytes, 
additions of neurotoxins which mimic PD 
decrease ATP level and OAG-induced Ca2+ tran-
sients, [60]. Importantly, a slight increase in 
TRPC3 expression is observed in PD condition 
as well as neurotoxin models of PD [58]. 
Disruption of Ca2+ signaling especially in astro-
cytes significantly impairs neuronal function and 
survival in neurological injury and in disease 
conditions such as PD.  Together, these studies 
suggest that TRPC3 dysfunction is involved in 
Ca2+ dyshomeostasis and oxidative stress signal-
ing observed in PD.

Parkinsonian movement disorders are also 
associated with abnormalities in SN pars reticu-
lata (SNr) [34, 45, 54, 69]. TRPC3 channels are 
expressed in SNr GABA projection neurons, 
where TRPC3 channels are tonically active and 
mediate a voltage-independent inward current, 

leading to a substantial depolarization in these 
neurons [76]. Inhibition of TRPC3 channels 
induces hyperpolarization, decreases firing fre-
quency, and increases firing irregularity, sug-
gesting that TRPC3 channels play critical roles 
in maintaining the depolarized membrane 
potential, high firing frequency, and firing regu-
larity in these basal ganglia output neurons cru-
cial to Parkinsonian movement disorders [76]. 
In addition, dopamine released via the dopa-
mine receptors from the dendrites activates 
TRPC3 channels in SNr GABA neurons and 
mediates an inward, Na+-dependent current, 
leading to a substantial depolarization and 
ensuring appropriate firing intensity and pattern 
in SNr GABA projection neurons [75]. TRPC3 
channels have also been shown to modulate 
motor coordination [5, 19]. In an ataxic mouse 
mutant (moonwalker, Mwk mice) that displays 
motor and coordination defects, a gain-of- 
function mutation (T635A) in TRPC3 channels 
is observed. Sustained activation of TRPC3 
channels is observed to be associated with 
diminished dendritic arborization and progres-
sive loss of Purkinje neurons. Similarly, another 
study also shows that loss of TRPC3 exhibits 
atrophy and progressive paralysis [55].

8.3.4	 �TRPC4

TRPC4α/β isoforms are the most abundantly 
expressed and functionally characterized in brain. 
TRPC4 and TRPC5 are the major TRPC sub-
types in the adult rat brain because both are 
expressed highly in the pyramidal cell layer of 
the hippocampus, frontal cortex, and dentate 
gyrus [14, 61]. TRPC4 is specifically detected 
throughout the layers (2–6) of the prefrontal cor-
tex or the motor cortex [25, 42]. Although the 
role of TRPC4 in PD is not yet defined, its role in 
axonal regeneration in adult rat dorsal root gan-
glia (DRG) has been reported [70]. The expres-
sion of TRPC4 is enhanced, whereas TRPC1, 
TRPC3, TRPC6, and TRPC7 expression remains 
unchanged after nerve injury persuaded by either 
sciatic nerve transection or intra-ganglionic 
microinjection of dibutyryl cAMP [57, 70]. In 
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addition, TRPC4 expression in various neuronal 
cells has been shown to be increased upon addi-
tion of NGF and dibutyryl cAMP that induced 
differentiation [57, 70]. Suppression of TRPC4 
by specific small interfering RNA significantly 
reduced the length of neuritis in cultured DRG 
neurons [70]. Taken together, these results sug-
gest that TRPC4 contributes to axonal regenera-
tion especially after nerve injury. If these findings 
have generality, TRPC4 could be an important 
molecular target for potential regeneration thera-
pies in patients suffering from neuronal injury. In 
contrast, by using whole-genome sequencing, a 
recent report showed that gain-of-function muta-
tions in TRPC4 gene induce cell death in DA 
neurons through a defined, calcium-related 
downstream pathway [43]. High expression of 
TRPC4 is also found in the PM of soma and 
proximal dendrites of lateral septal neurons, 
colocalizing with mGlu receptors, which could 
also contribute to cell death. Studies also show 
that TRPC4 is expressed in cells in the ventral 
tegmental area, a region with extensive inputs 
from dopamine neurons which are important in 
regulating the animal behavior [24]. Importantly, 
a recent report has shown that self-administration 
of cocaine was significantly less in the TRPC4 
KO group than WT controls [31]. Also, spontane-
ous DA neuronal activity in the ventral tegmental 
area revealed fewer cells with high-frequency 
firing rate in rats that lack TRPC4. Together these 
studies show the roles of TRPC4 channels in 
various functions of the CNS making them a 
potential target, especially for neurological 
diseases associated with excitotoxicity like PD or 
drug addiction that are also dependent on DA 
neurons.

8.4	 �Conclusion

Plenty of research in the past decades has 
explored the role of TRPC channels in neuronal 
survival, differentiation, and neurodegeneration 
as observed in Parkinson’s disease. It could be 
suggested that Ca2+ influx via the TRPC channels 
has an important role in the neurodegenerative 
diseases such as Parkinson’s, although further 

studies are needed. Therefore, targeting Ca2+ 
entry (both inhibition and activation) through 
TRPC channels could be critical for maintaining 
normal physiological function in dopaminergic 
neurons. Moreover, recent findings have also 
implicated STIM1 as a regulator for SOCE, mak-
ing STIM1 a potential target, as they may be 
involved in neurological diseases such as 
Parkinson’s.
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TRPC Channels and Neuron 
Development, Plasticity, 
and Activities

Yilin Tai and Yichang Jia

Abstract

In this chapter, we mainly focus on the functions of TRPC channels in 
brain development, including neural progenitor proliferation, neurogene-
sis, neuron survival, axon guidance, dendritic morphology, synaptogene-
sis, and neural plasticity. We also notice emerging advances in 
understanding the functions of TRPC channels in periphery, especially 
their functions in sensation and nociception in dorsal root ganglion (DRG). 
Because TRPC channels are expressed in all major types of glial cells, 
which account for at least half of total cells in the brain, TRPC channels 
may act as modulators for glial functions as well. The future challenges for 
studying these channels could be (1) the detailed protein structures of 
these channels, (2) their cell type-specific functions, (3) requirement for 
their specific blockers or activators, and (4) change in the channel confor-
mation in the brain.

Keywords
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9.1	 �Introduction

Neurons are born to be connected, but the way to 
precise connection is a long journey. TRPC chan-
nels are faithful companions along the journey. In 
general, most of neurons are bipolar. However, 
after a neuron is born from a neural progenitor 
cell, it undergoes multipolar stage when the neu-
ron extends several neurites without defined 
polarity. Affected by both extrinsic environmen-
tal cues and intrinsic genetic programs, the neu-
ron changes from multipolar to bipolar stage 
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when it has a leading process toward the direc-
tion of migration and a trailing process on the 
opposite. Once the polarity is established, the 
immature neuron starts to migrate along the 
radial glial fiber to its final residence where it 
starts to differentiate. The leading process 
branches out to become dendrites where the neu-
ron receives inputs from other neurons. The trail-
ing process extends into a long axon to send 
information to other neurons. With a growth cone 
that actively senses environmental cue, an axon 
can be guided to specific targets that in many 
cases locate very far away from the cell body. 
During the process, neurons also experience 
harsh survival selections. In the brain, a plethora 
of neurons is produced during early brain devel-
opment. They compete with each other for lim-
ited trophic factors. Those who triumphed thrive. 
Synapses are then formed between axons (pre-
synaptic) and dendrites (postsynaptic) of the sur-
vived neurons. Electrical or chemical signals can 
pass from the axons of presynaptic output neu-
rons to the dendrites of postsynaptic input neu-
rons through synapses. The dendrites and the cell 
body integrate the signals received from different 
sources and send it out through axon toward its 
own targets. In this way, complex neural circuits 
are formed between and within brain regions, 
which is the biological basis of animal behaviors. 
Once the neural connections are formed, they can 
undergo plastic changes in response to experi-
ence, so that the nervous system can better adapt 
to the environment.

TRPC channels, as discussed in Chaps. 2 and 
3, are nonselective cation channels that are per-
meable to Ca2+. The established modes of gating 
of TRPC channels are mainly divided into store 
operated and receptor operated [69]. Through 
activation of phospholipase C (PLC), G protein-
coupled receptors (GPCRs) and receptor tyrosine 
kinases (RTKs) can modulate TRPC channel 
activity by hydrolysis of phosphatidylinositol 
bisphosphate (PIP2) to diacylglycerol (DAG) and 
inositol triphosphate (IP3). The former is required 
for receptor-operated activation of TRPC3/6/7, 
while the latter causes Ca2+ release from internal 
Ca2+ store (endoplasmic reticulum, ER), a pro-
cess that triggers store-operated channel activa-

tion [10, 48, 63, 92]. This unique gating 
mechanism allows TRPC channels to act as 
downstreams of many GPCRs and RTKs, trans-
ducing extracellular stimuli into intracellular 
Ca2+ signals [94]. Ca2+ signals have indispensable 
roles throughout brain development [47], not 
only because it is an important second messenger 
but also because it is critical to control neuronal 
excitability and plasticity [8].

The expression of TRPC channels is ubiqui-
tous in the nervous system, with different combi-
nations in different cell types, and is strictly 
regulated in different developmental stages, sug-
gesting their unique roles in each context. In this 
chapter, the functions of TRPC channels will be 
overviewed in the background of both central 
nervous system and peripheral nervous system 
development (Fig.  9.1). And, how TRPC chan-
nels affect the neuronal activity and plasticity 
will also be discussed.

9.2	 �TRPC Channels in the Central 
Nervous System

9.2.1	 �Neuroepithelial Proliferation 
and Neurogenesis

Ca2+ is a ubiquitous second messenger which is 
critical for proliferation and differentiation 
through its regulation of cytoskeleton dynamics 
and gene expression. The development of the 
central nervous system involves extensive prolif-
eration of uncommitted precursor cells which 
divide to self-renew committed neural progenitor 
cells, which in turn differentiate into neurons. 
Steady-state levels of intracellular Ca2+ concen-
tration in proliferating neuroepithelial cells are 
largely dependent on Ca2+ entry [55]. TRPC1, 3, 
4, 5, and 6 are highly expressed in cultured 
embryonic neural stem cells, suggesting develop-
mental roles of TRPC channels. Freshly sorted 
neural precursor cells from mouse E13 telen-
cephalon have higher expression of TRPC1 and 4 
than TRPC3, 5, and 6. TRPC1 is coimmunopre-
cipitated with FGFR-1, which is a receptor of 
fibroblast growth factor (FGF). FGF is essential 
for neuroepithelial cell proliferation. Knockdown 
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of TRPC1 attenuates FGF-induced Ca2+ influx, 
which is involved in neural precursor cell prolif-
eration [24]. Platelet-derived growth factor-BB 
(PDGF-BB) has been reported to provide tropic 
support for neurons in the CNS. It regulates neu-
rogenesis in the context of HIV-associated neuro-
logical disorder and drug abuse. Pretreatment of 
rat hippocampal neuronal progenitor cells 
(NPCs) with PDGF-BB restored proliferation 
that had been impaired by the co-application of 
HIV transactivating protein (Tat) together with 
cocaine. The PDGF-BB-induced Ca2+ influx is 
mediated by TRPC1, and downregulation of 
TRPC1 attenuates PDGF-BB-induced NPC pro-
liferation [103].

Adult hippocampal neurogenesis is a unique 
form of neurogenesis, and the adult neural pro-

genitor cells (aNPCs) generate new neurons in 
dentate gyrus throughout life [23]. Increasing 
evidence supports the idea that neurogenesis is 
involved in normal function of adult hippocam-
pus and impairment of this process will lead to 
neurological diseases [11, 76, 77]. Adult NPCs 
share many features with embryonic neural pro-
genitors. Similarly, TRPC1 channels are highly 
expressed in aNPCs, and inhibition of TRPC1 
channel activity arrests the cell cycle at G0/G1 
phase and reduces the aNPC proliferation [52].

The function of TRPC1 in neural stem cell is 
conserved across species. In human telencephalic 
neuroepithelial cells and post-mitotic neurons, 
the spontaneous Ca2+ transients are sensitive to 
SKF96365, the antagonist to TRPC channels, 
and shRNA targeting TRPC1. Knockdown of 

Fig. 9.1  (a) TRPC1 channels promote bFGF-induced 
neural stem cell proliferation. (b) TRPC3 and TRPC6 
channels promote cerebellum granule cell survival in 
response to BDNF. (c) BDNF-induced chemoattraction is 
mediated by TRPC3 and TRPC6 channels. TRPC1 chan-
nels are required for growth cone turning in response to 

microscopic gradients of netrin-1. (d) TRPC5 negatively 
regulates dendritic/neurite outgrowth, whereas TRPC6 
promotes dendritic growth. (e) TRPC6 channel is 
required for excitatory synaptogenesis. TRPC3 and 
TRPC6 channels mediate BDNF-induced spine forma-
tion [106]
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TRPC1  in dividing human neuroepithelial cells 
leads to a significant reduction in their prolifera-
tion [99].

9.2.2	 �Neuronal Survival 
During Development

Strictly controlled cell death is essential for nor-
mal development in multicellular organisms [95]. 
In the developing brain, neurons compete with 
each other for limited trophic factors. Those that 
thrive in the competition survive [46]. The intra-
cellular Ca2+ level acts as a double-edged sword 
in this process. Excessive intracellular Ca2+ is a 
trigger of cell death. However, a modest increase 
in intracellular Ca2+ concentration promotes sur-
vival through a pathway that requires calmodulin 
[102]. Interestingly, many trophic factors, such as 
brain-derived trophic factor (BDNF), have been 
reported to be able to trigger a slow but sustained 
intracellular Ca2+ elevation [57]. In fact, BDNF is 
one of the pro-survival cues during the develop-
ment of the cerebellum [59]. In addition, BDNF-
induced Ca2+ influx is partially mediated by 
TRPC3 and TRPC6 channels [3, 50]. The peak 
expression of TRPC3 and 6  in the developing 
cerebellum is observed between postnatal days 
10 and 17 [39]. During this period, there is a pro-
liferation of granule cell progenitors in the exter-
nal granule cell layer, followed by maturation of 
granule cells into the internal granule cell layer 
and apoptosis of about 30% of a subpopulation of 
these cells [84]. Downregulation of TRPC3 or 
TRPC6 blocks BDNF-induced intracellular Ca2+ 
elevation and subsequent pro-survival effect. 
Blocking either calmodulin-dependent protein 
kinase (CaMK) or mitogen-activated protein 
kinase (MAPK) inhibits the protective effect of 
TRPC channels. Moreover, the protective effect 
of TRPC3 and 6 is suppressed by a dominant 
negative form of CREB. Interestingly, the other 
pro-survival signaling, AKT signaling, activated 
by BDNF is not affected by TRPC3 and 6, sug-
gesting the unique downstream of TRPC3/6 acti-
vation followed by BDNF bound to its 
high-affinity receptor TrkB [39]. Activity-
dependent process is also important for neuronal 

survival via activation of the CREB pathway 
[79]. It is known that Ca2+ entry through L-type 
voltage-dependent Ca2+ channels (VDCCs) can 
lead to the Ca2+-dependent activation of ERK and 
CaMKIV [18, 29]. Both kinases contribute to 
CREB phosphorylation and subsequent neuronal 
survival. These intracellular pro-survival signal-
ing pathways are quite similar to those induced 
by TRPC channels. However, TRPC channels are 
not activated by depolarization. It thus appears 
that CREB is a key point on which both activity-
dependent survival signaling and TRPC-induced 
survival signaling converge.

9.2.3	 �Neuronal Navigation

Once the neurons are born, they either undergo 
radial migration along the radial glial fiber or tan-
gential migration directed by the environmental 
cues [82]. During this process, growth cone, a 
specialized structure at the tips of the neuritis and 
palm-shaped filopodia, constantly extends or 
retracts its protrusion in response to various envi-
ronmental cues. The movements of these protru-
sions are believed to be driven by Ca2+ influx, 
which regulates growth cone morphology [31], 
the cytoskeleton dynamics [16], and positioning 
of precursor vesicles [12]. In the growth cone, the 
remnant Ca2+ current in the presence of blockers 
for VDCCs is abolished by SKF96365. Therefore, 
both TRPC channels and VDCCs are responsible 
for elevating the Ca2+ level in the growth cone. 
BDNF, also a chemoattractor, can affect growth 
cone turning. In cultured rat cerebellar granule 
cells, elevation in [Ca2+]i and growth cone steer-
ing induced by BDNF are abolished when TRPC3 
and 6 are inhibited by downregulation or domi-
nant negative mutants of TRPC3 and 6. However, 
downregulating TRPC1 did not affect the eleva-
tion in [Ca2+]i and growth cone turning induced 
by BDNF. In contrast, inhibition of XTRPC1, a 
homologue of TRPC1  in Xenopus, makes the 
growth cone insensitive to the attraction induced 
by netrin-1  in the cultured Xenopus spinal neu-
rons [80, 97]. Meanwhile, knocking down 
XTRPC1 affects the myelin-associated 
glycoprotein-induced repulsion, but leaves 
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semaphorin 3A-induced repulsion intact. 
Injection of XTRPC1 morpholinos into the 
Xenopus blastomere leads to a 65% reduction in 
the midline crossing of the ventrally projecting 
commissural axons. These discrepancies could 
be the result of differential distribution, concen-
tration, and the combination of channel subunits 
in different cell types and species. Furthermore, 
stimulation of the same TRPC channel via differ-
ent agonists could have a different response that 
could be attributed to the spatial temporal resolu-
tion of Ca2+ signaling.

9.2.4	 �Neuronal Morphogenesis

Development of neuronal circuits requires the 
establishment of a proper neuronal morphology 
in which Ca2+ can have profound effects on this 
process [72]. Activity-induced Ca2+ influx 
through VDCCs and N-methyl-D-aspartate 
(NMDA)-type glutamate receptors controls neu-
rite morphogenesis [1, 73]. However, in the early 
developmental stages, especially in embryonic 
days and early postnatal days, neuronal activity 
in the brain is relatively low, which makes it 
unlikely that VDCCs and NMDARs are the major 
components for Ca2+ influx. The activation of 
TRPC channels is independent of membrane 
depolarization [96], and emerging evidence has 
shown that Ca2+ influx through TRPC channels 
plays a critical role in neurite morphogenesis 
during early stages of brain development.

The expression of TRPC4, 5, and 6 in the hip-
pocampus is detectable as early as in embryonic 
days [90]. TRPC5 is delivered to growth cones of 
young cultured hippocampal neurons by the 
growth cone protein Stathmin2. Once in the 
growth cone, TRPC5 inhibits neurite growth, a 
developmental process that requires proper intra-
cellular calcium range [33]. However, in the pro-
cess of hippocampal neuronal axon formation, 
Ca2+ influx through TRPC5 seems to be critical 
for axon formation and is responsible for activat-
ing Ca2+/calmodulin kinase kinase (CaMKK) sig-
naling cascades [14]. According to Ca2+ set-point 
hypothesis, growth cone motility and neurite 
extension depend on an optimal range of [Ca2+]i. 

Altered Ca2+ homeostasis will retard the growth 
cone protrusion [32]. On the contrary, growth 
cone steering induced by various guidance cues 
requires localized Ca2+ influx. The different roles 
of TRPC5 in growth cone formation and morpho-
genesis suggest different Ca2+ requirements for 
different developmental stages of axon.

TRPC channel also participates in the den-
dritic development. TRPC6 channel promotes 
dendritic growth of the hippocampal neurons 
both in cultures and in mouse brain [90]. 
Interestingly, TRPC5 inhibits hippocampal neu-
ron dendritic growth [37]. It is intriguing that 
members in the TRPC family have opposing 
roles in regulating dendritic growth. During 
development, environmental cues either promote 
or inhibit dendritic growth to shape the proper 
morphology of neurons. Many of the environ-
mental cues are ligands for RTKs or GPCRs, 
which can activate TRPC channels. It is possible 
that growth-promoting cues selectively activate 
TRPC6, whereas inhibitory cues selectively acti-
vate TRPC5. It is indeed the case that BDNF, 
which is the pro-growth signal for dendrites, can 
activate TRPC6 through TrkB receptor, whereas 
neurotrophin-3 (NT-3), which is known to inhibit 
dendritic growth, activates the TRPC5 [37]. Why 
does TRPC5 or TRPC6 affect dendritic growth in 
the opposite way? One possibility is that they 
achieve opposite functions through the activation 
of different Ca2+-sensing molecules. TRPC6 pro-
motes dendritic growth through activation of 
CaMKIV-CREB pathway, whereas TRPC5 
inhibits dendritic growth via activating CaMKIIα. 
In cerebellum granule neurons, TRPC5 inhibits 
dendritic growth through the activation of 
CaMKIIβ [68]. It has also been shown that 
TRPC5 and TRPC6 antagonize each other to 
regulate actin dynamics and cell mobility. At 
molecular level, TRPC5 is in a protein complex 
with Rac1, whereas TRPC6 is in the RhoA com-
plex. The Ca2+ influx through TRPC5 activates 
Rac1 and promotes cell migration. On the other 
hand, the Ca2+ influx through TRPC6 activates 
RhoA and inhibits cell migration [93]. In the con-
text of dendritic development, TRPC5 and 
TRPC6 might also regulate cytoskeleton dynam-
ics in the opposite way by acting the Rac1 and 
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RhoA pathway differently. Thus, establishment 
of proper dendritic arborization may be regulated 
by multiple TRPC channels through which sig-
nals of different environmental cues can be trans-
lated into distinct intracellular Ca2+ signal 
cascades.

