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Abstract

To determine the effects of chronic coronary artery constriction
on the relationship between cardiac function and regulation of
,B-adrenoreceptor signal transduction, the left main coronary
artery was narrowed in rats and the animals were killed 5 mo

later. An average reduction in coronary luminal diameter of
44%was obtained and this change resulted in an increase in left
ventricular end-diastolic pressure and a decrease in positive
and negative dP/dt. Significant increases in left and right ven-

tricular weights indicative of global cardiac hypertrophy were

observed. Radioligand binding studies of, f-adrenoreceptors, ag-

onist-stimulated adenylate cyclase activity, and ADPribosyla-
tion of 45-kD substrate by cholera toxin were all depressed in
the failing left ventricle. In contrast, in the hypertrophic non-

failing right ventricle, 8-adrenoreceptor density was preserved
and receptor antagonist affinity was increased. In spite of these
findings at the receptor level, agonist stimulated cyclic AMP
generation was reduced in the right ventricular myocardium.
The quantity of the 45-kD substrate was also decreased. In
conclusion, longterm nonocclusive coronary artery stenosis of
moderate degree has profound detrimental effects on the con-

tractile performance of the heart in association with marked
attenuation of adrenergic support mechanisms. (J. Clin. Invest.
1991. 88:1940-1946.) Key words: ventricular dysfunction - car-

diac hypertrophy * receptor signaling * regulatory protein * cy-

clic AMP

Introduction

In coronary artery disease, focal narrowing of the main coro-

nary arteries by atherosclerosis is the most frequent pathologic
process responsible for the reduction in coronary blood flow to
the myocardium. Although the severity of the atherosclerotic
involvement of the coronary circulation seems to correlate
with the impairment of blood supply to the tissue (1), in a large
number of patients there is no correlation between the clinical
manifestations of ischemia and the angiographic evaluation of
the magnitude of constriction of the epicardial arteries (2). This
discrepancy is further emphasized by anatomical findings
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which indicate that in congestive ischemic heart disease (3, 4)
only relatively small amounts of myocardium are lost and re-
placed by fibrotic tissue, providing no basis for the ultimate
events of irreversible congestive heart failure and death (3, 4).
Consistent with these observations, acute (5) and subacute (6)
nonocclusive coronary artery stenoses in rats have been found
to be associated with severe alterations in cardiac function, and
sites of reparative fibrosis and myocytolytic necrosis primarily
affecting the subendocardium and midmyocardium of the left
ventricular wall (5, 6). However, the relatively moderate extent
of myocyte necrosis and replacement scarring cannot fully ac-
count for the depression in ventricular hemodynamics, be-
cause similar alterations in cardiac function are commonly
seen after total occlusion of the coronary artery and infarcts
affecting nearly 50% of the wall acutely (7) and chronically (8)
in rats. Although ischemia may be implemented as the prevail-
ing mechanism of myocardial dysfunction (9), coronary
narrowing, involving a reduction in luminal diameter up to
62%, has no effect on resting coronary blood flow (5, 6) to
support the hypothesis of a decreased oxygen availability to the
tissue and ventricular failure. In view of these contrasting ob-
servations, the possibility may be advanced that nonocclusive
coronary constriction may result in a depressed force-generat-
ing capacity of the myocardium mediated by abnormalities in
the adrenergic mechanisms supporting myocardial contractil-
ity. Because the inotropic state of heart muscle is mostly con-
trolled by the f3-adrenoreceptor adenylate cyclase complex
(10), a decrease in f3-adrenoreceptor density and/or attenuation
in the activation of the regulatory protein coupling these recep-
tors with adenylate cyclase maybe implicated in the depression
of mechanical pump performance after coronary artery
narrowing. The chronic effects of coronary constriction have
been investigated here because of their relevance to the human
disease.

Methods

Experiments were carried out in male Sprague-Dawley rats at 3 moof
age weighing - 250-275 g (Charles River Breeding Laboratories,
North Wilmington, MA). Coronary artery narrowing was performed in
27 animals. Eight animals in this group died within 2-3 wk after coro-
nary constriction mostly because of pulmonary edema. 22 sham-oper-
ated rats served as controls. All animals were killed 5 moafter surgery.

