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ABSTRACT
TRPC3 is a Ca2+-permeable cation channel commonly activated by the G-protein coupled recep-
tors (GPCR) and mechanical distortion of the plasma membrane. TRPC3-mediated Ca2+ influx has 
been implicated in a variety of signaling processes in both excitable and non-excitable cells. 
Kidneys play a commanding role in maintaining whole-body homeostasis and setting blood 
pressure. TRPC3 is expressed abundantly in the renal vasculature and in epithelial cells, where it 
is well positioned to mediate signaling and transport functions in response to GPCR-dependent 
endocrine stimuli. In addition, TRPC3 could be activated by mechanical forces resulting from 
dynamic changes in the renal tubule fluid flow and osmolarity. This review critically analyzes the 
available published evidence of the physiological roles of TRPC3 in different parts of the kidney 
and describes the pathophysiological ramifications of TRPC3 ablation. We also speculate how this 
evidence could be further translated into the clinic.
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Contributions of TRPC channels to renal 
function

Located in the perirenal space of the retroperito-
neum, kidneys perform numerous vital functions 
ranging from removal of waste products and 
harmful substances, maintaining the homeostasis 
of water and solutes, supervising acid–base bal-
ance, and control of blood pressure to the synth-
esis of hormones and biologically essential 
products. Genetic or acquired renal diseases are 
among the leading factors to mortality and are 
recognized as both major health problem and eco-
nomic burden [1–3]. Moreover, chronic kidney 
disease reflects a serious complication of many 
different diseases, including diabetes, hyperten-
sion, and systemic immune disorders [4–6]. 
Kidneys continuously filter large volumes of 
plasma (typically 90 ml/min or roughly 35 times 
of the circulatory volume per day) through 
approximately 1 million of highly specialized 
structures called glomeruli (see Figure 1 for sche-
matic representation of the renal nephron struc-
ture). Podocytes are terminally differentiated 
visceral epithelial cells that surround the glomeru-
lar capillaries with long and fine cytoplasmic 
extensions creating interlocking foot processes 

and forming slit diaphragms [7]. The slit dia-
phragms determine the selectivity of the glomeru-
lar filtration by limiting the passage of 
macromolecules based on their size and charge 
[7]. Loss/damage of podocytes disrupts the filtra-
tion barrier leading to proteinuria and contributes 
to the development and progression of chronic 
kidney disease [7–13]. Contractile intraglomerular 
mesangial cells provide structural support for the 
glomerular capillaries. It is viewed that the mesan-
gial cells regulate blood flow across the glomerular 
capillaries thus controlling the filtration rate 
[14,15]. Blood is supplied to the glomeruli via 
high resistance afferent arterioles and the filtered 
fraction enters into the renal tubules, which pos-
sess highly spatial organized systems to perform 
transport of water and solutes until final urine is 
formed and ultimately excreted. Renal tubule starts 
with the proximal tubule (PT) segment, which 
reabsorbs up to 70% of the filtered load depending 
on the volume status, thereby setting up the pace 
for the consecutive parts [16]. However, PT reab-
sorption is auto-regulated by the tubuloglomerular 
feedback mechanism [16]. Following PT is the 
Loop of Henle which is responsible for the gen-
eration of cortical-medullary osmotic gradient to 
execute controlled water reabsorption by the 
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collecting duct (CD) in order to determine the 
urinary volume and osmolarity [17,18]. The late 
tubular segments comprised of the distal convo-
luted tubule (DCT), connecting tubule (CNT), and 
the CD have much lower transport capacity 
(approximately 10% of the filtered load alto-
gether), but they play major roles in maintaining 
water and electrolyte balance in response to varia-
tions in dietary intake [17,19–21]. All aforemen-
tioned structural components of the kidney exhibit 
highly sophisticated regulatory signaling machin-
ery, membrane receptors, and mechano- 
responsive elements to integrate multiple endo-
crine and physical inputs during perpetually chan-
ging environmental and energy demands.

Transient receptor potential (TRP) channels are 
famous for their remarkable ability to get activated 
by various extracellular (mechanical stimuli, ligand 
operated G-protein coupled receptors (GPCR), 
cold and hot temperatures) and intracellular sti-
muli (store depletion, second messengers) [22]. 
TRP channel superfamily consists of TRPC (cano-
nical, initially classical), TRPV (vanilloid), TRPM 
(melastatin), TRPP (polycystin), TRPA (ankyrin), 
TRPML (mucolipin), and TRPN (no mechanore-
ceptor potential C, only found in invertebrates and 
zebrafish) subfamilies [22,23]. While TRP chan-
nels are usually permeable to both monovalent 
(Na+, K+, Cs+) and divalent (Ca2+, Mg2+) cations, 
it is thought that TRP-dependent Ca2+ influx and 

subsequent [Ca2+]i elevations are responsible for 
the majority of TRP channel physiological roles 
[23]. All TRP channels are tetramers assembled 
around the central pore with each subunit contain-
ing six transmembrane domains and intracellular 
amino- and carboxyl- termini [22,23].

TRPC channel family consists of seven mem-
bers (TRPC1-7), with TRPC2 being a pseudogene 
in humans, while forming a functional channel in 
rodents [24,25]. TRPC channels share the highest 
homology with the original TRP proteins initially 
discovered in invertebrates [26,27]. TRPC chan-
nels could be further subdivided into TRPC1, 
TRPC3/6/7, and TRPC4/5 groups based on the 
sequence homology and the ability to form func-
tional heteromers [28]. TRPC channel activation is 
commonly linked to the receptor-operated calcium 
entry (ROCE) and in some instances to the store- 
operated calcium entry (SOCE) [29]. Activation of 
GPCR (most commonly coupled to Gq/11) and 
receptor tyrosine kinase (RTK) leads to stimula-
tion of phospholipase C (PLC) which in turn 
breaks the membrane-associated phosphatidylino-
sitol 4,5-bisphosphate (PI(4,5)P2) and releases dia-
cylglycerol (DAG) and inositol 1,4,5-trisphosphate 
(IP3). DAG could directly stimulate TRPC chan-
nels or affect their activity via protein kinase 
C (PKC) [30]. IP3 causes Ca2+ release from the 
endoplasmic reticulum (ER) stores. ER store 
depletion triggers TRPC-dependent Ca2+ influx 
via SOCE mechanism. However, SOCE is much 
more commonly associated with stimulation of the 
highly Ca2+ selective Orai1-3 channels rather than 
nonselective TRPC channels [31].

