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Cardiomyocyte-Specific Overexpression of Nitric Oxide
Synthase 3 Improves Left Ventricular Performance and

Reduces Compensatory Hypertrophy After
Myocardial Infarction

Stefan Janssens, Peter Pokreisz, Luc Schoonjans, Marijke Pellens, Pieter Vermeersch, Marc Tjwa,
Peter Jans, Marielle Scherrer-Crosbie, Michael H. Picard, Zsolt Szelid, Hilde Gillijns,

Frans Van de Werf, Desire Collen, Kenneth D. Bloch

Abstract—Nitric oxide (NO) is an important modulator of cardiac performance and left ventricular (LV) remodeling after
myocardial infarction (MI). We tested the effect of cardiomyocyte-restricted overexpression of one NO synthase
isoform, NOS3, on LV remodeling after MI in mice. LV structure and function before and after permanent LAD
coronary artery ligation were compared in transgenic mice with cardiomyocyte-restricted NOS3 overexpression
(NOS3-TG) and their wild-type littermates (WT). Before MI, systemic hemodynamic measurements, echocardiographic
assessment of LV fractional shortening (FS), heart weight, and myocyte width (as assessed histologically) did not differ
in NOS3-TG and WT mice. The inotropic response to graded doses of isoproterenol was significantly reduced in
NOS3-TG mice. One week after LAD ligation, the infarcted fraction of the LV did not differ in WT and NOS3-TG mice
(34�4% versus 36�12%, respectively). Four weeks after MI, however, end-systolic LVID was greater, and fractional
shortening and maximum and minimum rates of LV pressure development were less in WT than in NOS3-TG mice. LV
weight/body weight ratio was greater in WT than in NOS3-TG mice (5.3�0.2 versus 4.6�0.5 mg/g; P�0.01). Myocyte
width in noninfarcted myocardium was greater in WT than in NOS3-TG mice (18.8�2.0 versus 16.6�1.6 �m;
P�0.05), whereas fibrosis in noninfarcted myocardium was similar in both genotypes. Cardiomyocyte-restricted
overexpression of NOS3 limits LV dysfunction and remodeling after MI, in part by decreasing myocyte hypertrophy in
noninfarcted myocardium. (Circ Res. 2004;94:1256-1262.)
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After myocardial infarction (MI), left ventricular (LV)
remodeling occurs as an adaptive process by which the

myocardium changes shape, size, and function in response to
increased mechanical and neurohumoral stress. These adap-
tations include scar maturation and both eccentric and con-
centric hypertrophy of remote myocardium to compensate for
myocardial loss and increase in wall stress.1 In case of
insufficient compensation, LV remodeling becomes maladap-
tive leading to ventricular dilatation, overt heart failure, and
compromised survival.2

Nitric oxide (NO) modulates many processes contributing
to LV performance including ventricular compliance, myo-
cardial preload and afterload, reperfusion injury,3–5 and an-
giogenesis.6 NO may stimulate new vessel recruitment in
ischemic myocardium,7 reduce excessive myocyte hypertro-
phy, and limit extracellular matrix deposition and myocardial

fibrosis.8,9 NO is generated by three NO synthase isoforms,
neuronal NOS1, inducible NOS2, and endothelial NOS3. In
cardiac myocytes, NOS3 is targeted to caveolae10,11 where
compartmentalization with �-adrenergic receptors and L-type
Ca2� channels allows NO to inhibit �-adrenergic–induced
inotropy.12 Neuronal NO synthase (NOS1) is localized to
cardiac sarcoplasmic reticulum and modulates myocardial
contractility via intracellular calcium cycling.13,14 Increased
cardiac NOS1-derived NO production has been suggested to
play an important autocrine regulatory role to maintain
myocardial contractility after MI in aging rats.15

We tested the effect of increased myocardial NOS3 expres-
sion on LV remodeling after MI. We compared hemodynamic
and echocardiographic parameters of LV performance after
MI in transgenic mice with cardiomyocyte-restricted overex-
pression of human NOS3 (NOS3-TG) and in wild-type (WT)
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littermates. We report that after MI, LV function was better
preserved in NOS3-TG than in WT mice.

Materials and Methods
Experimental Animals
The human cDNA encoding NOS3 was ligated into an expression
plasmid containing the �-myosin heavy chain gene promoter, direct-
ing transgene expression in ventricular myocytes.16 The construct
was electroporated together with pPNT, a plasmid containing the
neomycin resistance gene, into embryonic stem cells derived from
129/Sv/Ev mice, and neomycin–resistant ES cell clones containing
the transgene were identified by PCR. Undifferentiated �MHC-
NOS3 transgenic ES cells were microinjected in Swiss Webster
mice, and transgenic offspring were backcrossed for five generations
with C57BL/6 mice to obtain a greater than 95% C57BL/6 back-
ground. Wild-type littermates were studied as controls.

