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Abstract

To determine whether chronic hypoxemia secondary to an in-
tracardiac right-to-left shunt alters regulation of the myocar-
dial 63-adrenergic receptor/adenylate cyclase system, we pro-
duced chronic hypoxemia in nine newborn lambs by creating
right ventricular outflow obstruction and an atrial septal de-
fect. Oxygen saturation was reduced to 65-74% for 2 wk. Eight
lambs served as normoxemic controls. 13-receptor density
(B.) and ligand affinity (KD) were determined with the radio-
ligand '2"5iiodocyanopindolol and adenylate cyclase activity
determined during stimulation with isoproterenol, sodium fluo-
ride (NaF), and forskolin. During chronic hypoxemia, B..
decreased 45% (hypoxemic, 180.6±31.5 vs. control,
330.5±60.1 fmol/mg) in the left ventricle (exposed to hypox-
emia alone) but was unchanged in the right ventricle (exposed
to hypoxemia and pressure overload). KD was not different
from control in either ventricle. Left ventricular isoproterenol-
stimulated adenylate cyclase activity was decreased by 39%
(30.0±4.3% increase vs. 44.1±9.5% increase) whereas right
ventricular adenylate cyclase activity was unchanged. Stimula-
tion of adenylate cyclase with NaF or forskolin was not differ-
ent from control in either ventricle. Circulating epinephrine
was increased fourfold whereas circulating and myocardial nor-
epinephrine were unchanged. These data demonstrate a down-
regulation of the left ventricular ,6-adrenergic receptor/adenyl-
ate cyclase system during chronic hypoxernia secondary to an
intracardiac right-to-left shunt. (J. Clin. Invest. 1990. 85:68-
74.) cyanotic heart disease - hypoxemia* myocardial fl-adren-
ergic receptor regulation

Introduction

The sympathetic nervous system plays a major role in the
cardiovascular adaptations to both acute and chronic hypox-
emia. During acute hypoxemia, sympathetic stimulation in-
creases heart rate and cardiac output and thus serves to main-
tain systemic oxygen delivery (1, 2). During chronic hypox-
emia, such as occurs in infants and children with cyanotic
congenital heart disease, additional compensations, such as
polycythemia, allow cardiac output to return to normal. There
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is, however, evidence to suggest that the increase in sympa-
thetic tone persists (3-5). Thus, when hypoxemia is prolonged,
the benefits of increased sympathetic stimulation may be out-
weighed by its deleterious cellular, metabolic, and circulatory
effects (2, 6-8). One potential cellular-level consequence of
chronic sympathetic stimulation is a down-regulation of the
,B-adrenergic receptor/adenylate cyclase system, as occurs in
patients with heart failure secondary to cardiomyopathy (9,
10). If present during chronic hypoxemia, this down-regula-
tion could contribute to the decrease in myocardial perfor-
mance and reserve that has been demonstrated in patients with
cyanotic congenital heart disease (1 1, 12).

Previous studies of ,B-adrenergic receptor/adenylate cyclase
regulation during chronic hypoxemia have been limited to
models of chronic alveolar hypoxemia (13-15). These data,
simulating high-altitude exposure, may fail to account for the
additional hemodynamic derangements which occur in con-
junction with chronic hypoxemia in infants and children with
cyanotic congenital heart defects (16). The importance of
choosing a model of chronic hypoxemia relevant to this spe-
cific clinical state is demonstrated by the divergent findings of

3-receptor down-regulation in heart failure secondary to car-
diomyopathy (9, 10) vs. up-regulation in heart failure second-
ary to pressure overload hypertrophy (17). Previous studies
have also failed to examine the differential effects of hypox-
emia and structural heart defects on 1-receptor regulation in
both the left and right ventricles and have not correlated alter-
ations in 13-receptor density with simultaneous measurements
of sympathetic activity. Furthermore, all previous studies have
used adult models, and thus have not accounted for develop-
mental differences in cardiopulmonary and sympathetic ner-
vous system function in the newborn which might alter the
cellular response to hypoxemia (18-20).