Expression of several TRPC channels, namely 
TRPC1, TRPC3, TRPC5, and TRPC6, has been 
reported in the renal tissue [32,33]. Specifically, 
TRPC1 and TRPC3 could be found in the PT 
[32,34]; TRPC3 and TRPC6 are present in the 
renal vasculature, glomerulus, and the CD 
[32,35]; TRPC5 expression seems to be restricted 
to podocytes in the glomerulus [33]. Such a broad 
distribution suggests that TRPC channels are likely 
playing important roles in ROCE and SOCE sig-
naling in response to systemic hormonal, such as 
Ang II, or local, for example, ATP and adenosine, 
signals. Indeed, gain-of-function mutations of 
TRPC6 have been demonstrated to underlie the 
Focal Segmental Glomerulosclerosis (FSGS) in 

Figure 1. Physiology and pathology of TRPC3 in the kidney. 
Schematic representation of renal nephron structure with the 
reported sites of TRPC3 channel expression. Green color repre-
sents suggested functions/roles of the channel, while patho-
physiological ramifications of TRPC3 deletion or over-activation 
are highlighted in red.
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humans [10,36]. FSGS is characterized by protei-
nuria, hypoalbuminemia, hypertension, and 
decreased renal function progressing to the end- 
stage renal disease in approximately 40% of 
patients [37]. It is viewed that sustained hyper- 
activation of TRPC6 channels results in [Ca2+]i 
overload leading to effacement and ultimately 
podocyte loss. The decrease in podocyte popula-
tion is further exacerbated due to their limited 
capacity for regeneration. It was also noted that 
the magnitude of TRPC6 potentiation correlates 
with the severity of disease progression [38,39]. 
In addition, it was demonstrated that over- 
activation of TRPC6 by Ang II and purinergic 
signaling causes podocyte hypertrophy and foot 
process effacement thereby contributing to the 
development of diabetic kidney disease [40,41]. 
Conversely, TRPC6 deficient rodent models 
demonstrate marked protection against glomerular 
damage [42–44]. It is argued that selective TRPC6 
inhibition might be of clinical relevance to treat 
FSGS [45]. At the same time, the current research 
focus on TRPC6, while essential and clinically 
relevant, outshines our appreciation for the roles 
of other TRPC channels in the kidney. This is 
particularly the case for TRPC3, being a TRPC6’s 
“half-brother” both numerically and with regard to 
its significance. However, TRPC3 and TRPC6 have 
very similar modes of activation and expression 
patterns in renal tissue. The current review 
attempts to tilt the scale by describing recent 
advances in understanding different roles of 
TRPC3 and highlight its significance for renal 
function.

Molecular aspects of TRPC3 function

TRPC3 is a nonselective cation channel with per-
meability to Ca2+ versus Na+ being estimated as 
1.6 [46]. Similar to other members of the canonical 
subfamily, TRPC3 activation is linked to stimula-
tion of GPCR followed by stimulation of the 
downstream phospholipase C (PLC)-dependent 
cascade [47–50]. Mechanistically, PLC-induced 
PI(4,5)P2 hydrolysis to yield diacylglycerol (DAG) 
has been instrumental for the activation of TRPC3 
in many cell types [51–53]. Cryo-EM 
3-D structure of TRPC3 provided many important 
insights into its molecular organization and 

revealed several anatomical features, which poten-
tially underlie its unique biophysical profile. 
TRPC3 has two lipid-binding pockets, which are 
likely the sites of direct DAG binding: in the large 
elbow-like domain just prior to the first trans-
membrane segment and in the lateral fenestration 
of the pore domain, wedged between the P-loop 
and 6th transmembrane domain of the adjacent 
subunit [54]. In addition, the unusually long 
third transmembrane segment of the channel pro-
trudes into the extracellular space to form 
a pocket-like domain [54]. It is reasonable to 
assume that this structural feature is well suited 
for the regulation of TRPC3 by external cues and 
mechanical forces. Indeed, mechanical activation 
of TRPC3 has been well documented in the litera-
ture (reviewed in [41,55]). Interestingly, this extra-
cellular pocket domain is absent in DAG- 
insensitive TRPC1, TRPC4, and TRPC5, but is 
also present in DAG-sensitive TRPC6. Such corre-
lation points to a functional convergence between 
DAG and mechanosensitive modes of TRPC3 acti-
vation. In addition, TRPC3 is also a subject of 
regulation by different posttranslational modifica-
tions. Src tyrosine kinase-dependent phosphoryla-
tion of Y226 on N-terminus of TRPC3 leads to 
increased channel activity [56]; whereas protein 
kinase C (PKC)-induced phosphorylation at S712 
on C-terminus is inhibitory [57].

TRPC3 roles in renal vasculature and 
glomerulus

Accrued experimental evidence suggest a broad 
TRPC3 distribution in the kidney. Thus, TRPC3 
expression has been reported in both renal epithe-
lia and vasculature. TRPC3 is the most abundant 
TRPC channel in the pre-glomerular resistance 
vessels aka afferent arterioles, where it contributes 
to the Ca2+ signaling and receptor-operated Ca2+ 

entry in the vascular smooth muscle cells [58]. The 
magnitude of the adenosine receptor type 1 (A1R)- 
stimulated [Ca2+]i elevations positively correlates 
with TRPC3 expression in afferent arterioles of 
postnatal and 20 days old piglets [59]. Moreover, 
activation of the calcium-sensing receptor (CaSR) 
by high extracellular Ca2+ augmented proliferation 
of glomerular contractile mesangial cells via stimu-
lation of TRPC3-mediated Ca2+ influx [60]. 
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Overall, TRPC3 is likely a factor for setting up the 
glomerular filtration rate (GFR) and maintaining 
the tubuloglomerular feedback (TGF), but direct 
evidence is currently lacking.