Coronary artery narrowing. Under ether anesthesia, thoracotomy
via the third left intercostal space was performed, the atrial appendage
elevated, the left coronary artery located, and a suture positioned
around the vessel 1-2 mmfrom its origin. Subsequently, a probe 275
/im in diameter was held in contact with the wall of the exposed coro-
nary artery. The entire vessel and the probe were ligated and the probe
quickly removed (5, 6). The chest was closed and the animals allowed
to recover. Sham-operated control rats were treated similarly except
that the ligature around the coronary artery was not tied.

Functional measurements. Just before being killed, animals were
anesthetized with chloral hydrate (300 mg/kg body weight, ip), and the
external right carotid artery was exposed and cannulated with a micro-
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tip pressure transducer catheter (model PR 249; Millar Instruments,
Houston, TX) connected to an electrostatic chart recorder (model ES
2000; Gould Inc., Cleveland, OH). After monitoring arterial blood
pressure the catheter was advanced into the left ventricle for the evalua-
tion of left ventricular pressures and dP/dt. Thus, measurements were
made of arterial and ventricular pressures, and dP/dt in the closed chest
preparation. These events were monitored and inscribed on recording
paper for subsequent analysis.

Measurement of the degree of coronary artery constriction. At death
(see below), in each heart, the initial 2-3-mm segment of the left coro-
nary artery was dissected free to localize the level of coronary constric-
tion. The vessel was then cut transversely to expose the lumen of the
coronary artery at the region of the ligature. The luminal diameter of
the proximal portion of the vessel adjacent to the narrowed site and at
the constricted region were measured with a dissecting microscope hav-
ing an incorporated ocular reticle. The degree of constriction was evalu-
ated by comparing the vessel diameter above the stenosis with the diam-
eter at the level of the stenosis (5, 6).

fl-Adrenoreceptors
Membrane preparation. After the measurement of physiologic parame-
ters, 15 rats from the coronary-constricted (CC)' group and 15 rats
from the sham-operated group were killed by decapitation. The hearts
were rapidly excised and placed in ice-cold saline. The aorta and great
vessels were discarded, and the left and right ventricles were separated
and weighed. The ventricles were minced and homogenized in 4:1 wt/
vol of 0.25 Msucrose/30 mMhistidine with a Brinkman Polytron
(Westbury, CT) (setting: 8; 10 s X 2). The crude homogenate of each
ventricle was then centrifuged twice at 14,000 g for 20 min, and the
supernatant centrifuged at 45,000 g for 30 min. Pellets were resus-
pended in 0.25 Msucrose and 30 mMhistidine to final protein concen-
tration of 1-2 mg/ml. Protein concentration was determined by the
method of Lowry using BSA standards. All preparatory procedures
were performed at 4VC. Membranes were immediately stored at -700C
until the radioligand binding assay was performed.

Radioligand binding assay. The radioligand '25I±CYP (sp act 2,200
Ci/mmol; NewEngland Nuclear, Boston, MA), the iodinated deriva-
tive of cyanopindolol, was employed to label fl-adrenoreceptors in
myocardial membranes. Assays were performed in 75 mMTris, 25
mMMgCl2, pH 7.4 at 370C. Total incubation volume was 1 ml, con-
sisting of 80-120 ,g of membrane protein, and 100 Ml of agonist and
antagonists in assay buffer. This mixture was incubated for 30 min and
binding was terminated by rapid vacuum filtration over Gelman AE
glass fiber filters (Ann Arbor, MI). The filters were washed with 20 ml
of assay buffer and bound radioactivity was determined by Micromedic
Automatic GammaCounter (Micromedic Systems, Inc., Horsham,
PA) at a counting efficiency of 75%. Specific binding was defined as the
portion of total counts displaced by 1 mMl-isoproterenol. At ligand
concentrations equivalent to the Kd, specific binding averaged 85%. All
values in the figures and tables refer to specific binding.

