
Sustained Activation of N-Methyl-D-Aspartate Receptors in
Podoctyes Leads to Oxidative Stress, Mobilization of Transient
Receptor Potential Canonical 6 Channels, Nuclear Factor of
Activated T Cells Activation, and Apoptotic Cell Death

Eun Young Kim, Marc Anderson, and Stuart E. Dryer
Department of Biology and Biochemistry, University of Houston, Houston, Texas (E.Y.K., M.A., S.E.D.); and Department of
Medicine, Division of Nephrology, Baylor College of Medicine, Houston, Texas (S.E.D.)

Received April 17, 2012; accepted July 23, 2012

ABSTRACT
Atypical N-methyl-D-aspartate (NMDA) receptors are ex-
pressed in podocytes. Sustained (�24 h) application of 50 to
100 �M NMDA to immortalized mouse podocytes evoked a
marked increase in the production of reactive oxygen species
(ROS) such as H2O2. This effect of NMDA was associated with
increased cell-surface expression of p47(phox), a cytosolic reg-
ulatory subunit of the NADPH oxidase NOX2. NMDA-evoked
generation of ROS drove an increase in steady-state surface
expression of transient receptor potential canonical (TRPC) 6
channels, which was blocked by the NMDA antagonist dizocil-
pine (MK-801) and by a membrane-permeable scavenger of
ROS. The effect of NMDA on TRPC6 was observed using cell
surface biotinylation assays and also with whole-cell recordings
made under conditions designed to facilitate detection of cur-
rent through TRPC6. NMDA mobilization of TRPC6 channels
was blocked by concurrent treatment with the NMDA antago-
nist MK-801 and by a membrane-permeable scavenger of

ROS. Mobilization of TRPC6 was also evoked by L-
homocysteic acid. NMDA treatment also increased nuclear
localization of endogenous nuclear factor of activated T
cells, which could be blocked by MK-801, by scavenging
ROS, by the calcineurin inhibitor cyclosporine, and by the
TRPC channel inhibitor 1-[2-(4-methoxyphenyl)-2-[3-(4-
methoxyphenyl)propoxy]ethyl]imidazole (SKF-96365). NMDA
treatment also evoked robust activation of Rho but not Rac,
consistent with previous studies of downstream effectors of
TRPC6 activation. Exposing cells to NMDA for 24 h reduced
total and cell surface expression of the podocyte markers
nephrin and podocin, but there was no loss of cells. With
longer NMDA exposure (72 h), we observed loss of cells
associated with nuclear fragmentation and increased ex-
pression of caspase-3, caspase-6, and Bax, suggesting an
apoptotic process.

Introduction
Podocytes comprise one of several essential components of

the glomerular filtration barrier (Pavenstädt et al., 2003).
Primary processes extending from the podocyte cell body
ramify and wrap around the glomerular capillary. A series of
small foot processes extend from the major processes of podo-
cytes and attach to the external face of the basement mem-
brane of the glomerular capillary. Specialized junctions be-

tween adjacent foot processes, known as slit diaphragms,
provide a permselective pathway that allows convective
movement and diffusion of water and small solutes into the
urinary space, while excluding macromolecules.

Structural alterations in podocyte foot processes occur in many
glomerular diseases, leading to loss or displacement of slit dia-
phragms (Shirato, 2002). Sustained elevation of Ca2� influx into
podocytes may represent a common pathway driving these
changes (Lavin and Winn, 2011). A landmark observation was the
discovery that gain-of-function mutations in TRPC6 channels can
cause familial forms of focal and segmental glomerulosclerosis
(Reiser et al., 2005; Winn et al., 2005). A similar pathology is
observed in mice overexpressing wild-type or mutant TRPC6
channels selectively in podocytes (Krall et al., 2010).
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TRPC6 channels are not the only possible pathway for
Ca2� influx into podocytes. In addition to other members of
the TRPC family (Tian et al., 2010), ionotropic NMDA recep-
tors provide a potential pathway for Ca2� influx into these
cells (Rastaldi et al., 2006; Anderson et al., 2011). NMDA
receptors were originally identified in neurons, where they
are normally activated by synaptic release of glutamate. Ac-
tivated NMDA receptors show varying degrees of permeabil-
ity to Ca2� (Jahr and Stevens, 1993), which plays an impor-
tant role in driving the downstream consequences of NMDA
receptor activation.

