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Brain injury after focal cerebral ischemia, the most common cause of stroke, develops from a series of pathological
processes, including excitotoxicity, inflammation, and apoptosis. While NMDA receptors have been implicated in
excitotoxicity, attempts to prevent ischemic brain damage by blocking NMDA receptors have been disappointing.
Disruption of neuroprotective pathways may be another avenue responsible for ischemic damage, and thus preservation
of neuronal survival may be important for prevention of ischemic brain injury. Here, we report that suppression of
proteolytic degradation of transient receptor potential canonical 6 (TRPC6) prevented ischemic neuronal cell death in a rat
model of stroke. The TRPC6 protein level in neurons was greatly reduced in ischemia via NMDA receptor–dependent
calpain proteolysis of the N-terminal domain of TRPC6 at Lys16. This downregulation was specific for TRPC6 and
preceded neuronal death. In a rat model of ischemia, activating TRPC6 prevented neuronal death, while blocking TRPC6
increased sensitivity to ischemia. A fusion peptide derived from the calpain cleavage site in TRPC6 inhibited degradation
of TRPC6, reduced infarct size, and improved behavioral performance measures via the cAMP response element–binding
protein (CREB) signaling pathway. Thus, TRPC6 proteolysis contributed to ischemic neuronal cell death, and
suppression of its degradation preserved neuronal survival and prevented ischemic brain damage.
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Brain	injury	after	focal	cerebral	ischemia,	the	most	common	cause	of	stroke,	develops	from	a	series	of	patho-
logical	processes,	including	excitotoxicity,	inflammation,	and	apoptosis.	While	NMDA	receptors	have	been	
implicated	in	excitotoxicity,	attempts	to	prevent	ischemic	brain	damage	by	blocking	NMDA	receptors	have	
been	disappointing.	Disruption	of	neuroprotective	pathways	may	be	another	avenue	responsible	for	isch-
emic	damage,	and	thus	preservation	of	neuronal	survival	may	be	important	for	prevention	of	ischemic	brain	
injury.	Here,	we	report	that	suppression	of	proteolytic	degradation	of	transient	receptor	potential	canonical	6	
(TRPC6)	prevented	ischemic	neuronal	cell	death	in	a	rat	model	of	stroke.	The	TRPC6	protein	level	in	neurons	
was	greatly	reduced	in	ischemia	via	NMDA	receptor–dependent	calpain	proteolysis	of	the	N-terminal	domain	
of	TRPC6	at	Lys16.	This	downregulation	was	specific	for	TRPC6	and	preceded	neuronal	death.	In	a	rat	model	of	
ischemia,	activating	TRPC6	prevented	neuronal	death,	while	blocking	TRPC6	increased	sensitivity	to	ischemia.	
A	fusion	peptide	derived	from	the	calpain	cleavage	site	in	TRPC6	inhibited	degradation	of	TRPC6,	reduced	
infarct	size,	and	improved	behavioral	performance	measures	via	the	cAMP	response	element–binding	protein	
(CREB)	signaling	pathway.	Thus,	TRPC6	proteolysis	contributed	to	ischemic	neuronal	cell	death,	and	suppres-
sion	of	its	degradation	preserved	neuronal	survival	and	prevented	ischemic	brain	damage.

Introduction
Stroke is a major cause of death and long-term disability worldwide. 
Acute ischemic stroke, the most common form, can produce an 
infarct core, in which the cell death is rapid and irreversible, and a 
peri-infarct area, in which the cell damage is delayed and rescuable 
(1, 2). Although several mechanisms, including excitotoxicity, ionic 
imbalance, oxidative and nitrosative stresses, and apoptosis (1–4), 
have been implicated in ischemic neuronal death, the Ca2+ overload is 
still the central focus. The NMDA receptor, the important excitatory 
neurotransmitter receptor in the brain, has been reported as the key 
player for the Ca2+ overload in response to ischemia. However, block-
ing NMDA receptors to protect ischemic neuronal damage in human 
clinical trials leads to severe side effects (5–7). Although many factors 
may have contributed to the unsuccessful trials, it is possible that 
disruption of neuroprotective pathways could be responsible for the 
ischemic cell damage. We thus asked whether preserving neuronal 
survival is critical for brain protection against stroke.

The transient receptor potential canonical (TRPC) is a subfam-
ily of nonselective cation channels permeable to Ca2+, which are 
present in many cell types, including neurons (8–11). The TRPC 
subfamily with 7 subunits can be divided into 4 subgroups based 
on their sequence similarity: TRPC1, TRPC2, TRPC3/6/7, and 
TRPC4/5. Functional TRPC channels are formed by homo- or het-
erotetramers of these subunits (12, 13). The TRPCs have different 
roles, including growth cone guidance (14), neurite outgrowth (15), 
muscle cell proliferation (16), fear memory (17), and neuronal sur-
vival (18). These channels can be activated by a phospholipase C– 
dependent mechanism through activation of both G protein–cou-
pled receptors (GPCR) and receptor tyrosine kinases (13, 19, 20), 

which have been implicated in neuroprotection in ischemia (21, 22).  
Therefore, we asked whether TRPC channels play a neuroprotec-
tive role against cerebral ischemia.

In this study, we report that the TRPC6 protein in neurons in 
ischemia was specifically downregulated by the NMDA receptor–
dependent calpain proteolysis. Blocking its degradation protected 
neurons and brains against cerebral ischemia. These results suggest 
that TRPC6 channels play a critical role in promoting neuronal 
survival against focal cerebral ischemia and that calpain-mediated 
downregulation of TRPC6 contributes to ischemic brain injury.

