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Introduction
Advances in medical and surgical treatments have substantially
reduced the mortality from cardiac disease, but chronic heart fail-
ure primarily of ischemic origin remains a leading cause of mor-
bidity and mortality (1). Given the limits of cardiac transplantation
(2), new forms of treatment are needed that can target the underly-
ing biological processes within the cardiomyocyte that lead to
chronic dysfunction and unfavorable remodeling (3, 4). Gene ther-
apy has been proposed as one such promising strategy. However,
there have been several limitations to the application of gene trans-
fer for clinical and experimental heart failure, including lack of a
gene-delivery system that can provide high efficiency and cardiac
specificity, and the need for vectors that give stable long-term
expression (5). Recently, we developed a novel in vivo transcoronary
gene-delivery system that achieved high efficiency in myocardium
when applied in the cardiomyopathic hamster using an adenovirus
vector (6), and relatively cardiac-specific, long-term expression was
then achieved with a recombinant adeno-associated virus (rAAV)
vector in that hamster model (7).

Failing heart muscle generally exhibits distinct changes in intra-
cellular Ca2+ handling, including impaired removal of cytosolic Ca2+;

reduced Ca2+ loading of the cardiac sarcoplasmic reticulum (SR)
with downregulation of SR Ca2+-ATPase 2 (SERCA2); and defects in
SR Ca2+ release accompanied by impairment of cardiac relaxation
and systolic function (8, 9). However, therapeutic attempts to tar-
get these molecular abnormalities for the treatment of experimen-
tal heart failure using in vivo gene transfer strategies were limited
to short-term overexpression of SERCA2 (10) or overexpression of
upstream regulators of Ca2+ handling, such as a β-adrenergic recep-
tor kinase–inhibitory peptide (11) using adenovirus vectors.

Initially, we crossed mice with ablated phospholamban (PLN),
an endogenous inhibitor of SERCA2, with a muscle-specific Lim
protein–null (MLP-null) mouse model of dilated cardiomyopathy
and demonstrated complete prevention of the heart failure phe-
notype in the offspring, along with improved cardiac SR Ca2+ stor-
age and release (12). Subsequently a PLN-null mutation was
reported to prevent systolic dysfunction and exercise intolerance,
but not hypertrophy, in a murine model of hypertrophic car-
diomyopathy (13). Later, we generated a pseudophosphorylated
mutant PLN peptide, S16EPLN, designed to mimic the confor-
mational changes in PLN following its phosphorylation by cAMP-
dependent protein kinase, and when the S16EPLN gene was deliv-
ered into BIO14.6 cardiomyopathic hamsters, the usually rapid
progression of cardiac dysfunction over the 7-month study peri-
od was substantially alleviated (7).

Recent studies in transgenic models, however, have not support-
ed a therapeutic effect of PLN ablation on cardiac hypertrophy and
dysfunction. In one study, apoptotic heart failure resulted from
overexpression of a signaling molecule, or severe neonatal-onset car-
diac dilation was induced by targeted mutation of a structural pro-
tein, and neither was modified by PLN ablation (14). Also, Kiriazis
et al. have reported that hyperdynamic PLN-null mice do not differ
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from wild-type mice in the development of hypertrophy or in the
incidence of heart failure after sustained surgical aortic stenosis (15).

In addition, two recent clinical studies have suggested the possi-
bility that interference with the PLN-SERCA2 interaction may be
detrimental. Two types of human PLN mutations (R9C and
L39stop) were linked to human dilated cardiomyopathy, and dis-
tinctive mechanisms were proposed for each mutation to induce car-
diac defects by altering SR Ca2+ handling (16, 17).

Thus, it is critical to evaluate the role of PLN inhibition in a model
of acquired heart failure that has proven fidelity and predictability
for therapeutic effects in human disease. The progressive heart fail-
ure that occurs after myocardial infarction (MI) in the rat is a vali-
dated and widely accepted model of the most common form of heart
failure observed in humans. In the present study, we successfully
applied a modified transcoronary gene-delivery method in chroni-
cally failing hearts of rats after MI. The goal of the study was to
determine whether sustained action of the S16EPLN protein in this
model could affect global left ventricular (LV) function and remod-
eling in the setting of established heart failure.

Methods
Experiments were carried out in adult male Sprague-Dawley rats
obtained from Charles River Laboratories Inc. (Wilmington, Mas-
sachusetts, USA). The animals were housed at 20°C ± 2°C, 55% ± 20%
humidity, with 12-hour light/dark cycles and free access to food and
water in the Animal Care Facility at the University of California, San
Diego. The study was approved by the University of California, San
Diego Animal Subjects Committee.

Construction of recombinant viral vectors. rAAV vectors carrying
S16EPLN (rAAV-S16EPLN) and rAAV vectors carrying a LacZ mark-
er gene (rAAV-LacZ) were constructed as previously described (7)
and produced by Lili Wang and James Wilson at the University of
Pennsylvania (Philadelphia, Pennsylvania, USA). In brief, rAAV type
2 vectors were made by the three-plasmid cotransfection method
(18) and recovered by a single-step heparin-column method (19).
The genome titer (genome copy) was determined by real-time PCR.
Recombinant adenovirus type 5 vectors with the LacZ gene (Adeno-
LacZ) and with the S16EPLN gene (Adeno-S16EPLN) were pre-
pared as previously described (6).

Generation of MI rats. When the rats were 7–8 weeks old, left coro-
nary artery ligation was performed as previously described (20).
Briefly, rats were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg), endotracheally intubated, and mechanically
ventilated with room air (respiratory rate 55–65 breaths per minute,
tidal volume 2.5 ml). Under sterile conditions, a left anterior thora-
cotomy was performed to expose the heart. The left anterior
descending coronary artery was ligated between the right ventricu-
lar outflow tract and the left atrium with a 6-0 silk suture that was
passed through the superficial layers of myocardium (20). The lungs
were then reinflated and the chest incision closed. Sham-operated
rats (no-MI rats) were prepared in the same manner but did not
undergo coronary artery ligation.

