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A B S T R A C T

Canonical transient receptor potential-6 (TRPC6) channels have been implicated in a variety of chronic kidney
diseases including familial and acquired forms of focal and segmental glomerulosclerosis (FSGS) and renal fi-
brosis following ureteral obstruction. Here we have examined the role of TRPC6 in progression of inflammation
and fibrosis in the nephrotoxic serum (NTS) model of crescentic glomerulonephritis. This was assessed in rats
with non-functional TRPC6 channels due to genomic disruption of an essential domain in TRPC6 channels
(Trpc6del/del rats) and wild-type littermates (Trpc6wt/wt rats). Administration of NTS evoked albuminuria and
proteinuria observed 4 and 28 days later that was equally severe in Trpc6wt/wt and Trpc6del/del rats. By 28 days,
there were dense deposits of complement and IgG within glomeruli in both genotypes, accompanied by severe
inflammation and fibrosis readily observed by standard histological methods, and also by increases in renal
cortical expression of multiple markers (α-smooth muscle actin, vimentin, NLRP3, and CD68). Tubulointerstitial
fibrosis appeared equally severe in Trpc6wt/wt and Trpc6del/del rats. TRPC6 inactivation did not protect against
the substantial declines in renal function (increases in blood urea nitrogen, serum creatinine and kidney:body
weight ratio) in NTS-treated animals, and increases in a urine maker of proximal tubule pathology (β2-mac-
roglobulin) were actually more severe in Trpc6del/del animals. By contrast, glomerular pathology, blindly scored
from histology, and from renal cortical expression of podocin suggested a partial but significant protective effect
of TRPC6 inactivation within the glomerular compartment, at least during the autologous phase of the NTS
model.

1. Introduction

Canonical transient receptor potential-6 (TRPC6) channels are
Ca2+-permeable cationic channels that play complex roles in the reg-
ulation of cellular physiology in excitable and non-excitable cells [1].
TRPC6 is expressed in several cell types in the kidney, especially in
podocytes and mesangial cells, and possibly also in renal tubular cells
and in renovascular smooth muscle [reviewed in 1]. TRPC6 is also
expressed in a variety of immune cells, including macrophages [2], T-
cells [3], and neutrophils [4]. The normal physiological function of
TRPC6 in renal cells is not understood. However, it seems likely that
they contribute to contractile responses in mesangial cells [5] and they
appear to regulate cytoskeletal dynamics [6] and transcriptional

responses [7,8] in podocytes.
There is extensive evidence that TRPC6 channels can be dysregu-

lated in kidney diseases. It was initially discovered that numerous
mutations in TRPC6 are associated with familial forms of focal and
segmental glomerulosclerosis (FSGS) [9–12]. Most but not all of these
mutations cause a gain of function in TRPC6 channels when they are
expressed in heterologous expression systems, owing to increased or
sustained activation during signal transduction cascades and/or in-
creased steady-state abundance on the cell surface [9–12]. There is also
evidence that TRPC6 is dysregulated in acquired (non-inherited) kidney
diseases. For example, TRPC6 protein and transcript abundance is in-
creased in glomeruli from patients with primary FSGS, minimal change
disease, and membranous glomerulonephritis [13]. More recently, we
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have observed that serum and plasma from patients with recurrent
FSGS is able to evoke a marked increase in the abundance of TRPC6
channels on the podocyte cell-surface, accompanied by increased acti-
vation of the channels by mechanical stimuli [14]. This up-regulation of
TRPC6 is mimicked by circulating factors associated with chronic
kidney diseases such as the soluble urokinase receptor (suPAR) and
tumor necrosis factor (TNF), which appear to act on podocytes in an
additive or synergistic manner [14,15].

