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How Ca2+-dependent signaling effectors are regulated in cardiomyocytes, given the extreme cytoplasmic Ca2+
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PMCA4b transgene reduced the hypertrophic augmentation associated with transient receptor potential canonical 3
channel overexpression, but not that associated with activated calcineurin. Furthermore, Pmca4 gene–targeted mice
showed increased cardiac hypertrophy and heart failure events after TAC. Physical associations between PMCA4b and
calcineurin were enhanced by TAC and by agonist stimulation of cultured neonatal cardiomyocytes. PMCA4b reduced
calcineurin nuclear factor of activated T cell–luciferase activity after TAC and in cultured neonatal cardiomyocytes after
agonist stimulation. PMCA4b overexpression inhibited cultured cardiomyocyte hypertrophy following agonist stimulation,
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How Ca2+-dependent signaling effectors are regulated in cardiomyocytes, given the extreme cytoplasmic 
Ca2+ concentration changes that underlie contraction, remains unknown. Cardiomyocyte plasma membrane 	
Ca2+-ATPase (PMCA) extrudes Ca2+ but has little effect on excitation-contraction coupling, suggesting its 
potential role in controlling Ca2+-dependent signaling effectors such as calcineurin. We generated cardiac-
specific inducible PMCA4b transgenic mice that displayed normal global Ca2+ transient and cellular contrac-
tion levels and reduced cardiac hypertrophy following transverse aortic constriction (TAC) or phenylephrine/
Ang II infusion, but showed no reduction in exercise-induced hypertrophy. Transgenic mice were protected 
from decompensation and fibrosis following long-term TAC. The PMCA4b transgene reduced the hypertro-
phic augmentation associated with transient receptor potential canonical 3 channel overexpression, but not 
that associated with activated calcineurin. Furthermore, Pmca4 gene–targeted mice showed increased cardiac 
hypertrophy and heart failure events after TAC. Physical associations between PMCA4b and calcineurin were 
enhanced by TAC and by agonist stimulation of cultured neonatal cardiomyocytes. PMCA4b reduced calci-
neurin nuclear factor of activated T cell–luciferase activity after TAC and in cultured neonatal cardiomyocytes 
after agonist stimulation. PMCA4b overexpression inhibited cultured cardiomyocyte hypertrophy following 
agonist stimulation, but much less so in a Ca2+ pumping–deficient PMCA4b mutant. Thus, Pmca4b likely 
reduces the local Ca2+ signals involved in reactive cardiomyocyte hypertrophy via calcineurin regulation.

Introduction
Cardiac hypertrophy is typically characterized by an enlargement of 
the heart associated with an increase in cardiomyocyte cell volume. 
Hypertrophy occurs during postnatal development, in response 
to physiologic stimuli such as exercise, and in response to diverse 
pathophysiologic stimuli such as hypertension, ischemic heart 
disease, valvular insufficiency, infectious agents, or mutations 
in sarcomeric genes (1). Pathologic hypertrophic growth of the 
myocardium is thought to temporarily preserve pump function, 
although prolongation of the hypertrophic state is a leading predic-
tor for the development of arrhythmias and sudden death as well 
as dilated cardiomyopathy and heart failure (2, 3). In general, the 
hypertrophic growth of the myocardium is regulated by endocrine, 
paracrine, and autocrine growth factors that activate membrane-
bound receptors, resulting in signal transduction that culminates 
in altered gene transcription and protein accumulation as part of 

the hypertrophic program (4). This hypertrophic growth program 
is regulated by nodal intracellular signal transduction pathways 
such as MAPK, calcineurin/nuclear factor of activated T cells (cal-
cineurin/NFAT), IGF-I/PI3K/Akt/PKB, and many others (4).

Ca2+ signaling has been suggested to initiate cardiac hypertro-
phy, even though it remains unclear how Ca2+ is sensed by select 
intracellular signaling factors in the heart, given the backdrop of 
Ca2+ cycling associated with excitation contraction-coupling (ECC) 
(5). Specialized pools of Ca2+ that are location specific or some-
how buffered from cytosolic Ca2+ have been evoked to account for 
the regulation of Ca2+-sensitive signaling proteins such as calci-
neurin or Ca2+/calmodulin-activated protein kinase II (CaMKII). 
Indeed, CaMKII is regulated in cardiomyocytes by a peri-nuclear 
Ca2+ pool associated with inositol triphosphate receptor (InsP3R) 
activity (6). The voltage-gated L-type Ca2+ channel, which normally 
triggers Ca2+-induced Ca2+ release and contraction, has also been 
shown to localize to specialized lipid raft–containing membrane 
domains that are known to serve as signal transduction organizing 
centers (7). Finally, another paradigm has suggested that reactive 
Ca2+ in myocytes is associated with the transient receptor poten-
tial canonical (TRPC) channels that mediate store-, receptor-, and 
stretch-operated Ca2+ entry (8–11). For example, TRPC channel 
overexpression in the mouse heart promoted calcineurin activa-
tion and cardiac hypertrophy (12–14). Interestingly, distinct plas-
ma membrane lipid domains or caveolar domains, which contain 
high concentrations of cholesterol and sphingolipids, have been 
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suggested to provide a platform for the assembly of Ca2+ signaling 
complexes including GPCRs and TRPCs (15).

The plasma membrane Ca2+ ATPase (PMCA) family of pumps 
is expressed in the heart, with PMCA1 and PMCA4 most repre-
sented, where they are thought to specifically reduce Ca2+ in sub-
sarcolemmal microdomains associated with lipid rafts and caveoli 
(16). However, PMCA activity is not significantly involved in ECC, 
as the amount of Ca2+ extruded by this pump in adult myocytes 
is negligible (less than 1%) (17). Indeed, PMCA4b has been sug-
gested to regulate a membrane regional pool of Ca2+ involved in 
signaling to NOS1 in cardiomyocytes (18, 19). Transgenic rats 
that overexpress PMCA4b in the heart have been described, and 
these animals did not show alterations in ECC but instead showed 
defects in signaling to NOS1 (18, 19). More recently, Oceandy et al.  
generated PMCA4b transgenic mice using the 
myosin light chain 2v (MLC2v) promoter, and once 
again myocytes from these hearts showed no altera-
tions in the Ca2+ transient or in ECC (20). Instead, 
myocytes from these hearts showed a reduction in 
β-adrenergic receptor pathway–mediated augmen-
tation in contractility through a NOS1-dependent 

mechanism (20). In HEK cells, PMCA4b was shown to inhibit the 
calcineurin/NFAT pathway via interaction with the calcineurin A 
catalytic subunit by the pump itself (21). While these results sug-
gest that PMCA isoforms might be regulating signaling in select 
microdomains by reducing Ca2+, PMCA4b transgenic mice were 
actually reported to have enhanced cardiac hypertrophy following 
7 days of isoproterenol infusion (20). Here we show that PMCA4b 
overexpression in mice reduced calcineurin/NFAT signaling in the 
heart and was anti-hypertrophic, whereas gene-targeting of Pmca4 
rendered the heart more susceptible to hypertrophy following 
pressure overload stimulation.

