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Abstract 

When a cardiac muscle is held in a stretched position, its [Ca
2+

] transient increases 

slowly over several minutes in a process known as stress-induced slow increase in 

intracellular Ca
2+

 concentration ([Ca
2+

]i) (SSC). Transient receptor potential 

canonical (TRPC) 3 forms a non-selective cation channel regulated by the 

angiotensin II type 1 receptor (AT1R). In this study, we investigated the role of 

TRPC3 in the SSC. Isolated mouse ventricular myocytes were electrically 

stimulated and subjected to sustained stretch. An AT1R blocker, a phospholipase 

C inhibitor, and a TRPC3 inhibitor suppressed the SSC. These inhibitors also 

abolished the observed SSC-like slow increase in [Ca
2+

]i induced by angiotensin 

II, instead of stretch. Furthermore, the SSC was not observed in TRPC3 knockout 

mice. Simulation and immunohistochemical studies suggest that sarcolemmal 

TRPC3 is responsible for the SSC. These results indicate that sarcolemmal 

TRPC3, regulated by AT1R, causes the SSC. 
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Introduction 

The mechanical environment affects cardiac muscle contractility via cellular 

Ca
2+

 handling in the heart, which is required to control cardiac output and meet 

physiological demands [1]. The myocardial stretch increases the force of 

contraction immediately, though there is no associated transient change in the 

intracellular Ca
2+

 concentration ([Ca
2+

]i) [2]. This is referred to as the Frank-

Starling effect, and is caused by a rapid increase in myofilament Ca
2+

 sensitivity. 

Meanwhile, a long time-course stretch, over several minutes, causes a subsequent 

slow increase in the force of contraction. This is the result of stress-induced, slow 

increase in the [Ca
2+

]i (SSC) [3, 4]. The SSC, accompanied by the slow increase 

in contraction force, corresponds to the Anrep effect in the heart, which 

physiologically constitutes an autoregulation mechanism by which the heart 

adapts to an abrupt increase in afterload (e.g. an increase in aortic pressure), 

occurring after the Frank-Starling effect appears [5]. To date, various signaling 

pathways and mechanisms have been reported to explain the SSC. The stretch-

induced autocrine and paracrine release of angiotensin II (Ang II) and endothelin-

1 (ET-1) has been implicated in the SSC [6–8]. Ang II and ET-1 release causes an 

increase in intracellular Na
+ 

concentration ([Na
+
]i) mediated by stretch-activated, 

non-selective cation channels, with or without involvement of the Na
+
/H

+
 

exchanger-1. This is followed by an increase in [Ca
2+

]i via the Na
+
/Ca

2+
 exchanger 

(NCX) [9, 10]. Two subtypes of the transient receptor potential canonical (TRPC) 

channel, TRPC3 and TRPC6, have been proposed as stretch-activated, non-

selective cation channel candidates involved in the SSC [10–12, 57]. These 

receptor-operated channels are stimulated by the activation of the Ang II type 1 

receptor (AT1R, a Gq protein-coupled receptors (GqPCRs) ) and subsequent 

diacylglycerol (DAG) synthesis through phospholipase C (PLC) [13–15]. Seo et 

al. (2014) reported that TRPC6 contributes to the SSC [16], but the involvement 

of TRPC3 in the SSC remains unclear. Studies investigating the effects of TRPC 

channels on the SSC are complicated by uncertainty about their subcellular 

localization, and results of immunochemical studies of TRPC channels are 

controversial. Some studies have indicated that TRPC channels are located in the 

membrane of the sarcoplasmic reticulum (SR) in cardiomyocytes [17, 18], and 

others have reported that they are located in the sarcolemma and transverse 

tubules of ventricular myocytes [19, 20].  

Here, we have focused on clarifying the role of TRPC3 in the SSC. Using 

isolated ventricular myocytes from C57BL/6J, 129/Sv wild-type (WT), and 

TRPC3 knockout (KO; Trpc3
-/-

) mice, we investigated whether TRPC3 activation, 

via AT1R-induced PLC, contributes to the SSC. Additionally, we investigated the 

location of TRPC3 and their location-dependent role on the SSC using an 

immunochemical method and mathematical cardiomyocyte model, with cation 

channels (representing TRPC3) on the sarcolemma or the SR. 

Methods 

Myocyte isolation 

All experiments were conducted in accordance with the Guiding Principles for 

the Care and Use of Animals approved by the Council of the Physiological 

Society of Japan. Animal protocols were approved by the Animal Subjects 

Committee of Okayama University Graduate School of Medicine, Dentistry, and 

Pharmaceutical Sciences. Myocyte isolation was performed as described [21–23] 
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with modifications. Mice (129/Sv WT, Trpc3
-/-

, and Trpc6
-/-

) were provided by 

the National Institute of Environmental Health Sciences (NC, USA) [24, 25]. 

TRPC3 and TRPC6 gene knockouts were confirmed by real-time PCR. 