Randomization of MI rats for gene transfer. At 5 weeks after coronary
ligation, following echocardiographic determination of cardiac
function and MI size, animals with an infarct size between 30%
and 40% were randomized into two groups: rAAV-S16E gene
transfer (MI-S16EPLN) and saline injection (MI-saline). In the MI-
saline group, a volume of saline alone equal to that of the virus
solution was injected with the same procedures for gene transfer
used in the MI-S16EPLN group.

Echocardiography. Echocardiograms to assess LV size and function
were recorded as previously described (21) at 5 weeks after coronary
occlusion (before randomization) and at 2 months and 6 months
after the gene transfer procedure. Light anesthesia was induced with
intraperitoneal ketamine (50 mg/kg) and xylazine (5 mg/kg). Two-
dimensional parasternal long-axis images were obtained perpendic-
ular to the short axis and were deemed appropriate at the site where
LV length was maximum and both mitral and aortic valves were con-
tained in the image. The LV endocardial border was manually traced,
and long-axis dimensions and LV areas at end-systole and end-dias-
tole were determined. The LV end-diastolic volume (LVEDV), LV
end-systolic volume (LVESV), and LV ejection fraction (LVEF) were
calculated using the area-length method, which has been validated
in rodents and humans (22). Three investigators blinded as to exper-
imental groups agreed on the optimal echo frame for visualizing the
left ventricle in the two-dimensional long-axis view at each time
point. The frames selected were then analyzed in a random, blinded
manner by two experienced investigators. The means of the differ-
ences between these two investigators were 0.001 ± 0.047 ml (± SD)
for LVEDV, 0.005 ± 0.032 ml for LVESV, and 0.297 ± 2.27% for LVEF.
After completion of two-dimensional imaging, pulse-wave Doppler
interrogation of mitral flow was performed in a parasternal long-
axis view in order to evaluate diastolic filling; the ratio of early mitral
orifice inflow velocity (E) to inflow velocity during atrial contraction
(A) was calculated (23).

In this study, in which treatment was expected to alter LV remod-
eling, it was necessary to have a reliable estimate of the extent of the
completed MI relative to the LV size prior to randomization into
treated and untreated groups. Therefore an initial study was done in
a separate group of ten rats, comparing echocardiographic and post-
mortem histological methods. Myocardial infarct size was estimated
by the centerline method (24) (which measures wall excursion at 100
points around the LV circumference) in two-dimensional short-axis
images at three LV levels (mid–papillary muscle, chordae tendineae,
and near the apex), and the size estimates at the three levels were aver-
aged to determine the percentage of the LV circumference that
demonstrated systolic akinesis or dyskinesis. Values obtained by this
method were compared with those obtained by histological quan-
tification (25) at these three regions; a highly significant correlation
was found (r2 = 0.948, P < 0.01), and the mean of the differences in
infarct size between the two methods was 0.10 ± 2.98% (± SD).

Gene transfer. The gene transfer procedure in normal and MI rats
was developed through modifications of our hamster gene transfer
protocol (6). Briefly, animals were anesthetized with sodium pento-
barbital (70 mg/kg intraperitoneally), intubated, and ventilated. A
small left anterior thoracotomy was performed, and string occlud-
ers were placed loosely around the ascending aorta and main pul-
monary artery. A PE-60 catheter (Becton Dickinson and Co., Sparks,
Maryland, USA) was then inserted through the right carotid artery
into the aortic root just above the aortic valve and below the occlud-
er for measurement of pressure and for injections, and the animals
were then subjected to general hypothermia by external cooling with
ice packs to below 26°C. The great vessels (pulmonary artery fol-
lowed by aorta) were then occluded. Next, 0.4 ml of cardioplegic
solution (6) was injected through the aortic catheter, followed by 0.4
ml of cardioplegic solution containing 10 µg of substance P (26),
and, after 60 seconds, 2.0 ml of cardioplegic solution containing 5
µg of substance P and the viral vector was delivered. The occlusions
were released 90 seconds later, dobutamine was administered, and
the animals were rewarmed.
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In preliminary studies, Adeno-LacZ with 1.7 × 109 to 4.0 × 109 virus
particles per gram body weight and rAAV-LacZ with 2.0 × 109

genome copies per gram body weight were evaluated for LacZ mark-
er gene expression at 4 days and 5 weeks, respectively, after gene
transfer by β-gal staining performed in three transverse cardiac sec-
tions per animal. The percentage of β-gal–positive myocytes was
determined as previously reported in our laboratory (6). During
these preliminary studies, the optimal volume of the solution con-
taining cardioplegic solution, substance P, and viral vector was
assessed. The highest efficiency was achieved with the largest volume
tested, 2.0 ml, which was then used in the randomized studies in
which rAAV-S16EPLN (1.9 × 109 genome copies per gram body
weight) or saline was administered in the MI rats.

Hemodynamic measurements. At 6 months after gene transfer,
immediately after the final echocardiographic study, hemodynam-
ic measurements were performed. A 2-French catheter-tip pressure
transducer catheter (SPR-407; Millar Instruments Inc., Houston,
Texas, USA) was introduced into the left ventricle through the right
carotid artery (proximal to the site of prior catheter insertion for
gene transfer) for measurements of LV pressures, and contractility
and relaxation were assessed by maximum and minimum first
derivatives of LV pressure (LV dP/dt) and τ, the time constant of
relaxation (using an exponential function), as previously described
(21). After base-line measurements, each animal underwent step-
wise dobutamine infusions (0.75–4 µg/kg/min) with data record-
ings at steady state at each dose.

Meridional stress of the LV wall at peak-systole and end-diastole
was estimated, using non-simultaneous data, as PRi ÷ 2h(1 + h/2Ri),
where P is LV pressure, Ri is inner LV minor-axis radius, and h is the
mean of anterior and posterior wall thickness values (21).

