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Cardiac hypertrophy, either compensated or decompensated, is associated with cardiomyocyte contractile dysfunction from depressed
sarcoplasmic reticulum (SR) Ca2* cycling. Normalization of Ca2* cycling by ablation or inhibition of the SR inhibitor phospholamban (PLN)
has prevented cardiac failure in experimental dilated cardiomyopathy and is a promising therapeutic approach for human heart failure.
However, the potential benefits of restoring SR function on primary cardiac hypertrophy, a common antecedent of human heart failure, are
unknown. We therefore tested the efficacy of PLN ablation to correct hypertrophy and contractile dysfunction in two well-characterized and
highly relevant genetic mouse models of hypertrophy and cardiac failure, Goq overexpression and human familial hypertrophic
cardiomyopathy mutant myosin binding protein C (MyBP-CpyT) expression. In both models, PLN ablation normalized the characteristically

prolonged cardiomyocyte Ca2* transients and enhanced unloaded fractional shortening with no change in SR Ca2* pump content.
However, there was no parallel improvement in in vivo cardiac function or hypertrophy in either model. Likewise, the activation of JNK and
calcineurin associated with Goq overexpression was not affected. Thus, PLN ablation normalized contractility in isolated myocytes, but
failed to rescue the cardiomyopathic phenotype elicited by activation of the Goq pathway or MyBP-C mutations.
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Cardiac hypertrophy, either compensated or decompensated, is associated with cardiomyocyte con-
tractile dysfunction from depressed sarcoplasmic reticulum (SR) Ca?* cycling. Normalization of Ca?*
cycling by ablation or inhibition of the SR inhibitor phospholamban (PLN) has prevented cardiac
failure in experimental dilated cardiomyopathy and is a promising therapeutic approach for human
heart failure. However, the potential benefits of restoring SR function on primary cardiac hypertro-
phy, a common antecedent of human heart failure, are unknown. We therefore tested the efficacy of
PLN ablation to correct hypertrophy and contractile dysfunction in two well-characterized and high-
ly relevant genetic mouse models of hypertrophy and cardiac failure, Goq overexpression and human
familial hypertrophic cardiomyopathy mutant myosin binding protein C (MyBP-Cyur) expression.
In both models, PLN ablation normalized the characteristically prolonged cardiomyocyte Ca?* tran-
sients and enhanced unloaded fractional shortening with no change in SR Ca?* pump content. How-
ever, there was no parallel improvement in in vivo cardiac function or hypertrophy in either model.
Likewise, the activation of JNK and calcineurin associated with Gaq overexpression was not affect-
ed. Thus, PLN ablation normalized contractility in isolated myocytes, but failed to rescue the car-

diomyopathic phenotype elicited by activation of the Goq pathway or MyBP-C mutations.
This article was published online in advance of the print edition. The date of publication is available
from the JCI website, http://www.jci.org. J. Clin. Invest. 111:859-867 (2003). doi:10.1172/JCI200316738.

Introduction

In the face of unremitting hemodynamic stress, “adap-
tive” cardiac hypertrophy inevitably progresses to ven-
tricular dilation and clinical heart failure, which affects
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an estimated 5 million Americans and has a mortality
rate of approximately 50% in 4 years (1). A nearly uni-
versal characteristic of hypertrophied and failing
myocardium is depressed sarcoplasmic reticulum (SR)
Ca?* cycling, caused by decreased expression of the car-
diac SR Ca?* ATPase (SERCA2a), by a relative overabun-
dance of the SERCA2a inhibitory protein phospholam-
ban (PLN), or by both (2, 3). Recent experimental
successes have generated enthusiasm for treating heart
failure by restoring SR Ca?* cycling, either through ade-
noviral-mediated myocardial-targeted expression of
SERCA2a itself (4) or through antisense suppression (5)
or genetic ablation of PLN (6), to relieve SERCA2a from
endogenous inhibition. The common result of each
approach is enhanced SR Ca?" cycling, which has
improved energetics, survival, and cardiac function at
the cellular, organ, and intact animal levels. Further-
more, there is no compromise in exercise performance
or longevity in the case of PLN ablation (7, 8).

