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Abstract

Aims—Protein kinase C (PKC) isozymes contribute to the development of heart failure through 

dysregulation of Ca2+ handling properties and disruption of contractile function in 

cardiomyocytes. However, the mechanisms by which PKC activation leads to Ca2+ dysfunction are 

incompletely understood.

Methods and Results—Shortly upon ventricular pressure overload in mice, we detected 

transient PKC activation that was associated with pulsed actin cytoskeletal rearrangement. In 

cultured cardiomyocytes, transient activation of PKC promoted long-term deleterious effects on 

the integrity of the transverse (T)-tubule system, resulting in a significant decrease in the 

amplitude and increase in the rising kinetics of Ca2+ transients. Treatment with a PKCα/β 
inhibitor restored the synchronization of Ca2+ transients and maintained T-tubule integrity in 

cultured cardiomyocytes. Supporting these data, PKCα/β inhibition protected against T-tubule 

remodeling and cardiac dysfunction in a mouse model of pressure overload-induced heart failure. 

Mechanistically, transient activation of PKC resulted in biphasic actin cytoskeletal rearrangement, 

consistent with in vivo observations in the pressure overloaded mouse model. Transient inhibition 
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of actin polymerization or depolymerization resulted in severe T-tubule damage, recapitulating the 

T-tubule damage induced by PKC activation. Moreover, inhibition of stretch activated channels 

(SAC) protected against T-tubule remodeling and E-C coupling dysfunction induced by transient 

PKC activation and actin cytoskeletal rearrangement.

Conclusions—These data identify a key mechanistic link between transient PKC activation and 

long-term Ca2+ handling defects through PKC-induced actin cytoskeletal rearrangement and 

resultant T-tubule damage.
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Introduction

Heart failure is a pathologic state that is primarily characterized by a loss of cardiac 

contractile function. Contractile dysfunction is associated with dysregulation in Ca2+ 

handling, such as blunted systolic [Ca2+]i elevations, prolonged Ca2+ transient decay and 

decreased SR Ca2+ contents.[1–3] Hemodynamic and neurohormonal stresses can induce 

hypertrophy and heart failure via multiple pathways that modulate the biochemical status of 

Ca2+ handling proteins.[4, 5] Among the many regulators, protein kinase C (PKC) 

isoenzymes have been found to be crucial mediators of cardiac hypertrophy and heart 

failure.[6–9] Conventional PKC family members (α, β, γ) not only induce hypertrophic 

gene expression via phosphorylation-mediated histone deacetylase (HDAC) translocation,

[10] but also directly contribute to Ca2+ handling dysfunction in cardiac hypertrophy and 

heart failure through several reported mechanisms.[11–14].

PKCα is the most abundantly expressed conventional PKC isoform in the myocardium. 

Long-term overexpression or activation of PKCα in transgenic mice decreases Ca2+ 

transients and cardiac contractility, thereby enhancing the development of cardiac 

hypertrophy and heart failure.[11, 12, 15–17] Silencing PKCα or overexpression of 

dominant negative PKCα or an inhibitor peptide enhances systolic Ca2+ elevation and 

contraction, which attenuates the development of heart failure.[11, 12, 15, 16] However, 

activation of PKC is likely a transient event given that diacyl glycerol (DAG), which is 

essential for the activation of conventional PKCs, is elevated transiently by cytokines and 

hormones and then returns to baseline[18, 19]. In addition, activation of PKC triggers its 

ubiquitination and degradation.[20, 21] Others have reported that transient activation of 

PKCα negatively regulates Ca2+ transients and cardiomyocyte contraction in vivo and in 
vitro.[11, 22, 23] However, these studies only examined the acute effects of PKCα 
activation, and it remains unclear whether transient activation of PKC produces long-lasting 

negative effects on contractile Ca2+ signaling in the heart.

In this study, we examined the long-term effects of transient PKC activation on cardiac 

function and Ca2+ handling properties. In addition to long-term suppression of Ca2+ 

transients, we found that transient activation of PKC induced severe T-tubule damage. 

Mechanistic analysis revealed that transient activation of PKC can lead to long-term 
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detrimental effects on cardiac function through alterations in the actin cytoskeleton, T-tubule 

remodeling, and Ca2+ handling dysfunction.

Methods

Animal studies

Animal experiments were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals (NIH publication No. 85–23, revised 2011) and were approved by the 

Institutional Animal Care and Use Committee at the University of Iowa. C57Bl/6J mice 

were purchased from Jackson Laboratories. All experiments were performed in male mice 

aged 9–10 weeks. All mice were sacrificed by either cervical dislocation or by removal of 

heart after anesthetized with intraperitoneal (i. p) injection of ketamine/xylazine.

