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The injury phase after myocardial infarcts occurs during reperfusion
and is a consequence of calcium release from internal stores
combined with calcium entry, leading to cell death by apoptopic
and necrotic processes. The mechanism(s) by which calcium enters
cells has(ve) not been identified. Here, we identify canonical
transient receptor potential channels (TRPC) 3 and 6 as the cation
channels through which most of the damaging calcium enters
cells to trigger their death, and we describe mechanisms activated
during the injury phase. Working in vitro with H9c2 cardiomyoblasts
subjected to 9-h hypoxia followed by 6-h reoxygenation (H/R), and
analyzing changes occurring in areas-at-risk (AARs) of murine hearts
subjected to a 30-min ischemia followed by 24-h reperfusion (I/R)
protocol, we found: (i) that blocking TRPC with SKF96365 significantly
ameliorated damage induced by H/R, including development of the
mitochondrial permeability transition and proapoptotic changes in
Bcl2/BAX ratios; and (ii) that AAR tissues had increased TUNEL+ cells,
augmented Bcl2/BAX ratios, and increased p(S240)NFATc3, p(S473)
AKT, p(S9)GSK3β, and TRPC3 and -6 proteins, consistent with activation of a positive-feedback loop in which calcium entering through
TRPCs activates calcineurin-mediated NFATc3-directed transcription of
TRPC genes, leading to more Ca2+ entry. All these changes were
markedly reduced in mice lacking TRPC3, -6, and -7. The changes
caused by I/R in AAR tissues were matched by those seen after
H/R in cardiomyoblasts in all aspects except for p-AKT and p-GSK3β,
which were decreased after H/R in cardiomyoblasts instead of increased. TRPC should be promising targets for pharmacologic intervention after cardiac infarcts.
apoptosis

of the mitochondrial permeability transition pore (mPTP) (2). Immediately after mPTP activation, mitochondria swell and release
apoptogenic and necrogenic factors, which activate caspase-dependent
and -independent cell death. Experimental animal studies have shown
that pharmacologically inhibiting intracellular and mitochondrial
calcium overload at the onset of myocardial reperfusion can reduce
myocardial IS by 40–50% (3). However, clinical studies investigating
this therapeutic approach have been disappointing thus far (4, 5),
and pharmacologic intervention awaits the discovery of new drugs.
Given that mitochondrial Ca2+ overload is a leading cause of
myocardial damage in I/R injury, reducing Ca2+ entry and cutting
off the source of Ca2+ overload may prove an effective approach.
Ca2+ handling by cells is orchestrated by a set of proteins, including the L-type calcium channel, sarco/endoplasmic reticulum Ca2+-ATPase (SERCA pump), ryanodine receptor (RyR),
sodium/calcium exchanger (NCX), and the mitochondrial calcium
uniporter (MCU). Although attenuation of Ca2+ overload by
targeting these proteins has provided cardioprotection in some
settings of I/R (6, 7), clinical trials were limited by variables such as
the effects of chronic inhibition of Ca2+ and the handling and
timing of administration, calling for a better understanding of the
regulatory mechanisms that govern Ca2+ handling by the heart.
Significance
Calcium overload has been recognized as a critical cause of the
injury tissues suffer after periods of ischemia. The ports that
determine calcium entry into tissues subjected to transient
hypoxia have not been identified. Here we identify two
members of the transient potential receptor channel (TRPC)
family of nonselective cation channels that allow passage of
calcium, TRPC3 and TRPC6, as major factors causing calcium
entry in the heart, which is responsible for ischemia/reperfusion (I/R) injury. Blocking TRPC activity or the genetic ablation
of TRPCs markedly protected cardiac tissue and cells from I/R
injury. TRPC3 and TRPC6 are promising therapeutic targets.
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yocardial ischemia/reperfusion (I/R) injury is a major
cause of morbidity and mortality in several important
clinical scenarios, including acute myocardial infarction, cardiac
arrest, percutaneous coronary artery intervention, and cardiac
surgery. An abiding focus on time to reperfusion, i.e., when flow
through the infarct-affected artery is reestablished either spontaneously or in response to therapeutic interventions, has proven
critical for decreasing myocardial infarct size (IS) and preserving
systolic function. This event, which restores oxygen and nutrients to
the injured tissues, initiates a complex set of responses, globally
referred to as “I/R injury,” which lead to cell death preceded by
inflammation, production of oxygen radicals, Ca2+ overload, and
activation of mitochondrial apoptosis and necrosis (1). Myocardial
Ca2+ overload induced by I/R is a major element of myocardial
dysfunction in heart failure. Mitochondrial Ca2+ overload also can
occur in cardiomyocytes as a consequence of ischemic stress during
which aberrant intracellular Ca2+ is taken up by mitochondria.
During I/R, Ca2+ accumulated in mitochondria leads to the activation
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Results
The initial finding that led us to investigate a possible role of
TRPC channels in I/R injury was that SOCE evoked by the irreversible SERCA pump inhibitor thapsigargin was inhibited in
H9c2 cardiomyoblasts (36) as well as in neonatal cardiomyocytes
by 5 μM of the panTRPC inhibitor SKF96365 (Fig. 1 A and B), a
concentration at which it does not affect bona fide Orai1-based
Ca-release–activated Ca (CRAC) channels generated by the
overexpression of inhibitory levels of Orai1 and rescuing levels of
STIM1 (Fig. 1G) (37). The mouse heart expresses five of the seven
TRPCs; TRPC5 and -7 are not expressed (Fig. 1C). The availability of TRPC3/6/7−/− triple-KO mice (Fig. 1C) led us to test
whether the loss of these TRPCs had a quantitative effect on
SOCE in their neonatal cardiomyocytes. As shown in Fig. 1 E and
F, SOCE is diminished by about 60% in these triple-KO myocytes.
Immunohistochemistry confirmed that cardiomyocytes from
TRPC3/6/7−/− mice lack the C3 and C6 isoforms, confirming the
specificity of the antibodies (Fig. 1D). It should be noted that
higher concentrations of SKF96365 do inhibit Orai1-based
SOCE (Fig. S1). Expression of Orai and STIM mRNAs was
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not affected by the disruption of the genes encoding TRPC3, -6,
and -7 as seen in 35-cycle RT-PCR tests (Fig. S2).
SKF96365 Protects Against Changes Induced by H/R in the in Vitro
H9c2 Myoblast Model of I/R Injury. The mitochondrial permeabil-