NMDA receptors have been intensively studied in neuronal cells
for two reasons. First, their activation induces several forms of
synaptic plasticity in adult (Bliss and Collingridge, 1993) and de-
veloping (Cline and Constantine-Paton, 1989) nervous systems.
Second, excessive NMDA receptor activation initiates a process
known as excitotoxicity, resulting in death of neurons and glia
driven in part by Ca2� overload (Choi, 1992; Hardingham, 2009).
Excitotoxicity is also associated with increased production of reac-
tive oxygen species (ROS) (Kishida et al., 2005; Girouard et al.,
2009). Excitotoxicity can be produced by several endogenously
occurring amino acids that activate NMDA receptors, including
dicarboxylic acids, sulfur-containing amino acids derived from me-
thionine metabolism, and products of the kynurenine pathways of
tryptophan metabolism (Kim et al., 1987; Olney et al., 1987).

It is now known that NMDA receptors are expressed in many
different peripheral tissues (Patton et al., 1998; Parisi et al., 2009;
Makhro et al., 2010; Mashkina et al., 2010; Tyagi et al., 2010),
including podocytes (Rastaldi et al., 2006; Anderson et al., 2011),
although their normal physiological functions in these tissues are
not well understood. We have recently characterized the functional
properties of NMDA receptors of podocytes (Anderson et al., 2011).
These receptors are strongly activated by NMDA and are blocked
by D-aminophosphonovaleric acid and dizocilpine (MK-801). Re-
sponses to NMDA are potentiated by D-serine and are nearly
eliminated by an inhibitor of glycine and D-serine binding sites on
NR1 subunits. As with neuronal NMDA receptors, the podocyte
receptors are permeable to Ca2� and subjected to voltage-
dependent inhibition by Mg2�. However, podocyte NMDA recep-
tors also exhibit several unusual features. The most significant is
the fact that they cannot be activated by L-glutamate or L-aspar-
tate (Anderson et al., 2011). Thus, although there is evidence that
L-glutamate can be locally secreted by podocytes (Giardino et al.,
2009), it seems likely that it acts primarily on metabotropic gluta-
mate receptors (Puliti et al., 2011; Gu et al., 2012). However,
podocyte NMDA receptors are robustly activated by L-homocysteic
acid (L-HCA), an endogenously occurring product of methionine
metabolism (Anderson et al., 2011). These metabolites are ele-
vated in hypertension, diabetes, and chronic kidney diseases
(Jager et al., 2001; Francis et al., 2004) and can reach levels
sufficient to activate NMDA receptors in vivo (Tyagi et al., 2010),
especially in chronic kidney disease (Heinz et al., 2009).

In the present study we have characterized pathways
whereby activation of podocyte NMDA receptors could lead to
glomerular dysfunction. We have observed that podocyte
NMDA receptors lead to increased NOX-dependent produc-
tion of ROS, which stimulates increased surface expression of
functional TRPC6 channels. This in turn evokes a cyclospor-
ine (CsA)-sensitive movement of nuclear factor of activated T
cells (NFAT) into the nucleus. NMDA receptor activation also
caused a fall in the expression of nephrin and podocin and,
after 72 h, can evoke apoptotic cell death.

Materials and Methods
Cell Culture Protocols, Transfection, and Drugs. Cell culture

protocols have been described previously (Kim et al., 2008, 2009, 2010,
2012). In brief, the MPC-5 mouse podocyte cell line (obtained from Dr.
Peter Mundel, Harvard Medical School, Cambridge, MA) was propa-
gated at 33°C in RPMI 1640 medium supplemented with 10% fetal
bovine serum and 100 U/ml penicillin-streptomycin, with recombinant
mouse �-interferon (Sigma-Aldrich), in humidified 5% CO2 incubators.
Podocyte differentiation and expression of podocyte markers were in-
duced by removal of �-interferon and a temperature switch to 37°C for
14 days. NMDA, L-HCA, MK-801, 1-[2-(4-methoxyphenyl)-2-[3-(4-
methoxyphenyl)propoxy]ethyl]imidazole (SKF-96365), and CsA were
obtained from Sigma-Aldrich (St. Louis, MO). Manganese(III) tetra-
kis(4-benzoic acid)porphyrin chloride (MnTBAP) was obtained from
Oxis International (Beverly Hills, CA).