Results
The TRPC6 protein in the neurons after ischemia was specifically down-
regulated. We first examined the protein levels of TRPCs in a rat 
model of stroke in which the focal cerebral ischemia was induced 
by middle cerebral artery occlusion (MCAO) (23) (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI43165DS1) for 2 hours, which was followed by 
various periods of reperfusion. Among the examined members of 
the TRPC subfamily detected with the specific antibodies (Supple-
mental Figure 2), the protein levels of TRPC6 in the peri-infarct 
area (ipsilateral cortex) after reperfusion were gradually decreased  
(Figure 1A) compared with those in the corresponding contralateral 
cortex. In contrast, the protein levels of TRPC1, -3, -4, and -5, and 
GluR1 were unaltered (Figure 1B and Supplemental Figure 3A). 
The quantitative RT-PCR (qRT-PCR) analysis revealed that TRPC6 
mRNA levels were unchanged in ischemia (Figure 1C). Addition-
ally, TRPC6 immunoreactivity in neurons in the ipsilateral cor-
tex was markedly reduced 24 hours after reperfusion (Figure 1D). 
In contrast, TRPC6 immunoreactivity in glial cells was unaltered 
(Supplemental Figure 3B). In the infarct core region, the protein 
levels of TRPC4, -5, and -6 were markedly reduced (Supplemen-
tal Figure 4). These results indicate that TRPC6 in neurons in the 
peri-infarct area was specifically downregulated.
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Downregulation of TRPC6 preceded ischemic neuronal cell death. We 
then determined whether downregulation of TRPC6 was a con-
comitant consequence of ischemic neuronal death. In the peri-
infarct area, although TRPC6 immunoreactivity was markedly 
reduced in neurons of ischemic rats 24 hours after reperfusion, cell 
death (TUNEL-positive cells) became prominent until 48 hours  
after reperfusion (Figure 2A). Further analysis revealed a nega-
tive correlation between the levels of TRPC6 proteins and the 
numbers of TUNEL-positive cells during reperfusion. As shown 
in Figure 2B, the levels of TRPC6 proteins were greatly decreased 
at the beginning of reperfusion and the reduction in TRPC6 pro-

tein levels remained prominent 12, 24, and 48 hours after reper-
fusion. In contrast, the numbers of TUNEL-positive cells were 
gradually or markedly increased 24 hours or 48 hours, respective-
ly, after reperfusion. Therefore, downregulation of TRPC6 took 
place prior to and during the occurrence of ischemic neuronal 
cell death. These results suggest that reduction in TRPC6 levels 
may play a role in ischemic brain injury.

Downregulation of TRPC6 in modeled ischemia was responsible for 
neuronal cell death. To study whether TRPC6 is functionally down-
regulated under ischemic conditions, we examined TRPC6 pro-
tein levels in the neurons deprived of oxygen and glucose (OGD), 

Figure 1
TRPC6 in the neurons was downregulated in ischemia. (A) Immunoblots of the extracts from the contralateral (C) or ipsilateral (I) cortex (sham; 
left [L] or right [R] hemisphere) using the indicated antibodies. Tubulin served as a loading control. Right panel: quantification of the normalized 
TRPC6 protein levels (n = 5–8 rats per time point). *P < 0.05; **P < 0.01 versus sham. (B) Immunoblots for TRPCs and GluR1 after 24 hours 
reperfusion (R24). Right panel: quantification of the protein levels (n = 5 rats). **P < 0.01 versus contralateral. (C) TRPC6 mRNA levels deter-
mined by qRT-PCR (n = 3–5 rats per time point). (D) Representative images of the indicated cortex after 24 hours reperfusion (R24) double-
stained with the indicated antibodies. Scale bar: 50 μm. Quantification of the optical density for both TRPC6 and NeuN immunoreactivity is shown 
on the right panel (n = 5 rats). **P < 0.01 versus the density in contralateral cortex. Data are presented as mean ± SEM. Unless stated, TRPC6 
antibody from Millipore was used for Figures 1, 2, and 6 and antibody from Alomone Labs was used for Figures 3, 4, 5, and 7.
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a common ischemia model in vitro (24). The protein levels of 
TRPC6, but not TRPC3, were greatly reduced following OGD 
(Figure 3A). However, the mRNA levels for TRPC1, -3, and -6 
were unchanged after OGD (Supplemental Figure 3C). We then 
examined TRPC6 channel activity by the whole-cell patch record-
ing on the cortical neurons after OGD. In neurons, a sustained 
inward current was induced by 1-oleoyl-2-acetyl-sn-glycerol (OAG), 
a membrane-permeable diacylglycerol (DAG) analog known to 
activate TRPC3/6 channels (25). This OAG-induced inward cur-
rent (IOAG) was blocked by N-methyl-D-glucamine (NMDG, to 

replace Ca2+ and Na+) and SKF96365, an agent known to inhibit 
TRPC activity (26, 27), or when TRPC6 expression was specifically 
downregulated by the RNAi construct against TRPC6 (RNAi_C6;  
Figure 3B). Furthermore, OAG induced an elevation in intracellular 
Ca2+ concentration ([Ca2+]i) as determined by fluorescence ratio 
imaging of Ca2+ in cultured cortical neurons. This elevation was 
suppressed by SKF96365 or when the neurons were incubated in 
the Ca2+-free medium or transfected with a dominant-negative 
form of TRPC6 (DN-TRPC6), known to suppress TRPC6 channel 
activity (28) (Supplemental Figure 5).