Ventricular myocytes were isolated from 54 hearts of C57BL/6J mice, 7 hearts of 

129/Sv WT mice, 5 hearts of Trpc3
-/- 

mice, and 4 hearts of Trpc6
-/-

 mice (aged 8–

15 weeks). After inhalation anesthesia with isoflurane (DS Pharma Animal Health, 

Osaka, Japan), adult mice were injected intraperitoneally with 100 IU of heparin 

sodium (AY Pharmaceuticals, Tokyo, Japan) and euthanized with isoflurane 30 

min post injection. The heart was quickly excised and cannulated through the 

aorta using an 18G cannula. The heart was mounted on a Langendorff apparatus 

and perfused at 36–37C with oxygenated solution A (128 mM NaCl, 2.6 mM 

KCl, 1.18 mM MgSO4, 1.18 mM KH2PO4, 10 mM HEPES, 20 mM taurine, and 

11 mM glucose; pH 7.4, adjusted with NaOH) containing 10 mM 2,3-butanedione 

monoxime (Sigma-Aldrich, St. Louis, MO, USA) at a rate of 4 mL min
-1

 for 1–2 

min. Then, the flow rate was changed to 3 mL min
-1

 for 3–4 min. Subsequently, 

the perfusate was switched to 27 mL of solution A containing 12.5 μM CaCl2 and 

2.5 mg of the enzyme Liberase TM Research Grade (Roche, Basel, Switzerland), 

to digest the myocardium for 3–5 min. The ventricles were then excised and cut 

into several pieces that were further digested in the enzyme solution for 15–25 

min at 37C. The tissue was gently agitated, using a transfer pipette, in 10 mL of 

solution A containing 10% fetal bovine serum and 12.5 μM CaCl2. The cell 

suspension was filtered with a 100-μm nylon mesh filter (Becton, Dickinson and 

Company, Franklin Lakes, NJ, USA) and centrifuged in a 15-mL plastic conical 

tube at 15 × g for 3 min. The cell pellet was re-suspended in solution A containing 

600 μM CaCl2. The cells were then incubated at room temperature for 8 min, 

centrifuged at 15 × g for 3 min, and re-suspended in solution A containing 1.2 

mM CaCl2. The centrifugation process was repeated and the final pellet was re-

suspended in a storage solution (solution A containing 1.8 mM CaCl2). The cells 

were kept in the storage solution at room temperature at least for 30 min before 

measurement. 

Transient [Ca2+]i measurement 

[Ca
2+

]i was measured using IonOptix hardware and software (IonOptix 

Corporation, Milton, MA, USA) and an inverted microscope (IX-70; Olympus, 

Tokyo, Japan) with an oil immersion objective lens (UAPON 40×O340; Olympus, 

Japan) as previously described [26]. To record [Ca
2+

]i, 2.5 μM Fura-4F 

acetoxymethyl ester (Fura-4F AM; Life Technologies, Carlsbad, CA, USA) was 

loaded onto the cells with 0.1% Pluronic F-127 (AnaSpec, Fremont, CA, USA) 

for 10 min. Cells were placed on a poly-HEMA (2-hydroxyethyl methacrylate; 

Sigma-Aldrich, USA)-coated coverslip to prevent firm cell attachment to the 

bottom of the chamber. Due to the short working distance of the objective lens, 

both cell ends were held by a pair of carbon fibers (CF) to stretch cells without 

lifting them off the coverslip. For the ratiometric recordings, excitation 

wavelengths of 340 nm and 380 nm (alternated at 250 Hz) were used, and the 

fluorescence emission was recorded at 480–520 nm with a photomultiplier tube. 

The background emission, obtained in the same area after each experiment, was 

subtracted from the raw emission signal. The ratio of the emission signals at the 

two wavelengths (340/380 nm) was taken to represent changes in [Ca
2+

]i. 
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Stretch protocol 

Fura-4F-loaded myocytes were set on the cardiomyocyte stretch system 

mounted on the IX-70 inverted microscope as described above. A schematic 

representation of the stretch system is shown in Fig. 1a. Sarcomere length changes 

were recorded using IonOptix hardware and software (IonOptix Corporation, 

USA). After establishing firm CF attachment, the cell was perfused in normal 

Tyrode’s (NT) solution (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1.0 mM 

MgCl2, 5.0 mM HEPES, and 11 mM glucose; pH 7.4, adjusted with NaOH) at 

room temperature and electrically stimulated at 1 Hz at slack length until steady-

state was obtained (Fig. 1b (top panel)). Stretch was applied by moving a 

computer-controlled piezoelectric translator (P-621.1CL; Physik Instrument, 

Karlsruhe/Palmbach, Germany) to achieve an 8% increase in sarcomere length 

(Fig. 1b (lower panel)). In the stretch protocol, SSC was recorded 300 s after 

completion of the stretch since our result (Fig. S1) and many other previous 

studies of stretch-induced increase in twitch force show that steady contractions 

were usually achieved within 300 s after stretch [10, 16, 27]. Thus, stretch was 

maintained for longer than 300 s and then released. The Fura-4F ratios at 10 s 

after the stretch was recorded, and at 300 s were recorded as the SSC. 