To date, PLN ablation or inhibition has improved SR
Ca?* cycling and/or contractile function in transgenic

The Journal of Clinical Investigation |

March 2003

| Volume 111 | Number6

859



860

mice overexpressing slow skeletal troponinI (9), a non-
phosphorylatable troponin I mutant (10), calse-
questrin (CSQ) (11), SERCAla (12), and a mutant
myosin heavy chain (13). Most strikingly, PLN ablation
prevented the functional, structural, and histological
abnormalities in cardiomyopathic mice lacking muscle
Lim protein (MLP) (14), and PLN inhibition attenuat-
ed heart failure progression in cardiomyopathic ham-
sters (15), suggesting that abnormal SR Ca?* cycling
may represent a root cause of heart failure. Thus, tar-
geting PLN has been strikingly successful in preventing
phenotypic progression in various experimental pri-
mary cardiomyopathies (14, 15). However, the efficacy
of PLN inhibition in primary myocardial hypertrophy
that progresses to dilated heart failure (i.e., decompen-
sated hypertrophy), which is a common cause of heart
failure in human hypertensive and valvular heart dis-
ease, remains unknown.

To further test whether normalizing depressed car-
diomyocyte Ca?* handling by PLN inhibition is likely
to be therapeutically efficacious in decompensated
hypertrophy, we examined the consequences of PLN
ablation on two highly relevant mouse models. In the
Gagq overexpressor (16), hypertrophy and failure are
induced by Gagq, the proximal angiotensin, endothelin,
and the a-adrenergic receptor signal transducer, which
has been shown to transduce pressure-overload hyper-
trophy (17). In the mutant myosin binding protein C
(MyBP-Cyyr) mouse (18), a human mutation of this
sarcomeric protein is expressed, as occurs in approxi-
mately 15% of patients with familial hypertrophic car-
diomyopathy. Herein, we show that PLN ablation
restores impaired Ca?* cycling and contractility of iso-
lated cardiomyocytes from both the Go.q and MyBP-
Cyut mice but that there are no measurable benefits of
these cellular enhancements on global cardiac function
or on development of myocardial hypertrophy.

Methods

Experimental animals. PLN homozygous knockout mice
(PLNko) (12) were mated with Goq-40 overexpressors
(16) to generate PLN heterozygous knockout/Gaq
transgenic mice (F;). These F; mice were crossed with
PLN heterozygotes to create PLNko/Goq transgenic
mice (PLNko/Goaq) along with Goq overexpressors
and wild types. Mice bearing the truncated MyBP-C
allele (MyBP-Cpyut) were previously generated using
homologous recombination (18). Double heterozy-
gous PLN knockout/MyBP-Cyur mice were inbred to
obtain homozygous MyBP-Cyyr mice with PLN abla-
tion (PLNKQ/MYBP-CMUT) along with MyBP-CMUT and
wild-type mice. PCR analysis of tail genomic DNA was
employed to genotype all mice (6, 18). Animals used in
this study were male littermates at 10-16 weeks of age
and were handled and maintained according to pro-
tocols by the ethics committee of the University of
Cincinnati. The investigation conforms with the
Guide for the Care and Use of Laboratory Animals
published by the NIH (19).

Immunoblotting. Ventricular homogenates were ana-
lyzed by standard Western blotting to compare PLN,
SERCA2a, CSQ, calcineurin (CaN), phosphorylated
JNK, connexin 43 (Cx43), Wnt-1, B-catenin, and N-cad-
herin levels. Binding of the primary antibody was
detected by peroxidase-conjugated secondary antibod-
ies and enhanced chemiluminescence (Amersham, Pis-
cataway, New Jersey, USA).

Cardiomyocyte mechanics and Ca?* transients. Isolated
left ventricular myocytes from Langendorff-perfused
hearts were perfused in 1.8 mM Ca?*-Tyrode at room
temperature and field stimulated at 0.5 Hz. Mechan-
ics and Ca?* transients were measured and calibrated
as described previously (12, 20). A minimum of 5 cells
per heart were studied, and each animal was analyzed
as a single n. Data were analyzed by Felix computer
software (Photon Technology International, Lawrence-
ville, New Jersey, USA).