ity transition (mPT), which results from the assembly of the
mPTP and the collapse of the mitochondrial membrane potential
(ψm), is one of the hallmarks of H/R injury. The presence of an
assembled mPTP can be visualized in H9c2 myoblasts subjected
to 9-h/6-h H/R by the change in fluorescence of the tetraethylbenzimidazolylcarbocyanine iodide (JC-1) reporter dye from
red (JC-1 aggregated on the surface of polarized mitochondria) to
green (JC-1 distributed as monomers in the cell). As shown in Fig.
2A, normoxic H9c2 cells stain red, whereas cells subjected to H/R
stain green. The addition of SKF96365 during the H/R protocol
inhibited the development of the mPT in a dose-dependent
manner, suggesting that TRPC channels play a critical role in
H/R injury. Note that significant protection was observed at 5 μM
SKF96365, a concentration that does not affect Orai1-based Ca2+
entry channels. mPT is predictive of subsequent cellular apoptosis
and necrosis (38), As shown in Fig. 1B, H9c2 cardiomyoblasts
subjected to a 9-h/6-h H/R protocol have elevated levels of BAX
(Bcl2-associated X protein), reduced levels of Bcl2 (B-cell lymphoma 2), and an increase in activated cleaved caspase 3.
SKF96365 significantly ameliorated this picture of H/R injury (Fig.
2B). This protective effect was inhibited by the preaddition of the
PI3K inhibitor LY294002 (Fig. 2C).
We next tested for changes in the levels of the serine/threonine
protein kinase AKT phosphorylated at Ser473 [(p-Ser473)AKT],
the activated form of AKT, which is a downstream target of PI3K,
resulting from phosphorylation by phospholipid-dependent protein kinases (PDKs) and for changes in glycogen synthase kinase
3β (GSK3β) phosphorylated at Ser9 [(p-Ser9)GSK3β], an inactive
form of GSK3β and a substrate of p-AKT. Both kinases were
found to be partially activated, in sham-treated cells, and their
activation (i.e., the level of the phosphorylated enzymes) was reduced by H/R. These H/R-induced changes were not only blocked
by treatment of the cells with the TRPC inhibitor SKF96365 but
were “reversed,” in that the levels of the so-called “survival kinase” p-AKT and of p-GSK3β increased above the levels found in
untreated cells (Fig. 2C). As occurred with BAX, Bcl2, and
cleaved caspase 3 (Fig. 2B), the effects of H/R were blocked by
5 μM of the pan-TRPC inhibitor SKF96365, strongly suggesting
that TRPC channels participate in the actions of H/R in these
cells. As expected, preaddition of LY294002 prevented the activation of the PI3K signaling pathway.
We also tested whether H/R causes activation of nuclear factor
of activated T cells, cytoplasmic 3 (NFATc3) resulting from dephosphorylation by the phosphoprotein phosphatase calcineurin
(CaN), which in turn is activated by Ca2+-calmodulin (CaM).
Dephosphorylation of p-NFATc proteins exposes a nuclear localization signal (NLS) triggering the translocation of NFATc
into the nucleus where it associates with nuclear NFAT (NFATn)
or, depending on cellular context, with other transcription factors,
including GATA binding proteins 3/4 (39), activator protein 1
(AP1) (40), and myocyte enhancer factor 2 (MEF-2) (41), and
binds to consensus NFAT-binding sites to drive the transcription
of NFAT target genes (42). We found that H/R causes a decrease
in the levels of p-NFATc3, one of the four NFATc isoforms
expressed in cardiomyocytes (Fig. 2D) (43), consistent with activation of the NFAT transcription pathway. SKF96365 (5 μM)
prevented NFAT activation (Fig. 2D), again indicating the involvement of TRPC channels in Ca2+ influx. By an unknown
mechanism H/R not only led to dephosphorylation of NFATc3
without significant changes in total NFATc3 levels (Fig. 2D) but
also caused an increase in both CaN subunit proteins, CaNα and
CaNβ (Fig. 2E).
The transcription of both TRPC3 and TRPC6 has been shown
to be under the control of the NFAT transcription machinery.
Conserved NFAT consensus sites have been found in the promoter of TRPC6 (31), and TRPC3 has been shown to be
PNAS | Published online May 19, 2017 | E4583
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Store-operated Ca entry (SOCE), also known as “capacitative
calcium entry,” is a major mechanism of Ca2+ entry existing in all
cells, excitable and nonexcitable (8), which coexists with voltage-gated
Ca2+ channels in neurons, skeletal muscle cells, and cardiomyocytes
(9–12). Despite evidence that SOCE exists in cardiomyocytes, its
acceptance as a contributor to cardiomyocyte Ca2+ homeostasis
remains limited. Stromal interaction molecule 1 (STIM1) is now
widely recognized as the molecular sensor of endoplasmic and
sarcoplasmic reticulum Ca2+ and the trigger of SOCE. Orai1 (13–
15) and canonical transient receptor potential channel (TRPC)
proteins (16), including TRPC1 (17–19), TRPC4 (20, 21), and
TRPC5 (22), have also been shown to play important roles in
mediating SOCE, whereas TRPC3, TRPC6, and TRPC7 have
been proposed, but not conclusively been proven to participate in
the SOCE phenomenon, i.e., thapsigargin-evoked Ca2+ entry (23–
25). TRPC proteins originate in seven genes coding for channel
proteins (TRPC1–TRPC7) that are grouped into subfamilies by
sequence and functional similarity: TRPC3, -6, and -7, which are
activated by phospholipase C-generated diacylglycerols (DAGs);
TRPC1, -4, and -5, of which TRPC1 is activated by STIM1 (19,
26); and TRPC2, which is expressed most highly in the vomeronasal organ of animals and is absent in Homo sapiens (27).
During the last decade TRPC3 (28), TRPC4 (29), and TRPC6
(28) have been implicated in SOCE-mediated hypertrophic signaling in cardiomyocytes and in the initiation of pathologic cardiac
remodeling (27, 30–32). TRPC channels are expressed at very low
levels in normal adult cardiac myocytes, but the expression and
activity of select isoforms appear to be increased in pathological
hypertrophy and heart failure (30, 33). Transgenic cardiac-specific
overexpression of TRPC3 or TRPC6 in mice causes reexpression
of fetal genes, myocyte hypertrophy, and activation of apoptotic
signaling (29, 34) leading Eder and Molkentin to conclude that
“TRPC channels are bona fide regulators of cardiac hypertrophy
associated with pathological events and neuroendocrine signaling”
(27). In agreement, Makarewich et al. (35) found that Ca2+ influx
through TRPC channels expressed after a myocardial infarct activates pathological cardiac hypertrophy and reduces contractility
reserve. Blocking TRPC activity improved cardiac structure and
function (35). To date, the roles of TRPCs in I/R injury have not
been examined.
In the present study we tested the hypothesis that preventing a
subset of DAG-activated TRPC channels from initiating their
pathological activities in vivo would diminish I/R injury parameters
in mice and, likewise, that inhibition of TRPC activity in vitro would
diminish the damage initiated by hypoxia/reoxygenation (H/R)
in murine cardiomyoblasts. Because there are no effective TRPC
channel inhibitors for in vivo studies, we compared I/R injury in
WT mice with that seen in triple-knockout mice lacking TRPC3,
TRPC6, and TRPC7 (TRPC3/6/7−/− or TRPC3/6/7-KO mice).

up-regulated in an NFAT-dependent manner upon exercise in
skeletal muscle (44). Because H/R causes activation of this
transcription machinery, we examined whether H/R was associated
with increases in TRPC3 and TRPC6 proteins in H9c2 cells. As
shown in Fig. 3A, TRPC3 and TRPC6 protein levels were elevated
in H9c2 cardiomyoblasts after H/R, and this change was accompanied by a functional correlate of TRPC3 and TRPC6 protein levels:
increased Ca2+ influx in response to the TRPC3/6/7 agonist
oleyl-acetyl-glycerol (OAG) (Fig. 3B). The H/R-induced increase in DAG-stimulated Ca2+ entry was inhibited by 5 μM
SKF96365 (Fig. 3B), which is consistent with the idea that the
increase is indeed caused by an increase in the I/R-induced
expression of functional DAG-sensitive TRPC channels of
the TRPC3 and TRPC6 type.
To gain insight into whether the H/R-induced up-regulation of
TRPC channels also occurs in vivo in murine hearts subjected to
an I/R protocol, we examined the effect of I/R on tissues from
cardiac areas at risk (AAR), the areas that had suffered loss of
blood supply for 30 min and then had been reirrigated when the
arterial occlusion was removed for 24 h and that had not died in
this time period. Changes in these areas are assumed to be those
that precede future tissue death. As illustrated in Fig. 3C, and as
expected, TRPC3 and TRPC6 protein levels were increased in
the AARs of WT mice subjected to I/R but not in the AARs of
TRPC3/6/7−/− mice (Fig. 2D). As can be seen, the Western blots
of the AAR tissue from TRPC3/6/7-KO mice were not blank:
They showed weak bands that migrate at the same level as the
bands from WT mice that increased in intensity upon I/R. We
consider these bands to be nonspecific, because they did not
change upon I/R in step with the bands we interpret as
TRPC3 and TRPC6 proteins (Fig. S3). Weak bands of this type
were present in TRPC3/6/7−/− tissues when we used the antibodies given to us by Veit Flockerzi from the University of the
Saarland, Saarbrücken, Germany and also when we used several
commercial antibodies, including those used for immunohistochemistry in Fig. 1D. Levels of another TRPC, TRPC4, were
unaffected by I/R (Fig. 3E).