Ang II protocol 

After establishing firm CF attachment, the cell was perfused with NT solution 

and electrically stimulated at 1 Hz at slack length until steady-state was obtained. 

Then, the cell was perfused with NT solution containing 1μM Ang II (A9525; 

Sigma-Aldrich, USA) without stretch [28]. The Fura-4F ratios observed 10 s and 

300 s after Ang II treatment correspond to the responses 10 s after the stretch and 

the SSC in the stretch protocol, respectively. 

Mathematical modeling 

We compared the cellular behaviors in SSC between cells with TRPC3 

channels on the sarcolemma and those with TRPC3 channels on the SR, using a 

published mathematical cardiomyocyte model [26]. The model was modified by 

adding a cation current via the sarcolemma or a Ca
2+

 flux via the SR membrane. 

The net cellular current via TRPC3 channels on the sarcolemma ( trpcI ) is 

described as follows: 

trpc trpcNa trpcK trpcCaI I I I     

 trpcNa trpcNa NaI G V E   

 trpcK trpcK KI G V E     

 trpcCa trpcCa CaI G V E   

where: trpcNaI , trpcKI , and trpcCaI are the Na
+
, K

+
, and Ca

2+
 current components 

of trpcI ; trpcNaG , trpcKG , and trpcCaG are the Na
+
, K

+
, and Ca

2+
 conductance;V is the 

membrane potential; and NaE , KE , and CaE are the Na
+
, K

+
, and Ca

2+
 reversal 

potentials. We used mimicking to simulate stretch-induced increase in Ca
2+

 

release via TRPC3 in the SR by adding a Ca
2+

 leak factor in the SR Ca
2+

 release 

equation:  

  2+ 2+
rel rel rel leak TRPC SR iSL[Ca ] [Ca ]J K F K K      
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where: relJ is the Ca
2+

 release flux from the SR; relK is the maximum Ca
2+

 release 

flux; relF is the fraction of ryanodine receptors related to the Ca
2+

 release; leakK is 

the intrinsic SR Ca
2+

 leak rate; TRPCK is the TRPC3 Ca
2+

 release rate; 2+

SR[Ca ] is the 

SR Ca
2+

 concentration; and 2+

iSL[Ca ] is the sub-sarcolemmal (SL) cytosolic Ca
2+

 

concentration. Except for the above modification, all parameters were identical to 

those of the original published model. A full CellML version of the model is 

available as an online supplementary file and can be run using suitable modeling 

environments (such as OpenCOR; http://www.opencor.ws/). 

Immunohistochemistry 

We performed immunochemical studies as described [29] with modifications. 

Hearts were excised from 129/Sv WT and Trpc3
-/-

 mice (two of each genotype), to 

prepare paraffin sections. Mice were euthanized with isoflurane, and the hearts 

quickly excised and washed with phosphate-buffered saline (PBS). The specimens 

were fixed in 4% paraformaldehyde and embedded in paraffin and serial 5 μm-

thick sections were cut from the paraffin-embedded tissue blocks. The paraffin 

sections were incubated with Blocking One (Nacalai Tesque, Kyoto, Japan) for 1 

h at room temperature and incubated with the anti-TRPC3 antibody (1:100; 

ab51560; Abcam, Tokyo, Japan) overnight at 4 °C. Then, the sections were 

incubated with Fab Fragment Goat Anti-Rabbit IgG (H+L) (1:10; Jackson 

Immuno Research Laboratories, West Grove, PA, USA) for 1 h at room 

temperature. Subsequently, the sections were incubated with an Alexa Fluor 555-

conjugated secondary antibody (1:1000; Life Technologies) for 1 h at room 

temperature. The sections were then incubated with the anti-sodium potassium 

ATPase (NK-ATPase) antibody (1:500; ab76020; Abcam) or the sarcoplasmic 

reticulum calcium ATPase (SERCA) 2 antibody (1:500; sc-8095; Santa Cruz 

Biotechnology, Dallas, TX, USA) overnight at 4 °C. Finally, the sections were 

incubated with an Alexa Fluor 488-conjugated secondary antibody (1:1000; Life 

Technologies) for 1 h at room temperature. At all staining steps, the sections were 

washed with PBS containing 0.1% Tween-20. After staining, the sections were 

mounted onto a cover glass with VECTASHIELD Mounting Medium (Vector 

Laboratories, Burlingame, CA, USA). Sections stained only with the secondary 

antibodies served as negative control. To confirm the specificity of the primary 

anti-TRPC3 antibody, it was pre-incubated with the antigenic-blocking peptide 

(ab65597; Abcam) overnight at 4 °C prior to use. Fluorescence images were 

obtained using a confocal microscope (FV 1000; Olympus, Japan). To estimate 

the co-localization ratio of TRPC3 and NK-ATPase or SERCA2, the Manders’ 

overlap coefficient was calculated using Fiji/ImageJ software with the Coloc2 

plug-in. 