Notable TRPC3 expression has been demon-
strated in the glomerular podocytes [32,61]. 
However, very little is known about the physiolo-
gical role of the channel in these cells. In contrast 
to TRPC6, there are no reported TRPC3 mutations 
associated with FSGS or other glomerular disease 
to our knowledge. However, augmented TRPC3 
expression has been found during different patho-
physiological states, such as Angiotensin II– 
induced hypertension and glomerulonephritis 
[62,63]. Furthermore, there is a notable upregula-
tion of TRPC3 levels in podocytes from TRPC6 
deficient rodent models [42,62]. This indicates that 
at least some TRPC3 and TRPC6 functions may 
overlap in the glomerulus. However, the diligent 
examination of the interplay and supremacy of 
TRPC3- versus TRPC6-dependent Ca2+ influxes 
for podocyte function and pathophysiology is still 
a task to complete.

TRPC3 significance in the proximal tubule 
and renal interstitium

Along the renal tubule, TRPC3 expression has 
been found in the proximal tubule (PT) and the 
collecting duct (CD) system [32,34]. In the PT, 
TRPC3 is localized to the brush border area of 
the epithelial cells. Physical and functional cou-
pling of TRPC3 and the calcium-sensing receptor 
(CaSR) has been shown to participate in trans- 
cellular Ca2+ reabsorption at this site [34]. It was 
further proposed that activation of CaSR and sub-
sequent TRPC3-dependent Ca2+ influx affects 
luminal Ca2+ levels to regulate urinary Ca2+ excre-
tion. TRPC3 knockout mice exhibited hypercal-
ciuria and microcalcifications arguing for 
a protective role of TRPC3 in preventing nephro-
calcinosis (renal stone formation) [34]. However, 
careful investigation of the renal Ca2+ clearance in 
animal models with proximal tubule-specific 
TRPC3 deletion is necessary to define the signifi-
cance of the proximal tubule transcellular versus 
paracellular Ca2+ reabsorption as well as to sort 
out the contribution of the TRPC3-mediated Ca2+ 

transport in the distal nephron.

TRPC3 expression has also been identified in 
the interstitial fibroblasts of the renal cortex. 
Unilateral ureteral obstruction led to increased 
TRPC3 expression in fibroblasts in the manipu-
lated but not in the control kidney [64]. 
Augmented TRPC3-dependent influx was further 
linked to the increased phosphorylation of the 
extracellular signal-regulated kinase 1/2 (ERK1/2) 
to stimulate fibroblast proliferation leading to 
renal fibrosis. TRPC3 blockade in rats and 
TRPC3 knockout in mice inhibited ERK1/2 phos-
phorylation and fibroblast activation, as well as 
myofibroblast differentiation and extracellular 
matrix remodeling in obstructed kidneys, thus 
ameliorating tubule-interstitial damage and renal 
fibrosis [64].

TRPC3 regulates Ca2+ reabsorption in the 
collecting duct

In the distal nephron, TRPC3 expression was 
found in the apical and intracellular compartments 
of the AQP2-positive cells in both cortical and 
medullary segments [65]. However, there was no 
co-localization of TRPC3 with the sodium-calcium 
exchanger (NCX), which is a marker of the distal 
convoluted tubule (DCT) and the connecting 
tubule (CNT) also expressing AQP2. Altogether, 
this suggests that TRPC3 is restricted to the prin-
cipal cells of the CD. At the same time, TRPC3 was 
not co-localized with AQP1, the marker of PT cells 
[65]. While there is no agreement about the profile 
of TRPC3 expression in the renal nephron 
reported by different groups [34,65], it is reason-
able to assume that TRPC3 is functional in both 
PT and CD. The available published evidence 
demonstrated prominent TRPC3-dependent Ca2+ 

influxes in native freshly isolated cells from both 
segments, which were dramatically decreased upon 
TRPC3 genetic deletion [34,35].

TRPC3 expression and activity in the CD prin-
cipal cells are also subjects of regulation by GPCR 
signaling. Thus, elevated circulating levels of the 
arginine vasopressin (AVP) cause translocation of 
TRPC3 to the apical plasma membrane via stimu-
lation of the vasopressin V2 receptors (V2R) [65]. 
The downstream cascade involves activation of 
the adenylyl cyclase (AC)/cAMP/protein kinase 
A (PKA) signaling in the AVP-induced TRPC3 
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trafficking [66]. Moreover, increased AVP levels 
after 24 h water deprivation augmented TRPC3- 
dependent Ca2+ influx in freshly isolated split- 
opened CDs in WT but not in TRPC3 -/- mice 
[35]. Apical application of adenosine triphosphate 
(ATP) also stimulated TRPC3 activity in inner 
medullary CD cells [67] and to a lesser extent in 
cortical CDs [68]. ATP-induced [Ca2+]i elevations 
were dependent upon the stimulation of puriner-
gic P2Y2 receptors and downstream PLC cascade 
[68]. It was further shown that activation of 
TRPC3 activity by the apical ATP led to the net 
apical-to-basolateral Ca2+ flux in inner medullary 
CD cells [67], indicating that TRPC3 is instru-
mental in mediating transcellular Ca2+ reabsorp-
tion at this site. Indeed, the CD possesses 
a notable Ca2+ reabsorption [69] despite being 
often unrightfully discarded as a contributor to 
the renal Ca2+ handling. In addition, anti- 
calciuretic effects of AVP have been described in 
the literature [70]. It is reasonable to assume that 
AVP stimulates Ca2+ reabsorption in the CD by 
promoting TRPC3 translocation to the apical 
membrane [65]. This, in turn, would prevent 
accumulation and precipitation of Ca2+ in the 
CD during avid water reabsorption in the state 
of antidiuresis. Interestingly, hypercalcemia in the 
Williams-Beuren syndrome (WBS) has been asso-
ciated with augmented TRPC3 expression in both 
collecting duct and intestinal epithelium due to 
mutation in the transcription factor TFII-I [71]. 
Furthermore, the potential role of TRPC3 in med-
iating systemic Ca2+ balance is supported by the 
higher urinary Ca2+ excretion in TRPC3 -/- mice 
[34], likely due to reduced Ca2+ reabsorption in 
both PT and CD [34,67]. It is somewhat unex-
pected that parathyroid hormone (PTH) levels did 
not change upon TRPC3 deletion and serum Ca2+ 

levels did not decrease in the knockouts [34]. This 
could indicate disturbed Ca2+ resorption- 
deposition in the skeleton. Indeed, TRPC3 is 
expressed in osteoblastic cells, where it partici-
pates in the store-operated nonselective cation 
entry under control of 1α, 25(OH)2D3 [72]. This 
further supports a multifactorial role of TRPC3 in 
shaping systemic Ca2+ homeostasis, as the channel 
is functionally expressed in the kidney, intestine, 
and bones – the major tissues responsible for Ca2+ 

balance.