Results
To better understand how region-specific alterations in Ca2+ might 
affect the cardiac growth response, we generated transgenic mice 
with inducible overexpression of Pmca4b in the heart. Heart-spe-
cific and inducible expression was achieved with a binary α-myo-
sin heavy chain (α-MHC) promoter–based transgene strategy (22). 
The responder transgene permitted expression of PMCA4b in the 
heart only in the presence of the driver transgene encoding the 
tetracycline transactivator (tTA) protein and in the absence of tet-
racycline/doxycycline (tetracycline/Dox) (Figure 1A). While a num-
ber of responder lines were generated, 2 showed faithful induc-
ible expression and were used here. Western blotting for Pmca4b 

Figure 1
Generation of cardiac-specific, inducible Pmca4b transgenic mice. (A) 
Schematic of the bi-transgenic inducible expression system used to 
regulate Pmca4b in the mouse heart. tetR-VP16 is a fusion protein 
that constitutes the tetracycline activator protein (tTA). GATA, GATA 
transcription factor binding site; TRE, thyroid response element; tetO, 
tTA binding site. (B) Pmca4b protein expression in controls that were 
WT, single tTA, PMCA4b transgenic (TG), or DTG mice in the pres-
ence or absence of Dox (left panels). The right panels show Pmca4b 
protein expression in DTG mice in young adulthood after Dox removal 
at weaning. (C) Immunofluorescence of Pmca4b protein (red) in hearts 
from tTA control mice and PMCA4b DTG mice in the induced state. 
Original magnification, ×600.

Figure 2
PMCA4b overexpression does not alter the Ca2+ 
transient or fractional shortening. (A) Representative  
0.5-Hz Ca2+ transients from adult cardiomyocytes 
isolated from the hearts of tTA controls (12 cells) or 
PMCA4b DTG mice (14 cells). (B) Fractional short-
ening of isolated ventricular myocytes from tTA and 
PMCA4b DTG mice. (C) Quantitative analysis of the 
peak of Ca2+ transients in myocytes from tTA and 
PMCA4b DTG mice. (D) Quantitative analysis of relax-
ation rate (Tau) for the Ca2+ transients in A. (E) Quan-
titative analysis of cell shortening from B (n = 3–5 mice 
in each group). FS, fractional shortening. Numbers 
within the bars indicate the number of cells counted.
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protein in the hearts of one line showed abundant expression in 
double transgenic (DTG) mice in the absence of Dox but inhibi-
tion of expression in the presence of Dox (Figure 1B). For all sub-
sequent experiments, litters of mice were kept on Dox-containing 
food until weaning (4 weeks) to prevent expression of Pmca4b dur-
ing heart maturation, reducing the likelihood of developmental 
effects. By 8–12 weeks of age, Dox cleared the animal’s system and 
abundant Pmca4b expression was observed in the heart (Figure 
1B). Immunolocalization of PMCA4b in the hearts of DTG mice 
showed mostly sarcolemmal and T-tubular expression, a pattern 
that was essentially the same for endogenous Pmca4, albeit at sub-
stantially lower levels (Figure 1C).

Overexpression of PMCA4b in the hearts of DTG mice did not 
alter Ca2+ handling. The amplitude of the Ca2+ transient, Ca2+ 
reuptake rates, and fractional shortening of individual myocytes 
was identical between single transgenic control (tTA) and DTG 
mice (Figure 2, A–E). These results indicate that PMCA4b overex-
pression does not alter global Ca2+ handling in the heart, further 
suggesting that endogenous Pmca4 likely functions in a more spe-
cialized manner to regulate region-specific Ca2+.

We hypothesized that PMCA4b overexpression might reduce 
Ca2+ concentration in select microdomains involved with reactive 
hypertrophic signaling, hence altering the cardiac growth response 

to stress stimulation. To examine this hypothesis, 10- to 12-week-
old tTA control and PMCA4b DTG mice (Dox removed at wean-
ing) were subjected to pressure overload stimulation by transverse 
aortic constriction (TAC), which produced similar pressure gradi-
ents across the constriction (Figure 3A). Remarkably, DTG mice 
showed significantly less cardiac hypertrophy after 2 and 4 weeks of 
TAC stimulation compared with control mice (Figure 3B, Table 1,  
and Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/JCI36693DS1). Measurement 
of cellular surface areas from histological sections of control and 
DTG mice subjected to TAC also showed less cellular hypertrophy 
associated with PMCA4b overexpression (Figure 3C). PMCA4b 
overexpression also reduced the magnitude of atrial natriuretic 
factor (Anf), skeletal α-actin (Acta1), and β-myosin heavy chain 
(Myh7) mRNA upregulation following 4 weeks of TAC, while sar-
coplasmic reticulum (SR) Ca2+ ATPase 2 (Serca2a) mRNA levels did 
not decrease after TAC compared with tTA controls (Figure 3F). 
PMCA4b overexpression also significantly reduced cardiac hyper-
trophy following 2 weeks of phenylephrine/Ang II (PE/Ang II)  
infusion using osmotic minipumps (Figure 3H). These results 
strongly suggest that PMCA4b overexpression antagonizes the 
cardiac growth response following both pressure overload and 
neuroendocrine agonist stimulation.

