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Abstract Although studies have shown that endothelial

nitric oxide synthase (eNOS) homozygous knockout mice

(eNOS–/–) develop left ventricular (LV) hypertrophy, well

compensated at least to 24 wks, uncertainty still exists as to

the cardiac functional and molecular mechanistic conse-

quences of eNOS deficiency at later time-points. To bridge

the gap in existent data, we examined whole hearts from

eNOS–/– and age-matched wild-type (WT) control mice

ranging in age from 18 to 52 wks for macroscopic and

microscopic histopathology, LV mRNA and protein

expression using RNA Dot blots and Western blots,

respectively, and LV function using isolated perfused

work-performing heart preparations. Heart weight to body

weight (HW/BW in mg/g) ratio increased significantly as

eNOS–/– mice aged (82.2%, P < 0.001). Multi-focal

replacement fibrosis and myocyte degeneration/death were

first apparent in eNOS–/– mouse hearts at 40 wks. Pro-

gressive increases in LV atrial natriuretic factor (ANF) and

a-skeletal actin mRNA levels both correlated significantly

with increasing HW/BW ratio in aged eNOS–/– mice

(r = 0.722 and r = 0.648, respectively; P < 0.001). At

52 wks eNOS–/– mouse hearts exhibited basal LV hyper-

contractility yet blunted beta adrenergic receptor (bAR)

responsiveness that coincided with a significant reduction

in the LV ratio of phospholamban to sarcoplasmic reticu-

lum Ca2+-ATPase-2a protein levels and was preceded by a

significant upregulation in LV steady-state mRNA and

protein levels of the 28 kDa membrane-bound form of

tumor necrosis factor-alpha. We conclude that absence of

eNOS in eNOS–/– mice results in a progressive concentric

hypertrophic cardiac phenotype that is functionally com-

pensated with decreased bAR responsiveness, and is

associated with a potential cytokine-mediated alteration of

calcium handling protein expression.
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Introduction

Endothelial nitric oxide synthase (eNOS) homozygous

mutant mice (eNOS–/–) develop uniform arterial hyper-

tension secondary to a lack of the eNOS gene [1, 2]. Others

have reported that cardiac hypertrophy, consequent to this

hypertension, occurs rather early in these mice [3, 4].

Therefore, eNOS–/– mice are particularly useful not only as

tools to elucidate the functional consequences surrounding

the absence of the eNOS gene, but also as instruments to

study the long-term effects of chronic pressure overload-

induced myocardial remodeling. However, the vast

majority of studies, in this regard, have limited their focus

to younger [3, 5–7] or very old [8–10] eNOS–/– age groups,

and a great number of these reports point almost exclu-

sively to eNOS deficiency as the mechanistic basis for al-

tered cardiac function in these mice [5–7, 9]. Accordingly,

as these mice are known to live well beyond 1 year [8, 10],
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some of the functional features related to the hypertrophic

response in eNOS–/– mice have yet to be defined.

A unique aspect of the myocardial hypertrophic re-

sponse is an attempt by the heart to return to the fetal gene

program. This is characterized by alterations in expression

patterns of sarcomeric structural proteins and further

adaptive modifications at the subcellular level that even-

tuate, ultimately, in a concentric hypertrophic cardiac

phenotype [11]. Although the biochemical bases for the

structural and functional alterations occurring during this

adaptive response are well documented [11–13], to our

knowledge, no study has fully addressed the developmental

aspects of these molecular phenomena in naı̈ve eNOS–/–

mouse hearts. Hence, many questions also remain regard-

ing the particular biochemical nature of the hypertrophic

response in these mice.

Typical of this hypertrophic response and well described

in models of hypertrophic heart disease are specific

subcellular alterations in expression patterns of key excita-

tion–contraction coupling regulatory molecules, namely

SERCA2a (the primary Ca2+-ATPase isoform in cardiac

sarcoplasmic reticulum) and phospholamban (PLB; its

specific inhibitor) [13–15]. For instance, whereas reductions

in SERCA2a protein levels are known to accompany cardiac

decompensation and progression toward heart failure [13,

14], other reports suggest that specific stoichiometric changes

in levels of its repressor PLB (relative to SERCA2a) may

rescue this functional decline in favor of enhanced contrac-

tility [16–18]. The precise pathways regulating these changes

are not clearly understood. However, in light of recent

reports, one possibility is that tumor necrosis factor-alpha

(TNF-a), an inducible pro-inflammatory cytokine with

pleiotropic effects, may be partially contributing to this

biochemical dysregulation [19–21].

Until recently, the primary role of TNF-a in the devel-

opment of heart failure has been viewed primarily as a

contributor to cardiodepression and LV (left ventricular)

dilatation [22]. New data suggests, however, that TNF-a
has salutary effects when temporally and differentially

expressed in the heart and, in this regard, may confer cy-

toprotective responses [23, 24]. Indeed, evidence from

studies performed in genetically modified mice has linked

TNF-a expression to the development of a compensatory

concentric hypertrophic phenotype and to improvement in

cardiac function and survival [25, 26].

In view of the above findings and the discrepant reports

in the literature regarding LV hypertrophy and function in

eNOS–/– mice, the present study was designed to provide a

more detailed characterization of the progressive myocar-

dial remodeling occurring in naı̈ve eNOS–/– mouse hearts.

