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Abstract Sustained elevation of intracellular Ca2? con-

centration ([Ca2?]i) reprograms cardiovascular cell fate,

leading to cellular hypertrophy via Ca2?-calmodulin/cal-

cineurin (Cn)/NFAT activation. Accumulating evidence

suggests that transient receptor potential canonical (Trpc)

channels play important roles in the development of

pathologic cardiac hypertrophy. Here, we demonstrated

that Trpc3 mediates pathologic cardiac hypertrophy in

neurohumoral elevation via direct regulation of CaV1.2

expressions. Elevated PE (phenylephrine) was maintained

in mice by continuous infusion using an osmotic pump.

Wild-type (WT) mice, but not Trpc3-/- showed a sudden

decrease in blood pressure (BP) or death following eleva-

tion of BP under conditions of elevated PE. Trpc3-/-

mesenteric artery showed decreased PE-stimulated vaso-

constriction. Analysis of morphology, function, and

pathologic marker expression revealed that PE elevation

caused pathologic cardiac hypertrophy in WT mice, which

was prevented by deletion of Trpc3. Interestingly, protec-

tion by Trpc3 deletion seemed to be a result of reduced

cardiac CaV1.2 expressions. Basal and PE induced

increased expression of protein and mRNA of CaV1.2 was

decreased in Trpc3-/- heart. Accordingly, altered expres-

sion of CaV1.2 was observed by knockdown or stimulation

of Trpc3 in cardiomyocytes. These findings suggest that

Trpc3 is a mediator of pathologic cardiac hypertrophy not

only through mediating part of the Ca2? influx, but also

through control of CaV1.2 expressions.
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Cn/

Ca2?
Calmodulin-dependent protein phosphatase

calcineurin

NFAT Nuclear factor of activated T cells

ANF Atrial natriuretic factor

BNP Brain natriuretic peptide

b-MHC B-myosin heavy chain

OAG 1-Oleoyl-2-acetyl-sn-glycerol

Introduction

Pathologic cardiac hypertrophy, or abnormal growth and

remodeling of the heart, is caused by chronic pressure

overload, massive tissue injury, or abnormal neurohumoral

stimulation. It frequently results in heart failure, which is a

leading cause of morbidity and mortality in developed

countries [1, 2]. In this state, growth and protein synthesis

of individual myocytes is hampered by excessive activation

of multiple signaling pathways and alterations in gene

expression [3]. Abnormalities in intracellular calcium

concentration ([Ca2?]i) and Ca2?-dependent signaling ini-

tiate and maintain pathologic cardiac hypertrophy through

the Ca2?/calmodulin-dependent protein phosphatase, cal-

cineurin (Cn), which dephosphorylates the transcription

factor nuclear factor of activated T cells (NFAT) [4].

Dephosphorylated, activated NFAT translocates into the

nucleus, where it induces hypertrophic gene expression [5].

Trpc channels have been shown to be bona fide regu-

lators of cardiac hypertrophy associated with mechanical

stress and neuroendocrine stimulation [13]. The Trpc

channels are Ca2?-permeable, nonselective cation chan-

nels, which are controlled by a G protein-coupled receptor

and mediate part of the store-operated Ca2? entry in

myocytes [17, 18]. Functional Trpc channels are homo- or

heterotetramers [19, 20]. Several Trpc channels have been

recognized as candidate sources of elevated [Ca2?]i in

cardiac hypertrophy [13, 21]. Hence, Trpc3 and Trpc6 have

been implicated as central players leading to Ca2? influx

and Cn/NFAT activation during progression of cardiac

hypertrophy [22, 23]. The resulting cation flux depolarizes

the plasma membrane, leading to activation of voltage-

dependent L-type Ca2? channels, which causes a huge

influx of Ca2? that activates the Cn/NFAT pathway and

hypertrophic responses in neonatal cardiomyocytes [23].

The L-type Ca2? channel, which plays a critical role in

regulating Ca2?-dependent excitation–contraction cou-

pling, is the primary Ca2? influx pore in cardiac myocytes,

and is associated with hypertrophic signaling. Under

pathologic conditions, stimulated neurohumoral systems

increase L-type Ca2? current. Enhanced current is required

for myocyte hypertrophy induced by isoproterenol [24],

endothelin-1 [25], and angiotensin II [23]. Beneficial

effects of voltage-gated Ca2?-channel antagonists on

cardiac hypertrophy and heart failure support the role of the

L-type Ca2? channel as a source of Ca2? required to

activate pathologic signaling [26, 27]. A study overex-

pressing the cardiac-specific b2 subunit of CaV1.2 showed

that increasing L-type CaV1.2 current is sufficient to induce

myocyte hypertrophy through activation of the Cn/NFAT

and CaMKII/HDAC signaling pathways [26].