In Vitro Analysis of Myocardial NOS3
Overexpression
For details, see the expanded Materials and Methods section in the
online data supplement at http://circres.ahajournals.org.

Immunoblot Analysis
To confirm cardiac-selective overexpression of NOS3 in NOS3-TG
mice, we adapted the immunoblot protocol reported previously.17

Immunoprecipitation (IP)
For IP, 250 �g aliquots of protein extracts from NOS3-TG and WT
hearts were incubated overnight in RIPA buffer containing mono-
clonal anti-human NOS3 antibodies or goat polyclonal anti-CAV3.
The extracts precipitated with anti-CAV3 antibodies samples were
probed with an anti-human NOS3 monoclonal antibody, and the
extracts precipitated with anti-NOS3 antibodies were probed with
anti-CAV3 antibodies.

Immunolocalization and Confocal Analysis
To localize expression of recombinant NOS3 in hearts from trans-
genic mice, 7-�m-thick transverse sections from frozen hearts were
immunostained with the monoclonal anti-human NOS3 antibody.

To investigate subcellular localization of the transgene product,
isolated cardiomyocytes from adult NOS3-TG and WT mice were
prepared and costained with a murine monoclonal antibody recog-
nizing human NOS3 (Becton Dickinson) and a goat polyclonal
antibody against caveolin-3 (Santa Cruz, Biotech, USA) or with a
rabbit polyclonal antibody recognizing NOS3 (Becton Dickinson)
and a murine monoclonal antibody against ryanodine receptor2
(Affinity Bioreagents, UK). Confocal analysis was also performed
on 5-�m-thick transverse sections from perfusion-fixed and paraffin-
embedded hearts using the same antibodies.

NOS Enzyme Activity and Expression Levels
To measure NOS3 enzyme activity, L-arginine to L-citrulline con-
version was assayed in extracts from hearts using a modification of
the method described by Xue et al18 and Conrad et al.19

To evaluate the expression levels of the NOS isoforms in the
hearts of transgenic mice, real-time quantitative PCR analysis was
performed on RNA samples obtained from six WT and seven
NOS3-TG mice using specific probes recognizing sequences com-
plementary to murine genes encoding hypoxanthine phospho-ribosyl
transferase (HPRT), NOS1, NOS2, and NOS3. Results were ex-
pressed as relative copy numbers standardized to levels of the
housekeeping HPRT gene, and the average values in NOS3-TG mice
were normalized to the average value in WT mice.20

Analysis of Myocardial Function at Baseline and
After Myocardial Infarction

Echocardiographic Analysis
Myocardial infarction was produced by ligation of the LAD21 in 2-
to 4-month-old NOS3-TG mice and WT littermates, anesthetized

with pentobarbital (40 to 70 mg/kg IP). Echocardiograms were
obtained after urethane anesthesia (1.4 g/kg) before and 7 and 28
days after MI using a 15-MHz linear probe. Measurements of LV
end-diastolic and end-systolic diameters and interventricular septum
and posterior wall end-diastolic thicknesses at baseline and 4 weeks
after MI were performed by three independent observers who were
blinded to the experimental group (M.S.-C., M.P., M.T.). All
dimensions were normalized to body surface area and fractional
shortening (FS) was calculated from the parasternal short- and
long-axis views.

Hemodynamic Measurements at Baseline and After
Myocardial Infarction
Hemodynamic measurements of heart rate, blood pressure, and
maximal and minimum rates of pressure development (dP/dtmax and
dP/dtmin) were obtained in mice anesthetized with urethane at
baseline and 28 days after MI using a 1.4-F high fidelity Millar
pressure catheter.

Response to �-Adrenergic Stimulation
In additional NOS3-TG (n�15) and WT (n�11) mice without MI
and anesthetized using 2,2,2-tribromoethanol (22 �L/g body
weight), heart rate, and systolic and diastolic function (dP/dtmax and
dP/dtmin) were measured before and during infusion of isoproterenol
(0.1, 0.3, 1.0, 3.0, and 10 ng in 20 �L saline).22

Histological Analysis
Twenty-eight days after LAD occlusion, the left ventricle was
weighed, fixed with formaldehyde at a perfusion pressure of 100 cm
H2O, embedded in paraffin, and sectioned along the short axis into 5-
and 7-�m-thick slices obtained at 1-mm intervals. After staining
with hematoxylin-eosin and Sirius red, the infarcted circumference
was traced, and the infarcted area was normalized to LV area.
Myocyte width was measured in the remote, noninfarcted area of the
LV, and measures were obtained at the level of the nucleus in
longitudinally sectioned myocytes.23

To assess the degree of fibrosis in remote myocardium, a Sirius
red and periodic acid Schiff (PAS) histochemical stain was per-
formed on paraffin-embedded sections, and the area of collagen
deposition was traced using polarized light and spectral thresholding
on a Zeiss Axioplan 2 imaging microscope (Zeiss KS 300 software).
The degree of fibrosis was expressed as the area of the remote
myocardium containing collagen as a percentage of the total nonin-
farcted area of the LV surface.