Moreover, we sought to investigate the relationship

between TNF-a upregulation, levels of calcium handling

proteins and the structural, biochemical and functional

alterations that are characteristic of myocardial remodeling

in eNOS–/– mice.

Materials and Methods

Mice

Several independent eNOS–/– mouse models exist

(eNOSHuang–/–, eNOSShesely–/– and eNOSGodecke–/–).

Though each line was originally generated with a slightly

different genetic background and subsequently backcrossed

onto different hybrid backgrounds (eNOSHuang–/– on

C57BL/6/129Sv, eNOSShesely–/– and eNOSGodecke–/– on

C57BL/6), it is well established that mice from all lines

exhibit significantly elevated blood pressure [1, 2, 5].

Moreover, detailed hemodynamic analysis of C57BL/6,

Sv129 and mixed Sv129/C57BL/6 WT mouse strains has

revealed no significant differences [6]. eNOS–/– mice uti-

lized here (a gracious gift from Paul Huang; Harvard

Medical School, Boston, MA) were back-crossed onto the

C57BL/6129/J background for several generations to gen-

erate breeding colonies. Age-matched wild-type controls

utilized in this study were 18- to 52-week-old male C57BL/

6/129 (C57BL/6/129F2/J; Jackson Laboratory, Bar Harbor,

Maine, stock #100903) mice. The eNOS–/– mice utilized

here were also male mice ranging from 18 to 52 wks of

age. All genotypes were preserved by sib–sib breeding.

Mouse groups were established by age; group 1: 18–

23 wks (12 eNOS–/– and 12 age-matched WT controls);

group 2: 27–30 wks (12 eNOS–/– and 12 age-matched WT

controls); group 3: 40 wks (12 eNOS–/– and 12 age-mat-

ched WT controls); and group 4: 52 wks (6 eNOS–/– and 8

age-matched WT controls). Additional eNOS–/– and WT

mice underwent histological analyses at 27–30 wks (2

eNOS–/– and 2 age-matched WT controls) and at 40 wks

(2 eNOS–/– and 2 age-matched WT controls), and Western

blotting at 18 wks (2 eNOS–/– and 3 age-matched WT con-

trols), 30 wks (3 eNOS–/– and 3 age-matched WT controls),

40 wks (3 eNOS–/– and 2 age-matched WT controls) and

52 wks (4 eNOS–/– and 4 age-matched WT controls). A total

of 121 mice were utilized in this study: group 1, n = 32; group

2, n = 34; group 3, n = 33; and group 4, n = 22.

Mice were maintained at the University of Louisville

and at the University of Cincinnati in strict accordance with

institutional guidelines and the Guide for the Care and Use

of Laboratory Animals (NIH Publication No. 85-23, re-

vised 1996). Experimental protocols were approved by the

Animal Care and Use Committees of the University of

Louisville School of Medicine and the University of Cin-

cinnati College of Medicine.
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In vivo Measurement of Blood Pressure and Heart Rate

Groups of eNOS–/– and age-matched WT control mice

(n = 4) at 18 and 30 wks underwent conscious systolic

blood pressure (SBP) and heart rate (HR) measurement

with computerized tail cuff manometers coupled with a

photoelectric sensor (Visitech Systems, Apex, NC),

allowing measurement of SBP in four mice simultaneously,

minimizing observer bias. Mice are trained daily for 7

consecutive days followed by SBP recordings for 5 con-

secutive days. The validity of this system, including cor-

relation of the data with that obtained using intra-arterial

measurement has been previously demonstrated [27, 28].

Cardiac Hypertrophy

Heart and Body Weight Measurements

Mice were weighed and euthanized. The hearts were ex-

cised while still beating and immediately placed into an

RNAse-free ice bath. The right and left ventricles were

separated, opened and then rinsed with ice-cold DEPC-

treated PBS. Each piece of tissue was blotted and its dry-

weight was recorded before being snap-frozen in liquid

nitrogen. Measurements were expressed as heart weight to

body weight (HW/BW) ratios in mg/g.

Gross Pathology and Histology

Mice were euthanized, hearts were excised while still

beating and flushed with PBS (using a 20-gauge needle),

followed by cardioplegic solution (25 mM KCl, 5% dex-

trose, PBS) and finally, fixed by perfusion (at 80 mmHg

pressure) using 4% paraformaldehyde (in PBS). The hearts

were dehydrated through a graded series of alcohol con-

centrations and then paraffin-embedded. Step-wise serial

sections (5 lm thick) were taken every 75 lm from the

base and stained with hematoxylin and eosin or with tri-

chrome and examined by light microscopy. The entire

procedure, including examination by an experienced

pathologist, was done in a blinded manner.

Cardiac Functional Analysis

Isolated Perfused Work-performing Heart Preparation

The working heart preparation was as described previously

[29]. Left intraventricular pressure (IVP) was measured

and custom software calculated HR, mean aortic pressure

(MAP), IVP, LV systolic pressure (LVSP), time to peak

pressure (TPP), half time of relaxation (RT1/2), the first

derivatives of the change in LVSP with respect to time

(±dP/dt), aortic and coronary flow, venous return (cardiac

output), LV minute work (MAP · CO), stroke volume

(SV = CO/HR), stroke work (SV · MAP), and perfusate

temperature. Frank–Starling curves were generated by

linear regression [29].