Here, we demonstrated that Trpc3-/- mice showed

slightly decreased systolic BP and particular resistance to

induction of pathologic cardiac hypertrophy and heart

failure brought about by continuously elevated phenyle-

phrine (PE) concentration. This was traced, at least in part,

to reduced expression of CaV1.2, revealing an unexpected

regulation of CaV1.2 expression and function by Trpc3.

Materials and methods

Mice

Generation of 129svev Trpc3-/- mice was described previ-

ously [28]. All animals analyzed in this study were main-

tained and in accordance with approved guideline and

maintained according to the Yonsei Medical Center animal

research requirements, and all procedures were approved by

the Committee on Animal Research at Yonsei Medical

Center (protocol number 2013-0237, 10-037).Micewere fed

ad libitum and housed under a 12-h light cycle.Mice between

8 and 12 weeks of age were used for experiments. All

experimental procedures were reviewed and approved by the

Institutional Animal Research Ethics Committee at the

Yonsei Medical Center (Seoul, South Korea). Because Tr-

pc3-/- mice were fertile, so each 129svev WT line and Tr-

pc3-/- line ofmiceweremaintained independently.WT and

Trpc3-/- mice born at same week were used as littermate.

Body weight of WT and Trpc3-/- mice used in this study

were not different and the body weight of 4 group were not

also different at the before the pump implantation. (WT-

PBS, 25.8 ± 2.5; WT-PE, 25.33 ± .3.0; Trpc3-/--PBS,

25.06 ± 1.3; Trpc3-/--PE, 25.70 ± 2.2).

Osmotic pump implantation and BP measurement

An Alzet 2200 pump implanted in the abdominal cavity of a

wild-type (WT) andTrpc3-/-male 129svmousewas used to

infuse 65 mg PE/kg/day or 1.44 mg Angiotensin/kg/day for

28 days. Phosphate-buffered saline (PBS) was used for

vehicle and control. Mouse BP was measured with nonin-

vasive equipment, the two-chamber model of the BP-2000

BP analysis system (Visitech, Apex, NC, USA). Mice were

adapted to caging in the measuring chamber and trained for

tail cuff manipulation for 2 weeks before initiation of

experiments. We monitored BP for approximately 3 weeks
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before osmotic pump implantation. After implantation, mice

were allowed to recover for 5 days, and then BP was moni-

tored for 4 weeks. The stage platformswere heated to 37 �C.
Ten primary BP measurements were taken, and 25 actual

measurements were recorded. Aminimum of five successful

daily measurements were used in subsequent analyses.

Arterial constriction analysis of mesenteric artery

The lumen diameter measurement methods were described

in the previous study [29]. Briefly, 150–200 nM in inner

diameter, 2–3 mm in length of intact mesenteric artery

were cannulated in a pressure-controlled myograph (Living

Systems Instrumentation, Burlington, VT, USA), and the

vessel responses to each concentration of PE were moni-

tored by an inverted microscope (Eclipse TS100/TS100-F,

Nikon Inc., Melville, NY, USA). The KH perfusion (lu-

minal side of vessel) and superfusion (outside of vessel) of

the arterial segments were equilibrated with a 95 % O2 and

5 % CO2 gas mixture at 37 �C. The mesenteric arterial

segments were equilibrated for 40–60 min, after having

been stretched out to their approximate natural length, then

the arterial lumen diameter was recorded using the Soft

Edge Acquisition Subsystem (IonOptix, Milton, MA,

USA). The integrity of each vessel was preconfirmed at the

beginning of each experiment with 70 mM K ? solution

containing Ca2?, which was used to observe the maximal

contraction activity of vessels (set at 100 %). Then, the

integrity of vessels was postconfirmed at the end of the

experiment, induced by 70 mM K? solution without Ca2?

in order to observe the full relaxation state of vessels. 3–5

independent experiments of each condition were summa-

rized and the statistical significances were evaluated.