Statistical analysis 

Values are expressed as the mean ± standard error of the mean (SEM). All 

parameters were compared using Student’s paired t-test or one-way analysis of 

variance with Bonferroni’s post hoc as appropriate. A value of P < 0.05 was 

considered significant. Prism software (Graphpad Software, La Jolla, CA, USA) 

version 6.0 was used for the analysis. 

http://www.opencor.ws/
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Results  

Changes in sarcomere length, before and after the stretch and Ang II 

application, are summarized in Table 1. The stretch significantly increased the 

sarcomere length by 8.85 ± 0.828%. There was no significant difference in control 

sarcomere length between the stretch and Ang II groups. 

Stretch protocol 

The SSC was assessed by Fura-4F fluorescence ratio (340/380 nm) in single 

cardiomyocytes of C57BL/6J mice (Fig. 2a). Compared with the recording 

obtained before applying an axial stretch, the [Ca
2+

] transient remained unchanged 

immediately after the initial stretch. Sustained stretch for 300 s resulted in the 

SSC. Results of stretch-induced change in the peak of [Ca
2+

] transient were 

obtained for nine cells (Fig. 2b). The sustained stretch caused a 43 ± 15% increase 

in the [Ca
2+

] transient. 

Ang II protocol 

We measured the change in the [Ca
2+

] transient in the C57BL/6J mouse 

cardiomyocytes during the Ang II protocol (Fig. 3). The application of Ang II for 

10 s, which corresponds to the 10 s stretch in the stretch protocol, did not alter the 

[Ca
2+

] transient. However, the application of Ang II for 300 s, corresponding to 

the SSC in the stretch protocol, significantly increased the [Ca
2+

] transient (Fig. 

3b). Therefore, the change in [Ca
2+

] transient induced by Ang II is consistent with 

the observed stretch-induced changes (Fig. 2 and 3). 

Involvement of TRPC3 in the SSC 

To examine the role of TRPC3 in the [Ca
2+

] transient increase in C57BL/6J 

mouse cardiomyocytes during the stretch protocol, we used BTP-2 (10 μM; 

Cayman Chemical, Ann Arbor, MI, USA), an inhibitor of TRPC channels [30], 

and Pyr3 (1 μM; Sigma-Aldrich), an inhibitor specific to TRPC3 [31]. Cells were 

incubated with BTP-2 or Pyr3 for at least five minutes before recording the initial 

state. Both BTP-2 and Pyr3 suppressed SSC (Fig. 4a). Additionally, we 

investigated whether TRPC3 activation during the sustained stretch was mediated 

by PLC-generated DAG (via the activation of AT1R). We inhibited AT1R and 

PLC by applying olmesartan (RNH 6270, 10 μM; ChemScene, Monmouth 

Junction, NJ, USA) [32] and U-73122 (10 μM; Cayman Chemical) [33], 

respectively. Both inhibitors abolished SSC (Fig. 4a). The specificity of U-73122 

was confirmed by a negative control experiment using U-73343 (the inactive 

analogue of U-73122, 10 μM; Sigma-Aldrich), which did not affect the SSC (Fig. 

S2). Finally, we used BTP-2, Pyr3, and U-73122 to test the involvement of 

TRPC3 and PLC activation in the increase in [Ca
2+

] transient during the Ang II 

protocol. All three inhibitors suppressed the significant increase in [Ca
2+

] transient 

observed after the application of Ang II at 300 s to a similar extent to which they 

suppressed the response to 300 s stretch (SSC) (Fig. 4a and b). To confirm the 

effects of olmesartan, U-73122, BTP-2, and Pyr3 on the [Ca
2+

] transient at the 

initial state, Fura-4F ratios were compared before and after inhibitors application 

without stretch or applying Ang II. These inhibitors did not affect the [Ca
2+

] 

transient at the initial state (Fig. S3). 

To further examine the involvement of TRPC3 and TRPC6 in the SSC, we 

investigated the changes in [Ca
2+

] transient during the stretch protocol in 
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cardiomyocytes isolated from 129/Sv WT, Trpc3
-/-

, and Trpc6
-/-

 mice (Fig. 5a (top 

panel) and 5b (n = 12)) Although the amplitude of [Ca
2+

] transient did not change 

at 10 s after the stretch, it significantly increased 300 s after the stretch, similar to 

the response of [Ca
2+

]i in C57BL/6J mice (Fig. 2). However, the response at 300 s 

after the stretch (SSC) was completely abolished in both the Trpc3
-/-

 and the 

Trpc6
-/-

 mice (Fig. 5a middle and bottom panels, and 5c).  