Adenyl cyclase assay. Adenyl cyclase activity was measured in rat
myocardial membrane by the method of Salomon (1 1). Assay condi-
tions were based on those that gave maximal isoproterenol stimulation.
The substrate was 0.1 mmATP trace labeled with 1.0 MCi of a-[32P]-
ATP, with 10 mMMgCI2 in excess. Incubation volume was 70 Ml and
contained 25 Mg of membrane protein, 10 mMcreatine phosphate,
12.5 mMcyclic AMP, 5 mMKCI, 9 mMtheophylline, and 10-1 M
GTP. The assay buffer was 0.05 MTris, pH 7.5 and incubations were
performed at 370C for 15 min. Assay blanks yielded < 10% of basal
activity in all cases. Recovery of 3H-cyclic AMPranged from 65 to 80%.

Regulatory protein
Preparation of myocardial membranes. Membranes from four coro-
nary-constricted and four sham-operated rats were prepared following
the determination of physiologic parameters. Hearts were rapidly ex-

1. Abbreviations used in this paper: CC, coronary-constricted.

cised and weights determined. The tissues were homogenized in 4:1
wt/vol of 24 mMNaH2CO3/30 mMhistidine with a Brinkman Poly-
tron (setting 8; 10 s X 2). The homogenates were centrifuged at 12,000g
for 20 min and the pellets were saved. Subsequently, the pellets were
homogenized in 25 mMsucrose/30 mMhistidine, centrifuged at
12,000 g for 20 min and the supernatants saved. Supernatants were
then centrifuged at 37,000 g for 90 min, pellets resuspended in 20 mM
Tris, pH 8, 1 mMEDTA, and 1 mMDTT, and membranes extracted
with 2% cholate. The suspensions were kept on ice for 60 min and
finally centrifuged at 20,000 g for 20 min. The supernatants were
stored at -70'C until used. Protein concentration was determined by
the method of Lowry.

Cholera toxin [32P]NAD labeling. Radiolabeling of membranes was
performed in the presence and absence of cholera toxin. Membranes
were diluted 1:10 with TED/lubrol (0.05%) before labeling. The final
reaction mixture contained 138.5 mMTris HCl, pH 8.0, 13.85 mM
thymidine, 1.4 mMATP, 1.4 mMGTP, 3.46 mMMgC12, 1.4 mM
EDTA, 13.85 mMDTT, 2.8 mM[32P]NAD (30 Ci/mM), 692.3-,uM
NADP, cholera toxin 2 mg/mi. Reactions were initiated by adding 100
Mgof membranes to 26 Ml of reaction mixture; vortex and incubate for 1
h at 37°C. Reactions were terminated by adding 20 Ml of 2 X sampling
buffer (4% SDS, 20%0/o glycerol, 10% 2-mercapethanol, bromophenol
blue, 125 mMTris) and boiling samples for 5 min. The samples were
applied to a 12% SDS polyacrylamide gel according to the method of
Laemmli (12). Molecular weight markers were also applied to the gel
and electrophoresis was terminated when the dye front left the bottom
of the gel. The gels were stained with 50% methanol, 10% glacial acetic
acid, and 0.20% coomassie blue, and then disdained with 10% metha-
nol and 10% glacial acetic acid. The gels were dried and subjected to
autoradiography using Kodak XAR5 film (Eastman Kodak Co., Roch-
ester, NY) at -70°C. The incorporation of radioactive label was quan-
titated directly from the gel (13) by a computer-assisted radioanalytic
imaging system (AMBIS Systems, Inc., San Diego, CA). The molar
amount of incorporated label was calculated from the total counts con-
tained in the labeled bands and the specific activity of the [32P]NAD.

Alkaline phosphatase activity. A spectrophotometric assay (14, 15)
was employed to measure alkaline phosphatase activity in myocardial
membranes from coronary-constricted and control hearts. The deter-
minations were performed on aliquots of pooled membrane vesicles
used in receptor and adenylate cyclase assays. Values are expressed as
units of alkaline phosphatase activity per microgram of membrane
protein.