TRPC6 contributes to the progression of glomerular disease in an-
imal models [16–19]. The most robust evidence for this comes from
studies of chronic puromycin aminonucleoside (PAN) nephrosis in rats,
a widely used model of severe secondary forms of FSGS [20]. We ob-
served that genetic inactivation of TRPC6 in Sprague-Dawley rats, ac-
complished by deletion of an essential portion of the channel molecule
by CRISPR/Cas9 technology (producing an allele hereafter referred to
as Trpc6del), markedly reduced albuminuria, glomerulosclerosis, and
ultrastructural changes in glomeruli that occurred during the chronic
phase of PAN nephrosis [19]. TRPC6 knockout also reduced tubu-
lointerstitial fibrosis during chronic PAN nephrosis, and reduced the
number of immune cells that infiltrated into glomeruli [19]. The later
observations raise the possibility that at least a portion of the protective
effects of TRPC6 inactivation in chronic PAN nephrosis arise from some
degree of immunosuppression. TRPC6 channels are expressed and
functional in active immune cells, and they may also play a role in
allowing leukocytes to traverse endothelial layers of microvasculature
[21,22]. They also play a role in the transdifferentiation of myofibro-
blasts [23], an essential process during renal fibrosis. Therefore it is
interesting that TRPC6 knockout in mice is sufficient to markedly re-
duce interstitial fibrosis evoked by unilateral ureteral obstruction, and
inhibition of TRPC6 may underlie protective effects of soluble klotho
seen in this model [24]. These observations raise the possibility that
TRPC6 could be a therapeutic target for a wide range of kidney dis-
orders.

In the present study, we have examined a possible role for TRPC6 in
driving an explicitly autoimmune rapidly-progressing glomerulone-
phritis, the passive nephrotoxic serum (NTS) model in Sprague-Dawley
rats [25,26]. In this model, naïve animals are injected with NTS, an
anti-rat glomerular basement membrane serum, in this case prepared in
sheep. This results in deposition of immune deposits within glomeruli,
which subsequently leads to rapid development of crescentic glomer-
ulonephritis and severe tubulointerstitial disease that we quantified 28
days after administration of NTS. We have observed that the overall
severity of kidney disease in Trpc6del/del rats was not different from
wildtype Trpc6wt/wt littermates. Specifically, there was no difference in
blood urea nitrogen (BUN), IgG or complement deposition in glomeruli,
urine protein or albumin excretion, or in several markers of fibrosis or
inflammation in serum or renal cortex, or in infiltration of immune cells
into the renal cortex. However, glomerular pathology was less severe in
Trpc6del/del animals compared to Trpc6wt/wt littermates. By contrast,
markers of proximal tubule pathology suggested more severe disruption
in Trpc6del/del rats.

2. Materials and methods

2.1. Animals

Sprague-Dawley Trpc6wt/wt and Trpc6del/del rats (5–6 weeks old)
used in this study have been described in detail previously [19]. Briefly,
the Trpc6del allele has a 239-bp deletion in Exon 2 of the Trpc6 gene,
which results in disruption of the Ankyrin-Repeat Domain and non-
functional TRPC6 channels. All procedures used in animal experiments
were approved by the University of Houston Institutional Animal Care
and Use Committee following NIH and ARRIVE guidelines.

2.2. Nephrotoxic Serum (NTS) model of glomerulonephritis

Sheep anti-rat isolated glomerular basement membrane (anti-GBM)
serum was purchased from Probetex Inc. (San Antonio, TX). This pre-
paration of anti-GBM serum is supplied in sterile 0.02M phosphate
buffered saline PBS, pH 7.3. It is optimized to produce severe nephritis
in Sprague-Dawley rats without the need for prior sensitization to sheep
antibodies. Trpc6wt/wt rats and Trpc6del/del littermates weighing
100–150 g were injected with 0.4–0.5 ml/100 gm body weight of anti-
GBM serum or with 0.9% sterile saline into the tail vein. Each group
was comprised of equal numbers of males and females. Urine was col-
lected and used for determination of albumin (Exocell Inc.) and total
protein (Chondrex Inc.) before NTS or saline injection, and again at 4
and 28 days after the injection. After the final urine collection, animals
were weighed, a blood sample was taken, and animals were sacrificed
by CO2 inhalation followed by cervical dislocation. The kidneys were
excised and weighed, and a portion of renal cortex of one kidney was
removed and reserved for biochemical analysis. Portions of the other
kidney were embedded in 10% buffered formalin or O.C.T. Compound™
(Tissue-Tek Inc.) for histological analysis. Serum creatinine (Exocell
Inc.) and blood urea nitrogen (BUN) (ArborAssays), were determined
using commercial assays.