Localization of TRPC3 (mathematical modeling study) 

To investigate the intracellular location of the TRPC3 channels, we performed 

a simulation study using our mathematical model of a single cardiomyocyte with 

stretch-activated cation channels located on either the sarcolemma or the SR. This 

model is used to simulate [Ca
2+

] transient during the stretch protocol with a 

stretch-induced cation influx that mimics TRPC3 channels on the sarcolemma 

(Fig. 6a). Additionally, this model can simulate [Ca
2+

] transient during the stretch 

protocol with stretch-induced Ca
2+

 leak from the SR, mimicking Ca
2+

 flux via SR 

membrane TRPC3 channels (Fig. 6b). For TRPC3 channels on the sarcolemma, 

the stretch was simulated by increasing the Na
+
, K

+
, and Ca

2+
 conductance of the 

TRPC3 channels. All conductance values ( trpcNaG , trpcKG , and trpcCaG ) were set to 0 

nS before the stretch, and increased to 0.07 nS after the stretch. This scenario 

successfully reproduced a stretch-induced slow increase in [Ca
2+

] transient during 

the sustained stretch (SSC) without significant changes immediately after the 

stretch (Fig. 6a). To investigate which cation component of the TRPC3 current is 

responsible for the SSC, each of the three cation conductance values 

( trpcNaG , trpcKG , and trpcCaG ) were changed independently. Increases 

in trpcNaG and trpcCaG contributed to the increase in [Ca
2+

] transient during the 

sustained stretch, but increases in trpcKG did not (Fig. 6c). Increases in GtrpcNa 

decrease Ca
2+

 extrusion via NCX. This leads to an increase in SR Ca
2+

 uptake to 

accumulate intracellular Ca
2+

, causing SSC. Increases in GtrpcCa increase cytosolic 

Ca
2+

 concentration. This also increases SR Ca
2+

 uptake, therefore SR Ca
2+

 load, 

causing SSC. Diastolic Ca
2+

 concentration is determined by the balance of these 

influx/efflux factors. Although change in diastolic Ca
2+

 concentration in our 

model shown in Fig. 6a is too small to recognize from the figure, it slightly 

increased after sustained stretch (0.0051 μM at initial state, and 0.0064 μM after 

sustained stretch). For TRPC3 channels on the SR, the stretch was simulated by 

increasing the Ca
2+

 leak rate factor of TRPC3 channels ( TRPCK ) from 0 s
-1

 to 0.007 

s
-1

. This scenario failed to reproduce the change in [Ca
2+

] transient associated with 

the SSC (Fig. 6b). Further increase of the TRPCK also did not reproduce the SSC 

(data not shown). These results suggest that sarcolemmal TRPC3s are responsible 

for the SSC, by increasing cation (Na
+
 and Ca

2+
) influx. 

Localization of TRPC3 (immunofluorescence study) 

We investigated the intracellular localization of TRPC3 in cardiomyocytes 

using immunofluorescence. Heart sections were labeled with antibodies for 

TRPC3 and NK-ATPase, as a sarcolemma and transverse tubules marker, or 

SERCA2, as an SR marker. TRPC3 partially co-localized with NK-ATPase (Fig. 

7b) and SERCA2 (Fig. 7c). The ratio of co-localization was estimated using a 

Manders’ overlap coefficient-based technique. The coefficient values obtained 

were 0.17 and 0.45 for TRPC3 and NK-ATPase, and TRPC3 and SERCA2, 

respectively (Table 2). Therefore, 17% of the TRPC3 signals in sections co-

labeled with NK-ATPase were observed on the sarcolemma and transverse 
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tubules, and 45% of the TRPC3 signals in sections co-stained with SERCA2 were 

observed on the SR. The validity of the staining was confirmed by using Trpc3
-/-

 

mice cardiomyocytes (Fig. 7a), pre-incubation of the antigenic-blocking peptide, 

and the incubation only with the secondary antibody as controls. None of the 

negative control treatments showed a TRPC3 immunofluorescence signal. 

Discussion 

The SSC has been studied for decades, yet the underlying mechanisms have 

remained unclear. It has been reported that the stretch-induced release of Ang II 

activates AT1R. This induces the activation of extracellular signal-regulated 

kinase 1/2 via reactive oxygen species (ROS) to mediate the increase in [Na
+
]i [34, 

35]. The increase in [Na
+
] influx leads to an increase in [Ca

2+
]i via NCX [36, 37]. 

Recently, several TRPC channel subtypes have been proposed to be involved with 

various types of stretch responses [10, 11, 16]. Here, we have demonstrated that 

stretch-induced cation (Na
+
 and Ca

2+
) influx, via TRPC3, is involved in the SSC. 

This study confirms previous findings that TRPC6 is involved in the SSC [16], 

and presents the novel finding that TRPC3 is an equivalent contributor to this 

process. The results obtained in this study using pharmacological interventions 

(Pyr3) in C57BL/6J mice and genetic deletions in 129/Sv mice, suggest that 

TRPC3 and TRPC6 cooperate in the stretch response. There is growing evidence 

to suggest that TRPC3 and TRPC6 can form functional heterotetramers [38-40, 

58]. If cation influx through either TRPC3 or TRPC6 monomeric channels alone 

is insufficient to potentiate contraction, influx through TRPC3/6 heteromeric 

channels may provide another cation source. TRPC3 and TRPC6 may also 

function sequentially, as observed in endothelial cells in which TRPC6 activation 

is followed by TRPC5 activation [41]. In such cases, loss of either component 

would result in loss of the final output. 