Statistical analysis. Values are reported as means±SE. Compari-
sons between values in controls and coronary-constricted rats were
performed using a two-tailed, unpaired Student's t test. Comparisons
between the left and right ventricles within each group were done utiliz-
ing a paired Student's t test. P values < 0.05 were considered to be
significant. Because at times samples were pooled, n values for each
determination are listed in the text or the legend of each figure.

Results

Coronary constriction and ventricular hemodynamics. The ex-
perimental procedures used resulted in a 44+2.4% reduction in
the luminal diameter of the left coronary artery near its origin.
This change in linear dimension corresponded to a 61% de-
crease in mean cross-sectional area of the coronary lumen.
Shamoperation had no effect on coronary artery luminal diam-
eter in control rats. 5 mo after coronary artery narrowing, sys-
tolic, diastolic, and mean arterial blood pressures were de-
creased by 7, 6, and 4%, respectively. Heart rate was increased
by 4%. However, all these differences were found not to be
statistically significant (data not shown). In contrast, left ven-
tricular minimal diastolic pressure increased by 6.9-fold, from
1.02±0.32 to 6.99±0.44 mmHg (P < 0.001). Left ventricular
end diastolic pressure augmented 2.7-fold, from 10±+1.58 to
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27±1.40 mmHg (Fig. 1 A). Whereas peak systolic ventricular
pressure did not change in coronary-constricted rats (Fig. 1 B),
peak positive dP/dt was reduced by 29%. Moreover, negative
dP/dt was also decreased by 15%. However, there were no signs
of liver congestion and ascites to indicate global cardiac failure.

In summary, impairment of left ventricular function was
present 5 mo after moderate degrees of coronary artery nar-
rowing.

Gross cardiac characteristics. Fig. 2 illustrates the changes
in the weight of the heart and its major subdivisions 5 moafter
coronary artery constriction. Overall heart weight was found to
be increased by 16% in experimental animals (control:
1,204±15 mg; CC: 1,391±49) as a result of a 12% augmenta-
tion in left ventricular weight (control: 935±17 mg; CC:
1,045±31 mg) and a 29% expansion in the weight of the right
ventricular free wall (control: 269±2.3 mg; CC: 346±18 mg).
These changes were all statistically significant.

Because body weight did not differ in control (499±3 g) and
experimental (487±9 g) animals, the ratios of heart weight/, left
ventricular weight/, and right ventricular weight/body weight
were increased in coronary-constricted rats. In particular, the
augmentations in the left and right ventricular weight/body
weight ratios were 15 and 31%, respectively (data not shown).

In summary, chronic coronary artery constriction was asso-
ciated with biventricular hypertrophy. However, the increase
in right ventricular mass exceeded the increase in left ventricu-
lar mass.

'25I±CYP binding to myocardial membranes. In a previous
study, the specificity of the radioligand for the myocardial
p3-adrenoreceptor was established by performing saturation iso-
therms and competition curves with ,B-adrenoreceptor agonist
and antagonists (16). Binding of 125±ICYP to the fl-adrenore-
ceptor was saturable and of high affinity. Competition curves
with agonist and antagonists demonstrated the expected rank
order of potency for the fl-adrenoreceptor: dl-propranolol > 1-
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Figure 1. Effects of chronic coronary artery constriction (CC) on left
ventricular function. Results are presented as mean±SEM(controls:
n = 10; CC: n = 19). *Indicates a change that is statistically signifi-
cant, P < 0.05.
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Figure 2. Effects of chronic
coronary artery constric-
tion (CC) on the weights of
the heart and its major sub-
divisions. Results are pre-
sented as mean±SEM,
(controls: n = 22; CC: n
= 19). *Indicates a change
that is statistically signifi-
cant, P < 0.05.

isoproterenol > l-epinephrine > l-norepinephrine > dl-isopro-
terenol (16).