9.2.5	 �Synaptogenesis

Synapse formation is fundamental to the estab-
lishment of neuronal circuits. During develop-
ment, synaptic formation is tightly coupled to 
neuronal differentiation. Shortly after neurons 
extend axonal and dendritic processes, vesicles 
carrying pre- and postsynaptic protein complexes 
are delivered and accumulated in the synaptic 
areas [56]. Dendritic spines serve as preferential 
sites of excitatory synaptic connections. A den-
dritic spine is a small membranous protrusion 
from a neuron’s dendrite that typically receives 
input from a single axon. The function of den-
dritic spines appears to insulate signaling mole-
cules to a particular postsynaptic density (PSD); 
certainly, all important Ca2+ signal is limited to 
the individual dendritic spines. The dynamics of 
dendritic spines depends on actin cytoskeleton 
and the proteins that regulate cytoskeleton. Some 
of these proteins are sensitive to changes in Ca2+ 
concentration [78]. In the subcellular fraction of 
synaptosome from rat cerebellum or cortex, all 
TRPCs are detectable [30]. TRPC1, 4, and 5 have 
been shown to interact with Homer1 or Homer3, 
molecules known as postsynaptic density scaf-
folding proteins [100]. Homer1 also regulates the 
gating property of TRPC1 [40]. Although TRPC6 
does not interact with Homer, it localizes to both 
pre- and postsynaptic area [106]. Overexpression 
of TRPC6 induces excitatory synapse formation 
both in vitro and in vivo. TRPC6 transgenic mice 
also show better performance in water maze test 
than wild-type mice, indicating a better spatial 
learning and memory in these mice [106]. 
TRPC3, which forms heterotetromer with 
TRPC6  in synaptic regions, can be indirectly 
activated by BDNF and is necessary for the 
BDNF-induced increase in dendritic spine den-
sity [3].

TRPC channels may affect synaptogenesis 
through several ways. First, Ca2+ influx through 
TRPC channels may directly affect the activity of 
Rho GTPase to rearrange cytoskeleton to change 
spine motility [104]. This is an immediate effect 
of TRPC channels on spine formation. TRPC6 
can regulate RhoA activity in human pulmonary 
arterial endothelial cells [81]. Whether RhoA 
activity is regulated by TRPC channels in neu-
rons needs further exploration. Second, Ca2+ 
influx can activate pathways that cause a delayed 
change in spine density. In cultured hippocampal 
neurons, TRPC6 is able to activate CaMKIV-
CREB transcriptional pathway to increase the 
spine number [106]. It has also been shown that 
TRPC1 and 3 mediate the leptin-induced spine 
formation through the activation of CaMKIγ in 
hippocampal neurons [17]. Furthermore, by pro-
moting translocation of AMPA receptor to PSD, 
TRPC channels mediate the BDNF-induced mat-
uration of silent synapse [62]. Much less is 
known, however, about the effect of TRPC chan-
nels on inhibitory synapse formation.

9.2.6	 �Neuronal Activity 
and Plasticity

Given the fact that TRPC channels play impor-
tant roles in neuronal morphogenesis and spine 
formation, it is not surprising that they also regu-
late neuronal activity and plasticity.

Glutamate is the most predominant neu-
rotransmitter used by excitatory synapses in the 
mammalian brain. Glutamate binds to two major 
classes of receptors, the ionotropic glutamate 
receptors (iGluRs) and the metabotropic gluta-
mate receptors (mGluRs). TRPC channels have 
been reported to have cross talk with both groups. 
TRPC3 channels are most abundantly expressed 
in cerebellar Purkinje cells, the principle cells 
and the sole output of the cerebellar cortex. 
Interestingly, the highest expression of mGluR1, 
one of the metabotropic glutamate receptors, is 
also in Purkinje cells. Binding of glutamate to 
mGluR1 activates the PLC, followed by IP3 pro-
duction and the subsequent ER Ca2+ release. The 
induction of long-term depression (LTD) in 
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Purkinje cells, which is presumed cellular basis 
of motor learning in the cerebellum [38], requires 
conjunctive stimulation of parallel and climbing 
fiber input [27]. During LTD induction, parallel 
fiber firing activates mGluR1-dependent Ca2+ 
release from internal stores, whereas climbing 
fiber activity strongly depolarizes the Purkinje 
cells and induces Ca2+ influx through voltage-
gated Ca2+ channels [44]. Repetitive stimulation 
of parallel fiber inputs evokes a slow EPSC char-
acterized by a time course that starts with a 
latency of 100–200 ms after stimulation and lasts 
for about 1  s [6]. Pharmacological experiments 
first suggest that mGluR1-dependent slow EPSC 
is mediated by TRPC1 [42]. But later studies 
investigated in more details suggest TRPC3 as 
the postsynaptic channel that mediates the slow 
EPSC [36, 41]. The mGluR1-dependent slow 
EPSC is gone in TRPC3 null mice, and the mice 
show a movement deficit of their hind paws that 
leads to an ataxic wide-based gait and poor per-
formance when they walk on a horizontal ladder 
or an elevated beam [36]. The role of TRPC3 in 
mGluR1-mediated signaling is further proved in 
a study that used mice with a gain-of-function 
mutation (T635A) in the trpc3gene. These moon-
walker (Mwk) mice have increased mGluR1-
dependent inward currents, and their motor 
coordination is heavily impaired [7]. Increased 
TRPC3-mediated signaling is accompanied by a 
reduced dendritic arborization of Purkinje cells 
and cell loss after 4 months of age.

Excessive neuronal activity usually leads to 
neuronal death. Different TRPC family members 
play opposing roles in regulating neuronal exci-
totoxicity by regulating the activities of gluta-
mate receptors. The first hint that TRPC channels 
might be involved in the NMDA receptor-
mediated signaling came from the study that 
TRPC6 has protective roles in focal cerebral 
ischemia [19]. In this study, the authors found 
that TRPC6 undergoes calpain-dependent pro-
teolytic degradation in response to Ca2+ entry 
through NMDA receptors in a rat model of isch-
emia. Blockade of TRPC6 proteolytic degrada-
tion preserves neuronal survival and prevents 
ischemic brain damage. The mechanisms through 
which TRPC6 channels protect neurons from 

ischemic death can be explained by the activation 
of CREB pro-survival signaling or inhibition of 
NMDA receptor-induced Ca2+ overload [51]. 
However, how TRPC6 regulates NMDA current 
needs further investigation. In physiological con-
ditions, TRPC channels have been shown to be 
activated downstream of NMDA receptors. In 
olfactory granule cells, TRPC1 and TRPC4 are 
activated downstream of NMDA receptor activa-
tion and contribute to slow synaptic transmission 
in the olfactory bulb, including the Ca2+ dynam-
ics required for asynchronous release from the 
granule cell spines [88]. During early develop-
mental stages, before functional NMDA recep-
tors are expressed, neurons transiently express 
Ca2+-permeable AMPA receptors (CP-AMPARs). 
The transient nature of the CP-AMPARs is 
thought to play an important role in Ca2+ during 
synapse maturation. The expression of 
CP-AMPARs is elevated in response to 
BDNF.  BDNF-induced CP-AMPAR translation 
and membrane insertion are dependent on 
CaMKK activation followed by TRPC5 and 
TRPC6 activation [25].

Seizures arise from the synchronized firing of 
a large group of cortical neurons. Synchronized 
firing will cause overactivation of glutamate 
receptors which leads to excessive Ca2+ entry and 
then excitotoxicity. The NMDA receptors are 
thought to play key roles, but targeted treatment 
by using NMDA antagonist shows limited effect 
[15]. The group I mGluRs have also been impli-
cated in seizure and excitotoxicity. The mGluR 
selective agonists have been shown to be able to 
induce limbic seizure and neuronal degeneration 
[5, 75]. The highest expression level of TRPC4 is 
in the lateral septum where mGluR agonist can 
induce an “epileptiform” burst firing with a large 
depolarizing plateau potential. The plateau 
potential is altered in TRPC1 knockout mice and 
is completely absent in TRPC4 knockout mice 
and TRPC1/4 double knockout mice but is nor-
mal in TRPC3, TRPC5, TRPC6, and TRPC7 
knockout mice [65]. Heteromeric TRPC1/4 chan-
nels are thought to be activated through the 
mGluR-PLC signaling cascade which leads to 
the plateau potential underlying epileptiform 
burst. In the hippocampus, TRPC1/4 channels 
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play a critical role in the epileptiform burst firing 
in CA1 pyramidal neurons paralleling the func-
tional role of these channels in lateral septum 
neurons [66].

The cholinergic input, which is another type 
of excitatory input to the cerebral cortex other 
than glutamate input, plays an important role in 
supporting processes such as arousal, attention, 
memory, and learning [67]. This effect is medi-
ated in part by the ability of muscarinic receptors 
to modulate multiple ion currents and thus sculp-
ture how neurons would fire [53]. In this context, 
one of the most intriguing electrophysiological 
properties of muscarinic receptors is their ability 
to induce the appearance of a slow afterdepolar-
ization (sADP) in pyramidal neurons which may 
serve as a mechanism for the transient storage of 
memory traces within neuronal networks [21]. 
Several lines of evidence have pointed TRPC 
channels as potential candidates to mediate the 
muscarinic receptor-induced sADP.  Yan et  al. 
[101] first found that in cultured cortical pyrami-
dal neurons, genetic expression of a TRPC domi-
nant negative subunit inhibits, while 
overexpression of TRPC5 or TRPC6 subunits 
enhances, the amplitude of cholinergic sADPs. 
Tai et al. [89] further explored more mechanisti-
cally. They found that insertion of TRPC5 to the 
cell membrane followed by muscarinic stimula-
tion is important for the sADP genesis. Blockade 
of TRPC5 membrane insertion or applying phar-
macological antagonist of TRPC channels, such 
as SKF-96365, 2-APB, and flufenamic acid 
(FFA), blocks the generation of sADP in cultured 
hippocampal neurons. These findings are further 
confirmed by another group showing that apply-
ing a peptide that can disrupt TRPC4/5 subunit 
interaction caused inhibition of plateau potentials 
and persistent firing of the layer V pyramidal 
neurons in the entorhinal cortex [105]. Despite 
all these lines of evidence, in which most of the 
conclusions are drawn by the pharmacological 
studies and overexpression systems, loss-of-
function evidence is missing. In fact, the genetic 
deletion of several TRPC subunits, including 
TRPC1, TRPC5, and TRPC6 (single knockout), 
or both TRPC5 and TRPC6 together (double 
knockout) in mouse, failed to reduce the ampli-

tude of sADP of the layer V pyramidal neurons in 
the medial prefrontal cortex (mPFC) [13]. These 
discrepancies could be due to the channel forma-
tion from preferential subunits in different brain 
regions and cell types. Furthermore, since TRPC 
family members have similar activation mecha-
nisms, one may anticipate that TRPC homo-
logues belonging to the same subfamily could 
compensate for each other’s function.

There are very few studies on the functions of 
TRPC channels in inhibitory synapse develop-
ment or inhibitory synaptic transmission. There 
is one report showing that gamma-aminobutyric 
acid (GABA) release from thalamic interneurons 
by the activation of 5-hydroxytryptamine type 2 
receptors requires Ca2+ entry that is critically 
dependent on TRPC4 channel. TRPC4 knockout 
mice showed reduced GABA release from the 
thalamic interneurons upon 5-hydroxytryptamine 
stimulation, but not by acetyl-β-methylcholine 
[61]. These results suggest that perhaps the F2 
terminals are still functional in TRPC4 knockout 
mice and the regulation of GABA release via dif-
ferent mechanisms may be critical for specific 
functions, such as the sleep-wake cycle and pro-
cessing of visual information.

9.3	 �TRPC Channels 
in the Peripheral Nervous 
System

9.3.1	 �Pheromone Transduction

TRPC2 is a unique member of the TRPC family 
since its expression is lost in higher mammals, 
evidenced by that TRPC2 is a pseudogene in 
human beings. However, TRPC2 seems to be 
essential for small rodents, for example, in mice, 
TRPC2 is exclusively expressed in the vomero-
nasal sensory system (VNO) and is localized to 
the dendritic tip of VNO neurons. Mouse VNO 
neurons are responsible for pheromone sensory 
transduction, especially pheromone-mediated 
sexual behaviors [20]. The TRPC2 knockout 
male mice fail to display male-male aggression 
and show sexual and courtship behaviors toward 
both males and females. The TRPC2 knockout 
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mice also show the decreased action potential of 
sensory responses induced by pheromone appli-
cation in the VNO neurons [49]. Furthermore, 
the knockout males increase their efforts to 
mount other males [43]. Although humans do not 
express TRPC2 channels and do not have similar 
VNO neurons, they have a functional olfactory 
system, which is believed to be also involved in 
pheromone-mediated social behaviors [35]. One 
may speculate that other TRPC paralogs could 
decode olfactory cues and could be responsible 
for the functions in human.

9.3.2	 �Sensation and Nociception

Sensory neurons receive information from our 
external and internal environment by nerves ter-
minating in specialized structures termed sensory 
receptors located in the skin, muscles, and organs 
of the body. Different sensory neurons are molec-
ularly distinct from each other and are special-
ized to respond to different types of stimuli, with 
the receptive properties defined by the molecular 
repertoire of sensory receptive ion channels or 
receptors expressed by the sensory neurons. 
TRPC1, 3, and 6 channels are most abundantly 
expressed in the dorsal root ganglion (DRG), a 
cluster of sensory neurons that bring sensory 
information from peripheral to the spinal cord 
and then sensory cortex [22].

TRPC1 is expressed in the NF-200-positive 
subclass of neurons with a large size of the cell 
body, while TRPC3, which stains up to 35% of 
DRG neurons, is almost exclusively present in 
non-peptidergic isolectin B4 (IB4)-positive 
small-size neurons that are largely TRPV1 nega-
tive. These expression patterns suggest important 
roles of TRPCs in sensory physiology in both 
nociceptive as well as non-nociceptive neurons. 
Pharmacological studies by using putative antag-
onist (SKF96365) and agonist (OAG) for TRPC 
channels proved functional TRPC channels 
expressed in DRG neurons [45]. Indeed, knock-
down of TRPC1 in cultured DRG neurons shows 
65% reduction of neurons with stretch-activated 
responses, implicating the involvement of 
TRPC1  in mechanotransduction and mechano-

sensitivity in DRG neurons [86]. TRPC1 null 
animals show a decrease in sensitivity to innocu-
ous mechanical stimuli, evidenced by a 50% 
reduction in slowly adapting Aβ-fiber and in rap-
idly adapting Aδ-Down-hair afferent fibers in 
response to innocuous mechanical stimulation 
[28].

Loss of TRPC3 expression causes a shift of 
rapidly adapting mechanosensitive currents to 
intermediate-adapting currents in DRG neurons. 
Deletion of both TRPC3 and TRPC6 channels 
causes deficits in light touch and silences half of 
small-size sensory neurons expressing mechani-
cally activated rapidly adapting currents [71]. 
TRPC6 is also activated by membrane stretch, 
while both TRPC5 and TRPC6 activities are 
blocked by a tarantula toxin known to inhibit 
mechanosensitive channels [85].

In addition to DRG neurons, TRPC channels 
are ubiquitously expressed in the inner ear struc-
tures including the organ of Corti and the spiral 
and vestibular ganglia [91]. TRPC3/6 double 
knockout mice show hearing impairment, vestib-
ular deficits, and defective auditory brain stem 
responses to high-frequency sounds. Basal, but 
not apical, cochlear outer hair cells lost more 
than 75% of their responses to mechanical stimu-
lation [71].

The first line of evidence indicating that TRPC 
channels might be involved in nociception is that 
TRPC1 and TRPC6 are often co-expressed with 
TRPV4, which plays a major role in mechanical 
hyperalgesia associated with pronociceptive 
inflammatory mediators and small fiber painful 
peripheral neuropathies [2]. Spinal intrathecal 
administration of antisense to TRPC1 and TRPC6 
reversed the hyperalgesia to mechanical and 
hypotonic stimuli induced by inflammation. 
However, antisense to TRPC6, but not to TRPC1, 
reversed the mechanical hyperalgesia induced by 
a thermal injury or the TRPV4 agonist. These 
results indicate that TRPC1 and TRPC6 channels 
cooperate with TRPV4 channels to mediate 
mechanical hyperalgesia and primary afferent 
nociceptor sensitization, although they may have 
distinctive roles.

Another line of evidence points to TRPC3 as a 
key player in chronic pain. Chronic pain may 
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accompany immune-related disorders with an 
elevated level of serum IgG immune complex 
(IgG-IC). IgG-IC activates a subpopulation of 
dorsal root ganglion (DRG) neurons through the 
neuronal Fc-gamma receptor I (FcϒRI). The 
FcϒRI and TRPC3 expression are found in the 
same DRG neuron. Knockdown of TRPC3 atten-
uates IgG-IC-induced nonselective cation cur-
rents, indicating that TRPC3 is a key molecule 
target for the excitatory effect of IgG-IC on DRG 
neurons [70].

Other than mechanosensation and nocicep-
tion, TRPC5 channel has been shown to be a 
molecular component for detection and regional 
adaptation to cold temperature in the peripheral 
nervous system, which is distinct from noxious 
cold sensing [107]. The TRPC5 is present in 
mouse and human DRG neurons, and the gating 
of the channel is highly temperature sensitive. 
The TRPC5 current increases as temperature 
cooled below 37  °C, peaking around 25  °C as 
negative membrane potentials. Although TRPC5 
knockout mice show no temperature-sensitive 
behavioral changes, TRPM8 and/or other 
menthol-sensitive channels appear to underpin a 
much larger component of noxious cold sensing 
after trpc5 deletion and a shift in mechanosensi-
tive C-fiber subtypes [107].

9.3.3	 �Neuromuscular Junction 
Synapses

The neuromuscular junction is a type of very spe-
cialized synapse that is formed by the contact 
between a motor neuron and a muscle fiber. 
Muscles require innervations to function, and 
they adapt to different patterns of motor nerve 
activity by alterations in gene expression that 
match specialized properties of contraction, 
metabolism, and muscle mass to changing work 
demands. Evidence has shown that TRPC3 is 
highly expressed in skeletal muscles. Calcium 
influx through TRPC3 can activate the nuclear 
factor of activated T cells (NFAT) and regulate 
gene expression in response to neuromuscular 
activity [74].

BDNF has been previously shown to induce 
Ca2+ elevation in the presynaptic neuronal termi-
nals at the developing neuromuscular junction 
[87]. Given the fact that BDNF-induced Ca2+ 
influx is mediated by TRPC channels in other cell 
types, it is not surprising that the neuromuscular 
junctions adapt the same mechanism. Coordinated 
activation of presynaptic TrkB and postsynaptic 
p75NTR is required for full potentiation of neu-
romuscular junction synapses in response to 
BDNF. While inhibition of TrkB specifically in 
neurons completely abolished the potentiation, 
blocking TRPC channels in postsynaptic myo-
cytes only blocked potentiation at the late phase, 
but not the initial phase, suggesting that TrkB 
receptor is activated first and necessary for 
BDNF-induced potentiation before the contribu-
tion of postsynaptic p75NTR and TRPC channels 
[58].

9.4	 �TRPC Channels in Glial Cells

Glial cells make up almost 50% of cells of a brain 
[4]. Emerging lines of evidence have shown that 
glial cells do not simply insulate neurons or pro-
vide support and nutrition to neurons. They can 
also regulate neuronal activity and synaptic trans-
missions. There are three major types of glial 
cells: astrocyte, oligodendrocyte, and microglial. 
The expression of TRPC channels has been found 
in all three types of glial cells, suggesting their 
potential roles in regulating glial cell functions.

Astrocytes, the largest population of glial 
cells, are fundamentally important for rapid regu-
lation of extracellular ions and neurotransmitters, 
which, to a large extent, shapes neuronal excit-
ability and synaptic transmission. Embryonic 
cultured astrocytes express mRNAs for TRPC1–
6, which produce Ca2+ fluxes in response to OAG, 
an analog of DAG [34]. At protein level, rela-
tively high expression of TRPC1 channels is 
detected in embryonic astrocyte cultures. 
Co-immunoprecipitation of TRPC1, InsP3 recep-
tors type II, and Homer is found in astrocyte cul-
tures [98]. Similarly, co-localization of TRPC4 
with ZO-1 scaffolding proteins is detected in cul-
tured fetal human astrocytes [83]. Activation of 
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TRPC1 channels in astrocytes has been observed 
in various physiological and pathological con-
texts. The TRPC1 channel contributes to Ca2+ 
transients induced by stimulation of purinergic 
and glutamatergic metabotropic receptors [54]. 
Treatment of astrocytes with anti-TRPC antibody 
substantially reduces the plateau phase of the 
Ca2+ transients. TRPC1 channel is also instru-
mental for astroglial Ca2+ signaling following 
mechanical stimulation. The TRPC6 channel is 
claimed to contribute to Ca2+ entry following 
stimulation of interleukin-1β (IL-1β) receptors in 
embryonic astrocytes [9].