TRPC3 and TRPC6 function as receptor-operated channels modulated by 

GqPCRs, such as AT1R [14]. The sustained stretch has been reported to release 

Ang II, which activates AT1R in cardiomyocytes [42, 43]. The activation of 

AT1R may induce cation influx via TRPC3 and TRPC6 [14, 44]. However, other 

studies report that TRPC3 and TRPC6 are primarily activated by the stretch [45]. 

Our results demonstrate that application of Ang II, instead of stretch, reproduced 

the slow increase in the [Ca
2+

] transient (Fig. 3), and that TRPC3 and PLC 

inhibition significantly suppressed the increase in [Ca
2+

]i induced by both the 

sustained stretch and Ang II (Fig. 4). These experimental results indicate that the 

activation of TRPC3/6 to sustained stretch is mediated via the AT1R–Gq–PLC–

DAG signaling pathway. Additionally, it has been reported that AT1R activation 

stimulates NADPH oxidase (NOX), the main source of ROS in the myocardium, 

to cause SSC [35]. Furthermore, NOX-derived ROS has been reported to regulate 

TRPC6 in vascular endothelial cells, glomerular mesangial cells, and podocytes 

[46–48]. Therefore, it remains possible that TRPC3 is regulated by two different 

AT1R pathways in SSC: (i) the AT1R–Gq–PLC–DAG–TRPC3 signaling 

pathway; or (ii) the AT1R–NOX–ROS–TRPC3 signaling pathway. While our 

results support the regulation of TRPC3 by the AT1R–Gq–PLC–DAG–TRPC3 

signaling pathway, they do not exclude ROS-dependent activation of TRPC3 in 

SSC. The relationship between these pathways needs to be studied further. 

Another possible regulatory mechanism for Ca
2+

 handling involved in SSC is 

inositol trisphosphate (IP3), which is also affected by AT1R signaling pathway via 

ET-1 [42, 49]. In atrial myocytes, IP3 receptors activation enhances systolic and 
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diastolic Ca
2+

 levels and increases spontaneous Ca
2+

 release [51]. However, IP3 

receptors expression level in ventricular myocytes is much smaller (1/6) than in 

atrial myocytes [59], and ryanodine receptors are the dominant mechanism of 

Ca
2+

 release in ventricular myocytes [50]. Additionally, our mathematical 

modeling study demonstrates that IP3-dependent Ca
2+

 release, which is the Ca
2+

 

release from the SR, may not affect SSC. Therefore, the contribution of IP3-

dependent Ca
2+

 release for SSC might be negligible in ventricular myocytes. 

Our mathematical modeling demonstrated that wet-experimentally observed 

SSC could be reproduced only by the extracellular cation influx (Na
+
 and Ca

2+
) 

(Fig. 6). This predicts that TRPC3 is located on sarcolemma and/or transverse 

tubules. Although our simulation with TRPC3 on the SR did not reproduce SSC, 

it does not mean that TRPC3 is not located on the SR. Indeed, several studies 

reported that TRPC3 is localized on the sarcolemma and transverse tubules in 

rodent cardiomyocytes [17, 19, 20], while other studies have reported that it is 

also located on the SR membrane in rabbit or mouse cardiomyocytes [17, 18]. 

Further studies reported that some types of stimuli induce the translocation of 

TRPCs from the sub-sarcolemmal space to the sarcolemma [52, 53]. Therefore, 

TRPCs have been observed in both sarcolemma and non-sarcolemmal areas, 

including the SR. These findings are consistent with our immunohistochemical 

results, in which the TRPC3 fluorescent signal was found on the sarcolemma and 

transverse tubules (Fig. 7b), and on non-sarcolemmal areas including the SR (Fig. 

7c). 

In our immunohistochemical study, the ratio of co-localization estimated by 

Manders’ coefficient for TRPC3 and NK-ATPase or SERCA2 are 17% and 45%, 

respectively. However, this does not necessarily mean that 17% of TRPC3 is 

located on sarcolemma and 45% is located on the SR. Overlapped confocal 

fluorescent signals does not always assure the co-localization of the target 

substances because the spatial resolution of a confocal microscope is limited (250 

nm) [54]. Furthermore, even though our modeling study demonstrated that 

sarcolemmal fraction of TRPC3 is responsible for causing SSC, it does not tell us 

whether the observed fraction (17%) is sufficient for causing SSC with an 8% 

stretch. To the best of our knowledge, there are no previous studies concerning 

dose-dependency between stretch and TRPC3 activity in cardiac muscle. 

Therefore, the parameters for the stretched conditions applied in the simulation 

were nominally set to cause SSC in our model. The quantitative relationship 

between stretch and TRPC3 activity may not be so simple because of other 

stretch-induced factors. For instance, the stretch-induced translocation of TRPC3 

from the non-sarcolemmal area to the sarcolemma may affect its activity [55]. 