Statistical Analysis
All data are expressed as mean�SEM unless indicated otherwise.
Differences between groups were determined using Student t test or
2-way ANOVA for repeated measurements, where indicated. Sig-
nificant differences were further analyzed using Bonferroni post hoc
tests. A value of P�0.05 was considered significant.

Results
Selective Myocardial Overexpression of NOS3

Immunoblot, Immunoprecipitation, and Confocal Analysis
Abundant NOS3 immunoreactivity was detected in cardiac
myocytes of mice carrying the �MHC-NOS3 transgene
(NOS3-TG) but not in those from wild-type (WT) mice
(Figure 1A). The intensity and distribution of recombinant
NOS3 were comparable in newborn and in 2- to 4-month old
NOS3-TG mice (data not shown). Immunoblot analysis
confirmed that high concentrations of 135-kDa NOS3 protein
were present in hearts of NOS3-TG mice, whereas in WT
mice, immunoreactive NOS3 was detectable at low levels
(Figure 1B).

To investigate the subcellular localization of the transgene
product, immunoprecipitation studies with a caveolin-3–
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specific antibody were performed. Antibody to caveolin-3
coprecipitated NOS in myocardial extracts from WT mice,
but the intensity of the signal for NOS3 was strongly
increased in precipitates from hearts of NOS3-TG mice
(Figure 1C). To further investigate the spatial distribution of
endogenous and recombinant NOS3 in wild-type and trans-

genic mice, confocal laser scanning microscopy analysis of
isolated adult cardiomyocytes was performed with Alexa
Fluor-labeled antibodies against NOS3 (green, Figures 2a and
2d) and caveolin-3 (red, Figures 2b and 2e). The combined
image (yellow, Figures 2c and 2f) confirmed the caveolar
localization of the transgene product. Additional immuno-

Figure 1. Recombinant NOS3 expression
in murine heart. A, Representative pho-
tomicrograph of NOS3 immunoreactivity in
hearts from transgenic mice (NOS3-TG,
top) and wild-type mice (WT, bottom)
demonstrating increased abundance of
NOS3 protein in cardiomyocytes of
NOS3-TG compared with WT mice. B, Im-
munoblot analysis of cardiac extracts from
NOS3-TG mice revealed abundant 135-
kDa NOS3. Lesser amounts of NOS3 were
observed in extracts from WT mice.
�-Actin (42 kDa) is used to control for vari-
ability in sample loading. C, Myocardial
extracts were immunoprecipitated with
anti–caveolin-3 antibodies (IP-CAV3),
transferred to nitrocellulose membranes,
and probed with antibodies recognizing
NOS3 (IB-NOS3). Intensity of the signal
was strongly increased in precipitates from
transgenic hearts.

Figure 2. Subcellular localization of recombinant NOS3 in isolated adult cardiomyocytes from a WT and NOS3-TG murine heart. Car-
diac myocytes from WT (a, b, and c) and NOS3-TG (d, e, and f) were incubated with anti-NOS3 and anti–caveolin-3 antibodies and
examined using confocal microscopy. Green areas indicate the presence of NOS3 in WT (a) and NOS3-TG (d). Red areas indicate the
presence of caveolin-3 in the same cardiomyocyte in WT and NOS3-TG (b and e, respectively). Yellow areas indicate colocalization of
NOS3 with caveolin-3 in WT and NOS3-TG (c and f, respectively). Scale bars�20 �m.

1258 Circulation Research May 14, 2004

 at SWETS SUBS SERV-#26968045 on April 29, 2010 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


staining using ryanodine receptor 2 antibodies clearly dem-
onstrated that the transgene product was not localized in the
sarcoplasmic reticulum (data not shown). Confocal micros-
copy of transverse sections confirmed abundant NOS3 ex-
pression in NOS3-TG mice but not in WT, and a high degree
of targeting to caveolin (see online data supplement).

NOS Enzyme Activity and Expression Levels
Cardiac extracts from NOS3-TG mice (n�5) contained mark-
edly greater NOS enzyme activity than did extracts from WT
mice (n�7), as reflected by an increase in the ability to
convert L-arginine to L-citrulline (100�51 versus 3.4�2.9
pmol/mg per min, respectively, P�0.05).

To evaluate the impact of the transgene on the expression
of the endogenous NOS isoforms, transcript levels of murine
NOS1, NOS2, and NOS3, normalized to the constitutive
HPRT gene, were compared in NOS3-TG and WT mice
(Table 1 and also online data supplement). These results show
that cardiomyocyte-specific overexpression of NOS3 does
not affect the expression of the other NOS isoforms in the
heart.