Transaortic Banding (TAB) Surgery

Mice were subjected to pressure overload by TAB surgery as described.[24] Briefly, mice 

were anesthetized with i.p. ketamine/xylazine (100 mg/kg/5 mg/kg), intubated with a 20-

gauge tube and ventilated with a small rodent ventilator (Harvard Apparatus). A 

thoracotomy was created between the second and third intercostal space and aortic arch 

visualized. Aortic constriction was performed by tying a 7–0 nylon suture ligature against a 

27-gauge needle to yield a narrowing 0.4 mm in diameter, with a reproducible TAB of 65–

70%. In sham mice, aortic arch was visualized but not banded. The chest wall was then 

closed and the pneumothorax evacuated. Enzastaurin was administrated daily (i.p, 30 mg/kg/

day) after TAB surgery.

Cardiac function by echocardiography

Transthoracic echocardiograms were performed at 5 weeks after TAB or sham surgery in the 

University of Iowa Cardiology Animal Phenotyping Core Laboratory using a Vevo 2100 

Imager (VisualSonics) as described previously.[24, 25] Briefly, conscious sedation was 

achieved with midazolam (0.2–0.3 mg s.c.). 2D images were acquired in left ventricle (LV) 

short- and long-axis planes with a 40-MHz sector-array probe, yielding 100 frames per 

second. LV mass, volumes, and ejection fractions were calculated with the area-length 

method. Regions demonstrating akinesis or dyskinesis were visually identified, 

planimetered, and expressed as percentages of total LV end-diastolic silhouette.

PKC activity assay

At 0–35 days after TAB or sham surgery, mice were euthanized and PKC activity in left 

ventricular lysates was measured using PKC kinase activity kit from ENZO (ADI-

EKS-420A) per the manufacturer’s instructions.

Adult cardiomyocyte culture and adenoviral infection

Isolation and culture of murine left ventricular cardiomyocytes were performed as described 

previously.[26] Briefly, mice were sacrificed by removing heart after anesthetized with i.p. 

ketamine/xylazine (100 mg/kg/5 mg/kg). The hearts were Langendorff perfused with 

Tyrode’s solution with collagenase II. The isolated single cardiomyocytes were plated on 
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coverslips coated with laminin. Immediately after culturing cardiomyocytes, PMA (100 nM) 

was applied transiently for 30 min followed by medium change. Unless otherwise indicated, 

bisindolylmaleimide XI (Bis-XI, 5 µM), latrunculin A (1 µM), cytochalasin D (5 µM), 

Y-27632 (10 µM), Skf96365 (5 µM), or Gd3+ (10 µM) were applied to cells 30 min before 

addition of PMA and after PMA washout. Jasplakinolide (1 µM) was applied consistently. 

Empty adenovirus (Ad-empty) or adenoviruses carrying cDNA of rabbit PKCα or dominant 

negative PKCα (PKCα DN, both from Seven Hills Bioreagents) were applied to freshly 

isolated and cultured cardiomyocytes at a multiplicity of infection (MOI) of 100 for 40 hrs 

prior to 30 min application of PMA.

Western blot and immunostaining

Western blotting and immunostaining of left ventricular murine cardiomyocytes was 

performed as described previously [24, 26] using antibodies against PKCα (sc-208, Santa 

Cruz), JP2 (SC-51313, Santa Cruz), GAPDH (2118, Cell Signaling) and α-actinin (A7811, 

Sigma). Immunofluorescence imaging for α-actinin and JP2 was performed using a confocal 

microscope (Carl Zeiss LSM 510 MicroImaging) as previously described.[27] Cellular 

fractions of G-actin and F-actin were determined by the G-Actin/F-actin In Vivo Assay 

Biochem Kit (Cytoskeleton, Inc) per the manufacturer’s instructions.

T-tubule imaging in cultured cells and in situ in whole hearts

Unless otherwise specified, 24 hours after culture, cardiomyocytes were incubated with 

Di-8-ANNEPES for 30 min to stain T-tubule membrane. For Langendorff-perfused hearts, 

MM 4–64 (AAT Bioquest) was used to stain T-tubules. Imaging of T-tubules in cultured 

cells and perfused hearts was performed as described previously.[24, 25, 28, 29] Confocal 

images were acquired using a 63×, 1.3 NA oil immersion objective mounted on a Zeiss LSM 

510 confocal microscope. The regularity and density of T-tubules were analyzed using 

AutoTT.[28]

Confocal Ca2+ imaging

Unless otherwise specified, 24 hours after culture, cardiomyocytes were loaded with Fluo-4 

AM (AAT BioQuest, CA) at 37°C for 30 min, followed by washing with Tyrode’s solution 

for 15 min before Ca2+ imaging.[26] Confocal images were acquired using a 63×, 1.3 NA 

oil immersion objective mounted on a Zeiss LSM 510 confocal microscope. Confocal line 

scanning was used to record Ca2+ signals. Steady state Ca2+ transients were recorded in 

Tyrode’s solution containing 1.8 mM Ca2+ under field stimulation of 1 Hz. At least 4 steady-

state transients for each cell were analyzed and averaged to represent Ca2+ signals of the 

cell. Ca2+ imaging data were analyzed using CaTeasy.[30] The profile of local Ca2+ 

transient firing time was indicated by a red line overlapping on the Ca2+ image. The 

dyssynchrony index, defined by the mean absolute deviation of firing time of each scanning 

pixel (with every 8 pixels binned), was used to evaluate the dyssynchrony of Ca2+ transients.