Hematoxylin and eosin (H&E) staining

Micewere anesthetizedwith amixture of ketamine (100 mg/

kg)/rumpun (2.5 mg/kg) via IP injection, and perfused with

PBS alone or fixative (4 % v/v formaldehyde in PBS) to

remove blood or fix tissue, respectively. Hearts were fixed

for 24 h, embedded in paraffin, and sliced into 5-lm sec-

tions. H&E stainingwere performed to comparemorphology

of hearts and hypertrophy of cardio myocytes. Average

cardio myocyte size was calculated by the ratio of the eosin-

stained area to number of nuclei. 6–8 images of left ventricles

were captured and analyzed using Metamorph software.

Echocardiographic analysis

Prior to transthoracic echocardiography, the left anterior

chest wall was shaved and ultrasound gel applied. Mice

were anesthetized with isoflurane, and echocardiography

was performed using transthoracic 2-dimensional guided

M-mode echocardiography by single, experienced echo-

cardiographer. M-mode images were taken at the location

of papillary muscles. Measurements were taken in tripli-

cate, before and after implantation of the osmotic pump,

from at least four mice for analysis.

Isolation and culture of primary neonatal

cardiomyocytes

Neonatal cardiomyocytes form WT and Trpc3-/- male

were isolated from 1-day-old mice heart. Their genotype

was later identified using genomic DNA from their tail

after primary culture of cardiomyocyte. Hearts were col-

lected, minced, and incubated with 0.03 % (w/v) collage-

nase (Gibco-BRL 17101-015; Invitrogen) and 0.06 % (w/

v) pancreatin (P-3292; Sigma-Aldrich, St. Louis, MO,

USA) in Ads buffer (mmol/L: 116.4 NaCl, 20 HEPES, 1

NaH2PO4, 5.6 Glucose, 5.4 KCl, and 0.4 MgSO4, adjusted

to pH 7.35 with 5 N NaOH and 310 mOsm with 5 N NaCl)

for 20 min at 37 �C. Purified cells were incubated in cul-

ture medium containing 10 % (v/v) FBS for 24 h, and then

treated with 48 h. For Trpc3-siRNA-mediated knockdown,

cells were incubated for 48–72 h after siRNA transfection.

Immunoblotting

Antibodies directed against CaV1.2 (ACC-033; Alomone,

Jerusalem, Israel), b-actin (SC-1616), Trpc1 (SC-11376;

Santa Cruz Biotechnology, Santa Cruz, CA, USA), and

Trpc6 (SAB2102583; Sigma) were used for western anal-

yses. Total heart or cardiomyocytes were extracted in lysis

buffer (mmol/L: 150 NaCl, 5 NaEDTA, 10 % glycerol, 20

Tris–HCl [pH 8.0], 0.5 % Triton X-100, and proteinase

inhibitors (Complete, Roche Applied Science, Indi-

anapolis, IN, USA)). Protein lysates were separated on

4–12 % premade gradient SDS-PAGE gels (Komabiotech,

Seoul, Korea) and transferred to membranes. Membranes

were incubated in blocking solution (T-TBS containing

5 % nonfat milk) for 30 min at RT. After incubation with

appropriate primary and secondary antibodies, protein

bands were detected using enhanced chemi-luminescence

reagents (Amersham Bioscience; GE Healthcare). Quan-

tification of protein expression was based on measurement

of band intensity using MultiGauge software (Fuji Film,

Tokyo, Japan). Immunostaining results were quantified

based on intensity of fluorescence in confocal microscopic

images using Metamorph software (Molecular Devices,

Sunnyvale, CA, USA).

RT-PCR and qPCR analyses

Total RNA was isolated from whole mouse hearts by

homogenization in Trizol reagent and isopropanol was
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used for RNA precipitation with isopropanol. Mouse-

specific TaqMan� probes (for CaV1.2, Mm01188822; b-
MHC, Mm01255770; ANP, Mm01255747; BNP,

Mm01255770; 18S rRNA, Hs03928985; all from Life

Technologies) were used in reverse transcription, real-time

PCR. CDNA was synthesized in 20 lL from 1 lg total

RNA using a cDNA synthesis kit, AffinityScript QPCR

cDNA Synthesis Kit (Stratagene, La Jolla, CA, USA), and

0.1 lL cDNA was used for each qPCR reaction.