2.3. Immunoblot analysis and enzyme-linked immunosorbent assays

Renal cortical tissue was homogenized in lysis buffer (M-PER™,
Thermo Fisher Scientific) containing protease inhibitors (Sigma) and
centrifuged at 13,000 rpm for 30min. Immunoblot was carried out
using standard methods. Monoclonal antibodies used in this study were:
mouse anti-α-smooth muscle actin (α-SMA) clone 1A4, used at a dilu-
tion of 1:1000, from Sigma; mouse anti-vimentin (used at 1:1000) from
Dako Inc.; mouse anti-CD68 (used at 1:1000) from Abcam Inc.; mouse
anti-TRPC5 (used at 1:100) from NeuroMAB, Davis, CA; mouse anti-
interleukin-1β (used at 1:1000) was from Santa Cruz Biotechnology.
This antibody detects the precursor and mature forms of this cytokine.
Polyclonal anti-rabbit NLRP3 (used at 1:1000) was from Abcam; anti-
klotho (used at 1:1000) was from LSB Inc.; anti-podocin (used at
1:1000) was from Santa Cruz Biotechnology; anti-TRPC6 (used at
1:1000) and anti-TRPC3 (used at 1:1000) were from Alomone
Laboratories. All experiments were repeated 3–6 times and quantified
by densitometry using Image J™ software. To detect klotho in urine,
samples were collected, and insoluble materials were removed by
centrifugation at 2000×g at 4 °C for 10min. One volume of tri-
chloroacetic acid (TCA) was added to 4 volumes of urine supernatant on
ice for 30min. Urine was centrifuged at 13,000 RPM for 30min at 4 °C.
The resulting protein pellet was washed three times with ice-cold
acetone, and allowed to dry in the air. The dried pellets were then re-
suspended by boiling in 2x SDS-PAGE sample buffer and analyzed by
immunoblot. Type I procollagen levels in serum were determined using
a commercial assay (LSBio, Inc.) according to the manufacturer’s in-
structions. Blood urea nitrogen (BUN) was measured by ELISA at the
Baylor College of Medicine metabolic phenotyping core. Beta 2-
Microglobulin levels in urine were assessed using an assay from ICL,
Inc. in order to assess renal tubular injury.

2.4. Immunofluorescence

Renal tissue embedded in O.C.T. compound was snap-frozen in li-
quid nitrogen and cut into 6-µm sections. The deposits of rat comple-
ment C3 were evaluated by staining with fluorescein isothiocyanate-
conjugated goat anti-C3 (MyBioSource Inc.), at a dilution of 1:200. To
assess autologous antibody deposition, frozen sections were incubated
with biotin-conjugated anti-rat IgG (R&D Systems), followed by fluor-
escein isothiocyanate-conjugated streptavidin (BD Biosciences).
Synaptopodin was detected using a rabbit antibody from Santa Cruz
Biotechnology (1:200). Pre-immune sera were used as negative staining
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controls. All images were collected on an Olympus FV1000 confocal
microscope.

2.5. Histopathology and immunohistochemistry

Portions of kidney from six of the animals in each group were fixed
in 10% buffered formalin, embedded in paraffin, and 4-µm sections
were stained with periodic acid-Schiff’s (PAS) or Masson’s trichrome
methods as described previously [19], or by immunohistochemistry.
Using PAS-stained sections, 25–50 glomeruli from each animal were
blindly scored for glomerular injury as described previously [19]. Im-
munohistochemistry for the rat macrophage marker CD68 or for vi-
mentin was performed on paraffin sections previously incubated with
10% H2O2 to block endogenous peroxidases. Sections were washed, and
then treated with monoclonal anti-rat CD68 (ED-1) from Abcam (1:200
dilution) or anti-vimentin (Dako) (1:200 dilution). Immunoreactivity
was visualized using the Vectastain™ ABC method (Vector Laboratories)
using diaminobenzidine as a chromagen. The slides were counter-
stained with hematoxylin.