Figure 2
Downregulation of TRPC6 
was prior to and during isch-
emic neuronal death. (A) 
Representative images of 
the indicated cortex after  
24 hours (R24) or 48 hours 
(R48) reperfusion double 
stained with TRPC6 antibody 
(Millipore) and TUNEL label-
ing. Hoechst stain was used to 
label the nucleus. Scale bar: 
50 μm. (B) Quantification of 
the levels of TRPC6 and the 
numbers of TUNEL-positive 
cells in the ipsilateral cortex 
at the indicated times or sham 
surgery (sham) (n = 3 rats for 
each condition). *P < 0.05;  
**P < 0.01 versus sham. Data 
are presented as mean ± SEM.
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Figure 3
TRPC6 was downregulated in modeled ischemia. (A) Immunoblots of the extracts from cultured cortical neurons after OGD with indicated anti-
bodies. The numbers below the blots are the normalized protein levels (n = 3). (B) Whole-cell recording for cultured cortical neurons (upper trace, 
control) or neurons transfected with RNAi_C6 (lower trace, RNAi_C6). Right panel: quantification of the current density. Islet: representative blots 
for TRPC6. OAG (100 μM); SKF, SKF96365 (10 μM). NMDG in Ca2+-free solution (n = 10 cells for control group; n = 8 cells for RNAi_C6 group).  
*P < 0.05 versus control. (C) I/V relationship of the OAG-induced currents from untransfected (control) or RNAi_C6-transfected neurons (RNAi_C6).  
Quantification of the indicated current densities (D) or the reversal potential of IOAG (E) from control or OGD-treated neurons. *P < 0.05  
versus control. (F–H) Quantification of cell death for the neurons transfected with the constructs, subjected to OGD followed by 24 hours incuba-
tion (n = 3). *P < 0.05; **P < 0.01 versus GFP or scrambled. (I) Immunoblots of the extracts from the neurons transfected with GFP or WT TRPC6 
using the indicated antibodies. (J) Cortical neurons transfected with the constructs subjected to OGD and cell death assessed by PI staining. 
KCREB, dominant-negative form of CREB (n = 3). **P < 0.01 versus GFP. Data are presented as mean ± SEM.
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The double-rectifying property obtained from I/V curve analy-
sis (Figure 3C) showed the characteristics of the TRPC currents. 
Together, these results suggest that the OAG-induced current in 
the neurons was predominantly mediated by TRPC6. In the neu-
rons upon OGD, the IOAG was markedly suppressed, whereas, as 
reported, the IpH6.0 (the current of acid-sensing ion channels) was 
increased (29) (Figure 3D). These results suggest that TRPC6 chan-
nel activity was specifically inhibited. Moreover, the reversal poten-
tial in control and OGD was not different (Figure 3E). Thus, down-
regulation of TRPC6 in the neurons upon OGD suppressed IOAG.

We next tested to determine whether increasing TRPC6 pro-
tein levels could prevent neuronal death induced by OGD. The 
neurons were transfected with GFP-tagged TRPC6 (WT-TRPC6),  
DN-TRPC6, or the RNAi_C6. The TRPC6 overexpression in the neu-
rons was verified by immunoblotting 11 days after electroporation 
(Supplemental Figure 6A). The OGD-induced cell death was great-
ly suppressed in the cultures transfected with TRPC6 (Figure 3F).  
It has been reported that activation of cAMP response element–
binding protein (CREB) is important for neuroprotection against 
ischemia (30, 31) and that Ca2+ influx through TRPC6 contributes 
to CREB activation (18). Indeed, we found that overexpressing 
TRPC6 enhanced the levels of phosphorylated CREB at Ser133  
(p-CREB), an activated form of CREB (Figure 3I). Moreover, 
TRPC6 prevented ischemic neuronal death via a CREB-depen-
dent mechanism, since overexpressing KCREB, a dominant nega-
tive form of CREB, abolished the neuroprotective effect of TRPC6  
(Figure 3J). Conversely, expressing RNAi_C6 or DN-TRPC6 
increased sensitivity to ischemic insults (Figure 3, G and H). Con-
sistently, OAG or SKF96365 suppressed or enhanced cell death 
induced by OGD and ischemia, respectively (Supplemental Figure 6,  
B–D). These results suggest that TRPC6 in modeled ischemia was 
functionally downregulated and that increase in its protein level 
or activity prevented neuronal death.

NMDARs mediated calpain proteolysis of TRPC6 in modeled ischemia. The 
rapid reduction in TRPC6 protein levels after ischemia (Figure 1A)  
suggests that it may be degraded by a protease. Additional stud-
ies were carried out to determine the possible protease that medi-
ated TRPC6 degradation. In cortical extracts, the TRPC6, but not 

TRPC3, protein was rapidly degraded in the presence of Ca2+ and 
the Ca2+-induced TRPC6 degradation was time and dose dependent 
(Supplemental Figure 7, A and B), blocked by EGTA and associ-
ated with calpain activation as indicated by spectrin degradation 
(32) (Figure 4A and Supplemental Figure 7C). Furthermore, PMSF, 
the serine protease inhibitor, cpm-VAD-CHO, the caspase inhibi-
tor, and lactacystin, the proteasome inhibitor, all did not affect the 
Ca2+-induced TRPC6 degradation. In contrast, the calpain inhibi-
tors, including calpeptin, leupeptin, and MDL28170, all prevented 
TRPC6 degradation (Figure 4A and Supplemental Figure 7C). 
Thus, TRPC6 was likely proteolyzed by calpain.

We then determined whether TRPC6 downregulation was indeed 
mediated by calpain proteolysis in modeled ischemia. Both cal-
peptin and MDL28170 blocked OGD-induced TRPC6 degrada-
tion and cell death (Figure 4, B and C). Moreover, knocking down 
calpain by specific siRNAs (Supplemental Figure 7D) blocked the 
TRPC6 degradation (Figure 4D). It has been reported that calpain 
can be activated by Ca2+ influx through N-methyl-D-aspartate 
receptors (NMDARs) during ischemia (33–35). Indeed, we found 
that calpain was activated in ischemia/reperfusion (Supplemental 
Figure 7E). MK801, a known NMDAR blocker, prevented TRPC6 
degradation induced by OGD (Supplemental Figure 7F), and 
knocking down NR1, an indispensable subunit of NMDARs, by 2 
NR1-specific siRNAs (Supplemental Figure 7G), blocked the OGD-
induced TRPC6 degradation (Figure 4E). Furthermore, in the 
MCAO model, intracerebroventricular preinjection of calpeptin or 
memantine (the NMDAR blocker) markedly inhibited TRPC6 deg-
radation (Figure 4, F and G). These results suggest that in ischemia, 
calpain proteolysis of TRPC6 was mediated by NMDARs.