Assay of ROS Generation. Generation of H2O2 by podocytes was
measured using the OxiSelect fluorometric assay (Cell Biolabs, Inc.,
San Diego, CA) according to the manufacturer’s instructions, as
described previously in detail (Kim et al., 2012). In this assay, H2O2

in the presence of horseradish peroxidase causes oxidation of 10-
acetyl-3,7-dihydroxyphenoxazine to resorufin, a fluorescent product
with a high extinction coefficient, which could be measured using a
fluorescence microplate reader.

Immunoblot Analysis, Cell-Surface Biotinylation Assays,
and Nuclear Localization of NFAT. Immunoblot analysis and
cell-surface biotinylation were performed using standard methods as
described in detail previously (Kim et al., 2008, 2009, 2010, 2012).
The primary antibodies were rabbit anti-TRPC6 (Alomone Labs,
Jerusalem, Israel), rabbit anti-p47(phox) and rabbit anti-NOX2 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit anti-NOX4 (Epito-
mics, Burlingame, CA), rabbit anti-podocin (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), rabbit anti-nephrin (Abcam, Cambridge,
MA), and mouse monoclonal anti-�-actin (Millipore Corporation, Bil-
lerica, MA). For cell surface biotinylation assays, intact podocytes
were treated with a membrane-impermeable biotinylation reagent,
sulfo-N-hydroxy-succinimidobiotin (Thermo Fisher Scientific, Waltham,
MA) (1 mg/ml) for 1 h. The reaction was stopped, cells were lysed, and
biotinylated proteins from the cell surface were recovered by incubation
with immobilized streptavidin-agarose beads. A sample of the initial cell
lysate was retained for analysis of total proteins and in some experiments
of �-actin. These samples were quantified by immunoblot analysis followed
by densitometric analysis using ImageJ software. Bar graphs describing
these data were constructed from three to five repetitions of each experi-
ment. NFAT localization in podocyte nuclei was measured using a com-
mercial assay (Active Motif Inc., Carlsbad, CA) and a nuclear extract kit
purchased from the same manufacturer. In this assay we also used a
mouse monoclonal anti-histone and a mouse monoclonal anti-�-actin (Mil-
lipore Corporation). In separate experiments on NFAT localization, podo-
cytes were subjected to various treatments and fixed in 4% paraformalde-
hyde at room temperature for 10 min. Fixed cells were permeablized,
blocked, and incubated with rabbit anti-NFATc1 (Active Motif Inc.), and
nuclei were counterstained with 4�-6-diamidino-2-phenylindole (DAPI) for
1 h at 37°C. After washing, cells were treated with Alexa Fluor 488-
conjugated anti-rabbit IgG (Invitrogen, Carlsbad, CA) and then were
rinsed and mounted, and images were collected on an Olympus FV-1000
inverted stage confocal microscope using a Plan Apo N 60X 1.42NA oil-
immersion objective and processed by FluoView software.