Histological analysis. For morphometric analysis, LV specimens
were fixed with 10% buffered formalin and embedded in paraffin.
Several sections were prepared from each specimen and stained
with H&E for assessment of myocardial cellular infiltrates and
inflammation, and with Masson’s trichrome stain to assess the
area of fibrosis using a point-counting method (27). Myocyte
diameters were measured as previously described (28). In brief, in
the sections stained with H&E, a total of 100 myocardial cells were
randomly selected from the noninfarcted area from each animal,
and the shortest diameters of transversely cut fibers were mea-
sured at the level of the nucleus with the aid of an image analyzer
(LUZEX 3U; Nikon Corp., Tokyo, Japan). This method was used
to minimize errors in comparing different tissue sections for esti-
mation of the size of cardiomyocytes, since slight offset can occur
in transverse sectioning.

Western blot analysis. SR microvesicles were isolated from the non-
infarcted posterior-lateral region of the left ventricle by sequential
centrifugation as previously described (29). Protein concentration
was determined by the bicinchoninic acid assay (Pierce Chemical
Co., Rockford, Illinois, USA) using BSA as standard. Twenty micro-
grams of protein was electrophoresed on 4–12% polyacrylamide gels
and transferred to PVDF membranes (Bio-Rad Laboratories Inc.,
Hercules, California, USA). Membranes were incubated with prima-
ry antibodies for 1 hour at room temperature and then with appro-
priate HRP-conjugated secondary antibodies. The immune com-
plexes were detected with a chemiluminescence kit (Pierce Chemical
Co.). The primary antibodies were anti-PLN (clone A1; Upstate
Biotechnology Inc., Lake Placid, New York, USA), anti-SERCA2
(Affinity BioReagents Inc., Golden, Colorado, USA), and anti–phos-
pho-PLN (Ser16) (Upstate Biotechnology Inc.).

The endogenous wild-type PLN and the S16EPLN transgene were
measured using in vitro phosphorylation followed by immunoblot-
ting, as previously described (7). Briefly, the protein samples were treat-
ed with protein kinase A to saturate the level of phosphorylation reac-
tion and then subjected to immunoblotting. An anti–phospho-PLN
(Ser16) antibody was used to measure the endogenous wild-type PLN
that could be phosphorylated. It should be noted that, although
S16EPLN was designed as a pseudophosphorylated PLN mutant, it is
not detectable with the anti–phospho-PLN (Ser16) antibody. On the
other hand, the anti-PLN antibody used in this study recognizes both
S16EPLN and the wild-type PLN with equivalent sensitivities and was
used to determine the sum of the S16EPLN transgene and the endoge-
nous wild-type PLN. The level of the S16EPLN was estimated by the
difference between that total amount of PLN and the level of PLN that
was phosphorylated to the level of saturation by protein kinase A.

Demonstration of S16EPLN effectiveness in rat cardiomyocytes. To estab-
lish that the rat heart responds to S16EPLN in a manner similar to

Figure 1
Enhanced shortening and SR calcium cycling in isolated adult rat car-
diomyocytes treated with S16EPLN.Ventricular cardiomyocytes were iso-
lated from adult Wistar rats according to the protocol described by Zho et
al. (30). Cells were transfected with adenovirus vectors expressing LacZ
(Adeno-LacZ) or S16EPLN (Adeno-S16EPLN) at a multiplicity of infection
of 100 and cultured for 36 hours. Nearly 100% efficiency of transfection
was confirmed by β-gal staining of Adeno-LacZ–treated cells.Thereafter,
both Adeno-LacZ–treated cells and Adeno-S16EPLN–treated cells were
loaded with fura-2/AM, and cell shortening and changes in intracellular-
calcium concentration were monitored. (A and B) Representative tracings
of cell length and fura-2 340/380 ratio, an index of calcium concentration.
(C–E) Indices of cell shortening (percentage fractional shortening [% FS]
and –dL/dt) and relaxation (+dL/dt). (F and G) The averaged peak ampli-
tude of an index of calcium transient (F) and the averaged decay time con-
stant of the descending limb of calcium transient (G). Data represent
mean ± SE and are accumulated from five independent experiments from
five animals. A total of 40 cells were measured for each treatment group.
*P < 0.05 between groups. L, length.
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that of other species, an adenovirus vector carrying S16EPLN was
transfected in isolated normal adult rat cardiomyocytes for 36 hours
(30), and cell contraction and Ca2+ transients were measured using an
edge-motion detector and a dual-excitation spectrofluorometer
(IonOptix Corp., Milton, Massachusetts, USA) as previously described
(31). An enhanced peak Ca2+ transient in systole and a decrease in the
time constant of Ca2+-transient decay (τ) were noted accompanying
clearly enhanced cell shortening and relaxation (Figure 1).

In addition, the same adenovirus vector was transferred in vivo in
normal rats using the transcoronary gene transfer procedure. Four
days after gene transfer, the animals were subjected to echocardiog-
raphy. Increased percentage fractional shortening (S16EPLN-treat-
ed, 47.2 ± 0.6; saline-treated, 39.0 ± 1.4; n = 6 each; P < 0.05) and
slightly smaller LV diastolic chamber size (LV end-diastolic diame-
ter: S16EPLN-treated, 7.40 ± 0.12 mm; saline-treated, 8.02 ± 0.16
mm; n = 6 each; P < 0.05) were observed with short-term S16EPLN
treatment. Hemodynamic analysis of the same animals showed a
trend toward augmentation of positive maximum LV dP/dt by
S16EPLN treatment (S16EPLN-treated, 7,069 ± 456 mmHg/s;
saline-treated, 6,260 ± 299 mmHg/s; n = 6 each), which did not reach
statistical significance (P = 0.164).