The TRPC6 protein was proteolyzed by calpain at K16 and A17. To con-
firm that TRPC6 was directly proteolyzed by calpain, we trans-
fected HEK293 cells with the N-terminal flag-, second extracellular 
loop HA-, and C-terminal myc-tagged TRPC6 construct (Figure 5A).  
The cell lysates were incubated with different concentrations of 
purified μ-calpain, known as the main isoform of calpain found 
in neurons (36), and immunoblotted with the anti-tag antibodies. 
As detected with anti-HA antibody, μ-calpain dose dependently 
reduced the levels of TRPC6 with a concomitant appearance of  
2 bands with smaller molecular weights (Figure 5A). The reduction 
in TRPC6 levels detected by anti-flag antibody was more sensitive 
to calpain digestion than that detected by anti-myc antibody, and a 
fragment below the full-length TRPC6 was detected by anti-myc, but 
not anti-flag, antibody (Figure 5A). These results indicate that the  
N terminus of TRPC6 was more sensitive to calpain proteolysis and 
that calpain sequentially cleaved the TRPC6 protein. We thus made 
a construct in which the N terminus of TRPC6 (from M1 to D203) was 
fused to the NUS-tag (NUS_C61–203). After calpain digestion of the 
purified NUS_C61–203, a 22-kDa fragment was found (Figure 5B).  
The N terminus of this fragment was sequenced to be AAPGA 
with Edman degradation, demonstrating that the calpain cleavage 
site in TRPC6 was between K16 and A17 (Figure 5B). Two–amino 
acid deletion surrounding the cleavage site (TRPC6Δ16-17) inhib-
ited the calpain proteolysis of TRPC6 (Supplemental Figure 8A),  
supporting that the cleavage between K16 and A17 in TRPC6 plays 
a critical role in triggering loss of the protein. To prevent the cleav-
age of TRPC6, a TAT-C6 peptide was designed to generate a cell-
permeable peptide (37) that contained a sequence spanning the 
calpain cleavage site in TRPC6 (Figure 5B). The TAT-C6 peptide 
dose dependently inhibited Ca2+-induced TRPC6, but not spectrin, 
degradation in the cortical extracts (Figure 5C).

Figure 4
NMDAR-mediated calpain proteolysis of TRPC6 in modeled ischemia. 
(A) TRPC6 was proteolyzed by calpain. Immunoblots of the rat brain 
lysates incubated with Ca2+ in the presence or absence (No inh.) of 
the indicated agents using the indicated antibodies. Calpeptin, 20 μM;  
leupeptin, 100 μM; PMSF, 100 μM; EGTA, 5 mM. Right panel: quanti-
fication of TRPC6 levels (n = 3). **P < 0.01 versus control. (B) Immu-
noblots for TRPC6 in cortical neurons 24 hours after OGD in the pres-
ence of vehicle (Veh.), calpeptin (20 μM), or MDL28170 (MDL, 60 μM).  
Right panel: quantification of TRPC6 levels (n = 3). *P < 0.05;  
**P < 0.01 versus vehicle (TRPC6 antibody: Sigma-Aldrich). (C) Quan-
tification of OGD-induced cell death (at 24 hours) in the presence of 
vehicle, calpeptin, or MDL28170 (n = 3). **P < 0.01 versus vehicle. (D) 
2 calpain siRNA prevented OGD-induced TRPC6 degradation. Lower 
panel: quantification of TRPC6 levels (n = 3). **P < 0.01 versus non-
sense siRNA (NS). (E) 2 NR1 siRNA inhibited OGD-induced TRPC6 
degradation. Right panel: quantification of TRPC6 levels (n = 3)  
**P < 0.01 versus NS. Calpeptin (F) or memantine (G) suppressed the 
ischemia-induced TRPC6 degradation as analyzed by immunoblots. 
Quantifications of TRPC6 levels are shown on the lower panel. R12, 
12 hours after reperfusion (n = 3). **P < 0.01 versus vehicle. Data are 
presented as mean ± SEM.
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The TAT-C6 was neuroprotective in modeled ischemia. We further 
detected whether the TAT-C6 protects neurons in modeled isch-
emia. Neurons were incubated with a control peptide or TAT-C6 
and then subjected to OGD. As shown in Figure 6, the number 
of TUNEL-positive cells in OGD was greatly increased compared 
with that in normoxia, and the control peptide did not affect 
cell survival. In contrast, the number of TUNEL-positive cells 
in OGD in the presence of TAT-C6 was markedly reduced com-
pared with that in OGD in the presence of the control peptide 
(TAT-ctrl) (Figure 6, A and B). To detect whether the N-terminal 
fragment of TRPC6 produced by calpain cleavage may have con-
tributed to the neurotoxicity or protection, we synthesized the 
N-terminal fragment fused with the TAT peptide (TAT-C6-N15)  
and examined its effect on neuronal survival. As shown in Sup-
plemental Figure 9, the peptide did not affect neuronal survival. 
We then detected CREB activity in neuron cultures before and 
after OGD. The levels of p-CREB in OGD groups were greatly 
reduced compared with those in control groups. Preincuba-
tion with TAT-C6 peptide markedly reversed the reduction 

in p-CREB levels (Figure 6C). These results indicate that the  
TAT-C6 peptide indeed maintained CREB activity and protected 
neurons from ischemic insults.