Electrophysiology. Whole-cell recordings were made as described
previously (Kim et al., 2012) from control cells and from cells that had
been exposed for 24 h to NMDA or a combination of NMDA and inhib-
itors. All cells were treated with 100 �M 1-oleoyl-2-acetyl-sn-glycerol
(OAG) for 15 min before whole-cell recordings. This diacylglycerol an-
alog does not activate TRPC5 (Hofmann et al., 1999), and we have
previously shown that responses to OAG in podocytes are abolished
after TRPC6 knockdown (Kim et al., 2012). In all recordings, the bath
solution contained 150 mM NaCl, 5.4 mM CsCl, 0.8 mM MgCl2, 5.4 mM
CaCl2, and 10 mM HEPES, pH 7.4. Pipette solutions contained 10 mM
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NaCl, 125 mM CsCl, 6.2 mM MgCl2, 10 mM HEPES, and 10 mM
EGTA, pH 7.2. Currents were evoked by a ramp voltage commands
(�80 to �80 mV over 2.5 s) from a holding potential of �40 mV. In each
cell, currents were measured before and after superfusion of 50 �M
La3�, which blocks TRPC6 channels but not TRPC5, in podocytes (Tian
et al., 2010) or before and after 50 �M SKF-96365. Data were digitized
using a Digidata interface (Molecular Devices, Sunnyvale, CA), and
stored for off-line analysis using PClamp software (Molecular Devices).
La3�-sensitive currents were obtained by digital subtraction, and the
peak measured at �80 mV was used for quantitative analysis of the
effects of previous NMDA and drug treatments.

Analysis of Podocyte Cell Death and Small GTPases. Rho
and Rac activation were measured using commercial glutathione
transferase pull-down assays from Cytoskeleton Inc. (Denver, CO)
according to the manufacturer’s instructions. Analyses of apoptosis
markers were performed using rabbit antibodies against caspase-3,
caspase 6, Bax, and Bcl-XL (Cell Signaling Technology, Danvers,
MA). Nuclear fragmentation was detected using a commercial im-
munofluorescence-based APO-BrdU terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay (Invitrogen). In
addition, overall cell viability was determined using the CytoSelect
assay (Cell Biolabs Inc.) and by measuring release of lactate dehy-
drogenase into media using an assay from Roche Applied Science
(Indianapolis, IN).

Results
All of these experiments were performed on the differenti-

ated cells of an immortalized mouse podocyte cell line, which
express functional NMDA receptors (Anderson et al., 2011)
along with many other podocyte markers (Kim et al., 2008,

2009, 2010). Initial experiments were motivated by previous
reports that activation of neuronal NMDA receptors leads to
increased production of ROS (Kishida et al., 2005; Girouard
et al., 2009). We observed that exposure to NMDA increased
production of ROS in podocytes using a fluorometric assay
based on production of a highly fluorescent product in the
presence of horseradish peroxidase (Fig. 1A). This assay pri-
marily detects production of H2O2, and we observed that 24 h
of exposure to 100 �M NMDA caused a marked increase in
H2O2 production that was maintained with longer exposures
up to 72 h. However, a 6-h exposure to NMDA did not pro-
duce a detectable increase in bulk cytosolic H2O2 above that
seen in untreated cells. The NMDA-evoked increase in H2O2

was not seen in cells concurrently treated with 100 �M
MnTBAP, a membrane-permeable mimetic of superoxide dis-
mutase (Batinić-Haberle, 2002) and catalase (Day et al.,
1997) that we have used previously in studies of mouse
podocytes (Kim et al., 2012).

ROS are produced as a product of various NADPH oxidases,
which have been implicated in NMDA receptor-mediated exci-
totoxic responses in neurons (Kishida et al., 2005; Girouard et
al., 2009). The NADPH oxidase NOX2 is normally regulated by
formation of complexes at the cell surface with cytosolic regu-
latory subunits, including one known as p47(phox) (Bedard and
Krause, 2007). Using cell-surface biotinylation assays, we ob-
served that 24-h treatment with NMDA resulted in a marked
increase in the steady-state surface expression of p47(phox) that
was blocked by concurrent treatment with the NMDA antago-
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nist MK-801 (Fig. 1, B and C). In contrast, NMDA had no
consistent effect on the steady-state surface expression of NOX2
or NOX4 (data not shown). Taken together, these data indicate
that, as in neurons, NMDA receptor activation in podocytes
results in oxidative stress associated with increased production
of ROS that is mediated at least in part by modulation of an
NADPH oxidase isoform.