In vivo measurements of cardiac function. Echocardio-
graphic parameters were measured using standard
techniques as reported previously (21). Wall stress was
derived from the LaPlace law: (pressure x radius)/
(2 x wall thickness) (22). Closed-chest invasive hemo-
dynamic studies were performed under ketamine and
thiobutabarbital anesthesia. f-adrenergic responsive-
ness was assessed after infusion of dobutamine as
described previously (16).

Histology. Mouse hearts were fixed with 4%
paraformaldehyde followed by dehydration and paraf-
fin embedding. Serial 4-um sections were stained with
hematoxylin and eosin or Masson’s trichrome.

RNA analysis. Quantitative assessment of cardiac hyper-
trophy gene expression was performed by RNA dot blot-
ting using gene-specific antisense oligonucleotides (16).

Statistical analysis. Data are presented as means + SEM,
unless otherwise stated; » indicates the number of
mice. Statistical analysis was performed by one-way or
two-way analysis of variance, followed by the Student-
Newman-Keuls test for multiple comparisons. Values
of P < 0.05 were considered statistically significant.

Results

SR Ca?*transport proteins in Gog and MyBP-Cyyr mice.
Defective SR Ca?* cycling is indicated in the Gaq and
MyBP-Cyur mice (16, 23). However, the mechanism for
SR dysfunction has not been established as it relates to
altered expression of SR Ca?*-handling proteins. There-
fore, ventricular cardiac homogenates from Gog-overex-
pressing and MyBP-Cyur hearts were assayed for SR Ca?*-
transport protein levels by quantitative immunoblotting.
Since initial studies indicated that levels of CSQ, the
major SR Ca?'-storage protein, were not altered in these
hearts, CSQ was used as an internal standard for assess-
ment of SERCA2a, the principle Ca?*-handling protein in
SR, and PLN, the endogenous inhibitor of SERCA2a.
SERCA2a protein levels were significantly decreased in
both Goq and MyBP-Cyur hearts (Gagq: 0.70-fold + 0.17-
fold of wild type, n = 5, P < 0.05; MyBP-Cyur: 0.81-fold +
0.05-fold of wild type, n = 6, P < 0.05) (Figure 1,a and c).
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Further impairing SERCA2a function in Gog-overex-
pressing hearts, levels of PLN were markedly increased to
2.3-fold + 0.33-fold of wild type (n = 5, P < 0.05) (Figure
1b), whereas PLN protein level was unaltered in MyBP-
Cwmur hearts (Figure 1d). Thus, impaired Ca?* cycling in
Gaq and MyBP-Cyur hearts is most likely the result of
diminished SERCA2a activity.

generate animals with PLN ablation in the context of car-
diac-specific Gaq overexpression or MyBP-Cyur expres-
sion. Importantly, PLN ablation did not affect SERCA2a
protein levels in either model (Figure 1,aand ¢).

The effects of PLN ablation on Gaq or MyBP-Cyur
cardiomyocyte contraction were assessed in isolated
ventricular myocytes and compared with the effects in
littermate controls. Consistent with previous reports
(23), Goq cardiac myocytes exhibited significantly
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Figure 2

Myocyte (5-8 cells per heart, 6-8 hearts per group) contractility and Ca?* kinetics in hearts from PLNxo x Goq and PLNko x MyBP-Cyur
crosses. Representative recordings of cell shortening (a) and the intracellular Ca?* concentration transient (b) in myocytes of the PLNko x
Gaq cross are shown. (c-g) PLNko x Gaq myocytes. (c) FS%. (d) Rate of contraction (+dL/dt). (e) Rate of relaxation (-dL/dt). (f) Ca?* tran-
sient amplitude (fold vs. WT). (g) Time to 50% decay of the Ca?* signal (Tso). (h-1) PLNko x MyBP-Cyur myocytes. (h) FS%. (i) +dL/dt. (j)
-dL/dt. (k) Ca?* transient amplitude. (I) Tso. *P < 0.05 versus wild type; **P < 0.05 versus Goq or MyBP-Cyyr myocytes.
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M-mode echocardiographic tracings and in vivo global cardiac function of mice from PLNko x Goq (a) and PLNko x MyBP-Cyur (b) cross-
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es, determined by echocardiography. *P < 0.05 versus wild type; **P < 0.05 versus Gaq or MyBP-Cyyr hearts; n = 6-8 per group.