Statistical analysis. All values are expressed as mean ± SE unless spec-
ified otherwise. The significance of the differences between group
means for most data was analyzed by one-way ANOVA with post hoc
comparisons by the Student-Newman-Keuls test. For serial echocar-
diographic data, the main effects of treatment were tested using two-
factor ANOVA for repeated measures, and differences between the
groups at specific time points were assessed using two-factor
ANOVA with post hoc comparisons by the Student-Newman-Keuls
test. A value of P < 0.05 was considered statistically significant.

Results
Establishment of in vivo high-efficiency gene delivery in MI rats. Representa-
tive images stained for β-gal activity of normal and MI rat hearts are
shown in Figure 2. Overall, in initial studies using Adeno-LacZ, the
transduction efficiency was 55.3% ± 2.3% (range, 33.2–81.7% of LV) in
seven normal rats (Figure 2A) and 40.1% ± 2.3% (range, 23.2–62.5% of
LV) in the noninfarcted regions of the heart in nine MI rats (Figure
2B). A range of viral-injectate volumes was studied, and since the high-
est efficiency (61.2%) was associated with the highest volume of injec-
tate (2.0 ml) in MI rats, this volume was used in subsequent studies.

At 5 weeks after the transfection of rAAV-LacZ (n = 6), heavy
inflammation with diffuse monocytic infiltration was observed in
the LV of normal and MI rats (Figure 2C), and less than 1% of
myocytes were positively stained for β-gal activity (Figure 2D). In
contrast, inflammatory changes were not observed in rats that
received the rAAV-S16EPLN vector over 6 months (data not shown).

Pre–gene transfer development of heart failure in MI rats. The coronary
artery was ligated in 113 rats, of which 40 died in the first 48 hours (early
mortality 35.4%) and two died within 5 weeks (late mortality 1.8%).
Among the 71 survivors at 5 weeks after MI, the infarct size assessed by
echocardiography was 30–40% in 34 rats, and these animals were ran-
domized into two groups (MI-S16EPLN and MI-saline) prior to the
gene transfer procedure; thus, 22 rats with small (<30%) infarctions and
15 rats with very large (>40%) infarctions were excluded from the study.
A group of age-matched sham-operated (no-MI) rats was also studied
(n = 13). In all randomized MI rats, LV function was significantly
depressed and LVEDV increased compared with no-MI rats, and there
were no significant differences in LV size and function, or in infarct sizes,
between the two randomized treatment groups prior to treatment
(Table 1). In the subsequent gene transfer procedure, perioperative mor-
tality (within 24 hours after surgery) was 14.7%, with 13 survivors in the
MI-S16EPLN group and 16 survivors in the MI-saline group.

Improvement of cardiac function, contractility, and suppression of global
remodeling by rAAV-S16EPLN treatment in rats with post-MI heart failure.
Four rats (19%) in the MI-saline group died with signs of heart failure

Figure 2
Representative images of β-gal activity in normal and MI rat LV slices
after LacZ marker gene transfer. (A and B) High-efficiency cardiac gene
transfer is shown in normal rats (A) and MI rats (B) at 4 days after Adeno-
LacZ transfer. (C and D) Significant inflammatory responses are evident
in MI rats at 5 weeks after rAAV-LacZ transfer. (C) H&E staining. (D) 
β-gal staining. Magnifications: A, B, and D, ×4.5; C, ×200.

Table 1
Base-line echocardiographic characteristics of MI rats before gene
transfer

After MI (5 weeks)

No-MI MI-saline MI-S16EPLN

Number 13 16 (12)A 13 (12)A

Body weight (g) 428 ± 12 408 ± 8 415 ± 8
Infarct size (%) - 37.1 ± 0.65 36.7 ± 0.73
Heart rate (bpm) 279 ± 6 292 ± 6 279 ± 4
LVEF (%) 53.1 ± 1.0 32.4 ± 0.5B 32.4 ± 1.0B

LVEDV (ml) 0.68 ± 0.03 1.06 ± 0.03B 1.07 ± 0.04B

AImmediate survivor (survivor 6 months after gene transfer). BP < 0.05 vs.
no-MI. bpm, beats per minute.
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(e.g., peripheral edema, respiratory distress, and general fatigue), one
at 2 months, one at 2.5 months, and two at 5.5 months after gene trans-
fer, whereas one rat (7.7%) in the MI-S16EPLN group died at 4 months
of an unknown cause, without signs of heart failure. There was no
death in the no-MI group.

By serial echocardiography in MI-saline rats, the LVEF progres-
sively decreased (by 20.0%) from pre–gene transfer base line, and
LVEDV increased substantially (by 38.4%) during the 6-month
observation period (Figure 3, A and C). In no-MI rats, the LVEF did
not change and the LVEDV increased moderately, paralleling natu-
ral growth. In contrast, the rAAV-S16EPLN treatment increased
LVEF by 6.0% at 2 months and by 12.8% at 6 months compared with
base line (Figure 3C). The LVEDV increased somewhat in the MI-
S16EPLN animals; however, the extent of change (by 18.2% at 6
months after gene transfer compared with pre–gene transfer base
line) was 53.4% less than that occurring in the MI-saline group and
was comparable to that in the no-MI animals (Figure 3A).

Improvement of diastolic LV function was shown in the MI-
S16EPLN versus the MI-saline group using pulse-wave Doppler
recordings of mitral inflow. Increased early filling velocity (E) and
decreased late filling velocity (atrial contraction; A), which are char-
acteristic of failing hearts with elevated LV filling pressure, were
observed in MI-saline rats (Figure 3E), whereas in the rAAV-
S16EPLN–transferred group, the E/A ratio was lowered to near nor-
mal (Figure 3F). These and other selected echocardiographic data at
6 months are summarized in Table 2.