Analysis of Steady-state mRNA Levels

Dot Blotting

Total RNA was isolated from frozen LV tissue samples

and analyzed by quantitative dot blot hybridization as

described previously [30]. The synthetic oligonucleotides

used as transcript-specific probes were as previously de-

scribed [30]. A radiolabeled cDNA probe (ATCC,

Manassas, VA) was used for TNF-a. Hybridization sig-

nals were quantitated using a Storm 840 PhosphorImager

and Imagequant software (Molecular Dynamics, Sunny-

vale, CA). Samples were assayed in duplicate and signal

intensity of each dot was normalized to that produced by

a GAPDH probe [30].

Analysis of Cytokine and Calcium Handling Protein

Expression

Western Blotting

Protein lysates were prepared for Western blotting of

SERCA/PLB and for the membrane-bound form of tumor

necrosis factor-alpha (m-TNF-a) as previously described in

detail [31, 32]. Protein levels were quantitated by Western

blotting as previously described [31] using primary anti-

bodies against the following proteins: TNF-a (Sigma

T0938, specifically, we quantitated the 28 kDa m-TNF-a);

the 110 kDa protein SERCA2a (Santa Cruz G210); the 24–

27 kDa phosphoprotein PLB (Upstate biotechnology). LV

tissue protein lysates from age-matched WT control mice

and eNOS–/– mice from each group were prepared and

analyzed as previously described [32] and bands corre-

sponding to each protein were quantitated by laser densi-

tometry. Signal intensities were normalized to total protein

loading determined by densitometry of Ponceau S stained

filters. Importantly, SERCA2a and PLB levels were

determined simultaneously on the same gels; the gels were

cut between 110 kDa and 30 kDa and the upper half

blotted and probed for SERCA2A, generally as described

above for TNF-a. The bottom portion was blotted to a

special nitrocellulose of 2-micron pore size (Schleicher and

Shull), this is necessary to retain PLB upon the filter for

Western analysis [31]. Reference samples and dilutions to

confirm linearity of loading to signal were run on all blots

and the signal intensity was normalized to loading (deter-

mined by Ponceau S staining) and to the reference sample

signal intensity, as previously described [31].
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Statistical Analysis

Results are reported as means ± SEM. Differences be-

tween age-matched WT control mice and eNOS–/– mice

within the same age groups and pair-wise multiple com-

parisons of intergroup data were analyzed by two-way

(time and group) ANOVA. Overall differences were fur-

ther analyzed by post hoc contrasts with unpaired Student’s

t-tests using the Bonferroni correction. Correlation between

HW/BW ratio and steady-state mRNA levels was deter-

mined by linear regression. Differences were considered

significant at P < 0.05 (and P < 0.001). All statistical

analyses were performed using the SPSS statistical soft-

ware (version 10; SPSS, Inc., Chicago, IL).

Results

In vivo Measurement of Blood Pressure and Heart Rate

Systolic blood pressure was significantly elevated in

eNOS–/– mice at both 18 (116.1 ± 8.5 vs. 93.9 ± 5.5, in

eNOS–/– vs. WT, respectively, P < 0.05) and 30 (122 ± 4.5

vs. 104.6 ± 6.8, in eNOS–/– vs. WT, respectively,

P < 0.05) wks of age consistent with published reports [1,

2, 31, 33]. We found no significant change in HR in

eNOS–/– mice relative to age-matched WT control, as has

been previously reported [34].

Cardiac Hypertrophy

HW/BW ratio was significantly increased in eNOS–/– mice

from groups 2 and 3, relative to age-matched WT controls

(41.5% and 82.2%, respectively; P < 0.001, Fig. 1).

eNOS–/– mouse hearts from group 3 showed a significant

increase in HW/BW ratio relative to eNOS–/– mice from

groups 1 and 2 (P < 0.001, Fig. 1).

Macroscopic examination of whole hearts and cross-

sections from eNOS–/– mice at 27–30 wks (group 2) and

40 wks of age (group 3) confirmed the presence of car-

diomegaly and marked LV hypertrophy, respectively, rel-

ative to age-matched WT controls. Figure 2 reveals

substantial thickening of the LV wall and septum and a

smaller LV cavity in eNOS–/– mice from group 3 (40 wks),

relative to age-matched WT controls (Fig. 2A–D). Hyper-

trophy of the RV wall was not appreciated in any of the

groups. Likewise, microscopic histological examination

revealed cardiomyocyte hypertrophy throughout the LV of

eNOS–/– mouse hearts from groups 2 and 3. Myocyte

hypertrophy in group 3 was associated with changes in

nuclear morphology (Fig. 2E). Many of these nuclei were

enlarged and box-shaped (Fig. 2E), and compared to age-

matched WT controls (Fig. 2F), 40-wk-old eNOS–/– mouse

hearts had an increased number of multi-nuclear cardio-

myocytes with cardiomyocyte degeneration/death (Fig. 2E,

H). We also observed multiple regions of focal replacement

fibrosis (Fig. 2G–H) in hearts from 40-wk-old eNOS–/–

mice but not in group 2 or either group’s age-matched WT

counterparts. There was no evidence of significant infiltrate

in any of the hearts from eNOS–/– or age-matched WT

mice.