TRPC3 serves as osmosensor in the CD

It is generally viewed that the CD is the principal 
site for controlled renal water transport via AVP- 
driven trafficking of AQP2 to the apical plasma 
membrane and stimulation of AQP2 expression 
[73,74]. Disruption of this mechanism results in 
a devastating pathology of Nephrogenic Diabetes 
Insipidus (NDI), associated with impaired urinary 
concentrating ability, excretion of large volumes of 
hypotonic urine, plasma hypertonicity, and second-
ary polydipsia in humans and rodents [75,76]. It 
has long been recognized that in addition to cAMP, 
AVP increases [Ca2+]i in the CD cells by activation 
of the ryanodine – but not IP3-dependent stores 
followed by store-operated Ca2+ entry (SOCE) 
[77–79]. Our group has recently reported that dis-
ruption of the SOCE due to truncation mutation in 
the endoplasmic reticulum Ca2+ sensor, STIM1 
compromises AVP-induced [Ca2+]i signaling [79]. 
This leads to decreased AQP2 abundance and its 
intracellular retention suggesting impaired sensitiv-
ity of the CD to AVP, manifesting as a partial NDI 
[79]. However, reports from cultured IMCD cells 
and freshly isolated split-opened CDs did not sup-
port a contribution of TRPC3 in SOCE, which was 
mediated by the highly Ca2+ selective Orai1 channel 
[67,79].

It is important to emphasize that the AQP2- 
dependent water reabsorption in the CD occurs 
only in the presence of a favorable osmotic gradi-
ent with luminal fluid being hypotonic when com-
pared to the cytoplasm. At the same time, this 
osmotic difference generates a mechanical stress 
on the apical membrane. Mechanosensitivity of 
the tubular cells has long been recognized to reg-
ulate water and electrolyte transport, the rate of 
proliferation, etc. [80–82]. The CD cells constantly 
experience substantial variations in tubular flow 
rate and changes in osmolarity as a result of varia-
tions in dietary electrolyte and water intake 
[82,83]. It is viewed that the magnitude of these 
mechanical forces is sensed in the form of elevated 
[Ca2+]i to initiate proper cellular response(s) [84]. 
Using both pharmacological inhibition and genetic 
knockout, our group has demonstrated a central 
role of TRPC3 in mediating hypotonicity-driven 
Ca2+ influx in native CD cells [35]. It appears that 
TRPC3-dependent Ca2+ influx likely leads to the 
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secondary Ca2+ release from the intracellular 
stores to further augment the osmosensitive signal. 
However, removal of the extracellular Ca2+ or 
TRPC3 deletion abolishes hypotonic induced 
[Ca2+]i elevations in native CD cells regardless of 
the status of intracellular Ca2+ stores [35]. This 
provided direct evidence that activation of 
TRPC3 mediates the initial step in driving osmo-
sensitive [Ca2+]i elevations in CD cells. However, it 
is not known whether TRPC3 could be directly 
activated by a mechanical stretch of the plasma 
membrane due to unique structural features of 
the channel, such as extra-long S3 transmembrane 
segment [54]. Alternatively, TRPC3 could be acti-
vated in response to a plasma membrane- 
associated signaling cascade, such as PLC, com-
monly reported in the literature [30].

It is remarkable that mechanosensitive activa-
tion of TRPC3 is restricted to the hypotonicity- 
induced cell swelling/stretch in the CD cells. Our 
group as well as others provided compelling evi-
dence that the activity of Ca2+-permeable TRPV4 
channel is central for [Ca2+]i elevations in the 
CNT/CD cells in response to increased tubular 
flow [85–88]. Interestingly, a recent study demon-
strated a distinct effect of the fluid shear stress 
(corresponding to high tubular flow) and circum-
ferential stretch (reflecting osmosensitive cell swel-
ling) on stimulation of ERK and p38 cascades and 
PGE2 release in CD cells [89]. Thus, it is reason-
able to propose that CD cells are capable of dis-
tinguishing between different types of mechanical 
stress by activating either TRPC3 or TRPV4 to 
drive a condition-specific downstream cascade. 

Consistently, stimulation of tubular flow in the 
CD by feeding mice with a high K+ diet drastically 
increased TRPV4 expression and activity, whereas 
this treatment had no effect on TRPC3 expression 
[86]. Conversely, TRPV4 deletion did not affect 
[Ca2+]i responses to hypotonicity in freshly iso-
lated split-opened CDs [35]. Moreover, TRPV4 
-/- mice have normal plasma tonicity and urinary 
volume/osmolarity at the baseline and after water 
deprivation [90,91], suggesting that TRPV4 is not 
involved in osmosensitivity in the CD.

Contribution of TRPC3 to water transport in 
the collecting duct and urinary concentrating 
ability

AVP-stimulated TRPC3 trafficking along with 
channel involvement in osmosensitivity argues 
for its role in modulation of water reabsorption 
by the CD cells. The initial support of this idea 
came from our studies, in which we grew 
mpkCCDc14 cells on semipermeable supports 
until they formed polarized tight high resistance 
monolayers. Apical-to-basolateral water move-
ment was induced by the introduction of the 
hypotonic apical media (~80% of control osmolar-
ity) and was quantified as restoration of the lumi-
nal osmolarity over time (Figure 2(a)). TRPC3 
inhibition with Pyr3 (3 µM) on the apical side 
resulted in a significantly lower luminal osmolarity 
after 4 hours compared to vehicle treatment, 
which is indicative of the reduced water transport 
(Figure 2(b)). To verify the significance of this 
effect, our group further employed a concomitant 