Figure 3
Pmca4b overexpression attenuates stress-induced cardiac hypertrophy. (A) Aortic pressure gradients across the constriction in control (tTA) 
and DTG (PMCA4b overexpression) TAC-operated mice. (B) Measurement of heart weight normalized to body weight (HW/BW) in control and 
DTG mice after 2 weeks of TAC or a sham procedure. *P < 0.05 versus sham, #P < 0.05 versus tTA TAC. (C) Cardiomyocyte surface areas from 
histological sections of tTA or DTG mice after 2 weeks of TAC normalized to sham surface areas (*P < 0.05 versus sham, #P < 0.05 versus tTA 
TAC; n = 400 cells from 4–6 hearts). (D) Cardiac fractional shortening in tTA and DTG mice after 2 weeks of TAC or sham procedure. (E) Rep-
resentative H&E-stained heart sections from tTA and DTG mice after 2 weeks of TAC or a sham procedure. (F) mRNA levels for the indicated 
genes from hearts of the indicated mice after 4 weeks of TAC. L7 is a control for mRNA content and integrity. Myh7, β-myosin heavy chain; 
Acta1, skeletal α-actin; Pln, phospholamban. (G) Quantitative analysis of fibrosis area in hearts of the indicated groups 8 weeks after TAC or a 
sham procedure (*P < 0.05 versus sham, #P < 0.05 versus tTA TAC). (H) Heart weight normalized to body weight in control and DTG mice after 
2 weeks of Ang/PE infusion or PBS vehicle treatment. *P < 0.05 versus PBS, #P < 0.05 versus tTA Ang/PE). The number of mice used is shown 
within the bars of the various graphs.
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While PMCA4b overexpression significantly reduced cardiac 
hypertrophy following pressure overload, it did not otherwise 
compromise the heart, as fractional shortening measured by echo-
cardiography after 2 and 4 weeks of TAC was not reduced (Figure 
3D, Supplemental Figure 1B, and Table 1). PMCA4b-overexpress-
ing hearts also did not dilate or show any other signs of pathology 
(Figure 3E and Table 1). Moreover, PMCA4b overexpression actu-
ally protected against decompensation following 4 and 8 weeks of 
TAC stimulation, such that fractional shortening was maintained 
compared with controls, pulmonary edema was not observed, and 
interstitial fibrosis was dramatically reduced (Figure 3G; Supple-
mental Figure 1, C and D; and Table 1).

In agreement with the hypothesis that Pmca4b likely reduces 
cardiac hypertrophic potential by removing Ca2+ from discrete 
sarcolemmal microdomains, increasing Ca2+ influx through TRPC 
channels is known to sensitize the heart to greater hypertrophy 
following TAC (12). TRPC channels are thought to also regulate 
Ca2+ levels within sarcolemmal microdomains without altering 
ECC (23). To examine this hypothetical Ca2+ microdomain mech-
anism in greater detail, we crossed Trpc3 transgenic mice with 
PMCA4b DTG mice to produce triple transgenic (TTG) mice and 
performed TAC stimulation. Remarkably, the augmented profile 
of TAC-induced hypertrophy associated with the Trpc3 transgene 
was significantly reduced by PMCA4b overexpression (Figure 4A). 
As described previously, pressure overload stimulation of Trpc3 
transgenic mice similarly induced ventricular decompensation 
and pulmonary edema (12), which was prevented by simultane-

ous PMCA4b overexpression (Figure 4, B and C). 
Importantly, the 2 transgenes associated with the 
PMCA4b overexpression strategy did not alter 
Trpc3 protein levels driven by the same α-MHC 
promoter (Figure 4D). Thus, Pmca4b antagonizes 
the deleterious growth response associated with 
increased Trpc3 expression and its known ability 
to augment Ca2+ influx during stress stimulation.

The results presented above suggested a mecha-
nism whereby a Pmca4b proximal microdomain 
of Ca2+ could affect the cardiac hypertrophic 
response. However, it is equally important to 
determine whether endogenous Pmca4 regulates 
the cardiac growth response. To this end, adult 
Pmca4–/– mice and strain-matched littermate con-
trols (FVBN) were subjected to TAC stimulation 
for 2 weeks. As predicted by the results in Pmca4b-
overexpressed mice, Pmca4–/– mice showed a small 
but significant increase in cardiac hypertrophy fol-
lowing pressure overload stimulation (Figure 5A). 
Pressure gradients across the aortic constriction 
were not different between the groups, indicating 
equal stimulation (data not shown). Histologi-
cal analysis of myocyte surface area also showed 
significantly greater growth in Pmca4–/– mice 
compared with WT controls (Figure 5B), and 
Pmca4–/– mice showed signs of decompensation 
following only 2 weeks of TAC stimulation, which 
was not yet observed in WT control mice (Figure 
5C). These experiments were repeated with 4 weeks 
of TAC in an independent cohort, and once again 
Pmca4–/– mice showed significantly greater cardiac 
hypertrophy at the whole organ as well as even 

greater decompensation, as measured by echocardiography (Fig-
ure 5, A and C, and Table 1). Pulmonary edema was also observed 
in Pmca4–/– mice after 4 weeks of TAC compared with no change in 
lung weight in WT controls (Figure 5D). Interestingly, an analysis 
of baseline heart weights in 1-year-old Pmca4–/– mice (n = 4) showed 
a small (12%) but significant (P < 0.05) increase compared with 
WT controls (n = 3). Thus, loss of Pmca4 renders the heart slightly 
more sensitive to pathologic hypertrophic growth following pres-
sure overload stimulation and more prone to heart failure. These 
results further suggest that Pmca4 helps regulate reactive signal-
ing in the heart through a mechanism involving Ca2+ microdo-
mains. However, overexpression of PMCA4b in transgenic mice or 
its loss in gene-deleted mice did not alter the hypertrophy response 
of the heart following exercise stimulation, which consisted of 23 
days of forced swimming (Figure 5E). These results strengthen 
the argument that PMCA4 regulates a Ca2+-dependent signaling 
microdomain for effectors such as calcineurin, especially since 
calcineurin/NFAT signaling is also not affected by physiologic  
stimulation (see Discussion).