Fig. 1. A large proportion of the Ca2+ that enters cardiac cells after depletion of Ca2+ stores depends on channels formed by TRPC3 and/or TRPC6.
(A and B) Inhibition of SOCE by 5 μM of the pan-TRPC inhibitor SKF96365 in
neonatal cardiomyocytes (A) and in H9c2 cardiomyoblasts (B). (Left) Time
course of [Ca2+]i changes as seen in Fura2-loaded cells. Traces are averages of
the indicated number of cells. (Right) Summary results of peak intracellular
Ca2+ concentrations reached in the Ca2+ entry phase of the SOCE assays
(means ± SEM of the indicated number of experiments; *P < 0.05). (C) Expression of TRPC mRNAs in cardiac ventricles as seen by 35-cycle RT-PCR
analysis. (Top) Five of the seven TRPCs are expressed in the myocardium.
(Middle) TRPC5 and -7 mRNAs are undetectable in ventricles of Trpc3/6/7−/−
mice. (Bottom) All TRPC mRNAs are detected in whole brains of WT mice
(positive controls). (D, Upper) Immunohistochemistry analysis shows the
presence of TRPC3 and TRPC6 but not TRPC7 proteins in neonatal cardiomyocytes of WT mice. (Lower) TRPC3 and TRPC6 proteins are undetect-
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TRPC3/6/7-KO Mice Are Significantly Protected from I/R Injury. IS is
substantially reduced in TRPC3/6/7-KO mice exposed to 30 min
of cardiac ischemia and 24 h of reperfusion as compared with
WT mice subjected to the same treatment (IS, 24.4 ± 2.3% vs.
44.1 ± 3.5%; n = 12; P < 0.05) (Fig. 3A). There was no significant
difference in the AAR in the two groups (52.6 ± 2.6% vs. 50.5 ±
2.1% AAR; n = 12) (Fig. 3A), confirming that the surgical injury
was equivalent in the treatment groups. WT and TRPC3/6/7-KO
mice show no differences in preocclusion hemodynamics (heart
rate, mean arterial pressure, and rate-pressure product).
After 30 min of ischemia and 24 h of reperfusion, the cardiac
functions of TRPC3/6/7-KO mice, as measured by transmural
echocardiography, were less impaired than those of WT mice (Fig.
4B). Both the ejection fraction (EF) (sham treatment vs. I/R:
79.8 ± 2.5% vs. 36.5 ± 2.2%) and fractional shortening (FS) (sham
treatment vs. I/R: 46.1 ± 3.0% vs. 19.5 ± 2.1%, n = 8) were reduced after I/R in WT mice, as were the EF (sham treatment vs.
I/R: 78.7 ± 2.0% vs. 56.8 ± 3.3); and FS (sham treatment vs. I/R:
44.5 ± 3.4% vs. 30.7 ± 2.5%, n = 8) in TRPC3/6/7−/− mice.
However, the degree of functional loss was significantly less in

able in neonatal cardiomyocytes of TRPC3/6/7−/− mice. (Magnification: 20×.)
(E) Reduction of SOCE in neonatal cardiomyocytes from TRRPC3/6/7−/− mice.
(Left) Comparison of SOCE in WT cells and in TRPC3/6/7−/− cells. (Right) SOCE
in TRPC3/6/7−/− cells. (F) Summary of peak SOCE values in WT and TRPC3/6/7−/−
cells. Data are shown as the means + SEM of the indicated number of independent experiments; *P < 0.05. (G) SKF96365 (SKF) at 5 μM does not inhibit
Orai1-based SOCE in HEK293 cells. SOCE was evoked in HEK293 cells cotransfected with empty vectors (EV) or with vectors coding for Orai1 (O1) and STIM1
(S1), as indicated, loaded with Fura-2, and monitored for intracellular Ca2+
changes evoked by 2 μg/mL thapsigargin. Traces are averages of the changes
observed in the indicated number of cells. Tg, thapsigargin.
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Fig. 2. The pan-TRPC inhibitor SKF96365 significantly protects H9c2 cardiomyoblasts against H/R injury. H/R effects depend on decreased PI3K activity. (A, Left) mPT (JC-1 red to green stain) after the H/R procedure is
largely prevented by increasing concentrations of SKF96365. (Right) Ratios
of red/green cells. Shown are means ± SEM; *P < 0.05 from the indicated
number of experiments. (B–E) Western blot analyses of changes in the levels
of the indicated proteins in H/R-treated H9c2 cardiomyoblasts (Left) and bar
graphs depicting summary averages of the indicated number of experiments
of the observed changes (Right). Values are means ± SEM; *P < 0.05. (B)
Changes in Bcl2, BAX, and cleaved caspase 3 (CC3) proteins in H/R-treated
cells; the protective effect of 5 μM SKF96365 (SKF) and the failure of protection when the PI3K inhibitor LY294002 is present during the H/R procedure are seen. (C) Changes in p-AKT, t-AKT, p-GSK3β, and t-GSK3β proteins
in H/R-treated cells and inhibition of the changes induced by H/R by the
presence of 5 μM SKF96365. Inhibition of PI3K by 30 μM LY294002 is dominant. (D) Changes in (p-Ser240)NFATc3 levels upon H/R treatment and the
prevention of these changes by 5 μM SKF96365. (E) Up-regulation of CaNα
and CaNβ subunit levels by H/R treatment. ns, not significant. Ctrl, control.

He et al.

TRPC3/6/7−/− mice than in WT mice (Fig. 4B, summary bar
graphs). These data revealed that TRPC channels contribute
significantly to I/R injury, as seen by the amelioration of
damage in TRPC3/6/7−/− mice.
Fig. 4C presents the results of histological examination of the
AAR in left ventricle myocardial tissues in different groups.
Compared with the sham-treated group, distinct alterations occurred in the AAR after I/R, including disruption of myocardial
fibers, tissue edema, and neutrophil infiltration. Fig. 4C illustrates
the disruption of myocardial fibers (arrow a), neutrophil infiltration (arrow b), and tissue edema (arrow c). Of note, all the
I/R-induced alterations were ameliorated in TRPC3/6/7-KO mice.
To determine whether TRPC3/6/7-KO mice have preserved ultrastructure after I/R injury, cardiac tissues were examined by
transmission electron microscopy. Control cardiomyocytes in tissues
from both WT and TRPC3/6/7-KO mice had well-arranged sarcomeres and intercalated discs and also had normal mitochondria
without signs of swelling, intact cristae density, and other ultrastructures (Fig. 4D). However, I/R injury in WT mice resulted
in marked ultrastructural damages recognized by absent and unclear sarcomeres and degenerative alterations of myofilaments.
PNAS | Published online May 19, 2017 | E4585
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Fig. 3. H/R in vitro and I/R in vivo up-regulate TRPC3 and TRPC6 channel
proteins. Each lane is the blot of an independent cell or mouse tissue sample.
Bar graphs show summary averages of the indicated number of independent
experiments. Data are shown as means ± SEM; *P < 0.05 for all panels. (A) H/R
treatment of H9c2 cardiomyoblasts leads to increased TRPC3 and
TRPC6 protein levels. (B) Increased OAG-stimulated Ca2+ entry in response to
H/R treatment in H9c2 cardiomyoblasts. The OAG-stimulated Ca2+ entry is
inhibited by 5 μM SKF96365 (SKF). (C and D) Western blot analyses of
TRPC3 and TRPC6 levels in AAR regions of WT and TRPC3/6/7−/− hearts from
mice subjected to the I/R procedure or in ventricles of sham-operated mice,
showing increased TRPC3 and TRPC6 proteins after I/R (C and D) and the
absence of TRPC3 and TRPC6 immunoreactivity in the corresponding samples
from TRPC3/6/7−/− tissues (D), proving antibody specificity. (E) TRPC4 protein
levels are unaffected by I/R. Ctrl, control.