The functions of TRPC channels in the other 
two major glial cell types are relatively less clear. 
The expression of TRPC1 and TRPC3 is found in 
oligodendrocyte precursor cells (OPCs) and oli-
godendrocytes, respectively [26, 64]. TRPC1 
channel is the store-operated calcium channel 
that mediates the Ca2+ influx induced by golli, 
myelin basic proteins essential for normal 
myelination during OPC development. TRPC1 
also is required for the effects of golli on OPC 
proliferation [64]. TRPC3 expression is also 
found in microglials. Surface expression of 
TRPC3 channels in microglials is regulated by 
BDNF. Application of BDNF can rapidly induce 
TRPC3 membrane insertion, which can produce 
a sustained intracellular Ca2+ elevation. 
Pretreatment with BDNF suppresses the produc-
tion of NO induced by tumor necrosis factor α 
(TNFα), which is prevented by coadministration 
of a selective TRPC3 inhibitor. These results sug-
gest that TRPC3 channels play important roles in 
microglial functions, which might be important 
for the regulation of inflammatory responses 
[60].

9.5	 �Perspectives

TRPC channels are ubiquitously expressed in 
almost all the cell types inside the brain. Their 
gating mechanisms place them in a unique posi-
tion to translate extracellular stimuli into intra-
cellular Ca2+ signaling and its downstream 
cascades. In the past few years, there have been 
intensive studies on the various functions of 

TRPC channels in brain development. The spe-
cific expression of individual TRPC channels in 
the subpopulation of DRG neurons and in differ-
ent glial cells makes their functions greatly 
extended. The considerable discrepancies regard-
ing the functions of individuals may be due to the 
expression pattern diversity in different tissues, 
cell types, and channel conformation difference 
among different TRPC members. Although 
almost all the TRPC knockout mice are available, 
they all appear viable and fertile, suggesting their 
modulator roles in the brain functions. The future 
outstanding questions include but not limited to 
(1) crystal structures of TRPC channels, (2) the 
cell type-specific functions of TRPCs by using 
the combination of various TRPC conditional 
knockout alleles, (3) identification and character-
ization of the more specific antagonists or ago-
nists for the channels, and (4) endogenous 
channel conformation and channel gating mecha-
nisms. We believe that the more we gain insights 
into the physiological regulation of these chan-
nels, the better we can design the therapeutic 
intervention against the related diseases associ-
ated with the TRPC channels.
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TRPC Channels and Brain 
Inflammation

Yoshito Mizoguchi and Akira Monji

Abstract

Nonresolving low-grade inflammation is supposed to underly the basis of 
chronic disorders including cardiovascular diseases, cancer, diabetes, obe-
sity, and psychiatric disorders such as depression and Alzheimer’s dis-
eases. There is increasing evidence suggesting that pathophysiology of 
psychiatric disorders is related to the inflammatory responses mediated by 
microglial cells. Elevation of intracellular Ca2+ is important for the activa-
tion of microglial cell functions, including proliferation, release of NO, 
cytokines, and BDNF.  It has been shown that alteration of intracellular 
Ca2+ signaling underlies the pathophysiology of psychiatric disorders, 
including depression. BDNF induces a sustained intracellular Ca2+ eleva-
tion through the upregulation of the surface expression of TRPC3 chan-
nels in rodent microglial cells. Microglial cells are able to respond to 
BDNF, which may be important for the regulation of inflammatory 
responses and may also be involved in the pathophysiology and/or the 
treatment of psychiatric disorders. We also need to study the effect of 
proBDNF on microglial cells especially by focusing on the TRPC 
channels.

Keywords
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10.1	 �Bullet Points

Nonresolving low-grade inflammation underlies 
the basis of chronic disorders including cardio-
vascular diseases, cancer, diabetes, obesity, and 
psychiatric disorders.

Brain inflammation and/or activated microglia 
contribute to pathologies such as stroke, trauma, 
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psychiatric disorders including depression, and 
neurodegenerative diseases such as Alzheimer’s 
disease.

For electrically non-excitable cells such as 
microglia, SOCE mediated by TRPC channels 
could play some important roles in inflammatory 
processes in the brain.

BDNF induces a sustained intracellular Ca2+ 
elevation through the upregulation of the surface 
expression of TRPC3 channels in rodent microg-
lial cells. In addition, pretreatment with BDNF 
suppresses the production of NO induced by 
TNFα, which is prevented by coadministration of 
a selective TRPC3 inhibitor.

10.2	 �Introduction

There are many reports showing that brain 
inflammation and/or activated microglia contrib-
ute to the pathologies such as stroke, trauma, and 
meningitis; psychiatric disorders including 
depression, schizophrenia, and autism; and neu-
rodegenerative diseases such as multiple sclero-
sis, Alzheimer’s disease, Parkinson’s disease, 
and motor neuron disease [11, 34]. In addition, 
peripheral, chronic, and nonresolving inflamma-
tion can readily spread to the brain. Numerous 
environmental and biological factors including 
early life or psychosocial stress, obesity, sleep 
disorders, dietary intake, and the bacterial com-
position of the gut microbiota can contribute to 
chronic inflammation. Both epidemiologic and 
mechanistic studies show that the chronic inflam-
mation, in turn, is now recognized to be a com-
mon pathway underlying pathology including 
cardiovascular disease, cancer, diabetes, obesity, 
depression, and Alzheimer’s disease. Thus, to 
prevent and treat many diseases mediated by 
brain inflammation and/or activated microglia, 
we need to target many contributors to chronic 
inflammation, such as macrophage, T cell, and/or 
endothelial cell dysfunction (Fig. 10.1; [14]).

Microglia are immune cells derived from pro-
genitors that have migrated from the periphery 
and are from mesodermal/mesenchymal origin 
[21]. After invading the brain parenchyma, 
microglia transform into the “resting” ramified 

phenotype and are distributed in the whole brain. 
However, microglia revert to an ameboid appear-
ance when they are activated when with infec-
tion, trauma, ischemia, neurodegenerative 
diseases, or disruption of brain homeostasis [1, 
8]. Recent in  vivo imaging has shown that 
microglial cells actively scan their environment 
with motile protrusions even in their resting state 
and are ready to transform to “activated” state in 
responses to injury, ischemia, or autoimmune 
challenges in the brain [62]. Microglia are the 
most active cytokine-producing cells in the brain 
and can release many factors including pro-
inflammatory cytokines (such as TNFα, IL-6), 
nitric oxide (NO), and neurotrophic factors (such 
as BDNF) when they are activated in response to 
immunological stimuli [21, 57]. In addition, 
microglia are shown to be involved in the devel-
opment of neural circuits or synaptic plasticity 
thereby maintaining the brain homeostasis [49].

There is increasing evidence suggesting that 
pathophysiology of depression is related to the 
inflammatory responses mediated by microglia 
[23]. Microglial activation can be estimated by 
positron-emission tomography (PET) using 
radiopharmaceuticals. For example, a quantita-
tive [18F]FEPPA PET scan shows that activated 
microglia, translocator protein density measured 
by distribution volume (TSPO VT), is elevated in 
the prefrontal cortex, anterior cingulate cortex 
(ACC), hippocampus, and insula in patients suf-
fering from major depression, and the correlation 
between higher brain TSPO VT and severity of 
depression is consistent with the concept that 
brain inflammation and/or activated microglia 
contribute to pathologies including depression 
[52].

Psychological stress is also shown to induce 
alterations in microglial phenotype and prime 
monocytes to lead to aberrant peripheral and cen-
tral inflammation. Repeated social defeat (RSD) 
stress leads to microglia activation with increased 
pro-inflammatory cytokine and chemokine pro-
duction that contributes to the development of 
reactive endothelium. Vascular endothelial cells 
increase cell adhesion molecule (CAM) expres-
sion that facilitates the adherence and extravasa-
tion of peripherally derived monocytes that 
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differentiate into perivascular and parenchymal 
macrophages. Accumulation of macrophages in 
the brain converges with activated microglia and 
then amplifies brain inflammatory signaling. 
Elevated pro-inflammatory cytokine levels 
caused by activated microglia together with 
recruitment of monocytes to the brain contribute 
to the persistent anxiety-like behaviors [65].

In addition, we and others have reported that 
pretreatment with antidepressants significantly 
inhibits the release of pro-inflammatory cyto-
kines and/or NO from activated microglial cells 

[17, 20]. Interestingly, pretreatment with antide-
pressant selective serotonin reuptake inhibitors 
(SSRIs), paroxetine or sertraline, significantly 
inhibits the generation of NO and tumor necrosis 
factor (TNF)-α from interferon (IFN)-γ-activated 
6–3 microglial cells. In addition, pretreatment 
with paroxetine or sertraline suppresses the ele-
vation of intracellular Ca2+ concentration ([Ca2+]i) 
induced by IFN-γ in rodent microglial cells. 
Moreover, we have previously reported that treat-
ment of BAPTA-AM, a membrane-permeable 
intracellular Ca2+ chelator, significantly decreases 

Fig. 10.1  Brain inflammation and/or activated microglia 
contribute to acute pathologies such as stroke, psychiatric 
disorders including depression, and neurodegenerative 
diseases such as Alzheimer’s disease. Microglia are 
primed for activation by psychosocial stress, sleep distur-
bances, or aging. In addition, peripheral, chronic, and 
nonresolving inflammation can readily spread to the 
brain. Numerous factors including early life or psychoso-
cial stress, obesity, sleep disorders, dietary intake, and the 
bacterial composition of the gut microbiota can contribute 
to chronic inflammation. The chronic inflammation, in 
turn, is now recognized to be a common pathway underly-
ing pathology including cardiovascular disease, cancer, 
diabetes, obesity, depression, and Alzheimer’s disease. 
Thus, to prevent and treat the diseases mediated by brain 

inflammation and/or activated microglia, we need to tar-
get many contributors to chronic inflammation, such as 
macrophage, T cell, and/or endothelial cell dysfunction. 
BDNF has major roles not only in the brain but also in 
cellular function in peripheral organs. The BDNF levels 
are found to be low in cardiovascular disease, diabetes, 
obesity, and also in depression and Alzheimer’s disease. 
BDNF is expressed in non-neurogenic tissues, including 
skeletal muscle or endothelial cells. Thus, BDNF func-
tions at the crossroads of two major routes, providing 
insight into psychiatric disorders, namely, synaptic plas-
ticity and neuroinflammation. BBB; Blood Brain Barrier, 
SNS; Sympathetic nervous systems, HPA; Hypothalamic-
pituitary-adrenal axis

10  TRPC Channels and Brain Inflammation



114

the amount of NO released from IFN-γ-activated 
microglial cells [19], and the production of NO 
and TNF-α from IFN-γ-activated microglia is 
significantly inhibited by specific inhibitors of 
PKC, p38 MAPK, and ERK 1/2, all of which 
appear to be activated by elevation of [Ca2+]i [19]. 
In the same study, JAK inhibitor-1 also signifi-
cantly inhibits production of NO and TNFα from 
IFN-γ-activated microglia. The biological effects 
of IFN-γ are elicited through the activation of 
intracellular signaling pathways, including JAK-
STAT pathway [18]. In this pathway, the phos-
phorylated STAT1 homodimer translocates to the 
nucleus where it initiates gene transcription, and 
the influx of Ca2+ induced by IFN-γ is required 
for the ser-727 phosphorylation of STAT1 in NIH 
3 T3 cells [37]. Based on these results, we specu-
late that paroxetine and sertraline may inhibit sig-
naling pathways including PKC, p38 MAPK, 
ERK 1/2, and JAK-STAT pathways in microglia 
by suppressing the IFN-γ-induced elevation of 
[Ca2+]i that ultimately results in reduced produc-
tion of NO and TNFα and suggest the importance 
of microglial intracellular Ca2+ signaling as a tar-
get of antidepressant for the treatment of depres-
sion [17].

The electrical activity of neurons (i.e., excit-
able cells) depends on a number of different types 
of voltage- or ligand-gated ion channels that are 
permeable to inorganic ions such as sodium, 
potassium, chloride, and calcium. While the for-
mer three ions predominantly support the electro-
genic roles, Ca2+ are different in that they cannot 
only alter the membrane potential but also serve 
as important intracellular signaling entities by 
themselves. In the CNS, intracellular Ca2+ signal-
ing regulates many different neuronal functions, 
such as cell proliferation, gene transcription, and 
exocytosis at synapses [3]. In neurons, because 
the prolonged elevation of [Ca2+]i is cytotoxic, 
[Ca2+]i is tightly regulated by intrinsic gating pro-
cesses mediated by voltage-gated calcium chan-
nels and NMDA receptors (NMDARs; [55]). In 
addition, dysregulation of neuronal Ca2+ signal-
ing has been linked to various psychiatric disor-
ders including bipolar disorders (BD; [61]). 
Mood change can be caused by hyperactivity of 

phosphoinositide signaling with enhanced activ-
ity of the Ins(1,4,5)P3/Ca2+ pathway. The central 
feature of the inositol depletion hypothesis of BD 
is that mood stabilizers, Li+ and valproate, which 
are used for the treatment of BD, act to inhibit 
the supply of inositol required to maintain the 
inositol lipid-signaling pathway. If this pathway 
is a target for Li+, it suggests that BD may be 
caused by hyperactivity of phosphoinositide 
signaling with enhanced activity of the inositol 
1,4,5-trisphosphate, Ins(1,4,5)P3/Ca2+, and DAG/
protein kinase C pathways. The abnormal eleva-
tions in Ca2+ will enhance membrane excitability, 
and this may distort the neural components of the 
circuits that control mood [4].

Elevation of intracellular Ca2+ is also impor-
tant for the activation of microglia, including 
proliferation, migration, ramification, de-ramifi-
cation, and release of NO, pro-inflammatory 
cytokines, and BDNF [21]. However, in microg-
lial cells, an application of high [K+]out or gluta-
mate does not elevate [Ca2+]i. This observation is 
supported by the fact that both voltage-gated 
Ca2+ channels and NMDARs are not expressed 
in microglia [21]. For electrically non-excitable 
cells including microglia, the primary source of 
intracellular Ca2+ is the release from intracellular 
Ca2+ stores and the entry through the ligand-
gated and/or store-operated Ca2+ channels [33]. 
Microglia contain at least two types of intracel-
lular Ca2+ stores: the ER and mitochondria. The 
main route for the generation of intracellular 
Ca2+ signaling is associated with inositol 
1,4,5-trisphosphate (InsP3) receptors on the ER 
membrane. Stimulation of G-protein-coupled 
metabotropic or tyrosine kinase receptors results 
in the activation of the phospholipase C (PLC), 
production of 2 s messengers including the diac-
ylglycerol (DAG) and the InsP3, and the release 
of Ca2+ from the ER. Importantly, the depletion 
of ER activates the store-operated Ca2+ entry 
(SOCE), known as a capacitative Ca2+ influx, 
mediated by plasmalemmal channels such as 
calcium release-activated Ca2+ (CRAC) channels 
and/or transient receptor potential (TRP) chan-
nels [41]. In addition, STIM1, one of ER mem-
brane proteins, senses the filling state of ER Ca2+ 

Y. Mizoguchi and A. Monji



115

and delivers the ER to the plasma membrane 
where it directly activates Orai1/CRAC chan-
nels, thereby facilitating the reuptake of Ca2+ to 
ER through the sarco(endo)plasmic reticulum 
Ca2+-ATPases (SERCA). The concentration of 
Ca2+ in the ER is precisely controlled by 
SERCA.  The influx of Ca2+ through the TRP 
channels could play some important roles in 
many inflammatory processes including the acti-
vation of microglia [39]. Some chronic patho-
logical conditions may also affect the status of 
the ER Ca2+ store. In particular, the InsP3-
mediated Ca2+ release following the stimulation 
of purinoceptors was reduced by more than 50% 
in microglial cells obtained from the brains of 
Alzheimer’s disease patients, possibly indicating 
chronic depletion of the ER stores [25]. 
Disruption of microglial Ca2+ homeostasis trig-
gers activation of death programs, which are 
regulated by the microglia activation status. 
Treatment of primary cultured microglial cells 
with thapsigargin or ionomycin induced apopto-
sis, whereas the same agents applied to LPS-
activated microglia resulted in necrotic cell 
death [36]. Both apoptotic and necrotic path-
ways were regulated by [Ca2+]i because treat-
ment of cultures with BAPTA-AM reduced 
microglial cell death [36].

There are seven transient receptor potential 
canonical (TRPC) channels in mammalian spe-
cies. Among them, TRPC2 is a pseudogene in 
humans. The remaining members of the TRPC 
subfamily are classified into three groups accord-
ing to sequence homology, TRPC1, TRPC3/C6/
C7, and TRPC4/C5. Quantitative comparisons of 
mRNA expression using real-time RT-PCR 
shows that TRPM7>TRPC6>TRPM2>TRPC1>
TRPC3≥TRPC4>TRPC7>TRPC5>TRPC2, 
where “>” denotes a significant difference from 
the preceding gene, and “≥” indicates a nonsig-
nificant difference, in microglial cells cultured 
from rats [40]. Again, for electrically non-
excitable cells such as microglia, SOCE medi-
ated by TRPC channels could play some 
important roles in inflammatory processes in the 
brain.

10.3	 �BDNF Induces Sustained 
Intracellular Ca2+ Elevation 
Through the Upregulation 
of Surface TRPC3 Channels 
in Rodent Microglia

Brain-derived neurotrophic factor (BDNF), one 
of the neurotrophins, has various important roles 
in cell survival, neurite outgrowth, neuronal dif-
ferentiation, and gene expression in the brain [42, 
59]. BDNF binds to the TrkB receptor and 
induces the activation of intracellular signaling 
pathways, including PLC-γ, phosphatidylinositol 
3-kinase (PI3K), and mitogen-activated protein 
kinase-1/2 (MAPK-1/2; [44]). BDNF rapidly 
activates the PLC pathway, leading to the genera-
tion of inositol trisphosphate (IP3) and the mobi-
lization of intracellular Ca2+ from the endoplasmic 
reticulum [26, 27]. BDNF is most abundantly 
expressed in the hippocampus and cerebral cor-
tex and is also involved in the pathophysiology of 
psychiatric disorders such as depression [29, 50]. 
The BDNF hypothesis of depression was origi-
nally based on the findings obtained from rodents 
indicating that acute or chronic stress decreases 
the expression of BDNF in the hippocampus, and 
the treatment of diverse classes of antidepressant 
prevents the action of stress [5]. Because the 
injection of BDNF into the rodent hippocampus 
exerts antidepressant-like effects in the forced 
swim and learned helplessness tests, activation of 
BDNF signaling in the hippocampus is thought 
to have antidepressant effects. There are many 
reports showing that serum BDNF levels are sig-
nificantly low in patients suffering from major 
depression and that BDNF levels are elevated fol-
lowing a course of antidepressant treatment [32].

In the rodent brain, microglial cells express 
BDNF mRNA [12] and secrete BDNF following 
stimulation with lipopolysaccharide (LPS) [38]. 
BDNF released from activated microglia then 
induces the sprouting of nigrostriatal dopaminer-
gic neurons [2], causing a shift in the neuronal 
anion gradient [7], or promotes the proliferation 
and survival of microglia themselves [69]. In addi-
tion, Parkhurst et al. showed that the Cre-dependent 
removal of BDNF from microglia induces 
deficits in multiple learning tasks mediated by 
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reduction in learning-dependent spine elimina-
tion/formation. These results suggest that microg-
lia serve important physiological functions in 
learning and memory by promoting learning-
related synapse formation through the BDNF sig-
naling [43].

We have reported that BDNF induces a sus-
tained increase in [Ca2+]i through binding with 
the truncated tropomyosin-related kinase B 
receptor (TrkB-T1), resulting in activation of the 
PLC pathway and store-operated calcium entry 
(SOCE) in rodent microglial cells. Sustained 
activation of SOCE occurs after a brief BDNF 
application and contributes to the maintenance of 
sustained [Ca2+]i elevation. Pretreatment with 
BDNF significantly suppresses the release of NO 
from activated microglia. Additionally, pretreat-
ment of BDNF suppresses the IFN-γ-induced 
increase in [Ca2+]i, along with a rise in basal lev-
els of [Ca2+]i in rodent microglial cells [28]. 
Thereafter, we observe that canonical transient 
receptor potential 3 (TRPC3) channels contribute 
to the maintenance of BDNF-induced sustained 
intracellular Ca2+ elevation. Immunocytochemical 
technique and flow cytometry also reveal that 
BDNF rapidly upregulated the surface expres-
sion of TRPC3 channels in rodent microglial 
cells. BDNF-induced upregulation of surface 
expression of TRPC3 channels also depends on 
activation of the PLC pathway, as previously 
shown by others [60]. In addition, pretreatment 
with BDNF suppresses the production of NO 
induced by TNFα, which is prevented by coad-
ministration of a selective TRPC3 inhibitor, Pyr3. 
These results suggest that BDNF induces sus-
tained intracellular Ca2+ elevation through the 
upregulation of surface TRPC3 channels, and 
TRPC3 channels could be important for the 
BDNF-induced suppression of the NO produc-
tion in activated microglia. We show direct evi-
dence that rodent microglial cells are able to 
respond to BDNF, and TRPC3 channels could 
also play important roles in microglial functions. 
Hall et  al. have previously demonstrated the 
implication of the basal level of [Ca2+]i in the acti-
vation of rodent microglia, including NO produc-
tion [13]. BDNF-induced elevation of basal 
levels of [Ca2+]i could regulate the microglial 

intracellular signal transduction to suppress the 
release of NO induced by IFN-γ [15, 28]. We 
observe that pretreatment with BDNF also sup-
presses the production of NO in murine microg-
lial cells activated by TNFα, which is prevented 
by coadministration of Pyr3. We also find that 
pretreatment with both BDNF and Pyr3 do not 
elevate the basal [Ca2+]i in rodent microglial cells. 
These results suggest that BDNF-induced eleva-
tion of basal levels of [Ca2+]i mediated by TRPC3 
channels is important for the BDNF-induced sup-
pression of NO production in rodent microglial 
cells. TNFα plays a key role in the induction of 
sickness behaviors [54] and also in the develop-
ment of depressive symptoms [9]. In rodent 
model of chronic unpredictable stress (CUS)-
induced depression, Qin et al. recently reported 
that the TRPC3 but not TRPC5 expression is 
lower in the hippocampus of depression model 
group compared with that of control group [47]. 
Thus, these results suggest that BDNF might 
have an anti-inflammatory effect through the 
inhibition of microglial activation, and TRPC3 
could be an important target for the treatment of 
psychiatric disorders including depression. We 
need to further examine the mechanism underly-
ing the upregulation of surface TRPC3 channels 
induced by BDNF in rodent microglial cells [30, 
31].

