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An intact kidney filter is vital to retention of essential proteins in the blood and removal of waste from the 
body. Damage to the filtration barrier results in albumin loss in the urine, a hallmark of cardiovascular disease 
and kidney failure. Here we found that the ion channel TRPC5 mediates filtration barrier injury. Using Trpc5-
KO mice, a small-molecule inhibitor of TRPC5, Ca2+ imaging in isolated kidney glomeruli, and live imagining 
of podocyte actin dynamics, we determined that loss of TRPC5 or its inhibition abrogates podocyte cytoskel-
etal remodeling. Inhibition or loss of TRPC5 prevented activation of the small GTP-binding protein Rac1 and 
stabilized synaptopodin. Importantly, genetic deletion or pharmacologic inhibition of TRPC5 protected mice 
from albuminuria. These data reveal that the Ca2+-permeable channel TRPC5 is an important determinant of 
albuminuria and identify TRPC5 inhibition as a therapeutic strategy for the prevention or treatment of pro-
teinuric kidney disease.

Introduction
Ion channels are central to virtually all aspects of cell behavior 
and physiology (1–6), and yet their role in the regulation of kid-
ney filter function remains obscure. The human kidney filter 
handles 180 l of plasma each day, sorting molecules for passage 
into the urine or retention in the blood stream (7, 8). Upon fil-
ter barrier damage, plasma albumin spills into the urinary space, 
a pathologic condition known as albuminuria (7, 8). Presently, 
there are no targeted therapies for the efficient protection of fil-
ter barrier function.

Specialized kidney pericytes, known as podocytes (9, 10), 
extend microtubule-based major processes and actin-rich foot 
processes (FPs) around the underlying capillaries, relying on 
dynamic actin remodeling to safeguard glomerular filter func-
tion (11). Decades ago, disrupted Ca2+ signaling was postulated 
as an early event in the development of podocyte injury (12) lead-
ing to albuminuria (13). However, the causative Ca2+-permeable 
channel has not been identified to date.

The principle “time is precious” is pivotal to the filter bar-
rier, as it highlights the necessity to limit its exposure to injuri-
ous agents (7, 11). In a number of chronic, acquired diseases, 
including the metabolic syndrome with associated obesity, 
hypertension, and diabetes, all components of the kidney filter 
are compromised, starting with endothelial cells (7), glomerular 
basement membrane (GBM; ref. 14) and podocytes (13). In other 
diseases, such as nephrotic syndrome, podocyte injury appears 
to predominate (15). In all cases, podocytes initially undergo 
simplification and retraction of podocyte FPs (16). These struc-

tural defects, known as FP effacement (FPE), are reversible for a 
certain time, and thus our therapeutic efforts should be targeted 
to this window of reversibility (17).

Transient receptor potential (TRP) channels are highly con-
served nonselective cationic channels first identified in Drosophila 
(18). The 6 members of TRP cation channel subfamily C (TRPC) 
form either homomeric or heteromeric tetramers (19). TRPC5 is 
highly expressed in brain and kidney (19), and its loss leads to 
an attenuated fear response in mice (20). TRPC5 serves as a cel-
lular sensor of redox changes with implications for inflammation 
(21). At the cellular level, Ca2+ influx through homomeric TRPC5 
channels modulates the Rho family GTPase Rac1 to disrupt the 
integrity of the actin cytoskeleton in mesenchymal cells, such as 
fibroblasts and podocytes (22). Numerous studies have correlated 
this motile in vitro phenotype with damage to the filtration barrier 
in vivo (23–25). Accordingly, constitutive Rac1 signaling leads to 
albuminuria in mice (26). We therefore wondered whether TRPC5 
is the long-sought Ca2+-permeable channel whose activity perturbs 
filter barrier function.

Results
TRPC5 localizes to the kidney filter. To characterize the localization of 
TRPC5 at the glomerular filter, we raised a new antibody against 
an epitope on the N terminal of TRPC5. Specificity for TRPC5 
was confirmed by Western blot analysis of lysates from HEK cells 
transfected with TRPC5-GFP, but not TRPC6-GFP (Supplemental 
Figure 1A; supplemental material available online with this article; 
doi:10.1172/JCI71165DS1). We also confirmed antibody specificity 
in vivo by the detection of TRPC5 in brain lysates from 9-day-old 
WT mice, but not Trpc5-KO mice (Supplemental Figure 1B). Immu-
nolocalization studies in kidney sections from WT mice revealed 
specific labeling for TRPC5 in podocytes and colocalization with 
the podocyte marker podocin (Supplemental Figure 1C and ref. 
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27). This labeling was absent in tissue from Trpc5-KO mice (Sup-
plemental Figure 1C). Importantly, TRPC5 also colocalized with 
the podocyte marker synaptopodin (28) in rat kidney (Figure 1A).

LPS-induced albuminuria is absent in Trpc5-KO mice. LPS injection in 
mice has been successfully used to study the early events leading to 
filtration barrier defects and albuminuria (23, 29, 30). LPS induces 
albuminuria within 24 hours after injection in mice, which corre-
lates with podocyte cytoskeletal remodeling and FPE (30). These 
changes are reversible, similar to findings in humans exposed to 
LPS, who show transient albuminuria (31). Of note, LPS has also 
been shown to induce filter barrier damage in SCID mice, suggestive 
of a B cell– and T cell–independent, podocyte-specific role for LPS 
(23). Therefore, the advantage of this model is that it reflects the 
earliest steps in filtration barrier damage related to podocyte injury. 

We thus elected to use this model in Trpc5-KO mice and WT control 
littermates. After control PBS injections, both WT and Trpc5-KO 
mice had intact filter barriers, as examined by transmission electron 
microscopy (TEM; Figure 1B). Podocyte FPs and the intervening 
slit diaphragms were intact (Figure 1B). However, LPS-injected WT 
mice displayed severely damaged glomerular architecture, with sub-
stantial FPE (Figure 1B). Remarkably, LPS-injected Trpc5-KO mice 
were protected from these structural changes (Figure 1B).