Additional evidence that PMCA4 might regulate a pathologic/
pro-hypertrophic Ca2+ signaling microdomain was suggested by 
the observation that calcineurin could physically associate with 
PMCA4b (21). Calcineurin is a Ca2+-activated protein phosphatase 
that regulates the cardiac hypertrophic response through dephos-
phorylation and subsequent nuclear translocation of NFAT tran-
scription factors (24). Here we observed that pressure overload 
stimulation dramatically augmented the association between 

Table 1
Echocardiographic parameters from adult mice after 2 or 4 weeks of TAC

	 Sham	 TAC

	 2 weeks	 4 weeks	 2 weeks	 4 weeks
tTA	 n = 10	 n = 6	 n = 14	 n = 8
IVS (mm)	 0.80 ± 0.03	 0.79 ± 0.04	 1.19 ± 0.06A	 1.23 ± 0.04A

LVPW (mm)	 0.94 ± 0.04	 0.94 ± 0.03	 1.30 ± 0.05	 1.46 ± 0.03
LVED (mm)	 3.71 ± 0.09	 3.71 ± 0.08	 3.72 ± 0.01	 3.64 ± 0.29
LVES (mm)	 2.34 ± 0.09	 2.36 ± 0.06	 2.46 ± 0.02	 2.49 ± 0.07
FS (%)	 36.87 ± 1.04	 37.12 ± 1.24	 33.8 ± 1.13	 31.69 ± 1.11A

PMCA4b DTG	 n = 5	 n = 4	 n = 4	 n = 3
IVS (mm)	 0.81 ± 0.03	 0.80 ± 0.05	 1.01 ± 0.03A	 1.04 ± 0.05A

LVPW (mm)	 0.92 ± 0.06	 0.91 ± 0.03	 1.20 ± 0.04	 1.22 ± 0.04
LVED (mm)	 3.72 ± 0.12	 3.70 ± 0.06	 3.56 ± 0.20	 3.64 ± 0.11
LVES (mm)	 2.29 ± 0.09	 2.34 ± 0.07	 2.22 ± 0.15	 2.42 ± 0.13
FS (%)	 38.42 ± 1.58	 36.6 ± 1.49	 37.53 ± 1.93	 33.27 ± 1.91
WT	 n = 10	 n = 4	 n = 11	 n = 4
IVS (mm)	 0.79 ± 0.14	 0.81 ± 0.04	 1.16 ± 0.06A	 1.19 ± 0.05A

LVPW (mm)	 0.86 ± 0.03	 0.85 ± 0.04	 1.12 ± 0.07A	 1.25 ± 0.06A

LVED (mm)	 3.62 ± 0.17	 3.49 ± 0.14	 3.65 ± 0.18	 3.66 ± 0.27
LVES (mm)	 2.24 ± 0.16	 2.16 ± 0.12	 2.29 ± 0.04	 2.38 ± 0.13
FS (%)	 38.01 ± 0.52	 37.9 ± 1.04	 37.22 ± 0.98	 34.85 ± 0.51A

Pmca4–/–	 n = 11	 n = 4	 n = 12	 n = 6
IVS (mm)	 0.79 ± 0.06	 0.78 ± 0.07	 1.38 ± 0.08A,B	 1.41 ± 0.06A,B

LVPW (mm)	 0.88 ± 0.05	 0.87 ± 0.07	 1.38 ± 0.07A	 1.36 ± 0.05A

LVED (mm)	 3.69 ± 0.09	 3.77 ± 0.20	 3.71 ± 0.14	 3.97 ± 0.27
LVES (mm)	 2.30 ± 0.09	 2.35 ± 0.15	 2.41 ± 0.10	 2.74 ± 0.17A,B

FS (%)	 37.74 ± 1.02	 37.95 ± 0.71	 35.11 ± 0.57A	 30.9 ± 0.90A,B

IVS, intraventricular septum thickness; LVPW, left ventricular posterior wall thickness; 
LVED, left ventricular end diastolic dimension; LVES, left ventricular end systolic dimension; 
FS, fractional shortening. AP < 0.05 versus sham at same timing, BP < 0.05 versus WT TAC.



research article

980	 The Journal of Clinical Investigation      http://www.jci.org      Volume 119      Number 4      April 2009

Pmca4b and calcineurin using an immunoprecipitation procedure 
from DTG mouse hearts subjected to 2 or 4 weeks of TAC (Figure 
6A). Consistent with this result, we also crossed the NFAT–lucifer-
ase reporter transgene into the DTG PMCA4b background (TTG 
mice) to assess calcineurin/NFAT signaling capacity in vivo. TAC 
stimulation for 2 weeks produced a 7- to 8-fold increase in NFAT-
luciferase activity in the hearts of single transgenic mice, but only 
a 2-fold increase in the presence of PMCA4b overexpression (Fig-
ure 6B). These results suggest that PMCA4b can alter calcineu-
rin/NFAT signaling capacity in vivo following stress stimulation, 
providing a potential downstream mechanistic association with 
the observed reduction in hypertrophy through PMCA4b. Impor-
tantly, PMCA4b overexpression did not antagonize the hypertro-
phy response driven by the activated calcineurin transgene in these 
TTG mice (Figure 6C), This latter result is especially informative, 
since the activated calcineurin transgene is no longer Ca2+ activated,  
further suggesting that Pmca4-regulated hypertrophy is proximally  
associated with endogenous calcineurin signaling. The lack of 
attenuated hypertrophy associated with the activated calcineurin 
transgene also served as an important control to demonstrate that 
PMCA4b was not simply compromising the growth potential of 
the heart in a more generalized and nonspecific manner. PMCA4b 
overexpression also did not alter the distribution of calcineurin 
between the cytosol and membranes (data not shown).

We also directly measured calcineurin enzymatic activity after  
2 weeks of TAC stimulation from hearts of DTG mice, which 
showed significantly less induction in activity compared with tTA 
control mice (Figure 6D). Indeed, overexpression of PMCA4b and 
calcineurin Aβ in adult rat cardiomyocytes by adenoviral gene 

transfer showed prominent colocalization at the z lines/T-tubu-
lar region (Figure 6E). PMCA4b has also been shown to negatively 
regulate NOS1 activity in the heart through a direct interaction 
(see Discussion), suggesting an additional effector pathway that 
could alter the cardiac hypertrophic response. Indeed, we observed 
a greater decrease in total cardiac NOS activity in the hearts of 
DTG mice after 2 weeks of TAC compared with tTA control mice, 
suggesting that PMCA4b overexpression could further antagonize 
NOS activity in vivo (Figure 6F).