[30]
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Statistics

Data are presented as mean±S.E. Analysis of variance (ANOVA), Student’s t test and mixed 

model were applied when appropriate. A p value of <0.05 was considered statistically 

significant.

Results

PKC inhibition attenuates pressure overload-induced T-tubule remodeling in mice

Studies in rat and pig models of heart failure have established that PKC inhibition improves 

cardiac function,[12, 31, 32] though the mechanism remains better understood. We first 

assessed the time course of PKC activation in left ventricular myocardium following 

pressure overload by transverse aortic banding (TAB) in mice. We detected a transient 

activation of PKC, whose activity peaked 2 days after TAB and then dramatically decreased 

to a lower level at Day 7 (Fig. 1A). Administration of PKC inhibitor enzastaurin 

(LY317615), which preferentially inhibits conventional PKC isozymes α and β,[33] 

abolished the transient activation of PKC in response to TAB (Fig. 1A). These data are 

consistent with reports by others that treatment with the potent PKC activator PMA results 

in rapid activation followed by depletion of phorbol ester-sensitive PKC isozymes.[20]

We then assessed whether inhibition of PKC can attenuate murine cardiomyocyte T-tubule 

remodeling following left ventricular pressure overload using enzastaurin. As compared to 

control mice, which developed severe heart failure (Figure 1B–D) and T-tubule damage as 

quantified by AutoTT [28] (Figure 1E–I), administration of the PKC inhibitor significantly 

attenuated the deterioration of cardiac morphology and function following pressure 

overload-induced cardiac stress (Figure 1B–D). This improvement in cardiac function was 

accompanied by protection against deleterious T-tubule remodeling as demonstrated by in 
situ confocal imaging (Figure 1E–I). These data indicate that activation of PKC in response 

to pressure overload may contribute to T-tubule damage, which we previously established as 

a key mediator in loss of Ca2+ handling properties and cardiac dysfunction.[24, 29, 30]

Transient activation of PKC has long-term effects on T-tubule integrity and Ca2+ release 
function

To investigate whether PKC signaling is directly involved in T-tubule structural remodeling, 

we performed studies in an in vitro cell culture model. We modeled the transient PKC 

activation using acute PMA treatment of isolated cardiomyocytes for 30 min, followed by 

washout of PMA (Figure 2A).31 We established that transient PKC activation with phorbol 

ester resulted in transient elevation of PKC activity, which decreased to baseline 24 hours 

after PMA treatment (Figure 2B). This increase in PKC activity is similar to results seen in 
vivo following TAB, where the peak PKC activity at 2 days after surgery was ~1.6-fold 

higher than at day 0 (Figure 1A).

The transient PMA treatment resulted in severe disruption of T-tubule structure 24 hours 

later as compared to control cells (Figure 2C), while the cardiac sarcomere structure, as 

indicated by α-actinin, was not impaired (Supplemental Figure S1). Quantitative analysis of 

T-tubule architecture using AutoTT [28] showed that the global T-tubule density and the 
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index of T-tubule integrity (TTint) were significantly reduced by PMA treatment (Figure 2D, 

E). The PMA-induced T-tubule damage observed at 24 hours is likely a chronic effect 

because the T-tubule structure was only mildly affected at 1 and 2 hours after PMA 

treatment (Supplemental Figure S2).

To determine if the effects of PMA on T-tubule integrity are due to activation of PKC, 

cardiomyocytes were pretreated with the PKC inhibitor Bisindolylmaleimide XI (Bis-XI) for 

30 min prior to the addition of PMA, and then Bis-XI was replenished in the medium 

following PMA washout as diagrammed in Figure 2A. Pretreatment with Bis-XI rescued the 

T-tubule structure at 24 hours in PMA-treated cardiomyocytes (Figure 2C–E). These data 

demonstrate that transient activation of phorbol ester-sensitive PKC is sufficient to induce 

long-lasting T-tubule damage.

PKCα is a conventional PKC-isozyme that has been shown to play a crucial role in 

contractile dysfunction in failing hearts.[11, 12, 16, 17] We increased or decreased PKCα 
activity by overexpressing WT or dominant negative PKCα (dnPKCα), respectively, in 

cardiomyocytes via adenovirus. Expression of dnPKCα before PMA treatment significantly 

attenuated the PMA-induced reduction in T-tubule integrity and global T-tubule density, 

while overexpression of WT PKCα exacerbated PMA-induced T-tubule damage (Figure 2F, 

G). These data suggest that PKCα contributes, at least in part, to T-tubule remodeling 

following transient PMA treatment.