2.6. Statistical analyses

All statistical analyses were carried out using public-access com-
putational tools (http://www.vassarstats.net) with P < 0.05 regarded
as significant. Immunoblot assays were analyzed by densitometry. The
data are presented as fold changes relative to the lowest value observed
in a control group, and are presented as mean ± SD. Data on 24-hr
urine albumin excretion and other quantitative measures of renal
function are presented as mean ± SD from N=8 rats per group.
However, data evaluating glomerulosclerosis in PAS stained sections
were from N=6 animals per group. Data were analyzed by two-way
ANOVA followed by Tukey’s Honest Significant Difference post hoc test.
The two independent variables were genotype (Trpc6wt/wt versus
Trpc6del/del) and drug treatment (NTS versus saline vehicle). A statis-
tically positive result was inferred when F values for the interaction
between drug effects and genotype indicated P < 0.05.

3. Results

3.1. Analyses of renal function

The Trpc6del/del rats used in this study have been described

Fig. 1. Administration of NTS produces proteinuria (a) and albuminuria (b) in Trpc6wt/wt and Trpc6del/del rats. In this and all subsequent figures, bar graphs represent
mean ± SD. Control rats received saline. Effects of NTS were statistically robust (N=8 animals per group) but the genotype had no effect on responses to NTS (two-
way ANOVA). NTS also resulted in deposition of IgG (c) and complement C3 (d) in glomeruli. The measurements in this figure were made 28 days after NTS or saline
injection.
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Fig. 2. TRPC6 inactivation does not protect against decline in overall renal function evoked by NTS. Administration of NTS resulted in an increase in kidney
weight:body weight ratio (a), marked azotemia (b) and increases in serum creatinine (c) indicating marked decline in overall renal function. These effects were
equally severe in Trpc6wt/wt and Trpc6del/del rats. In addition, serum procollagen type 1 peptide was elevated in NTS-treated animals (d), indicating comparable
increases in whole-body inflammatory load in Trpc6wt/wt and Trpc6del/del rats. Urine β2-MG was increased in NTS-treated rats, and there was a significant (P < 0.02)
effect of genotype on this response, which suggests that proximal tubule pathology is more severe in Trpc6del/del animals.
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Fig. 3. NTS treatment evokes renal inflammation and fibrosis in Trpc6wt/wt and Trpc6del/del rats. This can be easily seen in sections stained by Masson’s trichrome
method (a). Genotype could not be discerned by this staining method in either saline- or NTS-treated animals. Increases in SMA, a marker of fibrosis (b) and NLRP3, a
marker of inflammation (c) were comparable in renal cortex of NTS-treated Trpc6wt/wt and Trpc6del/del rats. Examples of representative immunoblots are shown above
densitometric analyses of these experiments.

E.Y. Kim et al. Biochemistry and Biophysics Reports 17 (2019) 139–150

143



previously [19]. Briefly, the Trpc6del allele has a 239-bp deletion in
Exon 2 of the Trpc6 gene that introduces a premature stop codon.
However, the animals delete all of Exon 2 during transcription, a phe-
nomenon that is now well documented to occur in several other genes
when premature stop codons are introduced by CRISPR/Cas9 methods
[27–29]. This exon skipping process allows for production of trace
amounts of immunochemically detectable TRPC6 protein, but also re-
sults in disruption of the Ankyrin-Repeat Domain that is required for
assembly of functional tetrameric TRPC6 channels [19,30]. In our
previous study we showed that functional TRPC6 channels were not
detectable in glomerular cells from Trpc6del/del rats but were readily
seen in Trpc6wt/wt littermates [19]. All of our experimental designs were
carried out on four groups of animals. The rats were not sensitized to
sheep IgG prior to NTS injection. The treatment groups were: saline-

treated Trpc6wt/wt; NTS-treated Trpc6wt/wt; saline-treated Trpc6del/del;
and NTS-treated Trpc6del/del. The null-hypothesis in this experimental
design was tested on the basis of a significant interaction effect between
the effects of genotype and NTS treatment as determined by two-way
ANOVA (or in other words, whether the effect of NTS treatment de-
pended on the genotype). A baseline urine sample was collected when
the rats were 5 weeks of age. Within the next two days rats were given a
single intravenous injection of saline or NTS. The rats that received NTS
had a marked increase in albumin excretion detected in urine samples
collected 4 days after the injection, which is within the heterologous
phase of the immune response (Supplemental data). Proteinuria and
albuminuria were still severe at 28 days after the NTS injection, a time
that is far into the autologous phase of the immune response (Fig. 1a,
b). By that time extensive rat IgG (Fig. 1c) and complement C3 (Fig. 1d)