Figure 2. Inhibition of TRPC3 diminishes water transport in mpkCCDc14 cells. (a) Schematic representation of the experimental 
design for measurement of the apical-to-basolateral water flux in high resistance polarized monolayers of mpkCCDc14 cells grown on 
semipermeable supports. The medium from the apical compartment (luminal side) was replaced with hypotonic medium (235 
mOsm) to create an osmotic gradient. The direction of water movement is indicated with arrow. (b) Summary graph comparing 
osmolarity on the luminal (apical) side immediately after medium replacement and followed 4 hours of the treatment in the absence 
(hypo) and the presence of TRPC3 inhibitor, Pyr3 (3 µM). * – significant decrease versus respective hypo value.
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assessment of the TRPC3-dependent [Ca2+]i sig-
naling and cell volume changes in freshly isolated 
split-opened CDs [35]. It has been shown that the 
rate of hypotonicity-induced cell swelling is pro-
portional to water permeability [92] and thus 
could be used as a reliable readout of AQP2 
expression on the plasma membrane. TRPC3 dele-
tion abolished [Ca2+]i responses to hypotonicity 
and markedly slowed osmosensitive volume 
changes in CD cells [35]. Furthermore, 24 h 
water deprivation notably increased osmosensitive 
[Ca2+]i elevation and further accelerated rate of 
cell swelling [35] consistent with both AQP2 and 
TRPC3 trafficking to the plasma membrane [65]. 
In contrast, there was no [Ca2+]i response to hypo-
tonicity and only a moderate increase in cell swel-
ling rate in water-deprived TRPC3 -/- mice [35].

It also appears that TRPC3-dependent Ca2+ 

influx is necessary for AQP2 trafficking to the 
apical membrane in CD cells. As exemplified in 
Figure 3, treatment with AVP caused a marked 

redistribution of both anti-AQP2 and anti-p256 
AQP2 (AVP-induced phosphorylated form) fluor-
escent signals to the plasma membrane in cultured 
mpkCCDc14 cells. Concomitant application of 
AVP with either of TRPC3 inhibitors (Pyr10 or 
Pyr3) markedly impaired AQP2 translocation 
(Figure 3 right panel). Consistently, AQP2 exhib-
ited preferentially cytosolic localization and dimin-
ished translocation to the apical membrane in 
response to water deprivation in CDs from both 
cortical and medullary sections of TRPC3 -/- mice 
[35]. While WT and TRPC3 -/- mice have com-
parable urinary output and osmolarity, the knock-
out exhibited impaired adaptation to water 
deprivation. This manifested as increased urinary 
volume, diminished urinary concentrating ability, 
and serum hypertonicity despite significantly 
higher AVP levels in TRPC3 -/- versus WT mice 
[35]. Altogether, this strongly suggests that TRPC3 
serves as a convergent point between osmosensi-
tive [Ca2+]i signaling and AQP2-water transport in 

Figure 3. TRPC3 inhibition compromises AVP-induced AQP2 trafficking to the plasma membrane in mpkCCDc14 cells. Representative 
micrographs of confocal planes monitoring AQP2 (top panel) and phosphorylated p256-AQP2 (bottom panel) distribution in 
confluent monolayers of mpkCCDc14 cells in control, after treatment with AVP (1 nM) for 24 hours, and after AVP in the presence 
of TRPC3 inhibitors, Pyr10 (3 µM) or Pyr3 (3 µM). AQP2 and p256-AQP2 localizations are shown in pseudocolor green. Nuclear DAPI 
staining is shown in pseudocolor blue.
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the CD to regulate renal water handling and sys-
temic water balance.

Summary and clinical perspective

TRPC3 is a Ca2+-permeable channel, which is 
known to be activated in response to GPCR signal-
ing as well as mechanical distortions of the plasma 
membrane. It is broadly expressed in the kidney 
where it is well suited to participate in a variety of 
signaling and transport processes (summarized in 
Figure 1). While no known TRPC3 mutations have 
been associated with renal diseases so far, the accu-
mulating experimental evidence in rodent models 
supports the physiological relevance of TRPC3 for 
kidney function and provides the rationale for using 
TRPC3-based pharmacology in the certain patho-
physiological settings. Thus, TRPC3-mediated Ca2+ 

influx contributes to maintaining the contractility 
tone of afferent arterioles and glomerular mesangial 
cells, which could be instrumental in regulating the 
rate of filtration. Understanding why the upregula-
tion of TRPC3 expression is not as detrimental for 
podocyte function as increased TRPC6 might be of 
use in designing new strategies to fight diabetic 
nephropathy and glomerulonephritis in clinic. 
Inhibition of TRPC3-dependent Ca2+ influx in the 
interstitial fibroblasts has been shown to reduce 
fibrosis and thus could be beneficial during ische-
mia-reperfusion kidney injury and acute kidney fail-
ure. Strong evidence also implicates TRPC3 in 
mediating trans-cellular Ca2+ reabsorption in the 
proximal tubule and collecting duct. Stimulation of 
this mechanism might reduce the formation of renal 
stones. Finally, TRPC3 functions as an osmosensor 
in the collecting duct to regulate AQP2-dependent 
water reabsorption and subsequently urine volume/ 
osmolarity. It is conceivable to speculate that 
TRPC3 stimulation might facilitate AQP2 traffick-
ing to ameliorate the copious urine production dur-
ing congenital or lithium-induced diabetes 
insipidus.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The research program in Pochynyuk’s lab is supported by 
NIH-NIDDK DK095029 and DK117865 (to O. Pochynyuk) 
and AHA-19CDA34660148 (to V. N. Tomilin).

ORCID

Naghmeh Hassanzadeh Khayyat http://orcid.org/0000- 
0002-2831-6109
Viktor N. Tomilin http://orcid.org/0000-0001-8486-2481
Oleh Pochynyuk http://orcid.org/0000-0002-5397-6897

References

[1] Levin A, Tonelli M, Bonventre J, et al. Global kidney 
health 2017 and beyond: a roadmap for closing gaps in 
care, research, and policy. Lancet. 2017;390:1888–1917.

[2] Khawaja Z, Wilcox CS. Role of the kidneys in resistant 
hypertension. Int J Hypertens. 2011;2011:143471.

[3] Legrand M, Rossignol P. Cardiovascular consequences of 
acute kidney injury. N Engl J Med. 2020;382:2238–2247.