Analysis of Myocardial Function at Baseline and
After Myocardial Infarction

Echocardiographic and Hemodynamic Measurements at
Baseline and After Myocardial Infarction
Echocardiographic analysis of LV dimensions revealed that
end-diastolic and end-systolic diameters, normalized for body
surface area, were comparable in NOS3-TG and WT mice,
and that computed measurements of fractional shortening, a
load-dependent index of systolic function, did not differ

between genotypes (Table 2). At baseline, heart rate, mean
blood pressure, and left ventricular systolic and diastolic
function did not differ between WT and NOS3-TG mice
(Table 3).

To determine whether cardiac-selective NOS3 overexpres-
sion could modulate LV remodeling after MI, NOS3-TG and
WT mice were subjected to LAD coronary artery occlusion.
One week after MI, infarct size was 34�4% (n�7) and
36�12% (n�7) in NOS3-TG and WT mice, respectively.
Echocardiographic analysis 28 days after MI revealed signif-
icantly smaller end-systolic LV internal diameters in
NOS3-TG mice than in WT, consistent with significantly
improved LV fractional shortening (Table 2). The favorable
LV function profile in NOS3-TG mice 28 days after MI, as
assessed by transthoracic echocardiography, was confirmed
during cardiac catheterization. Heart rate and mean blood
pressure were comparable in NOS3-TG and WT mice (Table
3), whereas indices of LV systolic and diastolic function
(dP/dtmax and dP/dtmin) indicated enhanced contractile perfor-
mance and ventricular relaxation in NOS3-TG mice.

LV Weight, Myocyte Size, and Myocardial Fibrosis
Before MI, the LV weight/body weight ratio did not differ in
WT and NOS3-TG mice (4.1�0.4 versus 4.2�0.4 in WT,
n�10 and NOS3-TG, n�10, respectively). Twenty-eight
days after MI, the LV weight/body weight ratio increased in
both WT and NOS3-TG mice but was significantly greater in
WT than in NOS3-TG mice (Table 3). Before MI, myocyte
width in the remote myocardium did not differ between
genotypes (10.8�0.8 and 10.8�1.4 �m in WT and
NOS3-TG mice, respectively), whereas at 28 days after MI,
myocyte width was greater in WT than in NOS3-TG mice
(Table 3, Figure 3). To investigate whether NOS3 overex-
pression in the myocardium would attenuate post-MI remod-
eling by reducing fibrosis in noninfarcted remote myocardi-
um, collagen content of the remote myocardium was
measured in tissue sections. In WT and NOS3-TG mice,
collagen content in the remote myocardium was 5.3�2.0 and
5.1�2.2% of the total noninfarcted LV area, respectively
(P�NS).

Finally, to investigate if the favorable hemodynamic pro-
file after MI would translate into a survival benefit in
NOS3-TG, we evaluated all cause mortality over the 28 days

TABLE 1. Relative Copy Numbers of Murine NOS Isoforms in
WT and NOS3-TG Mice and Normalized to the Average Value in
WT Mice

WT
(n�6)

NOS3-TG
(n�7) P

mNOS1/HPRT 1�0.29 1.41�0.37 NS

mNOS2/HPRT 1�0.33 1.46�0.27 NS

mNOS3/HPRT 1�0.81 1.09�0.25 NS

Values are mean�SEM. mNOS1 indicates murine neuronal NOS; mNOS2,
murine inducible NOS; mNOS3, murine endothelial NOS; HPRT, hypoxanthine
ribosyl transferase; and NS, not significant between genotypes.

TABLE 2. Echocardiographic Parameters at Baseline and 28 Days After Myocardial Infarction
(MI) in Wild-Type (WT) and NOS3 Transgenic Mice (NOS3-TG)

WT
(Baseline, n�11)

NOS3-TG
(Baseline, n�11)

WT
(After MI, n�15)

NOS3-TG
(After MI, n�15)

BW, g 25�2 23�1 29�1 24�1†

LVIDED/BSA, mm/100 cm2 3.6�0.2 3.3�0.1 4.6�0.1 4.4�0.1

LVIDES/BSA, mm/100 cm2 1.7�0.1 1.5�0.1 3.6�0.2 2.9�0.2†

FS, % 51�1 53�2 22�3 34�2†

IVSED/BSA, mm/100 cm2 1.3�0.1 1.3�0.1 1.4�0.1 1.4�0.1

PWED/BSA, mm/100 cm2 1.1�0.1 1.2�0.1 1.3�0.1 1.3.�0.1

Values are mean�SEM. BW indicates body weight; BSA, body surface area measured as 10.5�(BW, g)0.67; LVIDED,
left ventricular end-diastolic internal diameter; LVIDES, left ventricular end-systolic internal diameter; FS, fractional
shortening; IVSED, interventricular septum end-diastolic diameter; and PWED, posterior wall end-diastolic diameter.
†P�0.01 vs WT mice within the same condition (baseline or after MI).
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after LAD occlusion. The majority of deaths occurred in the
first week with very few additional deaths beyond 1 week.
After 1 month, survival in NOS3-TG mice was 68% versus
58% in WT mice (P�NS).