Despite the limitations mentioned, our combination of mathematical modeling and 

immunohistochemical studies reasonably suggests that a fraction of TRPC3 is 

located on the sarcolemma and/or transverse tubules, and that a stretch-induced 

cation (Na
+
 and Ca

2+
) influx via this TRPC3 fraction is required for the SSC. 

Conclusion 

Taken together, our results support the following model of the mechanisms 

involved in the SSC (Fig. 8). Stretch activates AT1R [56] and the downstream 

AT1R–Gq–PLC–DAG signaling cascade activates sarcolemmal TRPC3/6. This 

increases intracellular Ca
2+

 handling either by direct Ca
2+

 influx or by indirect 

effects of Na
+
 influx on NCX activity causing the accumulation of total 

intracellular Ca
2+

. Our mathematical modeling and immunohistochemical studies 
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indicate that localization of TRPC3 on the sarcolemma causes the SSC in 

cardiomyocytes. In conclusion, this study shows that sarcolemmal TRPC3, 

regulated by AT1R, is involved in the SSC in cardiomyocytes. 
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Figure Legends  

Fig. 1 Overview of the stretch control system used to apply an axial stretch to the 

cell (a) Both cell ends were held by a pair of carbon fibers (CF). The left CF was 

mounted on piezoelectric translators (PZT). (b) The myocyte was stretched from 

the initial state by moving the left CF with the PZT. 

 

Fig. 2 Changes in the [Ca
2+

] transient in single cardiomyocytes from C57BL/6J 

mice in the stretch protocol (a) A representative response to axial stretch in the 

[Ca
2+

] transient. Following the initial state, the [Ca
2+

] transient remained 

unchanged at 10 s after the stretch, and then showed a slow increase at 300 s after 

the stretch (a stress-induced slow increase in the [Ca
2+

]i: SSC). (b) Summarized 

data for the [Ca
2+

] transient response to the stretch (n = 9). # P < 0.05 vs. Initial 

state; * P < 0.05 vs. Stretch (10 s). 

 

Fig. 3 Change in [Ca
2+

] transient in cardiomyocytes from C57BL/6J mice in the 

angiotensin II (Ang II) protocol (a) Representative traces of Fura-4F fluorescence 

signals. After recording the initial state in normal Tyrode’s (NT) solution, the 

application of Ang II (1 μM) for 10 s left the [Ca
2+

] transient unchanged. However, 

application of Ang II for 300 s increased the [Ca
2+

] transient, similar to the SSC. 

(b) Summarized data for the change in [Ca
2+

] transient by Ang II application (n = 

8). # P < 0.05 vs. Initial state; * P < 0.05 vs. Ang II (10 s). 

 

Fig. 4 Effects of pharmacological inhibition of the AT1R/TRPC3 pathway on the 

[Ca
2+

] transient in cardiomyocytes from C57BL/6J mice in the stretch and 

angiotensin II (Ang II) protocols (a) The significant slow increase in [Ca
2+

] 

transient at 300 s after the stretch (SSC) was suppressed by the inhibitors 

olmesartan (AT1R blocker, 10 μM; n = 10), U-73122 (PLC inhibitor, 10 μM; n = 

9), BTP-2 (TRPC channels inhibitor, 10 μM; n = 9), and Pyr3 (TRPC3 inhibitor, 1 

μM; n = 8). These inhibitors did not affect [Ca
2+

] transient at initial state and 10 s 

after the stretch. (b) The SSC-like significant increase in [Ca
2+

] transient induced 

by the application of Ang II for 300 s was suppressed by U-73122 (10 μM; n = 6), 

BTP-2 (10 μM; n = 12), and Pyr3 (1 μM; n = 8). These inhibitors did not affect 

[Ca
2+

] transient at initial state and 10 s after Ang II application. AT1R, 

angiotensin II type 1 receptor; PLC, phospholipase C; TRPC3, transient receptor 

potential canonical subtype 3. 

 

Fig. 5 Effects of genetic deletion of TRPC3 and TRPC6 on the [Ca
2+

] transient in 

cardiomyocytes from 129/Sv mice during the stretch protocol (a) Representative 

traces of the slow increase in [Ca
2+

] transient during the sustained stretch (SSC) 

on single cardiomyocytes isolated from 129/Sv wild-type (WT), Trpc3
-/-

, and 

Trpc6
-/-

 mice. (b) Summarized data for the stretch-induced change in [Ca
2+

] 

transient in cardiomyocytes from WT mice (n = 12). (c) The stretch-induced slow 

increase in [Ca
2+

] transient at 300 s after the stretch (SSC), seen in the WT mice, 

was suppressed in the Trpc3
-/-

 and Trpc6
-/-

 mice (n = 11 and 8). Deletion of 
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TRPC3 and TRPC6 did not affect [Ca
2+

] transient at initial state and 10 s after the 

stretch. # P < 0.05 vs. Initial state; * P < 0.05 vs. Stretch (10 s). TRPC, transient 

receptor potential canonical; Trpc3
-/-

, transient receptor potential canonical 

subtype 3 knockout; Trpc6
-/-

, transient receptor potential canonical subtype 6 

knockout. 