The purpose of the current study was to investigate myo-
cardial ,B-adrenergic receptor regulation in a model of cyanotic
congenital heart disease in the newborn lamb. Wesought to
determine: (a) whether the myocardial ,B-adrenergic receptor is
down-regulated when chronic hypoxemia occurs secondary to
an intracardiac right-to-left shunt; (b) whether a difference
occurs in 1-receptor regulation between the right (exposed to
hypoxemia and pressure overload) and left (exposed to hypox-
emia alone) ventricles; (c) whether alterations in 1-receptor
density were biochemically relevant, given the redundancy
and amplification inherent in the 13-receptor/adenylate cyclase
system; and (d) whether 13-receptor down-regulation is asso-
ciated with alterations in either circulating catecholamines (4,
21) or in thyroid hormone (22, 23).

Methods

Preparation. Chronic hypoxemia was produced in nine newborn
lambs using a model of cyanotic congenital heart disease developed by
Teitel and co-workers (3). Briefly, surgery was performed on newborn

68 Bernstein et al.

J. Clin. Invest.
©The American Society for Clinical Investigation, Inc.
0021-9738/90/01/0068/07 $2.00
Volume 85, January 1990, 68-74



lambs of mixed western breed during the first week of life. Polyvinyl
catheters were inserted via a hind leg pedal artery and vein and ad-
vanced into the descending aorta and inferior vena cava. Under gen-
eral anesthesia a thoracotomy was performed in the fourth left inter-
costal space. Polyvinyl catheters were inserted into the ascending aorta,
superior vena cava, right ventricle, pulmonary artery, and left atrium.
A No. 5 F Fogarty dilation catheter (American Edwards Laboratories,
Irvine, CA) was inserted via the hind leg pedal vein and advanced by
direct visualization into the left atrium. A balloon atrial septostomy
was then performed. Next, an inflatable silicone rubber balloon oc-
cluder with polyvinyl tubing was placed around the main pulmonary
artery. This balloon occluder was left deflated during the immediate
postoperative period and in this state was nonrestrictive. All catheters
were filled with heparin, plugged, and brought to the skin via a subcu-
taneous tunnel and were protected by a zippered vest worn by the
lamb. The lambs were then returned to their cages and bottle fed with
Land O'Lakes Lamb Milk Replacer (Land O'Lakes, Arden Hills, MN),
supplying 0.9 cal/Ml, throughout the study period. The volume and
frequency of feedings were: 475 ul daily in six separate feedings from
the first to the third days of life, 710 Ml daily in three feedings up to 2
wk, and then ad lib quantities in three daily feedings afterwards. The
intravascular catheters were flushed with saline and reheparinized
daily during the 2 wk study period. Antibiotics (Dual-Pen, Tech
America, Kansas City, MO) were given intramuscularly immediately
before each catheter flushing. Intramuscular iron dextran complex
(equivalent to 100 mgof elemental iron) was given weekly to avoid the
hemodynamic effects of iron deficiency.

After the lambs recovered for three days, hypoxemia was produced
by gradually inflating the pulmonary arterial occluder balloon with
saline, which partially obstructed the right ventricular outflow tract
and induced atrial right-to-left shunting. The details of this gradual
inflation procedure have been described previously (3). By adjusting
the degree of balloon inflation, aortic oxygen saturation (measured by
an OSM3hemoximeter, Radiometer, Copenhagen) was decreased to
65-74% and was maintained at this level for 2 wk. Eight additional
lambs also underwent thoracotomies and catheter placement but did
not have atrial septostomies or balloon occluder placement and served
as normoxemic controls. The control lambs were housed and fed in a
manner identical to that of the hypoxemic lambs. Although the lambs
were not pair-fed, we have previously shown that oral intake is the
same in chronically hypoxemic and control lambs (24).