Figure 4
Pmca4b overexpression attenuates Trpc3-enhanced cardiac hypertro-
phy. (A) Heart weight normalized to body weight in Trpc3 transgenic 
and TTG mice containing the Trpc3, tTA, and Pmca4b transgenes  
(*P < 0.05 versus sham, #P < 0.05 versus Trpc3 TAC). (B) Lung weight 
normalized to body weight (LW/BW) in Trpc3 and TTG mice after 2 
weeks of TAC or a sham procedure (*P < 0.05 versus sham, #P < 0.05  
versus Trpc3 TAC). (C) Cardiac fractional shortening in Trpc3 and 
TTG mice after 2 weeks of TAC or a sham procedure (*P < 0.05 ver-
sus sham, #P < 0.05 versus Trpc3 TAC). (D) Western blot for Trpc3 
protein expression levels in Trpc3 single transgenic and TTG hearts. 
GAPDH is shown as a loading control. The number of mice used is 
shown within the bars of the various graphs.

Figure 5
Pmca4–/– mice show enhanced pressure overload–induced cardiac 
hypertrophy. (A) Heart weight normalized to body weight in WT and 
Pmca4–/– mice after 2 or 4 weeks of TAC or a sham procedure (*P < 0.05  
versus sham, #P < 0.05 versus WT TAC). (B) Cardiomyocyte surface 
areas from histological sections of WT or Pmca4–/– mice after 2 weeks 
of TAC normalized to sham (*P < 0.05 versus sham, #P < 0.05 versus 
WT TAC; n = 400 cells from 5–9 hearts). (C) Cardiac fractional short-
ening in WT and Pmca4–/– mice after 2 or 4 weeks of TAC or a sham 
procedure (*P < 0.05 versus sham, #P < 0.05 versus WT TAC). (D) 
Lung weight normalized to body weight after 4 weeks of TAC in the 
indicated groups of mice (*P < 0.05 versus WT TAC). (E) Heart weight 
normalized to body weight in the indicated groups of mice at rest or 
following 23 days of swimming exercise (*P < 0.05 versus rest). The 
number of mice used is shown within the bars.
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To further examine the association between Pmca4 activity and 
the regulation of cardiac hypertrophy through calcineurin, we 
generated a PMCA4b recombinant adenovirus (Ad-PMCA4b) for 
studies in cultured neonatal rat cardiomyocytes (Figure 7A). Con-
sistent with the results described for the NFAT-luciferase trans-
genic mice presented above, Ad-PMCA4b infection of neonatal 
myocytes reduced NFAT nuclear translocation and transcription-
al activation following agonist stimulation (Figure 7, B and C).  
Ad-PMCA4b infection reduced both endothelin-1–induced (ET-1– 

induced) and PE-induced NFAT activity but had no effect on 
NFAT activity induced by an activated calcineurin mutant 
adenovirus (Ad-ΔCnA), which is Ca2+ independent in its mode 
of regulation (Figure 7C). Mechanistically, ET-1 stimulation 
increased the association between endogenous calcineurin and 
overexpressed PMCA4b in neonatal cardiomyocytes after 15 and 
30 minutes of stimulation (Figure 7D). These results are similar 
to the increase in association between calcineurin and PMCA4b 
observed in vivo after TAC stimulation, collectively suggesting 
that Pmca4 might proximally regulate calcineurin signaling by 
altering a common microdomain of Ca2+. Finally, inhibition of 
endogenous Pmca4 in neonatal myocytes with siRNA dramati-
cally reduced Pmca4 mRNA compared with control siRNA-trans-
fected cells (Figure 7E), and it significantly increased PE-induced 
NFAT-luciferase activity (Figure 7F). These results further suggest 

Figure 6
Pmca4b regulates calcineurin/NFAT signaling in vivo. (A) Immuno
precipitation of calcineurin from PMCA4b-overexpressing DTG 
hearts of TAC or sham-operated mice, after which the extracts were 
Western blotted for PMCA4b or calcineurin protein. (B) NFAT-lucif-
erase activity from the hearts of NFAT-luciferase transgenic mice or 
NFAT-luciferase transgenic mice (Luc TG) containing the tTA and 
PMCA4b transgenes (TTG) after 2 weeks of TAC or a sham procedure  
(*P < 0.05 versus sham, #P < 0.05 versus NFAT-luciferase TAC). (C) 
Heart weight normalized to body weight in controls (tTA), single cal-
cineurin (ΔCnA) transgenic, or TTG (tTA, PMCA4b, and ΔCnA trans-
genes) (*P < 0.05 versus tTA). (D) Calcineurin phosphatase activity 
from the hearts of mice in the indicated groups (*P < 0.05 versus sham, 
#P < 0.05 versus tTA TAC). (E) Immunocytochemistry of adult rat myo-
cytes for PMCA4b and calcineurin Aβ (CnAβ). Original magnification, 
×600. (F) Total NOS activity from the hearts of mice in the indicated 
groups (*P < 0.05 versus sham, #P < 0.05 versus tTA TAC). The num-
ber of mice used is shown within the bars.

Figure 7
PMCA4b overexpression blunts calcineurin/NFAT activity in cultured 
neonatal rat cardiomyocytes. (A) Western blot for PMCA4b protein 
after Ad-PMCA4b infection of neonatal cardiomyocytes in culture. 
GAPDH was used as a loading control. (B) Quantitation of NFATc1-
GFP nuclear occupancy (Ad–NFAT-GFP infection) in cultured cardio-
myocytes with Ad–β-gal (control) or Ad-PMCA4b co-infection at base-
line or after ET-1 stimulation (*P < 0.05 versus no stimulation, #P < 0.05 
versus Ad–β-gal + ET-1). (C) Quantitation of NFAT-luciferase activity 
(Ad–NFAT-luciferase reporter infection) in cultured cardiomyocytes 
with Ad–β-gal (control) or Ad-PMCA4b co-infection at baseline or after 
ET-1, PE stimulation, or Ad-ΔCnA co-infection (*P < 0.05 versus no 
stimulation, #P < 0.05 versus Ad–β-gal with ET-1 or PE). (D) Western 
blot for PMCA4b and calcineurin association after immunoprecipitation 
of calcineurin at baseline or with ET-1 stimulation. Data were summed 
from 4–6 independent experiments. (E) RT-PCR from neonatal cardio-
myocytes transfected with control or anti-Pmca4 siRNA. L7 was used 
as a loading and RT-PCR control. (F) Quantitation of NFAT-luciferase 
activity (Ad–NFAT-luciferase reporter infection) in cultured cardiomyo-
cytes, followed by transfection with a control siRNA or an anti-Pmca4 
siRNA at baseline or after PE stimulation (*P < 0.05 versus no stimula-
tion, #P < 0.05 versus control siRNA + PE).
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that endogenous Pmca4 quells reactive Ca2+ that induces calci-
neurin activation after agonist stimulation.