TRPC5 is an essential mediator of LPS-induced albuminuria. We asked 
whether the structural changes in the LPS model correlated with 
functional differences in albuminuria, the marker of a leaky filter. 
As expected, at baseline, the amount of albumin in 24-hour urine 
collections in metabolic cages was minimal, and indistinguishable 
between Trpc5-KO and WT mice (Figure 1C). LPS injection resulted 
in albuminuria detection within 24 hours in WT mice (Figure 1C), 
consistent with previous studies (23, 29, 30). However, Trpc5-KO 
mice were protected from LPS-induced albuminuria (Figure 1C), 
consistent with the preservation of glomerular architecture in the 
TEM images (Figure 1B). In keeping with previous results (23), syn-
aptopodin degradation was observed in glomerular lysates from 
WT animals harvested 24 hours after LPS injection. In contrast, 
synaptopodin abundance was preserved in lysates from LPS-inject-
ed Trpc5-KO mice (Figure 1D). Taken together, these data indicate 
a role for TRPC5 in the early events leading to albuminuria.

TRPC5 mediates protamine sulfate–induced filter barrier disruption. To 
further bolster our finding that TRPC5 plays a role in the revers-
ible phase of glomerular damage leading to albuminuria, we chose 
to test the protamine sulfate (PS) model (13, 32). This model is 
based on seminal work showing that vascular perfusion of the 
polycation PS, thought to neutralize negative charges on the podo-
cyte plasma membrane (33), leads to FPE (13) in a Ca2+-dependent 
manner (12). The injury is reversible, since washout of PS with the 
polyanion heparin restores filter barrier architecture (13, 34). As 
expected, in control HBSS-perfused animals, there were no observ-
able structural changes (Figure 1E). WT mice perfused with PS 
showed well-characterized lesions, including extensive FPE (Figure 

Figure 1
Genetic Trpc5 deletion is protective in 2 models of filter barrier damage.  
(A) TRPC5 colocalized with synaptopodin. (B) TEM showed that WT 
and Trpc5-KO mice had an intact filtration barrier, demonstrated by 
normally arranged FPs and intervening slit diaphragms. After LPS 
injection, WT mice developed characteristic FPE, while Trpc5-KO mice 
maintained an intact filtration barrier. (C) PBS did not induce albumin-
uria in WT or Trpc5-KO mice. WT mice developed significant albu-
minuria after LPS injection, whereas Trpc5-KO mice were protected 
from LPS-induced albuminuria (n = 8–12 per group). (D) Western blot 
from isolated mouse glomeruli showed intact synaptopodin (Synpo) 
abundance in PBS-injected animals. LPS-injected WT mice showed 
synaptopodin degradation, including the appearance of the canonical 
75-kDa degradation fragment (asterisk). In contrast, Trpc5-KO glom-
eruli were protected from synaptopodin degradation. GAPDH served 
as loading control. (E) WT and Trpc5-KO mice perfused with HBSS 
had a normal filtration barrier. Whereas WT mice perfused with PS 
developed FPE, Trpc5-KO mice were protected from PS-induced FPE. 
(F) HBSS-perfused WT and Trpc5-KO animals showed comparable 
FP numbers (1.8 ± 0.08 and 1.8 ± 0.01, respectively). In contrast, PS 
perfusion caused significant FPE in WT mice, whereas Trpc5-KO mice 
were protected to near-normal FP numbers (1.2 ± 0.08 and 1.7 ± 0.07,  
respectively; n = 6 mice and 90–150 images per group). Original mag-
nification, ×400 (A), ×15,000 (B and E). ***P < 0.001, ANOVA.
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1E). Remarkably, Trpc5-KO mice were protected from PS-induced 
damage (Figure 1E). These results were quantified in a blinded 
fashion by counting the number of FPs over a measured length of 
GBM in TEM images (n = 90–105 images per group). By this analy-
sis, Trpc5-KO mice showed significant protection from the effects 
of PS compared with WT littermates (Figure 1F). These findings 
support the conclusion that TRPC5 plays an important role in 
the early, reversible phase of filter barrier disruption and identify 
TRPC5 as the candidate ion channel necessary for these changes.

Ex vivo imaging reveals the contribution of TRPC5 to filter barrier Ca2+ 
dynamics. In our previous mechanistic in vitro studies, we revealed 
TRPC5 as an important mediator of Ca2+ influx in podocytes (22). 
We thus reasoned that the protective effects of Trpc5 deletion 
should translate into measurable differences in intracellular Ca2+ 
in podocytes from WT versus Trpc5-KO glomeruli. We used a tech-
nique that allowed us to measure intracellular Ca2+ in podocytes 
loaded with Fura-2 in situ on acutely isolated mouse glomeruli 

(35). Fura-2 was loaded efficiently into the podocytes, which lie on 
the outer surface of the spherical glomerular corpuscle, and this 
structure can be immobilized on poly-lysine–coated chambers suit-
able for imaging (Figure 2A). Using this approach, we performed 
ratiometric Ca2+ imaging experiments in response to perfusion 
of 100 μg/ml LPS into a chamber containing glomeruli isolated 
from WT or Trpc5-KO mice (Figure 2B). At Δt = 1 minute (i.e., peak 
transient amplitude), LPS evoked a rise in Ca2+ in WT podocytes 
that was markedly diminished in Trpc5-KO podocytes (Figure 2B). 
Statistical analysis of all data collected from multiple glomeruli iso-
lated from different animals (≥5 per group) revealed a significantly 
reduced response to LPS in Trpc5-KO versus WT podocytes (Figure 
2C). These results identify TRPC5 as a downstream mediator of the 
LPS-evoked rise in podocyte intracellular Ca2+.