Inhibiting calpain-mediated TRPC6 degradation prevented ischemic 
brain damage. Our in vivo and in vitro results suggest that ischemic 
neuronal cell death was associated with the reduction in TRPC6 
protein levels. To directly show that inhibition of calpain-medi-
ated TRPC6 degradation in neurons indeed prevented ischemic 
brain damage, we intracerebroventricularly preinjected the TAT-C6  
peptide and assessed the infarct volume in a double-blinded 
manner. As shown in Figure 7, A and B, TRPC6 degradation or 
infarct volume in ischemia was greatly prevented or reduced, 
respectively, in TAT-C6 groups. Moreover, the TAT-C6 peptide 
specifically inhibited TRPC6 degradation, but not spectrin cleav-
age, after ischemia. In the rotarod test, the rats preinjected with 
the TAT-C6 showed a marked improvement in behavior perfor-
mance compared with those preinjected with TAT-ctrl (Figure 7C).  
This improvement in behavior performance was found 35 days 
after ischemia (Figure 7C). Furthermore, the mortality of TAT-C6 

Figure 5
TRPC6 was cleaved by calpain at Lys16. (A) Immunoblots of the lysates from HEK293 cells transfected with the TRPC6 tagged with N-flag-
second loop-HA-C-myc (the schematic) and incubated with μ-calpain at the indicated concentrations using the indicated antibodies. (B) Purified 
NUS_C61-203 was digested with calpain and stained with Coomassie blue. Arrow indicates a 22-kDa fragment, whose N-terminal sequence is 
shown on the right. Lower sequence shows TAT-C6. (C) Immunoblots of the rat brain lysates incubated with 1 mM Ca2+ for 30 minutes in the 
presence of the indicated concentrations of TAT-C6 peptide using the indicated antibodies.
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Figure 6
TAT-C6 inhibited neuronal cell death induced by OGD. (A) Representative images of cortical neurons incubated with 5 μM TAT-ctrl or TAT-C6 
2 hours before OGD and double stained with TRPC6 antibody and TUNEL labeling 24 hours after OGD. Hoechst stain was used to label the 
nucleus. Scale bars: 50 μm. (B) Quantification of OGD-induced cell death (at 24 hours) in the presence of TAT-ctrl or TAT-C6. *P < 0.05 versus 
TAT-ctrl. (C) Immunoblots for CREB and pCREB of the extracts from OGD-treated cortical neurons receiving TAT-ctrl or TAT-C6. Right panel 
shows quantification of p-CREB levels (n = 3–6 cultures). *P < 0.05 versus control or TAT-ctrl. Data are presented as mean ± SEM.
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groups was much lower than that of TAT-ctrl groups (Figure 7D). 
We also determined CREB activity by measurement of p-CREB 
(Ser-133) levels in the cortical extracts. The p-CREB levels in isch-
emic groups were markedly reduced compared with those in sham 
groups. Injection of TAT-C6 peptide substantially reversed the 
reduction in p-CREB levels (Figure 7E). Moreover, the improvement 
in behavior performance and reduction in mortality in TAT-C6  
groups were associated with the maintenance of the levels of  
p-CREB. These results are thus consistent with the explanation 
that TRPC6 promotes activation of CREB to protect neurons 
against ischemia. Together, these results suggest that preventing 
calpain-mediated TRPC6 degradation did maintain the integrity 
of the circuitry to improve their behavior outcome and protect rats 
from ischemic brain damage.

Discussion
In cerebral ischemia, both detrimental and protective pathways 
could affect the pathological processes of brain damage. The 
unsuccessful results of clinical trials to prevent ischemic brain 
injury by blocking the detrimental pathways support search for 
new mechanisms or targets for neuroprotection in stroke. Here we 
showed that inhibition of calpain proteolysis of TRPC6 protected 
rats from ischemic brain damage. Several lines of evidence support 
this conclusion. First, TRPC6 was specifically degraded in transient 
ischemia and this degradation occurred prior to and during the 
neuronal cell death (Figures 1 and 2). Second, TRPC6 function was 
suppressed in modeled ischemia. Maintaining its expression was 
neuroprotective via the CREB-dependent mechanism (Figures 3  
and 7E). Third, NMDARs mediated calpain proteolysis of TRPC6 
(Figure 4). Finally, inhibition of calpain proteolysis of TRPC6 by 
the TAT-C6 peptide protected animals from ischemic brain damage 
and improved their behavior performance after stroke (Figure 7,  
B–D). We thus propose that both detrimental and protective sig-
nalings greatly influence ischemic brain damage, in which TRPC6 
protects neurons against ischemic insults. Therefore, inhibition of 
TRPC6 degradation to preserve neuronal survival could be a new 
preventive strategy against ischemic brain damage.

Brain injury affects neuroprotective pathways that maintain ionic 
homeostasis (38), among which CREB plays a pivotal role in pre-
serving neuronal survival (39, 40). Our results are consistent with a 
model in which inhibition of the TRPC6/CREB pathway may con-
tribute to ischemic brain damage. It is possible that suppression of 

CREB as a result of TRPC6 downregulation inhibits the expression 
of survival factors, including BDNF and Bcl-2 (41), which may affect 
neuronal survival in ischemia. Neuronal damage in ischemia can 
cause deficits in motor circuitry, resembling the palsy of embolic 
stroke patients (42). Blocking TRPC6 degradation maintained phos-
phorylation of CREB and greatly improved behavior performance 
(Figure 7C), supporting the idea that the TRPC6/CREB pathway is 
important for maintaining neuronal circuitry after stroke.