Consistent with the observed inhibition of calcineurin/NFAT 
signaling, overexpression of PMCA4b in cultured neonatal car-
diomyocytes also significantly blunted the hypertrophic increase 
in myocyte surface area to ET-1 and PE, but not Ad-ΔCnA (Figure 
8A). Protein synthesis rates following PE stimulation were also 
significantly reduced by Ad-PMCA4b infection, but not in com-
bination with Ad-ΔCnA (Figure 8B). Ad-PMCA4b infection also 
blocked Anf mRNA upregulation following PE stimulation (Figure 
8, C and D). These results further suggest that Pmca4b can serve an 
anti-hypertrophic regulatory role in cardiomyocytes in association 
with inhibition of calcineurin/NFAT signaling. However, it is not 
entirely clear whether PMCA4b overexpression exerts its anti-hyper-
trophic effect by reducing Ca2+ within signaling microdomains in 
cardiomyocytes, because proper Ca2+ imaging techniques for these 
regions have not been developed. Moreover, Pmca4b can directly 
bind a number of signaling proteins, and hence potentially inhibit 
their activity simply by sequestration when overexpressed. To at 
least rule out that sequestration was not the anti-hypertrophic 
mechanism in play, we generated a mutant Ad-PMCA4b in which 
Asp672 was mutated to Glu, rendering the pump with only 15% of 
WT activity (25). Expression of this mutant protein after adenoviral 
infection of neonatal cardiomyocytes showed equivalent levels of 
protein expression to WT Ad-PMCA4b infection (Figure 8E). The 
mutant PMCA4b only mildly inhibited PE-induced NFAT-lucif-
erase activity and hypertrophy of neonatal cardiomyocytes com-
pared with robust inhibition by WT PMCA4b (Figure 8, F and G).  
Considering that the mutant PMCA4b still retained 15% Ca2+ 

pumping activity, these results strongly suggest that inhibition of 
NFAT signaling and myocyte hypertrophy at the hands of PMCA4b 
is not due to a scaffold sequestration effect, but to removal of Ca2+, 
further supporting the microdomain hypothesis.

Discussion
Ca2+ handling involved in programming cardiomyocyte contrac-
tion is regulated by a highly specialized system of ion channels, 
pumps, and exchangers (17). The contractile cycle begins by depo-
larization of the sarcolemma and activation of the voltage-depen-
dent L-type Ca2+ channel, which induces Ca2+ influx that directly 
stimulates adjacent ryanodine receptors embedded within the SR. 
This priming Ca2+ from the L-type channel induces a much larger 
release of Ca2+ from ryanodine receptors that together increase 
intracellular Ca2+ concentration by more than 10-fold to induce 
contraction. During relaxation, Ca2+ is removed from the cyto-
plasm by re-sequestration back into the SR through the action of 
SERCA, as well as extrusion from the cytoplasm to outside the 
cell through the action of the Na+/Ca2+ exchanger (NCX) within 
the sarcolemma. While PMCA isoforms serve as the main media-
tor of Ca2+ extrusion in non-excitable cell types (16), they likely 
serve little to no role in removing bulk cytoplasmic Ca2+ from car-
diomyocytes during relaxation, given the overwhelming effect of 
the NCX (17). Indeed, overexpression of PMCA4b in the hearts of 
transgenic rats or mice had no effect on ECC (18–20). This obser-
vation, along with other correlative data whereby Pmca isoforms 
associate with signaling effectors, suggests the hypothesis that 
Pmca only regulates Ca2+ in membrane microdomains. However, 
one large limitation in proving this hypothesis is an inability to 

Figure 8
PMCA4b overexpression blunts agonist-induced hypertro-
phy in cultured neonatal cardiomyocytes. (A) Cardiomyocyte 
surface area by immunocytochemistry staining of α-actinin in 
control (Ad–β-gal) or Ad-PMCA4b–overexpressing conditions  
(*P < 0.05 versus no stimulation, #P < 0.05 versus Ad–β-gal + 
ET-1 or PE). (B) Relative [3H]-leucine incorporation in cultured 
neonatal cardiomyocytes infected with the indicated adeno-
viruses and co-stimulants (*P < 0.05 versus no stimulation, 
#P < 0.05 versus Ad–β-gal + PE). (C) DNA amplification from 
RT-PCR reactions for Anf mRNA, and subsequent quantita-
tion (D) in control (Ad–β-gal) and Ad-PMCA4b–overexpress-
ing cultured cardiomyocytes at baseline or after PE treatment  
(*P < 0.05 versus no stimulation, #P < 0.05 versus Ad–β-gal 
+ PE). (E) Western blot for PMCA4b from adenoviral-infected 
neonatal cardiomyocytes expressing the indicated proteins. 
GAPDH was used as a protein loading control. (F) Fold increase 
in NFAT-luciferase activity from neonatal cardiomyocytes 
infected with Ad–NFAT-luciferase and Ad–β-gal, Ad–PMCA4b 
D672E, or Ad-PMCA4b (*P < 0.05 versus control, #P < 0.05  
versus PMCA4b + PE). (G) Relative [3H]-leucine incorporation 
in cultured neonatal cardiomyocytes infected with the indicated  
adenoviruses and co-stimulants (*P < 0.05 versus control,  
#P < 0.05 versus PMCA4b + PE). Data were summed from 4–8 
independent experiments.
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directly measure Ca2+ itself in these presumed microdomains in 
excitable cells such as cardiomyocytes, especially if they end up 
being nothing more than channel-associated complexes such as 
InsP3R with CaMKII (see below).

In non-excitable cells, controlled elevations in Ca2+ directly acti-
vate Ca2+-dependent signaling factors such as PKC, CaMKII, and 
the Ca2+-activated protein phosphatase calcineurin. However, it 
remains a mystery how these same signaling factors, which are 
each known to affect cardiac hypertrophy and/or physiology, are 
regulated in a cardiomyocyte, given the overwhelming fluxes in 
Ca2+ that occur during each contractile cycle throughout the entire 
cytoplasm. One reasonable hypothesis to explain this mystery 
involves the existence of membrane microdomains whereby eleva-
tions in Ca2+ are sensed by macromolecular signaling complexes in 
confined areas outside of bulk cytoplasmic Ca2+ that controls con-
traction (5). For example, Bers and colleagues showed that CaMKII 
is regulated by a perinuclear Ca2+ pool associated with the InsP3R, 
which upon activation regulated translocation of histone deacety-
lase 5 (HDAC5) out of the nucleus to presumably permit hyper-
trophic gene expression (6). PMCA isoforms are also attractive 
candidates as selective modulators of Ca2+ within microdomains 
of cardiomyocytes to control reactive signaling. Indeed, PMCA 
isoforms have been previously localized to caveolae (26–28), which 
may constitute a Ca2+ microdomain, given the known enrichment 
of signaling proteins in these lipid raft-like structures.