[4] Vallon V, Thomson SC. The tubular hypothesis of 
nephron filtration and diabetic kidney disease. Nat 
Rev Nephrol. 2020;16:317–336.

[5] Zhang RM, McNerney K, Riek AE, et al. Immunity and 
hypertension. Acta Physiol. 2020. DOI:10.1111/ 
apha.13487

[6] Knauf F, Brewer JR, Flavell RA. Immunity, microbiota 
and kidney disease. Nat Rev Nephrol. 2019;15:263–274.

[7] Pollak MR, Quaggin SE, Hoenig MP, et al. The glomer-
ulus: the sphere of influence. Clin J Am Soc Nephrol. 
2014;9:1461–1469.

[8] Kim YH, Goyal M, Kurnit D, et al. Podocyte depletion 
and glomerulosclerosis have a direct relationship in the 
PAN-treated rat. Kidney Int. 2001;60:957–968.

[9] Neal CR, Crook H, Bell E, et al. Three-dimensional 
reconstruction of glomeruli by electron microscopy 
reveals a distinct restrictive urinary subpodocyte 
space. J Am Soc Nephrol. 2005;16:1223–1235.

[10] Winn MP, Conlon PJ, Lynn KL, et al. A mutation in the 
TRPC6 cation channel causes familial focal segmental 
glomerulosclerosis. Science. 2005;308:1801–1804.

[11] Tanner GA, Rippe C, Shao Y, et al. Glomerular perme-
ability to macromolecules in the Necturus kidney. Am 
J Physiol Renal Physiol. 2009;296:F1269–78.

[12] Mundel P, Reiser J. Proteinuria: an enzymatic disease 
of the podocyte? Kidney Int. 2010;77:571–580.

[13] Peti-Peterdi J, Sipos A. A high-powered view of the 
filtration barrier. J Am Soc Nephrol. 2010;21:1835–1841.

[14] Shaw I, Rider S, Mullins J, et al. Pericytes in the renal 
vasculature: roles in health and disease. Nat Rev 
Nephrol. 2018;14:521–534.

264 N. H. KHAYYAT ET AL.

https://doi.org/10.1111/apha.13487
https://doi.org/10.1111/apha.13487


[15] Zhao JH. Mesangial cells and renal fibrosis. Adv Exp 
Med Biol. 2019;1165:165–194.

[16] McDonough AA. Mechanisms of proximal tubule 
sodium transport regulation that link extracellular 
fluid volume and blood pressure. Am J Physiol Regul 
Integr Comp Physiol. 2010;298:R851–61.

[17] Mount DB. Thick ascending limb of the loop of Henle. 
Clin J Am Soc Nephrol. 2014;9:1974–1986.

[18] Schrier RW. Body water homeostasis: clinical disorders 
of urinary dilution and concentration. J Am Soc 
Nephrol. 2006;17:1820–1832.

[19] Curthoys NP, Moe OW. Proximal tubule function and 
response to acidosis. Clin J Am Soc Nephrol. 
2014;9:1627–1638.

[20] Staruschenko A. Regulation of transport in the con-
necting tubule and cortical collecting duct. Compr 
Physiol. 2012;2:1541–1584.

[21] Subramanya AR, Ellison DH. Distal convoluted tubule. 
Clin J Am Soc Nephrol. 2014;9:2147–2163.

[22] Venkatachalam K, Montell C. TRP channels. Annu Rev 
Biochem. 2007;76:387–417.

[23] Nilius B, Owsianik G. The transient receptor potential 
family of ion channels. Genome Biol. 2011;12:218.

[24] Montell C, Birnbaumer L, Flockerzi V, et al. A unified 
nomenclature for the superfamily of TRP cation 
channels. Mol Cell. 2002;9:229–231.

[25] Yildirim E, Birnbaumer L. TRPC2: molecular biology 
and functional importance. Handb Exp Pharmacol. 
2007;(179):53-75.

[26] Montell C, Rubin GM. Molecular characterization of 
the Drosophila trp locus: a putative integral membrane 
protein required for phototransduction. Neuron. 
1989;2:1313–1323.

[27] Hardie RC, Minke B. The trp gene is essential for a 
light-activated Ca2+ channel in Drosophila 
photoreceptors. Neuron. 1992;8:643–651.

[28] Li H. TRp channel classification. Adv Exp Med Biol. 
2017;976:1–8.

[29] Clapham DE, Runnels LW, Strubing C. The TRP ion 
channel family. Nat Rev Neurosci. 2001;2:387–396.

[30] He Z. TRPC channel downstream signaling cascades. 
Adv Exp Med Biol. 2017;976:25–33.

[31] Lopez JJ, Jardin I, Sanchez-Collado J, et al. TRPC 
channels in the SOCE scenario. Cells. 2020;9(1):126.

[32] Goel M, Sinkins WG, Zuo CD, et al. Identification and 
localization of TRPC channels in the rat kidney. Am 
J Physiol Renal Physiol. 2006;290:F1241–52.

[33] Schaldecker T, Kim S, Tarabanis C, et al. Inhibition of 
the TRPC5 ion channel protects the kidney filter. J Clin 
Invest. 2013;123:5298–5309.

[34] Ibeh CL, Yiu AJ, Kanaras YL, et al. Evidence for 
a regulated Ca2+ entry in proximal tubular cells and 
its implication in calcium stone formation. J Cell Sci. 
2019;132:jcs225268.

[35] Tomilin VN, Mamenko M, Zaika O, et al. TRPC3 
determines osmosensitive [Ca2+]i signaling in the 

collecting duct and contributes to urinary 
concentration. PloS One. 2019;14:e0226381.

[36] Reiser J, Polu KR, Moller CC, et al. TRPC6 is a glomerular 
slit diaphragm-associated channel required for normal renal 
function. Nat Genet. 2005;37:739–744.

[37] Kitiyakara C, Kopp JB, Eggers P. Trends in the epide-
miology of focal segmental glomerulosclerosis. Semin 
Nephrol. 2003;23:172–182.

[38] Ilatovskaya DV, Levchenko V, Lowing A, et al. 
Podocyte injury in diabetic nephropathy: implications 
of angiotensin II-dependent activation of TRPC 
channels. Sci Rep. 2015;5:17637.