Additionally, fusion and vacuolation of mitochondria with pronounced derangement and disruption of mitochondrial membranes and cristae were observed in the I/R group. All the I/Rinduced ultrastructure alterations seen in WT mice were ameliorated in TRPC3/6/7-KO mice (Fig 4D).
Reduced Apoptosis After I/R in TRPC3/6/7−/− Mice Through Inhibition
of the CaN–NFAT Signaling Path and Up-Regulation of the PI3K–AKT–
GSK3β Survival Signaling Pathway. We next sought to obtain in-

formation indicating that the cellular changes observed in the in
vitro I/R models had in vivo correlates by analyzing changes that
occur in the AARs of the ventricles of TRPC3/6/7−/− mice subjected to I/R.
Changes in proapoptotic BAX and antiapoptotic Bcl2 levels
upon H/R predicted that the level of apoptosis in AAR tissues
should be less in TRPC3/6/7−/− mice than in WT mice, and, indeed, we observed this difference in vivo (Fig. 5A). Thus, TRPC3/
6/7-KO mice had reduced apoptosis, as seen in TUNEL+ cells
(apoptotic rate, 19.2 ± 2.1% in TRPC3/6/7-KO mice vs. 45.8 ±
2.9% in WT mice; n = 10; P < 0.05). Proapoptotic signaling, i.e.,
BAX/Bcl2 ratios and cleaved caspase 3, was augmented upon I/R
and was ameliorated in TRPC3/6/7−/− AARs (Fig. 4B). Likewise,
survival signaling, e.g., p-AKT and p-GSK3β, was significantly
increased after I/R in TRPC3/6/7−/− AARs compared with WT
AARs (Fig. 5C). As shown in Fig. 5D, similar to our findings in
H9c2 cardiomyoblasts (Fig. 2D), p-NFATc3 levels were significantly decreased in the AAR tissue of WT mice subjected to I/R.
This effect was markedly ameliorated in TRPC3/6/7−/− mice. An
examination of the protein levels of the two subunits that make up
the Ca2+/CaM-dependent calcineurin enzyme revealed that the
levels of both CaNα and CaNβ are augmented in the AAR tissues
of mice subjected to I/R compared with their levels in left ventricular tissue of sham-operated mice (Fig. 5 E, i). This increase in
phosphatase protein subunits did not occur in the AAR tissue
from TRPC3/6/7−/− mice; on the contrary, CaNα and CaNβ protein levels were lower in the AAR tissue of TRPC3/6/7−/− mice
than in the AAR tissue of WT mice (Fig. 5 E, iii). This difference
was not the result of an independent consequence of the TRPC
gene disruption, because CaN protein levels in sham-operated WT
and TRPC3/6/7−/− mice were indistinguishable (Fig. 5 E, ii).
The CaM–CaN–NFAT pathway plays a crucial role in cardiac
hypertrophy (45) and in other tissues, including skeletal muscle
(44). In the present studies it seems likely that NFATc3 is at least
partly responsible for the up-regulation of TRPC3 and -6 channels in cardiomyoblasts subjected to H/R, because H/R led to
partial dephosphorylation of p-NFATc3 (Fig. 2D), and for the
up-regulation of TRPC3 and TRPC6 (Fig. 3 A and B). In an
attempt to gain an independent view on the NFAT dependence
of the up-regulation of TRPC3 and TRPC6 channels, as well that
of BAX (Fig. 2B) seen upon H/R, we exposed H9c2 cardiomyoblasts to H/R in the absence and presence of the cellpermeable inhibitor of p-NFAT dephosphorylation, 11R-VIVIT
(46). As shown in Fig. 5F, inhibition of p-NFATc dephosphorylation without inhibition of CaN activity, by preventing access
of CaN to the p-NFAT molecule, prevented the up-regulation of
TRPC3, TRPC6, and BAX observed upon H/R treatment of
the H9c2 cardiomyoblasts.

Fig. 4. Ameliorated I/R injury in TRPC3/6/7−/− mice. (A) Evans blue-TTC
staining of ∼1-mm-thick heart slices from a TRPC3/6/7−/− mouse and a WT
mouse after 30-min/24-h I/R. White indicates infarct; red indicates the AAR;
and blue indicates the area not subjected to blood supply interruption.
TRPC3/6/7−/− mouse hearts have reduced IS normalized to AAR+IS (n = 11,
*P < 0.05) as determined by TTC staining after I/R. There were no significant
differences in AAR between groups. (Magnification: 12×.) (B) A representative echocardiograph recorded from a mouse after 30-min/24-h I/R. Representative M-mode tracings from sham- and I/R-treated animals are shown.
Average cardiac EF and left ventricular FS were computed. TRPC3/6/7−/− mice
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partially preserved FS and EF after I/R injury (n = 7; *P < 0.05; ns, not significant). (C) Representative H&E-stained histological images of the AAR of
left ventricle myocardial tissues in different groups. The image at the lower
left shows the presence of disrupted myocardial fibers (arrow a), the presence of infiltrated neutrophils (arrow b), and edema (arrow c) in AARs of WT
mice after I/R; TRPC3/6/7−/− hearts had a less damaged myocardium after I/R.
(Scale bar: 100 μm.) (D) Electron micrograph of AARs from the hearts of WT and
TRPC3/6/7−/− mice after I/R. No tissue swelling or structural changes were seen
in sham-treated WT and TRPC3/6/7−/− mice. Unclear sarcomeres, degenerative
alterations of myofilament, and fusion and disruption of the mitochondrial
cristae were observed in WT mice after I/R injury. TRPC3/6/7−/− mice had fewer
damaged myocytes and mitochondria after I/R. (Magnification: 5,000×.)
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Discussion
The studies presented here have examined the impact of a DAGactivated subclass of TRPC channels, TRPC3, -6, and -7, on the
consequences of I/R in vivo, as they affect key mediators of the
injury phase of I/R injury. We present a parallel set of studies in
which the effects of H/R, as seen in an in vitro cell model
(H9c2 cardiomyoblasts) are compared with findings seen in vivo in
cardiac I/R experiments in mice.
In both systems we found that blocking TRPC channel activity in
vitro had the same effects on H/R-induced changes as the genetic
ablation of the TRPC3 and TRPC6 channels had on I/R-induced
changes. Thus, preventing TRPC channel function increased the
levels of p-AKT and p-GSK3β, increased protein levels of antiapoptotic Bcl2, and at the same time decreased levels of BAX,
one of the components of the mitochondrial apoptosis-induced
channel (MAC) through which cytochrome c exits to precipitate
He et al.