Statistical analysis

Results from multiple experiments are presented as

mean ± SEM. Statistical analysis was performed using

Student’s t test or analysis of variance followed by Tukey’s

multiple comparison tests. p\ 0.05 was considered sta-

tistically significant.

Results

Low BP and decreased PE-induced vessel

contraction in Trpc32/2 mesenteric artery

To analyze the effect of Trpc3 deletion on the cardiovas-

cular system, we inserted a PBS- or PE-infusing osmotic

pump (65 mg/kg/day) in the abdominal cavities of 129sv

WT and Trpc3-/- mice, infused the mice for 4 weeks to

mimic abnormal neurohumoral stimulation, and traced the

BP change (Fig. 1a). Trpc3-/- mice showed slightly, but

statistically significantly, lower systolic BP than WT in

normal condition (Fig. 1b, before). Increased systolic BPs

about 6–12 days after PE infusion was also lower in Tr-

pc3-/- than in WT mice (Fig. 1b, maximum). Most

importantly, BPs of PE-infused WT mice decreased dra-

matically after reaching maximum BP and were signifi-

cantly lower than those of any other group (Fig. 1b, at end).

Moreover, some PE-infused WT mice died before the end

of infusion. These phenomena are mimic symptoms of

heart failure after abnormal neurohumoral stimulation. In

contrast, PE-infused Trpc3-/- mice also showed increased

BP after PE infusion, but maximum systolic BPs were

significantly lower than those of WT and returned to nor-

mal at the end of infusion, similar to the PBS-infused

groups. In addition, PE-infused WT mice showed signifi-

cantly reduced diastolic blood pressure and PE-infused

Trpc3-/- mice did not show much difference with PBS-

infused mice (supplementary Fig. 1). These findings indi-

cate that Trpc3 contributes to BP regulation and mediates

heart failure under conditions of abnormal neurohumoral

stimulation. Because BP is mainly determined by vascular

resistance, we compared PE-induced vasoconstriction in

the third branch of mesenteric arteries from PBS- or PE-

infused WT and Trpc3-/- mice. Figure 2a shows examples

of PE-induced, concentration-dependent vasoconstriction.

The magnitude of vasoconstriction induced by 5 and

10 lmol/L PE in PBS-infused Trpc3-/- mice was signifi-

cantly reduced (Fig. 2b). Neither vasoconstriction nor the

wall/lumen ratio were different between PE-infused WT

and Trpc3-/- vessels (Fig. 2c, d). These results show that

PE-induced vasoconstriction of a resistance artery is rela-

tively weak in Trpc3-/- mice, and that the reduced vessel

contraction response might be the cause of the relatively

low BP in these mice.

Absence of pathologic cardiac hypertrophy

in Trpc32/2 mice

Suspecting that the sudden decrease of blood pressure

might be caused by heart failure derived from deformation

of the heart with elevated PE, we monitored several
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Fig. 1 The absence of phenylephrine-induced blood pressure-drop in

Trpc3-/- mice. a Systolic blood pressures (BP) of WT and Trpc3-/-

mice in PBS or PE infusion condition. Osmotic pump Alzet 2200

were inserted at 0 day (arrow) and PE were infused as 65 mg/kg/day.

(n = 7–9). *p\ 0.05 compared with PBS-infused WT; #p\ 0.05

compared with PBS-infused Trpc3-/- mice. b The summary of BP at

the before osmotic pump implantation (Before), maximally elevated

(Maximum), and last measurement (at end). Values represent

mean ± SEM. *p\ 0.05, ***p\ 0.001, and ##p\ 0.001 compared

with PBS-infused WT
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indicators of pathologic cardiac hypertrophy. Pathologic