Table I lists the density of fl-adrenoreceptors (Bm.) and the
affinity of the receptor for the radioligand (Kd) in the myocar-
dium of control and experimental animals. A 28%reduction (P
< 0.005) in the density of f-adrenoreceptors was found in the
left ventricle of coronary-constricted rats, whereas receptor
density in the right ventricle remained essentially constant. In
the left ventricle, Kd was not affected by the experimental pro-
cedure, but a 58% decrease (P < 0.05) in this parameter was
measured in the right ventricle. Whenleft and right ventricular
data were compared in each ofthe two groups of animals, it was
noted that receptor density was 70% higher (P < 0.03) in the
right myocardium than in the left myocardium of control rats.
A similar pattern but of larger magnitude was present in coro-
nary constricted animals, because B., was 111% greater (P

Table L Effects of Coronary Constriction on
j3-Adrenoreceptor Density and Affinity

Sham-operated Coronary-constricted

NM/mg NW/mg

Left ventricle
B..|| 130±6.5 94±3.6*
Kd, pM 49±3.6 57±2.1

(n = 3) (n = 4)
Right ventricle

B. 221±26 198±37
Kd, pM 370±66 154±37*

(n= 3) (n= 3)

Results are presented as mean±SE. *Indicates a value that is signifi-
cantly different, P < 0.05. B,,., density of ,B-adrenoreceptors; Kd,
affinity of ,B-adrenoreceptors for the radioligand '25I±CYP.
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< 0.01) in the right ventricle. Moreover, Kd values were 7.6-
fold (P < 0.01) and 2.7-fold (P < 0.03) higher in the right than
in the left ventricle of control and experimental rats, respec-
tively.

In summary, chronic coronary artery constriction led to a
down regulation of f-adrenoreceptor density in the left ventric-
ular myocardium. Moreover, receptor affinity for the radioli-
gand was increased in the right myocardium. Coronary
narrowing reduced the differences in the binding properties of
the fl-adrenoreceptors normally present between the two ven-
tricles.

Cholera toxin [32PNAD ribosylation. Cholera toxin cata-
lyzes the transfer of an ADPribose group from NADto the a
subunit of the stimulatory guanine regulatory protein Gs (17).
By employing [32P]NAD as substrate, the labeled components
of the membrane can be resolved on SDSpolyacrylamide gels
and identified by autoradiography. Covalent modification of
the a subunit of the stimulatory guanine nucleotide binding
protein Gs by cholera toxin inhibits intrinsic GTPase activity,
enhancing activation of the catalytic moiety of adenyl cyclase
(17). Therefore, cholera toxin was employed to identify and
quantitate the relative amounts of Gs in membranes from
hearts of control and experimental rats.

To establish that maximal covalent modification of Gs was
present at 60 min, the incorporation of [32P]NAD substrate
into myocardial membranes from control and experimental
hearts was analyzed at different time intervals up to 120 min
(Fig. 3). The results obtained demonstrated that radiolabeling
of membranes was time dependent and maximal at 60 min.
Moreover, incorporation of the radioisotope was found to in-
crease linearly with increasing amounts of membrane protein
(Fig. 4).

By employing this approach, quantification of Gs was per-
formed from myocardial membranes ofcontrol and experimen-
tal rats (Fig. 5). As shown in the insert of Fig. 5, the 45-Kd band
was labeled in the presence of cholera toxin, but when cholera
toxin was omitted no incorporation [32P]NAD was detected.
Coronary constriction resulted in a 39% (P < 0.05) and a 54%
(P < 0.02) reduction in Gs in the left and right ventricular
myocardium, respectively. Whereas similar amounts of Gs
were present in the left and right ventricles of coronary artery-
narrowed animals, a 75% greater content (P < 0.04) was de-
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tected in the right myocardium with respect to the left in con-
trol rats.

In summary, chronic coronary artery constriction resulted
in a biventricular reduction in the content of the stimulatory
guanine nucleotide binding protein. Coronary narrowing abol-
ished the difference in relative amounts of this regulatory pro-
tein normally present between the left and right ventricle.

Adenylate cyclase activity. Adenylate cyclase activity was
assessed in myocardial membranes by l-isoproterenol stimu-
lated 32P-cyclic AMPgeneration. In a preliminary study (16),
I-isoproterenol was found to stimulate adenylate cyclase activ-
ity in a dose-dependent fashion with maximal stimulation at
100 ,m. Therefore, this dose was employed to compare the
activity of this enzyme in the myocardium of sham-operated
and coronary-constricted rats.