Fig. 4. Vimentin is markedly increased in tubules and interstitium of NTS-treated Trpc6wt/wt and Trpc6del/del rats. This could be discerned by immunohistochemistry
(a) and by immunoblot analysis of the renal cortex (b). Vimentin is a mesenchymal and myofibroblast maker normally expressed at high levels in glomeruli and at
lower levels in the rest of the renal cortex. There was no effect of genotype on changes in this marker.
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deposits were readily seen in glomeruli from NTS-treated Trpc6wt/wt

and Trpc6del/del rats but not from saline-treated animals, and it was not
possible to discern the genotype of the animals from the appearance of
those deposits.

Beyond urine albumin excretion, there was clear evidence of a de-
cline in overall renal function in NTS-treated rats of both genotypes
(Fig. 2). Thus we observed increases in kidney weight:body weight
ratios (Fig. 2a), BUN (Fig. 2b) and serum creatinine (Fig. 2c) in NTS-
treated animals, indicating an overall decline in renal function. These
deficits were equally severe in Trpc6wt/wt and Trpc6del/del littermates

and two-way ANOVA revealed robust effects of NTS treatment but no
significant interaction effect between NTS and genotype. Serum pro-
collagen type-1 peptide was elevated in all NTS-treated animals re-
gardless of phenotypes, suggesting the presence of ongoing fibrotic
processes, and this was not alleviated in Trpc6del/del rats (Fig. 2d).
Therefore no protective effect of TRPC6 inactivation could be discerned
from these markers. Indeed, urine levels of β2-microglobulin, a low-
molecular weight marker for proximal tubule pathology [31], were
markedly elevated in all of the NTS treated animals, but this was ac-
tually more severe in Trpc6del/del rats (P < 0.01 by two way ANOVA)

Fig. 5. Increases in macrophages or monocytic phagocytes in NTS-treated Trpc6wt/wt and Trpc6del/del rats. This could be seen by analyzing the expression of CD68
using a monoclonal antibody known as ED-1 in immunohistochemistry (a) and by immunoblot of renal cortex (b). There was no effect of genotype on changes in this
marker.
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(Fig. 2e).

3.2. Analyses of inflammation and fibrosis markers

Fibrosis in NTS-treated rats could be visualized directly using
Masson’s trichrome stain, which preferentially stains collagen fibers in

the kidney (Fig. 3). In NTS-treated rats we observed marked increases in
collagen deposition, especially in tubulointerstitial areas, but also
within glomeruli (Fig. 3a). The deposits were extensive and were ac-
companied by clear indications of tubular atrophy and necrosis, as well
as hyalinization of some tubules. Fibrosis was further evaluated by
examining biochemical markers within the renal cortex using more