cardiac hypertrophy was assessed based on heart per body

weight ratio and morphological changes after H&E stain-

ing (Fig. 3a). The PE-infused WT hearts showed signifi-

cant increase of heart/body weight ratio and dramatic

morphological changes. The left ventricles were much

thicker, and right ventricles were dilated. In contrast, Tr-

pc3-/- mouse hearts showed the lower level of hypertro-

phy in PE-infused condition, but no significant pathologic

differences were observed in heart/body weight ratio and

morphology. To analyze hypertrophy in more detail,

enlargement of cardiomyocyte and fibrosis in tissues were

analyzed. Hearts were sectioned, stained with H&E, and

observed at high magnification. Average cardiomyocyte

size was calculated by the ratio of the eosin-stained area to

number of nuclei (supplementary Fig. 2a, b). Cardiomy-

ocyte in PE-infused WT ventricles exhibited greater than

2-fold enlargement compared to PBS-infused WT ventri-

cles. Cardiomyocyte size in Trpc3-/- hearts was also

slightly increased by PE, but the change was much smaller

than observed in WT mice (supplementary Fig. 2b). To

confirm the anti-hypertrophic result of Trpc3-/- mouse,

AngII was infused for 28 days and the hearts were

observed. AngII-infused WT hearts also showed hyper-

trophic heart/body weight ratio although they did not show

the morphological changes as PE-infused mice showed

(Fig. 3c, d). Whereas, Trpc3-/- mouse hearts did not show

hypertrophic increase. These data demonstrate that Trpc3 is

required for development of heart hypertrophy under con-

ditions of abnormally elevated neurohumoral conditions.

Cardiac dysfunction and expression of markers

of pathologic hypertrophy were absent in Trpc32/2

mice

Cardiac dysfunction is the most critical indicator of a

pathologic state of the heart, and was assessed, here, based

on percentage of fraction shortening (%FS) (Fig. 4a–c).

M-mode echocardiogram images were taken at the level of

the papillary muscles using echocardiography for small
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Fig. 2 PE-stimulated vasoconstriction was decreased in Trpc3-/-

mesenteric artery. a–b Representative recording traces of PE-induced

vasoconstriction of arteries from WT(A) and Trpc3-/- mice (b) in-
fused with PBS. The lumen diameter (Y axis) of vessel cannulated in

the intraluminal pressure-controlled arteriography devises was shown

in various concentrations of PE. The vessel relaxation caused by C2?-

free KH treatment proved the integrity of the vessel contraction

response at the end of the experiment.c Summary of mean data for

PE-induced vasoconstriction in WT and Trpc3-/- mice infused with

PBS or PE. Relative contraction activity was normalized to the

maximal vasoconstriction induced by 70 mmol/L K? with Ca2? (not

shown in a and b) which defined as 100 % activity. Data represent

mean ± SEM of three to five independent experiments. d Arterial-

wall thickness/lumen diameter in WT and Trpc3-/- mice infused

with PBS (-) or PE. Values represent mean ± SEM (n = 5–10).

Vessel diameter was measured at an intraluminal pressure of

40 mmHg.’’
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animals and used for %FS calculation. Before osmotic

pump implantation, %FS was similar in WT and Trpc3-/-

mice (Fig. 4b). Interestingly, %FS of WT mice was sig-

nificantly decreased after 3 weeks of PE infusion, but that

of Trpc3-/- mice was either unchanged or slightly

increased (Fig. 4c). These findings suggest that the PE-

induced functional heart abnormality developed only in

WT mice. An important feature of decreased heart function

with hypertrophy is induction of the molecular stress fetal

gene program. Representative markers of that program

under conditions of cardiac stress are induction of certain

mRNAs, such as b-MHC, ANF, and BNP [14, 30]. We

measured levels of these mRNAs in hearts of WT and

Trpc3-/- mice infused with PBS or PE by quantitative RT-

PCR (Fig. 4d–f). Only PE-infused WT hearts showed

marked increases in expression of b-MHC, ANP, and BNP

mRNA. Interestingly, PBS-infused Trpc3-/- mice showed

more expression of three markers than WT and no increase

(b-MHC and ANP), or a small decrease (BNP) in PE-in-

fused condition. These results indicate that pathologic

cardiac hypertrophy developed in PE-infused WT hearts,

but PE-infused Trpc3-/- hearts were protected from acti-

vation of pathologic genes expression. Together, these

analyses of morphology, function, and hypertrophic marker

expression clearly demonstrate that Trpc3 deletion pre-

vents development of pathologic cardiac hypertrophy

caused by elevated neurohumoral stimulation.