depressed maximal rates of shortening and relength-
ening, but unloaded fractional shortening did not dif-
fer from that of nontransgenic controls (Figure 2, a and
c-e). Likewise, cardiac myocytes from MyBP-Cyur
hearts exhibited depressed maximal rates of shortening
and relengthening, which in this case were associated
with a modest decrease in the extent of unloaded short-
ening as compared with wild type (Figure 2, h-j).
These cardiomyocyte contractile abnormalities were
associated with alterations in SR Ca?* cycling that were
consistent with the observed alterations in SR Ca?*-
handling proteins. In neither model was the peak Ca?*
transient amplitude significantly different from that of
wild-type controls (Figure 2, f and k). In both models,
however, the time to 50% decay of the Ca?* signal (Tso)
was prolonged as compared with nontransgenic con-
trols, reflecting decreased uptake of Ca?* by the SR
(Figure 2, g and 1). When PLN was eliminated by gene
ablation, Ca?* cycling was greatly enhanced in both
models, to levels even exceeding those of wild-type con-
trols (Figure 2, f, g, k, and I). A strikingly shortened
duration of the Ca?* transient (to approximately 60% of
control) reflected enhanced SR Ca?* cycling and result-
ed in substantial increases in peak Ca?" amplitude,
most likely reflecting increased SR Ca?* stores.
Enhanced Ca?* cycling in cardiac myocytes by abla-
tion of PLN resulted in a parallel improvement of their
contractile function. In general, when compared with
the baseline Gaq and MyBP-Cyyur models, PLN abla-
tion doubled various aspects of mechanical function to

Figure 4

Hemodynamic characteristics and left ventricular response to
-adrenergic stimulation in hearts from PLNko x Goq (a) and PLNko
x MyBP-Cyur (b) crosses. +dP/dt indicates the rate of left ventricu-
lar contraction; -dP/dt, the rate of left ventricular relaxation; -DOB,
the baseline without dobutamine; and +DOB, infusion of dobuta-
mine at 32 ng/g of body weight per minute. *P < 0.05 versus base-
line; n = 6-8 per group.

levels that were significantly better than wild type (Fig-
ure 2, c-e, h-j). Specifically, PLNxo/Goq myocytes
showed approximately 70% improvements in +dL/dt,
-dL/dt, and fractional shortening. Likewise,
PLNko/MyBP-Cyur myocytes resulted in full restora-
tion of all depressed contractile parameters to levels
higher than those observed in the wild-type cells.
Indeed, each of the measured parameters of contractil-
ity in PLNko/Gaq and PLNko/MyBP-Cyur myocytes
resembled those in PLNko myocytes (data not shown),
indicating that PLN ablation restored the defective SR
Ca?* cycling, which caused the decreased myocyte con-
tractility in these two models of hypertrophy.

PLN ablation fails to improve in vivo global cardiac func-
tion. Overall cardiac performance is the result of a
complex interplay between myocardial contractility,
chamber geometry, loading conditions, extracellular
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resistance and elastic force produced by interstitial tis-
sues, and neurohumoral factors. Thus, it was impor-
tant to determine whether the successful strategy of
PLN ablation to improve cardiomyocyte contractile
function was translated into enhanced in vivo global
cardiac function in Gagq-overexpressing and MyBP-
Cwmur mice. Surprisingly, echocardiography showed no
improvement in left ventricular ejection performance
upon PLN ablation in Gag-overexpressing mice, as
revealed by persistently increased left ventricular end

Figure 5

Histological studies and reactiva-
tion of fetal gene profile in the
hearts from PLNxo x Gaq (a and b)
and PLNko x MyBP-Cyur (¢ and d)
crosses. Cross-sectioning of hearts
(x4) and trichrome staining (x200)
were performed to assess chamber
geometry and fibrosis. Transcrip-
tional levels were normalized by
GAPDH and expressed as fold over

1 Gaq
B9 PLN, /Gaq

[ wild type; n = 4-6 per group.