Although the mechanism underlying the acti-
vation of TRPCs via PLC stimulation is still not 
completely resolved, TRPC3, like TRPC6 and 
TRPC7, can be activated directly by diacylglyc-
erol (DAG). The trafficking of TRPC3 channels 
to the plasma membrane depends on interactions 
with Cav-1, Homer1, PLC-γ, VAMP2, and 
RFN24 [10]. The TRPC3 signaling is also regu-
lated by cytoskeleton status. Enhancement and 
stabilization of the cortical actin layer by jas-
plakinolide or calyculin A treatments promote 
internalization of TRPC3-signaling complex and 
reduce TRPC3 activity [24]. TRPC3 can form a 
heteromeric channel with TRPC1 and be acti-
vated when TRPC1 binds to and is gated by 
STIM1. This interaction with TRPC1 confers 
store-dependent regulation on TRPC3 channels 
[22]. Additionally, other proteins such as clath-
rin, dynamin, AP-2, syntaxin, synaptotagmin-1, 
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MxA, and RACK1 are supposed to interact with 
TRPC3 and to, possibly, regulate trafficking and 
activity of the channels [10]. We need additional 
studies to identify the molecular mechanisms that 
determine the trafficking and activity of TRPC3 
channels and what underlies the BDNF-induced 
upregulation of surface TRPC3 channels in these 
mechanisms.

10.4	 �TRPC Channels and Brain 
Inflammation

In the brain, modulation of inflammatory pro-
cesses is also mediated by astrocytes. In intrace-
rebral hemorrhage (ICH), astrocytes accumulate 
in the perihematomal region and induce toxic 
edema, provoke inflammation, release cytotox-
ins, and form scars [63]. Moreover, neutrophils, 
macrophages, and microglia are supposed to 
provoke secondary brain damage after ICH. 
Shirakawa et al. [53] have previously shown that 
thrombin, a predominant blood-derived factor, 
induces functional activation of astrocytes via 
opening of the TRPC3 channels in human astro-
cytoma cell lines and cerebral astrocytes cultured 
from rats. In addition, Pyr3, a selective TRPC3 
inhibitor, ameliorated reactive astrogliosis and 
neurological deficits resulting from ICH.  They 
suggest that the Pyr3-mediated suppression of 
astrocytes contribute to the prevention of the acti-
vation of microglia/macrophages after ICH [35]. 
In astrocytes, TRPC1 channels are also reported 
to be an important target for mood stabilizers. 
The mRNA expression of TRPC1 in primary cul-
tures of astrocytes was reduced to a similar 
degree after treatment with lithium (Li+), carbam-
azepine (CBZ), or valproic acid (VPA; [66]).

The TRPC5 channels are stimulated by nitric 
oxide (NO) through a mechanism that requires 
oxidation (S-nitrosylation) at extracellular cyste-
ine [68]. Although TRPC5 channels can form 
homomeric channels or assemble with TRPC1/4, 
under pathological conditions such as in 
Huntington’s disease, the suppression of TRPC1 
occurred, and oxidative stress leads to the eleva-
tion of TRPC5 S-glutathionylation at Cys176/
Cys178 and also induces the formation of homo-

meric TRPC5 channels. This GSSG-activated 
TRPC5 current results in a sustained increase in 
cytosolic Ca2+. The abnormal increase in a sus-
tained cytosolic Ca2+ due to TRPC5 over-
activation is supposed to cause neuronal damage 
in the striatum in Huntington’s disease [16].

Systemic lupus erythematosus (SLE) is a pro-
totypic autoimmune disease with protean clinical 
manifestations, including neurological and psy-
chiatric disorders (NPSLE). NPSLE could affect 
21–95% of patients with SLE and impact signifi-
cantly patients’ survival and quality of life. 
Ramirez et al. reported the association of a single 
nucleotide polymorphic variant of the TRPC6 
gene with protection from the development of 
NPSLE [48]. TRPC6 has been repeatedly shown 
to exert neuroprotection, in particular, after isch-
emic injury [64, 70]. These reports suggest that 
TRPC channels other than TRPC3 also have 
important roles to modulate the inflammatory 
processes in the brain.

Recent reports show that BDNF has major 
roles not only in the brain but also in regulating 
energy metabolism or cellular function in periph-
eral organs. The concentrations of BDNF in 
serum and/or plasma are found to be lower in 
patients suffering from cardiovascular disease, 
diabetes, obesity, and also Alzheimer’s disease. 
BDNF is expressed in non-neurogenic tissues, 
including skeletal muscle or endothelial cells, 
and exercise is shown to potentiate the produc-
tion of BDNF not only in the brain but also in 
skeletal muscle or plasma as well [46]. The 
TRPC3 channels are highly expressed in endo-
thelial [51], smooth, and cardiac muscle cells. In 
T lymphocytes, TRPC3 is activated by T-cell 
receptor-triggered immune responses and is 
probably directly coupled to PLC-γ, which medi-
ates translocation of the channel [45]. TRPC3 is 
inhibited by cGMP/protein kinase G (PKG) and 
provides a negative feedback mechanism for the 
generation of nitric oxide (NO) in endothelial 
cells [67]. In endothelial cells, vascular cell adhe-
sion molecule-1 (VCAM-1) expression and 
monocyte adhesion also depend on TRPC3 chan-
nels [56]. TRPC3 channels also contribute to the 
constitutive Ca2+ influx in macrophages, which is 
required for the survival of macrophage [39, 58]. 
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Systemic inflammation can damage the blood-
brain barrier (BBB) and allow to recruit 
lymphocytes, monocytes, and neutrophils into 
the brain. Especially, brain microvascular endo-
thelial cells, which constitute the neurovascular 
unit of the BBB, play an essential role in the reg-
ulation of interplay between systemic and brain 
inflammation [6]. Thus, we also need to examine 
the effect of BDNF on TRPC3 functions in 
peripheral cells including lymphocytes, mono-
cytes, neutrophils, and endothelial cells.

10.5	 �Conclusions

Nonresolving low-grade inflammation is sup-
posed to underlie the basis of chronic disorders 
including cardiovascular diseases, cancer, 
diabetes, obesity, and psychiatric disorders 
such as depression or Alzheimer’s diseases. 
There is increasing evidence suggesting that 
pathophysiology of psychiatric disorders is 
related to the inflammatory responses mediated 
by microglial cells. In addition, chronic disorders 
are associated with low circulating levels of 
BDNF. Elevation of intracellular Ca2+ is impor-

tant for the activation of microglial cell functions, 
including proliferation, release of NO, cytokines, 
and BDNF. It has been shown that alteration of 
intracellular Ca2+ signaling underlies the patho-
physiology of psychiatric disorders, including 
depression and bipolar disorders.

BDNF induces a sustained intracellular 
Ca2+ elevation through the upregulation of the 
surface expression of TRPC3 channels in rodent 
microglial cells (Fig. 10.2). Microglial cells are 
able to respond to BDNF, which is important for 
the regulation of inflammatory responses, and 
also involved in the pathophysiology and/or the 
treatment of psychiatric disorders. BDNF is 
firstly synthesized as proBDNF protein. 
ProBDNF is then either proteolytically cleaved 
intracellularly or by extracellular proteases, such 
as metalloproteinases and plasmin, to mature 
BDNF.  Interestingly, interaction of mature neu-
rotrophins with Trk receptors leads to cell sur-
vival, whereas binding of proBDNF to p75NTR 
leads to apoptosis. In addition, mature BDNF and 
proBDNF facilitate long-term potentiation 
(LTP) and long-term depression (LTD) at the hip-
pocampal CA1 synapses, respectively. Thus, Trk 
and p75NTR preferentially bind mature and pro-

Fig. 10.2  Schematic illustration representing the effect 
of BDNF on microglial intracellular Ca2+ signaling medi-
ated by TRPC3 channels. The effect of proBDNF on 

microglial intracellular Ca2+ signaling remains to be 
explored. SERCA sarco(endo)plasmic reticulum Ca2+-
ATPases, SOC store-operated calcium channel
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neurotrophins, respectively, to elicit opposing 
biological responses in the CNS.  However, the 
effects of proBDNF on microglial cells are not 
fully understood. Thus, it is of great importance 
to study the effect of proBDNF on microglial 
cells especially by focusing on the TRPC 
channels.
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TRPC Channels and Epilepsy

Fang Zheng

Abstract

Accumulating evidence suggest that TRPC channels play critical roles in 
various aspects of epileptogenesis. TRPC1/4 channels are major contribu-
tors to nonsynaptically derived epileptiform burst firing in the CA1 and the 
lateral septum. TRPC7 channels play a critical role in synaptically derived 
epileptiform burst firing. The reduction of spontaneous epileptiform burst-
ing in the CA3 is correlated to a reduction in pilocarpine-induced SE 
in vivo in TRPC7 knockout mice. TRPC channels are also significant con-
tributors to SE-induced neuronal cell death. Although the pilocarpine-
induced SE itself is not significantly reduced, the SE-induced neuronal 
cell death is significantly reduced in the CA1 and the lateral septum, indi-
cating that TRPC1/4 channels directly contribute to SE-induced neuronal 
cell death. Genetic ablation of TRPC5 also reduces SE-induced neuronal 
cell death in the CA1 and CA3 areas of the hippocampus.

Keywords

Seizures • Interictal spikes • Epileptiform bursting • Canonical transient 
receptor potential channels

Epilepsy is a group of neurological disorders 
characterized by recurrent, usually unprovoked 
seizures. Epilepsy is one of the most common 
brain disorders, affecting approximately 50 mil-
lion people (i.e., 1% of the general population) 

globally [14]. In the United States, epilepsy is the 
fourth most common neurological diseases [24], 
and one in 26 people will develop epilepsy during 
their lifetime [23]. Although epilepsy can be suc-
cessfully treated with antiepileptic drugs (AEDs), 
one third of patients suffer from refractory (i.e., 
drug-resistant) seizures. Therefore, there is a 
pressing need for the development of new anti-
epileptic treatment options.

Historically, references to epileptic seizures 
can be found in many ancient cultures. The 
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earliest description of epilepsy has been found in 
a Babylonian medical textbook, and it provides a 
remarkably accurate account of clinical manifes-
tations of seizures [56]. Descriptions of seizure 
phenomena include generalized convulsions, 
partial motor seizures, and sensory symptoms 
indicative of an aura and repetitive occurrence as 
in status epilepticus. These clinical phenomena 
are today recognized as parts of a broad category 
of symptom complexes designated as “epileptic” 
first by Jackson in the nineteenth century [25]. 
The greatest contribution by Jackson is his con-
ceptualization of a single mechanism capable of 
explaining the full spectrum of epileptic phenom-
ena. According to Jackson, all the phenomena of 
epileptic fits may be explained by a discharge of 
gray matter: focal discharges of sensory areas 
may lead to aura, whereas focal discharges of 
motor areas cause contralateral convulsion; 
intensification and spread of focal discharges can 
lead to unconsciousness and convulsion. The 
understanding and treatment of seizures and epi-
lepsy have advanced greatly in the twentieth cen-
tury after the discovery of electroencephalography 
(EEG) and its application as a critical clinical 
tool. EEG findings have redefined epilepsy in 
modern terms [20]. There are distinct EEG ictal 
patterns for petit mal, grand mal, and psychomo-
tor seizures. These human EEG findings form the 
foundation of modern understanding of the 
pathophysiology of epilepsy.

The rapid development of molecular biology 
and human genetics has revolutionized the epi-
lepsy field in the last 20  years. In many cases, 
idiopathic seizures are “channelopathies” in 
nature, i.e., caused by mutations that cause mal-
function of voltage-gated or ligand-gated ion 
channels [19, 34, 46]. The current list of voltage-
gated ion channels associated with seizures 
includes sodium channels, calcium channels, 
potassium channels, and chloride channels. The 
current list of ligand-gated ion channels associ-
ated with seizures includes GABA-A receptors, 
nicotinic receptors, and NMDA receptors. And 
the list will continue to grow in the future. The 
number of ion channel families involved in idio-
pathic epilepsy syndromes indicates a complex-
ity in the underlying pathogenic processes for 

epilepsy and presents a challenge for the rational 
design of the next generation of antiepileptic 
drugs. On the other hand, the identification of 
these ion channels also offers numerous clues for 
the understanding of the pathophysiology of 
epilepsy.

There are two essential epileptogenic factors 
that are required for the occurrence of a seizure 
[33, 34]. The first is the neuronal hyper-
excitability that arises from cellular mechanisms 
that affect ion channels involved in the modula-
tion of neuronal firing patterns. The second is a 
network abnormality that results in uncontrolled 
synchronization of large groups of neurons and 
propagation of the epileptic discharge along the 
neural pathways. Canonical transient receptor 
potential (TRPC) channels contribute to the 
occurrence of seizures by playing a role in both 
sets of disturbances. In this chapter, we will first 
review the current evidence regarding the role of 
various TRPC channels in the generation of epi-
leptiform burst firing, followed by a discussion 
about the role of TRPC channels in synaptic plas-
ticity and abnormal synchronization. Finally, the 
implication of these distinct mechanisms on sei-
zure generation and propagation will be 
discussed.

11.1	 �Ictal vs Interictal Activities: 
From Clinics to Bench Side

The International League Against Epilepsy 
(ILAE) defined a seizure as “a transient occur-
rence of signs and/or symptoms due to abnormal 
excessive or synchronous neuronal activity in the 
brain” [17]. Clinically, physicians rely on EEG 
recording to identify, classify, and localize sei-
zures. Abnormal EEG patterns are broadly 
defined as ictal (i.e., during seizures) or interictal 
(i.e., between seizures). However, the line 
between interictal and ictal epileptiform dis-
charges can be ambiguous [16]. Practically, inter-
ictal epileptiform discharges are defined as 
paroxysmal activities lasting up to 200 ms, with 
those lasting 30–70 ms defined as “spikes” and 
those lasting 70–200  ms defined as “sharp 
waves.” This classification based on duration is 
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largely arbitrary and without clear clinical utility. 
Ictal epileptiform discharges are also complex 
and somewhat ambiguous. Absence seizures 
(“petit mal”) are associated with 3 Hz rhythmic 
spike and wave patterns, whereas generalized 
tonic-clonic seizures (“grand mal”) are character-
ized by 10 Hz spikes during the tonic phase and 
10 Hz spikes mixed with slow waves during the 
clonic phase. Focal seizures are associated with 
localized ictal activities and interictal activities 
outside of the seizure foci.

Animal studies of seizures have been largely 
confined to generalize seizures because of the 
difficulty of detecting focal seizures either elec-
trographically or behaviorally. The kindling 
model [35] utilizes repetitive electric stimulation 
of vulnerable brain structures to induce seizures, 
and the Racine scale [44] has been developed to 
describe the behavioral manifestation of seizures 
resulting from kindling of amygdala in rats. 
However, the kindling process does not result in 
spontaneous recurrent seizures. On the other 
hand, pilocarpine, a muscarinic agonist, induces 
status epilepticus (SE) acutely, and spontaneous 
recurrent seizures later on after the reorganiza-
tion of neural network resulted from SE-induced 
neurodegeneration [10, 54]. Although intrahip-
pocampal injection of kainic acid also can result 
in spontaneous recurrent seizures in about a third 
of mice, the pilocarpine model remains the 
mostly utilized animal model of epilepsy today. 
If the definition of seizures in the clinic is diffi-
cult and somewhat ambivalent, the definition of 
seizures in animal studies is even more challeng-
ing. The reason is simple: clinical diagnosis of 
epileptic seizures relies heavily on the report of 
symptoms and histories by patients, whereas it is 
difficult to discern and distinguish normal EEG 
patterns or behaviors from epileptic ones in ani-
mals. Although EEG recording technique has 
been used in animal epilepsy research, the Racine 
scale which describes a set of convulsive behav-
iors still plays a dominant role. This state of 
affairs has implications for the understanding of 
TRPC channel’s role in seizure and epilepsy and 
will be discussed in more details later in this 
chapter.

The cellular correlates of interictal and ictal 
activities are first investigated by Matsumoto and 
Marsan in 1964 [30, 31]. The spikes, the simplest 
epileptiform interictal discharges in EEG, are 
correlated with a burst of action potentials with a 
large underlying depolarization called paroxys-
mal depolarization shift (PDS) [30]. Ayala et al. 
first proposed that interictal spikes are generated 
by altered network excitability and the PDS, i.e., 
a plateau potential, are synaptic in origin [4]. 
This view gained further support by the work of 
Johnston and Brown [26]. Later, a competing 
view that explains the PDS as synchronized firing 
of neurons with intrinsic bursting emerged [50]. 
Today, it is generally accepted that epileptiform 
bursting can be either synaptically derived or 
nonsynaptically derived, depending on the spe-
cific neuronal population and neural network 
properties [33].

11.2	 �TRPC Channel’s Contribution 
to Intrinsic Epileptiform 
Burst Firing

Neuronal excitability is controlled by ion chan-
nels expressed in a given neuron. The informa-
tion in the nervous system is encoded by action 
potentials. The firing pattern of a neuron is gener-
ally determined by its intrinsic properties, i.e., 
independent of synaptic inputs. An action poten-
tial is generated when the membrane potential is 
depolarized to a threshold point, when self-
sustained activation of voltage-gated sodium 
channels is triggered. The rapid and large depo-
larization caused by this inward current carried 
by voltage-gated sodium channels then activates 
voltage-gated potassium channels, which repo-
larize the neuron quickly. In most cortical pyra-
midal neurons, the firing rate is rather limited. 
This is largely due to two factors: (a) the time 
needed to remove inactivation of voltage-gated 
sodium channels after each action potential and 
(b) the hyperpolarization before and after action 
potentials mediated by various types of voltage-
gated potassium channels and non-voltage-gated 
potassium channels [9, 21]. The A-type potas-
sium channels put break on the membrane 
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depolarization, slowing down the triggering of 
the next action potential [12], whereas potassium 
channels responsible for the afterhyperpolariza-
tion delay the return to the resting membrane 
potential. One additional layer of control is the 
phenomenon known as “spike adaptation,” i.e., a 
gradual decrease in action potential frequency 
during sustained membrane depolarization, 
which is mediated by M-type potassium channels 
[22] or the HERG-type potassium channels [55]. 
Dentate granule cells show similar AHP and 
spike adaptation as pyramidal neurons [47]. In 
contrast, interneurons have a higher firing fre-
quency because they can recover more quickly 
from inactivation of voltage-gated sodium chan-
nels and they have less afterhyperpolarization. 
Thus, glutamatergic principal neurons typically 
fire at low frequency and exhibit strong spike 
adaptation, and there are built-in safeguards 
against hyper-excitability.

However, some pyramidal cells exhibit burst-
ing behavior, i.e., a train of action potentials sus-
tained by a slow membrane depolarization lasting 
100–400 ms [28]. It should also be noted that the 
firing pattern of a pyramidal neurons is malleable 
and subjected to neuromodulation. For examples, 
activation of group I metabotropic glutamate 
receptors (mGluRs) can elicit burst firing in CA1 
pyramidal neurons [11] or lateral septal neurons 
(which are GABAergic) [61]. Activation of mus-
carinic receptors by carbachol has similar effects 
in many cortical neurons. Synaptic plasticity also 
can alter the firing pattern of pyramidal neurons. 
The best known example is the CA3 pyramidal 
neuron, in which the activity-dependent long-
term potentiation of recurrent collateral synapses 
leads to synchronized bursting of a large group of 
CA3 pyramidal neurons that resembles epilepti-
form discharges [2, 48].

The ion channels responsible for the slow 
depolarization underlying burst firing include 
low-threshold voltage-gated calcium channels 
(i.e., the T-type; CaV3.1–3.3) [3, 7] and 
hyperpolarization-activated cyclic nucleotide-
gated (HCN) cation channels (i.e., the H-current 
or the Q-current; HCN1–4) [21, 27]. In addition 

to these voltage-gated ion channels, the so-called 
calcium-activated nonselective (CAN) cation 
channels are also known to contribute to the slow 
depolarization driving the bursting. The molecu-
lar identity of the CAN channels had been a mys-
tery for many years, and recent studies revealed 
that they are largely heteromeric TRPC channels 
comprised of TRPC1 and TRPC4.