[39] Dryer SE, Reiser J. TRPC6 channels and their binding 
partners in podocytes: role in glomerular filtration and 
pathophysiology. Am J Physiol Renal Physiol. 
2010;299:F689–701.

[40] Staruschenko A, Spires D, Palygin O. Role of TRPC6 in 
progression of diabetic kidney disease. Curr Hypertens 
Rep. 2019;21:48.

[41] Dryer SE, Roshanravan H, Kim EY. TRPC channels: 
regulation, dysregulation and contributions to chronic 
kidney disease. Biochimica Et Biophysica Acta Mol 
Basis Dis. 2019;1865:1041–1066.

[42] Kim EY, Yazdizadeh Shotorbani P, Dryer SE. Trpc6 
inactivation confers protection in a model of severe 
nephrosis in rats. J Mol Med. 2018;96:631–644.

[43] Ilatovskaya DV, Blass G, Palygin O, et al. A NOX4/ 
TRPC6 pathway in podocyte calcium regulation and 
renal damage in diabetic kidney disease. J Am Soc 
Nephrol. 2018;29:1917–1927.

[44] Spires D, Ilatovskaya DV, Levchenko V, et al. The 
protective role of Trpc6 knockout in the progression 
of diabetic kidney disease. Am J Physiol Renal Physiol. 
2018;315:F1091-F1097.

[45] Urban N, Neuser S, Hentschel A, et al. 
Pharmacological inhibition of focal segmental 
glomerulosclerosis-related, gain of function mutants 
of TRPC6 channels by semi-synthetic derivatives of 
larixol. Br J Pharmacol. 2017;174:4099–4122.

[46] Kamouchi M, Philipp S, Flockerzi V, et al. Properties of 
heterologously expressed hTRP3 channels in bovine pul-
monary artery endothelial cells. J Physiol. 1999;518(Pt 
2):345–358.

[47] Kiselyov K, Patterson RL. The integrative function of 
TRPC channels. Front Biosci. 2009;14:45–58.

[48] Zhu X, Jiang M, Peyton M, et al. trp, a novel mamma-
lian gene family essential for agonist-activated capaci-
tative Ca2+ entry. Cell. 1996;85:661–671.

[49] Hurst RS, Zhu X, Boulay G, et al. Ionic currents underlying 
HTRP3 mediated agonist-dependent Ca2+ influx in stably 
transfected HEK293 cells. FEBS Lett. 1998;422:333–338.

[50] Lichtenegger M, Groschner K. TRPC3: a multifunctional 
signaling molecule. Handb Exp Pharmacol. 2014;222:67–84.

[51] Hofmann T, Obukhov AG, Schaefer M, et al. Direct 
activation of human TRPC6 and TRPC3 channels by 
diacylglycerol. Nature. 1999;397:259–263.

CHANNELS 265



[52] Trebak M, Vazquez G, Bird GS, et al. The TRPC3/6/7 
subfamily of cation channels. Cell Calcium. 
2003;33:451–461.

[53] Trebak M, St JBG, McKay RR, et al. Signaling mechanism 
for receptor-activated canonical transient receptor potential 
3 (TRPC3) channels. J Biol Chem. 2003;278:16244–16252.

[54] Fan C, Choi W, Sun W, et al. Structure of the human 
lipid-gated cation channel TRPC3. eLife. 2018;7. 
DOI:10.7554/eLife.36852

[55] Yamaguchi Y, Iribe G, Nishida M, et al. Role of TRPC3 
and TRPC6 channels in the myocardial response to 
stretch: linking physiology and pathophysiology. Prog 
Biophys Mol Biol. 2017;130:264–272.

[56] Kawasaki BT, Liao Y, Birnbaumer L. Role of Src in C3 
transient receptor potential channel function and evi-
dence for a heterogeneous makeup of receptor- and 
store-operated Ca2+ entry channels. Proc Natl Acad Sci 
U S A. 2006;103:335–340.

[57] Trebak M, Hempel N, Wedel BJ, et al. Negative regula-
tion of TRPC3 channels by protein kinase C-mediated 
phosphorylation of serine 712. Mol Pharmacol. 
2005;67:558–563.

[58] Facemire CS, Mohler PJ, Arendshorst WJ. Expression 
and relative abundance of short transient receptor 
potential channels in the rat renal microcirculation. 
Am J Physiol Renal Physiol. 2004;286:F546–51.

[59] Soni H, Peixoto-Neves D, Buddington RK, et al. 
Adenosine A1 receptor-operated calcium entry in 
renal afferent arterioles is dependent on postnatal 
maturation of TRPC3 channels. Am J Physiol Renal 
Physiol. 2017;313:F1216–F22.

[60] Meng K, Xu J, Zhang C, et al. Calcium sensing receptor 
modulates extracellular calcium entry and proliferation 
via TRPC3/6 channels in cultured human mesangial 
cells. PloS One. 2014;9:e98777.

[61] Kim EY, Alvarez-Baron CP, Dryer SE. Canonical transient 
receptor potential channel (TRPC)3 and TRPC6 associate 
with large-conductance Ca2+-activated K+ (BKCa) channels: 
role in BKCa trafficking to the surface of cultured podocytes. 
Mol Pharmacol. 2009;75:466–477.

[62] Kim EY, Shotorbani PY, Dryer SE. TRPC6 inactivation 
does not affect loss of renal function in nephrotoxic 
serum glomerulonephritis in rats, but reduces severity 
of glomerular lesions. Biochem Biophys Rep. 
2019;17:139–150.

[63] Eckel J, Lavin PJ, Finch EA, et al. TRPC6 enhances 
angiotensin II-induced albuminuria. J Am Soc 
Nephrol. 2011;22:526–535.

[64] Saliba Y, Karam R, Smayra V, et al. Evidence of a role 
for fibroblast transient receptor potential canonical 3 
Ca2+ channel in renal fibrosis. J Am Soc Nephrol. 
2015;26:1855–1876.

[65] Goel M, Sinkins WG, Zuo CD, et al. Vasopressin- 
induced membrane trafficking of TRPC3 and AQP2 

channels in cells of the rat renal collecting duct. Am 
J Physiol Renal Physiol. 2007;293:F1476–88.