Low basal and PE-induced expression of CaV1.2

in Trpc32/2 hearts

Western analysis unexpectedly showed that expression of

L-type Ca2? channel protein CaV1.2 was significantly

lower in Trpc3-/- than in WT hearts, and PE-induced

expression of CaV1.2 was nearly absent (Fig. 5a, b). In

addition, CaV1.2 mRNA expression in Trpc3-/- heart was

greatly reduced compared with WT heart (Fig. 5c; ##

p\ 0.01). Interestingly, PE induced a nearly 3-fold

increase in CaV1.2 mRNA expression in WT heart. An

increase was seen in Trpc3-/- hearts (& p\ 0.05),

although the absolute amount of induced mRNA was much

less than in WT (Fig. 5c; **p\ 0.01). In contrast, Trpc1

and Trpc6 protein expression were not different in WT and

Trpc3-/- hearts and elevated PE had no noticeable effect

on these expression patterns (Fig. 5d–f). Because of the no

obvious functional abnormality in normal Trpc3-/- hearts

(Fig. 4b) despite of the decreased CaV1.2 expression, we

searched for altered expression of contraction-related pro-

teins that might compensate for decreased CaV1.2 expres-

sion, but found no changes in excitation–contraction–

related proteins, at least at the mRNA level (supplementary

Fig. 3). These results suggested that decreased basal

expression and attenuated PE-induced expression of

CaV1.2 in Trpc3-/- hearts might contribute the resistance

to pathological cardiac hypertrophy and heart failure in

Trpc3-/- mice.

CaV1.2 expression is dependent on the presence

and activity of TRPC3

Finally, to determine whether CaV1.2 expression is

dependent on Trpc3, we tested the effect of siRNA-medi-

ated Trpc3 knockdown and OAG stimulation of Trpc3 on

CaV1.2 protein expression in isolated cardiomyocytes

(Fig. 6a, c). The reduction of Trpc3 mRNA by siRNA for

Trpc3 was confirmed by RT-PCR analysis (Fig. 6b). OAG

treatment resulted in increased CaV1.2 expression, and

Trpc3 knockdown significantly reduced CaV1.2 expression.

Moreover, Trpc3 knockdown eliminated the OAG-induced

increase in CaV1.2 expression. These results indicate that
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CaV1.2 expression is dependent on Trpc3 expression and

activity.

Discussion

Among Trpc channels, Trpc3 and Trpc6 have been

extensively analyzed in relation to their pathologic effects

on the cardiovascular system [3, 5, 15, 16, 23]. Stimulation

by neuroendocrine agonists or by pressure overload causes

cardiac hypertrophy in mice with cardiac-specific overex-

pression of Trpc3 [15] or Trpc6 [5]. In addition, mice

expressing cardiac-specific dominant-negative Trpc3 or

Trpc6 mutants showed attenuated cardiac hypertrophy [3].

However, paradoxically, whole deletion of Trpc6 (Tr-

pc6-/-) mice showed elevated BP and enhanced agonist-

induced vessel contractility. Therefore, we elucidated the

role of systemic Trpc3 deletion in blood pressure and

cardiac remodeling especially in elevated neurohumoral

condition. Here, we found Trpc3-/- mice display resis-

tance to cardiac hypertrophy under stimulated neurohu-

moral conditions, such as elevated PE or AngII. Our

morphology (Fig. 3a, b), function (Fig. 4a–c), and patho-

logic marker expression analysis (Fig. 4d–f) revealed that

Trpc3 is required for development of pathological heart

hypertrophy under conditions of abnormally elevated PE.

Daily systolic pressure measurement during 2 weeks of

normal resting conditions and 4 weeks of PBS infusion

revealed that Trpc3-/- mice are slightly hypotensive. In

addition, PE-induced increase in BP of Trpc3-/- mice was

much smaller than that of WT (Fig. 1). The sudden

decrease of blood pressure was only observed in PE-in-

fused WT mice, which might be caused by heart failure

derived from deformation of the heart in elevated PE

condition and our data proved that PE-infused WT mice

heart were experienced pathologic hypertrophy, but PE-
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pc3-/- mice. a Representative image of the echocardiography b–
c Fraction shortening (%) measured by echocardiography in WT and

Trpc3-/- mice. %FS of before (b) and after (c) PE infusion were

summarized. Values represent mean ± SEM; ns in (b) compared with

PBS-infused WT mice; *p\ 0.05 and ns1 in (c) compared with WT-
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chain (b-MHC) (d), atrial natriuretic factor (ANF) (e), and brain

natriuretic peptide (BNP) (f) normalized to 18S ribosomal RNA, in

WT and Trpc3-/- mice after PBS or PE infusion. ***p\ 0.001 in (d,
e, and f) compared with PBS-infused WT mice;##p\ 0.001 in (d and
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infused Trpc3-/- mice were not (Fig. 1 and Fig. 3a, b).