LV Re-expression of Fetal Genes

Relative to controls, steady-state a-skeletal actin transcript

levels were significantly (P < 0.001) increased in the hearts

of eNOS–/– mice from groups 1, 2, and 3 (by 67%, 90%,

and 92%, respectively, Fig. 3). Steady-state ANF mRNA

levels were also elevated significantly (P < 0.001) by 68%,

89%, and 93.2% in hearts from eNOS–/– mice (groups 1, 2,

and 3, respectively, Fig. 3) relative to age-matched con-

trols. Moreover, a-skeletal actin and ANF mRNA levels in

eNOS–/– mouse hearts (groups 2 and 3) progressively in-

creased relative to hearts of eNOS–/– mice from group 1

(P < 0.05, Fig. 3). These data were plotted verses HW/BW

ratio in aged eNOS–/– mice and linear regression analysis

was performed. A significant positive linear relationship

was observed between LV steady-state levels of both ANF

(r = 0.722; P < 0.001) and a-skeletal actin (r = 0.648;

P < 0.001) mRNA (relative to age-matched WT controls)

and HW/BW ratio in eNOS–/– mice, indicating a hyper-

trophic response to increased afterload [35]. The LV a-

MyHC steady-state transcript levels were decreased sig-

nificantly (P < 0.001) by 23%, 35%, and 40% in eNOS–/–

mice (groups 1, 2, and 3, respectively) relative to age-

matched controls (Fig. 3). Conversely, LV b-MyHC stea-

dy-state mRNA levels in eNOS–/– mouse hearts were sig-

nificantly (P < 0.001) increased in groups 1, 2, and 3 (by

Fig. 1 Heart-to-body weight (HW/BW) ratios. eNOS–/– mice exhib-

ited an increase in HW/BW at 27–30 and 40 wks relative to controls.

There was a progressive increase of HW/BW in eNOS–/– mice as

mice aged
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70.8%, 79.2%, and 84.7%, respectively, Fig. 3), relative to

age-matched WT controls.

LV Function

Left intraventricular pressure tracings were acquired under

identical baseline loading conditions in hearts from age-

matched WT control and eNOS–/– mice at 52 wks of age;

values and loading conditions are listed in Table 1. Fig-

ure 4A–B demonstrate significantly increased parameters

of cardiac contractility in eNOS–/– hearts as compared to

age-matched WT hearts (+dP/dt = 4,532 ± 118 vs.

4,175 ± 73, P < 0.05; TPP = 0.365 ± 0.01 vs.

0.397 ± 0.01, P < 0.05). Both half time to relaxation (RT1/

2 = 0.475 ± 0.01 vs. 0.527 ± 0.02; P = 0.110) and –dP/dt

(3,625 ± 64 vs. 3,335 ± 90, P = 0.153) (Fig. 4A–B) were

Fig. 2 Cardiac hypertrophy in

eNOS–/– mice. Whole hearts

and representative cross-

sections of eNOS–/– (A and C,

respectively) and age-matched

WT control (B and D,

respectively) mice at 40 wks of

age (group 3). Sections were

stained with hematoxylin and

eosin (·40 magnification). Note

the increased thickness of LV

wall and smaller LV cavity in

eNOS–/– mice. Representative

fields (·400, E and F; ·100, G
and H) from 40-wk-old eNOS–/–

(E, G, and H) and age-matched

WT control (F) hearts stained

with hematoxylin/eosin (E, F,
and H) or trichrome (G). Note

cardiomyocyte hypertrophy,

enlarged box-shaped nuclei with

cardiomyocyte degeneration/

death (E and H) and numerous

regions of focal fibrosis (G and

H) in eNOS–/– mice
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not significantly different. The slopes of Frank–Starling

function curves (Fig. 4C–D) were unchanged in eNOS–/–

mice, relative to age-matched WT controls. Though not

significant, peak LVSP was slightly higher in eNOS–/–

mice (103.11 ± 2.18 vs. 100.91 ± 1.75, P = 0.50). How-

ever, there were no significant differences in HR

(336.12 ± 12.35 vs. 357.06 ± 12.77, P = 0.274), LV dia-

stolic (–6.83 ± 1.16 vs. –6.35 ± 1.26, P = 0.788), or LV

end-diastolic (5.50 ± 0.80 vs. 5.32 ± 0.99, P = 0.897)

pressures in eNOS–/– mouse hearts, relative to age-matched

WT controls. Beta-adrenergic receptor (bAR) response to

isoproterenol was significantly (P < 0.05) decreased in

aged eNOS–/– mice relative to age-matched WT controls

(Fig. 4E–F). Figure 4E shows the contractility curves for

eNOS–/– and age-matched WT control hearts. The isopro-

terenol response curve in eNOS–/– mouse hearts lies to the

right of the age-matched WT control curve (Fig. 4E, right

shift), indicating significant blunting of contractile reserve

function in eNOS–/– mouse hearts, relative to age-matched

WT controls.