Fig. 6 illustrates that maximal stimulation of adenylate cy-
clase in myocardial membranes decreased significantly 5 mo
after coronary artery narrowing. In comparison with controls,
84%(P < 0.01) and 45%(P < 0.03) reductions in the generation
of cyclic AMPwere found in the left and right myocardium of
experimental rats, respectively. Moreover, agonist-stimulated
adenylate cyclase activity was 45% greater (P < 0.01) in the
right ventricle than in the left ventricle of sham-operated ani-
mals. Coronary constriction enhanced this difference between
the ventricles, resulting in a fivefold greater ability of the right
myocardium to generate cyclic AMPin response to l-isoproter-
enol stimulation.
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Figure 3. Incorporation of cholera toxin-specific counts into mem-

branes prepared from control hearts as a function of time. Incorpora-
tion of ["2P]NAD was maximal at 60 min. Gels were counted by
AMBIS radioanalytic scanner.
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Figure 6. Hormone sen-
sitive adenylate cyclase
in the left and right
ventricles of coronary-
constricted and sham-
operated rats. I-Isopro-
terenol, 100 AM, was

employed to stimulate
adenylate cyclase activ-
ity. *Indicates a change
that is statistically sig-
nificant, P< 0.05; n = 4
in all determinations.

In summary, chronic coronary artery constriction was asso-
ciated with a marked attenuation of adenylate cyclase activity
in the left and right ventricles. The experimental procedure
enhanced the difference between the ventricles in agonist stimu-
lated cyclic AMPgeneration.

Alkaline phosphatase activity. To ensure equivalency of
membrane preparations employed in this investigation, the ac-
tivity of an alternate membrane marker was determined. The
activity of alkaline phosphatase was found not to differ in myo-
cardial membranes obtained from ventricles of control and
experimental animals: control (n = 3): 447±16 U/ag mem-
brane protein; experimental (n = 4) 449±44 U/,ug membrane
protein.

Discussion

Coronary artery constriction and cardiac function. Data in the
present study demonstrate that cardiac function was markedly
depressed 5 moafter moderate degrees of coronary artery con-
striction. This observation raises the important question of
whether magnitudes of coronary stenosis considered to repre-
sent clinically insignificant lesions may have to be reevaluated
in terms of their potential impact on ventricular dynamics.
Moreover, these findings are consistent with previous reports
in which abnormalities in ventricular pump function have
been found as early as 45 min (5), and at 3 and 5 d (6) following
coronary artery stenosis. In all cases, ventricular performance
was impaired, indicating that coronary artery narrowing may
lead to sudden alterations of physiological parameters that per-
sist during the progression of the disease state and long thereaf-
ter. The depression in the inotropic ability of the myocardium
found in this model cannot be attributed only to global or
regional myocardial ischemia because resting coronary blood
flow is not affected under these conditions (5, 6). Decreases in
basal flow of 10-20% are required to impair regional endocar-
dial function (18), and nearly complete interruption of resting
coronary blood flow must be present before active shortening
of the myocardium is completely abolished (18). Several fac-
tors other than coronary perfusion may have participated in
the initiation and persistence of diastolic dysfunction and de-
pression in the force generating ability of the myocardium.
Changes in myocardial pH and the degree of bonding between
actin and myosin (19-21), abnormalities in calcium sequestra-

tion by the sarcoplasmic reticulum (19), and increased myocar-
dial stiffness due to myocyte loss and collagen accumulation (6,
21) may all be involved in the impairment of the mechanical
properties of the ventricle (22-24).

Coronary artery constriction and cardiac hypertrophy. The
current findings indicate that cardiac hypertrophy was present
after coronary artery narrowing. However, this tissue response
failed to normalize ventricular performance chronically. Al-
though the temporal sequence of events that took place over
the 5-mo period of observation was not investigated here, the
possibility may be advanced that pathological hypertrophy de-
veloped in association with long-term coronary artery constric-
tion. Moreover, the 5-mo interval may represent the phase of
transition from decompensated ventricular hypertrophy and
myocardial dysfunction to overt failure and death in this ani-
mal model.