These data clearly demonstrated that TRPC3 mediates

pathologic hypertrophy in heart in elevated PE condition.

Physiologically, reduced sensitivity of resistance vessels

to a constrictor (PE) results in lower elevated mean arterial

BP [31]. Therefore, the lower BP seen in PE-infused
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Trpc3-/- mice was probably caused by the reduced vaso-

contractility of Trpc3-/- mice, as shown in Fig. 2. The

positive effect of Trpc3 on vessel contraction was also

reported in our previous study, which showed that Trpc3

mediates PE-induced vasoconstriction that may contribute

to the elevated BP in pseudo-hypoaldosteronism type 2

(PHAII) hypertension, a rare autosomal dominant disorder

featuring hypertension associated with hyperkalemia,

based on the studies of PHAII-causing mutants of WNK4

kinase [32]. Conversely, 2 out of 7 PE-infused WT mice

died near the end of infusion due to heart failure, and their

right ventricles were severely dilated, which is the repre-

sentative phenotype of pulmonary hypertension [33]. In

addition, Trpc3 mRNA and protein expression in pul-

monary artery smooth muscle cells from idiopathic pul-

monary artery hypertension patients were much higher than

in those from normotensive patients [34]. Hence, it is

possible that the absence of Trpc3 in the pulmonary artery

might have contributed to the observed low BP. The effect

of Trpc3 deletion on pulmonary artery is currently under

investigation in our laboratory.

Trpc3-/- hearts displayed low CaV1.2 protein expres-

sion, which was not inducible by PE (Fig. 5a, b). Trpc3-

dependent expression of CaV1.2 was demonstrated by

marked reduction of CaV1.2 expression and the absence of

OAG induction of CaV1.2 expression using siRNA-medi-

ated Trpc3 knockdown in cardiomyocytes (Fig. 6a, c). It

appears that Trpc3 regulates CaV1.2 primarily through

transcriptional control via the Ca2?/Cn/NFAT system

because CaV1.2 mRNA expression was low in Trpc3-/-

heart, and PE-induced CaV1.2 mRNA expression was also

attenuated (Fig. 5c). Hui Gao et al. recently reported the

blockade of Trpc3-induced Cn/NFAT activation and

myocyte hypertrophy by a selective L-type Ca2? channel

blocker [35] showed an accordance with our findings. In

addition to their report, our results extended that direct

alterations in Cav1.2 expression in response to TRPC3

knockdown and stimulation.

It is unexpected observation that deletion of one type of

Ca2? influx channel, Trpc3, abrogates the expression of

another, CaV1.2, as found in Trpc3-/- heart. Nevertheless,

this phenomenon is possible because the two channel types

could form a signaling complex in a specialized cell sur-

face micro-domain. CaV1.2 physically interacts with Trpcs,

and this interaction affects the pace-making and electrical

activity of chick embryonic hearts [7]. In addition, Trpc1

and Trpc3–7 may form multiple complexes with the

endogenous CaV1.2 channel a1C subunit in the atrium and

ventricle [7]. Moreover, Trpc3 and CaV1.2 are found in a

specialized micro-domain of lipid rafts that serve as signal

transduction organizing centers [36, 37]. Therefore, it will

be interesting to identify the protein level interaction of

TRPC3 and CaV1.2. It is possible that their coexistence in a

complex contributes not only to protein stability, but also

to more efficient signal transduction yielding more efficient

Ca2? entry. Efficient Ca2? entry might promote higher

Ca2?/NFAT3 activation and increased transcription of

CaV1.2. Moreover, the high affinity NFAT binding sites

were found only in the cardiac promoter of CaV1.2, which

is produced by alternative splicing [38, 39], so this feed-

forward mechanism could only be found in the car-

diaomyocyte. Therefore, this feed-forward loop might exist

only in micro-domains of cardiomyocytes where Trpc3 and

CaV1.2 exist in a complex. Most importantly, this feed-

forward circuit could synergistically act on the develop-

ment of pathologic cardiac hypertrophy under conditions of

abnormal neurohumoral stimulation as observed in WT

hearts, but not in Trpc3-/- hearts.