The activation of TRPC channels by mGluRs 
and its implication in the generation of epilepti-
form discharges has been thoroughly investigated 
in the lateral septal neurons. The lateral septal 
nucleus is an important relay nucleus in the lim-
bic system, which is an integral part of the septo-
hippocampal loop: (1) The lateral septal nucleus 
receives its excitatory input primarily from the 
CA3 region of the hippocampus; (2) lateral septal 
neurons project to the medial septal nucleus and 
the diagonal band of Broca; and (3) the neurons 
in the medial septum and the diagonal band of 
Broca project back to the hippocampus to com-
plete the loop [18]. The lateral septal nucleus also 
receives prominent serotonin input from the dor-
sal raphe nucleus, norepinephrine input from the 
locus coeruleus, and dopamine input from the 
ventral tegmental area and has reciprocal connec-
tions with the hypothalamus. Thus, the firing of 
lateral septal neurons is modulated by essentially 
every neurotransmitter or neuromodulator in the 
central nervous system. Interestingly, the effects 
of most neurotransmitters or neuromodulators 
are inhibitory, i.e., causing membrane hyperpo-
larization and reduced firing. Only agonists for 
group I mGluRs and m1 muscarinic receptors are 
excitatory, i.e., causing membrane depolarization 
and bursting [18]. The ion channels responsible 
for epileptiform bursting induced by mGluR ago-
nists are initially characterized as CAN channels 
because they are clearly calcium-dependent non-
selective cation channels [61–63]. However, they 
exhibit a very strong negative slop region in their 
current-voltage relationship, a rather peculiar 
property for non-voltage-gated ion channels [45]. 
These channels have now been identified con-
vincingly as TRPC1/4 channels because genetic 
ablation of either TRPC1 or TRPC4 is sufficient 
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to abolish the plateau potential underlying epi-
leptiform bursting induced by group I mGluR 
agonists [40]. Furthermore, genetic ablation of 
TRPC3, 5, 6, and 7 has no detectable effects [64]. 
It remains unclear whether the excitatory effects 
of carbachol in lateral septal neurons are also 
mediated by TRPC1/4 channels, since carbachol 
has yet to be tested in any TRPC knockout mice.

Activation of group I mGluRs also elicits epi-
leptiform burst firing in CA1 pyramidal neurons, 
and these bursts are also dependent on hetero-
meric TRPC1/4 channels [42]. The epileptiform 
bursting in the CA1 pyramidal neurons can also 
be elicited by carbachol, a muscarinic agonist. 
The amplitude of the plateau underlying the epi-
leptiform bursts in CA1 pyramidal neurons is sig-
nificantly reduced in TRPC1KO and 
TRPC1/4DKO mice [42]. The number of spikes 
in each burst is also significantly reduced in 
TRPC1KO and TRPC1/4DKO mice [42]. These 
findings are similar to what are observed in the 
lateral septum, suggesting that the activation of 
heteromeric TRPC1/4 channels by group I 
mGluRs plays a critical role in the epileptiform 
bursting. TRPC1 and TRPC4 are not the only 
TRPC subfamily members expressed in CA1 
pyramidal neurons. TRPC5 is also highly 
expressed in CA1 pyramidal neurons. A previous 
study [49] has reported that carbachol induces 
membrane insertion of TRPC5 channels in CA1 
pyramidal neurons and postulated that TRPC5 
channels are responsible for the epileptiform 
bursting induced by muscarinic agonists. 
Strikingly, genetic ablation of TRPC5 has no 
detectable effects on mGluR agonist-induced 
epileptiform bursting in CA1 pyramidal neurons 
[42]. This is really surprising given that TRPC4 
and TRPC5 are highly homologous and are 
thought to be able to form heteromeric channels 
with each other and with TRPC1. These results 
indicate that TRPC4 and TRPC5 have distinct 
functional roles even though they may be 
expressed in the same neuron.

Due to a lack of specific antibodies for many 
members of the TRPC subfamily, it is unclear 
whether CA1 pyramidal neurons also express 

other TRPC subfamily members. A previous 
study reported that TRPC3 channels are required 
for BDNF-induced cation current and dendritic 
spine formation [1]. However, genetic ablation of 
TRPC3 channels has no detectable effects on 
mGluR agonist-induced epileptiform bursting in 
CA1 pyramidal neurons (personal observation; 
Phelan et  al.). This is clearly opposite to the 
reported role of TRPC3 channels in immature 
cortex [65]. Epileptiform bursting induced by 
mGluR agonists is also unaltered in TRPC7KO 
mice [41]. Thus, the evidence so far indicates that 
participation in epileptiform bursting is a distinct 
role of heteromeric TRPC1/4 channels in at least 
two brain regions.

Can TRPC5 channels contribute to bursting at 
other cortical regions? Yan et  al. reported that 
transfection of dominant negative TRPC5 into 
pyramidal neurons in cortical slice cultures abol-
ishes carbachol-induced slow afterdepolariza-
tion, whereas overexpression of TRPC5 has the 
opposite effects [58]. These observations have 
been interpreted as TRPC channels being 
required for the carbachol-induced slow afterde-
polarization in these neurons. However, the exact 
subunit composition remains unclear. Further 
studies are required to determine exactly which 
type of TRPC channels are responsible for the 
carbachol-induced slow afterdepolarization and 
burst firing in many cortical areas.

Although epileptiform bursting induced by 
mGluR agonists or muscarinic agonists are 
potential cellular correlates of seizure activities, 
it must be noted that permanent activation of 
TRPC channels in the absence of these agonists 
has to occur if they contribute to the generation of 
spontaneous recurrent seizures. There are reports 
of upregulation of some TRPC channels in 
human patients suffering from seizures [57, 60]. 
However, it remains unclear whether such 
changes occur in animal models of seizure and 
epilepsy. Furthermore, it remains unclear whether 
the upregulation of these TRPC channels is also 
associated with spontaneous epileptiform burst 
firing. These questions need to be answered by 
future studies.
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11.3	 �Contribution to Synaptically 
Derived Epileptiform Burst 
Firing by TRPC Channels

In addition to changes of intrinsic membrane 
properties, changes of synaptic signaling strength 
can also contribute to the generation of epilepti-
form burst firing. Dingledine et al. reported that 
blocking GABAergic inhibition by bicuculline 
triggers epileptiform burst firing in CA1 pyrami-
dal neurons, and these bursts (either evoked by 
stimulating Schaffer collateral or spontaneous) 
are reduced by AP5, a selective NMDA receptor 
antagonist [15]. However, it appears that the role 
of NMDA receptors is different in CA3 pyrami-
dal neurons [2]. High-frequency stimulation of 
recurrent collaterals induces epileptiform burst-
ing in CA3 pyramidal neurons, and AP5 can 
block it when applied before the high-frequency 
stimulation but is ineffective when applied after 
the induction of epileptiform bursting. Further 
studies showed that the epileptiform bursting in 
CA3 pyramidal neurons can also be elicited by 
bathing the slice in high K+ extracellular solu-
tions [5] or the GABA-A receptor antagonist 
bicuculline [48]. No matter how the bursting is 
elicited, it has been shown consistently that the 
bursting results from an activity-dependent long-
lasting increase in synaptic strength at CA3 
recurrent synapses, which recruits a group of 
CA3 pyramidal neurons to fire action potentials 
synchronously. This long-term potentiation of 
the CA3 recurrent synapses depends on the acti-
vation of both NMDA receptors and group I 
mGluRs. The most striking property of synapti-
cally derived epileptiform bursting in CA3 pyra-
midal neurons is its self-sustaining nature. Once 
induced, these bursting can last for hours after the 
washout of high K+ or bicuculline. This is in stark 
contrast to the epileptiform bursting in CA1 pyra-
midal neurons induced by muscarinic agonist or 
mGluR agonists, which is reversible upon wash-
out of these agonists. Furthermore, the spontane-
ous epileptiform bursting in CA1 provides the 
drive for epileptiform bursting in entorhinal cor-
tex because severing the connection between the 
two areas abolishes the bursting in entorhinal 
cortex but leaves the bursting in CA3 intact. For 

these reasons, the epileptiform bursting resulting 
from the LTP of RC synapses is the most con-
vincing model of epileptogenesis in vitro.

Given the evidence that the involvement of 
mGluRs in the generation of epileptiform burst 
firing in CA3 pyramidal neurons, TRPC chan-
nels, which are coupled to mGluRs, are also 
likely involved. TRPC1 and TRPC4 are potential 
candidates because of the critical role of TRPC1/4 
channels in the epileptiform bursting in CA1 
pyramidal neurons. However, the spontaneous 
burst firing induced by bicuculline in CA3 pyra-
midal neurons is unaltered in TRPC1KO mice or 
TRPC1/4DKO mice, suggesting that TRPC1 and 
TRPC4 do not play a critical role in the genera-
tion epileptiform bursting in CA3 pyramidal neu-
rons (personal communication, Phelan et  al.). 
TRPC3 is another likely candidate because of its 
critical role in the BDNF-TrkB signaling path-
way. Genetic ablation of TRPC3 also has no dis-
cernable effects on spontaneous epileptiform 
bursting in CA3 pyramidal neurons (personal 
communication, Phelan et  al.). Surprisingly, 
TRPC7, a little known member of the TRPC sub-
family, turns out to play a critical role in sponta-
neous epileptiform bursting in CA3 pyramidal 
neurons [41].

TRPC7 is the last member of the TRPC sub-
family to be cloned and is highly expressed in the 
brain [38]. However, the distribution of TRPC7 
mRNA is rather low in the mouse Allen Brain 
Atlas, with its highest expression level detected 
in the cortical subplate. The protein expression 
pattern of TRPC7 is unclear due to a lack of a 
specific antibody. TRPC7 shows a high degree of 
sequence homology to TRPC3 and TRPC6, and 
these three members of the TRPC subfamily 
belong to a subgroup that can be directly acti-
vated by diacylglycerol (DAG). Genetic ablation 
of TRPC7 significantly reduced spontaneous epi-
leptiform bursting in CA3 pyramidal neurons. 
The duration of the self-sustained bursts (i.e., 
20 min after washout of bicuculline) was reduced 
from 197 ms down to 97 ms, and the amplitude of 
the plateau underlying the burst was reduced 
from 36 mV down to 24 mV. The reduction of 
epileptiform bursting is associated with a reduc-
tion of LTP at CA3 recurrent synapses, whereas 
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the LTP at mossy fiber synapses is normal in 
TRPC7KO mice. Interestingly, the Schaffer col-
lateral LTP in the CA1 is also reduced in 
TRPC7KO mice. Since Schaffer collaterals and 
recurrent collaterals share the same origin, these 
findings suggest that TRPC7 channels are likely 
located on the presynaptic terminals of both 
Schaffer collaterals and CA3 recurrent collaterals 
and are involved in the modulation of LTP 
through presynaptic mechanisms. What are the 
ion channels responsible for the plateau potential 
underlying spontaneous epileptiform bursting in 
CA3 pyramidal neurons? It has been reported 
that although the induction of bursting requires 
functional NMDA receptors, NMDA antagonists 
have no effects on the amplitude or the duration 
of the bursts. Therefore, NMDA receptors con-
tribute little to the plateau potential underlying 
epileptiform bursting in CA3 pyramidal neurons. 
It is possible that TRPC channels contribute sig-
nificantly to the plateau potential (Fig. 11.1), but 
this cannot be tested directly yet because of the 

lack of drugs that can selectively block specific 
subtypes of TRPC channels.

11.4	 �How Do the In Vitro Findings 
Correlate with Acute 
Seizures In Vivo?

The potential role of TRPC channels in in vivo 
seizures has just begun to be investigated using 
the pilocarpine model. The recent reports are lim-
ited to the role of TRPC channels in pilocarpine-
induced SE and SE-induced neurodegeneration. 
The role of TRPC channels in the SE-induced 
spontaneous recurrent seizures has yet to be 
determined. Before a detailed discussion about 
the published data regarding any TRPC channel’s 
role, it is critical to thoroughly discuss the pilo-
carpine model itself, the Racine scale, and other 
parameters frequently used to assess the role of a 
given molecular target.

Pilocarpine is an agonist for M1 subtype of 
muscarinic receptors, and administration of 

20 mV
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Fig. 11.1  Contribution of TRPC channels to epileptiform 
burst firing in the hippocampus. (a) The spontaneous epi-
leptiform burst firing in CA1 pyramidal neurons shown is 
induced by 30  M 1S,3R-ACPD, a mGluR agonist. 
TRPC1/4 channels are required for this epileptiform 
bursting. (b) Epileptiform burst firing in CA3 pyramidal 

neurons is evoked by mossy fiber stimulation after bath 
application of 20 M bicuculline for 30 min. The persistent 
bursting results from activity-dependent strengthening of 
recurrent collaterals. TRPC7 channels play a critical role 
in this process (Adapted with permission from Refs. [41, 
42])
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pilocarpine in rodents results in status epilepticus 
in a dose-dependent manner. This dose-response 
curve is a rather steep one [32, 37], and the lower 
dose of pilocarpine (40 mg/kg for mice) actually 
has anticonvulsant effects in the maximal electric 
shock (MES) model of seizures [59]. The initial 
site of action is the hippocampus, because the 
seizure activities in the hippocampus precede sei-
zure activities in the cortex and the thalamus 
[54]. EEG recording in both rats and mice 
revealed a long latent period before the appear-
ance of cortical seizures [43, 52]. This latent 
period is characterized by a suppression of nor-
mal cortical EEG activity, but a progression from 
immobility to forelimb clonus and Straub’s tail 
[40, 43]. A burst of cortical seizures appears after 
a substantial delay (20–40  min following the 
administration of pilocarpine) and is followed by 
a postictal depression in the EEG signals but not 
behaviorally [43]. This process repeats several 
times with the length of the seizure increasing 
each time, until the SE state is finally reached 
[41, 43]. Most Racine stage 4 and 5 convulsive 
behaviors occur during this transition period, and 
once the SE is established, only stage 3 or lower 
convulsive behaviors remain during the remain-
ing period of SE which lasts hours [43]. At lower 
doses, pilocarpine either only causes short bursts 
of epileptiform discharges in cortical EEG that 
can be characterized as interictal activities or 
only depression of normal EEG activities (per-
sonal communication, Zheng).

The Racine scale remains to be widely used in 
animal studies of seizure and epilepsy and is 
regarded by many as an indicator of seizure 
severity. This widely accepted notion has been 
recently challenged by quantitative EEG analysis 
of pilocarpine-induced seizures in mice [43]. 
With the exception of the transition period, the 
Racine scores do not correlate to the RMS power 
of cortical EEG signals. These results support 
previous reports that the Racine scale describes 
the involvement of distinct brain areas (or cir-
cuitry), rather than increasing intensity of sei-
zures. Thus, a reduction of Racine scores does 
not necessarily indicate a reduction in cortical 
seizure severity or intensity. Another frequently 
used parameter in animal seizure research is the 

latency to the onset of seizures. The peculiar 
characteristic of the latency to pilocarpine-
induced SE is that it is not dose-dependent 
(Personal communication, Zheng). The duration 
of the transition period is also fixed, with very 
little animal to animal variations. It is difficult at 
the moment to ascertain the pathophysiological 
implication of a change in the latency to SE.

Initial work on the role of TRPC channels in 
pilocarpine-induced acute seizures relied solely 
on the behavioral manifestation of seizures 
graded using the Racine scale [40, 42]. Using this 
approach, the pilocarpine-induced acute seizures 
in TRPC1 knockout mice or TRPC1/4 double 
knockout mice are comparable to the pilocarpine-
induced acute seizures in wild-type mice. Since 
heteromeric TRPC1/4 channels are critical for 
epileptiform burst firings in the lateral septum 
and the CA1 area of the hippocampus, these 
results are puzzling. It is likely a reflection of the 
limited discriminating power of the behavioral 
approach. The EEG approach needs to be utilized 
to conclusively determine the role of TRPC1 and 
TRPC4 in pilocarpine-induced acute seizures.

Using the same behavioral approach, it has 
been reported that TRPC5 knockout mice exhib-
ited reduced Racine scores during the late phase, 
but not the early phase of pilocarpine-induced SE 
[42]. One possible explanation for this observed 
change is the reduced Schaffer collateral LTP in 
TRPC5 knockout mice. In in vitro experiments in 
slices with intact hippocampal-entorhinal cir-
cuitry, the ictal activities are often initiated in the 
CA1 area, driven by epileptiform bursting in 
CA3 pyramidal neurons [6, 39, 51]. Therefore, a 
reduction of Schaffer collateral LTP is expected 
to hinder the hyper-excitability of the CA1 area. 
However, it remains unclear whether the reduced 
Racine score during the late phase of pilocarpine-
induced SE truly reflects a reduction of cortical 
seizure intensity without confirmation from EEG 
analysis.

The TRPC channel associated with the most 
striking role in pilocarpine-induced SE is surpris-
ingly the least studied TRPC7. Genetic ablation 
of TRPC7 drastically reduced the occurrence of 
pilocarpine-induced SE. Pilocarpine, at 280 mg/
kg, induced SE in 10 out of 11 wild-type mice. 
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The same dosage of pilocarpine induced only a 
suppression of cortical EEG in a majority of 
TRPC7 knockout mice [41]. A detailed power 
spectral analysis indicates that there was a selec-
tive change in gamma wave activities in TRPC7 
knockout mice [41]. Gamma wave activities nor-
mally increase significantly during the silent 
period after the administration of pilocarpine, 
and this increase precedes the occurrence of gen-
eralized cortical seizures that marks the begin-
ning of the transition period and is correlated 
moderately to the Racine scores [43]. Genetic 
ablation of TRPC7 selectively abolishes this 
pilocarpine-induced increase in gamma wave 
activities during the latent period. These findings 
indicate that the pilocarpine-induced increase in 
gamma wave activities likely plays a critical role 
in the spread of pilocarpine-induced seizures 
from the hippocampus to the cortex. There are 
two possible gamma wave generators in the hip-
pocampus: (1) the dentate gyrus and (2) the CA3 
area [13]. There is a strong possibility that pilo-
carpine directly acts in the CA3 to produce con-
vulsive behaviors and increased cortical gamma 
wave activities, because multiple studies have 
reported pilocarpine-induced interictal and ictal-
like activities in the CA3 [6, 54].

11.5	 �The Contribution of TRPC 
Channels to SE-Induced 
Neurodegeneration

SE-induced neurodegeneration is a critical ele-
ment in the pilocarpine model of epilepsy [10, 
36, 53]. It is commonly accepted that SE-induced 
hippocampal neuronal cell death is a prerequisite 
to the epileptogenesis. In other words, it is 
believed that without SE-induced neurodegener-
ation, spontaneous recurrent seizures will not 
occur later on.

It has been reported that there appears to be a 
threshold for the “severity” of pilocarpine-
induced seizures to induce neurodegeneration. 
Only mice that experienced seizures greater than 
Racine stage 3 show seizure-induced neuronal 
cell death [8, 40]. This threshold can be viewed 
simply as the presence of cortical SE, since it has 

been reported Racine stage 4 and 5 convulsions 
occur during the transition to SE [43]. There 
appears also to be a minimal duration of SE for 
resulting in neuronal cell death [32]. The general 
pattern of SE-induced neuronal cell death is also 
relatively consistent across multiple species [53]. 
Typical vulnerable brain regions include the hilar 
regions, CA1 and CA3 regions of the hippocam-
pus, limbic regions such as amygdala and lateral 
septum, thalamus, hypothalamus, entorhinal cor-
tex, and cingulate cortex. Interestingly, the den-
tate granule cells and CA2 hippocampal 
pyramidal cells are typically resistant to 
SE-induced cell death.

Changes in SE-induced neuronal cell death 
occur in various TRPC knockout mice. 
SE-induced neuronal cell death is reduced in 
TRPC1/4 double knockout mice but not in 
TRPC1 knockout mice or in TRPC5 knockout 
mice. The roles of TRPC3 and TRPC6 are sug-
gested to be opposite: blocking TRPC3 channels 
by Pyr3 and activating TRPC6 channels by 
hyperforin both reduce pilocarpine-induced neu-
ronal cell death [29]. However, these proposed 
roles are not supported by data from TRPC3 or 
TRPC6 knockout mice (Phelan et  al., personal 
communication). The changes in SE-induced 
neuronal cell death by genetic ablation or phar-
macological blockade of various TRPC channels 
raise several questions regarding the commonly 
accepted notions about the excitotoxicity and 
indicate that the underlying molecular mecha-
nisms for seizure-induced neurodegeneration are 
not fully understood. On the one hand, neuronal 
cell death can be prevented without any signifi-
cant changes in SE severity or duration. This 
occurs in TRPC1/4 double knockout mice. As 
discussed earlier, TRPC1/4 double knockout 
mice clearly exhibit unmitigated pilocarpine-
induced SE but significantly reduced neuronal 
cell death in the CA1 area as well as lateral sep-
tum. This finding suggests that TRPC1/4 chan-
nels are directly involved in the signaling cascade 
leading to neuronal cell death (Fig.  11.2). 
However, the details of the signaling downstream 
of TRPC1/4 channel activation remain unex-
plored. On the other hand, unpublished data indi-
cates that neuronal cell death can occur without 
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sustained SE in a TRPC knockout line (personal 
communication, Phelan et  al.). This appears to 
support the notion that some TRPC subfamily 
members may play a neuroprotective role. 
Furthermore, the anatomical pattern of 
SE-induced neurodegeneration is also altered in 
some TRPC knockout lines. All these issues need 
to be taken into account for the future study of the 
TRPC channel’s role in epileptogenesis using the 
pilocarpine model.