Response to �-Adrenergic Stimulation
To investigate the impact of transgene expression on the
contractile response to �-adrenergic stimulation, five incre-
mental doses of isoproterenol (0.1 to 10 ng) were infused in
a separate series of animals to obtain a dose-response curve of
left ventricular dP/dtmax. At baseline, dP/dtmax in WT and
NOS3-TG mice were not different. At doses greater than 1.0
ng isoproterenol, the inotropic response to �-adrenergic
stimulation was significantly less in NOS3-TG (n�11) than
WT mice (n�15) (Figure 4). Of interest, although baseline
heart rates were comparable in WT and NOS3-TG mice
(475�49 versus 478�42 bpm, respectively), they were
slower than in our MI protocol, a finding likely attributable to
the different anesthetic regimen. The chronotropic response
to maximum isoproterenol stimulation, however, was atten-
uated in NOS3-TG mice (504�52 versus 561�42 bpm in
WT; P�0.05).

Discussion
In the present study, we demonstrated that cardiac-restricted
overexpression of endothelial NOS preserves cardiac func-
tion and limits deleterious left ventricular remodeling in a

mouse model of myocardial infarction. Recombinant NOS3
was abundantly expressed in cardiomyocytes of transgenic
mice and was localized to caveolae, as demonstrated by
immunoprecipitation studies and confocal laser scanning
microscopy. Increased human NOS3 transcript levels did not
affect endogenous expression levels of the constitutive or
inducible murine NOS isoforms (Table 1). Despite 30-fold
more cardiac NOS enzymatic activity, transgenic mice devel-
oped normally and did not differ at baseline from wild-type
mice in terms of hemodynamic measurements or echocardio-
graphic measurements of load-dependent indices of systolic
function.

Despite similar infarct sizes after LAD ligation in
NOS3-TG and WT mice, the former were protected against
maladaptive remodeling after MI, as evidenced by a better
preserved contractile performance, measured using echocar-
diography (Table 2). Also residual LV systolic and diastolic
function was better preserved in NOS3-TG, as measured
invasively (Table 3). Histological analysis demonstrated that
LV mass and myocyte width in the noninfarcted remote
myocardium were less in NOS3-TG mice (Figure 3), whereas
the degree of fibrosis was not different between the two
genotypes. These findings suggest that cardiac-specific over-
expression of NOS3 attenuated the development of LV
remodeling after MI.

Nitric oxide modulates many processes contributing to LV
remodeling after MI. The impact of the constitutive NOS

TABLE 3. Hemodynamic and Histological Parameters at Baseline and 28 Days After
Myocardial Infarction (MI) in Wild-Type (WT) and NOS3 Transgenic Mice (NOS3-TG)

WT
(Baseline, n�7)

NOS3-TG
(Baseline, n�7)

WT
(After MI, n�20)

NOS3-TG
(After MI, n�20)

Heart rate, bpm 610�41 630�39 604�45 603�30

MAP, mm Hg 83�3 79�5 67�6 70�8

dP/dtmax, mm Hg/s 15 424�3167 14 045�2048 8602�1451 10 784�1350*

dP/dtmin, mm Hg/s 8639�1924 8110�1028 6234�1078 6950�846*

Remote myocyte width, �m 10.8�0.8 10.8�1.4 19.5�1.8 16.7�1.4*

LV/BW, mg/g 4.1�0.4 4.2�0.4 5.6�0.4 4.5�0.6*

Values are mean�SD. MAP indicates mean arterial pressure; dP/dtmax, maximum rate of developed left ventricular
pressure; dP/dtmin, minimum rate of developed left ventricular pressure; and LV/BW, left ventricular weight/body
weight. *P�0.05 vs WT mice after MI.

Figure 3. Histological analysis of
infarcted murine heart. A, Representative
transverse section through a WT heart
28 days after MI. Infarct margins are
indicated by arrowheads. Remote nonin-
farcted myocardium is indicated by solid
arrow. B, Myocyte width in remote non-
infarcted myocardium 1 month after MI
in WT and NOS3-TG mice, measured at
the level of the nuclei (arrows), is greater
in WT than in NOS3-TG.
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isoforms on contractility and calcium cycling has been
investigated in isolated cardiomyocytes from mice with
targeted deletion of NOS1 and NOS3.24–26 In addition, left
ventricular contractile function after MI has been studied in
mice with targeted deletions of NOS3 and NOS2, as well as
in transgenic mice with systemic overexpression of NOS3
within the vascular endothelium. NOS3 deficiency was asso-
ciated with maladaptive remodeling 1 month after MI with
increased cardiac hypertrophy and reduced LV function.23