PS evokes TRPC5-mediated Ca2+ transients in isolated glomeruli. Using 
the same approach, we next asked whether PS could also evoke 
measurable changes in podocyte Ca2+. PS-perfused WT glomeruli 

Figure 2
LPS- and PS-induced in situ podocyte Ca2+ transients are reduced in isolated glomeruli from Trpc5-KO mice. (A) Approach for imaging Ca2+ in 
podocytes in situ on intact, acutely isolated mouse glomeruli. Podocytes — located on the exterior surface of the isolated glomerulus, as shown 
— were efficiently loaded with Fura-2 and displayed measurable changes in Ca2+ in response to various stimuli. (B) LPS mediated Ca2+ influx 
(arrows) in glomeruli of WT mice, but the response was attenuated in Trpc5-KO glomeruli. (C) Quantification of peak transient amplitude (at Δt = 
1 min) revealed a significantly greater response in WT (n = 24) versus Trpc5-KO (n = 10) glomeruli, attributed to TRPC5-mediated Ca2+ influx. (D) 
PS mediated Ca2+ influx (arrows) in WT glomeruli, but the response was attenuated in Trpc5-KO glomeruli. (E) Quantification of peak transient 
amplitude revealed a significantly greater response in WT versus Trpc5-KO glomeruli (n = 19 per group), attributed to TRPC5-mediated Ca2+ 
influx. Original magnification, ×400 (A, B, and D). Boxed regions are shown enlarged in B and D (enlarged ×9 and ×3, respectively). **P < 0.01, 
***P < 0.001, Student’s t test.
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showed substantial increases in podocyte intracellular Ca2+ at peak 
transient amplitude (Figure 2D). In contrast, only modest increas-
es in intracellular Ca2+ were measured in Trpc5-KO glomeruli. 
Statistical analysis of all data collected from multiple glomeruli 
isolated from different animals (≥5 per group) revealed a signifi-
cantly reduced response to PS in Trpc5-KO versus WT podocytes 
(Figure 2E). Together with the in vivo data (Figure 1), these results 
established TRPC5-mediated Ca2+ influx as an important step in 
the initiation of filter barrier disruption.

TRPC5-mediated Ca2+ transients are blocked by ML204. In a complimen-
tary approach, we asked whether pharmacologic inhibition mimics 
the effects of genetic deletion of Trpc5. For these experiments, we 
took advantage of the recently identified TRPC5 inhibitor ML204 
(36). ML204 acts as a reversible pore blocker of TRPC5 (and its close 
homolog, TRPC4), with at least 20-fold selectivity against TRPC6 
and no appreciable effect on all other TRP channels, nor on voltage-
gated sodium, potassium, or Ca2+ channels (36). ML204 is therefore 

an excellent tool to isolate the contribution of TRPC5 channels in 
podocytes, because (a) TRPC4 is not expressed in podocytes (22) and 
(b) TRPC6, which acts antagonistically to TRPC5 channels in podo-
cytes (22), remains unaffected by the range of ML204 concentra-
tions (3–30 μM) shown to block TRPC5 (36). We initially transfected 
HEK cells with TRPC5 and used LPS to activate the channel. LPS  
(100 μg/ml) generated whole-cell currents with a doubly rectifying 
I-V relationship characteristic of TRPC5 (Supplemental Figure 2, A 
and B). This current was blocked by 3 μM ML204 in a reversible man-
ner (Supplemental Figure 2, A and B, and ref. 36). In contrast, TRPC6 
whole-cell current in HEK cells remained unaffected by ML204 (data 
not shown and ref. 36). Single-channel recordings in the outside-out 
configuration revealed that LPS enhanced TRPC5 open channel 
probability (Po; Supplemental Figure 2C), similar to angiotensin II 
(22), and this effect was abrogated by ML204 in a reversible manner 
(Figure 3A). These data suggest that LPS-induced TRPC5 channel 
activity can be blocked by ML204 (36).

Figure 3
ML204 unmasks the contribution of TRPC5 to podocyte Ca2+ dynamics. (A) Representative traces of single-channel recordings in the outside-
out configuration in HEK cells expressing TRPC5-GFP confirmed that LPS increased TRPC5 single-channel activity by increasing Po. This was 
blocked by 3 μM ML204 in a reversible manner. o, open channel; c, closed channel. (B) PS activated Ca2+ transients in podocytes (n = 15 cells), 
whose peak amplitude was efficiently reduced by bath perfusion of 3 μM ML204 (n = 40 cells). (C) PS-mediated Ca2+ influx (arrows) in WT glom-
eruli was attenuated by 3 μM ML204. (D) Quantification of Ca2+ responses revealed a significantly greater response in PS versus PS+ML204 
glomeruli (n = 9–10 per group), attributed to TRPC5-mediated Ca2+ influx. Scale bar: 50 μm (C). *P < 0.02, ***P < 0.001, Student’s t test.
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We next explored the effect of ML204 on PS-evoked Ca2+ dynamics 
in cultured podocytes and isolated mouse glomeruli. ML204 (3 μM) 
inhibited PS-mediated increases in podocyte intracellular Ca2+ both 
in vitro (Figure 3B) and in podocytes in situ on isolated glomeruli 

(Figure 3, C and D). Importantly, average peak transient amplitude 
from multiple glomeruli isolated from different animals (≥5 per 
group) was significantly reduced in ML204-treated podocytes in situ 
(Figure 3D), similar to cultured cells in vitro (Figure 3B). The decrease 

Figure 4
TRPC5 inhibition protects podocytes from cytoskeletal remodeling. (A) Treatment of podocytes with 300 μg/ml PS resulted in disrupted actin (red) 
and loss of stress fibers. Under these conditions, podocytes were largely devoid of synaptopodin (green). ML204 treatment blocked synaptopodin 
loss and cytoskeletal disruption. (B) Quantification of cytoskeletal remodeling (defined as no visible actin fibers) showed that ML204 rescued 
podocytes in a dose-dependent manner (n = 90 images/condition). (C) Loss of synaptopodin abundance and cytoskeletal remodeling by 300 μg/ml 
PS was prevented by TRPC5 shRNA–mediated Trpc5 gene silencing. Scr, scrambled shRNA control. (D) Quantification of cytoskeletal remodeling 
showed that TRPC5 shRNA–mediated Trpc5 depletion rescued podocytes, in contrast to scrambled control. n = 90 images/condition (10 images 
× 3 repeats × 3 independent trials). (E) Cell lysates from podocytes treated with PS or PS+ML204 showed that synaptopodin abundance, attenu-
ated by 300 μg/ml PS compared with PBS-treated controls, was rescued by 10 or 30 μM ML204 in a dose-dependent manner. (F) Quantification 
of 4 Western blots from 4 independent experiments showed that 30 μM ML204 rescued synaptopodin abundance for PS-mediated degradation. 
Treatment with 10 μM ML204 trended in the same direction, but did not achieve statistical significance. (G) Rac1 activity (Rac1-GTP) increased in 
podocytes treated with 300 μg/ml PS compared with PBS-treated controls; 30 μM ML204 abrogated this activation. (H) Quantification of 3 Western 
blots from 3 independent experiments showed that 30 μM ML204 significantly blocked PS-mediated Rac1 activation. Original magnification, ×400 
(A and C). *P < 0.05, ****P < 0.00001, ANOVA.
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in intracellular Ca2+ due to ML204 was in line with our experiments in 
Trpc5-KO mice (Figure 2, D and E). Taken together, these data bolster 
the conclusion that TRPC5 activity mediates filter barrier disruption.