LV SERCA2a and Cytokine mRNA Levels

SERCA2a levels were significantly reduced in both groups

2 and 3, relative to age-matched WT controls (Fig. 5A,

P < 0.001). Conversely, TNF-a steady-state mRNA levels

were significantly increased in both groups 1 and 2, relative

Fig. 3 Modulation of LV

transcript levels. Steady-state

LV mRNA levels were

measured for a-skeletal actin,

ANF, a-MyHC and b-MyHC in

naı̈ve eNOS–/– and wild-type

hearts at the indicated ages.

Levels of a-skeletal actin and

ANF mRNAs were significantly

increased in eNOS–/– mice at

18–23 (group 1), 27–30 (group

2) and 40 wks (group 3) of age,

relative to controls (P < 0.001).

The levels of b-MyHC and a-

MyHC mRNA were

significantly increased and

decreased, respectively, in

groups 1–3 eNOS–/– mice,

relative to controls (P < 0.001)

Table 1 Left intraventricular hemodynamic indices under constant

loading conditions (see below) in Group 4 (52 wks)

Wild-type eNOS–/–

+dP/dtmax (mmHg/s) 4175 ± 73 4532 ± 118*

–dP/dtmax (mmHg/s) 3335 ± 90 3625 ± 64

TPP (ms/mmHg) 0.397 ± 0.01 0.365 ± 0.01*

RT1/2 (ms/mmHg) 0.527 ± 0.02 0.475 ± 0.01

LVSP (mmHg) 100.91 ± 1.75 103.11 ± 2.18

LVDP (mmHg) –6.35 ± 1.26 –6.83 ± 1.16

LVEDP (mmHg) 5.32 ± 0.99 5.50 ± 0.80

All pressure tracings were obtained under identical baseline loading

conditions (MAP, 50 mmHg; CO, 5 ml/min; HR, 330–360 bpm;

cardiac minute work, 250 mmHg · ml/min)

Values are means (SEM)

*P < 0.05 compared with age-matched wild-type controls
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to age-matched WT controls (Fig. 5B, P < 0.001). Inter-

estingly, despite a nearly 5-fold increase in TNF-a mRNA

levels at 18–23 wks (group 1) and a 29-fold increase at 27–

30 wks (group 2), mRNA levels were not significantly

elevated in eNOS–/– mice at 40 wks (group 3, Fig. 5B).

This was due to a >2-fold increase in TNF-a mRNA levels

in age-matched WT control, and a >60% decrease in

eNOS–/– mice. The surge in TNF-a mRNA expression at

27–30 wks (group 2) corresponded to a concomitant 18-

fold decrease in SERCA2a transcript level that remained

suppressed up to 40 wks (Fig. 5A–B).

LV Cytokine and Calcium Handling Protein Expression

Western immunoblotting analysis of lysates from eNOS–/–

mouse hearts revealed that LV levels of SERCA2a and

PLB (Fig. 6A) were approximately 78% (P = 0.36) and

36% (P < 0.05), respectively, of age-matched WT control

levels at 52 wks. Overall, the ratio of PLB:SERCA2a

protein levels at 52 wks of age was significantly (P < 0.05)

decreased by 2-fold in eNOS–/– mice, relative to age-mat-

ched WT controls (Fig. 6A).

Further analysis of protein expression in eNOS–/– mouse

hearts revealed that LV TNF-a protein levels were signif-

icantly increased at 18 wks, 30 wks (~10-fold), and

40 wks, relative to age-matched WT controls (Fig. 6B,

P < 0.05). Interestingly, though significantly elevated still,

the level of TNF-a protein in eNOS–/– hearts dropped

markedly from 30 to 40 wks (38% of the 30 wk level at

40 wks; Fig. 6B).

Discussion

This study describes three important observations in

eNOS–/– mice. First, we demonstrate that the development

Fig. 4 Cardiac function in

eNOS–/– mice. The isolated

work-performing heart

preparation was used to

examine cardiac function at

52 wks of age. Under baseline

conditions, LV +dP/dt (A) was

significantly higher and TPP (B)

significantly shorter in eNOS–/–

mice. LV RT1/2 (B) and –dP/dt
(A) were not significantly

different relative to age-

matched WT control mice.

Although the slopes of Frank–

Starling curves (C and D) were

not different between eNOS–/–

and age-matched WT control

mice, the LV response to

isoproterenol (E and F)

demonstrated a right-shift,
unmasking the reduced cardiac

functional response in eNOS–/–

mouse hearts
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of a LV hypertrophic phenotype in naı̈ve eNOS–/– mice is

progressive and is characteristic of chronic pressure over-

load-induced myocardial remodeling as established by

others [11–13]. Second, the key finding in this study was

that this phenotype has functional effects that are associ-

ated with further molecular modifications at the subcellular

level, namely modulation in PLB:SERCA2a stoichiometry,

suggesting a mechanism that may partially underlie the

functional attenuation observed in aged eNOS–/– mouse

hearts. Finally, we describe a significant upregulation of

TNF-a that corresponds temporally to the development of

cardiac hypertrophy, occurs prior to down-regulation of

Fig. 5 Quantitative analysis of

LV SERCA2a and m-TNF-a
mRNA levels. (A) Steady-state

LV levels of SERCA2a mRNA

demonstrated with a trend

toward decreasing levels at 18–

23 wks and were significantly

decreased at 27–30 wks

(P < 0.001) and at 40 wks

(P < 0.001). (B) Steady-state

LV levels of m-TNF-a mRNA

were increased at 18–23 and

peaked at 27–30 wks

(P < 0.001) in eNOS–/– mouse

hearts, but were not significantly

different from controls at

40 wks of age

Fig. 6 Western blot analysis of LV SERCA2a, PLB, and m-TNF-a
expression. (A) TNF-a, SERCA2a and PLB protein levels were