Others did not find a difference in LV remodeling after large
MIs in wild-type and NOS3-deficient mice.27 The differences
in the outcomes of these two studies are likely attributable to
differences in the sizes of the MIs studied: in large MIs, the
LV remodeling response may reach a maximum obscuring
any further deleterious effects of NOS3 deficiency. In the
latter study, however, angiotensin-converting enzyme (ACE)
inhibitors and angiotensin receptor type-1 (AT1) antagonists
were far less effective in preventing myocardial remodeling
and preserving LV function after MI in NOS3-deficient mice
than in wild-type mice, emphasizing the importance of NOS3
in the salutary effects of these agents. NOS2 deficiency, in
contrast, has been reported to be associated with better
survival and improved LV function either early28 or late29

after MI, although in the latter study the improved contrac-
tility was only observed at the highest level of preload in an
artificial in vitro system. However, the effect of NOS2-
deficiency on LV remodeling after MI may be influenced
importantly by the central role of NOS2 in the cardioprotec-
tion associated with myocardial ischemia.30

The preservation of LV function after MI in our NOS3-TG
mice was associated with decreased LV weight and myocyte
width. These findings suggest that NOS3-derived NO inhibited
myocyte hypertrophy in the remote myocardium in NOS3-TG
mice after MI via a paracrine or possibly autocrine mechanism.
After MI, a variety of signaling mechanisms stimulate myocyte
hypertrophy including the �-adrenergic pathway and the renin
angiotensin system.31 We observed that NOS3-TG mice have a
significantly reduced inotropic response to �-adrenergic stimu-
lation (Figure 4). Similarly, Brunner et al32 reported that the
contractile response to norepinephrine was impaired in isolated
hearts from mice with cardiac NOS3 overexpression, although

basal contractile function under these experimental conditions
was also reduced. Different baseline characteristics most likely
reflect different experimental conditions, whereas similar re-
sponses to adrenergic stimulation are consistent with the para-
digm developed from experiments on isolated cardiomyocytes
that endogenous NOS3-derived NO consistently opposes the
inotropic response to �-adrenergic stimulation.33,34 At the same
time, chronotropic responses to �-adrenergic stimulation were
attenuated in NOS3-TG mice, consistent with a growing con-
sensus that NOS3 in cardiomyocytes reinforces vagal efferent
inhibition of heart rate.35,36 We speculate that the preservation of
LV function and attenuation of LV remodeling observed in
NOS3-TG mice may, in part, be attributable to inhibition of the
ability of �-adrenergic stimuli to induce hypertrophy. At the
same time, transgenic mice showed improved diastolic perfor-
mance after MI, evidenced by the significantly higher rates of
LV pressure decline during diastole. Improved systolic and
diastolic function may, in turn, decrease the stimulus to remodel
after MI.

The protective role of the transgene product on LV remodel-
ing after myocardial infarction did not translate into a survival
benefit. In C57BL/6 mice subjected to the same surgical MI
model, H. Bayat and colleagues21 reported LV dilatation and
reduced exercise capacity on treadmill testing at 12 to 18 weeks
after infarction. Interestingly, and consistent with our findings,
mortality occurred only in the early postoperative phase and no
additional mortality beyond 2 weeks was reported, even if the
animals developed marked congestive heart failure, maladaptive
remodeling, and severely impaired left ventricular systolic func-
tion 18 weeks after LAD ligation.

We examined whether or not decreased fibrosis in the
remote myocardium could contribute to the observed differ-
ences in LV contractile function after MI in NOS3-TG and
WT mice, but did not find significant differences in collagen
deposition using Picrosirius red or PAS stains. It remains to
be determined to what extent cardiac-specific NOS3 overex-
pression modulates the cardiomyocyte apoptosis or myocar-
dial neovascularization, which may also impact LV perfor-
mance after myocardial infarction.

Recently, S. Jones and colleagues reported that transgenic
mice with systemic overexpression of NOS3 within the
vascular endothelium had improved survival and decreased
pulmonary edema after MI.37 The benefit in these transgenic
mice was attributed to a decrease in LV afterload (and
possibly preload), because presence of the transgene was not
associated with a beneficial effect on indices of LV remod-
eling, including cardiac hypertrophy or cardiac contractility.
The differences in our findings and those of Jones and
colleagues37 highlight the potential importance of increasing
NOS3 expression in cardiomyocytes (rather than in vascular
endothelium) to achieve a beneficial impact on LV structure
and function after MI.

In summary, cardiomyocyte-restricted overexpression of
NOS3 limits LV dysfunction and remodeling after MI, in part
by decreasing myocyte hypertrophy in noninfarcted myocar-
dium. Strategies aimed at increasing myocardial NO concen-
trations such as NOS3 gene transfer (via the coronary arterial
or venous circulation) or local (intracoronary or intrapericar-

Figure 4. Inotropic responses of WT and NOS3-TG mice to
�-adrenergic stimulation. Relationship between graded boluses
of isoproterenol and changes in contractile function, measured
as the maximal rate of intraventricular pressure development
(dP/dtmax) in WT (closed symbols) and NOS3-TG (open symbols)
mice. ***P�0.001, **P�0.01 vs WT.
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dial) administration of a slow-release NO donor compound
may be promising treatments for LV remodeling after MI.
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Data supplement for the manuscript entitled, “Cardiomyocyte-Specific 
Over-Expression of Nitric Oxide Synthase 3 Improves Left Ventricular 
Performance and Reduces Compensatory Hypertrophy After Myocardial 
Infarction.”  
 