Since T-tubule structural integrity determines the synchronization of CICR, we next 

examined Ca2+ transients 24 hours after the short-term PMA treatment (Figure 3A). Under 

1HZ field stimulation, the amplitude of Ca2+ transients was dramatically decreased in PMA-

treated cardiomyocytes as compared to control cells (Figure 3B). Pretreatment with PKC 

inhibitor Bis-XI attenuated the PMA-mediated suppression of Ca2+ transients. To define the 

mechanism of this long-term effect, we analyzed the spatial-temporal synchrony of Ca2+ 

transients using our in-house software, CaTeasy.[30] The synchronization of the firing of 

Ca2+ transients was significantly decreased by PMA treatment and rescued by PKC 

inhibition (Figure 3C, D). These data indicate that transient activation of PKC has long-

lasting negative effects on both T-tubule ultrastructure and systolic Ca2+ handling.

PKC-mediated T-tubule damage is mediated by biphasic actin cytoskeletal rearrangement

Next, we asked which pathways contribute to T-tubule damage and Ca2+ handling 

dysfunction induced by transient PMA treatment. Multiple studies from our group and 

others have established a critical role for the structural protein, junctophilin-2 (JP2), in 

maintenance of T-tubule integrity and normal cardiac function.[24, 25, 29, 30, 34, 35] JP2 

dysregulation through either calpain-mediated proteolysis or microtubule-mediated 

redistribution to the cell periphery causes aberrant T-tubule remodeling.[27] However, we 

did not detect any evidence for JP2 downregulation or redistribution in response to acute 

PMA activation (Supplemental Figure S3). As another potential mechanism, PKC isozymes 

are important regulators of endocytosis, which could contribute to cell membrane dynamics 

and T-tubule remodeling. Treatment with the endocytosis inhibitor dynasore did not prevent 

PMA-induced T-tubule damage (Supplemental Figure S4). PKC isozymes contribute to 

development of cardiac hypertrophy by inducing phosphorylation dependent HDAC5 
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exportation.[10] To test whether the T-tubule remodeling induced by PKC activation is 

secondary to HDAC5 exportation induced hypertrophic responses, we overexpressed a 

HDAC5 mutant S259/498A, which is unable to be phosphorylated by PKC and stays in 

nucleus consistently.[10] T-tubule imaging analysis showed that neutralizing HDAC5 

nuclear efflux by HDAC5 mutant S259/498A didn’t prevent T-tubule remodeling induced by 

PKC activation (Supplemental Figure S5), suggesting that PKC activation-induced T-tubule 

damage is not dependent on the effect of PKC on hypertrophic gene expression.

Since the actin cytoskeleton impacts the subcellular distribution of Ca2+ handling proteins 

and T-tubule ultrastructure,[36, 37] and PKCs have been reported to regulate the actin 

cytoskeleton network,[38] we hypothesized that a possible mechanism for PKC-mediated T-

tubule remodeling is through reorganization of the actin cytoskeleton. We first examined 

actin cytoskeletal rearrangement (polymerization/depolymerization) during pressure 

overload-induced heart failure using cytoskeletal fractionation. Actin depolymerization was 

sharply increased upon pressure overload, as evidenced by an increase in the ratio of G-actin 

monomers to F-actin polymers on Day 2 after TAB (Figure 4A). The depolymerization ratio 

dropped to sham levels on Day 7 after TAB (Figure 4A), coinciding with the PKC activation 

pattern (Figure 1A). In addition, administration of PKC inhibitor abolished the transient 

actin depolymerization in response to TAB, indicating that this cytoskeletal rearrangement is 

PKC-dependent (Figure 4A).

We then investigated whether this biphasic pattern of actin cytoskeletal rearrangement can 

be recapitulated in our cultured cardiomyocyte model with transient PKC activation. Short-

term PMA treatment resulted in enhanced actin depolymerization at 1 hr after the start of 30-

min PMA treatment (Figure 4B). This effect was normalized at 12 hours after PMA 

exposure, indicative of a biphasic rearrangement in the actin cytoskeleton in response to 

PMA treatment.