11.6	 �Perspectives

The critical roles of various TRPC channels in 
epileptiform bursting in brain slices suggest that 
these channels likely play a significant role in the 
generation of spontaneous recurrent seizures 
in  vivo. Hopefully, future studies will provide 
direct evidence that will elucidate the precise role 
of each TRPC subfamily member in epileptogen-
esis. TRPC channels have great potentials as 
novel molecular targets for the development of 
the next generation of antiepileptic drugs.
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Abstract

Transient receptor potential canonical (TRPC) channels mediate the influx 
of different types of cations through the cell membrane and are involved in 
many functions of the organism. Evidences of involvement of TRPC chan-
nels in neuronal development suggest that this family of proteins might 
play a role in certain neurological disorders. As reported, knockout mice 
for different TRPC channels show alterations in neuronal morphological 
and functional parameters, with behavioral abnormalities, such as in 
exploratory and social behaviors. Although mutations in TRPC channels 
could be related to mental/neurological disorders, there are only a few 
cases reported in literature, indicating that this correlation should be fur-
ther explored. Nonetheless, other functional evidences support the impli-
cation of these channels in neurological diseases. In this chapter, we 
summarize the main findings relating TRPC channels to neurological 
disorders, such as autism spectrum disorders, bipolar disorder, and intel-
lectual disability among others.
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12.1	 �Introduction

Nervous system development is an intricate pro-
cess that involves a series of steps, including pro-
liferation of progenitor cells, cellular migration, 
neurite development and guidance, and establish-
ment of synapses. All these steps have to be 
strictly regulated in order to enable the correct 
configuration of neuronal networks and adequate 
brain functioning. Disruption in such processes 
can lead to abnormal development or functioning 
of neuronal circuits, contributing to abnormal 
regulation of neuronal plasticity, which ulti-
mately results in psychiatry/neurological 
diseases.

The TRPC channels have important roles in 
different cellular processes in several tissues, 
including nervous system. They are divided in 
three main groups according to their sequence 
similarity: TRPC1/4/5, TRPC3/6/7, and TRPC2 
which, in humans, is actually a pseudogene. 
TRPC channels are highly expressed in the brain, 
and their roles on neuronal development have 
been intensively investigated. Some examples of 
TRPC channels functions are summarized below.

TRPC1 is reported to have an important role 
in neural progenitor cell proliferation [11, 23, 49, 
62]. TRPC3 induces long-term depression in 
Purkinje cells [42] and participates in the regula-
tion of hippocampal neuronal excitability, affect-
ing the memory formation [59]. In conjunction 
with TRPC6, TRPC3 affects axonal path finding 
induced by BDNF [51] and has a protective effect 
in neuronal survival [34]. Moreover, TRPC chan-
nels are also important for synaptogenesis, for 
example, TRPC proteins could interact with post-
synaptic membrane scaffolding proteins [87]. 
TRPC6 has a role in excitatory synapse forma-
tion [90], and both TRPC3 and TRPC6 are neces-
sary for BDNF-induced increase in dendritic 
spine density [2].

Different TRPC channels even have opposite 
roles in the regulation of neurite outgrowth. In 
PC12 cells, TRPC1 induces neurite outgrowth 
through a mechanism that is independent of Ca2+ 
influx, while TRPC5 has an opposite effect [31]. 
Activation of TRPC4 by Gαi2 inhibits neurite 
growth and dendritic arborization of hippocam-
pal neurons [33]. Neurotrophin-3 induces Ca2+ 

influx through TRPC5 and inhibits neurite out-
growth in rat hippocampal neurons, while neuro-
trophin-4 promotes neurite growth through 
TRPC6 activation [30]. Growth cone collapse 
induced by Semaphorin-3A is reduced in hippo-
campal neurons from TRPC5 knockout mice 
[35]. Finally, TRPC6 promotes dendritic growth 
via a Ca2+-CaMKIV-dependent mechanism in rat 
neurons [79]. It is worthy to highlight that most 
of the function of TRPC in neurons are mediated 
by Ca2+ influx, although they are nonselective 
cation channels. In fact, Ca2+ signaling is a cru-
cial mechanism for brain development (reviewed 
in [73]).

In summary, TRPC channels contribute to the 
regulation of neuronal development and function. 
Malfunction of these channels might have an 
impact on such processes and thus contribute to 
psychiatric/neurological disorders. Here we enu-
merate some human disorders for which there are 
evidences of involvement of TRPC channels in 
their pathophysiology. For some of them, direct 
disruption of the sequence of a -trpc gene was 
found in the patients, while for some other disor-
ders, the relationship between TRPC channels 
and disease is based on indirect evidences.

12.2	 �TRPC6 and Autism

Autism spectrum disorders (ASD) are defined as 
a group of neurodevelopmental disorders charac-
terized by repetitive behaviors as well as impair-
ments in communicative and social interaction 
skills. Although environmental factors might 
play a role in ASD etiology, evidences support a 
major contribution of genetic factors to these dis-
orders. However, these genetic factors are hetero-
geneous across autistic individuals, and in fact, 
dozens of genes have already been implicated in 
ASD.

trpc6 is one of the genes that have been 
recently implicated in ASD etiology. The relation 
between trpc6 and ASD is originally based on the 
work of Griesi-Oliveira et al. [28] that has identi-
fied an autistic patient with a chromosomal trans-
location between chromosomes 3 and 11. 
Translocation mapping indicated that the 
sequence of genes vprbp on chromosome 3 and 

K. Griesi-Oliveira et al.



139

trpc6 on chromosome 11 are disrupted, leading 
to haploinsufficiency. Previous studies have 
shown that TRPC6 overexpression in rat neurons 
leads to an enhancement on dendritic growth, 
dendritic spine density, and excitatory synapse 
formation, both in  vitro and in  vivo [79, 90]. 
Based on these evidences, the authors invested in 
the analysis of the consequences of such disrup-
tion in the function of TRPC6 and its downstream 
signaling pathway in the cells of the reported 
patient. The role of TRPC6 on neuronal develop-
ment is mainly related to the calcium influx 
through the channel, leading to CREB phosphor-
ylation [79], which in turn mediates the regula-
tion of expression of many genes. Promoting the 
activation of the channel using hyperforin, a spe-
cific activator of TRPC6, will be discussed later, 
and authors demonstrated that CREB phosphory-
lation is reduced in patient’s dental pulp cells 
compared to control cells. Accordingly, a global 
expression analysis suggests that a significant 
number of putative CREB target genes are dys-
regulated in patient’s dental pulp cells.

Griesi-Oliveira et  al. generated induced plu-
ripotent stem cells (iPSC) from the patients and 
healthy controls through cell reprogramming to 
investigate trpc6 disruption consequences on tar-
geted cortical neuronal cells derived from the 
iPSC.  Again, after inducing TRPC6 activation 
with hyperforin, the authors showed that calcium 
influx through neuronal progenitor cells is 
reduced in the patient’s sample. In addition, 
patient’s cortical neurons are found to have a 
reduced dendritic arborization, shorter neurites, 
and reduced density of dendritic spines and glu-
tamatergic vesicles compared to controls (corti-
cal neurons derived from non-ASD, healthy 
individuals). All these abnormalities are in accor-
dance to previous findings on rat neurons overex-
pressing TRPC6, which have the opposite 
characteristics [79]. Moreover, the authors per-
form gain and loss of function experiments in 
neurons. Reducing TRPC6 expression in control 
cells leads to the same neuronal alterations seen 
in the patient’s neurons. On the contrary, comple-
mentation of TRPC6 expression in patient’s cells 
rescues the neuronal phenotypes. These results 
corroborate that the alterations in patient’s neu-
rons are related to trpc6 disruption and conse-

quent haploinsufficiency. Behavioral studies with 
TRPC6 knockout mice, although they do not 
indicate any alteration in social or repetitive 
behavior, have a reduced exploratory behavior, 
which is associated to clinical signs of ASD, 
including the autistic patients used by Griesi and 
colleagues [8, 28]. Finally, the patient’s neuronal 
abnormalities is rescued by treating the neurons 
with hyperforin, raising the hypothesis that autis-
tic patients with trpc6 mutations, or other genes 
mutated in this pathway, could benefit from this 
chemical. However, the number of patients with 
truncating mutations in trpc6 is only around 
0.2%. Thus, an effective clinical trial would ben-
efit from a previous stratification of the ASD 
individuals based on the genetic alterations in 
trpc6 or its downstream genes. The idea to use 
genome sequencing and functional tests using 
cell reprogramming to stratify a heterogeneous 
population for clinical trials is recently proposed 
for ASDs [54].

12.3	 �TRPC Channels, BDNF, 
and Rett Syndrome

Rett syndrome is an X-linked neurodevelopmen-
tal disorder caused mostly by loss-of-function 
mutations in mecp2 (methyl-CpG-binding pro-
tein) gene and affects primarily females. Male 
patients usually die early in development. The 
disease is characterized by a period of apparently 
normal development until 6–18  months of age 
followed by a progressive regression of develop-
mental and motor skills, seizures, and hypotonia, 
and the majority of the patients can also present 
autistic features. MeCP2 protein influences neu-
ronal development in several ways. MeCP2 pres-
ents a wide range of actions on transcriptional 
regulation, through its binding to CpG-methylated 
islands, where it recruits other transcriptional 
repressors and histones acetylases. In addition, 
MeCP2 has been shown to regulate TRPC chan-
nels expression in mouse brain, and Ca2+ signals 
elicited by TRPC3/6 activation are impaired in 
neurons of male mecp2 mutant mice [10, 50]. 
Furthermore, MeCP2 is found in association with 
trpc6 promoter region in human neurons, and in 
accordance, neurons expressing a loss-of-function 
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allele of mecp2 presented deregulation of trpc6 
expression [28]. Interestingly, neurons from RTT 
patients present a series of abnormalities, such as 
shorter neurites, reduced dendritic arborization, 
and lower spine density, which is also found in 
trpc6 mutant autistic patient’s neurons described 
in the previous section [53, 54]. In accordance, 
Nageshappa et  al. [58] show opposite effects in 
neuronal cells from patients with mecp2 duplica-
tion. MeCP2 also seems to exert an indirect action 
in regulating TRPC channels, through the control 
of the expression of another target, the bdnf gene 
[12, 55]. Involvement of BDNF on pathophysiol-
ogy of Rett syndrome is widely documented 
(reviewed by Katz [36]). This gene codes for a 
neurotrophin that acts as a chemoattractant mole-
cule for neuronal growing process and supports 
neuronal survival and maturation. Studies suggest 
that these roles of BDNF on synapse formation 
are mediated, at least in part, by TRPC channels. 
The first evidence comes from the observation 
that exogenous BDNF triggers membrane cation 
currents resembling those that occur through 
TRPC channels [48]. Later, it is demonstrated that 
Ca2+ currents induced by BDNF are in fact abol-
ished by inhibition of TRPC channels via pharma-
cological inhibition or downregulation of their 
expression [51]. Such inhibition also blocks 
BDNF-induced cone growth. The protective 
effect of BDNF on neuronal survival as well as its 
induction of dendritic spine formation is also 
dependent on TRPC channel expression [2, 34]. 
Finally, Fortin et al. [24] show that pharmacologi-
cal blocking of TRPC channel activity prevents 
BDNF-induced translation and incorporation of 
GluA1-containing AMPA receptors in synaptic 
membrane. Thus, it would be of interest to inves-
tigate whether Rett syndrome patients could also 
benefit from chemicals that can modulate TRPC 
channels activity.

12.4	 �TRPC5 and X-Linked 
Intellectual Disability

Intellectual disability (ID) is a clinical pheno-
type characterized by significant limitations in 
cognitive function and in adaptive behavior, i.e., 

social and practical skills needed for everyday 
life activities, such as communication, self-care, 
and socialization. ID is associated with many 
different genetic syndromes and genetic altera-
tions and can also be caused by pre- or postnatal 
environmental factors, such as alcohol abuse by 
the mother, exposure to pathogens during preg-
nancy, problems at the time of birth, or diseases 
in early childhood such as meningitis. It is esti-
mated that ID affects about 3% of the popula-
tion [56]. Prevalence of ID is biased toward 
males, indicating that X-linked genes have an 
important contribution to cognitive develop-
ment. In fact, many different X-linked genes 
were already identified as being the causative 
gene for ID, especially in pedigrees in which 
this phenotype segregates in an X-linked pattern 
[14, 65, 72]. Recently, Mignon-Ravix et al. [57] 
use a custom high-resolution CGH array to 
investigate the presence of copy number varia-
tions (CNV) in the X chromosome, in a cohort 
of 54 male individuals presenting ID.  In this 
study, the group finds a patient with a 47  kb 
deletion in Xq23 region involving the first exon 
of trpc5 gene. A CNV that is considered to be 
probably pathogenic since it has not been previ-
ously identified in any control sample and since 
trpc5 is highly expressed in the brain. The dele-
tion is also found in the mother, who is unaf-
fected and presented a 50:50 ratio of X 
chromosome inactivation in her lymphocytes. 
The individual is reported to present autistic 
features such as repetitive and stereotyped 
behavior. TRPC5 is shown to be important for 
the control of neurite extension and growth cone 
morphology [27, 30, 31, 35]. Downregulation of 
TRPC5 in rat neuronal progenitor cells reduced 
the Ca2+ currents through the cells and blocked 
the neuronal differentiation [76]. Finally, 
TRPC5 knockout mice present abnormally high 
branched dendrites in cerebellar neurons and 
reduced LTP [64, 67]. These animals present 
motor deficits and diminished innate fear levels 
in response to aversive stimuli [67, 68]. These 
data support a role of TRPC5 in nervous system 
development and a possible involvement in 
intellectual disability.
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12.5	 �TRPC3, TRPC7, and Bipolar 
Disorder

Bipolar disorder (BD), also known as maniac-
depressive disorder, is a mental illness character-
ized by unusual shifts in mood, swinging from 
periods of maniac episodes, when the individual 
experiences an overexcited state, being abnor-
mally happy, energetic or irritable, and periods of 
depressive mood, in which the individual presents 
sadness and poor interest and pleasure in most 
activities. As with most of the neurological disor-
ders previously discussed, BD is a disorder with 
heterogeneous etiology, in which genetic and 
environmental factors play a role [40]. Many 
genes have already been associated with BD 
based on exome studies, case-control cohorts, or 
genetic studies of families in which BD segre-
gates throughout generations [39, 77]. Evidences 
from functional studies have also brought support 
for involvement of some genes in BD, as are the 
cases of trpc3 and trpc7. Reports of abnormalities 
in basal and agonist-stimulated Ca2+ concentra-
tions in different cell types of BD individuals sug-
gest that Ca2+ homeostasis plays a significant role 
in BD pathophysiology [18, 20], especially con-
sidering the importance of Ca2+ signaling for neu-
roplasticity [26]. Moreover, a series of studies 
using lithium treatment (one of the most widely 
used drug treatment for BD) show that this chemi-
cal affects Ca2+ signaling in neurons and in non-
excitable cells such as platelets, lymphocytes, and 
glial cells, providing another line of evidence sup-
ported for the involvement of Ca2+ signaling in 
BD [13, 17, 81, 85]. The evidences that Ca2+ sig-
naling abnormalities in non-excitable cells from 
BD individuals prompt scientists to investigate 
mechanisms involved in Ca2+ influx in these types 
of cells, particularly in the glial cells [82]. Among 
the molecular mechanisms responsible for Ca2+ 
dynamics regulation in non-excitable cells, store-
operated calcium entry is proposed to be involved 
in BD pathogenesis [32, 84], which directs the 
attention to channels from TRP family. TRPC7 
expression was reduced in a subgroup of BD 
patients [86]. Interestingly, this reduction was 
inversely correlated to Ca2+ basal levels in B lym-
phoblasts cell lines (BLCLs) from BD subjects. 

Andreopoulos et al. [6] report that chronic lithium 
treatment significantly reduces TRPC3 protein 
levels in BLCLs of BD individuals. Decreased 
levels of TRPC3 proteins are also reported in 
cerebral cortex of rats chronically treated with 
lithium [88]. Interestingly, neither of the studies 
detects decreases in TRPC3 mRNA levels. A 
faster Ca2+ influx is observed in BLCLs of BD 
individuals upon lysophosphatidic acid (LPA) 
stimulation [63]. In this model, the authors sug-
gested that LPA-mediated Ca2+ influx is probably 
mediated by TRPC3, since LPA is structurally 
homologue to 1-oleoyl-2-acetyl-sn-glycerol 
(OAG), a known activator of TRPC3/6/7, but 
only TRPC3 is expressed in BLCLs [69], suggest-
ing a role of TRPC3  in BD pathogenesis. 
Oxidative stress has also been implicated in BD 
[5, 60, 83]. Based on the fact that TRPC channels 
can be sensitive to redox state of the cells, 
Roedding and collaborators [70] investigate 
whether TRPC3 expression and function could be 
affected by oxidative stress in BLCLs from BD 
individuals and controls. The authors found that 
chronic mitochondrial-generated oxidative stress 
reduces TRPC3 protein levels as well as the Ca2+ 
influx through these channels, though this reduc-
tion is equally found in controls and BD individu-
als. A similar reduction is detected in primary rat 
cortical neurons exposed to stressor conditions 
[71]. Why no differences between subjects and 
controls were found regarding TRPC3 expression 
and function response to stressor conditions tested 
and why these conditions induced a decrease in 
protein levels (which is an opposite consequence 
expected considering the effects of lithium in sim-
ilar cellular models) are questions that deserve 
further investigation.

12.6	 �TRPC3 and Williams–Beuren 
Syndrome

Williams–Beuren syndrome (WBS) is a multi-
system disorder caused by a deletion on chromo-
some 7, specifically at 7q11.23 region. WBS 
patients present characteristic facial features 
(such as wide mouth, flattened nasal bridge, and 
widely spaced teeth), connective tissue problems, 
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and cardiovascular malformations. They also 
present neurodevelopmental problems that 
include moderate mental retardation, difficulty 
with visual-spatial tasks, in contrast to strong 
verbal skills and a friendly personality, demon-
strating an extreme interest in other people. 
Patients with WBS can also have hypercalcemia, 
which is most frequently present during child-
hood [4, 43]. The region deleted in WBS harbors 
26–28 genes. Their relative contribution to the 
phenotype is still poorly understood, except for 
elastin gene, which is related to the cardiovascu-
lar problems presented by the patients [21]. One 
of the genes in 7q11.23 is gtf31 (general tran-
scription factor IIi). This gene codes for the tran-
scription factor TFII-I, which is thought to be one 
of the main causative factors for cognitive dys-
functions in WBS based on the definition of a 
shared region always present between patients 
with different sizes of the deletion [7]. Although 
TFII-I is primarily a transcription factor, it may 
also have a role outside the nucleus, as it is evi-
denced by its presence in cytosol, for example, of 
B lymphocytes [61] and in dendritic trees of 
Purkinje cells [16]. In human B lymphocytes, it 
has been described that TFII-I suppresses accu-
mulation of TRPC3 in cell surface, thus, decreas-
ing Ca2+ entry into the cells [9]. Based on this 
observation, Letavernier and colleagues [45] 
investigate whether TRPC3 expression is altered 
in a WBS individual reported to have hypercalce-
mia. By using immunohistochemistry, they found 
an increased protein expression of TRPC3  in 
lymphocytes and epithelial intestinal cells from 
this patient compared to control samples. 
Although TRPC3 mRNA levels seems not to be 
altered in neuronal cells derived from iPSC of 
WBS individuals [1, 41, 44], we cannot disregard 
that TFII-I might be acting at the protein level as 
it is seen in B lymphocytes [9].

12.7	 �TRPC Channels, Hyperforin, 
and Depression

Depression is a mental disorder which etiology 
and pathology remain largely unknown, but it is 
hypothesized to be associated with reduced func-

tion of monoamine chemicals, such as serotonin 
and norepinephrine (reviewed by Dale et al. [15]). 
In fact, the most successful approaches to treat 
major depressive disorder (MDD) target the 
monoamine system by either the selective sero-
tonin reuptake inhibitors (SSRI) or by serotonin 
and norepinephrine reuptake inhibitors (SNRI) 
increasing monoamine transmission [15]. 
However, only about 50% of patients diagnosed 
with MDD evolve into clinical remission under 
these treatments [74]. In this regard, hyperforin, 
one of the main bioactive compounds of the 
medicinal plant Saint John’s wort (SJW), has 
shown to present unique antidepressant effect and 
to be significantly more effective than those in the 
first line of antidepressant drugs [22, 25, 78]. In 
contrast to conventional drugs, hyperforin acts as 
a nonselective neurotransmitter reuptake inhibi-
tor, blocking the uptake of serotonin, norepineph-
rine, dopamine, and other neurotransmitters [89]. 
Part of hyperforin’s antidepressant effects has 
been attributed to its property to activate TRPC6 
channel. TRPC6 channels are permeable to 
sodium in the presynaptic membrane and its acti-
vation contributes to decreasing the sodium gradi-
ent that drives the neurotransmitters reuptake 
through the transporters, contributing to increas-
ing the levels of the monoamine neurotransmitters 
in the synaptic cleft [46, 47, 80].