mitochondrial apoptosis (47). Blocking TRPC function also reduced H/R- and I/R-induced cleaved caspase 3 (Fig. 5 C and E).
Interestingly, protein levels of TRPC3 and TRPC6 increased upon
H/R and I/R (Fig. 2 A and C), as did protein levels of the CaNα
and CaNβ subunits of CaN (Figs. 2 and 5 E, i); the last is in
agreement with a prior report (48), but the mechanism (increased
transcription/synthesis or diminished protein degradation) is unknown to us.
Our experiments revealed a significant difference in the effect
of H/R in cardiomyoblasts and I/R in AAR tissue: H/R resulted
in a decrease in p-AKT and p-GSK3β (Fig. 2C), whereas I/R, as
seen in the AAR tissue, increased p-AKT and p-GSK3β (Fig.
5G). Because (p-Ser9)-GSK3β is a reflection of (p-Ser473)-AKT
activity, and p-AKT is a reflection of PI3K activity, the difference
is counterintuitive and puzzling. The cardiomyoblasts responded by
reducing their PI3K activity, creating a proapoptotic environment,
PNAS | Published online May 19, 2017 | E4587

CELL BIOLOGY

Fig. 5. Injury caused in vivo by I/R involves a positive-feedback loop mediated by NFATc3’s transcription of BAX and TRPC genes and is ameliorated by the
ablation of TRPC3 and TRPC6. (A–E) Analysis of AARs after I/R showed that, as compared with WT mice, TRPC3/6/7−/− mice had a decreased proportion of cells
undergoing apoptosis (A) and, as seen by Western blotting (B–E), had decreased levels of the proapoptotic markers BAX and cleaved caspase 3 (CC3) and increased levels of antiapoptotic Bcl2 (B); improved levels of survival signaling markers p-AKT and p-GSK3β (C); lower levels of activated p-NFATc3 (D); and lower
levels of CaNα and CaNβ subunit proteins (E, i–E, iii). (Scale bars: 40 μm.) (F) I/R-activated NFATc drives the expression of I/R-induced BAX, TRPC3, and TRPC6. (G) I/R
caused p-AKT and p-GSK3β proteins to increase reflecting activation of the PI3K-signaling pathway. In the Western blot images in all panels, each lane is the blot
of an independent cell or mouse tissue sample. Values are means ± SEM of the indicated number of experiments. *P < 0.05; ns, not significant.

whereas AAR tissues responded by increasing PI3K activity, creating a less apoptotic environment than exists in sham-operated
ventricle muscle. Biochemical explanations exist for both
types of response.
The mechanism responsible for decreased PI3K activity could
lie in an hypoxia-induced transcription of PI3K-interacting protein
1 (PIK3IP1) found in cultured cardiac cells (49). PIK3IP1 is a
glycosylated membrane protein with similarity to the PI3K
p85 regulatory subunit and inhibits PI3K (50). The proapoptotic
environment created by reduced PI3K activity is exploited during
the reoxygenation phase of the H/R procedure to trigger a proapoptotic program initiated by reactive oxygen generated by plasma
membrane-resident NADPH oxidase isoform 2 (Nox2), possibly
facilitated by the recently described stretch-induced, TRPC3dependent activation of Nox2, the stretch signal being provided
by the known effect of hypoxia in promoting cell swelling (51).
Although not directly assessed, because the decrease in p-AKT is
blocked by the PI3K inhibitor LY294002 (30 μM), we surmise that
the decrease in p-AKT is caused by a decrease in PI3K activity.
Reactive oxygen species (ROS) generated during the reoxygenation phase then would activate Bcl2-associated death promoter
(Bad), a member of the BH3-only family of Bcl2 proteins, likely
causing Bad, which is expressed in cardiomyocytes, to trigger apoptosis by sequestering Bcl2 away from the proapoptotic BAX.
The decrease in PI3kinase activity upon H/R in H9c2 cells is
supported by the decrease in p-AKT activity reflected in decreased
p-GSK3β levels, but direct examination of PIK3IP1 mRNA
changes by 35-cycle RT-PCR did not support this hypothesis,
because PIK3IP1 mRNA levels increased instead of decreasing
(Fig. S4B).
On the other hand, the mechanism responsible for activation
of PI3K in AAR tissues may be triggered by activation of
TRPC6 during the hypoxia phase of the I/R process, akin to the
mechanism by which endothelial cell activation of TRPC6 by
LysoPC (1-palmitoyl-sn-glycero-3-phosphocholine) activates PI3K
in a Ca2+-CaM–dependent manner. In endothelial cells activation
of TRPC6 results in release of TRPC6-resident CaM, which migrates to nearby PI3K where it interacts with the p85 regulatory
subunit, stimulating the activity of the p110 catalytic subunit to
generate PIP3 from PIP2 (52). Activation of PI3K by Ca-CaM has
been described (53). Activation of PI3K upon I/R treatment was
facilitated further by an accompanying decrease in mRNA levels
of PIK3IP1 and a concomitant decrease in its protein levels (Fig.
S4A). These reactions eventually led to increased, functionally
active p-AKT, as evidenced by the increase in p-GSK3β (Fig. 5G).
Although the increase p-AKT in AAR tissue became apparent in
experiments that included 24 h of reperfusion, the increase was
independent of the reperfusion phase, because it was apparent
before the reperfusion phase of the protocol (Fig. S5).
p-AKT is antiapoptotic by virtue of its actions in phosphorylating Bad on Ser155, which prevents it from sequestering
Bcl2 away from BAX (54, 55), and in phosphorylating BAX on
Ser184, increasing its affinity for Bcl2 (56) and thus interfering
with BAX oligomerization and assembly into the MAC channel in
the mitochondrial outer membrane (MOM). A reasonable scenario that would bring H/R and I/R changes into register is that in
the I/R situation the increases in p-AKT activity are far from
maximal, because ablation of TRPC3/6/7 led to further large increases in p-AKT and p-GSK3β (Fig. 5C), and that, on the whole,
apoptotic plus necrotic death signals outweigh the weak antiapoptotic activity generated by I/R.
However, the difference between the H9c2 response and the AAR
response may reside in the fact that H9c2 cells are myoblasts (36), not
bona fide cardiomyocytes. Wang et al. (57), working with fresh
neonatal rat cardiomyocytes, reported that H/R leads to an increase
in p-AKT akin to the increase we saw in AAR tissues after I/R.
In both cases, the overriding result of H/R in cardiomyoblasts
and of I/R in ventricle tissue appears to be a combination of apoptosis and necrosis. The latter is triggered by the development of
mPT as a result of the assembly of the mPTP (Fig. 2A). The mPT
begins with the assembly of the mPTP and collapse of the inner
E4588 | www.pnas.org/cgi/doi/10.1073/pnas.1621384114