B-MHC  ANF a-SK actin

I MyBP-C, ,
=3 PLN, /MyBP-C
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diastolic dimension (LVEDD) and impaired percent
fractional shortening (FS%). At 5 weeks of age, LVEDD
was 3.87 £ 0.45 mm and 3.60 + 0.22 mm, whereas FS%
was 23.9 + 2.9 and 28.7 + 3.4 in PLNko/Gaq and Gaq
mice, respectively. Similar values were obtained in
adult mice at 12-16 weeks of age (Figure 3a). In
PLNko/MyBP-Cyyr mice, LVEDD was 3.7 + 0.1 mm
and FS% was 41.5 + 2.8, as compared with 4.0 + 0.1 mm
and 31.1 + 2.8 in MyBP-Cyur mice, at 5 weeks of age.
These parameters in PLNko/MyBP-Cyur mice further
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deteriorated and were similar to those in MyBP-Cyur
mice by 12-16 weeks of age (Figure 3b). Likewise, PLN
ablation did not significantly improve basal or $-adren-
ergic left ventricular contractility (+dP/dt) or relaxation
(-dP/dt) in the Gaq mice (Figure 4a), although there
were no alterations in f-adrenergic receptor density in
these models (16, 24). Similar findings were obtained
in MyBP-Cyur hearts (Figure 4b).

When considering the lack of apparent benefit to car-
diac function of a maneuver that unambiguously
enhanced cardiomyocyte contractility, it is important
to note that there was no change in ventricular mor-
phology — that is, chamber dimension and wall thick-
ness — with PLN ablation (data not shown). These two
morphometric measures, along with left ventricular
pressure (which was not altered by PLN ablation) (data
not shown), are the determinants of ventricular wall
stress or afterload. Indeed, the left ventricular wall
stress, which as expected was around twofold higher
than that of wild type in the Gaq model, increased
further with PLN ablation (wild type, 39.11 + 1.96
dynes/mm?; Gagq, 77.60 + 1.73 dynes/mm?; PLNko/
Gagq, 133.18 + 6.31 dynes/mm?; n = 6-8; P < 0.01 vs.
wild type). Similar alterations were observed in the
MyBP-Cyur mice (wild type, 47.41 + 5.3 dynes/mm?;
MyBP-Cyur, 81.45 + 14.3 dynes/mm?; PLNgo/MyBP-
Cmur, 75.33 £ 12.4 dynes/mm?; n = 6; P < 0.01 vs. wild
type). Thus, the restored cardiomyocyte Ca?* cycling
and contractility upon PLN ablation did not reflect
similar improvement in global cardiac function, possi-
bly because of the absence of reverse ventricular remod-
eling and the consequent high wall stress in
PLNko/Gaq and PLNgo/MyBP-Cyyr hearts. Alterna-
tively, Ca?" measurements in vitro may not adequately
reflect the in vivo Ca?* signaling, which may not be
influenced by PLN ablation, contributing to the
observed cardiomyopathic phenotype.

Rescue of cardiomyocyte contractile function is not sufficient
to reverse cardiac remodeling. The surprising absence of
any measurable functional benefit of enhancing car-
diomyocyte contractility on in vivo cardiac function was
most likely due to persistent ventricular enlargement in
the PLNko/MyBP-Cyut and PLNko/Gaq mice. There-
fore, a detailed analysis was undertaken of the effects of
PLN ablation on the seminal characteristic of these two
models, myocardial hypertrophy. Consistent with the
echocardiographic findings (data not shown), the ratio
of heart weight to body weight was not changed by PLN
ablation in either the Gog-overexpressing model (wild
type, 4.02 £ 0.3 mg/g; Gaq, 5.8 + 0.1 mg/g; PLNko/Gag,
5.72 + 0.2 mg/g; n = 6; P < 0.01 vs. wild type) or the
MyBP-Cyur model (wild type, 4.54 + 0.4 mg/g; MyBP-
CMUT; 6.66+0.2 mg/g, PLNKo/MyBP-CMUT, 6.33+0.33
mg/g; n=6; P <0.01vs. wild type). Histological analyses
confirmed that ablation of PLN did not prevent the
characteristic morphological features of Gag-overex-
pressing or MyBP-Cyyr hearts (16, 18), including
myocyte hypertrophy, myofibrillar disarray, and fibro-
sis (Figure 5,a and c).