A notable phenomenon is that TRPC6, as a member of the TRPC 
subfamily, is implicated in ischemic neuronal survival, whereas 
TRPM7 is implicated in ischemic neuronal death (43, 44). The 
diversity in activation mechanisms of TRP channels might contrib-
ute to the difference. It has been reported that TRPM7 is directly 
activated by ROS (reactive oxygen/nitrogen species) (43), which 
induces neuronal damage in pathological conditions (45, 46). In 
contrast, TRPC6 is activated by both receptor tyrosine kinases and 
GPCRs, molecules known to be important for neuronal survival 
(18, 47, 48). It is thus possible that TRPC6 preserves neuronal 
survival likely via transmitting survival signals in ischemia. Addi-
tionally, TRPM7 may act upstream from excitotoxicity in ischemic 
neuronal damage (43, 44). In contrast, TRPC6 mediates neuropro-
tective effects, a possible role of TRPC6 in brain development (18). 
Furthermore, the divalent cation selectivity of TRPC6 and TRPM7 
is different (49). Owing to the high divalent cation selectivity, acti-
vation of TRPM7-containing channels in ischemia leads to Ca2+ 
overload, ROS production, and subsequent ischemic cell death. In 
contrast, a modest level of Ca2+ influx through TRPC6 channels 
leads to activation of both ERK and CaMK, which converge on 
CREB to promote neuronal survival.

It should be pointed out that TRPC6, but not other members 
of the TRPC subfamily, was degraded in ischemia. Sequence 
alignments among TRPC3, -6, and -7 revealed that the first 60 
amino acids in their N termini are very different although the 
sequence similarity of these subunits is higher than 60%. The 
alignment analysis also showed that the cleavage site found 
here in TRPC6 is unique among these subunits (Supplemen-
tal Figure 8B). The sequence difference in the cleavage site may 
explain why only TRPC6 was proteolytically degraded by cal-
pain. We did not find upregulation of TRPC3 in ischemia (data 
not shown), although TRPC3 mRNA expression is increased in 
TRPC6 knockout mice (50). Moreover, TRPC6 and -3 are not 
freely functionally interchangeable (50–52). In our study, focal 
cerebral ischemia was transient; it is thus possible that no com-
pensatory effect of other members of TRPCs could take place in 
such a short period of time.

Our inability to detect in vivo the TRPC6 cleavage product that 
was found in vitro in cultured cells (Figure 5A) suggested that this 
protein after the initial cleavage is not stable in vivo (Figure 1A). 
The mechanism by which its complete degradation is controlled 
is not clear at the present time. Since prolonged incubation with 
calpain resulted in TRPC6 complete degradation (Figure 5A), it is 
possible that calpain mediates its complete degradation, a process 
similar to calpain-mediated proteolysis of p53 (53). Additionally, 
the N-terminal cleavage of TRPC6 is likely a prerequisite for its 
complete degradation, probably via the ubiquitin proteasome sys-
tem, resembling the calpain-mediated cleavage of talin (54), which 
is cleaved by calpain and further degraded by the ubiquitin pro-
teasome system. Consistently, 2–amino acid deletion surrounding 
the cleavage site in TRPC6 inhibited calpain proteolysis of TRPC6 
(Supplemental Figure 8A). Calpain cleavage could produce frag-

Figure 7
Inhibiting calpain-mediated TRPC6 degradation protected rat brains 
from ischemic damage. (A) Immunoblots for TRPC6 and spectrin 
in the cortical extracts from ischemic or sham-treated rats receiving 
vehicle or TAT-C6 peptide (TAT-C6). Right panel: quantification of 
TRPC6 protein levels (n = 3 rats). *P < 0.05 versus vehicle. (B) TTC-
stained brain sections indicated the infarct volumes (bar graph) or 
area (image) in rats receiving vehicle, control TAT-peptide (TAT-ctrl), 
or TAT-C6 peptide after ischemia (n = 8 rats). *P < 0.05 versus vehicle. 
(C) Rotarod evaluation of the 2 groups of rats, showing behavioral 
improvement. Upper curve, rats injected with TAT-C6; lower curve, 
rats injected with TAT-ctrl. *P < 0.05 versus TAT-ctrl (below, number of 
rats used for statistical analysis). (D) Survival rates of rats injected with 
TAT-C6 or TAT-ctrl (n = 6 for TAT-C6 group; n = 10 for TAT-ctrl group) 
after cerebral ischemia. (E) Immunoblots for CREB and pCREB in the 
cortical extracts from ischemic or sham-treated rats receiving TAT-ctrl 
or TAT-C6. Right panel: quantification of pCREB levels (n = 3 rats).  
**P < 0.01 versus TAT-ctrl. Data are presented as mean ± SEM.
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ments with a function (55). Since TAT-C6-N15 did not affect 
neuronal survival, it is unlikely that the N-terminal cleavage frag-
ment of TRPC6 was neurotoxic or protective.

In conclusion, our results suggest that activation of NMDA 
receptors and calpain leads to TRPC6 degradation and neuronal 
damage in ischemia. Thus, activation of the detrimental pathways, 
such as NMDAR/calpain, may disrupt the protective pathways, 
such as TRPC6/CREB, resulting in neuronal damage and subse-
quent ischemic brain injury. In this context, preventing degrada-
tion of TRPC6 by the TAT-C6 peptide could be a new strategy for 
alleviation of ischemic brain damage.