ψm and continues with swelling and rupture of the outer membrane and the release of proteins, generation of large amounts of
ROS, and death of the cell by necrosis. An important intermediary
step is the massive entry of Ca2+ into the matrix carried not only
by mitochondrial Ca2+ uniporter (MCU) but also by a fraction of
TRPC3 embedded in the inner mitochondrial membrane and
functioning in parallel with MCU (58). Our data show that the
TRPC3 channels play roles not commonly thought of for TRPC
channels, i.e., ROS synthesis at the plasma membrane as a result
of steady membrane stretching and ROS synthesis by mitochondria as a result of the uncoupling of the respiratory chain associated with Ca2+ overload.
H/R and I/R also caused activation of the NFATc3 transcription factor as seen by the decrease in the p-NFATc3/total
NFATc3 (t-NFATc3) ratios, which we interpret as indicating the
stimulation of its transcriptional activity reflected in the increase
of TRPC3, TRPC6 (Figs. 3A, 3C, and 5F), and BAX (Figs. 2B
and 5F). All aspects of I/R injury were ameliorated, when not
prevented from occurring, by the ablation of the TRPC3/6/
7 channels in I/R injury studies and by the nonselective panTRPC inhibitor SKF96365 in H/R injury studies using cultured
cells.
Western blot analysis showed that both in H9c2 cells subjected
to H/R and in AAR tissues the levels of TRPC3, TRPC6, BAX,
and the α and β CaN subunits were augmented as compared with
the corresponding controls (Figs. 3 and 5). In H9c2 cells the
augmented levels of TRPC3 and TRPC6 were functionally active,
as seen by the increased Ca2+ entry that could be evoked with the
diacylglycerol agonist OAG (Fig. 3B). Preventing the increase in
TRPCs by preventing p-NFATc dephosphorylation by the action
of the CaM-stimulated CaN phosphatase (Fig. 5F) indicates that
the increases in BAX and TRPC proteins are indeed the result of
transcriptional activity resulting from p-NFATc3 dephosphorylation to
NFATc3 and its migration to the nucleus. These observations are in
agreement with observations in other systems published by Li et al.
(59) showing that the transcription of BAX in renal podocytes is under
the control of NFAT2; by Kuwahara et al. (31), who characterized
NFATc3-binding sites in the 3′ regulatory region of the TRPC6 gene;
and by Rosenberg et al. (44) showing TRPC1 transcription under
the control of NFATc1 in skeletal muscle.
CaNα and CaNβ increased significantly after H/R in H9c2 cells
(Fig. 2E) and in cardiac AAR tissue compared with sham-treated
tissue (Fig. 5 E, i). We thus demonstrated that I/R-H/R leads to
the activation of a positive-feedback signaling circuit in which
the I/R-H/R induces Ca2+ entry through TRPCs, activating the
Ca2+→CaM→CaN→NFATc transcription program, which includes an increase in TRPC3 and TRPC6 channel protein (Fig.
3C) and function (Fig. 3B) and in turn leads to more Ca2+ entry.
Interruption of the positive-feedback circuit by inhibition of
TRPCs with SKF96365 or genetic ablation of TRPC3 and
TRPC6 resulted in protection against H/R-I/R–induced changes
in p-AKT and p-GSK3β, which, in H9c2 myocytes were significantly increased over their levels in untreated control cells
(Fig. 2C). It would seem that cells in culture are under some
form of stress requiring a steady-state p-AKT enzyme acting as a
survival kinase.
The available data indicate that the actual injury phase of H/R
and I/R is the consequence of a complex proapoptotic reaction
sequence that depends not only on increases in intercellular
Ca2+ but also on the Ca2+-independent (as far as is known) activation of Bcl2 homology 3 (BH3)-only members of the Bcl2 family
of proteins, including Bad, in cardiomyocytes (57), which, by
binding to Bcl2, release proapoptotic BAX [and BAK (Bcl2 antagonist/killer)]. BH3-only proteins are activated by stressing cells,
as happens upon treatment with the kinase inhibitor staurosporine
or with reacive oxygen species (ROS) such as H2O2. The likely
I/R-H/R–generated activator of BH3-only proteins is superoxide
radical (O2.-) or its dismutated H2O2 produced by the activation of
the plasma membrane-located Nox2. Recently, in maladaptive
cardiac fibrosis, Nox2 was shown receive a positive protein–protein
signaling input from TRPC3 triggered by steady hypertensive
He et al.