A hallmark characteristic shared by myocardial
hypertrophy and heart failure is reactivation of a fetal
gene program, which is a highly sensitive indicator of
cardiomyocyte hypertrophy. Therefore, to reveal
improvements conferred by PLN ablation that were
not evident by functional or pathological studies,
expression of certain members of this genetic program
— that is, B-myosin heavy chain (3-MHC), atrial natri-
uretic factor (ANF), and a-skeletal actin (a-SK actin)
mRNA — were assayed by dot blot analysis (Figure 5, b
and d). As previously reported, ventricles of Gag-over-
expressing and MyBP-Cyyr mice exhibited markedly
increased ANF, a-SK actin, and f-MHC mRNA levels.
Interestingly, ablation of PLN did not alter expression
of these genes (Figure 5, b and d). Taken together with
the above studies, these findings demonstrate that
ablation of PLN neither prevents nor reverses Gog-
and MyBP-Cyur-mediated myocardial hypertrophy.

Previous studies have reported that among the three
overall branches of the MAPK cascade (ERK, p38, and
JNK), only JNK was activated in Goq hearts (25).
Increased JNK activation, using the phospho-specific
antibody, was also observed in both the Gaq (1.2-fold)
and PLNo/Gagq (1.3-fold) hearts, as compared with
wild-type (1.0-fold) hearts. In agreement with a recent
report (26), JNK activation was associated with a sig-
nificant reduction in the levels of the gap-junction
protein Cx43 in both Gagq-overexpressing and
PLNko/Gagq hearts (Figure 6a). There were no signifi-
cant differences in the levels of Wnt-1 and p-catenin,
two principle regulators of the expression of Cx43 (27),
in wild-type, Gog-overexpressing, and PLNko/Gaq
hearts (Figure 6, b and c). In the same hearts, the pro-
tein levels of N-cadherin, the Cx43-associated protein,
were persistently increased in both Goq and
PLNko/Goq hearts (Figure 6d). Interestingly, cardiac
overexpression of N-cadherin has been observed to
lead to dilated cardiomyopathy (28). Furthermore,
since Gagq-triggered cardiac hypertrophy has been
reported to be at least partially dependent on the CaN
signaling pathway (29) and there is cross-talk between
the CaN and JNK pathways (30), the protein levels of
CaN were examined. A sustained increase in both Gaq
(1.7-fold) and PLNko/Gaq (1.7-fold) hearts as com-
pared to wild type (1.0-fold) was observed. Taken
together, these data indicate that JNK and CaN, puta-
tive mediators of Gag-triggered cardiac hypertrophy,
are not influenced by improved SR Ca?* handling.

Discussion

The most important finding of these studies is that
normalization, even “supernormalization,” of car-
diomyocyte Ca?* cycling and contractility by PLN
ablation is not sufficient to prevent cardiomyopathy
in two highly relevant models of genetic myocardial
hypertrophy. This finding contrasts with the appar-
ent salutary effects of PLN inhibition on experimen-
tal dilated cardiomyopathies, in which correction of
cardiomyocyte SR Ca?* handling has had strikingly
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beneficial effects not only on cardiac function but on
the histopathological features of these cardiomy-
opathies (14, 15).

Defects in SR Ca?* uptake and release, which resultin
decreased contractility, are common features of hyper-
trophied and failing animal and human myocardia,
although the mechanisms underlying the etiology of
these defects have not been unambiguously defined.
Recent evidence indicates that depressed cardiomyocyte
Ca?* cycling may contribute to decompensation of car-
diac hypertrophy and progression of heart failure (2, 3).
The present studies reveal that cardiomyocyte Ca?*
kinetics are depressed in the hypertrophies that develop
as a consequence of myocardial-specific expression of
Gaq and a MyBP-C mutation found in human familial
hypertrophic cardiomyopathy. The prolonged decay of
Ca?* transients observed in field-stimulated ventricular
cardiomyocytes from these models was associated with
significant decreases in the level of SERCA2a protein
expression and hence an increase in the relative ratio of
PLN to SERCA2a. Since PLN is the primary determi-
nant of SR function — that is, the so-called “physiolog-
ical brake” on SR Ca?* cycling — we hypothesized that
improving SERCA2a activity through PLN ablation
would enhance cardiac function and possibly attenuate
the hypertrophic cardiomyopathy phenotype of Gag-
overexpressing and MyBP-Cyur hearts.