TRPC5 inhibition rescues podocytes from cytoskeletal remodeling. A decade 
of work has converged on podocyte cytoskeletal dysregulation as a 
central event in albuminuria (37), but the upstream channels that 
mediate these changes were largely unknown. Our recent mechanis-
tic in vitro work revealed that TRPC5 mediates podocyte cytoskel-
etal remodeling in response to angiotensin II (22). Here we sought 
to characterize the effects of TRPC5 activity downstream of PS in 
order to provide a molecular and cell biological explanation for our 
in vivo observations (Figure 1, E and F). Pharmacologic inhibition of 
TRPC5 with ML204 rescued podocytes from PS-mediated cytoskel-
etal remodeling and protected synaptopodin abundance in a dose-
dependent manner (Figure 4, A and B, and Supplemental Figure 3, 
A and B). This is consistent with our prior work, which defined this 
concentration range of ML204 to be specific for TRPC5 channels 
(36). To further confirm the specificity of these findings, we repeated 
the assay in Trpc5-depleted cells. Similar to ML204 treatment, gene 
silencing of Trpc5 protected the actin cytoskeleton and synaptopodin 
abundance against the effects of PS (Figure 4, C and D), confirming 

the overall conclusion that TRPC5 is necessary for the PS-mediated 
cytoskeletal remodeling. We validated this further by Western blot-
ting and found that ML204 prevented the PS-mediated degradation 
of synaptopodin in a dose-dependent manner (Figure 4, E and F). 
Based on our previous work showing a conserved role for TRPC5 in 
Rac1 activation in podocytes and fibroblasts (22), we asked whether 
PS, in addition to synaptopodin degradation, increases Rac1 activ-
ity. GST pulldown assays confirmed this hypothesis, showing that 
ML204 prevented the PS-mediated and TRPC5-dependent activa-
tion of Rac1 (Figure 4, G and H). Finally, we repeated the assay in 
podocytes exposed to LPS and found that ML204 rescued actin stress 
fibers and restored the integrity of the cytoskeleton, similar to PS 
(Supplemental Figure 3, C and D). These data show that, in response 
to noxious stimuli, TRPC5 promotes remodeling of the podocyte 
actin cytoskeleton. Additionally, they provide mechanistic insight 
on the effects downstream of TRPC5 activity, which center on the 
degradation of synaptopodin and concomitant activation of Rac1.

Real-time imaging of podocyte actin dynamics reveals the sequence of events 
leading to cytoskeletal remodeling. To explore the temporal and spatial 
dynamics of cytoskeletal remodeling in podocytes, we performed 
real-time live confocal microscopy using LifeAct (38). This approach 
revealed that PS induced a program of cytoskeletal remodeling, 
which began with increased cell membrane ruffling and lamellipodia 
formation (consistent with increased Rac1 activity) and proceeded to 
stress fiber retraction (consistent with synaptopodin degradation), 
leading to ultimate cytoskeletal involution and cellular collapse 
(Figure 5 and Supplemental Video 1). At baseline, podocytes had 
minimal membrane ruffling activity. Within 10–15 minutes of the 
addition of PS, increased ruffling activity was observed (Figure 5), 
consistent with enhanced (and likely Rac1-driven; Figure 4, G and 
H) lamellipodia formation. At 20–30 minutes after the addition of 
PS, we observed loss or retraction of stress fibers. Subsequent to this, 
podocytes displayed a characteristic involution, and the cytoskeleton 
was reduced to a highly fluorescent condensed actin structure at the 
center of what was previously a well-developed, ramified podocyte 
(Figure 5). In contrast, podocytes imaged under identical condi-
tions in the presence of ML204 were protected from these cytoskel-
etal changes (Figure 5 and Supplemental Video 1). These real-time 
observations of podocyte actin dynamics strengthened our conclu-
sion that TRPC5 inhibition confers protection from podocyte injury.

Muscarinic receptor–mediated TRPC5 activation at the filter barrier. 
TRPCs are receptor-operated channels, susceptible to activation by 
G protein–coupled receptors, among others (19, 39, 40). Previous 
work has shown that M5 muscarinic receptor activation in podocytes 

Figure 5
Real-time imaging revealed the dynamics of TRPC5 inhibition on PS-
induced actin remodeling. LifeAct technology and confocal microscopy 
were used to assay the timing and severity of cytoskeletal remodel-
ing in the presence of PS. PS induced increased ruffling activity and 
lamellipodia formation within 13 minutes of its initial application. By 28 
minutes, actin stress fibers were disrupted and no longer extended 
across the span of the cell’s cytoplasm, as they did before PS applica-
tion. This cytoskeletal remodeling resulted in the involution of the cell 
onto itself after 34 minutes, with the appearance of an intensely fluores-
cent structure at the center of a previously healthy podocyte. This PS-
mediated actin remodeling was blocked by 10 μM ML204, resulting in 
the preservation of stress fibers and the cell’s cytoskeleton throughout 
the same time frame. Representative images are shown (see Supple-
mental Video 1). Original magnification, ×400.
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results in a rise in intracellular Ca2+, which is not inhibited by the tri-
valent ion lanthanum (La3+) (41). TRPC5 channels in podocytes medi-
ate a La3+-insensitive current (22). We therefore wondered about the 
effects of carbachol (Cch), a muscarinic receptor agonist, on TRPC5-
mediated Ca2+ signaling and actin dynamics. Using Ca2+ imaging in 
isolated glomeruli, we found that 100 μM Cch evoked a marked rise 
in podocyte intracellular Ca2+ in WT glomeruli that was significantly 
smaller in Trpc5-KO glomeruli (Figure 6, A and B). Similarly, ML204 
blocked a significant portion of Cch-induced Ca2+ transients in WT 
glomeruli (Figure 6, C and D), in line with our findings in Trpc5-KO 
glomeruli. In control experiments, depletion of podocyte internal 
stores by 10 μM thapsigargin had no significant effect on the peak 
amplitude of Cch-induced Ca2+ transients (Supplemental Figure 4). 
These data lend further support to the conclusion that ML204 is a 
specific inhibitor of TRPC5 at the filter barrier, capable of blocking 
channel function downstream of receptor-operated pathways.