To investigate whether rearrangement of the actin cytoskeleton is involved in PKC-induced 

T-tubule remodeling, we applied the Rho-associated protein kinase (ROCK) inhibitor 

Y-27632 (which inhibits F-actin polymerization), the F-actin disruptor latrunculin A (Lat-A, 

chelates G-actin monomers), or the F-actin specific binding reagent cytochalasin D (Cyto-D) 

to cultured cardiomyocytes for 30 min prior to PMA treatment. After 30 min PMA treatment 

and washout, these reagents were maintained in the cell culture media (until T-tubule 

imaging was performed, i.e., at 24 hours). We first confirmed that treatment of cultured 

cardiomyocytes with these agents produced the anticipated effects on the G-actin/F-actin 

ratio (Figure 5A). Stabilization of F-actin with Cyto-D (for 24 hours) protected against T-

tubule remodeling in response to transient PMA treatment (Figure 5B, D), consistent with a 

previous report.[37] Very surprisingly, treatment with F-actin disruptors Lat-A and Y-27632 

(for 24 hours) also protected against PMA-induced T-tubule damage (Figure 5B–E).

We next examined whether the de novo formation of F-actin mediates T-tubule remodeling 

using Jasplakinolide (Jasp), which not only stabilizes F-actin but also promotes de novo F-

actin polymerization by increasing the actin nucleation. Continuous treatment with Jasp 

severely damaged T-tubule integrity observed 24 hours later (Figure S6B–C), implicating 

excess de novo F-actin synthesis damages T-tubules.
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The paradoxical protective effect of the F-actin stabilizer and disruptors led us to 

hypothesize that abrupt rearrangement of the actin cytoskeleton is detrimental for the T-

tubule ultrastructure following transient PKC activation. To test this hypothesis, we 

established a simplified model of F-actin biphasic rearrangement by transiently treating 

cardiomyocytes with F-actin stabilizer (Cyto-D) or disruptors (Lat-A and Y-27632) in the 

absence of PMA. Cytoskeletal fractionation demonstrated that transient treatment with Lat-

A, Y-27632 or Cyto-D for 1 hour resulted in biphasic F-actin rearrangement (Figure 6A) and 

subsequent T-tubule remodeling observed 24 hours later (Figure 6B–E). Importantly, the 

degree of T-tubule damage with these agents (in the absence of PMA) was similar to the 

long-term T-tubule damage observed with transient PMA treatment. In contrast, chronical 

treatment with cytoskeletal stabilizer CytoD (B–C) or disrupters (Lat-A, Y-27632, D–E) had 

no effects on T-tubule integrity. Thus, these data suggest that PKC-induced T-tubule damage 

is dependent on the dynamic F-actin rearrangement.

Blocking Stretch Activated Channels (SACs) attenuates PKC-induced T-tubule damage

Next we investigated the mechanisms underlying T-tubule damage induced by actin 

rearrangement. Since the actin cytoskeleton determines the cell’s morphology and surface 

tension, we tested the hypothesis that actin rearrangement may alter the plasma membrane 

shearing force, which could trigger T-tubule damage. Given the stretch activated channels 

(SACs) serve as mechanical sensors on cell membrane, we tested whether these channels are 

involved in T-tubule damage induced by transient PKC activation or cytoskeletal 

perturbation. Treatment with the widely-used SAC inhibitors SKF96365 or gadolinium 

(Gd3+) significantly attenuated long-term T-tubule damage (at 24 hours) induced by transient 

PMA treatment (Figure 7A, B). Consistent with the improved T-tubule integrity, SKF96365 

also improved the amplitude and synchronization of Ca2+ transients in cardiomyocytes 

treated with PMA (Figure 7C, D). SKF96365 also prevented T-tubule damage induced by 

transient application of F-actin disruptors (Lat-A and Y-27632) or stabilizer (Cyto-D), as 

well as continuous application of activator of de novo F-actin growth (Jasp, 24 hours) 

(Figure S6B–C). Taken together, these data implicate SAC activity in the mechanism of 

PKC-mediated T-tubule remodeling and Ca2+ handling dysfunction.

Discussion

Studies using pharmacologic or genetic manipulation of PKC expression/activation have 

provided clear evidence for the role of PKC in maintaining cardiac function. These data 

suggest that PKC inhibitors may have a place in the armamentarium of heart failure 

therapeutics, though mechanistic insight is lacking. Our objective in this study was to define 

the molecular events whereby PKC activation results in long-lasting negative effects on 

cardiac function. Our data provide a novel mechanism by which PKC mediates Ca2+ 

handling dysfunction and heart failure. First we identified a link between PKC activation and 

T-tubule remodeling, which we have previously established is a mediator of E-C coupling 

dysfunction and heart failure. Second, our data revealed that T-tubule organization is likely 

stabilized by the actin cytoskeletal network. Finally, inhibition of SAC prevented PMA-

induced T-tubule damage and Ca2+ handling dysfunction. Taken together, this study provides 

unique insights into how transient activation of PKC results in long-term detrimental effects 
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in the heart and identifies additional potential therapeutic opportunities in addition to direct 

inhibition of PKC.