 

Fig. 6 Simulated [Ca
2+

]i response to stretch with different TRPC3 locations (a) 

Stretch-induced slow increase in [Ca
2+

]i was observed with the increase in 

conductance of all cations (Na
+
, K

+
, and Ca

2+
) when TRPC3 was located on the 

sarcolemma (no stretch: trpcNaG , trpcKG , trpcCaG = 0 nS; with 

stretch: trpcNaG , trpcKG , trpcCaG = 0.07 nS, respectively). (b) The [Ca
2+

]i was 

unchanged with increasing cation flux when TRPC3 was located on the SR (no 

stretch: TRPCK = 0 s
-1

; with stretch: TRPCK = 0.007 s
-1

). (c) Increasing only the Na
+
 or 

Ca
2+

 conductance (no stretch: trpcNaG , trpcCaG = 0 nS; with stretch: trpcNaG , trpcCaG = 

0.07 nS, respectively) caused SSC (trpcNa and trpcCa, respectively), but increasing 

only the K
+
 conductance (no stretch: trpcKG = 0 nS; with stretch: trpcKG = 0.07 nS) 

did not (trpcK). 

 

Fig. 7 Localization of TRPC3 in mouse hearts (a) Heart sections of Trpc3
-/-

 mice 

were stained with anti-TRPC3 antibodies (green) and anti-NK-ATPase antibodies 

(red) to confirm the staining specificity of anti-TRPC3 antibodies. (b, c) Double 

immunofluorescence images showing TRPC3 (green) and NK-ATPase (red) (b) 

or SERCA2 (red) (c) expression in ventricular cardiomyocytes of 129/Sv wild-

type (WT) mice. The merged and magnified images show the small amount of co-

localization of TRPC3 and NK-ATPase (b), compared to SERCA2 (c). The white 

inset is magnified in the right panel. Trpc3
-/-

, transient receptor potential canonical 

subtype 3 knockout; NK-ATPase, sodium potassium ATPase; SERCA, 

sarcoplasmic reticulum calcium ATPase. 

 

Fig. 8 Proposed mechanism of the SSC 

Stretch triggers AT1R activation of PLC via Gq to produce DAG. Increased DAG 

production activates TRPC3/6. The activation of sarcolemmal TRPC3/6 increases 

the intracellular cation (Na
+
 and Ca

2+
) influx. It contributes to intracellular Ca

2+
 

accumulation via indirect effects of TRPC3/6-mediated Na
+
 influx on NCX 

activity, or via direct TRPC3/6-mediated Ca
2+

 influx. AT1R, angiotensin II type 1 

receptor; PLC, phospholipase C; DAG, diacylglycerol; NCX, Na
+
/Ca

2+
 

exchanger; TRPC3/6, transient receptor potential canonical subtype 3 and 

transient receptor potential canonical subtype 6. 
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Table 1. Sarcomere length in stretch and angiotensin II (Ang II) protocol 

Protocol Before stretch or Ang II During stretch 

Stretch protocol (n = 12) 1.74 ± 0.0257 μm 1.98 ± 0.0297 μm * 

Ang II protocol (n = 8) 1.73 ± 0.0381 μm  

Values are mean ± SEM. *: P < 0.05 vs. Before stretch. 
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Table 2. Manders’ overlap coefficient for TRPC3 fluorescence 

 NK-ATPase SERCA2 

TRPC3 0.171 ± 0.012 0.450 ± 0.015 

Values are mean ± SEM; values were calculated from nine cell regions of interest, from three 

slides, for each of two hearts. 
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Fig. S1. Stretch-induced biphasic response in the twitch force of single cardiomyocyte from 
C57BL/6J mice during the stretch protocol. A representative response to axial stretch shows that, 
following the initial state (a), the twitch force immediately increased after the stretch (Frank-Starling 
effect) (b) and the sustained stretch (300 s) slowly increased the twitch force (c). Steady-state of the 
slow force response to stretch was able to be obtained at 300 s after the stretch. 
 
 
 

 
Fig. S2. Effect of U-73343 (the inactive analogue of PLC inhibitor U-73122) on a stretch-induced 
increase in [Ca2+] transient in cardiomyocytes from C57BL/6J mice. The increase in [Ca2+] by the 
application of the sustained stretch (SSC) was unaffected by U-73343 (10 μM; n = 8). [Ca2+] 
transient was recorded in the same condition as U-73122. # P < 0.05 vs. Initial state; * P < 0.05 vs. 
Stretch (10s). 
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Fig. S3. Effect of olmesartan, U-73122, BTP-2, and Pyr3 on the [Ca2+] transients at initial state. 
Fura-4F ratios were compared before and after the application of olmesartan (a; 10 μM; n = 7), U-
73122 (b; 10 μM; n = 7), BTP-2 (c; 10 μM; n = 7), and Pyr3 (d; 1 μM; n = 7). These inhibitors did 
not affect [Ca2+] transient (Fura-4F ratio) at initial state. 