Materials and Methods
Sources of reagents and antibodies included the following: Fura2-AM (Invitrogen; F-1201), CPA (Sigma; C8031), SKF96365 (Sigma; S7809), thapsigargin
(Invitrogen; T7459), LY294002 (Sigma; L9908), FBS (GIBCO; 16000–044), DMEM
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(Hyclone; SH30022.01), prestained protein standards (BioRad; 161-0374),
PVDF membrane (Roche; 03010040001), protease inhibitor mixture (Roche;
11873580001), PMSF (Sigma; P7626), TUNEL assay (Roche; 11684817910), antiTRPC3 (Alomone; ACC-016), anti-TRPC6 (Alomone; ACC-017), anti-TRPC1
(Alomone; ACC-010), anti-TRPC4 (Alomone; ACC-018), anti-calcineurin α
(CaNα) (Protein Tech; 13422–1-AP), anti-CaNβ (Protein Tech; 13210–1-AP),
anti-BAX (Cell Signaling; 2772), anti-BCL2 (Cell Signaling; 2876), anti-cleaved
caspase 3 (Abcam; ab13847), anti–p-AKT(Ser473) (Cell Signaling; 4060P), anti–pGSK3β (Ser9) (Cell Signaling; 5558P), anti–p-NFATc3(C-3, Ser240) (Santa Cruz;
sc-365786), anti-NFAT3c (M-75) (Santa Cruz; sc-8321), and GAPDH (Abcam;
ab9484). In addition anti-mouse TRPC3 (ab45/47affi; ab1144 affi) and antimouse TRPC6 (ab861 affi; ab1400 affi) used in Western blots were kindly
provided by Veit Flockerzi from the Institute of Pharmacology and Toxicology, University of Saarland Medical School, Saarbrücken, Germany. These
and all other chemicals, which were of the highest grade available, were
used without further purification.
Primer sequences used in 35-cycle RT-PCR reactions are listed in Table S1.
Mice. TRPC3/6/7-deficient mice on a mixed C57BL/6J-129SvEv background were
reconstituted from cryopreserved embryos at Charles River Laboratories. TRPC3/
6/7 triple-KO parents were generated by crossing TRPC3-KO (67), TRPC6-KO (68),
and TRPC7-KO (69) mice to the desired homozygosity at the Comparative
Medicine Branch of the National Institute of Environmental Health Sciences,
Research Triangle Park, NC (67, 70). Age-matched WT C57BL/6J-129SvEv mice,
also reconstituted from frozen embryos at Charles River Laboratories, served as
controls for the KO mice. Animals were treated in compliance with the Guide
for the Care and Use of Laboratory Animals (National Academy of Sciences)
(71). Animals were kept on a 12-h light–dark cycle in a temperature-controlled
room with ad libitum access to food and water. All animal studies were approved by the Animal Care and Utilization Committee of Huazhong University
of Science and Technology. Anesthetic procedures were used to ensure that
animals not suffer unduly during and after the experimental procedures.
In Vivo I/R: Mouse Model of I/R Injury. Eight- to twelve-week-old TRPC3/6/7−/−and
WT male mice were anesthetized with 3.3% (wt/vol) chloral hydrate (Sigma;
231000) and were placed in a supine position on a heating pad (37 °C). Animals
were intubated with a 20G stump needle and were ventilated with room air with
the use of a MiniVent mouse ventilator. Following left thoracotomy located
between the third and fourth ribs, the left anterior descending coronary artery
was visualized under a dissecting microscope (Leica) and ligated by a sterile 8–0
Prolene suture. A suture was placed around the coronary artery 2 mm below the
left atrium and was passed through a snare. The left coronary artery was ligated
by tying off the snare. Proper ligation was confirmed by visual observation of the
left ventricle wall turning pale. After 30 min of regional ischemia, the heart was
allowed to reperfuse (removal of the snare and suturing the incision), leading to
loss of the discoloration of the myocardium distal to the occlusion. Shamoperated animals underwent the same procedure without occlusion of the left
anterior descending coronary artery. All procedures were approved by the
Huazhong University of Science and Technology’s Center of Institutional Animal
Care and Use Committee.
Infarct Size. After a 24-h reperfusion period, the animals were reanesthetized,
the heart was arrested at the diastolic phase by injection of KCl (20 mM), and
the left anterior descending coronary artery was occluded again. To demarcate the ischemic AAR, the ascending aorta was cannulated in reverse sense,
and 0.2 mL of 1% (wt/vol) Evans blue was perfused into the coronary arteries.
The heart was excised immediately and cut into 1-mm-thick slices perpendicular
to the long axis of the heart from the apex (typically, five slices per heart). The left
ventricle was counterstained with 1% (wt/vol) 2,3,5-triphenyltetrazolium chloride
(TTC; Sigma) at 37 °C for 15 min. Images were analyzed by Image-Pro Plus (Media
Cybernetics). To determine left ventricle AAR and IS after I/R, the pale areas (IS), the
blue areas (area not at risk, ANAR), and not-blue areas (AAR) were measured, and
the percentage of IS/(AAR+ANAR) and AAR/(AAR+ANAR) were calculated.
Animals subjected to 30-min/24-h I/R were anesthetized and heparinized intravenously. Hearts were perfused with 10% (wt/vol) buffered formalin, dissected,
washed, and weighed. The fixed heart tissues were dehydrated and embedded in
paraffin, longitudinally sectioned at 5-μm thickness, and used to prepare histology tissue slides, which then were stained with H&E. Whole-section images
were taken, and Image-Pro Plus software was used to perform histology analysis.
Primary Culture of Neonatal Mouse Ventricular Myocytes. Neonatal (0- to 1-d-old)
mice were rinsed quickly in 75% (vol/vol) ethanol for surface sterilization. Hearts
of the pups were dissected and washed with Ca2+/Mg2+-free D-Hanks solution
[in mmol/L: NaCl 137, KCl 5.4, Na2HPO4 0.12, H2O 0.35, KH2PO4 0.4, NaHCO3 4.2,
and glucose 5.6 (pH 7.4)] and then were minced into small pieces ∼1 mm3 and
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stretching of cardiomyocytes (60). Because cells subjected to
hypoxia swell (51), it is conceivable that there is not only Ca2+
entry but also formation of BH3-only–activating ROS as a consequence of I/R and H/R.
Unchecked, BAX (and BAK) molecules dissociate from Bcl2,
oligomerize, and insert into the MOM where they assemble to
form the BAX–BAK mitochondrial apoptosis channel (MAC)
(61) (for reviews see Tait and Green, ref. 62, and Kinnally et al.,
ref. 63), through which Ca2+ fluxes into the intermembrane space
and from there into the mitochondrial matrix carried by MCU and
the mitochondrial TRPC3 channel, both resident in the mitochondrial inner membrane (MIM), leading to what is known as
“mitochondrial Ca2+ overload.” The Ca2+ overload uncouples the
respiratory chain and leads to the generation of more superoxide
and other ROS by mitochondrial Nox (e.g., Nox4) and other enzymes and to the assembly in the presence of matrix cyclophilin D
(38) of the mPTP formed by aggregated VDAC proteins in the
MOM and ANT molecules in the MIM. The mPTP collapses the
trans-MIM ψm, as observed in H/R-treated cells (Fig. 2A), causing
the release of cytochrome c from the intermembrane space face of
the MIM, which exits through the MAC into the cytoplasm to
associate with Apaf-1, triggering the caspase-activating chain that
eventually will lead to cleaved caspase 3, as seen in H/R-I/R (Figs.
2B and 5B), and to apoptosis, as seen in AAR tissue (Fig. 5A). The
matrix Ca2+ overload, mitochondrial ROS generation, and persistence of the mPTP cause mitochondrial swelling, rupture of the
MOM, and necrotic cell death. At one point apoptotic and necrotic events are likely to coexist.
The finding reported here is the dependence of H/R and I/R
injuries on the activity of TRPC channels. Before these studies, it
had been established in both in vitro and in vivo studies that
TRPC channels play key roles in participating in phenomena dependent on sustained signals such as cardiomyocyte growth (28),
the development of cardiac hypertrophy (64, 65), and, more recently, in pathologic stretching-induced maladaptive cardiac fibrosis (60). Here we uncovered additional roles: the requirement
for the inhibition of PI3K by an as yet unknown mechanism in
cells and the activation of PI3K in intact tissue, the supply of Ca2+
to drive mitochondrial Ca2+ overload, the generation of ROS at
the plasma membrane of swollen cardiomyocytes, and in an as yet
undefined way, participating in the activation of BH3-only proteins conducive to apoptosis, perhaps by triggering Bad dephosphorylation to facilitate its interaction with antiapoptotic
Bcl2 and directly or indirectly activating the BAX/BAK proteins to
insert into the mitochondrial membrane.
Although the data presented here establish a role for TRPC
channels in promoting Ca2+ overload, they do not prove that all the
Ca2+ entry is carried by TRPCs. TRPCs are nonselective cation
channels that allow the outward passage of K+ and inward passage
of Na+ and Ca2+. The monovalent cation movement promotes
collapse of the plasma ψm and activation of reverse-mode exchange activity of NCX1, which thus also contributes to TRPCdependent Ca2+ entry that sums to the direct TRPC-carried Ca2+
overload driving cell death. Likewise, the collapse of the plasma
ψm activates voltage-gated Ca2+ channels (VGCCs) and Ca2+
entering through these channels also sums to the general TRPCtriggered Ca2+ overload and ensuing cell death. It remains for
future studies to determine the proportion of Ca2+ entering
through TRPCs vs. that entering through NCX1 and VGCCs. Also
left for future studies is better establishing the mechanisms by
which PI3K activity is regulated in H/R and I/R. Finally, we have
not studied other factors that may contribute to I/R injury, especially
changes that occur in SERCA2 activity as a consequence of the
hypoxia/ischemia phase of H/R and I/R. As reported by Ronkainen
et al. (66), SERCA2 is down-regulated by hypoxia, and this downregulation is likely to facilitate injury caused by Ca2+ influx.