Numerous studies have implicated increased expression and activity of PKC in loss of 

cardiac function and Ca2+ handling properties, yet the molecular and cellular pathways have 

remained poorly defined. Previous studies suggested that PKC-mediated phosphorylation of 

phosphatase inhibitor 1 results in activation of protein phosphatase 1 and subsequent 

dephophorylation of phospholamban. Dephosphorylation of phospholamban inhibits 

SERCA, leading to attenuated SR Ca2+ restoration and decreased systolic Ca2+ release.[11] 

Based on this reported mechanism, the transient activation of PKC, which we observed in 

pressure overload-induced cardiac hypertrophy and heart failure model in the present study, 

should not have long-term effects on the Ca2+ transients, e.g., after PKC activity is reduced. 

However, we found that transient activation of PKC resulted in a dramatic decrease in the 

amplitude of Ca2+ transients at the 24-hr time point in culture condition. These data suggest 

that another mechanism contributes to Ca2+ handling dysfunction, in particular in response 

to transient PKC activation. We found that T-tubule damage occurs in response to transient 

PKC activation, which provides an underlying mechanism for E-C coupling dysfunction 

since T-tubule integrity is essential for normal CICR. This discovery is especially important 

for understanding the process of heart failure given that production of DAG, which activates 

conventional PKCs, is usually transient due to DAG metabolism.[18, 19] In the scenario of 

failing hearts, PKC-induced T-tubule damage as well as SR Ca2+ content depletion may 

represent parallel pathways that contribute to loss of normal CICR.

Mechanistically, we found that transient PKC activation is associated with a bimodal shift in 

F-actin homeostasis, which could consequentially induce T-tubule damage. It is well known 

that actin cytoskeleton determines the morphology of cells. [39, 40]. Actin cytoskeleton 

participates in maintenance of membrane subdomains such as intercalated discs, T-tubules, 

caveolae as well as in regulating microtubule-based targeted delivery of trafficking (e.g., 

Cx43, Bin1).[37, 41–43] Our study substantiates previous findings by demonstrating that the 

consistent presence of cytoskeletal disrupters or stabilizers preserved T-tubule integrity 

following transient PKC activation. However, we also found that short-term treatment with 

these reagents followed by washout induced T-tubule disruption, phenocopying transient 

PKC activation. This was true for both stabilizers and disrupters, suggesting a role for 

dynamic actin rearrangement in maintaining T-tubule integrity. Our data with Jasplakinolide 

(Jasp), which is a cytoskeletal stabilizer as well as an inducer of de novo F-actin formation, 

suggest that enhanced de novo F-actin formation promotes T-tubule remodeling. It is 

important to note that Cyto-D is typically considered to be an F-actin disruptor, though our 

data and published reports in cardiomyocytes suggest that Cyto-D stabilizes F-actin.[37] 

Finally, our data indicate that the role of the actin cytoskeleton in T-tubule structure is more 

complex than previously suggested.

A number of studies have linked elevated myocardial workload to T-tubule remodeling,[25, 

44–46] indicating a causative role of mechanical overload in T-tubule damage. 

Cardiomyocyte cytoskeleton allows an integrative connection to the extracellular matrix and 

thereby senses biomechanical stress.[47] In response to mechanical overload, cytoskeleton 

translates the abnormal workload into a number of adaptive or maladaptive cellular events, 

Guo et al. Page 9

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



including changes in cell stiffness and T-tubule structure. There is growing evidence 

suggesting that the stiffness of cardiomyocytes, which is determined by density and 

biomechanical properties of cytoskeleton, contributes to the transition from adaptive to 

maladaptive hypertrophy.[48–53] Sustained pressure overload and wall stress induce a 

substantial increase of microtubule cytoskeleton density,[53] which increases myocyte 

stiffness and disrupts T-tubule structure as shown in our previous study,[27] consequently 

impairing contractility.[51] In the present study, we observed a PKC-dependent actin 

cytoskeleton disassembly occurs shortly upon pressure overload (Figure 1). We consider this 

as an immediate adaptive cellular event, by which cardiomyocyte reduces its stiffness in 

order to avoid mechanical injury when workload suddenly rises. However, coinciding with 

the transient activation of PKC, the disassembly of F-actin is not sustainable. F-actin 

reassembly ensues and results in a fluctuation in F-actin which likely contributes, at least in 

part, to the maladaptive T-tubule remodeling.

Our data also provide the first evidence linking SAC activity with T-tubule structure. SACs 

are ion channels that respond to mechanical deformation by changes in open probability. It is 

well-established that myocardial stretch can modulate the excitation of cardiomyocytes by 

alterations in the action potential and Ca2+ transients.[54, 55] This modulation is referred to 

as a mechano-electric feedback, and SACs have been implicated as possible mechano-

transducers in this process. The actin cytoskeleton determines the mechanical tension of cell 

membrane, and several studies indicate that SACs can be modulated by actin rearrangement.