Fig. 6. Glomerulosclerosis is less severe in NTS-treated in Trpc6del/del rats compared to Trpc6wt/wt littermates. This was assessed in PAS-stained paraffin sections.
Representative examples of sections are shown in (a). In NTS-treated animals note the presence of glomerulosclerosis, protein casts in tubules, hypercellularity in the
interstitium, and signs of tubular necrosis. To quantify effects in glomeruli, a glomerular score (GS) on a scale of 0–4 were determined from 25 to 50 glomeruli in each
animal by an observer blind to the treatment group. The mean from those measurements provided a glomerular score for that animal. The bar graph shows the mean
of the glomerular scores of the animals in each treatment group. There was a significant effect of NTS treatment, as expected. However there was also a highly
significant (P=0.0014) effect of genotype on the response to NTS that was revealed by two-way ANOVA. This pattern indicates that glomerulosclerosis was less
severe in Trpc6del/del rats compared to Trpc6wt/wt littermates.
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quantitative methods. Renal fibrosis is accompanied by increases in
activated myofibroblasts and other matrix-producing cells, which can
be seen as an increase in α-smooth muscle actin (SMA) abundance in
renal cortex [32]. Using immunoblot analysis we observed marked in-
creases in SMA abundance in renal cortex in NTS-treated rats, and this
was equally robust in Trpc6wt/wt and Trpc6del/del rats (Fig. 3b). We also
observed marked increases in abundance of NOD-like receptor pyrin
domain containing-3 protein (NLPR3) in renal cortex of NTS-treated
rats (Fig. 3c). NLPR3 can drive both inflammation and fibrosis in kidney
[33,34]. However there was no difference in NLRP3 abundance be-
tween Trpc6wt/wt and Trpc6del/del rats. Consistent with this, interleukin
1β (IL-1β) was significantly increased in renal cortex of NTS-treated
rats, again with no difference between Trpc6wt/wt and Trpc6del/del rats
(Supplemental data). Active IL-1β is produced by proteolytic cleavage
of a precursor secondary to activation of inflammasomes containing
NLRP3 [35]. Renal fibrosis is also associated with up-regulation of
mesenchymal markers such as vimentin [36]. Vimentin staining is
normally confined primarily within glomeruli, as we observed in saline-
treated animals by immunohistochemistry. However we detected many
vimentin-expressing cells within the renal cortex in NTS-treated rats,
consistent with ongoing fibrosis, and this was seen in both Trpc6wt/wt

and Trpc6del/del rats (Fig. 4a). Vimentin was also markedly increased
when measured by immunoblot from renal cortical extracts and there
was no difference between Trpc6wt/wt and Trpc6del/del rats (Fig. 4b).
Glomerulonephritis is typically characterized by activation and in-
filtration of macrophages and monocytes, which can be detected in rats
using a monoclonal antibody (ED-1) against CD68, a marker for

macrophages. We observed marked increases in abundance of CD68 in
NTS-treated rats by both immunohistochemistry (Fig. 5a) and by im-
munoblot analysis using ED-1 (Fig. 5b). The increase in CD68 abun-
dance was indistinguishable in Trpc6wt/wt and Trpc6del/del rats. These
data are consistent with severe renal fibrosis in kidneys of rats that
received NTS, and we did not discern any protective effect of TRPC6
inactivation.

We also examined paraffin sections obtained from six animals in
each of these treatment groups using PAS staining. Consistent with
observations already noted, there were indications of severe tubu-
lointerstitial disease in all of the NTS-treated animals. These included
regions of interstitial hypercellularity as well tubular atrophy, hyali-
nization and necrosis (Fig. 6a). Crescentic lesions in glomeruli were
frequently seen. In the Trpc6wt/wt rats that received NTS, virtually every
glomerulus was affected to some extent, with sclerotic lesions and/or
crescents. Given our previous data showing comparable declines in
renal function in both genotypes, we were somewhat surprised that
glomerular lesions, while certainly present in Trpc6del/del rats that re-
ceived NTS, were on average less severe, and it was possible to find
glomeruli from NTS-treated Trpc6del/del rats that were unaffected or
only slightly affected. Results of a semi-quantitative analysis of glo-
meruli carried out by a blind observer are shown in Fig. 6b. Examples of
representative glomeruli illustrating the scoring system are shown in
Supplemental data. This analysis revealed a statistically significant in-
teraction between the effects of NTS treatment and genotype
(P < 0.01), indicating a protective effect of TRPC6 inactivation within
the glomerular compartment. Examples of glomeruli stained for sy-
naptopodin from frozen sections prepared from animals in the various
treatment groups are shown in Supplemental data. Consistent with the
histological pattern, we also observed that NTS treatment resulted in a
decrease in podocin abundance in renal cortex. However the effects of
NTS on podocin abundance were less severe in Trpc6del/del rats than in
their wild-type littermates (Fig. 7). There was a statistically significant
interaction between the effects of NTS treatment and genotype
(P < 0.01), indicating a quite strong protective effect of TRPC6 in-
activation within the glomerular compartment, since podocytes are the
only glomerular cells that express podocin, a protein that is rapidly
degraded in podocyte disease models [14,15,19].