Methods
Animal experiments. The experimental protocols were approved by the 
Institutional Animal Care and Use Committee of the Institute of Neuro-
science, Shanghai, China. Focal cerebral ischemia was induced by MCAO 
(the suture method) for 2 hours in male rats (Sprague-Dawley, 250–280 g)  
under anesthesia (20% chloral hydrate, body temperature 37°C). After 
recovery for different periods, the animals were killed and brains were rap-
idly removed, coronally sectioned at 2 mm, and stained with 2% 2,3,5-tri-
phenyltetrazolium chloride (TTC, in 0.9% saline) for 15 minutes at 37°C. 
Infarct size was determined by digital planimetry of the slices using the 
Image-Pro software (Media Cybernetics Inc.) and normalized for edema. 
The infarct volume for each brain was calculated as I% = (volume of 
contralateral — normal volume of ipsilateral)/volume of contralateral. We 
measured regional cerebral blood flow (rCBF) by Laser-Doppler flowm-
etry (Moor Instruments Ltd.) with a probe fixed on the skull throughout 
the ischemia until 10 minutes after reperfusion (56). Rat intracerebroven-
tricular injection was performed under anesthesia in a stereotaxic instru-
ment (Stoelting Co.) using a microsyringe pump (Stoelting Co.). A scalp 
incision was made and 1 burr hole was opened in the right parietal skull, 
1.7 mm lateral and 0.9 mm posterior to the bregma. A syringe was inserted 
into the brain to a depth of 3.8 mm below the cortical surface. The TAT-C6  
(GRKKRRQRRRCRRGGSLKAAPGAGTRR) and TAT-ctrl (control1; 
GRKKRRQRRRCPPYGYYPSFRGNENRL or control2; GRKKRRQRRRC) 
peptides (5 mM/5 μl) were freshly dissolved in distilled water and were 
injected slowly (0.5 μl/min) into the right ventricle. The needle was kept in 
place for 10 minutes to allow diffusing into the ventricle. Distilled water 
(5 μl) was used as a vehicle control.

Immunoblotting. Samples for immunoblotting were prepared as described 
previously (57). The tissue samples were homogenized in 1:10 (w/v) ice-
cold homogenized buffer containing: 10 mM Tris-Cl, pH 7.4, 150 mM 
NaCl, 5 mM EDTA, 1% Triton-X 100, 1 mM Na orthovanadate, 50 mM 
NaF, 5 mM DTT, and protease inhibitor cocktail (Sigma-Aldrich). The 
homogenates were centrifuged at 15,700 g for 15 minutes at 4°C. Super-
natants were collected and protein concentrations were determined by the 
modified Lowry assay with bovine serum albumin as a standard. Samples 
were stored at –80°C until assay and were thawed only once. Cerebral 
cortical extracts (100 μg) were electrophoresed on SDS/7% PAGE and 
transferred to polyvinyldifluoridine membranes. The membranes were 
incubated overnight at 4°C with the primary antibodies followed by the 
horseradish peroxidase–conjugated anti-rabbit or anti-mouse secondary 
antibodies (Amersham Biosciences). The protein bands were visualized 
using the Amersham ECL system and scanned. The density of the bands 
was determined by ImageQuant (Amersham Biosciences).

Reverse transcription and real-time PCR. Total RNA was isolated by using 
TRIzol (Invitrogen) according to the manufacturer’s protocol, and 5 μg of 
RNA was reverse transcribed with RevertAid M-MulV Reverse Transcriptase 
(MBI Fermentas) and 250 ng random primers (Invitrogen). Quantitative 
RT-PCR was performed as previously described (58). The following primer 

pairs were used for real-time PCR: GAPDH forward, 5′-ATGGGGAAGGT-
GAAGGTCG-3′; GAPDH reverse, 5′-GGGGTCATTGATGGCAACAATA-3′; 
TRPC 6 forward, 5′-GTCGGTGGTCATCAACTACAATC-3′; and TRPC 6 
reverse, 5′-CCACATCCGCATCATCCTCAATT-3′ (59).

Quantification was done using the comparative Ct method (ΔΔCt meth-
od) as suggested by the manufacturer (Applied Biosystems). The cycle num-
ber at which the reaction crossed a threshold (Ct) was determined for the 
endogenous control (GAPDH) and target (TRPC6). The relative amount of 
TRPC6, normalized to the endogenous control and relative to a common 
reference sample was calculated by the formula 2–ΔΔCt. The reaction for the 
GAPDH and TRPC6 was carried out in triplicate for each sample.

Immunohistochemistry and TUNEL staining. The animals were perfused 
with 0.9% saline and then 4% paraformaldehyde in PBS (pH 7.4), and the 
brains was rapidly removed, then embedded in OCT solution (Sakura). 
Coronal or sagittal cryosections (14–20 μm) were made and examined by 
immunohistochemistry and TUNEL staining. Immunohistochemistry was 
performed on 14-μm–thick sections using rabbit polyclonal anti-TRPC6 
(1:100; Millipore), mouse monoclonal anti-NeuN (1:200; Millipore), 
and mouse monoclonal anti-glial fibrillary acidic protein (1:200; Sigma-
Aldrich). The Alexa Fluor 488 goat anti-rabbit IgG and Texas Red-X goat 
anti-mouse IgG (1:5000; Invitrogen) were secondary antibodies. Fluores-
cent signals were detected with a Nikon E800 epifluorescence microscope 
at excitation/emission wavelengths of 488/543 nm. The images were taken 
with a MicroFire digital color camera. For TRPC6 and TUNEL costaining, 
the slices were incubated with TRPC6 antibody and the in situ cell death 
detection kit (Roche) was then used to label the apoptotic cells according 
to the manufacturer’s instructions.

Cell culture, transfection, and OGD. Rat primary cortical cultures (from  
17-day-old embryonic SD rats) were prepared as described (60). The neu-
rons were transfected using the Nucleofector Kit (Amaxa Biosystems) 
according to the manufacturer’s instructions. For OGD, the culture medi-
um was replaced by glucose-free Earle’s balanced salt solution purged by 
nitrogen gas (5% CO2 and 95% N2) for 10 minutes. The cells were then 
placed for 2 hours in an anaerobic chamber (Forma Scientific) filled with 
5% CO2 and 95% N2. The OGD was terminated by switching back to nor-
mal culture conditions. Cell death was assessed by propidium iodide (PI) 
staining. The TAT-C6 and TAT-ctrl peptides were freshly dissolved to 5 μM 
in the culture medium. After incubation for 20 minutes, the peptides were 
washed out and neuron cultures were subjected to OGD.