At the end of the study the lambs were killed with intravenous
pentobarbital (90 mg/kg) and the hearts were immediately removed.
The heart was separated into right and left ventricular free walls, sep-
tum, and atria, and each part was weighed. Because of the wide vari-
ability in the sizes of the lambs, right and left ventricular free wall
weights were normalized by dividing by total body weight. Right ven-
tricular free wall to left ventricular free wall weight ratios were also
calculated.

fl-Adrenergic receptor assay. Samples of myocardium were taken
from the mid right and left ventricular free walls. Thin layers (approxi-
mately 1 mm)of epicardium and endocardium were dissected free and
discarded and the tissue samples frozen at -70°C. fl-adrenergic recep-
tor density was determined utilizing [1251]iodocyanopindolol (ICYP)'
(10). Approximately 150 mg of each tissue sample was placed in ice-
cold buffer (10 mMTris base, I mMEGTA) and homogenized with a
Polytron (Brinkmann Instruments Co., Westbury, NY). 1 ml of 2.5 M
KCI was added to the homogenate, which was stirred at 4°C for 15
min. Another 1.0 ml Tris-EGTA buffer was added and the sample was
centrifuged at 50,000 g for 15 min at 4°C to pellet the sarcolemmal
membrane. This pellet was resuspended in 6.0 ml buffer (20 mMTris
base, 150 mMNaCI) and washed three times in this manner. The final
pellet was suspended in 5.7 ml of buffer and homogenized thoroughly
before being filtered through four layers of gauze. Additional buffer

1. Abbreviations used in this paper: ICYP, iodocyanopindolol.

was poured through the gauze to rinse it, bringing the final homogenate
to a concentration of 7.5-10 mgof tissue per milliliter.

The assays were performed in triplicate by incubating 300 IAI of
sarcolemmal homogenate with increasing concentrations (6.25-450
pM) of ICYP (specific activity 2,200 Ci/mmol, New England Nu-
clear, Boston, MA). Nonspecific binding was determined by the addi-
tion of 10-6 ML-propranolol to one set of assay tubes. This concen-
tration of propranolol was chosen based on competition binding stud-
ies with varying concentrations of propranolol to avoid binding to
specific nonreceptor or nonspecific sites at higher concentrations (25,
26). The assay was then incubated for 2 h at 370C, quickly vacuum-
filtered through l-,gm GF/C glass-fiber filters (Gelman Sciences, Inc.,
Ann Arbor, MI) in an M-24R cell harvester (Brandel, Gaithersburg,
MD) and rinsed four times with 5.0 ml of 20 mMTris/150 mMNaCl
buffer. When the filters were dry they were placed in plastic tubes for
counting in a gammacounter (United Technologies Packard, Downers
Grove, IL). The remaining homogenate was frozen at -70'C for pro-
tein analysis by the method of Lowry et al. (27). Specific binding was
calculated as the total number of ICYP counts minus ICYP counts in
the presence of L-propranolol. The radioligand dissociation constant
(KD) and the density of ICYP binding sites (B,,) were determined by
Scatchard plot analysis (28). ,8-Receptor density was expressed in fem-
tomoles per milligram of membrane protein (9).

Validation of methodology. To validate the ICYP binding assay for
ovine myocardium, we performed several preliminary studies. ICYP
specific binding was found to be stereospecific for competition by the
(-) isomer vs. the (+) isomer of isoproterenol. The rank order of
potency for various agonists was (-) isoproterenol > epinephrine
= norepinephrine, the expected order of potency for a fl-receptor pop-
ulation. Determination of onset kinetics showed that a steady state was
achieved at 45 min (n = 2). The KDdetermined from the kinetic data
(k2/k1) was 45±8 pM, similar to that obtained in the steady-state sys-
tem on the same tissue samples (n = 2). Protein analysis by the Lowry
method demonstrated protein concentrations of between 113.6 and
378.5 gg/ml, or 34.1-113.6 gg of protein per assay vial. Specifically
bound ICYP was determined to be linearly related to protein concen-
tration in this range. Specific binding was saturable and > 70%of total
binding at an ICYP concentration of 100 pM.