3.3. Changes in TRPC subunit abundance

In our previous study of chronic PAN nephrosis, we observed up-
regulation of TRPC3 and TRPC6 as a result of PAN treatment [19]. We
also observed that TRPC6 inactivation by itself caused an increase in
the total abundance of TRPC3 in renal cortex [19]. A similar pattern
was seen in the present experiments (Fig. 8). Specifically, we observed
that NTS increased the overall abundance of both TRPC6 and TRPC3 in
wildtype rats, but had no effect on the abundance of TRPC5. As in our
previous study [19], TRPC3 was present at higher abundance relative to
actin in Trpc6del/del rats, which could reflect a compensation for TRPC6
inactivation. However, NTS treatment did not stimulate additional in-
creases in TRPC3 abundance in Trpc6del/del rats (Fig. 8).

Finally we note that recent studies have shown a protective effect of
klotho in rodent models of tubulointerstitial disease [24], and moreover
that klotho acts in part by down regulating the expression of TRPC6
[17,24]. Therefore we used immunoblot to measure klotho abundance
in urine and in renal cortex from the animals in this study. We did not
detect klotho in the urine of any of the NTS-treated animals examined
regardless of genotype (see Supplemental data) whereas robust signal
was detected in urine from all saline-treated animals regardless of
genotype. Klotho was also substantially more abundant in renal cortex
of saline-treated treated and this pattern was not affected by genotype
(see Supplemental data).

Fig. 7. Podocin abundance suggests that podocyte disease is less severe in NTS-
treated in Trpc6del/del rats compared to Trpc6wt/wt littermates. This was mea-
sured by immunoblot analysis of renal cortical extracts quantified by densito-
metry. Protective effect of TRPC6 inactivation is revealed by significant inter-
action effect in two-way ANOVA (P=0.036).
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4. Discussion

There is a growing body of evidence that TRPC6 channels play a role
in progressive glomerular diseases, especially primary and secondary
forms of FSGS [9–16,19]. In our recent study on chronic PAN nephrosis,
we observed a marked attenuation of tubulointerstitial fibrosis in
Trpc6del/del rats, accompanied by a reduction in the number of macro-
phages that infiltrated glomeruli [19]. Those effects seemed even more
robust than the observed improvements in urine albumin excretion or
azotemia. TRPC6 channels are known to play a role in driving activa-
tion of various immune cells, and contribute to generation of Ca2+

responses in macrophages [2], T-cells [3], and neutrophils [4]. They
also play a role in allowing trans-epithelial migration of leukocytes
[21,22]. TRPC6 channels also contribute to generation of activated
myofibroblasts [23], which contribute substantially to the tubu-
lointerstitial fibrosis that occurs following unilateral urethral obstruc-
tion in mice [36]. These observations raise the possibility that many of
the beneficial effects of global TRPC6 inactivation in various rodent
kidney disease models reflect suppression of immune responses and/or
fibrosis pathways. If so, TRPC6 channels could represent therapeutic
targets for a wide range of kidney diseases.

In the present study we have examined the effect of TRPC6 in-
activation in a rodent disease model in which there is systemic immune
disease triggered by formation of immune deposits on the GBM, which
subsequently results in severe renal fibrosis accompanied by crescentic
glomerular disease [37]. In this model we observed no protective effect

of TRPC6 inactivation on overall renal function or on tubulointerstitial
disease based on histology and on measurement of a wide range of
markers for renal function, renal fibrosis, or local and systemic in-
flammation. However there appeared to be a significant protective ef-
fect of TRPC6 inactivation on the severity of glomerular damage as
assessed by blinded analysis of glomerulosclerosis in histological sec-
tions and by analysis of podocin abundance. By contrast, proximal tu-
bule pathology actually appeared worse in Trpc6del/del rats compared to
Trpc6wt/wt littermates, at least based on the presence of urine markers.
From this we conclude that TRPC6 inactivation is not sufficient to
ameliorate autoimmune renal disease in rats.