The observation that the growth adaptation of the right
ventricle was greater than the hypertrophic reaction of the left
ventricle was unexpected and surprising. Although this differ-
ence cannot be explained at present, coronary narrowing leads
to myocyte loss in the left myocardium (5, 6) and this phenome-
non results in an underestimation of the degree of hypertrophy
in the unaffected myocytes (25-30), when evaluated on the
basis of tissue weight or volume measurements alone. Because
the changes in myocyte volume were not determined here, it
cannot be excluded that myocyte cellular hypertrophy in the
injured left ventricle exceeded that in the right ventricle in spite
of a greater increase in right ventricular mass. Recent observa-
tions in the aging heart (30), and following acute and healed
myocardial infarction (7, 25) favor this possibility.

The functional determinants of cardiac hypertrophy after
coronary artery narrowing may be found in the characteristics
of ventricular hemodynamics investigated here and in previous
studies of this animal model (5, 6). Impairment of left ventricu-
lar pump performance and chamber dilatation develop imme-
diately after the constriction (5), resulting in an increase in
diastolic and systolic wall stress that may persist chronically,
providing a mechanical stimulus for myocyte growth. More-
over, myocytolytic necrosis generates a greater work load on
the remaining myocytes, which may increase with time, lead-
ing to an additional load-dependent mechanism of myocyte
hypertrophy in the left ventricle. The bases of right ventricular
hypertrophy are presently unknown. One possibility is that
right ventricular systolic pressure is increased to maintain the
pressure gradient across the pulmonary bed in left ventricular
failure, or the right ventricle is acting in concert with the in-
jured left ventricle to sustain systemic arterial pressure. Should
this be the case, however, the left ventricle would be exposed to
a combination of pressure and volume overload stress (5),
whereas the right ventricle would be subjected to pressure over-
load stress only.

Coronary artery constriction and fl-adrenoreceptors. Data
in the current study document, for the first time, that distinct
regulatory modification of surface ,B-adrenoreceptors occur in
the left and the right myocardium in association with biven-
tricular hypertrophy induced by chronic coronary artery con-
striction. The downregulation of these receptors in the left ven-
tricle coupled with their preservation in the right ventricle may
reflect the different anatomical and hemodynamic conditions
discussed above: decompensated pressure and volume over-
load eccentric hypertrophy of the left ventricle and compen-
sated pressure overload concentric hypertrophy of the right
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ventricle. The combination of these effects would result in an
attenuation of (3-adrenoreceptor-mediated support of contrac-
tility in the compromised left ventricle. In contrast, the lack of
,8-receptor downregulation in the overloaded right ventricle in-
dicates a difference in the modulation of j3-adrenoreceptors
between the two ventricles. This may result in a more effective
transmission of adrenergic signals to the right ventricular myo-
cardium at the receptor level. Moreover, these changes in
fl-adrenoreceptor density may further characterize the proper-
ties of pathologic left ventricular hypertrophy and physiologic
right ventricular hypertrophy. Such a contention is consistent
with previous studies in which the number of 1-adrenorecep-
tors has been found to be decreased in the failing human heart
(31, 32). However, ventricular hypertrophy in its compensated
stage (33, 34) and at the onset of myocardial dysfunction (35)
typically shows increases in 13-adrenoreceptor density.

The increase in fl-adrenoreceptor antagonist affinity in the
hypertrophied right ventricle suggests a fundamental modifica-
tion in the ligand recognition unit of the receptor. Further-
more, a persistent decrease in ,3-adrenoreceptor antagonist af-
finity has been reported in a canine model of pressure overload
left ventricular hypertrophy and failure (34, 35). At the molecu-
lar level, alterations in the transcription of the gene for fl-adre-
noreceptors may result in the expression of a modified primary
structure of the receptor protein (35), with a corresponding
increase or decrease in receptor antagonist affinity, dependent
on the nature of the substitution or deletion.