[56, 57] We found that inhibition of SACs prevents F-actin remodeling-induced T-tubule 

damage, raising the possibility that activation of SACs in response to actin cytoskeletal 

rearrangement may induce signals, such as local Ca2+ changes, that trigger downstream 

pathways that directly impact on T-tubule integrity. The mechanisms by which SACs 

mediate T-tubule damage remain unclear and warrant further study.

PKC activation has been shown to be responsible for the positive inotropic effect of receptor 

activation in cardiomyocytes.[22] While our interpretation of our data is that transient PKC 

activation triggers a signaling cascade that results in long-term deleterious effects, it is 

possible that moderate PKC activation plays a beneficial role in the short-term. We found 

that 1–2 hours of PMA treatment had no significant effect on T-tubule integrity. While we 

interpret these findings to mean that the deleterious effects occur in the long-term, it is 

possible that a beneficial mechanism is activated in the short-term yet offset by progressive 

T-tubule damage over time.

T-tubule remodeling is a common phenotype observed in almost all cardiomyopathies and 

contributes to cardiac dysfunction via disruption of E-C coupling.[58, 59] Accordingly, 

therapeutic strategies that preserve the T-tubule network could improve cardiac function and 

attenuate the development of cardiac diseases.[60, 61] In this study, we identified three 

potential approaches to protect against T-tubule remodeling in cardiomyocytes: 1) inhibition 

of PKC activity; 2) inhibition of actin rearrangement via cytoskeletal disruptors or 

stabilizers; and 3) inhibition of SACs. While specific inhibitors of SAC have yet to be 

identified, several inhibitors of PKC, including PKCα/β inhibitors ruboxistaurin 

(LY333531) and enzostaurin (LY317615), are currently under development as anti-cancer 

agents.[62, 63] Moreover, these agents have proven effective in pig and rat models of heart 
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failure.[31, 32] Our data add to these studies by demonstrating that enzastaurin protects 

against T-tubule remodeling and cardiac dysfunction following pressure overload-induced 

cardiac stress in mice, setting the stage for use of PKC inhibitors to treat heart failure in 

humans.
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Highlights

• Following pressure overload, PKC is transiently activated (peak at Day 2);

• PKC transient activation induces long term detrimental effects on T-tubule 

integrity and E-C coupling function in cardiomyocytes through PKC-induced 

actin cytoskeletal rearrangement;

• Inhibiting stretch activated channels protect against T-tubule remodeling and 

E-C coupling dysfunction induced by transient PKC activation and actin 

cytoskeletal rearrangement.

• PKC inhibition protects against T-tubule remodeling and cardiac dysfunction 

in pressure overload-induced heart failure model.
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Figure 1. PKC inhibition protects against cardiac dysfunction and T-tubule remodeling following 
pressure overload
A, Transient activation of PKC in mouse hearts induced by pressure overload. 

Administration of PKC inhibitor enzastaurin (Enz) abolished the transient activation of 

PKC. B–D, Summary data of heart weight/body weight ratio (HW/BW, B), lung weight/

body weight ratio (LW/BW, C), and ejection fraction (EF, D) 5 wks after TAB or sham 

surgery. Some TAB mice were administered Enz, which attenuated the development of heart 

failure. n ≥ 6 mice/group. E, Representative left ventricular (LV) and right ventricular (RV) 

in situ confocal T-tubule images after staining with lipophilic marker MM4–64. F–I, 
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Summary data in LV (F, G) and RV (H, I) of global T-tubule density (F, H) and the index of 

T-tubule integrity (TTint) (G, I). n=6, 10, 6 hearts for sham, TAB+DMSO and TAB+Enz, 

respectively. For each heart, 10 images were recorded from LV and RV, respectively. The 

analyzed outputs from the same heart were averaged to represent one heart. * p<0.05, ** p 

<0.01.
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Figure 2. Long-lasting effects of transient PKC activation on T-tubule integrity
A, Schematic of experimental protocol. B, Transient application of PMA induced pulsed 

activation of PKC. PKC activity returned to normal levels 24 hrs after transient PMA 

treatment. C, Representative confocal images of T-tubules in cultured cardiomyocytes after 

staining with lipophilic marker MM4–64. Cells were treated as diagrammed in (A). D–E, 

Summary data of global T-tubule density (D) and index of T-tubule integrity (TTint) (E). 

n=77, 62, 56 and 51 cells for DMSO, PMA, Bis-XI+PMA, Bis-XI respectively. F–G, 

Summary data for global T-tubule density (F) and TTint (G) in cultured cardiomyocytes 

infected with empty adenovirus (Ad-empty), adenovirus carrying WT PKC-α (Ad-PKC-α) 
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or dominant negative PKCα (Ad-PKCα-DN). At 40 hrs after adenoviral infection, 

cardiomyocytes were treated with PMA for 30 min, followed by PMA washout and analysis 

of T-tubules 24 hrs later as diagrammed in (A). n=42, 45, 40, 42, 45 and 30 cells, 

respectively. ** p <0.01.
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Figure 3. PKC activation disrupts Ca2+ handling properties in cardiomyocytes
A, Schematic of experimental protocol. B, Representative cytosolic Ca2+ images under 1-Hz 

field in cultured cardiomyocytes after treatment as diagrammed in (A). The fluorescence 

intensity of Ca2+ imaging was normalized to baseline (F0). The red lines overlapping on 

Ca2+ images show the profile at the moment of Ca2+ transient firing on the scanning line in a 

point-by-point manner. A straighter line means better synchronization of the Ca2+ transients. 