With respect to glomerular protection, CKD inevitably places a
strain on the remaining functional glomeruli, which are subjected to
increased capillary pressures and single nephron glomerular filtration
rates in order to sustain sufficient renal function to maintain life [38]. It
is important to note that TRPC6 channels in podocytes are activated by
mechanical stimuli [14,15,39] as is seen in other cell types [40–44]. If
mechanical stimuli, including increased shear forces and expansion of
sub-podocyte spaces, are sustained and unremitting over time, espe-
cially if accompanied by a reduction in podocin [39], the resulting
chronic activation of TRPC6 would eventually lead to calcium overload
in podocytes similar to that which occurs with gain-of-function muta-
tions in TRPC6 channels in familial FSGS [9]. Calcium overload has
been proposed to lead to loss or detachment of podocytes at least in part
through pathways in foot processes and in the cell body that occur as a
result of calcineurin and mTORC2 signaling [45]. Regardless of the

Fig. 8. Effects of NTS treatment on abundance of TRPC3, TRPC6 and TRPC5 in renal cortex. This was quantified by immunoblot from renal cortex. As described
previously (Kim et al. [15,19]), TRPC3 is increased in renal cortex of Trpc6del/del rats but this does not increase further following NTS treatment. NTS increases TRPC3
and TRPC6 in Trpc6wt/wt rats. There were not changes in TRPC5 associated with genotype or NTS treatment.
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pathways involved, the protective effect of TRPC6 inactivation within
the glomerular compartment does not prevent the substantial decline of
renal function or the expansion of the pathology to the rest of the renal
cortex in the NTS model.

Given that the initial immune deposits are formed within glomeruli,
and given that TRPC6 inactivation appears to protect glomeruli, why
does CKD progress to a comparable extent in Trpc6del/del rats, in marked
contrast to the chronic PAN model? These disease models differ in
several significant ways. In the NTS model, leukocytes activated by
immune deposits within glomeruli do not remain within glomeruli
[46], rather they fairly rapidly move to other compartments where they
can contribute to pathological processes, especially within proximal
tubules and in the interstitium. In other words, pathologically relevant
processes occur in areas removed from the location of the actual im-
mune deposits. By contrast, chronic PAN nephrosis is not mediated by
adaptive immune responses and appears to occur as a result of a chain
of consequences that follow an initial loss of podocytes [20]. A certain
degree of glomerulosclerosis therefore occurs whenever there is a loss
of functional nephrons as a result of hyperfiltration within the nephrons
that remain [38,47]. This can explain why there is a reduction in glo-
merulosclerosis in NTS-treated Trpc6del/del rats, even though tubu-
lointerstitial disease proceeds, and may even be more severe in prox-
imal tubules. In this regard, we detected comparable albuminuria four
days after NTS injection in both Trpc6wt/wt and Trpc6del/del rats, a time
when one would not expect to observe glomerulosclerosis
(Supplemental data).

TRPC6 knockout has been shown to have some protective effects in
mouse models in which tubulointerstitial disease follows from an initial
insult to tubules as a result of unilateral ureteral obstruction (UUO)
[24]. As with chronic PAN nephrosis, the UUO model does not require
activation of adaptive immune systems for fibrosis to occur [48]. It is
possible that this makes UUO and chronic PAN nephrosis more re-
sponsive to TRPC6 inactivation than the NTS model. TRPC6 channels
are present in collecting duct [49,50], and could play a role in the se-
cretion of cytokines from tubules, which are especially sensitive to
damage from UUO [51]. On the other hand, we cannot exclude that
there is a species difference between mouse and rat, for example if
TRPC3 effectively compensates for loss of TRPC6 in various immune
cells, fibroblasts or myofibroblasts in rat but not in mouse.

Finally we note again that klotho was markedly decreased in renal
cortex and in urine following NTS treatment. TRPC6 inactivation had
no effect on this. Indeed, previous studies strongly suggest that klotho
lies upstream of TRPC6 expression, and it has been suggested that the
protective effect of klotho in a different disease model is due in part to
reductions of TRPC6 [24]. It is certainly possible that NTS-evoked up-
regulation of TRPC6 seen here in wild-type rats also reflects the re-
duction in klotho.

5. Conclusions

We have shown that TRPC6 inactivation in rats results in protection
of glomeruli in the NTS model of severe glomerulonephritis. However
this does not have any effect on the decline of overall renal function or
on the development of severe tubulointerstitial fibrosis in this model.
TRPC6 remains a potential therapeutic target for glomerular diseases.
However the role of TRPC6 in renal fibrosis appears to be model-de-
pendent and possibly species-dependent.
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