Seo et al. reported that inhibition of both Trpc3 and

Trpc6 are necessary to block TAC-induced hypertrophy,

but Trpc3 single deletion failed [40]. The discrepancy

between their data and ours were caused by difference of

background strain and stress condition (129sv strain in

elevated PE condition for our study and the changed

background strain from 129sv to C57BL6 by 5 generation

backcross in TAC condition for their study). Different

baseline cardiovascular phenotypes of these strains were

well known [41] and especially, the different cardiac

responses to pressure overload (TAC)-induced left ventri-

cle hypertrophy between 129sv and C57BL6 strain were

reported in detail [42]. Secondly, PE-infused Trpc3-/-

hearts of our study showed slightly decreased expression of

BNP expression than PBS infusion (Fig. 2e), whereas TAC

subjected Trpc3-/- mice of their study showed elevated

Nppa (ANP) and Nppb (BNP) expression. These results

suggested that the different stresses of elevated PE and

TAC conditions cause different effects on heart at least in

Trpc3-/- mice. Therefore, it seems that TRPC3 mediates

the additional pathologic effect by elevated PE which

probably mediated by direct a1-adrenergic receptor acti-

vation in cardiomyocytes.

Increased TRPC3 channels are observed in vascular

endothelium of patients with essential hypertension [43],

and the various Trpc-inhibitory compounds blocks cardiac

hypertrophy in mice subjected to pressure overload [44].

These findings and ours suggest that TRPC3 inhibition is a

promising candidate for treatment of hypertension and

pathologic cardiac hypertrophy. Especially, present find-

ings provide additional therapeutic significance of TRPC3

inhibition as a candidate for treating pathologic cardiac

hypertrophy because of its effect on reducing cardiac

CaV1.2 expression.
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Supplementary Fig. 1
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Supplementary Fig. 1 Diastolic blood pressures (BP) of WT and Trpc3-/- mice in PBS or PE infusion condition. Osmotic pump 
Alzet 2200 were inserted at 0 day (arrow) and PE were infused as 65 mg/kg/day. (n=7). *p<0.05 compared with PBS-infused 
WT.
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Supplementary Fig. 2 Cardio myocyte hypertrophy of   PE infused WT mice. (A) Representative images showing the myocyte cell 
size in left ventricle of each mouse (bar, 50 μm). (B) Summary of the quantitation of relative cell size. ***p<0.0001 compared with 
PBS-infused WT; *p<0.05 compared with PBS-infused Trpc3-/-.
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Supplementary Fig. 3 Expression of mRNAs of representative components of heart contraction was similar in WT and 
Trpc3-/- hearts. To determine whether reduction of CaV1.2 expression altered expression levels of other components of heart 
contraction, RT-PCR analysis of WT and Trpc3-/- hearts was carried out using the indicated primers, and generating products of 
the indicated size.
mTrpc3     forward, 5’- TCA TAC TTT ATT CTT ACT ACC TTG G-3‘; reverse, 5’- ATC TCT TGG TAT GAG CTA TTA ATC-3'; 244 
bp
mRyR2     forward, 5’- CTT CGA TGT TGG CCT TCA AGA G-3’; reverse, 5’- CCA ACA CGC ACT TTT TCT CCT T-3‘; 100 bp
mIP3R1    forward, 5’-GAA GCA GCA TGT GTT CCT GA-3‘; reverse, 5’-GGT CTA CCT CTG CAG CCA AG-3‘: 198 bp
mSERCA2b    forward, 5’-CTG TGG AGA CCC TTG GTT GT-3‘; reverse, 5’-CAG AGC ACA GAT GGT GGC TA-3'; 245 bp
mCalmodulin   forward, 5’-TTG CCG TCT ATG ACC ACG TA-3‘; reverse, 5’-TGC TTT TGC CAT ACA CAG TG-3'; 233 bp
mCAMK2D      forward, 5’-AAG CAC CCC AAT ATT GTG AG-3‘; reverse, 5’-CAA ATT CTC AGG CTT CAG GT-3'; 222 bp
18S rRNA        forward, 5’-GTGGAGCGATTTGTCTGGTT-3‘; reverse, 5’-CGCTGAGCCAGTCAGTGTAG-3'; 200 bp)

Supplementary Fig. 3
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