Methods 

Immunoblot analysis. 
 

To confirm cardiac-selective overexpression of NOS3 in NOS3-TG mice, we 

adapted the immunoblot protocol. Murine hearts were homogenized on Lysis Matrix D in 

a Ribolyzer™ (Hybaid, Germany) using the modified RIPA lysis solution containing 2 

mM Tris-HCl pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton-X 100, 0.1% sodium 

deoxycholate, 0.1% SDS, 2 mM EDTA pH 7.5, 1 mM sodium orthovanadate, 2 mM 

sodium fluoride, and Complete™ proteinase inhibitor (Roche Diagnostics, GmbH). The 

matrix was washed and briefly centrifuged; the supernatant was transferred to Eppendorf 

tubes, incubated on ice for 30 min, and microcentrifuged at 12000 rpm for 10 min. 

Protein concentrations were determined in supernatants from Triton-soluble fractions 

using the BCA assay (Pierce, USA).  Immunoblot analysis was performed using 50 µg 

supernatant protein fractionated on a 10% SDS-PAGE gel and transferred to 

nitrocellulose membranes by semi-dry electroblotting.  The membranes were blocked for 

1 hour in 5% non-fat milk and incubated overnight with an anti-human NOS3 

monoclonal antibody generated in mice (diluted 1:2000, Beckton Dickinson laboratories).  

To control for possible sample variability, membranes were also incubated with a mouse 

monoclonal anti-actin antibody (Chemicon Int., CA, USA). Bound antibody was detected 

using rabbit anti-mouse HRP conjugated antibody (diluted 1:5000, DAKO), and 

visualised using Supersignal West Pico chemiluminescence (Pierce, USA).  
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Immunoprecipitation (IP). 
 

For IP, 250 µg aliquots of protein extracts from NOS3-TG and WT hearts were 

incubated overnight at 4°C in 500 µL RIPA buffer containing monoclonal anti-human 

NOS3 antibodies, or goat polyclonal anti-CAV3 (1 ug of antibody for every 100 ug of 

protein). After 24 hours, 100 µL RIPA buffer containing BSA-saturated Protein A-

Sepharose (Pharmacia-Amersham) was added for 3 hours at 4ºC. Aliquots of protein 

extracts incubated with Sepharose beads in the absence of precipitating primary 

antibodies served as negative controls. Samples were microcentrifuged at 1500 rpm at 

4ºC for 5 min to clear the antibodies, and the collected precipitates were washed and 

centrifuged three times in RIPA buffer. The immunoprecipitates were resuspended in 100 

uL loading buffer, heated at 95°C for 5 min and fractionated by SDS-PAGE. The extracts 

precipitated with anti-CAV3 antibodies samples were probed with an anti-human NOS3 

monoclonal antibody (1:2000), and the extracts precipitated with anti-NOS3 antibodies 

were probed with anti-CAV3 antibodies (1:1000). Antibodies bound to immunoblots 

were detected using HRP-conjugated rabbit anti-mouse (1:5000) and rabbit anti-goat 

(1:2000) antibodies and were visualized using enhanced chemiluminescence, as described 

above.  

Immunolocalization and confocal analysis.  
 

To investigate subcellular localization of the transgene product, isolated 

cardiomyocytes from NOS3-TG and WT mice were prepared using collagenase type II 

enzymatic digestion (GIBCO TM), fixed, and co-stained with a murine monoclonal 

antibody recognizing human NOS3 (Becton Dickinson) and a goat polyclonal antibody 
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against caveolin-3 (Santa Cruz, Biotech, USA) or with a rabbit polyclonal antibody 

recognizing NOS3 (Becton Dickinson) and a murine monoclonal antibody against 

ryanodine receptor2 (Affinity Bioreagents, UK). Antibody binding was revealed using 

appropriate secondary IgG anti-mouse, anti-rabbit, or anti-goat antibodies, labeled with 

Alexa Fluor 488 (excitation wavelength of 488 nm, green emission) or Alexa Fluor 568 

(excitation wavelength of 568 nm, red emission). Primary antibody was omitted and run 

in parallel as negative controls. Nuclei were stained using TOPRO-3 (Molecular Probes), 

and images were collected on a confocal microscope (Laser Scanning Microscope 510; 

Zeiss). 

To localize expression of recombinant NOS3 in myocardial tissue sections from 

transgenic mice, 5-µm-thick transverse sections from paraffin-embedded hearts were 

immunostained with the monoclonal anti-human NOS3 antibody (panel d) and with 

antibodies recognizing caveolin-3 (panel e).  

Expression levels of NOS isoforms. 
 