Previous studies have shown that TRPC6 channels are
redox-sensitive proteins (Wang et al., 2009; Graham et al.,
2010), and we have shown that exogenous application of
H2O2 and other treatments that increase generation of ROS
result in increased surface expression of podocyte TRPC6
channels (Kim et al., 2012). In the present study, we have
observed that 24-h treatment with 50 or 100 �M NMDA
caused a robust increase in the steady-state surface expres-
sion of podocyte TRPC6 channels (Fig. 2A). Moreover, this
effect was blocked by concurrent application of MK-801 (Fig.
2B) or MnTBAP (Fig. 2C).

We also observed an increase in functional macroscopic
currents with pharmacological properties of TRPC6 (Fig. 3).
In these experiments, podocytes were treated with NMDA
receptor agonists and antagonists for 24 h. Cells were then
treated with 100 �M OAG for 15 min before whole-cell re-
cordings. OAG is a membrane-permeable analog of diacyl-
glycerol that can activate TRPC6, TRPC3, and TRPC7 chan-
nels (Hofmann et al., 1999). We have previously shown that
the OAG-evoked macroscopic currents in podocytes are elim-
inated by TRPC6 knockdown (Kim et al., 2012). Whole-cell
currents were evoked by 2.5-s duration ramp voltage com-
mands (�80 to �80 mV) before and after application of 50
�M La3� (Fig. 3A), which blocks TRPC6 channels but not
TRPC5 channels in podocytes (Tian et al., 2010). The La3�-
sensitive components of the currents were obtained by digital
subtraction in each cell and then quantified (Fig. 3B). We

observed that La3�-sensitive currents (measured at �80 mV)
in cells previously exposed to NMDA were nearly 3-fold
larger than those observed in untreated cells, and the effects
of NMDA were blocked by concurrent treatment with either
10 �M MK-801 or 100 �M MnTBAP (Fig. 3, A and B). In
addition, we observed that the currents recorded using these
protocols were almost completely inhibited by 50 �M SKF-
96365 (Fig. 3C), an agent that blocks cationic channels in the
TRPC family and that nearly eliminates TRPC6 currents in
podocytes at this concentration (Kim et al., 2012). It is im-
portant to note that in these experiments, NMDA treatments
were completed before electrophysiology, and NMDA was not
present at the time the recordings were made. Taken to-
gether, these results indicate that NMDA-evoked generation
of ROS results in mobilization of functional TRPC6 channels.
The electrophysiological data are therefore consistent with
the results of cell surface biotinylation assays.

These observations raised the possibility that sustained
activation of NMDA receptors in podocytes can engage func-
tionally significant pathways that are downstream of
TRPC6. One such pathway entails activation of NFAT
(Schlöndorff et al., 2009). Highly phosphorylated NFAT nor-
mally resides in the cytosol. However, TRPC6-mediated ac-
tivation of calcineurin results in dephosphorylation of NFAT,
causing some of it to translocate to the nucleus where it can
regulate gene expression (Scott et al., 1997; Kuwahara et al.,
2006). Using an assay based on cell fractionation, we ob-
served that 100 �M NMDA treatment for 24 h caused a
marked increase in the amount of NFAT that is located in
nuclei (a cell fraction enriched in histone) but did not produce
a substantial effect on cytosolic NFAT (a much larger pool in
a cell fraction in which actin is abundant) (Fig. 4A). This
effect of NMDA was blocked by concurrent exposure to 10 �M
MK-801. It was also blocked by 50 �M SKF-96365. It is
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noteworthy that SKF-96365 does not block NMDA receptors
in neurons (Zhu et al., 2005), and this result suggests that
mobilization of TRPC6 underlies this response to NMDA.
Stimulatory effects of NMDA could also be seen using confo-
cal microscopy to examine localization of NFAT after drug
treatments (Fig. 4B). These experiments showed that NMDA
treatment increased the nuclear localization of NFAT and
that this effect was blocked by concurrent treatment with
MK-801 and SKF-96365. Using the same methods, we also
observed that the effects of NMDA on nuclear localization of
NFAT were also blocked by concurrent treatment with 10 �M
CsA, an inhibitor of the phosphatase calcineurin (Fig. 5).