determined in LV tissue samples from eNOS–/– and age-matched WT

control mice at different ages by Western blot (representatives

shown). Bar graph in panel A shows the relative densitometric levels

of SERCA2a and PLB proteins expressed as percent of levels in age-

matched WT control hearts. The lower panel represents the absolute

densitometric units of the PLB:SERCA2a ratio. (B) m-TNF-a protein

levels were determined in LV tissue samples from eNOS–/– and age-

matched WT control mice at different ages by Western blot

(representatives shown). Bar graph represents the densitometric units

·1,000
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SERCA2A mRNA levels and precedes the significant

reduction of SERCA2A protein levels and perturbation of

the PLB/SERCA2A ratio.

Concentric Hypertrophic Cardiac Phenotype in

eNOS–/– Mice

Re-expression of the fetal gene program, in part, defines

pressure-overload myocardial remodeling, as previously

described [11]. Accordingly, beginning at 18–23 wk,

eNOS–/– mice demonstrated reciprocal coordinate altera-

tions in LV levels of the a-MyHC and b-MyHC transcripts

consistent with similar isoform-specific changes observed

by others in hypertrophied and failing hearts [11–13] and a

significant developing increase in both ANF and a-skeletal

actin mRNA (Fig. 3). Though these data appear to be

somewhat congruent with a recent study by Bubikat et al.

who reported a significant transcriptional increase in ANF

and b/a-MyHC ratios at 24–32 wks in eNOS–/– mouse

hearts, they observed no significant alteration in a-MyHC

or a-skeletal actin at these time-points [36]. Moreover, we

observed a progressive upregulation of a-skeletal actin and

ANF mRNA and a positive correlation between hypertro-

phy and these transcript levels, substantiates a genuine LV

hypertrophic response to increased afterload in naı̈ve

eNOS–/– mouse hearts [35]. Unlike others who have re-

ported LV hypertrophy in eNOS–/– mouse hearts as early as

12 wks [3, 4], here we observed no gross evidence of

cardiac hypertrophy until 27–30 wks, relative to age-mat-

ched WT controls (Fig. 1). Moreover, though pathohisto-

logical evidence of concentric LVH was present in

eNOS–/– mice at 27–30 wks, at the cardiac cellular level,

multi-focal replacement fibrosis and signs of cardiomyo-

cyte degeneration/death were not apparent until 40 wks in

eNOS–/– mice (Fig. 2E, G–H). These findings suggest that

eNOS–/– mouse hearts undergo early adaptive molecular

remodeling that later becomes structurally maladaptive.

Altered Function and Dysregulation in SERCA2a and

PLB Expression in eNOS–/– Hearts

Cardiac function has been studied extensively in eNOS–/–

mice, yet most studies have focused attention on relatively

young or relatively old mice, with somewhat conflicting

results. For instance, whereas previous investigators found

no difference in basal contractility in eNOS–/– hearts rel-

ative to WT at 8–12 wks [6], others demonstrate enhanced

contractility beginning at 14 wks of age [9]. Since eNOS–/–

mice are known to live much longer (‡83 wks) and others

have reported echocardiographic evidence of significant

LV dilation and dysfunction in these mice at 21 months

[10], we evaluated cardiac function in hypertrophic

eNOS–/– mouse hearts at 52 wks; a considerably aged time-

point [8, 10]. Our results clearly demonstrated that LV

basal contractility in hypertrophic eNOS–/– mouse hearts is

enhanced up to 1 year (Fig. 4A–B). Interestingly, accord-

ing to studies performed by Barouch et al. in eNOS–/– mice

14 and 20 wks of age, predication of this enhanced con-

tractile response is based upon corresponding NO-depen-

dent changes in SR Ca2+ transient dynamics [9]. To

investigate whether regulation of calcium handling proteins

was associated, in a similar manner, to these functional

changes, we studied SERCA2a and PLB protein expression

in aged eNOS–/– mouse hearts.

Several reports clearly document that disruption, par-

ticularly down-regulation, in SERCA2a expression occurs

during heart failure progression and can negatively alter

Ca2+ transient dynamics with commensurate effects upon

cardiac function [13, 14, 37, 38]. We demonstrate that

progressive transcriptional down-regulation of SERCA2a

occurs in eNOS–/– hearts between 27 and 40 weeks

(Fig. 5A). We also observe a modest translational down-

regulation in SERCA2a at 52 wks (78% of age-matched

WT controls; Fig. 6A). It may seem confounding then that

we report enhanced contractility in eNOS–/– mice at these

same time-points. This could be explained potentially by

altered levels of the specific repressor of SERCA2a, PLB.