Improvement of hemodynamic LV function, assessed by systolic
and diastolic LV pressures, contractility, and relaxation, was further
confirmed by high-fidelity LV manometry at 6 months after
S16EPLN treatment. In the MI-S16EPLN rats, the maximum LV
dP/dt was significantly higher, and indices of relaxation (minimum
dP/dt and τ) were enhanced compared with those in MI-saline ani-
mals (Table 3). Also, the LV end-diastolic pressure (LVEDP), which
was considerably elevated in MI-saline rats, was near normal in the
S16EPLN treatment group (Table 3). The responses to dobutamine,
a β-adrenergic agonist, are shown in Figure 4. In the MI-saline
group, contractility and relaxation measures (maximum and mini-
mum LV dP/dt and τ) were severely blunted in response to dobu-
tamine compared with those in the no-MI group. These variables

were markedly enhanced by β-adrenergic stimulation in the MI-
S16EPLN group compared with those in the MI-saline group, with
τ being near normal at higher dobutamine doses (Figure 4). Esti-
mates of both systolic and diastolic LV wall stress, which were
markedly elevated in MI-saline animals, were largely suppressed in
the MI-S16EPLN group (Table 3).

Expression of SR Ca2+-handling proteins. The level of S16EPLN expres-
sion was estimated as previously described (7). S16EPLN transfer
induced a 46% increase in total immunoreactive PLN (endogenous
PLN and S16EPLN) compared with MI-saline. Endogenous PLN was
approximately 10% decreased in S16EPLN-treated animals. The
overall relative molecular ratio of the endogenous PLN versus
S16EPLN was approximately 1:0.57 in the noninfarcted myocardi-
um from the treatment group. S16EPLN transgene expression over
6 months was confirmed by RT-PCR (Figure 5A). RT-PCR was
repeated using purified poly(A) RNA to further confirm that ampli-
fication was transcript dependent, and the results were similar (data
not shown). The SERCA2 protein level was also estimated by
immunoblotting and was by 42% higher in S16EPLN-treated ani-

Figure 3
Serial changes of echocardio-
graphic variables before and after
S16EPLN gene transfer. (A)
LVEDV. (B) LVESV. (C) LVEF. The
S16EPLN treatment enhanced
LV contractility and suppressed
LV dilation over 6 months. Values
are mean ± SE. *P < 0.05, 
MI-S16EPLN vs. MI-saline ani-
mals. #P < 0.05 vs. before gene
transfer. Circles, no-MI; squares,
MI-saline; triangles, MI-S16EPLN.
(D–F) Representative images of
pulse-wave Doppler recordings of
mitral flow at 6 months in no-MI
(D), MI-saline (E), and MI-
S16EPLN rats (F).

Table 2
Postmortem and echocardiographic analysis at 6 months after
S16EPLN gene transfer

After MI

No-MI MI-saline MI-S16EPLN

Number 13 12 12
BW (g) 646 ± 21 632 ± 13 649 ± 22
LVW/BW 1.46 ± 0.07 1.83 ± 0.08A 1.56 ± 0.07A,B

RVW/BW 0.34 ± 0.02 0.51 ± 0.05A 0.35 ± 0.02A,B

LungW/BW 2.51 ± 0.09 3.46 ± 0.48A 2.58 ± 0.12B

Heart rate (bpm) 290 ± 9 282 ± 23 277 ± 8
LVEDV (ml) 0.84 ± 0.02 1.52 ± 0.07A 1.28 ± 0.04A,B

LVESV (ml) 0.38 ± 0.01 1.13 ± 0.07A 0.81 ± 0.03A,B

LVEF (%) 54.7 ± 1.0 25.8 ± 1.7A 36.4 ± 0.8A,B

E/A ratio 1.67 ± 0.05 2.32 ± 0.21A 1.61 ± 0.05B

AP < 0.05 vs. no-MI. BP < 0.05 vs. MI-saline animals. BW, body weight;
LVW, LV weight; RVW, right ventricular weight; lungW, lung weight; E/A
ratio, Doppler-determined E/A ratio.
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mals, most probably reflecting general improvement of cardiac func-
tion and suppressed ventricular remodeling.

Suppression of chronic remodeling, fibrosis, and pulmonary effusion in MI
animals by S16EPLN treatment. Both the LV/body weight ratio and the
right ventricular/body weight ratio were significantly increased in
MI-saline rats compared with no-MI rats, and these values were
much reduced in MI-S16EPLN rats compared with MI-saline rats
(Table 2). The lung/body weight ratio was elevated in the MI-saline
group and almost normal in the MI-S16EPLN group (Table 2).

The S16EPLN treatment did not significantly affect changes in
the thickness of infarcted LV wall between measurement before
gene transfer and measurement 6 months after gene transfer.
Changes in the diastolic ventricular anterior wall thickness, mea-
sured by M-mode echocardiography, were from 0.95 ± 0.04 mm to
0.89 ± 0.05 mm (± SE; n = 12) in S16EPLN-treated animals and
from 0.98 ± 0.05 mm to 0.92 ± 0.04 mm (± SE; n = 12) in the saline-
treated group. On the other hand, the degree of compensatory car-
diomyocyte hypertrophy in the noninfarcted area of myocardium,
assessed as cell diameter, was significantly lower in MI-S16EPLN
rats than in MI-saline animals (Figure 5E). To test whether the
transgene (S16EPLN) affected Ca2+ signaling, which can be linked
to cardiomyocyte hypertrophy (32, 33) through molecules such as
calcium/calmodulin–dependent kinase II (CaMKII) (34) or cal-
cineurin (35), we transfected cultured rat neonatal cardiomyocytes
with an adenoviral vector carrying S16EPLN (Adv-S16EPLN) for
36 hours and treated them further with the Gq-coupled agonists
phenylephrine and endothelin-1 for 24 hours. Thereafter, myofib-
rinogenesis was measured by phalloidin staining and immunos-
taining with an anti–myosin light chain antibody, and induction
of atrial natriuretic peptide (ANP), an embryonic gene marker, was
also assessed. S16EPLN overexpression did not induce hyper-
trophic changes, nor did it alter hypertrophy induced by Gq-cou-
pled agonists in this cell type (data not shown).