To determine that the observed change in receptor density was not
an artifactual one secondary to alterations in membrane protein con-
tent, the activity of plasma membrane-associated 5'-nucleotidase was
determined by the method of Arkesteijn (29, 30). 5'-nucleotidase activ-
ity was assayed utilizing a coupled reaction and determining the rate of
formation of NAD+from NADHby measuring the change in absor-
bance at 340 Mm.

fi-Adrenergic receptor agonist binding. Agonist competition for
ICYP was performed according to the method of Vatner et al. (17).
Membranes were initially washed in magnesium-free buffer (100 mM
Tris, 10 mMEDTA, pH 7.2) and centrifuged at 45,000 g for 15 min.
The pellet was then resuspended in magnesium-containing buffer (100
mMTris, 5 mMMgCI2, 1 mMEDTA, pH 7.2) and incubated with 100
pM ICYP and 16 concentrations of isoproterenol (10-4 to 10-9 M)
prepared in 0.1 mMascorbic acid, both in the presence and absence of
0.1 mMGpp(NH)p. Agonist competition curves were fitted to both
one- and two-site models utilizing a microcomputer-based modifica-
tion of the program "Ligand" (Biosoft, Cambridge, UK) and the qual-
ity of the fits compared by F test.

Adenylate cyclase activity. Catecholamine and maximally stimu-
lated adenylate cyclase activities were determined by a modification of
the method of Salomon et al. (9, 31). 0.2 g of tissue was weighed and
placed in 25 vol of iced buffer (250 mMsucrose, 5 mMTris, 1 mM
EGTA, pH 7.45), minced, and homogenized with a Polytron. The
homogenate was centrifuged at 1,085 g for 20 min. Resuspension and
centrifugation of the pellet was repeated three times. The final resus-
pension was filtered through a 25-gauge needle and brought to a final
volume of 12 ml (protein concentration of 5-12 mg/ml). A volume of
the homogenate was then added to the reagent mixture (50 mMTris-
Base at pH 7.5, 0.1 mg/ml BSA, 1.0 mMcAMP, 0.1 mMATP, 0.5 mM
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MgCl2, 5.0 mMphosphocreatine, and 50 U/ml creatine kinase). Stim-
ulation of adenylate cyclase activity was achieved by adding one of the
following to the reaction mixtureried concentrations of isoproter-
enol (10` to 10-8 M), 10 mMsodidn fluoride, 0.01 mMforskolin, 0.1
mMGpp(NH)p, or 0.1 mMisoproterenol plus 0.1 mMGpp(NH)p.
[a-32P]ATP (New England Nuclear, pH 7.45) was then added to yield
a volume of 50 Ml and the tubes were incubated at 30'C for 25 min.
The assay was stopped by the addition of 700 jAl of [3H]AMP (New
England Nuclear) in 0.325 NHC1and the tubes were frozen in dry ice
and ethanol and then boiled for 3 min. [32P]cAMP was then isolated
via chromatography over alumina columns according to a modifica-
tion of the method of Salomon et al. (31). Protein was assayed by the
method of Lowry et al. (27). Basal cAMPgeneration, maximal cate-
cholamine-stimulated cAMP generation, and sodium fluoride,
Gpp(NH)p, and forskolin-stimulated cAMPgeneration were thus de-
termined. The concentration of isoproterenol stimulating 50% maxi-
mal cAMPgeneration (EC5o) was determined by regression analysis.