Electrophysiology. Recordings were performed on cortical neurons (DIV 
10–12) in the whole cell configuration of the patch clamp technique, using 
a computer-controlled 700A amplifier (Axopatch 700A; Molecular Devic-
es). To avoid contamination of K+ current, pipettes (2–4 M) were filled 
with Cs pipette solution containing 140 mM CsCl, 0.3 mM CaCl2, 10 mM 
EGTA, 1 mM MgCl2, and 10 mM HEPES, pH 7.2. Normal extracellular 
solution contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM 
CaCl2, 10 mM D-glucose, and 10 mM HEPES, pH 7.4. To prevent volt-
age-dependent Na+ current, 1 μM TTX was applied. CNQX (20 μM) was 
also used to limit synaptic activities. Holding potential was set at –60 mv.  
Recordings were filtered at 2 kHZ.

Ca2+ imaging. The [Ca2+]i measurement was performed as described pre-
viously (61). Briefly, cortical neurons were loaded with 2 μM Fura-2 AM 
(dissolved in 0.0125% Pluronic acid and diluted with DMSO) in HEPES-
buffered saline (HPSS: 120 mM NaCl, 5.3 mM KCl, 0.8 mM MgSO4,  
1.8 mM CaCl2, 11.1 mM glucose, and 20 mM HEPES, pH 7.4) for 30 min-
utes at 37°C, then washed with HPSS twice and incubated for another  
30 minutes at 37°C. The [Ca2+]i levels (F340/F380 ratio) were examined 
under a Nikon eclipse Te2000-e microscope with dual excitations of Fura-2 
AM at 340 and 380 nm and detection of fluorescent emissions at 500 nm.  
Fluorescent images were collected every 3 seconds using a ×40 fluores-
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cence oil objective for ratiometric Ca2+ measurements. The [Ca2+]i levels 
determined by the ratio F340/F380 were depicted as ΔR/R by MetaMorph 
software. All reagents were diluted to their final concentrations in HPSS 
and applied to the cells by surface perfusion. The duration of exposure to 
each reagent mixture is indicated by the horizontal lines under the traces 
depicting the changes in [Ca2+]i as a function of time.

In vitro calpain assay. Adult rat brain lysates extracted with HEPES buffer 
(5 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol, 1 mM EGTA, and 20 mM  
HEPES, pH 7.4) were incubated with 1 mM CaCl2 for 5–30 minutes at 
37°C. Alternatively, the lysates (100 μl) were incubated with purified μ-cal-
pain (BioVision) in the presence of 1 mM CaCl2 for 30 minutes. For deter-
mination of the cleavage of TRPC6, HEK293 cells were transfected with 
flag-loop-HA-TRPC6-myc constructs by Lipofectamine 2000 (Invitrogen). 
The cell lysates were collected 24 hours later in the HEPES buffer and incu-
bated with μ-calpain. The NUS-C61-203 purified by Ni-column (QIAGEN)  
was digested by calpain and the fragment with the N terminus of the cleav-
age was separated and transferred to the PVDF with CAPS buffer (10% 
methanol and 10 mM CAPS, pH 11). The band of 22 kDa was cut, and the 
Edman degradation analysis was conducted by Research Centre for Pro-
teome Analysis (Shanghai, China).

The rotarod assay. The rat motor function analysis was performed by the 
rotarod test as previously reported (62). Briefly, rats were placed on the 
rotarod (Ugo Basile; Panlab Apparatus) set. The rotarod was accelerated 
uniformly from 4 to 40 rpm over 5 minutes. The animal latency to fall 
was recorded. The rats were trained 3 times per day for 3 days and on the 
morning of the experimental day in order to reduce the variability between 
subjects. Both training and test sessions were identical for TAT-ctrl– and 
TAT-C6–injected rats. We examined the motor function before surgery and 
1, 7, 14, 21, and 35 days after ischemia/reperfusion.

Antibodies and reagents. We purchased antibodies from Alomone Labs 
(rabbit anti-TRPC1, -3, -4, -5, and -6 antibodies), Millipore (rabbit anti-
TRPC6, mouse anti-NeuN, anti-GFAP, anti-spectrin, and anti-NR2A 
antibodies), Upstate Biotechnology Inc. (rabbit anti-GluR1, CREB, and 

phospho-CREB Ser133, and mouse anti-myc antibodies), Sigma-Aldrich 
(mouse anti–α-tubulin, rabbit anti-NR1, and anti-TRPC6 antibodies), and 
Santa Cruz Biotechnology Inc. ( goat anti-calpain 1 antibodies). Unless 
stated, all chemicals were from Sigma-Aldrich. The pCAGGS-IRES-GFP 
directs target gene expression by the CAGGS promoter and EGFP expres-
sion through IRES. The TRPC6 or DN-TRPC6 was subcloned into the 
pCAGGS-IRES-GFP vector. The TRPC6 was also subcloned into the 
pcDNA3 vector with flag (N terminus) and myc (C terminus) tag. The hem-
agglutinin (HA) epitope sequence (YPYDVPDYA) was inserted in tandem 
after Gly572 of the TRPC6 primary sequence to place the epitope in the 
extracellular S3–S4 loop. The sequence that encoded the first 203 amino 
acids of TRPC6 was subcloned into the pET-43.1a vector (Novagen) to 
express an NUS-C61-203 fusion protein in E. coli.

Statistics. All data were presented as mean ± SEM. Statistical analysis was 
performed by either paired or unpaired 2-tailed Student’s t tests. Statisti-
cally significant differences were defined as P < 0.05. The probability of 
survival was calculated using the nonparametric Kaplan-Meier method.
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