Depression is also commonly associated with 
decreased levels of BDNF in the hippocampus 
[38, 75]. As BDNF is a neurotrophic factor fun-
damental to the modulation of dendritic architec-
ture and synapse [37], it is also hypothesized that 
depression is associated with loss of hippocam-
pal synapses and dendritic spines contributing to 
dysfunction of synaptic plasticity [19, 29, 66]. As 
previously mentioned, synaptogenic properties 
of BDNF is thought to be in part mediated by cal-
cium transients evoked by TRPC channels [2, 3]. 
Similarly, the potential effectiveness of hyperfo-
rin in the treatment of depression may also be 
attributed to the calcium influx through TRPC6 
channel, which can contribute to the modulation 
of dendritic spine density and morphology [47].

Although hyperforin has shown to present 
exciting antidepressant properties and now to be 
commonly prescribed for the treatment of mild to 
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moderate depression [52], studies in vivo demon-
strating the potential effectiveness of this com-
pound are still lacking and require further 
investigation. In summary, although there are no 
genetic findings directly correlating TRPC chan-
nels with depression, the studies mentioned 
above show how these channels (in particular, 
TRPC6) modulate etiopathological mechanisms 
involved in this disorder and how these channels 
represent potential therapeutic targets, not only 
for depression but also for other neurological dis-
eases with dysfunction of these channels.

12.8	 �Conclusions and Future 
Perspectives

Genetic and functional evidences have indicated 
the participation of TRPC channels in the patho-
physiology of several mental disorders (as sum-
marized in Fig.  12.1). Further investigation of 

such relationships would be of great value since 
these proteins are ion channels and, thus, can be 
directly targeted to regulate their activity, which 
may lead to an effective therapeutic effect.

As illustrated by the case of trpc6 disruption 
in an ASD individual, the use of cell reprogram-
ming to obtain neuronal cells derived from plu-
ripotent stem cells from individuals with 
neurological disorders is a powerful tool to 
explore possible roles of TRPC channels in the 
brain. Furthermore, considering that TRPC chan-
nels are one of the major classes of channels 
responsible for ion influx in non-excitable cells, 
their involvement in the pathophysiology of neu-
rological disorders should be explored not only in 
neurons but also neuronal progenitor cells and 
glial cells. For instance, it would be interesting to 
validate the results found by the expression and 
functional studies conducted in BLCLs of 
patients with BD in neuronal cells derived from 
these patients using such approach. If these stud-

Fig. 12.1  TRPC channels are mediators of sensory sig-
nals with marked effects on neuronal functions. TRPC3 
proteins can form heteromeric interactions with TRPC6 
and regulate neuronal survival, axonal growth cone guid-
ance, and dendritic spine formation. Disturbances in the 
functioning of these proteins and in the cation influx 
through the channels they form have been implicated in 
the pathophysiology of several neurological diseases, 

such as ASD, Rett syndrome, and Williams–Beuren syn-
drome. Similarly, X-linked intellectual disability patho-
physiology has been attributed to disturbances in the 
calcium influx elicited through TRPC5 channels and 
altered neurite outgrowth. Finally, altered calcium influx, 
possibly through TRPC3 or TRPC7, has been associated 
with Bipolar disorder
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ies point to a participation of TRPC channels in 
the etiology of the disease, the same system can 
also be used to screen for drugs that can modulate 
TRPC channel activity in target cell types in an 
attempt to rescue cellular function and, possibly, 
contributing to the treatment of the diseases.
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TRPC Channels and Cell 
Proliferation

Cheng Zhan and Yu Shi

Abstract

TRPCs have been demonstrated to be widely expressed in different 
cancers. In recent years, a number of studies closely investigated the 
roles of TRPCs in cancer cells. Most of the results show that both mRNA 
and protein levels of TRPCs significantly increase in cancer tissues 
compared with healthy controls. TRPCs regulate Ca2+ homeostasis, 
contribute to cell cycle regulation and the expression/activation of Ca2+-
related factors, and thus play critical roles in the proliferation of cancer 
cells. Therefore, TRPCs could act as potential drug targets for cancer 
diagnosis and therapy.
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13.1	 �Introduction

Cancer is the leading cause of death. The social 
burden of cancer is expected to grow year by 
year, with an estimated 14.1 million new cancer 
cases and 8.2 million cancer deaths occurred in 
2012 throughout the world [35]. The most funda-
mental character of cancer cells is their ability of 
sustained proliferation [18]. About decades ago, 
several studies proposed that Ca2+could regulate 

cell proliferation, and since then it has been 
intensively investigated in various types of can-
cers [3]. Now it is well accepted that Ca2+ plays a 
key role throughout the cell cycle and is critical 
in early G1 phase, the G1/S and G2/M transitions 
[7]. Ca2+can regulate the expression of transcrip-
tion factors (e.g., MYC, CREB, NF-κB, and 
NFAT) and stimulate multiple signaling path-
ways (e.g., Ca2+/CaM/CaMK, and Ca2+/calcineu-
rin) [9, 24, 25]. Through these factors, Ca2+ 
coordinates expression of cell cycle regulators, 
such as cyclin D1, cyclin-dependent kinase 4 
(CDK4), and retinoblastoma (RB1), to ensure 
that the cell enters cell cycle and passes through 
the boundary of checkpoints [24]. Meanwhile, 
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Ca2+ signaling is also involved in the process of 
cell growth, survival, and death [26].

As a family of nonselective cation channels 
permanent to Ca2+, TRPCs are widely expressed in 
different types of cancer cells [27, 29]. Many of 
the TRPC members are demonstrated to maintain 
intracellular Ca2+ homeostasis and play important 
roles in cell cycle and Ca2+-related factors and 
pathways (Fig.  13.1). Moreover, blockade of 
TRPCs leads to significant inhibition of tumor cell 
proliferation. Therefore, TRPCs could be potential 
targets in the treatment of cancers. So far, studies 
on exploring the role of TRPCs in cancer prolifer-
ation mainly focus on TRPC1 and TRPC6, while 
TRPC2 and TRPC7 have not been investigated.

13.2	 �TRPC1

Studies have shown that the reduced expression 
or activity of TRPC1 can result in inhibition of 
cell proliferation in various cancers both in vitro 

and in vivo. It has been reported that the cell pro-
liferation is greatly suppressed when TRPC1 is 
knocked down or loss-of-function mutated in 
ML-1 cells, a thyroid cancer cell line, and cell 
proliferation is recovered when the expression of 
TRPC1 is introduced in TRPC1 knockdown cells 
[1]. Additionally, inhibition of TRPC1 activity by 
pharmacological agents or inhibition of its 
expression by shRNA both lead to suppression of 
cell proliferation and incomplete cell division, 
finally resulting in multinucleated cells com-
monly found in patient biopsies [5]. In a flank 
tumor model, tumor size is markedly decreased 
when TRPC1 expression was disrupted by 
doxycycline-induced shRNA [5]. It has been 
reported that TRPC1 is overexpressed in human 
breast ductal adenocarcinoma compared to the 
adjacent normal tissue [10], which is strongly 
correlated with proliferative parameters (histo-
prognosis grade, Ki67 proliferation index, and 
tumor size). Downregulation of TRPC1 [14] 
impairs the calcium-sensing receptor (CaSR)-

Fig. 13.1  Roles of TRPCs in cancer cell proliferation. 
TRPCs play important roles in cell proliferation via regu-

lating the intracellular Ca2+ concentration, the cell cycle, 
and the expression/activation of Ca2+-related factors
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stimulated proliferation of breast cancer MCF-7 
cells. Selli, C et  al. found that when TRPC1 is 
downregulated by siRNA in human hepatocellu-
lar carcinoma cell line Huh7, the cell prolifera-
tion is significantly suppressed, and the carcinoma 
cells have a longer doubling time [28]. Tajeddine, 
N et  al. showed that TRPC1 knockdown by 
siRNA in non-small cell lung carcinoma cell 
lines results in dramatic decrease in cell prolifer-
ation [33]. Jiang, H N et al. reported that the pro-
liferation of A549 cells is inhibited by the 
neutralizing antibody T1E3 which specifically 
targets TRPC1, while proliferation is increased in 
cells overexpressed with TRPC1 [19]. Zeng, B 
et  al. reported inhibition of TRPC1 reduces 
the cell proliferation, while overexpression of 
TRPC1 or a spliced isoform of TRPC1 with exon 
9 deletion increase the cancer cell colony growth 
in human ovarian cancer cells [38].

Most studies have showed that Ca2+ entry is 
attenuated when TRPC1 is knocked down in can-
cer cells, resulting in the alteration of Ca2+-related 
cell cycle and signaling pathways. In TRPC1 
knockdown ML-1 cells, there was a significant 
increase of cell population in the G1 phase along 
with a significant decrease in the S and G2 phases 
of the cell cycle. Moreover, the expression of sev-
eral cell cycle regulatory proteins is altered, such 
as an increase in levels of cyclin-dependent 
kinase (CDK) inhibitors p21 and p27, while a 
reduction in levels of cyclin D2, cyclin D3, and 
CDK6 [1]. Tajeddine, N et al. showed that TRPC1 
knockdown in non-small cell lung carcinoma cell 
lines results in G0/G1 cell cycle arrest and leads 
tothe reduced expression of cyclin D1 and cyclin 
D3 [33]. These results suggest the Ca2+ influx via 
TRPC1 is crucial for the cell cycle progress.

Furthermore, the pro-migratory sphingosine-
1-phosphate 3 (S1P3) and vascular endothelial 
growth factor receptor 2 (VEGFR2) are signifi-
cantly downregulated in the TRPC1 knockdown 
cells due to the attenuated calcium entry [1]. 
Hypoxia-inducible factor-1 (HIF-1), extracellular 
regulated protein kinases 1/2 (ERK1/2), matrix 
metalloproteinase 2 (MMP2), as well as MMP9, 
factors known critical for cell proliferation and 
migration, have been found to be regulated by 
S1P3, and knockdown of TRPC1 results in 

decreased expression or inactivation of these 
proteins, leading to inhibition of cell prolifera-
tion [4, 20, 21]. TRPC1 is also an important com-
ponent of a Ca2+-dependent amplification of 
epidermal growth factor (EGF)-dependent cell 
proliferation. Depletion of TRPC1 is associated 
with a decreased phosphorylation and activation 
of epidermal growth factor receptor (EGFR). 
Additionally, a disruption of phosphatidylinositol 
3-kinase (PI3K)/AKT serine/threonine kinase 
(Akt) and mitogen-activated protein kinase 
(MAPK) a downstream pathway is also found 
when TPRC1 is suppressed [14]. Activation of 
EGFR by EGF induces Ca2+ entry through 
TRPC1, and Ca2+ entry further activates EGFR 
and regulates TRPC1. In contrast, inhibition of 
EGFR reduces  the expression of TRPC1 and 
suppresses the cell proliferation [14]. Therefore, 
TRPC1 can act as a helper to the factors that 
induce cell proliferation. Moreover, activated 
TRPC1 can in turn mediate the signaling to 
induce the factor expression. In this context, 
TRPC1 can be regarded as a novel potential 
therapeutic target for the cancer cells.

13.3	 �TRPC3

There are only a few studies which focus on the 
role of TRPC3 in cancer cell proliferation. Zeng, 
B et al. reported that transfection with siRNA or 
application of specific blocking antibodies 
against TRPC3 inhibits the cell proliferation in 
ovarian cancer, while overexpression of TRPC3 
increases the cancer cell colony growth [38]. 
Yang, S L et al. found that TRPC3 protein levels 
in ovarian cancer specimens are greatly increased 
compared with those in normal specimens [37]. 
Downregulating TRPC3 expression in SKOV3 
cells leads to a reduction of proliferation, 
suppression in EGF-induced Ca2+ influx, dephos-
phorylation of CDK1 and calcium-/calmodulin-
dependent protein kinase II alpha (CamKIIA), 
and prolonged progression through M phase of 
these cells. In contrast, reducing the expression 
of TRPC3 suppresses the tumor formation in nude 
mice [37]. Tao, X et al. also reported that TRPC3 
plays important roles in follicle-stimulating 
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hormone (FSH)-stimulated cell proliferation in 
ovarian cancers. The expression of TRPC3 is 
increased after treatment with FSH in HEY and 
ES-2 cells [34]. Knockdown of TRPC3 blocks 
the FSH-induced facilitation of Ca2+ influx, 
abrogates the activation of Akt phosphorylation, 
and leads to decreased expression of downstream 
effectors including survivin, HIF-1a, and VEGF 
[34]. These results suggest that TRPC3 could be 
a potential therapeutic target in ovarian cancer.

Another study reported that the histone variant 
macroH2A represses the expression of TRPC3 
in bladder cancer cells and attenuates TRPC3-
mediated Ca2+-dependent proliferation responses. 
MacroH2A1 recruits histone deacetylase 1 
(HDAC1) and HDAC2, inhibits the histone 
acetylation, and impairs the transcription of 
TRPC3, which finally results in a decreased cell 
growth [22].

13.4	 �TRPC4

There is only one work reporting the function of 
TRPC4 in cell proliferation. Zeng et al. reported 
that both  downregulation of TRPC4 by siRNA 
and blockage of TRPC4 by specific antibodies 
inhibit cell proliferation, while overexpression 
of TRPC4 increases the cancer cell colony 
growth [38].

13.5	 �TRPC5

TRPC5 and P-glycoprotein (P-gp) expression are 
largely upregulated in the adriamycin-resistant 
breast cancer cell line MCF-7/ADM.  Inhibition 
of TRPC5 activity or reduction in its expression 
causes a remarkable reduction in P-gp protein 
expression as well as inhibition of cell growth. 
And the adriamycin resistance in MCF-7/ADM 
cells is restored [23]. NFATc3, an isoform of 
Ca2+-dependent transcription factor NFAT 
(nuclear factor of activated T cells), regulates the 
transcription of P-gp. Activation of TRPC5 
induces a time-dependent NFATc3 translocation 
from cytoplasm to nucleus [23]. Inhibition of 
TRPC5 causes a reduction of VEGF release from 

MCF-7/ADM cells, decreases the expression of 
HIF-1a, and inhibits the HIF-1a translocation 
from cytosol to nucleus [39]. These results sug-
gest a role of the TRPC5-NFATc3-P-gp and 
TRPC5-HIF-1-VEGF signaling pathways in cell 
proliferation and drug resistance in breast cancer 
cells.

13.6	 �TRPC6

Recently, the important role of TRPC6  in cell 
proliferation has been intensively studied, and 
most of the studies attribute its function to the 
alternated Ca2+-related cell cycle. Aydar, E et al. 
reported silencing of TRPC6 by siRNAs in 
MDA-MB-231 cells results in inhibition of cell 
growth [2]. The expression of TRPC6 is lower in 
isolated hepatocytes from healthy patients com-
pared with tumor samples. The rate of cell prolif-
eration in TRPC6-overexpressed cells is 80% 
faster than untransfected cells, and their SOCE 
amplitude was 160% higher, whereas prolifera-
tion rate is 50% lower and SOCE amplitude is 
85% lower in TRPC6-knockdown cells com-
pared with controls [13]. The epithelial growth 
factor and hepatocyte growth factor increase the 
expression level of TRPC6, and cyclin D1 expres-
sion is decreased when TRPC6 is knocked down 
[13]. The expression of TRPC6 is greatly upregu-
lated in human gastric cancer epithelial cells 
compared with that in normal gastric epithelial 
cell. Treatment with TRPC channel inhibitor 
ofgastric cancer cells inhibits Ca2+ elevation 
evoked by histamine, arrests cell cycle in G2/M 
phase, suppresses cell growth, and inhibits the 
formation of gastric tumors in nude mice [6]. 
Expressing a dominant-negative form of TRPC6 
also arrests cell cycle in G2/M phase and inhibits 
cell growth [6]. TRPC6 is overexpressed in 
human glioma cells and is essential for glioma 
development by regulation of G2/M phase 
transition. Inhibition of TRPC6 activity or 
expression attenuates the increased intracellular 
Ca2+ by platelet-derived growth factor, inhibits 
cell growth and clonogenic ability, induces cell 
cycle arrest at the G2/M phase, and enhances the 
antiproliferative effect of ionizing radiation [11]. 
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Moreover, TRPC6 regulates CDK1 activation 
and the expression of cell division cycle 25 
homolog C, both of which are crucial in the cell 
cycle arrest. Inhibition of TRPC6 activity also 
reduces tumor volume and increases survival of 
mice [11].

TRPC6 is also a critical factor that contributes 
to VEGF-evoked Ca2+ current in human umbili-
cal vein endothelial cells (HUVECs). Inhibition 
of TRPC6 arrests HUVECs at G2/M phase and 
suppresses VEGF-induced HUVEC proliferation 
[15]. Guilbert et al. reported that TRPC6 mRNA 
and protein levels are elevated in breast carci-
noma specimens compared to normal breast tis-
sues [16]. The cell proliferation is increased in 
the A549 cells overexpressing TRPC6 [19]. The 
expression of TRPC6 is remarkably increased in 
human esophageal cancer specimens compared 
to normal human esophageal tissues by immuno-
histochemistry staining [30]. Blockade of TRPC6 
channels inhibits the elevation of intracellular 
Ca2+ concentration and the activation of CDK1 in 
human esophageal cancer cells, then arrests the 
cell cycle at G2/M phase, and suppresses the cell 
growth both in vitro and in vivo [30]. Blockade of 
TRPC6 channels also suppresses basal cell pro-
liferation and partially inhibits HGF-induced cell 
proliferation via prolonging the transition through 
G2/M phase in renal cell carcinoma (RCC) [31]. 
Furthermore, the TRPC6 protein is detected in 
73.3% RCC samples, with a much higher level 
than in normal renal samples (30.0%), and the 
expression of TRPC6 is markedly associated 
with RCC histological grades [31]. In addition, 
Song et al. found that lovastatin inhibits the cell 
proliferation in human B lymphoma cells, but not 
in the cells when TRPC6 is knocked down [32]. 
It is proposed that intracellular oxidative stress 
due to exogenous cholesterol would be responsi-
ble for malignant proliferation via TRPC6-
mediated elevation of intracellular Ca2+. Together, 
these results strongly suggest that Ca2+ influx 
via TRPC6 is critical for different kinds of cells 
to pass the G2/M phase in the cell cycle. 
Therefore, blocking this channel activity will be 
a novel strategy for radiotherapy as the cells 
arrested at G2/M phase are sensitive to radiation. 

Indeed, application of HGF significantly 
increases the expression of TRPC6 and the cal-
cium influx, while downregulation of TRPC6 
inhibits the calcium influx. Consistently, the 
prostate cells are arrested at the G2/M phase, and 
HGF-induced cell proliferation is also suppressed 
[36]. Moreover, Zeng et  al. reported targeting 
TRPC6 with siRNA inhibits the cell prolifera-
tion, while overexpressing TRPC increases the 
cancer cell colony growth in human ovarian can-
cer [38].

Kim et al. also reported that in bladder cancer 
cells macroH2A, the expression of TRPC6 is 
downregulated through the inhibition of histone 
acetylation [22]. Pharmacological inhibition of 
Notch signaling greatly abrogates hypoxia-
induced TRPC6 expression, and TRPC6-mediated 
Ca2+ entry increases NFAT activation and pro-
motes NFAT-dependent cell proliferation [8].

13.7	 �TRPC Inhibitors and Blocking 
Antibodies

SKF96365 (1-[2-[3-(4-Methoxyphenyl)propoxy]-
2-(4-methoxyphenyl)ethyl]-1H-imidazole hydro-
chloride) and 2-APB (2-aminoethoxydiphenyl- 
borate) are the two most commonly used 
inhibitors to the nonselective cation TRPCs. 
Both SKF96365 and 2-APB cause the inhibition 
of cell proliferation in cancers. For example, 
2-APB significantly reduces the S phase of the 
cell cycle and the cell proliferation in MCF-7 
cells, and SKF96365 inhibits the cell growth of a 
glioma cell line D54MG and arrests it at G2/M 
phase of the cell cycle with cytokinesis defects.