Catecholamine and thyroid hormone assays. Blood samples were
obtained after two weeks of hypoxemia in the experimental group and
at four weeks of age in the controls with the lambs resting quietly in a
sling in a temperature controlled room. For measurement of circulat-
ing catecholamines, plasma was collected in EGTAand glutathione.
Tissue samples for norepinephrine levels were taken from the midleft
ventricular free wall and frozen at -70°C until assayed. Tissues were
homogenized in 0.4 Nperchloric acid buffer containing 5 mMreduced
glutathione, centrifuged at 16,000 g at 0°C for 20 min, and the super-
natant diluted 1:50. Norepinephrine (serum and tissue) and epineph-
rine (serum) were converted to their meta-[3H]methoxy derivatives by
catechol-0-methyltransferase (COMT) in the presence of S-adenosyl-
L-[methyl-3H]methionine, extracted, and separated by thin-layer chro-
matography. The isolated derivatives [3H]normetanephrine and [3H]-
metanephrine were converted by periodate oxidation to [3Hlvanillin,
extracted, and radioactivity determined by liquid scintillation count-
ing (Cat-a-Kit, Amersham Corp., Arlington Heights, IL). Serum was
also obtained for measurement of thyroid hormones. Triiodothyro-
nine (T3) was assayed by competitive radioimmunoassay using [125IJ]
triiodothyronine tracer (Gammacoat [12511] T3 radioimmunoassay kit,
Baxter Travenol, Cambridge, MA.). Free thyroxine (Free T4) was as-
sayed by competitive radioimmunoassay using 125I-free thyroxine
tracer (Gammacoat I25I-Free T4 Direct One-Step Radioimmunoassay,
Baxter Travenol). Standard curves for thyroid hormones were pre-
pared using both human and ovine serum standards (Baxter Travenol).

Analysis. Data were compared between the nine hypoxemic and
eight control lambs using the Mann-Whitney test. Statistical signifi-
cance was considered achieved when P was < 0.05. Results in figures
and in the text are expressed as mean± 1 SE.

Results

General There was no difference in age at sacrifice between
the nine hypoxemic and eight control lambs (Table I). The
hypoxemic lambs weighed less than the controls, although this
difference did not reach statistical significance. Growth rate,
however, was significantly less in the hypoxemic lambs, a con-
sequence of chronic hypoxemia previously described in this
model (3). Although aortic oxygen saturation was decreased by
24% in the hypoxemic lambs compared to the controls, hemo-
globin concentration was increased, so that aortic oxygen con-
tent was decreased by only 14% (Table I).

Heart weights. Total heart weight and right ventricular free
wall weight were markedly increased (by 55%and 89%, respec-
tively) in the hypoxemic lambs compared with the controls
(Fig. 1). Left ventricular free wall weight was identical to that
in the controls, so that the right to left ventricular free wall
weight ratio increased by 76%.

Table L Characteristics of Hypoxemic and Control Lambs
at Termination of Study

Hypoxemic Control

Age (d) 25.0±1.3 25.0±1.6
Weight (kg) 7.5±0.5 9.0±0.7
Aortic 02 saturation (%) 74.6±1.8* 98.8±0.6
Hemoglobin (g/dl) 13.0±0.5* 11.4±0.3
Aortic 02 content (ml/dl) 13.2±0.6§ 15.3±0.4

* P < 0.001. * P = 0.05. § P < 0.05 by Mann-Whitney test.

f3-Adrenergic receptor density. During chronic hypoxemia
P-receptor density (Be.) was decreased by 45% in the left
ventricle (exposed to hypoxemia alone) but was unchanged in
the right ventricle (exposed to hypoxemia and pressure over-
load) (Fig. 2 A). ,8-Receptor ligand affinities (KD) for both right
and left ventricles were unchanged from control (Fig. 2 B).
Saturation binding isotherms showing the mean derived spe-
cific binding for both hypoxemic and control lambs are shown
in Fig. 3 A. The decreased fl-adrenergic receptor density of the
hypoxemic left ventricle is readily apparent from the differ-
ence in maximal height of the two curves. A Scatchard plot of
the same data is shown in Fig. 3 B. Plasma membrane asso-
ciated 5'-nucleotidase activity in the hypoxemic membrane
preparations was not different from control for either the left
ventricle (hypoxemic, 42.0±6.7 vs. control, 52.5±7.7 mIU/mg
protein, NS) or the right ventricle (45.0±4.2 vs. 47.4±5.6
mIU/mg protein, NS). Thus, the change in receptor density
was not an artifact secondary to differences in the membrane
preparation.