digested with 5 mL of 0.03% trypsin for 5 min at 37 °C. The supernatant was
discarded; the resulting pellets were resuspended with fresh Ca2+/Mg2+free D-Hanks solution containing 0.1% collagenase II (Worthington; LS004176)
and were kept at 37 °C in a water bath with mild agitation for 5 min. Then
agitation was stopped for an additional 2 min. The supernatants were collected,
transferred into a new tub, mixed with same volume of DMEM containing 10%
(vol/vol) FCS (to stop collagenase II digestion). This collagenase II digestion step
was repeated another four times. Cells collected in each cycle were filtered with
a Becton-Dickinson Falcon 100-μm cell strainer followed by brief sedimentation
at 150 × g. The final pellets were resuspended in 10 mL of culture medium [highglucose DMEM (Gibco) supplemented with 5% (vol/vol) FCS, 100 IU/mL of
penicillin, and 100 μg/mL of streptomycin] and were seeded into 100-mm
tissue-culture dishes and cultured for 2 h. Unattached cardiomyocytes were
collected by brief centrifugation at 100 × g for 5 min. The resulting pellets
were resuspended in DMEM with 5% (vol/vol) FCS and 0.1 μmol/L BrdU (SigmaAldrich), seeded onto round coverslips (20 mm in diameter) precleaned in
cleaning solution composed by volume of one part 6.3% (wt/vol) K2Cr2O7/4
parts of H2SO4, and then with ethanol, flamed and coated with 0.1 mg/mL
poly-L-lysine (Sigma; P1399), placed in 12-well plates at a density of 5 × 105
cells/mL (1 mL per well), and cultured in 95% air, 5% CO2 at 37 °C for 4–6 d
before they were tested for thapsigargin-evoked Ca2+ entry (SOCE) or OAGstimulated Ca2+ entry.
In Vitro H/R Experiments. To simulate in vivo myocardial I/R injury in vitro,
H9c2 rat cardiomyoblasts were subjected to H/R. Hypoxia [partial pressure of
oxygen (PO2) <10 mmHg] was achieved by placing cardiomyocyte cells into
an hypoxic incubator (atmosphere of 5% CO2 and 95% N2) in serum-free/
glucose-free Hepes-buffered medium (in millimoles per liter: NaH2PO4 0.9,
NaHCO3 6.0, CaCl2 1.0, MgSO4 1.2, sodium lactate 40, Hepes 20, NaCl 98.5,
KCl 10, pH 6.8) at 37 °C. Reoxygenation was achieved by transferring the
cells to normoxic H9c2 culture medium [DMEM (high glucose) supplemented
with 10% (vol/vol) FCS, 100 IU/mL of penicillin and 100 μg/mL of streptomycin] and incubation in 95% air, 5% CO2 to simulate reperfusion. Cells
were subjected to 9 h hypoxia to simulate ischemia and 6 h reoxygenation to
simulate reperfusion. Cells incubated in normoxic H9c2 culture medium were
prepared in parallel for each condition and served as controls.
Ca2+ Entry Measurements. H9c2 rat cardiomyoblasts were seeded onto uncoated coverslips 30 h before the test for TRPC-mediated Ca2+ entry. Nine hours
before the test cells were subjected to the 9-h H/R protocol and were brought
into a normoxic environment. Coverslips with H9c2 cells or cultured neonatal
cardiomyocytes were loaded with 2 μM Fura2-AM (Molecular Probes) for
30 min at room temperature in serum-free Opti-MEM (Gibco). The coverslips
were mounted onto the platform of an inverted epifluorescence microscope.
To measure thapsigargin-evoked Ca2+ entry, cells were bathed in sequence
with 2 mM Ca2+ in HPSS (in millimoles per liter: NaCl 140, KCl 5, MgCl2 1,
glucose 10, and Hepes 10, pH 7.4), 50 μM EGTA in HPSS for 2 min, 50 μM EGTA
and 2 μM thapsigargin in HPSS for 10 min, and 2 mM Ca2+ plus 2 μM thapsigargin in HPSS, as shown in the figures. Ca2+ entry also was assessed with or
without the TRPC inhibitor SKF96365 (5 μM) and without store depletion. For
DAG-stimulated Ca2+ entry, cells were bathed in sequence in HPSS with 2 mM
Ca2+ for 2 min, HPSS without Ca2+ for 2 min, HPSS plus 10 μM OAG for 2 min,
and finally in HPSS plus 10 μM OAG and 2 mM Ca2+, as indicated in Fig. 3B.
Cytosolic Ca2+ was monitored with an Olympus IX51 inverted fluorescence
microscope and SlideBook software, using excitation wavelengths of 340 and
380 nm to detect Fura-2/Fura2-Ca2+ fluorescence emissions at 510 nm (20).
TUNEL Assays. TUNEL assays were performed according to the manufacturer’s
instructions (Roche). In brief, after 24 h of reperfusion, the AAR was removed
from hearts fixed in 3.7% (wt/vol) buffered formaldehyde and embedded in
paraffin. Five-micrometer-thick tissue sections were deparaffinized, rehydrated, and rinsed with PBS for 10 min. A positive control sample was prepared from a normal heart section by treatment with DNase I (10 U/mL) for
10 min at room temperature. The sections were pretreated with 0.1% Triton
X-100 and 0.1% (wt/vol) sodium citrate for 8 min at room temperature and
were washed with Tris-buffered saline (TBS; 20 mM Tris·HCl, 137 mM NaCl, pH
7.4). The slices were blocked with 3% (wt/vol) BSA and 20% (vol/vol) FCS for
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3. Klein HH, et al. (1989) Treatment of reperfusion injury with intracoronary calcium
channel antagonists and reduced coronary free calcium concentration in regionally
ischemic, reperfused porcine hearts. J Am Coll Cardiol 13(6):1395–1401.
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30 min at room temperature and were subjected to reaction with terminal
deoxynucleotidyl transferase (TdT) enzyme and Alexa Fluor 488-conjugated
dUTP (Roche; 11684817910) at 37 °C for 1 h. Nuclei were stained with DAPI
(Roche, 216276) for 10 min. The sections were inspected with a confocal microscope (Olympus FV1000). Six slices per group were prepared, and 10 different regions were observed in each section. The results were analyzed with
Image-Pro Plus software.
Electron Microscopy. Briefly, after 24 h of reperfusion, a small (1-mm3) piece of
AAR was removed from the hearts and quickly fixed with 2.5% (wt/vol)
glutaraldehyde in 0.1 mol/L cacodylate buffer for 2 h, postfixed in 2% (wt/vol)
OsO4 in 0.1 mol/L cacodylate buffer for 1 h, and embedded in LX-112 (Ladd
Research). Sections were stained with uranyl acetate and lead citrate and
were observed with an HT7700 Hitachi electron microscope (Hitachi Limited). Random sections were taken by an electron microscopy technician
blinded to sample information.
In Vivo Functional Analysis. Echocardiography (ECHO) was performed with a
Vevo1100 imaging system and a MS400 transducer, which is designed specifically
for mice and rats (VisualSonics). After the I/R procedure, mice were anesthetized
with 2% (vol/vol) isoflurane during the ECHO procedure. Hearts were viewed in
the short axis between the two papillary muscles and analyzed in M-mode.
Parameters were measured offline (Vevo software) including end-diastolic diameter, end-systolic diameter, posterior wall thickness, and septal wall thickness
to determine cardiac morphological changes and EF, heart rate, and FS.
Measurement of Mitochondrial ψm. To measure mitochondrial ψm, cardiomyocytes were exposed to 9-h/6-h H/R. Cells were washed with PBS
(1×PBS: 137 mM NaCl, 2.7 mM KCl, 0.12 mM Na2HPO4, 10 mM H2O, 2 mM
KH2PO4) and were incubated with JC-1 (Beyotime Biotechnology) at 37 °C
for 20 min in the dark. After incubation with the dye, the plates were
washed three times with HPSS. Fluorescence was measured first at excitation/emission 485/580 nm (red) and then at excitation/emission 485/530 nm
(green) using an EnVision plate reader (Perkin-Elmer). The results were analyzed with Image-Pro Plus software.
Immunoblots. For immunoblots of cardiac tissue, 100 mg AAR were lysed in
1 mL 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1 mM PMSF, and 1× Roche antiprotease mixture.
Cells on a 100-mm dish (∼10 × 106 cells) were rinsed with PBS, overlaid with
1 mL lysis buffer [50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 0.1% SDS, 1%
Nonidet P-40, 1 mM EDTA] containing 1 mM PMSF and 1× Roche antiprotease mixture, and were scraped and homogenized with an ultrasonic
cell disruptor. Proteins in tissue and cell lysates were separated by SDS/PAGE
with 12% (wt/vol) or 8% (wt/vol) precast polyacrylamide gels (Invitrogen)
and were transferred to PVDF membranes by electroelution. Membranes
were cut into horizontal strips with the protein band of interest estimated
on the basis of comigrating prestained protein standards, blocked in TBS and
Tween 20 [20 mM Tris·HCl (pH 7.4), 140 mM NaCl, 0.05% Tween-20) containing 4% (wt/vol) BSA, and were exposed to primary antibodies overnight
at 4 °C. The following kDa values were used: BAX, 21; Bcl2, 26; cleaved
caspase 3, 17; p-AKT and total AKT (t-AKT), 60; p-GSK3β and total GSK3β
(t-GSK3β), 46; p-NFATc3, 130, t-NFATc3, 120–135; TRPC3, 97; TRPC4, 112;
TRPC6, 106; CaNα, 61; CaNβ, 19, GAPDH, 36. Blots were visualized using
secondary antibodies conjugated with HRP from Santa Cruz Biotechnology
and enhanced chemiluminescence reagents from GE Healthcare.
Statistical Analysis. Data analysis was performed by observers blinded to experimental groups. All data are expressed as means ± SEM. Statistical analysis
was performed with Prism 4.0 (GraphPad) by the unpaired Student t test or
one-way ANOVA followed by a post hoc test with Bonferroni correction for
multiple comparisons. Statistical significance was defined as P < 0.05.
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