ML204 prevents Cch-induced disruption of the actin cytoskeleton. The 
ex vivo Ca2+ imaging Cch experiments suggested that muscarinic 
receptor stimulation confers susceptibility to Ca2+-induced podo-
cyte injury through TRPC5. To test this hypothesis, we explored 
the effects of muscarinic receptor–mediated TRPC5 activity on 
podocyte actin dynamics. Similar to PS and LPS (Figure 4 and 
Supplemental Figure 3, C and D), 100 μM Cch induced a signifi-
cant loss of stress fibers and reduction of synaptopodin protein 
abundance (Figure 6, E and F). Inhibition of TRPC5 with ML204 
rescued podocytes from Cch-mediated cytoskeletal remodeling 
and protected synaptopodin abundance (Figure 6, E and F), in line 
with our previous experiments (Figure 4 and Supplemental Figure 
3, C and D). These data further bolster the conclusion that TRPC5 
mediates podocyte injury through its effects on the actin cytoskel-
eleton and that ML204 is a specific inhibitor of TRPC5-mediated 
injury, regardless of the upstream stimulus.

Figure 6
Inhibition of muscarinic receptor–mediated TRPC5 activity prevents podocyte damage. (A) The muscarinic receptor agonist Cch induces a sig-
nificant increase in Ca2+ transients in podocytes located on acutely isolated glomeruli from WT mice but not from Trpc5-KO mice. (B) Quantifica-
tion of averaged peak amplitude at Δt = 1 min (n = 11 glomeruli per group). (C) Peak amplitude of Cch-induced Ca2+ transients in podocytes on 
acutely isolated glomeruli was attenuated by 3 μM ML204. (D) Quantification of averaged peak amplitude at Δt = 1 min (n = 12 glomeruli [Cch], 10 
glomeruli [Cch+ML204]). (E) Loss of stress fibers induced by 100 μM Cch was blocked by ML204. (F) Significant rescue of stress fiber formation 
by ML204 (n = 90 images/condition). Scale bar: 50 μm (C). Original magnification, ×400 (E). **P < 0.01, ***P < 0.001, Student’s t test (B and D); 
****P < 0.00001, ANOVA (F).
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TRPC5 inhibition protects the integrity of the glomerular filter barrier.  
Finally, having established the protective role of TRPC5 inhibi-
tion in vitro and ex vivo with regard to filter barrier stability, we 
sought to establish the in vivo efficacy of ML204 as an inhibitor 
of PS-mediated injury. HBSS alone, PS alone, or PS plus 10 μM 
ML204 were continuously perfused in WT mice (see Methods). 
As expected, in control HBSS-perfused animals, there were no 
observable structural changes (Figure 7A). WT mice perfused 
with PS showed typical lesions, including extensive FPE (Fig-
ure 7A and refs. 13, 32). Notably, ML204-perfused mice were 
protected from PS-induced FPE (Figure 7A). These results were 
quantified in a blinded fashion by counting the number of FPs 
over a measured length of GBM in TEM images (n = 90–105 
images per group). By this analysis, ML204-perfused mice 
showed significant protection from the effects of PS (Figure 7B). 
These results are in line with our observations in Trpc5-KO mice 
(Figure 1, D and E).

Next, we tested the effect of ML204 in the LPS model. ML204 was 
injected (20 mg/kg/d i.p.) twice at 12-hour intervals after injection 
of LPS. Control PBS-injected mice had no observable structural 
changes and no albuminuria (Figure 7, C–E). LPS injection resulted 
in FPE (Figure 7D), although this was milder than the PS-induced 
FPE. Importantly, the ML204-treated mice were protected from 
LPS-induced FPE and albuminuria (Figure 7, D and E).

Discussion
Despite numerous studies in genetically deleted TRPC mice, to 
date, little insight has been gained into the targeting of TRPC 
channels for therapeutic benefit. A possible explanation may be 
that TRPC channels are drivers of change when there is insult or 
stress in physiology or disease (42). Their role may therefore be 
unmasked once their activity is challenged in appropriate disease 
models. In addition, there is a lack of specific pharmacologic tools 
to help distinguish the effects of specific channels in a physiologic 
setting. Here, with a combination of Trpc5-KO mice, advanced ex 
vivo physiology, live imaging, 2 animals models of disease, and a 
new TRPC5-selective pharmacologic inhibitor, we overcame these 
challenges to reveal TRPC5 inhibition as a strategy to protect the 
glomerular filter barrier (Figure 8).

Ion channels are widely recognized as key regulators of virtually 
every vital physiologic and pathologic process, yet their role in the 
regulation of the filter barrier has remained obscure. Our ability 
to compare the results of ex vivo Ca2+ imaging in intact glomeruli 
from WT and Trpc5-KO mice has afforded us a valuable toolbox 
to explore Ca2+ dynamics in this uniquely specialized tissue. From 
an ion channel biology perspective, the most exciting discovery 
in the present study is the identification of TRPC5 as the long-
sought Ca2+ channel necessary for the reversible, early phase of 
filter barrier damage.