Indeed, investigators have shown that gene-targeted abla-

tion of PLB removes this repression and enhances param-

eters of LV contractility [16]. Furthermore, Koss et al.

demonstrated, using transgenesis, that a low PLB:SER-

CA2a stoichiometry is actually a critical determinant of

myocardial contractility. In fact, these investigators

showed that a 33% reduction in the PLB:SERCA2a ratio

resulted in a 35% increase in +dP/dt [18]. In accordance

with these data, we observed a striking reduction in PLB

protein at 52 wks in eNOS–/– mouse hearts (Fig. 6A), 36%

of age-matched WT controls (SERCA2a protein was 78%

of age-matched WT controls, Fig. 6A). This represents an

overall 2-fold (50%) decrease in the PLB:SERCA2a ratio

relative to age-matched WT control mice (Fig. 6A). This

50% decrease in PLB:SERCA2a ratio coincided tempo-

rally with a significant increase in basal contractility at

1 year, despite reduction in SERCA2a expression. One

explanation for this may be that in aged eNOS–/– mouse

hearts, the reduction in SERCA2a protein levels is com-

pensated by the concomitant reduction in PLB levels.

When considered together with findings by Barouche et al.

[9] and others [16–18], it is tempting to postulate that

changes in SR Ca2+ release along with a significant

reduction in PLB:SERCA2a ratio alleviated the PLB-

mediated repression of remaining SERCA2a channels,

thereby favoring improved calcium handling and enhanced

base-line cardiac performance.

Further functional analysis in the current study revealed

depressed bAR responsiveness in eNOS–/– mice, occurring
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at 1 year (Fig. 4E); a novel finding in this model. Gyurko

et al. and Barouche et al. both reported enhanced bAR-

induced inotropy in eNOS–/– mouse hearts at early time-

points, 8 wks and 20 wks, respectively [6, 9]. However,

Vandecasteele et al., Godecke et al., and Han et al. found

that bAR-mediated responses in papillary muscle strips,

isolated hearts and cardiomyocytes [5, 7, 39], from

eNOS–/– mouse hearts were indistinguishable from age-

matched WT controls at a later time-point, approximately

6 months. It therefore appears that the reported early en-

hanced bAR-mediated response [6, 9] declines as eNOS–/–

mice age and, as shown here, is significantly blunted by

52 wks of age.

Several mechanisms potentially participate in the de-

creased bAR responsiveness in aged eNOS–/– mice. The

mechanisms by which NOS ablation affects inotropy in

eNOS–/– mice have been previously addressed in depth by

Barouche et al. and Guyrko et al. and include enhanced

calcium cycling, the removal of the inhibitory effect of NO

upon myofilament contractility and effects upon G-protein

activity. Collectively, these may explain enhanced bAR

responsiveness in young eNOS–/– mice [6, 9]. Yet, studies

performed in other models of hypertrophic heart disease,

including some in eNOS–/– mice, suggest that adaptive

alterations in catecholamine release lead to the develop-

ment of a hyperadrenergic state, resulting in chronic bAR

activation. These adaptive changes later become mal-

adaptive and with time attenuate bAR responsiveness, in

part, by altering calcium handling but also via remodeling

of b-adrenergic receptors themselves [6, 15]. Based on

these and other reports [6, 15, 40], it is conceivable that

aged eNOS–/– mouse hearts are exposed to chronic bAR

stimulation and, as we have demonstrated here, SERCA2a

expression is depressed. Consequently, SERCA2a channels

may be approaching such low levels that basal contractility

is not yet affected but bAR-mediated enhancement of

function (via PLB mediated dis-inhibition of remaining

SERCA2a channels) is not possible.

Upregulation of m-TNF-a in eNOS–/– Mouse Hearts

The specific functional roles of TNF-a in the myocardium

remain controversial. To date, conflicting data exist as to

the pathologic significance of myocardial TNF-a signaling

and, based on previous evidence, it is likely that a disparate

pattern of myocardial remodeling ensues depending upon

temporal and spatial features of TNF-a expression within

the myocardium [23, 41]. In fact, convincing reports from

studies performed with genetically modified rodents clearly

support the notion that signaling via specific TNF-a path-

ways in the heart may confer protection during the patho-

genesis of heart failure [24, 25]. However, other reports in

models using cardiac-specific transgenic overexpression of

TNF-a support a detrimental role for TNF-a in the devel-

opment of dilated cardiomyopathy, underscoring its nega-

tive inotropic effects [22, 42–44].

Explanation of these inconsistencies has proven per-

plexing. However, recent and quite compelling evidence

suggests that posttranslational processing of TNF-a and

subsequent production of two distinct proteins (secretory

and membrane-bound, s-TNF-a and m-TNF-a, respec-

tively), each with different biological actions, may partially

underlie reported discrepancies [23]. Although some have

shown that signaling via m-TNF-a pathways results in

concentric cardiac hypertrophy [26], a more recent report

by Diwan et al. demonstrated that cardiac-specific over-

expression of s-TNF-a provokes a dilated cardiomyopathy

[45]. Similarly, with regard to TNF-a receptor types 1 and

2 (p55 and p75, respectively; both expressed in the heart),

Haas et al. clearly demonstrated that not only is m-TNF-a
required by p75 for full activation, it has superior bioac-

tivity on this receptor when compared with s-TNF-a [41].