Our experimental approach paralleled that previously
used by Minamisawa et al. to prevent dilated cardiomy-
opathy in MLP knockout mice (14) — that is, ablating
PLN in the context of the underlying genetic stimulus
for cardiac disease. As expected, PLN ablation strikingly
improved SR Ca?* cycling and cardiomyocyte dysfunc-
tion in both models. The direct effect, as demonstrated
by the decrease in duration of the Ca?* transient, was
that diastolic SR reuptake of cytosolic Ca?* was acceler-
ated, leading to improved myocyte diastolic/relaxation
function. An indirect effect of increased SR reuptake was
enhanced SR Ca?* content, reflected by the increased
amplitude of the Ca?" transient, which improved
myocyte systolic/contractile function. Indeed, unloaded
shortening of Gog-overexpressing or MyBP-Cyur
myocytes increased to levels significantly greater than
“normal” in the context of PLN ablation, and the rates
of contraction and relaxation were similarly improved.
Notably, the levels of SERCA2a protein remained
depressed, indicating the hypercontractile cardiomy-
ocyte phenotype was largely, if not entirely, attributable
to the relief of inhibition of SERCA2a by PLN, although
possible contributions of other important Ca?*-handling
proteins such as the ryanodine receptor, junctin, triadin,
and the L-type Ca?* channel were not assessed (31). A
final theoretical benefit of the high-amplitude Ca?* tran-
sient resulting from PLN ablation is activation of
CaMKII (32), which has the potential to phosphorylate
SERCA2a and stimulate its Ca?*-transport activity.

Whatever the precise biochemical mechanisms
transducing the benefits of PLN ablation and
enhanced SR function, the effects on cardiomyocyte

systolic and diastolic mechanical function were unar-
guable. However, both invasive and noninvasive
assessments of left ventricular function revealed that
the enhanced cardiomyocyte function afforded by
PLN ablation failed to improve a variety of measures
of cardiac function. Unlike isolated, unloaded cardiac
myocytes, in which intrinsic changes in Ca?* cycling
and contractile function are directly translated into
enhanced mechanical performance, ventricular ejec-
tion is affected by additional factors such as hemody-
namic load, chamber geometry, and cell-cell or cell-
matrix connectivity. Indeed, systolic wall stress, which
is dependent on ventricular chamber dimension, pres-
sure, and wall thickness, is a critical determinant of
left ventricular function in vivo (22), and neither ven-
tricular morphometry nor wall stress was improved by
PLN ablation in Gaq or MyBP-Cyyr mice. Further-
more, the levels of phosphorylated JNK, associated
with decreases in Cx43, as well as the levels of CaN,
which were increased in Gog-overexpressing hearts,
remained elevated upon PLN ablation.

The absence of a beneficial effect of restoring car-
diomyocyte Ca?* signaling and mechanical function by
PLN ablation on the overall cardiac phenotype of Gaq
or MyBP-Cyur mice is in sharp contrast to previously
published studies of a similar design using the MLPxo
dilated cardiomyopathy model (14). In this instance,
PLN ablation prevented not only cardiac dysfunction
and ventricular dilation, but also the profound
histopathological abnormalities that characterize this
model (14). Since the MLPo dilated cardiomyopathy
is associated with defects in the cytoarchitecture of the
myocyte, including SR organization (33), SR dysfunc-
tion may be a triggering event in this model. In pre-
venting the resulting Ca?* cycling and cellular abnor-
malities induced by MLP ablation, PLN ablation can
therefore also prevent development of the full-blown
phenotype. Likewise, PLN ablation has also prevented
the functional and cellular alterations induced by CSQ
overexpression (11), in which SR dysfunction is an
obvious cause for remodeling. In this instance, aug-
mentation of SR Ca?* transport restored myocyte Ca?*
homeostasis, relieved wall stress, and prevented the
hypertrophic phenotype. On the other hand, PLN abla-
tion was not expected to benefit the dilated cardiomy-
opathy caused by tropomodulin overexpression, since
myocyte basal Ca?* cycling is already increased in that
model (34, 35). Finally, PLN ablation has improved car-
diac function in a transgenic mouse model of hyper-
trophic cardiomyopathy caused by a mutant form of
myosin heavy chain, without compromising longevity
or exercise tolerance (13).