Figure 7
TRPC5 inhibition protects against PS- or LPS-induced filter barrier disruption. (A) PS induced FPE. Coperfusion of 10 μM ML204 in PS-perfused 
mice preserved FPs, similar to HBSS controls. (B) ML204 treatment conferred protection from FPE (HBSS, 1.84 ± 0.08 FPs/μm GBM; PS, 1.16 ± 
0.08 FPs/μm GBM; PS+ML204, 1.78 ± 0.2 FPs/μm GBM) (n = 6–7 animals and 90–150 images per group). (C) LPS injection led to FPE. Treat-
ment of LPS-injected mice with 20 mg/kg/d ML204 i.p. mitigated FPE. (D) FP numbers in ML204-treated animals (PBS, 2.21 ± 0.07 FPs/μm GBM; 
LPS, 1.67 ± 0.10 FPs/μm GBM; LPS+ML204, 2.04 ± 0.04 FPs/μm GBM) (n = 3–4 animals and 60 images per group). (E) PBS or PBS+ML204 
injection did not induce albuminuria in WT mice. After LPS injection, WT mice developed significant albuminuria, which was significantly reduced 
after ML204 treatment (n = 5–12 animals/group). Original magnification, ×15,000 (A and C). *P < 0.05, ***P < 0.001, ****P < 0.0001, ANOVA.
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TRPC5 can modulate Rac1 activity and actin dynamics in cells of 
mesenchymal origin, such as fibroblasts and podocytes (22), but 
the in vivo significance of this finding has been obscure. Notably, 
the 2 molecules are linked by a positive feedback loop, whereby 
Rac1 activity is required for the vesicular insertion of TRPC5 into 
the plasma membrane (22, 39, 40). As an important in vivo cor-
relate to these in vitro findings, the present study showed that 
loss of TRPC5 or its pharmacologic inhibition protected against 
albuminuria. Our findings also extended previous work showing 
that constitutive Rac1 signaling in Arhgdia-KO mice leads to fil-
ter barrier damage and kidney disease (26, 43). Thus, the detailed 
mechanistic understanding of the interplay between TRPC5 and 
Rac1 activities at the cellular level is now translated to the mouse, 
paving the way for the validation of TRPC5-targeted therapies.

Cell-specific mechanisms and synergistic versus antagonistic 
effects distinct from tissue to tissue are the key to placing our find-
ings in the context of prior work. For example, TRPC6 is a media-
tor of LPS-induced lung vascular permeability and inflammation 
(44), whereas our data here revealed TRPC5 as a mediator of LPS-
induced glomerular filter damage. LPS has also been shown to 
have effects on other channels, including Kir in monocytes (45) and 
TRPV2 in macrophages (46). Thus, LPS can signal to different ion 
channels in a context-dependent manner in diverse cells and tis-
sues. Indeed, the antagonistic relationship between TRPC5/Rac1 
and TRPC6/RhoA signaling in podocytes and fibroblasts (22) does 
not appear to be at play in endothelial cells, where TRPC5 and 
TRPC6 act synergistically to activate RhoA (47, 48). Podocyte-spe-
cific TRPC5/Rac1 signaling thus emerges as the key, specific, and 
specifically inducible pathway necessary for acute, and possibly 
reversible, filter barrier disruption.

Our data show that TRPC5 promotes the degradation of synap-
topodin, leading to cytoskeletal remodeling both in vitro and in 
vivo, in 2 models of disease. This is an important finding in sup-
port of a paradigm shift in our understanding of TRPC5 in acute/
reversible versus chronic/irreversible injury of the glomerular filter. 
LPS- or PS-mediated activation of the Ca2+-dependent phosphatase 
calcineurin displaces 14-3-3 from synaptopodin, thus allowing for 

synaptopodin cleavage by cathepsin L (23, 49). This is efficiently 
inhibited by the calcineurin inhibitor cyclosporine A (23). Synap-
topodin also promotes RhoA activity (50), and thus protects the 
podocyte cytoskeleton in vitro and safeguards against filter barrier 
damage in mice (23, 50). The present study extends prior work to 
reveal that TRPC5-induced synaptopodin degradation mediated 
acute injury (e.g., after exposure to LPS, PS, and Cch).

The identification of TRPC5 as a mediator of podocyte injury 
may belie its putative role under physiologic conditions. It is 
tempting to speculate that the podocyte may require the ability 
to transiently increase glomerular permeability as a protective 
mechanism for the successful clearance of the filter barrier from 
accumulated pathogens, toxins, or debris. Therefore, the limited 
activation of TRPC5/Rac1 by the transient, locally increased abun-
dance of LPS (due to clinically occult bacteremia, for example) may 
result in a desirable increase in filter barrier permeability, which in 
turn might allow for the efficient clearance of LPS and/or associ-
ated toxins. Future studies will address these important questions.

Our results showed that genetic deletion or pharmacologic 
inhibition of TRPC5 protected the filter barrier from acute, 
reversible injury (e.g., LPS and PS). This is particularly interesting 
in juxtaposition with what is known about TRPC6. Humans with 
gain-of-function TRPC6 mutations develop kidney disease, most 
often well into adulthood (51), and mice expressing the same 
gain-of-function TRPC6 mutants have no proteinuria early on, 
but develop kidney disease at 6 months of age, a late onset in the 
mouse life cycle (52). It is thus intriguing to speculate that TRPC6  
(over)activity promotes chronic, irreversible kidney injury, 
whereas acute disruption of kidney filter function is driven by 
inducible TRPC5 activity. Our present observations support the 
notion that TRPC5 plays a role distinct from that of TRPC6 in 
filter barrier Ca2+ dynamics; thus, targeting of TRPC5 channels 
within the window of reversibility emerges as a viable therapeutic 
strategy for albuminuria.

The lack of potent selective pharmacological inhibitors for 
TRPC channels has limited our understanding of these channels 
in native tissues and prevented the development of therapeutics in 

Figure 8
Model for (dys)regulation of kidney filter function 
by TRPC5. Top-down view of podocyte interdigi-
tating FPs composed of parallel actin bundles. 
TRPC5 activation in response to injury leads to 
Rac1 activation (Rac1-GTP) and synaptopodin 
degradation. These events promote podocyte 
cytoskeletal remodeling. Loss of filter integrity 
ensues, leading to albuminuria, a potentially 
reversible condition. TRPC5 inhibition therefore 
emerges as a therapeutic strategy for the stabi-
lization of the human filter barrier.
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for magnetic isolation of highly purified glomeruli (57). Protein extrac-
tion from isolated glomeruli, SDS-PAGE, and Western blotting was done 
as described previously (28), and proteins were detected with appropriate 
primary and secondary antibodies.

PS model. Adult WT (n = 15) and Trpc5-KO (n = 7) littermate mice were 
anesthetized with pentobarbital and placed on a heat pad set at 37°C, and 
their kidneys were perfused in situ through the renal artery at a pressure of 
approximately 240 mm Hg and an infusion rate of 9 ml/min as previously 
described (58), with some modifications. First, kidneys were flushed with 
HBSS or with HBSS plus 10 μM ML204 at 37°C for 2 minutes, followed 
by perfusion with 2 mg/ml PS in HBSS or with PS plus ML204 at 37°C for 
15 minutes. All vascular perfusion solutions were kept at 37°C throughout 
the duration of the experiment.