C–D, Average data of the amplitude (C) and dyssynchronous index (D) of Ca2+ transients. 

n=53, 57, 46 and 36 cells, per group, respectively. ** p <0.01.
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Figure 4. PKC activation mediates a biphasic rearrangement of the actin cytoskeleton
A, Western blot of G- and F-actin and summary data of the ratio of G-actin vs. F-actin in left 

ventricular myocardium after TAB in mice. PKC inhibitor enzastaurin (Enz) abolished actin 

depolymerization. n=3 hearts for each time point. * p<0.05 vs 0 d TAB+DMSO group; # 

p<0.05 vs 2d TAB+DMSO group. B, Western blot of G- and F-actin and summary data of 

the ratio of G-actin vs. F-actin in cultured cardiomyocytes 30 min or 12 hrs after transient 

treatment with PMA as in Figure 2 followed by cytoskeletal fractionation. The soluble actin 

in the supernatant (S) represents G-actin, and the insoluble actin in the pellet (P) corresponds 

with F-actin. n=3 batches of cells; * p < 0.05 vs. DMSO.
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Figure 5. Effect of PKC activation on cytoskeletal dynamics
A, Western blot of G- and F-actin in cytoskeletal fractions confirms the effect of Y-27632, 

Latrunculin-A (Lat-A) and Cytochalasin D (CytoD) on F-actin dynamics. B–E, Summary 

data of global T-tubule density (B, C) and index of T-tubule integrity (TTint, D, E) following 

transient PKC activation with PMA as in Figure 2A in the presence (continuously, for 24 

hours) or absence of cytoskeletal disrupting agents (Lat-A and Y-27632) or stabilizing agent 

(CytoD). In B and D, n=39, 37, 41, 41, 33 and 24 cells per group, respectively. In C and E, 

n= 33, 30, 24 and 31 cells per group, respectively.

Guo et al. Page 23

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. PKC activation mediates T-tubule remodeling through biphasic cytoskeletal 
rearrangement
A, Analysis of F-actin biphasic rearrangement by transiently treating cardiomyocytes with 

F-actin disruptors (Lat-A and Y-27632) or stabilizer (Cyto-D). Left blot demonstrates that a 

change in the G-actin/F-actin ratio at 1 hr after treatment. Right blot demonstrates that, 24 

hours after washout of the reagents, the G-actin/F-actin ratio returned to baseline. B–E, 

Summary data of global T-tubule density (B, D) and index of T-tubule integrity (TTint, C, E) 

in cardiomyocytes transiently (1h treatment, 24h washout) or chronically (24h treatment) 

treated with cytoskeletal stabilizer CytoD (B, C) or disrupters (Lat-A or Y-27632, D, E). In 
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B and C, n=24, 36 and 31 cells per group, respectively. In D and E, n= 33, 30, 31, 30 and 31 

cells per group, respectively. ** p <0.01.
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Figure 7. Stretch-activated channel activity is essential for biphasic cytoskeletal rearrangement-
induced loss of T-tubule integrity
A–B, Protective effect of SAC inhibitor skf96365 and TRP channel inhibitor gadolinium 

(Gd3+) on PMA (30 min)-induced T-tubule disruption as measured by global T-tubule 

density (A) and TTint (B). skf96365 / Gd3+ were incubated in cultured cardiomyocytes 

continuously. PMA were applied 30 mins after skf96365 / Gd3+ addition, for only 30 mins. 

T-tubule images were acquired at 24 hours. n=38, 37, 31 and 20 cells per group, respectively. 

C–D, Protective effect of skf96365 on PMA-induced disruption of the amplitude (C) and 

synchrony (D) of Ca2+ transients. n=17, 15, 12 and 18 cells per group, respectively. E–F, 
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Protective effect of SAC inhibitor skf96365 on biphasic F-actin remodeling induced T-tubule 

disruption. skf96365 were incubated in cultured cardiomyocytes continuously. F-actin 

modulators (Lat-A, Y-27632 and Cyto-D) were started 30 min after skf96365 addition, for 

only 1 hour. T-tubule images were acquired at 24 hours. E: Summary data of global T-tubule 

density; F: Summary data of TTint. In G and H, n= 45, 45, 44, 45, 46, 30 and 29 cells per 

group, respectively. ** p <0.01.
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