One significant consequence of activation of TRPC6-cal-
cineurin signaling cascades in podocytes is modulation of
small GTPases (Greka and Mundel, 2012). We have previ-
ously shown that NMDA can cause activation of Rho, which
we have repeated in the present studies (Fig. 6A). We have
extended these observations to show that NMDA treatment
for 24 h produces much less Rac activation (Fig. 6B). Rac
activation in podocytes is reported to be preferentially cou-
pled to TRPC5 signaling cascades (Tian et al., 2010). Another
consequence of NMDA treatment for 24 h is an apparent
dedifferentiation or loss of cell function as evidenced by a
marked fall in total expression of the podocyte markers neph-

rin and podocin relative to that of actin and an even larger
relative decrease in the steady-state surface expression of
these membrane proteins (Fig. 7). This result cannot be ex-
plained by a loss of viable cells, at least at 24 h. Thus, we
observed that normal numbers of cells are still present after
24 h of NMDA treatment (Fig. 8A), which indicates that
these cells are remarkably resistant to excitotoxic effects of
NMDA compared with neurons (Choi, 1992). However, 72 h
of continuous exposure to NMDA causes podocytes to die as
evidenced by simply counting the number of cells that can be
labeled with vital dyes (Fig. 8A) or by monitoring release of
lactate dehydrogenase into the medium (Fig. 8B). As in neu-
rons (Hardingham, 2009), the cell death evoked by 72-h
NMDA treatment seems to be mediated in part by apoptosis.
Thus, NMDA treatment resulted in marked fragmentation of
podocyte DNA detected using immunofluorescence TUNEL
assays (Fig. 8C). TUNEL signal was not detected in control
cells or in cells treated with NMDA for 24 h. In addition,
NMDA treatment for 72 h evoked increases in caspase-3,
caspase-6, and Bax and a fall in Bcl-XL, as measured by
immunoblot (Fig. 8D).

NMDA is an artificial ligand, albeit one that is a highly
selective agonist for NMDA receptors. The question arises as
to whether an endogenously occurring NMDA receptor ago-
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nist can evoke similar effects. We observed that 24-h expo-
sure to 50 �M L-HCA evoked a robust increase in surface
expression of TRPC6 channels as assessed by cell surface
biotinylation assays, a response that was indistinguishable
from that evoked by NMDA (Fig. 9, A and B), as well as an
increase in amplitudes of OAG-evoked TRPC6 currents (data
not shown). We also observed that a 72-h exposure to 50 �M
L-HCA evoked nuclear fragmentation similar to that evoked

by NMDA (Fig. 9C), suggesting that this NMDA agonist can
also evoke apoptotic cell death.

Discussion
In this study we have demonstrated a functional link be-

tween sustained activation of podocyte NMDA receptors and
the mobilization of TRPC6 channels to the cell. Mobilization
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of TRPC6 channels seems to be driven by generation of ROS
and leads to engagement of associated downstream signaling
cascades, including calcineurin, NFAT, and Rho. Sustained
activation of NMDA receptors also leads to reduced surface
expression of the essential slit diaphragm proteins nephrin
and podocin and eventually induces apoptotic cell death. The
pathways activated by NMDA may not be entirely in series.
For example, it is likely that continuous production of ROS
will exert deleterious effects on podocytes independent of
TRPC6 mobilization, and calcineurin effects on Rho do not
require activation of NFAT (Faul et al., 2008). However,
coupling to TRPC6 is likely to amplify the adverse effects of
sustained NMDA receptor activation.

In neurons, the NMDA-evoked generation of ROS is medi-
ated by activation of the NADPH oxidase NOX2 (Kishida et
al., 2005; Girouard et al., 2009). Our results suggest that a
similar mechanism occurs in podocytes, because we observed
increased surface expression of p47(phox) after 24 h of NMDA
treatment and inhibition of NMDA effects by a ROS scaven-