PMCA isoforms interact with a number of signaling effectors, 
such as NOS1, Ras-associated factor-1, α1-syntrophin, 14-3-3ε, 
Ca2+-calmodulin-dependent serine protein kinase (CASK), and 
calcineurin (29). Thus, PMCA isoforms may serve a more special-
ized role in cardiomyocytes to regulate those signaling effectors 
that are either physically associated with, or within the same gen-
eral region of, the sarcolemma by conditioning the proximal Ca2+ 
microenvironment. It should also be noted that PMCA4b becomes 
quiescent once Ca2+ is removed in its microenvironment (it is Ca2+ 
activated), thus high levels of overexpression may not be detrimen-
tal or even unphysiologic in the transgenic approach employed 
here. However, the fact that PMCAs can directly bind various sig-
naling effectors suggests that they might also function strictly as 
a scaffold, such that overexpression inhibits signaling through a 
sequestration mechanism. To address this issue, we generated a 
mutant Ad-PMCA4b in which Ca2+ pump activity was reduced by 
85% (25), which correlated with a severe reduction in the ability 
of this mutant to reduce NFAT-luciferase activity and the hyper-
trophic response, suggesting that it is the Ca2+-pumping effect of 
Pmca4b that predominates in reducing calcineurin/NFAT signal-
ing, further supporting the microdomain hypothesis.

PMCA4b was previously shown to interact with NOS1 and 
thereby reduce its activity, consequently blunting the cardiac 
inotropic response to β-adrenergic stimulation (20). In this same 
study, PMCA4b-overexpressing transgenic mice were shown to 
have an enhanced hypertrophic response to isoproterenol infu-
sion, presumably by affecting NOS1 and β-adrenergic receptor 
signaling (20). On the surface, these results suggest that overex-
pression of PMCA4b might have a pro-hypertrophic effect on 
the heart. However, isoproterenol is a rather toxic agent to the 
myocardium, and the manner in which it signals the hypertrophic 
response is unknown. Moreover, PMCA4b-overexpressing trans-
genic rats have also been previously reported, and hearts from 
these animals showed a reduction in stress-responsive gene expres-
sion following ET-1 infusion (30). This latter result suggests that 

PMCA4b overexpression might serve an anti-hypertrophic regu-
latory role. Indeed, we showed that PMCA4b overexpression in 
cultured neonatal cardiomyocytes blocked hypertrophic enlarge-
ment following PE or ET-1 stimulation. Our PMCA4b transgenic 
mice also showed blunted cardiac hypertrophy at multiple time 
points after pressure overload stimulation and in response to PE/
Ang II infusion. Moreover, Pmca4–/– mice showed a small but sta-
tistically significant increase in cardiac growth after 2 and 4 weeks 
of TAC (Figure 5A), further suggesting that Pmca4 is a bona fide 
negative regulator of reactive hypertrophic signaling in the heart. 
The seemingly discordant results observed by Oceandy et al. may 
reflect either the rather nonspecific effects associated with isopro-
terenol or the characteristics of their transgenic approach (20). 
Oceandy et al. used a constitutive Pmca4b transgene driven by 
the MLC2v promoter, which is expressed throughout develop-
ment and maturation of the heart, while our transgene was only 
induced in the heart during young adulthood, bypassing the pos-
sibility of developmental effects.

While PMCA4b was previously shown to interact with calcineu-
rin and to inhibit calcineurin/NFAT activity in HEK cells (21), 
here we show that hypertrophic agonist stimulation enhanced the 
interaction between calcineurin and Pmca4b in cultured cardiomy-
ocytes and in the adult heart. This increase in association during 
hypertrophic stimulation may simply reflect a movement of cal-
cineurin/NFAT to select membrane regions where it can come in 
contact with Pmca, or it may reflect a change in Pmca4b conforma-
tion that allows greater binding of calcineurin. Indeed, calcineurin 
activity itself was reduced by PMCA4b overexpression after pres-
sure overload stimulation in mouse hearts in vivo. Regardless of 
the mechanism, we observed a strong correlation between Pmca4b 
inhibition of hypertrophy and a change in calcineurin/NFAT sig-
naling, both in cultured myocytes and in the adult heart, although 
our results are only a correlation and we cannot prove that Pmca4b 
regulates the cardiac growth response directly through inhibition 
of calcineurin. Despite this qualification, PMCA4b DTG mice and 
Pmca4–/– mice showed a cardiac hypertrophic response to exercise 
stimulation equivalent to that of control mice, suggesting that 
Pmca4 only regulates pathologic hypertrophy, possibly through 
calcineurin/NFAT signaling. Indeed, we previously showed that 
calcineurin/NFAT signaling does not participate in physiologic 
cardiac hypertrophy (31). These results further strengthen the 
argument that Pmca4b functions at the level of a Ca2+ signaling 
microdomain in the heart to control calcineurin/NFAT.

Another issue to consider is that cardiomyocytes also express 
the Pmca1 gene in addition to Pmca4, and we did not determine 
whether calcineurin might also be regulated by Pmca1. Thus, 
Pmca1 could partially compensate for loss of Pmca4 in regulating 
microdomain Ca2+ levels and reactive signaling events, especially 
if it also binds calcineurin. Final analysis of the true requirement 
of Pmca in attenuating reactive signaling in the heart may have to 
wait until Pmca1 conditionally targeted mice are generated, so that 
both isoforms can be deleted simultaneously.