The inability of PLN to rescue cardiac remodeling in
the Gag-overexpressing hearts suggests that the
depressed SR function may represent one of the multi-
ple modulators of the hypertrophic response in this
model. Gaq represents the common signaling effector
for endothelin I, angiotensin II, and a-adrenergic recep-
tors, and Gaq activity is necessary for development of
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pressure-overload hypertrophy (17). Overexpression of
Gagq recapitulates many aspects of both experimental
cardiac hypertrophy and failure and the analogous
human syndromes (16, 23). Previous genetic manipula-
tions have targeted proximal players of the Goq signal-
ing pathway to improve cardiac function and attenuate
hypertrophy (25, 36-39). Furthermore, a recent study
has revealed that targeting molecules in the cell survival
and death pathway may be especially critical to delay or
prevent the progression of hypertrophy to heart failure
in the Gag-overexpressing mice (40). Taken together, the
multiple factors modulated in the above studies demon-
strate the pleiotrophic effects of Gaq overexpression and
emphasize the different roles that multiple individual
perturbations along the proximal Gaq hypertrophy sig-
naling pathway can have in the development of myocar-
dial hypertrophy and cardiac dysfunction.

For similar reasons, the inability of PLN to rescue the
fundamental structural, functional, and histopatho-
logical characteristics of the MyBP-Cyur mouse may
suggest that impaired SR Ca?* cycling is one of the mul-
tiple phenotypic effectors in this model. MyBP-C is a
major protein component of the striated muscle sar-
comere (41). Besides its role in myofibrillogenesis,
MyBP-C has been suggested to maintain overall sar-
comere stability and to modify force production (41).
Mutations leading to truncation of the C-terminal part
of MyBP-C, as modeled in the present study, may exert
two additive effects contributing to contractile dys-
function. The truncated protein may be ineffective in
transmitting force, since it has lost its ability to bind to
titin and myosin heavy chain (41-43), and may result
in a high concentration of the unphosphorylated
N-terminal fragment, which has been shown to produce
a decrease in the generation of force (44). Therefore,
ablation of PLN would probably compensate for a
defect in force generation but may fail to transmit this
force at the intact organ level, due to the mutation or
the change in left ventricular geometry by remodeling.

Nevertheless, caution should prevail in interpreting
the results of this and other studies on rescue of
mouse cardiomyopathic phenotypes by genetic abla-
tion of PLN. PLN deficiency is associated with a num-
ber of cellular adaptations to accommodate the
enhanced Ca?* cycling and energetic demand of the
hyperdynamic cardiac function, which may con-
tribute to or even mask the effects of PLN loss. Such
compensatory mechanisms include the downregula-
tion of the ryanodine receptor (45) and the increased
inactivation kinetics of the L-type Ca?* channel (46),
which may contribute to the altered Ca?* homeosta-
sis in the cross models. Interestingly, the Ca?* sensi-
tivity or myosin ATPase activity of the contractile pro-
teins is not altered (47). Furthermore, PLN ablation is
associated with blunted cardiac $-adrenergic contrac-
tile responses (6), which may be restored upon
decreases in the perfusate Ca?* (48), consistent with
the lack of alterations in B-adrenergic receptor densi-
ty or coupling in this model (24).

In conclusion, the present study used PLN ablation
to correct SR Ca?* signaling and contractility in hyper-
trophied cardiac myocytes but failed to improve whole-
heart contractile function. Even supernormalization of
cardiomyocyte contractility did not prevent Gagq- or
MyBP-Cyur-induced myocardial hypertrophy and car-
diac dilation. In the context of prior studies showing
complete phenotypic reversal of dilated cardiomyopa-
thy by PLN ablation or inhibition (14, 15), and there-
fore demonstrating the critical role of SR Ca?* cycling
in cardiac remodeling, the current findings indicate
that additional strategies for therapeutic intervention
need to be identified that will prevent or modify the
progression of hypertrophy to heart failure.
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