ger. In contrast, we did not see marked increases in steady-
state surface expression of NO2 or NOX4. Recall that
p47(phox) is one of two cytosolic auxiliary subunits of NOX2,
and its translocation to the cell surface is an essential step
leading to activation of NOX2 catalytic activity (Bedard and
Krause, 2007). Previous studies have shown that TRPC6 are
redox-sensitive channels and that ROS affects both the gat-
ing and steady-state expression of these channels on the cell
surface (Wang et al., 2009; Graham et al., 2010; Kim et al.,
2012). We have previously shown that generation of ROS via
mobilization of the NADPH oxidase NOX4 contributes to
insulin-evoked mobilization of TRPC6 channels, and we have
proposed that this is a normal feature of insulin signaling in
podocytes (Kim et al., 2012). Therefore, it is interesting that
NMDA seems to mobilize podocyte TRPC6 channels through
its actions on a different NADPH oxidase (NOX2). The mech-
anisms whereby NMDA receptor activation leads to activa-
tion of NOX2 are not clear. However, it is possible that there
are multiple independently regulated populations of TRPC6
channels. In this regard, TRPC6 channels have been detected
in the cell body and major processes of podocytes as well as at
the slit diaphragm (Reiser et al., 2005; Huber et al., 2006),
and TRPC6 channels are likely to reside in molecularly dis-
tinct complexes, depending on their location in the cell (Ro-
selli et al., 2002; Huber et al., 2006). It is also possible that
transient elevations of ROS may play an important role in
normal signaling cascades, but continuous elevation of these
species may induce pathophysiological responses, as with
Ca2� signaling (Lavin and Winn, 2011).

The NMDA-evoked increase in surface expression of podo-
cyte TRPC6 channels is associated with an increase in OAG-
activated cationic currents in podocytes that are blocked by
La3� or SKF-96365. This effect of NMDA was abolished by
concurrent exposure to the NMDA antagonist MK-801 and
by quenching ROS. NMDA-evoked mobilization of TRPC6
channels also increased NFAT localization in podocyte nu-
clei. NFAT is a transcription factor that is regulated by the
phosphatase calcineurin, which dephosphorylates NFAT and
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thereby allows its translocation to the nucleus (Scott et al.,
1997). A contribution of TRPC6 channels to this pathway was
initially established in cardiac cells, where it is thought to
play a role in angiotensin-mediated cardiac hypertrophy (Ku-
wahara et al., 2006). A role for NFAT in podocyte signaling
was implicated by studies in cultured cells using a lumines-
cent NFAT promoter (Schlöndorff et al., 2009; Nijenhuis et
al., 2011), and it has been observed more recently that podo-
cyte-specific overexpression of NFAT leads to albuminuria
and glomerulosclerosis, along with reduced expression of
nephrin and synaptopodin (Wang et al., 2010).

In the present study we observed that NMDA-evoked
movement of endogenous NFAT to the nucleus was com-
pletely blocked by MK-801 and was also blocked by the TRPC
inhibitor SKF-96365. We should note that SKF-96365 does
not inhibit NMDA receptors (Zhu et al., 2005), and these data
therefore suggest that the effects of NMDA on NFAT require
amplification by TRPC channels. In this regard, we also
observed partial inhibition of NMDA-evoked NFAT activa-
tion after TRPC6 knockdown using small interfering RNA
(data not shown), although we should also note that the
TRPC6 knockdown in those experiments was not complete.
We also blocked NMDA-evoked NFAT mobilization using
CsA, confirming that calcineurin activation is an essential
intermediate step in this cascade, as described previously
(Schlöndorff et al., 2009; Wang et al., 2011). Calcineurin can
also affect the podocyte cytoskeleton, in part through dephos-

phorylation of synaptopodin, which in turn affects Rho sig-
naling (Faul et al., 2008). A previous study has suggested
that TRPC6 is preferentially coupled to RhoA signaling in
podocytes, whereas TRPC5 is preferentially coupled to Rac1
(Tian et al., 2010). In the present study, we confirmed that
NMDA causes robust activation of Rho, consistent with the
observed mobilization of TRPC6. In a separate set of exper-
iments we have observed that NMDA causes at least some
mobilization of TRPC5 channels to the cell surface (data not
shown), but for whatever reason this was not sufficient to
cause activation of Rac. It is possible that Rac activation also
requires activation or overactivation of angiotensin signaling
systems in these cells (Tian et al., 2010). In any case, a role
for TRPC5 in podocyte physiology has not as yet been estab-
lished by in vivo experiments.