Consistent with these findings, is a study performed re-

cently by Higuchi et al. using p55 and p75 knockout mice

bred with mice overexpressing TNF-a in a cardiac-specific

manner. These investigators were able to prolong survival

and improve cardiac function in p55 knockout mice, as

compared to p75 knockout mice under the same conditions

[25]. These data suggest that overexpression of TNF-a,

though sufficient to provoke dilatation and heart failure

when signaling occurs by way of p55 pathways, may have

less injurious and perhaps even cardioprotective effects via

p75 signaling.

Accordingly, we measured LV levels of TNF-a mRNA

and protein in eNOS–/– mice and questioned whether these

expression patterns showed any correlation with the

structural or biochemical changes we observed above. Here

we demonstrate a definite temporal upregulation of TNF-a
in eNOS–/– mouse hearts (Figs. 5B, 6B). We observed a

peak in TNF-a expression at the same time-point (27–

30 wks) that we began to see gross and histological evi-

dence of a concentric hypertrophic phenotype (Fig. 1).

This was also concomitant with decreased SERCA2a

mRNA levels (Fig. 5A) and a trend (though not yet sig-

nificant) toward decreasing PLB:SERCA2a protein ratios

(Fig. 6A). These results intimate a temporal association

between TNF-a upregulation and the instigation of com-

pensatory regulation of calcium handling proteins and the

hypertrophic phenotype in these hearts.

Though published reports have demonstrated that over-

expression of TNF-a correlates with repression of both

PLB and SERCA2a gene expression [19, 21, 22], the peak

in m-TNF-a expression in eNOS-/- mouse hearts observed

at 27–30 wks in the present study (Figs. 5A, 6B) preceded

the significantly altered, potentially favorable, PLB:SER-

CA2a protein ratios present at 52 wks (Fig. 6A). However,
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at the transcriptional level, this peak in m-TNF-a at 27–

30wks corresponds directly to an 18-fold decrease in

SERCA2a mRNA (Fig. 5A–B). Interestingly, protein lev-

els of m-TNF-a in eNOS–/– mouse hearts begin to nor-

malize with respect to wild-type at 40 wks, yet, remain

significantly elevated (Fig. 6B). Whether this relationship

is functionally associated with favorable modulation of the

PLB:SERCA2a ratio and whether this is a late compensa-

tory mechanism remains to be determined.

Limitations

In the present study, we chose specifically not to address

the pleiotropic effects of NO or specific NOS isoforms as

these topics have been extensively reported upon. Never-

theless, we concede that an inescapable consequence of this

particular model is that any experimental outcomes may, at

least partially, be affected by NO-mediated pathways. In

addition, we do not specifically address whether enhanced

expression of myocardial TNF-a is simply an age-related

phenomenon, as suggested by previous reports performed

in aging rodents [10). On the contrary, according to our

results, cardiac TNF-a protein levels are always higher in

eNOS–/– as compared with age-matched WT control levels.

Thus, we propose that the upregulation of TNF-a observed

in eNOS–/– mice is not a temporal coincidence of aging, but

is more likely an adaptive response to or an instigator of

cardiac hypertrophy. Nevertheless, whether age-related

phenomena significantly alter TNF-a expression in

eNOS–/– mice is beyond the scope of this study and re-

mains to be conclusively demonstrated.

Conclusions

Our data demonstrate that naı̈ve eNOS–/– mouse hearts

develop a progressive and prolonged compensatory LV

hypertrophy, yet, show evidence of transition toward

decompensation at 52 wks of age. Interestingly, we found

an apparent adaptive stoichiometric alteration in the

PLB:SERCA2a ratio that was contemporaneous with both

preservation of basal function and loss of cardiac reserve

function. One plausible mechanism, though not directly

tested herein, is that the resultant stoichiometry at later

time-points is favorable and allows for restoration of Ca2+

transient dynamics to maintain basal contractile perfor-

mance. Yet, as evidenced by blunted bAR responsiveness

at 1 year, further attempts to alleviate this repressive effect

by PLB (via bAR-mediated recruitment of reserve func-

tion) become futile in the face of severely limited SER-

CA2a substrate and/or modulation of bAR signaling.

Additionally, results here are compatible with previous

reports demonstrating that TNF-a-mediated signaling

contributes to the development of a concentric cardiac

hypertrophic phenotype [26, 45], thus implying an early

adaptive cytokine-mediated remodeling response in

eNOS–/– mouse hearts; whether this response later becomes

maladaptive is uncertain. Our results suggest a testable

hypothesis that changes in TNF-a levels in eNOS–/– hearts

drive altered calcium handling protein expression and the

physiological consequences of the same. Future experi-

ments with WT, TNF-a–/–, TNF-a–/–/eNOS–/– double-

knockout mice and measurement of calcium transients and

determination of pathophysiological effects in these mice

will allow us to conclusively determine whether TNF-a-

mediated modulation of calcium handling provides the

mechanistic basis for prolonged cardiac functional com-

pensation in eNOS–/– mice. Additionally, these studies will

allow us to elucidate the role TNF-a plays in age-depen-

dent adaptations in the normal mouse heart.
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