Methods
Generation of transgenic mice and animal use. All procedures were performed in 
accordance with the Guide for the Care and Use of Laboratory Animals and 
were approved by the Cincinnati Children’s Hospital and University of Cin-
cinnati Institutional Animal Care and Use Committee. Pmca4–/– mice were 
described previously (32). A cDNA encoding human Pmca4b was cloned 
into the inducible α-MHC promoter expression vector (a gift from Jeffrey 
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Robbins, Cincinnati Children’s Hospital) to permit Dox-regulated expres-
sion in combination with a cardiac-specific tTA-expressing transgene (22). 
NFAT-luciferase, ΔCnA, and Trpc3 transgenic mice were described previ-
ously (12, 24, 31). The tTA, Pmca4b, NFAT-luciferase, and Trpc3 transgenic 
mice were all on the FVBN background, as were the Pmca4–/– mice (32). The 
ΔCnA transgenic mice were on the B6/C3 background, but only F1 litter-
mates were analyzed when crossed with PMCA4b DTG mice, ensuring an 
identical genetic background from this cross.

Echocardiography and surgical models. For echocardiography, mice were 
anesthetized with 2% isoflurane and hearts were visualized using a Hewlett 
Packard Sonos 5500 instrument and a 15-MHz transducer (33). Cardiac 
ventricular dimensions were measured on M-mode 3 times in a single 
session for the number of animals indicated in Table 1. Mice undergoing 
TAC were also subjected to Doppler echocardiography at the level of the 
constricted aorta to measure pressure gradients. Pathologic hypertrophy 
was induced by TAC, whereby the aorta was visualized through a median 
sternotomy and a 7-0 silk ligature was tied around the aorta and a 27-gauge 
wire between the right brachiocephalic and left common carotid arteries, 
after which the wire was removed to generate a defined constriction (31). 
Alzet miniosmotic pumps (model 1002; Durect Corp.) containing a mixture 
of PE (100 mg/kg/d) and Ang II (432 μg/kg/d), or PBS (vehicle control) were 
surgically inserted dorsally and subcutaneously in mice under isoflurane 
anesthesia. Swimming exercise for 23 days was described previously (31).

Generation of adenovirus. The same 3.6-kb cDNA encoding Pmca4b was 
inserted into the P-shuttle vector followed by linearization, electroporation, 
and amplification to generate Ad-Pmca4b using the AdEasy kit (Stratagene). 
NFAT-luciferase adenovirus (Ad–NFAT-luciferase) and Ad–NFATc1-GFP 
were described previously (31). Calcineurin Aβ adenovirus was generated 
with a mouse cDNA for this gene, and the Ad–PMCA4b-D672E mutant 
was generated from a cDNA in which this amino acid was mutated with the 
QuickChange Site-Directed Mutagenesis Kit (Stratagene).

Isolation of adult cardiomyocytes and Ca2+ measurements. Adult myocytes were 
isolated as described previously (12), except that 2,3-butanedione monox-
ime was withdrawn from all solutions to avoid its adverse effect on Ca2+ 
release and cell contraction. Briefly, hearts were rapidly excised and can-
nulated via the aorta, followed by 3–5 min normal media perfusion and 
8–10 min perfusion with liberase. The hearts were then manually dissected, 
minced, and filtered to generate individual myocytes. For measurements 
of Ca2+ transients, myocytes were loaded with 5 μM Fura 2 for 20 min and 
de-esterified for 15 min. All the data were acquired at room temperature 
using a Delta Scan dual-beam spectrofluorophotometer (Photon Technol-
ogy International), operating at an emission wavelength of 510 nm and 
excitation wavelengths of 340 nm and 380 nm (12).

Western blotting, immunoprecipitation, calcineurin activity, and NOS activity. 
The Western blotting and immunoprecipitation were done as described 
previously (33). The antibodies used in this study were anti-Pmca4b mono-
clonal antibody and anti-Trpc3/6/7 polyclonal antibody (Santa Cruz 
Biotechnology Inc.); anti–calcineurin A polyclonal antibody (Millipore), 
anti–α-actinin monoclonal, and anti-GAPDH antibody (Sigma-Aldrich). 
Calcineurin activity was measured using an assay kit (Biomol) according to 
the manufacturer’s instructions. Cardiac extracts were prepared and calci-

neurin activity was measured as the dephosphorylation rate of a synthetic 
phosphopeptide substrate (RII peptide). The amount of PO4 released was 
determined spectrophotometrically with the BIOMOL GREEN reagent. 
NOS activity was measured using a colorimetric assay kit (Calbiochem) 
according to the manufacturer’s instructions. Cardiac extracts were pre-
pared, and the concentrations of final NO metabolites (nitrite and nitrate) 
were measured as an index of NOS activity.

Histology, immunocytochemistry, and cell surface area measurement. Histologi-
cal analysis of hypertrophy and fibrosis was performed by fixing hearts 
overnight in 10% phosphate-buffered formalin and processed into paraffin 
blocks for sectioning. Serial 5-μm sections were cut and stained with H&E, 
Masson’s trichrome, or lectin-FITC conjugate (50 μg/ml) to visualize cell 
membranes for measuring myocyte cross-sectional areas; at least 400 cells/
heart from 4–5 independent mice were measured. Immunohistochemistry 
for Pmca4b from control and DTG hearts was performed from fresh frozen 
heart histological sections prepared in OCT (Tissue-Tek) and sectioned at 
7 μm and stained with Pmca4b antibody (Santa Cruz Biotechnology Inc.) 
at 1:100 dilution. Adult rat myocytes were labeled with Pmca4b antibody 
and rabbit polyclonal calcineurin Aβ antibody (Millipore) 24 hours after 
recombinant adenoviral infection for both Pmca4b and calcineurin Aβ.

RT-PCR mRNA, NFAT-luciferase assay, [3H]-leucine incorporation, and siRNA. 
The luciferase reporter assay, [3H]-leucine incorporation assays, and RT-
PCR were done as described previously (31, 34). Knockdown of Pmca4 was 
performed with a pool of 4 independent siRNAs from Dharmacon (Ther-
mo Scientific; catalog L-082306-10-0020), while the control was a non-
targeting pool of siRNAs (catalog D-001206-14-20). These siRNA pools 
were transfected into neonatal myocytes with Lipofectamine (Invitrogen) 
2 h after Ad–NFAT-luciferase infection. Twelve hours later, the cells were 
stimulated with PE for another 48 h before harvest.

Statistics. All data were expressed as means ± SEM. Differences between 
experimental groups were evaluated for statistical significance using the 
Student’s t test for unpaired data or for multiple groups using both 2-tailed 
t test and 2-way ANOVA. The data were distributed normally in all cases.  
P values of less than 0.05 were considered to be statistically significant.
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