TEM. At the end of both PS and LPS experiments, kidneys were fixed 
by perfusion with 4% paraformaldehyde in PBS, removed, and immersed 
in the same fixative for a maximum of 2 days until further processing for 
TEM. The degree of FPE was assessed in a series of images taken at ×15,000 
magnification by a renal pathologist in a blinded fashion. 5 images per 
glomerulus × 3 glomeruli per mouse × 6–7 mice per group yielded a total 
of 90–105 images per animal group for quantification. These micrographs 
were analyzed in a blinded fashion by 2 independent observers. ImageJ 
software was used to measure the length of the GBM on each micrograph. 
The number of FP per μM GBM was subsequently calculated. Results were 
assessed by ANOVA and Bonferroni’s multiple-comparison test.

Cell culture. WT mouse podocytes (passages 8–14) were provided by  
P. Mundel (MGH, Boston, Massachusetts, USA) and cultured as previously 
described (22).

Lentiviral delivery protocol. Lentivirus-mediated gene silencing of Trpc5 was 
done according to recently described protocols (22), with some modifica-
tions. For all experiments, parallel infections with scrambled shRNA were 
used as control. TRPC5 shRNA and scrambled shRNA were constructs 
from the RNAi Consortium library of the Harvard–Massachusetts Institute 
of Technology Broad Institute (22). Knockdown efficiency was assessed as 
previously described (22) and confirmed before each experiment by quan-
titative PCR (Supplemental Figure 1D), according to standard protocols. 
TRPC5 (and all other TRPC knockdown constructs) were previously veri-
fied at the mRNA and protein levels (22). We had previously also tested for 
efficient functional knockdown by Ca2+ imaging and electrophysiology as 
well as by rescue experiments in this setting, in which TRPC5-mediated 
Ca2+ influx was rescued by TRPC5 overexpression in TRPC5-depleted 
podocytes (22). Notably, TRPC5 depletion has no effect of TRPC6 levels 
(22). LifeAct was cloned into the VVPW lentiviral vector to optimize expres-
sion levels. All experiments were performed at least 96 hours after infection 
of podocytes that were thermoshifted 5–7 days before the assay.

PS, LPS, and Cch treatment of cultured podocytes. Differentiated cultured 
podocytes grown at >90% confluence were incubated with 1–30 μM ML204 
for 20 minutes, and then exposed to 300 μg/ml PS, 100 μg/ml LPS, or 100 μM  
Cch as appropriate. For PS experiments, as soon as changes in cell mor-
phology could be seen by light microscopy (70–90 min), cells were fixed 
with 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 
minutes before permeabilization with 0.1% Triton X-100 for 10 minutes. 
For LPS and Cch experiments, cells were fixed as above at 24 hours after 
treatment. For immunostaining, podocytes were incubated with synapto-
podin “NT” antibody (55) and detected with Alexa Fluor 488–conjugated 
secondary antibody. Actin structures were labeled with Alexa Fluor 594–
conjugated phalloidin as described previously (22). 3 independent trials 
were analyzed, with 3 dishes per condition in each trial and 10 images per 
dish with comparable cell density. A total of 1,600–2,000 cells was ana-
lyzed for the PS/ML204 experiment and 1,400–1,600 cells for the PS/KD 
experiments. A total of 1,000 cells was analyzed for the LPS experiment 

this area. Therefore, from a clinical perspective, the in vivo valida-
tion of ML204 as a TRPC5 channel inhibitor holds promise for the 
development of future therapeutic approaches for albuminuria 
targeting TRPC channels. While the weight of evidence suggests 
an important role for TRPC5 in the early, reversible phase of filter 
barrier disruption, TRPC5-independent mechanisms should also 
be investigated. Additionally, it will be important to study the role 
of TRPC5 channels in chronic models of disease, particularly dia-
betic kidney disease, which begins with microalbuminuria before 
progression to kidney failure.

Kidney glomeruli arose through evolution to secure vertebrate 
survival in freshwater and on land (53). An intact kidney filter is 
vital for survival in terrestrial mammals (53). In humans, a leaky 
filter barrier is a risk factor for cardiovascular disease, kidney fail-
ure, and death. Due to the current worldwide, rapidly growing 
epidemic of metabolic disease, there is an unmet, urgent need for 
effective antiproteinuric treatment options (54, 55). Our present 
findings offer TRPC5 inhibition as a potential therapeutic strat-
egy for albuminuria.

Methods
Reagents. Unless otherwise indicated, all chemicals and reagents were pur-
chased from Sigma-Aldrich.

Antibodies. Guinea pig polyclonal antibodies specific for TRPC5 
(NP_033454.1) were generated in the Helmholtz Group for Cell Biol-
ogy, DKFZ, using the polypeptide RAETELSAEEKAFL–C-KLH (aa posi-
tion 24–37) for immunization. The polypeptide was synthesized (PSL) 
and conjugated to keyhole limpet hemocyanin (KLH) via an additional 
cysteine (C) to trigger and enhance immunoreaction.

Immunofluorescence microcopy of mouse kidney frozen sections. Adult rats as 
well as Trpc5-KO (provided by D.E. Clapham, Children’s Hospital, Boston, 
Massachusetts, USA) and age-matched littermate WT mice were fixed by 
vascular perfusion with 4% paraformaldehyde in PBS and processed for 
immunofluorescence microscopy or TEM as described previously (28). 
Double-labeling fluorescence microscopy of frozen sections for TRPC5 
and the podocyte markers synaptopodin (28) and podocin (56) was done as 
reported previously (28). Images were captured on an upright fluorescence 
light microscope (Olympus BX51) or a Zeiss LSM 510 confocal microscope 
as described previously (22).