To evaluate the expression levels of the NOS isoforms in the hearts of transgenic 

mice, real-time quantitative PCR analysis was performed. The following specific probes 

recognizing sequences complementary to murine genes encoding hypoxanthine phospho-

ribosyl transferase (HPRT), and NOS1, NOS2, and NOS3 were used: 

1) murine HPRT: FAM-5'-TGAGAGATCATCTCCACCAATAACTTTTATGTCCC-3'-

TAMRA, 5' TTATCAGACTGAAGAGCTACTGTAATGATC-3', and 5' TTACCAGTG-

TCAATTATATCTTCAACAATC-3'; 
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2) murine NOS1: FAM-5'-TGGAACTCGCAGCTCATCCGCTATG-3'-TAMRA, 5' 

CAAAGGACTGATGGCAAGCA-3', and 5'-GCCCAAGGTAGAGCCATCTG-3' 

3) murine NOS2: FAM-5'-TGTCCGAAGCAAACATCACATTCAGATCC-3'-TAMRA, 

5' CAGCTGGGCTGTACAAACCTT 3', and 5' TTGCATTGGAAGTGAAGCGTT 3' 

4) murine NOS3: FAM-5'-TTCACACGCTTCGCCATCACCG-3'-TAMRA, 

5'-TGAAGATCTCTGCCTCACTCATG-3', and 5' CAGTCTCAGAGCCATACAGAA-

TGG-3'. 

RNA samples were obtained from 6 WT and 7 NOS3-TG mice using RNeasy mini kit 

(Quiagen GmbH, Germany), and quantified using RiboGreen (Molecular Probes Europe 

BV, The Netherlands). Transcript levels were determined in triplicate by real-time PCR 

(PE 7700, Applied Biosystems, Foster City, CA). Results were expressed as relative copy 

numbers standardized to levels of the housekeeping HPRT gene, and the average values 

in NOS3-TG mice were normalized to the average value in WT mice. 

All measurements of transcript levels of the respective NOS isoforms (X) were 

performed in triplicate on reverse transcribed RNA from 13 mice (6 WT and 7 NOS3-

TG). Transcript levels were determined using either plasmid or cDNA standards 

according to the method described and validated by Peirson et al. (Nucleic Acids 

Research, 2003, 31:e73). Transcript levels of the NOS isoforms (X) for each animal were 

normalized to HPRT transcript levels (Y) in the same sample, which resulted in the 

following mathematical equation: 
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where CT is the computation threshold of the amplification reaction, X is the respective 

NOS isoform and Y the reference HPRT gene. 

Transcript levels, normalized to HPRT, were normally distributed for all NOS isoforms 

in both genotypes.  

 

 

Results 

Expression levels of NOS isoforms. 

Real Time Quantitative PCR Analysis. The resulting relative copy numbers of the 

different NOS isoforms in both genotypes are represented in the following tables:  

      
TG mNOS1/HPRT   mNOS2/HPRT   mNOS3/HPRT 
n=7      
Mean 0.259x10-3  0.758x10-1  1.167 x10-1  
SD 0.179 x10-3  0.365 x10-1   0.710 x10-1  
      
WT mNOS1/HPRT   mNOS2/HPRT   mNOS3/HPRT 
n=6      
Mean 0.183 x10-3  0.519 x10-1   1.073 x10-1  
SD 0.129 x10-3  0.448 x10-1   0.515 x10-1  
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Immunoblot analysis. 
 

Finally, we have performed separate protein extractions from the hearts of 4 

additional mice (2 WT, 2 NOS3-TG) to study NOS1 expression on protein blots. 

Immunoblot analysis was performed using 50 µg supernatant protein fractionated on a 

10% SDS-PAGE gel and transferred to nitrocellulose membranes by semi-dry 

electroblotting.  The membranes were blocked for 1 hour in 5% non-fat milk and 

incubated overnight with an anti-NOS1 monoclonal antibody generated in mice (diluted 

1:2000, Beckton Dickinson laboratories).  To control for possible sample variability, 

membranes were also incubated with a mouse monoclonal anti-actin antibody (Chemicon 

Int., CA, USA). Bound antibody was detected using rabbit anti-mouse HRP conjugated 

antibody (diluted 1:5000, DAKO), and visualised using Supersignal West Pico 

chemiluminescence (Pierce, USA). Extracts from mouse brain were used as positive 

control and clearly showed strong immunoreactivity at 155-kD. No difference in anti-

NOS1 immunoreactivty was observed between WT and NOS3-TG mice (data not 

shown). 

Localization of NOS3 in myocardial sections (see online figure). 

Confocal microscopy of 5-µm transverse sections confirmed abundant NOS3 

expression in NOS3-TG mice (panel d) but not in WT (panel a), and a high degree of 

targeting to caveolin (panels b and e). The combined image in the NOS3-TG heart (panel 

f) clearly shows sarcolemmal co-localization of NOS3 with CAV3. Expression of NOS3 

is much less pronounced in WT, thereby limiting the yellow co-localization signals with 

caveolin-3 to discrete sarcolemmal area’s (panel c).  
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