The mRNA expression of ANP and skeletal actin was evaluated by
Northern blot analysis in the MI rat hearts after gene transfer treat-
ment. Although there was a trend toward suppression of these mark-
er genes in the S16EPLN-treated hearts, quantitative measurement
of signal intensity did not reach statistical significance because of
specimen-dependent variation in both saline-treated and S16EPLN-
treated groups (data not shown).

In quantitative histological analysis, a significantly lower extent of
interstitial fibrosis was apparent in the noninfarcted region in the
S16EPLN-treated animals versus the MI-saline group (Figure 5F). His-
tological studies prior to gene transfer were not included in this study,
since biopsy would have been required. However, histological evalua-
tion of the noninfarcted LV posterior wall collected from the operat-
ed rats in a separate study, which had similar myocardial-infarct sizes,
showed only mild signs of fibrosis at 5 weeks after the coronary artery
ligation procedure (data not shown).

Discussion
The findings of this study of a postinfarction rat model with estab-
lished heart failure demonstrate that in vivo delivery of the
S16EPLN gene was highly effective in improving LV function and
mitigating adverse remodeling compared with delivery of saline by
the same route. LV function, measured by echocardiography, was
enhanced in the S16EPLN-treated group, as evidenced by higher
LVEF, which was due, at least in part, to reduced afterload
(reduced systolic wall stress). In addition, the mutant protein
increased contractility, and the positive inotropic effect (increased
maximum LV dP/dt) also was associated with marked improve-
ment in LV relaxation (enhanced minimum LV dP/dt and short-
ened τ). LV dP/dt is known to be influenced by myocardial con-
tractility and also varies directly with the preload (36), but it is
considered to be largely independent of afterload, provided the
peak occurs at or before opening of the aortic valve (which was the
case in these experiments). Therefore, the finding that this mea-
sure was significantly higher in the S16EPLN-treated group than
in untreated controls despite lower preload (LVEDP, LVEDV, and
diastolic wall stress) indicates that treatment enhanced LV con-
tractility. Diastolic function also was improved by treatment: the
E/A ratio was lowered, and LVEDP and diastolic wall stress were
nearly normalized. Importantly, unfavorable LV remodeling was
largely prevented by rAAV-S16EPLN treatment; this was reflected
by limitation of LV dilation and reduction of LV hypertrophy (LV

Table 3
Hemodynamic variables at 6 months after S16EPLN gene transfer

After MI

No-MI MI-saline MI-S16EPLN

Number 9 9 8
Heart rate (bpm) 290 ± 9 282 ± 23 277 ± 8
PLVP (mmHg) 114.6 ± 4.7 105.8 ± 4.0 114.5 ± 3.9
Max dP/dt (mmHg/s) 7,949 ± 268 5,375 ± 439A 6,624 ± 212A

Min dP/dt (mmHg/s) –6,734 ± 340 –3,971 ± 254A –5,468 ± 300A,B

τ (ms) 13.7 ± 0.9 22.1 ± 1.0A 17.9 ± 1.1B

LVEDP (mmHg) 1.8 ± 0.6 13.4 ± 1.4A 3.2 ± 0.4B

Diastolic WS (kdyne/cm2) 1.05 ± 0.39 9.20 ± 1.06A 2.88 ± 0.47B

Systolic WS (kdyne/cm2) 24.7 ± 0.9 59.0 ± 3.5A 46.1 ± 3.9A,B

AP < 0.05 vs. no-MI. BP < 0.05 vs. MI-saline animals. PLVP, peak LV systolic
pressure; max dP/dt, LV peak rate of change of pressure during isovolumic
contraction; min dP/dt, LV peak rate of change of pressure during isovolumic
relaxation; LVEDP, LV end-diastolic pressure; WS, meridional stress of LV
wall; kdyne, kilodynes.

Figure 4
Responses to β-adrenergic agonist stimulation in rAAV-S16EPLN–treat-
ed versus MI-saline rats at 6 months after gene transfer. *P < 0.05, MI-
S16EPLN vs. MI-saline animals. #P < 0.05, MI-S16EPLN or MI-saline vs.
no-MI animals. PLVP, peak LV systolic pressure. exp, exponential.
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weight and cardiomyocyte size). The right ventricular weight also
was significantly lower in the treated group, suggesting that low-
ered LVEDP led to reduced pulmonary artery and right ventricu-
lar pressures (although right heart pressures were not measured).
The reduction of the wet lung/body weight ratio with S16EPLN
treatment suggests that lowered LVEDP also led to improved pul-
monary capillary pressure and reduced lung edema.

We obtained relatively specific cardiac gene expression, even
though the CMV promoter is not tissue specific. This can be
attributed primarily to the transcoronary delivery of the vector dur-
ing occlusion of the aorta distal to the site of vector injection (which
prevented systemic delivery), and the simultaneous occlusion of the
pulmonary artery (which prevented delivery to the lungs). In a pre-
vious study using the same gene transfer method in hamsters (7), we
observed only occasional cells with minimal β-gal staining in the
liver and ascending aorta, and no cells with β-gal staining in the
brain, liver, spleen, kidney, and lung. We were unable to perform a
similar analysis in the present study because of the immune reaction
caused by the rAAV-LacZ treatment. In histological examination, we
have reevaluated rAAV-LacZ–transferred hamster myocardium,
searching for β-gal–positive staining in the coronary vascular bed
and in the perivascular interstitial area, and we observed none. Lack
of vascular gene expression after the transcoronary perfusion of
rAAV vectors was independently reported by Xiao’s group (37). Thus,
we speculate that S16EPLN expressed in cardiomyocytes exerted
beneficial effects in the failing heart.