LPS-induced albuminuria. Induction of albuminuria in male WT and 
Trpc5-KO mice (20–25 g BW) by LPS injection was done as previously 
described (23), with some modifications. At 48 hours prior to injection, 
baseline urine was collected for 24 hours in metabolic cages. LPS (15 μg/g 
i.p., 1 mg/ml; Sigma-Aldrich) was injected twice, at the 0- and 24-hour time 
points. PBS was injected i.p. twice, at 12 and 36 hours, to avoid dehydra-
tion. ML204 (20 mg/kg/d i.p.) was injected at 12 and 24 hours. Urine was 
collected for a 24-hour period beginning 24 hours after initial LPS injec-
tion using metabolic cages. To quantify the levels of albuminuria, 10 μl 
urine was analyzed by SDS-PAGE. Bovine serum albumin standards (0.25, 
0.5, 1.0, 2.5, and 5.0 μg) were run on the same gel and used to identify and 
quantify urinary albumin bands. Coomassie signals were quantified using 
ImageJ. The resulting values — the product of area size and mean gray value 
of each albumin standard band — were used for construction of a standard 
curve and its associated mathematical function. Subsequently, the values 
of the sample bands were translated into albumin concentrations, which 
were extrapolated to the 24-hour total urine volume. Results were assessed 
by ANOVA and Bonferroni’s multiple-comparison test.

For preparation of glomerular lysates for Western blotting, mice were 
treated as above and killed 36 hours after initial LPS injection. Mouse kid-
neys were perfused through the renal artery with Dynabeads (Invitrogen) 
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pulled from borosilicate glass with a P-97 puller (Sutter Instruments) 
and filled with a solution containing 135 mM CH3SO3Cs, 10 mM CsCl, 
3 mM MgATP, 0.2 mM NaGTP, 0.2 mM EGTA, 0.13 mM CaCl2, and  
10 mM HEPES (pH 7.3) with CsOH. The bath solution contained 135 mM  
CH3SO3Na, 5 mM CsCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 
and 10 mM glucose (pH 7.4) with NaOH. Angiotensin II (500 nM), LPS  
(100 μg/ml), and ML204 (10 μM) were applied to the bath solution. 
Whole-cell currents were recorded from –100 mV to +100 mV voltage 
ramps over 400 ms and a holding potential of –60 mV. For single-channel  
recordings in the outside-out configuration, we used a voltage step 
protocol from –100 mV to +100 mV delivered at 20-mV intervals and a 
holding potential of 0 mV. Average pipette resistance filled with pipette 
solution was 3–5 MΩ. Data were sampled at 10 kHz and filtered at 5 kHz.  
Single-channel data were further off-line filtered at 500 Hz before analy-
sis. In single-channel traces, currents were idealized using a manually 
defined amplitude criterion to assign ion channel opening and closing 
transitions. Ensemble averages were expressed as Po (average current 
divided by unitary current amplitude and number of channels per patch) 
and plotted as histograms. All data were acquired at room temperature 
and analyzed using pClamp 10 (Axon Instruments).

Statistics. All data are presented as mean ± SEM. Standard ANOVA using 
Prism Software was employed for multiple-means comparisons. 2-tailed 
Student’s t test was used in all other cases. A P value less than 0.05 was 
considered significant.

Study approval. All animal studies were approved by the MGH Subcom-
mittee on Research Animal Care (SRAC).
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and 1,400 cells for the Cch experiment. The number of cells was counted 
by DAPI staining and analysis with an automated script in ImageJ, which 
was subsequently corrected manually. Affected cells were defined as either 
collapsed with a very bright, condensed actin staining (for PS experiments), 
or cells without clearly visible stress fibers (for LPS and Cch experiments), 
as previously described (22). Images were acquired with a Zeiss LSM510 
upright confocal microscope. Images from an optical slice of 3–4 μm were 
acquired using Zeiss Pascal software. Statistical significance was evaluated 
by ANOVA and Dunnett’s multiple-comparison test.

Live imaging. For LifeAct imaging, podocytes expressing LifeAct (38) 
were placed in Phenol Red–free media in an appropriate imaging cham-
ber. Time-lapse images were collected every 30 seconds using a ×40 water 
immersion lens on a Zeiss LSM510 confocal microscope. Images from an 
optical slice of 3–4 μm were acquired using Zeiss Pascal software. Image 
analysis was done using ImageJ.

Rac1 activation assay. Rac1 activation assays were done as previously 
described (22), with some modifications. Podocytes were treated with 
300 μg/ml PS for 1 hour, followed by harvest and Rac1 pulldown experi-
ments. In the ML204 experiments, cells were pretreated with 30 μM 
ML204 for 20 minutes before PS was applied. Activated Rac1 was ana-
lyzed with a commercial Rac1 activation assay kit (Millipore) using a 
GST-tagged fusion protein corresponding to the p21-binding domain 
(PBD; residues 67–150) of human PAK-1, according to the manufactur-
er’s instructions. After pulldown, the eluted active Rac1 was detected by 
immunoblotting using a mouse monoclonal Rac1 antibody (BD). Total 
Rac1 and GADPH were measured in the cell lysates used for the pull-
down studies and served as loading controls.

Isolation of glomeruli for imaging. Isolation of glomeruli for Ca2+ imaging 
was done by serial sieving, as previously described (28), with some modifi-
cations. Emphasis was placed on the integrity of the glomeruli rather than 
the purity of the preparation, so the protocol was modified to exclude the 
use of collagenase, using gravity and serial washes with ice-cold PBS to 
isolate glomeruli. After visual inspection, isolated glomeruli were placed 
in RPMI medium in 37°C for 20 minutes before loading with Fura-2 for 
imaging experiments.

Ca2+ imaging. The ratiometric, cell-permeable Ca2+ indicator Fura-2 
(Molecular Probes) was used in all experiments. For podocytes in vitro,  
2 μM Fura-2 was loaded for 20 minutes at 37°C in podocytes grown to 90% 
confluence on collagen-coated coverslips. Glomeruli isolated ex vivo were 
loaded with Fura-2 for 30 minutes at 37°C in poly-lysine–coated dishes. 
After Fura-2 incubation, cells/glomeruli were washed gently 3 times with 
PBS. Images were acquired in 2-second intervals using MetaMorph soft-
ware on an Olympus IX71 inverted microscope. Cells were stimulated by 
switching of solutions with a 4-channel gravity-driven perfusion system. 
Images were analyzed using MetaMorph and Clampfit software.

Electrophysiology. Patch-clamp electrophysiology (Axopatch 200B ampli-
fier; Axon Instruments) was performed in the whole-cell configuration or 
on outside-out patches. Patch pipettes with resistances of 3–4 MΩ were 
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