Treatment of podocytes with NMDA for 24 h evoked a fall
in total expression of both nephrin and podocin relative to
that of actin. It is noteworthy that this treatment caused an
even more striking decrease in the steady-state surface ex-
pression of these membrane proteins. A reduction in podocin
and nephrin expression at the protein level is observed in
several acquired glomerular diseases (Horinouchi et al.,
2003; Koop et al., 2003) and may be a consequence of NFAT
activation (Wang et al., 2010). With even longer exposure to
NMDA (72 h), we observed apoptotic cell death on the basis
of several criteria. In this regard, sustained activation of
calcineurin in podocytes can also lead to apoptosis (Wang et
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al., 2011). Likewise, ROS-mediated activation of TRPC6 has
been implicated in podocyte pathology evoked by puromycin
aminonucleoside, and this effect is sensitive to inhibition of
NOX2 (Wang et al., 2009), suggesting that the combination of
oxidative stress and Ca2� overload is highly deleterious for
the normal function of podocytes and their foot processes
(Lavin and Winn, 2011). Nevertheless, it is notable that
podocytes are much less sensitive to toxic effects of NMDA
than neurons, which generally die within 6 h of the onset of
treatment.

Given all this findings, the question arises as to what
physiological conditions might lead to sustained activation of
podocyte NMDA receptors and the initiation of these cas-
cades? The NMDA receptors of podocytes are not activated by
L-glutamate or L-aspartate, in very marked contrast to neu-
ronal NMDA receptors (Anderson et al., 2011). The molecular
basis for this anomalous feature is not understood, but it
suggests that NMDA receptors are not part of the local glu-
tamate signaling pathway recently identified in podocytes
(Rastaldi et al., 2006; Giardino et al., 2009). That pathway
instead seems to be mediated by metabotropic glutamate
receptors (Puliti et al., 2011; Gu et al., 2012). Podocyte (An-
derson et al., 2011) and neuronal (Kim et al., 1987; Olney et
al., 1987) NMDA receptors are robustly activated by sulfur-
containing derivatives of methionine metabolism, such as
L-HCA. These metabolites are markedly elevated in chronic
kidney disease (Massy, 2006; Potter et al., 2008) and can
achieve circulating concentrations sufficient to activate
NMDA receptors (Heinz et al., 2009). In this regard, the
deleterious effects of hyperhomocysteinemia on cardiac tis-
sue are markedly reduced in mice with heart-specific knock-
down of NMDA receptor NR1 subunits (Tyagi et al., 2010). In
addition, a variety of treatments that lead to chronically
elevated serum L-homocysteine levels in rodents result in
glomerulosclerosis and effacement of podocyte foot processes
(Yi et al., 2007; Sen et al., 2010; Zhang et al., 2010a,b, 2011).

Moreover, the glomerulosclerosis and proteinuria evoked by
hyperhomocysteinemia can be reduced by in vivo administra-
tion of MK-801 (Zhang et al., 2010b) and suppressed by
knockdown of auxiliary subunits of NOX2 (Zhang et al.,
2011). We have previously demonstrated that podocyte
NMDA receptors are activated by L-HCA (Anderson et al.,
2011), and in the present study we observed that L-HCA
could also induce robust mobilization of TRPC6, as was seen
with NMDA. As with NMDA, exposure to L-HCA for 72 h also
evoked nuclear fragmentation. These results raise the possi-
bility of a pathophysiological positive feedback loop in which
elevated circulating L-homocysteine metabolites lead to
NMDA receptor- and TRPC6-mediated glomerular damage
and kidney disease. This could result in additional elevations
in L-homocysteine and acceleration of nephropathy. It is pos-
sible that intervening in this vicious cycle through inhibition
of either NMDA receptors or TRPC6 channels could slow the
loss of nephrons and may represent a plausible strategy for
treatment of chronic glomerulodegenerative diseases.
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