Current pharmacological inhibitors do not 
provide enough selectivity to discriminate TRPC 
individualmember. Given the nature of specific-
ity of antibodies, targeting the third extracellular 
region (E3) has been demonstrated to specifi-
cally block some TRPC channels. So far, T1E3 
and T5E3, polyclonal antibodies targeting 
directly to TRPC1 and TRPC5, respectively, 
have been used in some researches. However, 
their impacts on cell proliferation remain to be 
explored [12, 17].
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13.8	 �Summary and Perspectives

Cancer is a leading cause of mortality with an 
increase in morbidity worldwidely. The impor-
tant role of TRPC members in cell proliferation 
in human cancers makes them as potential targets 
for cancer diagnosis and therapy.
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TRPC Channels and Glioma

Shanshan Li and Xia Ding

Abstract

Glioma is the most common type of brain tumors and malignant glioma is 
extremely lethal, with patients’ 5-year survival rate less than 10%. 
Treatment of gliomas poses remarkable clinical challenges, not only 
because of their particular localization but also because glioma cells pos-
sess several malignant biological features, including highly proliferative, 
highly invasive, highly angiogenic, and highly metabolic aberrant. All 
these features make gliomas highly recurrent and drug resistant. Finding 
new and effective molecular drug targets for glioma is an urgent and criti-
cal task for both basic and clinical research. Recent studies have proposed 
a type of non-voltage-gated calcium channels, namely, canonical transient 
receptor potential (TRPC) channels, to be newly emerged potential drug 
targets for glioma. They are heavily involved in the proliferation, migra-
tion, invasion, angiogenesis, and metabolism of glioma cells. Abundant 
evidence from both cell models and preclinical mouse models has demon-
strated that inhibition of TRPC channels shows promising anti-glioma 
effect. In this chapter, we will give a comprehensive review on the current 
progress in the studies on TRPC channels and glioma and discuss their 
potential clinical implication in glioma therapy.
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14.1	 �Introduction

Glioma is the most common tumor in the brain. It 
constitutes ~30% of all brain tumors and 80% of 
all malignant brain tumors [16]. Glioma has a 
yearly incidence of 3–5 per 100,000 population, 
and it occurs in all age groups but is most preva-
lent in adults over the age of 45. Studies on the 
tumor cell origin suggest that glioma could origi-
nate from neural stem cells, transit amplifying 
cells, neural/glial progenitors, astrocytes, or oli-
godendrocytes [54]. Based on their histological 
characters, glioma is classified into four main 
types: ependymomas, astrocytomas, oligoden-
drogliomas, and mixed gliomas [1]. Glioma is 
further classified according to their pathologic 
features (WHO grade I–IV), and glioblastoma 
multiforme (GBM) is the most aggressive glioma 
that accounts for more than 50% of gliomas [35]. 
Despite great progresses have been made in con-
ventional therapeutic approaches, the overall 
5-year survival rate of GBM is less than 5% and 
even worse for the elderly [12]. Therefore, it is 
fundamentally important to explore new molecu-
lar targets, and combination of those new treat-
ments with conventional therapeutic approaches 
may improve the effects for patients with GBM.

Gliomagenesis and development are complex 
processes, which are only partially understood. 
Maintenance of intracellular Ca2+ homeostasis is 
essential for a large number of cellular processes 
[3]. The Ca2+ exerts biphasic effects on cellular 
growth. For example, a modest increase in intra-
cellular Ca2+ concentration ([Ca2+]i) could pro-

mote cell proliferation, whereas high [Ca2+]i 
would result in elevated mitochondrial Ca2+ lev-
els and eventually the release of pro-apoptotic 
factors, leading to cell death [47]. To regulate the 
intracellular Ca2+ levels, cells have evolved mul-
tiple mechanisms, mainly by regulating the func-
tion of Ca2+ channels. Important players in this 
regulation are members of the TRP superfamily 
of ion channels (TRPC, TRPV, TRPM, TRPML, 
TRPP, TRPA, and TRPN). Cancer cells have 
abnormally regulated Ca2+ homeostasis [13], 
resulting in their abnormal biological behavior. 
Dysregulation of TRPC channels is one of the 
culprits leading to these malignancies.

14.2	 �Role of TRPC Channels 
in Glioma

Channels formed by the TRPC proteins are a sub-
family of the TRP proteins, which are widely 
expressed in mammalian cells. It has been 
reported that the TRPC family consists of six 
members in human (TRPC1 and TRPC3-7) and 
seven in rodents (TRPC1-7) [55]. Diverse studies 
have suggested that TRPC channels are likely to 
play a role in glioma growth and development at 
different levels by regulating cellular metabo-
lism, controlling cell proliferation, promoting 
angiogenesis, and triggering the migration and 
invasion during glioma progression (Fig.14.1).

In each square are the represented members of 
the TRPC family, which are involved in the main 
processes driving glioma progression.

Fig. 14.1  TRPC and 
glioma progression
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We are going to summarize the role of TRPC 
channels in glioma to deepen our understanding 
of glioma biology and help to find new and effec-
tive drug targets.

14.3	 �Role of TRPC Channels in Cell 
Proliferation in Glioma

The Ca2+ signaling plays a vital role in cell prolif-
eration and is required at multiple stages of cell 
cycle [25]. The signaling involves receptors, 
channels, transducers, Ca2+ effectors, Ca2+-
sensitive enzymes, Ca2+ pumps, and Ca2+ 
exchangers [11]. These Ca2+ signaling proteins 
contribute to the proliferative capacity of cells.

Growth control of cancer cells has been stud-
ied extensively over the past decades, and some 
members of the TRPC family have been identi-
fied to affect the proliferation of many types of 
cancer cells [38]. Studies have demonstrated the 
expression of five TRPC channel proteins 
(TRPC1, 3, 4, 5, and 6) in glioma cell lines and 
patient-derived tissues [5]. Ca2+ influx through 
these channels activates intracellular Ca2+ effec-
tors and Ca2+-sensitive enzymes, which in turn 
mediate cellular activities necessary for cell cycle 
progression and proliferation [49].

Glioma, particularly the GBM, proliferates 
extensively and cells often undergo incomplete 
cell divisions, resulting in multinucleated cells. 
The recent study in D54MG glioma cells indi-
cates that pharmacological or short hairpin RNA 
(shRNA)-mediated inhibition of TRPC1 chan-
nels, which are involved in agonist-induced Ca2+ 
influx and reloading of intracellular Ca2+ stores, 
leads to reduced cell proliferation and higher per-
centages of multinucleated cells. Moreover, 
decreased TRPC1 protein expression correlates 
with an increased percentage of multinucleated 
cells in GBM patient biopsies and impairs in vivo 
tumor growth in a xenograft tumor model. These 
results suggest that TRPC1 plays a critical role in 
glioma cell division by regulating Ca2+ signaling 
during cytokinesis [4].

In addition, a role for TRPC4 channels in gli-
oma cell proliferation has been suggested. TRPC 

activation has been demonstrated as downstream 
signal of the epidermal growth factor receptor 
(EGFR) stimulation [44]. EGFR is the major 
growth factor receptor activated in malignant 
gliomas, as mutated or amplified EGFR is often 
observed in malignant gliomas and is associated 
with increased cell proliferation [7]. In Cos-7 
cells, EGFR activation leads to TRPC4 phos-
phorylation and channel insertion into the plasma 
membrane [44]. Furthermore, knockdown of 
TRPC4  in human corneal epithelial cells sup-
presses EGF-induced cell proliferation, again 
linking proliferation to TRPC channels [62].

Another TRPC channel member, TRPC6, also 
plays a role in the control of glioma cell cycle and 
proliferation. Studies have shown that the mRNA 
and protein levels of TRPC6, among the TRPC 
family, are specifically enhanced in human gli-
oma tissues compared to normal brain tissues. 
The increased expression of TRPC6 is associated 
with glioma malignancy grades. Moreover, func-
tional TRPC6 channels are present in U251MG, 
U87MG, and T98G glioma cells. In these cells, 
inhibition of TRPC6 activity or expression by 
using a dominant-negative form of TRPC6 
(DNC6) [21] or shRNA, respectively, causes a 
decrease in Ca2+ influx stimulated by platelet-
derived growth factor (PDGF), which suppresses 
cell growth, induces cell cycle arrest at the G2/M 
phase, and enhances the anti-proliferation effect 
of irradiation. Further analysis shows that inhibi-
tion of TRPC6 suppresses the activation of 
cyclin-dependent kinase 1 (CDK1) via downreg-
ulation of cell division cycle protein 25C 
(CDC25C) expression, which is responsible for 
the cell cycle arrest. More importantly, inhibition 
of TRPC6 activity also significantly reduces 
tumor volumes in nude mice subcutaneous xeno-
graft model and increases mean survival in nude 
mice intracranial xenograft model [11]. Besides, 
another study shows that TRPC6 channels could 
promote the proliferation and malignant growth 
of glioma during hypoxia by activating the 
calcineurin-nuclear factor of activated T-cell 
(NFAT) pathway [10]. Taken together, these find-
ings strongly imply the reliance of glioma cell 
proliferation on TRPC6 channels.

14  TRPC Channels and Glioma
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14.4	 �Role of TRPC Channels 
in Angiogenesis in Glioma

Angiogenesis is recognized as a key event in gli-
oma progression [2]. Glioma cells stimulate the 
growth of new blood vessels to support their 
energy demands, a process known as neovascu-
larization. Neovascularization in the brain tumors 
is positively correlated with the biological 
aggressiveness, degree of malignancy, and clini-
cal recurrence and negatively correlated with the 
postoperative survival of patients with glioma 
[48]. GBM is the most common form of malig-
nant brain tumor, and the growth of these tumors 
is highly angiogenesis dependent, meanwhile 
higher-grade malignant astrocytomas have a 
higher degree of vascularity [57]. Tumor angio-
genesis is not only resulted from adaptation to 
hypoxia in response to the increasing tumor mass 
but also resulted from genetic mutations that acti-
vate gene transcription for angiogenesis [31]. 
Ca2+ entry through plasma membrane affects 
angiogenesis, and several reports indicate that 
TRPC channels are activated during glioma 
angiogenesis.

Vascular endothelial growth factor (VEGF) is 
the most potent angiogenic factor implicated in 
tumor angiogenesis, whose expression is acti-
vated by hypoxia [34]. In U87MG cells, Ca2+ 
influx through TRPC channels plays a critical 
role in hypoxia-induced VEGF gene expression. 
Importantly, silencing of TRPC1, not other TRPC 
members, largely suppresses the upregulation of 
VEGF expression by hypoxia, suggesting the 
involvement of TRPC1 channels in glioma angio-
genesis [57] Recently, it is reported that in zebra 
fish, knockdown of TRPC1 severely disrupts 
angiogenic sprouting of intersegmental vessels 
(ISVs), which is attributable to the impairment of 
filopodia extension, migration, and proliferation 
of ISV tip cells. Furthermore, TRPC1 acts syner-
gistically with VEGF-A in controlling ISV 
growth and seems to be downstream of VEGF-A 
in controlling angiogenesis. Therefore, TRPC1 is 
essential for angiogenesis in vivo [63].

Other TRPC channels have also been found to 
be involved in glioma angiogenesis. Ca2+ entry 
through TRPC6 increases endothelial permeabil-

ity and promotes angiogenesis [26]. TRPC6 can 
be activated by VEGF.  Overexpression of a 
dominant-negative TRPC6 construct in human 
microvascular endothelial cells (HMVECs) sup-
presses the VEGF-mediated increase in intracel-
lular Ca2+ levels, migration, sprouting, and 
proliferation. In contrast, overexpression of a 
wild-type TRPC6 construct promotes the prolif-
eration and migration of HMVECs [19]. 
Additionally, inhibition of TRPC6  in human 
umbilical vein endothelial cells (HUVECs) by 
pharmacological or genetic approaches arrests 
cells at the G2/M phase and suppresses the 
VEGF-induced proliferation and tube formation, 
which are key steps in angiogenesis. Furthermore, 
inhibition of TRPC6 abolishes VEGF-induced 
angiogenesis in the chicken embryo chorioallan-
toic membrane (CAM) [15]. The above reports 
indicate that VEGF activates TRPC6 channels to 
regulate the angiogenesis. Conversely, TRPC6 
activation in endothelial cells (ECs) may stimu-
late transcription and release of angiogenic 
growth factors such as VEGF, which stimulate 
angiogenesis. For example, hypoxia induces 
Notch1 activation, increases TRPC6 expression, 
and thus elevates [Ca2+]i that is coupled to the 
activation of the calcineurin-NFAT pathway, 
resulting in glioma angiogenesis [10]. It remains 
to be determined whether Notch pathway directly 
or indirectly regulates TRPC6 expression [17, 
52].

14.5	 �Role of TRPC Channels in Cell 
Migration and Invasion 
in Glioma

GBM is extremely invasive and thus the clinical 
prognosis for patients is desperate. Numerous 
studies have focused on understanding the molec-
ular mechanisms of glioma cell invasion, and 
Ca2+ signaling has been shown to play a role in it 
[28].

TRPC1-mediated migration and chemotaxis 
have been demonstrated in different cell types 
such as myoblasts [36], renal epithelial cells [14], 
and nervous cells [58]. Recently, it has been 
reported that TRPC1 regulates glioma chemo-

S. Li and X. Ding
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taxis induced by EGF and the localization of 
TRPC1 in lipid rafts is essential for the function 
[6]. In response to EGF, TRPC1 is enriched in the 
leading edge of D54MG cells and co-localized 
with lipid raft proteins. Pharmacological or 
shRNA-mediated inhibition of TRPC1 channels 
abolishes EGF-induced cell migration, without 
affecting the motility of un-stimulated cells. 
Moreover, disruption of lipid rafts not only 
decreases chemotaxis but also decreases store-
operated Ca2+ entry and impairs TRPC currents. 
These results indicate that TRPC1 association 
with lipid rafts is essential for glioma chemotaxis 
in response to specific stimuli.

As mentioned above, TRPC6 expression is 
markedly enhanced during hypoxia in a manner 
that is dependent on Notch activation [10]. Notch 
signaling is reported to mediate hypoxia-induced 
tumor migration and invasion [50]. TRPC6 is 
also required for the development of this aggres-
sive phenotype because knockdown of TRPC6 
decreases glioma invasion.

The last step of invasion requires cytoskeletal 
rearrangements and formation of lamellipodia 
and filopodia, where the Rho family of GTPases 
plays a critical role. The role of TRPC6 in Rho 
activation and actin cytoskeletal rearrangements 
has been indicated in several studies [51]. 
Therefore, the TRPC6-mediated Ca2+ influx 
likely contributes to glioma invasion by promot-
ing actin-myosin interactions and the cell-
substratum adhesion assembly and disassembly 
that are important for migration [39, 50].

14.6	 �Role of TRPC Channels 
in Cellular Metabolism 
of Glioma

Cellular metabolism influences survival and 
death decisions. In recent years, an emerging 
theme in tumor biology is that metabolic regula-
tion is closely linked to tumor progression [42]. 
Interest has been renewed as it has become clear 
that many cancer-related pathways have signifi-
cant impacts on tumor metabolism and that many 
tumors become dependent on specific metabolic 
processes.

It has been reported that all major tumor sup-
pressors and oncogenes have intimate connec-
tions with metabolic pathways [29]. Genetic 
alterations (affecting HIF-1, AMPK, p53, Myc, 
and PI3K) drive the metabolic inputs into multi-
ple pathways that not only supply cellular energy 
(i.e., ATP) but also provide macromolecular pre-
cursors (i.e., ribose and acetyl-CoA) as well as 
the reducing power for biosynthetic processes 
and redox regulation (NADPH). More and more 
studies reveal that altered cellular metabolism 
could be one of the major routes by which onco-
genes promote tumor formation and progression 
[23]. By far, there is no direct evidence existing 
about the role of Ca2+ in tumor metabolism, 
although being a key player in tumor progres-
sion. However, it should be mentioned that some 
key molecules (i.e., HIF-1, AMPK, p53, Myc) 
involved in tumor metabolism are sensitive to 
Ca2+ [8]. It is therefore possible that Ca2+ affects 
tumor metabolism by regulating these metabolic 
regulators.

A recent study confirmed this hypothesis [32]. 
Insulin-like growth factor 1 (IGF-1) is specifi-
cally released from human glioma cells during 
hypoxia. TRPC6, the specifically upregulated 
TRPC member in human glioma tissues, is then 
rapidly activated by IGF-1 receptor (IGF-1R)/
phospholipase C (PLC)/IP3 receptor (IP3R) path-
way. IGF-1 released in hypoxia stimulates 
IGF-1R, leading to the activation of PLC, which 
hydrolyzes phosphatidylinositol 4,5-bisphosphate 
(PIP2) into diacylglycerol (DAG) and inositol 
1,4,5-trisphosphate (IP3). IP3 induces Ca2+ release 
from internal stores, which in turn activates 
TRPC6 to mediate Ca2+ influx. TRPC6 activation 
decreases α-ketoglutarate (α-KG) levels and 
inhibits HIF prolyl hydroxylase (PHD) activities, 
leading to HIF-1α accumulation. HIF-1 plays a 
critical role in tumor cell glucose metabolism via 
regulating the expression of the metabolic related 
genes [61]. And TRPC6 is shown to enhance glu-
cose uptake through HIF-1α. Inhibition of 
TRPC6 by using DNC6 dramatically suppresses 
hypoxia-induced glucose transporter 1 (GLUT1, 
also known as SLC2A1) expression. Expressing 
exogenous HIF-1 indeed reverses DNC6 inhibi-
tion of GLUT1 expression. Importantly, express-

14  TRPC Channels and Glioma
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ing HIF-1 reversed DNC6 suppression on glucose 
uptake in hypoxia. Further, treatment of the cells 
with 1-oleoyl-2-acetyl-sn-glycerol (OAG), the 
membrane-permeable DAG analogue known to 
induce Ca2+ entry through TRPC6, increases 
GLUT1 mRNA and protein levels in hypoxia, 
which is significantly decreased by expressing 
DNC6 [10]. It should be mentioned that two 
other well-known genes involved in energy 
metabolism, lactate dehydrogenase A (LDHA) 
and lactate dehydrogenase B (LDHB), are not 
affected by TRPC6. Collectively, these results 
imply that activation of TRPC6 promotes glucose 
metabolism in hypoxia, yet however does not 
stimulate glycolysis to produce energy. Therefore, 
TRPC6 controls the metabolite levels to regulate 
the rapid hydroxylation and stability of HIF-1α 
and affect the consequent glucose metabolism 
during hypoxia. In this context, The Ca2+ influx 
via TRPC6 can act as an important metabolic 
regulator (Fig. 14.2). In addition, the inhibitory 
effect of DNC6 on GLUT1 expression may par-
tially explain its suppression of glioma cell devel-
opment [10, 11]. Therefore, studying the possible 
role of TRPC in the regulation of glioma metabo-
lism likely has profound clinical significance.

TRPC6-mediated regulation of the metabolite 
levels promotes glucose uptake through an 
increase in HIF-1α stability in human glioma 
cells under hypoxia [32].

Based on the above findings, TRPC channels 
could be potential drug targets in glioma 
treatment. SKF96365, known as a selective 
inhibitor of receptor-mediated Ca2+ entry and 
voltage-gated Ca2+ entry, can inhibit many other 
types of Ca2+ channels besides TRPC channels, 
leading to strong nonspecific effects [40]. In the 
past decades, great effort was made to explore the 
agents specifically targeting Ca2+ channels 
including TRPC channels (Table 14.1). Recently, 
a potent and selective TRPC4/5 antagonist, 
ML204, is identified. Its selectivity is far superior 
to other pharmacological blockers currently used 
in TRPC research [41]. However, such agents for 
TRPC1 or TRPC6 channels have not yet been 
reported. Therefore, in order to facilitate the clin-
ical treatment of glioma, the development of spe-
cific blockers targeting TRPC1 and TRPC6 
channels is in urgent need.

14.7	 �Conclusion and Prospective

In this chapter, we have summarized the impor-
tant role of TRPC channels in glioma growth and 
development and pointed out that TRPC chan-
nels are potential therapeutic targets for glioma. 
Although the link between TRPC and glioma 
becomes clearer, there are areas still relatively 
less explored. Until now, almost all the evidence 
comes from loss-of-function experiments. One 
interesting thing for the future is that whether 

Fig. 14.2  TRPC6 and glioma metabolism

Table 14.1  Pharmacological antagonists of TRPC 
channels

TRPCs Channel blockers

TRPC1 La3+, Gd3+, 2-APB, SKF96365, GsMTx-4 
[53, 64]

TRPC3 Gd3+, BTP2, La3+, 2-APB, SKF96365, 
ACAA, Ni2+, KB-R7943, Pyr3, [18, 20, 
27, 33]

TRPC4 Niflumic acid, ML204, 2-APB, La3+, 
SKF96365 [41, 56]

TRPC5 La3+, KB-R7943, progesterone, ML204, 
bromoenol lactone, 2-APB, Mg2+, 
chlorpromazine, BTP2, SKF96365, 
flufenamic acid, GsMTx-4 [9, 24, 30, 37, 
41, 43, 59]

TRPC6 Gd3+, La3+, SKF96365, amiloride, Cd2+, 
extracellular H+, 2-APB, ACAA, 
GsMTx-4, KB-R7943, ML9 [22]

TRPC7 La3+, SKF96365, amiloride, 2-APB [46]

S. Li and X. Ding
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TRPC overexpression indeed contributes to glio-
magenesis, which will deepen our understanding 
of TRPC in glioma biology. Another aspect of 
glioma biology where TRPC is going to be criti-
cal but has not been explored is the tumor epi-
genetics. “Epigenetics” is critical for gene 
regulation, where Ca2+ also has important roles. 
An increasing number of studies showed that the 
epigenetic differences could influence tumori-
genesis [45, 60]. Further studies on the epigenetic 
differences resulting from TRPC dysfunction and 
thus the gliomagenesis are required. It is hoped 
that extensive knowledge about TRPC would 
offer effective therapeutic targets and specific 
chemotherapeutic agents and enable the use of 
TRPC channels as invaluable markers of diagno-
sis and prognosis in patients.
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