Cardiac remodeling after MI includes infarct expansion and eccen-
tric hypertrophy of the noninfarcted left ventricle of the volume-over-
load type. Eccentric hypertrophy is characterized by progressive cham-
ber dilation and an increase in the ratio of chamber volume to wall
thickness (20), a setting that eventually leads to decreased myocardial
function and increased myocardial fibrosis (38). Pharmacological
approaches in patients with heart failure, such as inhibition of
angiotensin-converting enzyme and use of ventricular-assist devices,
have demonstrated that remodeling can be a partly reversible process
(so-called reverse remodeling) (39); ventricular-assist devices can pro-
duce especially marked reverse modeling (40). In the current study, the
randomization and gene transfer were performed at 5 weeks after coro-

nary occlusion, when expansion and scarring of the infarct are nearly
complete (41). The infarct size was closely comparable at randomiza-
tion in S16EPLN-treated and control saline-treated groups, and the
success of the randomization is further indicated by the closely com-
parable echocardiographic measurements of LV size and function in
the two groups before the gene transfer procedure. On the other hand,
postmortem infarct size was not an endpoint measure of this study,
since infarct size is expressed relative to the size of the left ventricle, and
we expected, and found, substantial differences in remodeling of the
surviving myocardium between treated and untreated groups.

It is of interest that the favorable global actions of the S16EPLN
gene in the heart occurred despite a limited transcoronary trans-
duction efficiency, which is estimated at 60% or less of the cell pop-
ulation in the noninfarcted myocardium, based on the initial LacZ
expression studies. We attribute these effects on global function,
including enhanced β-adrenergic responses found on hemodynam-
ic analysis, in part to reduced loading on the left ventricle in the
S16EPLN-treated group, indicated by reduction of the estimated
end-systolic and end-diastolic wall-stress values. A decrease in wall
stress has favorable effects on remodeling of noninfarcted remote
myocardium, a process that may involve apoptotic cell loss (42, 43).
It is also possible that lowered wall stress, particularly in diastole,
could have reduced subendocardial ischemia, if present, by improv-
ing myocardial blood flow to the inner LV wall, thereby improving
cardiac function (44). In a study of sustained aortic stenosis in PLN-
null mice by Kiriazis et al. (15), a relatively greater pressure gradient
across the banding might have contributed to the trend of greater
incidence of heart failure in that group of mice. On the other hand,
in the MLP cardiomyopathic mouse model, evidence suggested that
wall-stress reduction, which was achieved by PLN ablation, prevents
development of heart failure by maintaining structural and func-
tional integrity of the Z-disc/titin complex (45). Abnormalities of
this complex also may occur in a recently identified subset of
patients with dilated cardiomyopathy who harbor mutations in the
telethonin-interacting domain of MLP, telethonin being a titin-
binding molecule (45). We postulate that S16EPLN-treated MI rats
had more favorable loading on all the cells, both S16EPLN-trans-
fected and nontransfected cardiomyocytes, in the noninfarcted

Figure 5
S16EPLN transgene expression and suppression of histological signs of
cardiac remodeling after S16EPLN gene transfer. (A) RT-PCR confirma-
tion of transgene expression in noninfarcted myocardium isolated from
S16EPLN-treated hearts at 6 months after gene transfer. Extracted RNA
was treated with DNase before RT-PCR. Primers were designed within 5′
noncoding and 3′ noncoding sequences in rAAV-S16EPLN vector, flank-
ing the S16EPLN cDNA coding sequence. (B–D) Representative images
of Masson’s trichrome staining (× 200): no-MI (B), MI-saline (C), and 
MI-S16EPLN animals (D). (E and F) Myocyte diameters (E) and fibrosis
areas (F) were quantitatively analyzed as described in Methods. Studies
occurred at 6 months after gene transfer. Data represent mean ± SE.
*P < 0.05 between groups (n = 5 per group).
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region of the left ventricle, and that systolic unloading due to
enhanced contractility of transfected cells contributed to a reduc-
tion of end-systolic volume and a higher ejection fraction. Diastolic
unloading due to improved relaxation and lower end-diastolic LV
volume contributed to enhanced diastolic function and reduction
of unfavorable remodeling.

In a recent report, the effects of PLN ablation, produced by cross-
breeding with PLN-null mice, were assessed in two genetic mouse
models, Gαq overexpression and targeted mutation of myosin-bind-
ing protein C, both of which exhibited extensive cardiomyopathic
changes associated with the development of cardiac dysfunction and
dilation (14). No effect of PLN ablation on echocardiographic mea-
sures of hypertrophy and dysfunction were observed in either model,
and impaired hemodynamic responsiveness to β-adrenergic stimu-
lation was not affected (14). These findings contrast with those of
our previous study on PLN ablation in MLP cardiomyopathic mice
(using a similar crossbreeding approach), in which the cardiomyo-
pathic phenotype did not develop (12), and they also differ from the
present findings in the adult rat with MI, in which an entirely dif-
ferent approach was used to achieve PLN inhibition in the presence
of established cardiac dysfunction and dilation.

It seems possible that in the two transgenic models described
above (14), the strong genetic stimuli mediating cardiomyopathic
changes, present in utero and thereafter, may have overshadowed the
effect of PLN ablation to enhance cardiomyocyte contractility. In the
MLP cardiomyopathic model, on the other hand, cardiac dilation
and hypertrophy develop progressively over several weeks after birth
(45, 46), and in that setting, correction by PLN ablation of the Ca2+

handling defect during postnatal cardiac growth may explain the
observed complete prevention of the dilated cardiomyopathy phe-
notype (12). Thus, we postulate that enhanced cardiac function
maintained normal heart size, obviating the progressive cardiac dila-
tion associated with increased wall stress and secondary cardiac
hypertrophy present in MLP-null mice (47).

Recently, an R9C mutation of PLN was identified in patients
with familial cardiomyopathy (16), and suppression of Ser16 phos-
phorylation of wild-type PLN was proposed as the mechanism of
the dominant negative effect of this mutation (16). The R9C PLN
itself also lacks the ability to phosphorylate Ser16. This finding
supports our concept that overexpression of the pseudophospho-
rylated form of PLN (S16EPLN) has the opposite effect, leading to
a chronic beneficial effect on the failing myocardium. On the other
hand, in another recent study, an L39stop mutation in PLN in
patients with hereditary cardiomyopathy was reported to represent
a possible long-term adverse effect of innate absence of PLN (17).
The precise role of the L39stop mutation in humans remains to be
clarified, since the unstable truncated L39stop PLN peptide con-
tains a portion of the cytoplasmic inhibitor domain of PLN that
could inhibit SERCA2 (47).