Differences in fl-adrenoreceptor density and affinity be-
tween the left and right myocardium of control hearts were
found to be present. The lower number of receptors in the left
ventricle with respect to the right may reflect variation in the
intensity of postsynaptic adrenergic activity in the two sides of
the heart coupled with the hemodynamic characteristics of the
respective chambers. The left ventricle is faced with a high sys-
temic vascular resistance and consequently operates as a pres-
sure pump. On the other hand, the right ventricle is exposed to
the low vascular resistance of the pulmonary circulation and
acts as a volume pump. Similarly, such distinct loading condi-
tions between the ventricles may influence turnover rate and
synthesis of receptor protein, and account for the Kd expressed
in the left and right myocardium.

Coronary artery constriction and regulatory protein. The
present results indicate that left ventricular dysfunction and
fl-adrenoreceptor downregulation in the presence of coronary
stenosis were associated with a decrease in the turnover of the
stimulatory protein that links agonist occupancy of the j3-adre-
noreceptors with the catalytic unit of adenylate cyclase. In con-
trast, a dissociation occurred between ,3-adrenoreceptor den-
sity and Gs in the overloaded hypertrophied right ventricle:
receptor density remained constant while the quantity of radio-
labeled substrate decreased.

The observations here are at variance with previous studies
in which left ventricular dysfunction and failure (36) exhibited
an upregulation of 1-adrenoreceptor density, and a decrease in
the quantity of Gs. On the other hand, dynamic exercise has
been shown to induce an increase in this regulatory protein
with no change in the number of 3-adrenoreceptors in the left
ventricle (37). Moreover, the greater mechanical stimulus on
the right ventricle during exercise (38) resulted in a down regu-
lation of these receptors and in an increased amount of regula-
tory protein (37). All these findings point to the possibility that
the altered adrenergic responsiveness of the stressed myocar-

dium can be modulated through postreceptor mechanisms.
The greater quantity of regulatory protein and fl-adrenorecep-
tors found in the right myocardium under normal conditions
supports the notion that the right side of the heart may have an
enhanced capacity for the transduction of adrenergic signals to
cardiac myocytes.

Coronary artery constriction and adenylate cyclase activity.
The current data indicate that hormone-sensitive adenylate cy-
clase activity was decreased in the myocardium of coronary
artery-narrowed rats. However, the reduced activity of this
membrane-bound enzyme was almost twofold greater in the
left than in the right ventricle. Thus, cyclic AMPgeneration
was affected more in the failing left ventricle than in the hyper-
trophic nonfailing right ventricle. This is consistent with the
kinetics of fl-adrenoreceptors and regulatory protein interac-
tion that can be inferred from the present results. Whereas both
fl-adrenoreceptor density and the quantity of stimulatory gua-
nine nucleotide binding protein were severely depressed in the
functionally impaired left ventricle, receptor density was pre-
served in the right ventricle, maintaining a more favorable stoi-
chiometric relationship between receptors and regulatory pro-
tein. Onthe other hand, the alterations in the fl-adrenoreceptor
adenylate cyclase complex found in the hypertrophic right ven-
tricle suggest that impaired transmission of adrenergic signals
may occur before ventricular failure supervenes. Furthermore,
under normal loading conditions, the molecular components
that mediate agonist-stimulated cyclic AMPgeneration are
present in greater quantities in the right than in the left ventri-
cle, strengthening the contention of an enhanced interaction
potential between adrenergic influences and effector responses
in the right side of the heart. These observations in coronary
artery-narrowed animals are in agreement with previous work
in experimental models of pressure overload-induced myo-
cardial dysfunction (35, 36) and in the failing human heart
(39-41).

In conclusion,- the depression in left ventricular myocardial
performance in long-term coronary artery constriction may be
mediated by impairment of the transmission of adrenergic sig-
nals to myocytes with attenuation of their force-generating abil-
ity and pump failure. Although extrapolation of results from
animals to humans requires considerable caution, the current
findings indicate that moderate degrees of coronary artery
narrowing may have a significant impact on the molecular
events controlling muscle contractile behavior and global car-
diac function in the clinical setting.
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