[66] Goel M, Zuo CD, Schilling WP. Role of cAMP/PKA 
signaling cascade in vasopressin-induced trafficking of 
TRPC3 channels in principal cells of the collecting 
duct. Am J Physiol Renal Physiol. 2010;298:F988–96.

[67] Goel M, Schilling WP. Role of TRPC3 channels in 
ATP-induced Ca2+ signaling in principal cells of the 
inner medullary collecting duct. Am J Physiol Renal 
Physiol. 2010;299:F225–33.

[68] Mamenko M, Zaika O, Jin M, et al. Purinergic activa-
tion of Ca-Permeable TRPV4 channels is essential for 
mechano-sensitivity in the aldosterone-sensitive distal 
nephron. PLoSOne. 2011;6:e22824.

[69] Magaldi AJ, van Baak AA, Rocha AS. Calcium trans-
port across rat inner medullary collecting duct perfused 
in vitro. A J Physiol. 1989;257:F738–45.

[70] Hanouna G, Haymann JP, Baud L, et al. Vasopressin 
regulates renal calcium excretion in humans. Physiol 
Rep. 2015;3:e12562.

[71] Letavernier E, Rodenas A, Guerrot D, et al. Williams- 
Beuren syndrome hypercalcemia: is TRPC3 a novel 
mediator in calcium homeostasis? Pediatrics. 
2012;129:e1626–30.

[72] Baldi C, Vazquez G, Calvo JC, et al. TRPC3-like pro-
tein is involved in the capacitative cation entry induced 
by 1alpha,25-dihydroxy-vitamin D3 in ROS 17/2.8 
osteoblastic cells. J Cell Biochem. 2003;90:197–205.

[73] Knepper MA, Kwon TH, Nielsen S. Molecular physiology of 
water balance. N Engl J Med. 2015;372:1349–1358.

[74] Wilson JL, Miranda CA, Knepper MA. Vasopressin 
and the regulation of aquaporin-2. Clin Exp Nephrol. 
2013;17:751–764.

[75] Bockenhauer D, Bichet DG. Pathophysiology, diagnosis 
and management of nephrogenic diabetes insipidus. 
Nat Rev Nephrol. 2015;11:576–588.

[76] Rosenthal W, Seibold A, Antaramian A, et al. 
Molecular identification of the gene responsible for 
congenital nephrogenic diabetes insipidus. Nature. 
1992;359:233–235.

[77] Yip KP. Coupling of vasopressin-induced intracellular 
Ca2+ mobilization and apical exocytosis in perfused rat 
kidney collecting duct. J Physiol. 2002;538:891–899.

[78] Chou CL, Yip KP, Michea L, et al. Regulation of 
aquaporin-2 trafficking by vasopressin in the renal collecting 
duct. Roles of ryanodine-sensitive Ca2+ stores and 
calmodulin. J Biol Chem. 2000;275:36839–36846.

[79] Mamenko M, Dhande I, Tomilin V, et al. Defective 
store-operated calcium entry causes partial nephro-
genic diabetes insipidus. J Am Soc Nephrol. 
2016;27:2035–2048.

[80] Sipos A, Vargas S, Peti-Peterdi J. Direct demonstration 
of tubular fluid flow sensing by macula densa cells. Am 
J Physiol Renal Physiol. 2010;299:F1087–93.

266 N. H. KHAYYAT ET AL.

https://doi.org/10.7554/eLife.36852


[81] Praetorius HA, Leipziger J. Intrarenal purinergic sig-
naling in the control of renal tubular transport. Annu 
Rev Physiol. 2010;72:377–393.

[82] Weinbaum S, Duan Y, Satlin LM, et al. 
Mechanotransduction in the renal tubule. Am J Physiol 
Renal Physiol. 2010;299:F1220–36.

[83] Mamenko M, Zaika O, Boukelmoune N, et al. 
Deciphering physiological role of the mechanosensitive 
TRPV4 channel in the distal nephron. Am J Physiol 
Renal Physiol. 2015;308:F275–86.

[84] McCarty NA, O’Neil RG. Calcium signaling in cell 
volume regulation. Physiol Rev. 1992;72:1037–1061.

[85] Berrout J, Jin M, Mamenko M, et al. Function of 
TRPV4 as a mechanical transducer in flow-sensitive 
segments of the renal collecting duct system. J Biol 
Chem. 2012;287:8782–8791.

[86] Mamenko MV, Boukelmoune N, Tomilin VN, et al. 
The renal TRPV4 channel is essential for adapta-
tion to increased dietary potassium. Kidney Int. 
2017;91:1398–1409.

[87] Tomilin V, Reif GA, Zaika O, et al. Deficient transient 
receptor potential vanilloid type 4 function contributes 
to compromised [Ca2+]i homeostasis in human 
autosomal-dominant polycystic kidney disease cells. 
Faseb J. 2018;32:4612–4623.

[88] Du J, Wong WY, Sun L, et al. Protein kinase g inhibits 
flow-induced Ca2+ entry into collecting duct cells. 
J Am Soc Nephrol. 2012:23:1172–1180.

[89] Liu Y, Flores D, Carrisoza-Gaytan R, et al. 
Biomechanical regulation of cyclooxygenase-2 in the 
renal collecting duct. Am J Physiol Renal Physiol. 
2014;306:F214–23.

[90] Liedtke W, Friedman JM. Abnormal osmotic regulation in 
trpv4-/- mice. ProcNatlAcadSciUSA. 2003;100:13698–13703.

[91] Janas S, Seghers F, Schakman O, et al. TRPV4 is asso-
ciated with central rather than nephrogenic 
osmoregulation. Pflugers Arch. 2016;468:1595–1607.

[92] Ford P, Rivarola V, Chara O, et al. Volume regulation 
in cortical collecting duct cells: role of AQP2. Biol Cell. 
2005;97:687–697.

CHANNELS 267


	Abstract
	Contributions of TRPC channels to renal function
	Molecular aspects of TRPC3 function
	TRPC3 roles in renal vasculature and glomerulus
	TRPC3 significance in the proximal tubule and renal interstitium
	TRPC3 regulates Ca2+ reabsorption in the collecting duct
	TRPC3 serves as osmosensor in the CD
	Contribution of TRPC3 to water transport in the collecting duct and urinary concentrating ability
	Summary and clinical perspective
	Disclosure statement
	Funding
	References