PLN is an endogenous muscle-specific inhibitor of SERCA2, and
the regulation of its inhibitory function is mainly via its phospho-
rylation by cAMP-dependent protein kinase at Ser16, and also by
CaMKII (48) at Thr17. Cardiac-specific disruption of PLN in mice
results in a marked increase in myocardial contractility, without
change in the maximum cardiac response to β-adrenergic stimula-
tion (48). CaMKII-dependent phosphorylation of PLN may con-
tribute to a positive force-frequency relationship and to frequency-
dependent acceleration of relaxation (49), although Bers’s group has
recently reported that the latter event might be at least partly inde-
pendent of PLN (50). As potential therapeutic strategies for heart

failure, two approaches have been employed to enhance the reuptake
of Ca2+ into the cardiac SR through this mechanism: alteration of
the PLN/SERCA2 molecular ratio, and reduction of PLN activity.
These approaches have included gene transfer of SERCA2 (10, 51),
use of antisense PLN RNA (52–54), a single peptide antibody
designed against PLN (55), and overexpression of mutant forms of
PLN to interfere with the interaction of SERCA2 and endogenous
PLN (7, 12, 53) — an approach we initially used in cardiomyopathic
hamsters in vivo (7). In our study in cardiomyopathic hamsters,
however, the rapid deterioration of function, myocyte loss, and
increasing fibrosis that occur consequent to the absence of δ-sarco-
glycan in this genetic form of cardiomyopathy (21, 56) limited long-
term beneficial effects. Therefore, in the present study, we applied
rAAV-S16EPLN gene therapy in the rat post-MI model of chronic
heart failure, in which sustained overload on noninfarcted regions
is the major factor in the chronic progression of heart failure.

Our finding that β-adrenergic responsiveness to dobutamine was
well maintained after gene transfer of S16EPLN may reflect the less
marked heart failure in the treated group. This finding suggests that
such treatment could enhance effects of sympathetic neurohor-
monal activation during exercise to increase cardiac function, acting
in part by amplification of the force-frequency effect produced by 
β-adrenergic stimulation, which is reduced or absent in heart failure
(57). Long-term inhibition of PLN also might lead to more effective
adjunctive use of other therapies.

The single-stranded DNA virus vector rAAV is widely regarded as
nonpathogenic and can achieve long-term gene expression in a vari-
ety of cell types, including myocytes (7, 58). The reason for the
marked late cardiac inflammatory reaction to rAAV-LacZ and asso-
ciated low efficiency of gene expression in rats after 5 weeks of gene
transfer is not completely clear. Different preparations of rAAV-LacZ
and an rAAV vector carrying an enhanced GFP reproducibly pro-
voked similar tissue reactions, and we also found the reaction to
occur in a different subspecies of rat (data not shown). The virus
itself did not appear to be involved, since no signs of inflammatory
reaction were evident in the rAAV-S16EPLN–treated group over 6
months. Therefore, we suspect that an immunoreaction to LacZ and
enhanced GFP, which are completely foreign proteins to rats, was
responsible, since S16EPLN is a minimally modified peptide derived
from the native human PLN. Others have described high local effi-
ciency of rAAV-LacZ transduction at 8 weeks in rats after direct
intramyocardial injection, with no report of an immune response to
LacZ (59). On the other hand, immunoreaction to foreign genes,
such as LacZ, can occur in mice under certain circumstances (60).
Species differences in immunoreactivity to rAAV-LacZ are suggest-
ed by our finding of no immunogenic reaction in a reexamination
of cardiomyopathic hamster hearts in our previous study (7).

We consider that rAAV-S16EPLN could be an ideal vector for ther-
apeutic use (5), not only because of its beneficial physiological effects
and long-term action, but also because of its minimal modification
from native PLN. It also has the advantage that LV contraction is
enhanced in the absence of β-adrenergic receptor stimulation at rest,
and without the sustained increase of intracellular cAMP that is asso-
ciated with the chronic use of most positive inotropic agents, which
have generally produced deleterious effects including increased mor-
tality in patients with chronic heart failure (61). In this regard, ryan-
odine receptor phosphorylation induced by cAMP-dependent kinase
in failing hearts may cause diastolic SR Ca2+ leakage, and associated
malignant arrhythmia (62). The present study was powered in terms
of numbers of rats to detect significant difference in cardiac function
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and remodeling between groups at 6 months, followed by a terminal
hemodynamic study, so that longer follow-up is not currently avail-
able. The degree of LV dilation may be the most powerful predictor
of long-term prognosis in patients after MI (63), and additional stud-
ies on rats with heart failure after MI using larger numbers of animals
and longer follow-up should clarify the effects of PLN inhibition on
arrhythmias and survival. One animal died in the S16EPLN-treated
group without evidence of heart failure. Although the difference in
mortality was significant by preliminary Kaplan-Meier analysis, the
numbers are inadequate to prove an effect of PLN inhibition in a for-
mal survival analysis. S16EPLN-treated animals did not develop ven-
tricular premature contractions either during repeated echocardio-
graphic observations or during the final hemodynamic studies with
intravenous catecholamine administration. Nevertheless, we recog-
nize the possibility that S16EPLN treatment might induce arrhyth-
mias in longer-term studies.

Our findings of enhanced function, reduced remodeling and
fibrosis, and lessened heart failure in an animal model relevant to
the setting of heart failure in patients after a large acute MI lend sup-
port to the potential therapeutic usefulness of this gene transfer
approach. In addition, these studies document that the therapeutic

effects of PLN inhibition can be extended to acquired forms of heart
failure, suggesting that previous results in some genetic models (7,
12) may be generalizable.
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