(3-Adrenergic receptor agonist binding. Isoproterenol com-
petition curves in the absence of Gpp(NH)p were best de-
scribed by a two-site model for both the hypoxemic and con-
trol lambs. Both the KH of the high-affinity site (hypoxemic,
1.21±1.17 X 1O' vs. control, 1.29±0.93 X 1010) and the KL for
the low-affinity site (hypoxemic, 3.73±0.58 X 106 vs. control,
3.69±0.58 X 106) were not significantly different between the
two groups of lambs. The percentages of high-affinity (hypox-
emic, 41±5% vs. control, 38±4%) and low-affinity (59±5% vs.
62±4%) receptor sites were also not different between the two
groups. Finally, there was no significant difference between the
hypoxemic and control lambs in the shift to the right of the
agonist binding curve induced by the addition of Gpp(NH)p.
Isoproterenol competition curves in the presence of
Gpp(NH)p were best described by a one-site model with an
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Figure 1. Effect of chronic hypoxemia on total heart weight and right
and left ventricular free wall weights. To correct for differencesin an-
imal sizes, heart weights are expressed as a percentage of total body
weight. (*P < 0.05 by two-tailed Mann-Whitney test).
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affinity constant KL of 3.24±0.36 X 106 in the hypoxemic
lambs and 3.20±0.42 X 106 in the controls (NS by the Mann-
Whitney test).

Adenylate cyclase activity. In the left ventricles of the hy-
poxemic lambs maximal isoproterenol stimulated adenylate
cyclase activity was decreased by 39% (Fig. 4 A), whereas so-
dium fluoride and forskolin activities were not different from
control. The EC50 for isoproterenol stimulation of adenylate
cyclase was 9.6±5.1 X lo0 in the hypoxemic lambs and
4.8±2.0 X lo0 in the controls (NS by the Mann-Whitney
test). In contrast, in the right ventricles of the hypoxemic
lambs, maximal isoproterenol, sodium fluoride and forskolin
stimulated adenylate cyclase activities were all not signifi-
cantly different from control (Fig. 4 B).

Catecholamines and thyroid hormones. Plasma levels of
epinephrine were increased nearly fourfold in the hypoxemic
lambs whereas norepinephrine levels were not significantly
different from control (Fig. 5). Left ventricular tissue levels of
norepinephrine, expressed either per mgof tissue or per total
left ventricular free wall, were not significantly different from
control (Fig. 5). Serum levels of T3 and free T4 in the hypox-
emic lambs were also not different from control (Fig. 6).

Discussion

Sympathetic regulation of myocardial performance, modu-
lated by the fl-adrenergic receptor/adenylate cyclase system,

200
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100 200 300
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Figure 3. (A) Radioligand binding isotherms showing the mean and
1 SE of the derived specific binding from hypoxemic and control
lambs. The decreased fl-adrenergic receptor density of the hypoxemic
left ventricles is readily apparent from the difference in the maximal
height of the two curves. (B) Scatchard plots of the data in A. ,-re-
ceptor density (B.) is determined from the x-intercept and ligand
affinity (KD) from the negative inverse of the slope. The decrease in
,-receptor density of the hypoxemic left ventricles compared to the
controls is again readily visualized.

has been shown to be altered during various acute and chronic
hemodynamic derangements, such as congestive heart failure
(9, 10), pressure overload hypertrophy (17), myocardial in-
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Figure 4. (A) Effect of chronic hypoxemia on left ventricular adenyl-
ate cyclase activity. Percent change from basal activity is shown dur-
ing stimulation with isoproterenol, NaF, and forskolin. Note the dif-
ference in the y-axis scales for isoproterenol vs. NaF and forskolin.
(B) Effect of chronic hypoxemia on right ventricular adenylate cy-
clase activity. (*P < 0.05 by one-tailed Mann-Whitney test).
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farction (32, 33), and after cardiac denervation (30). The cur-
rent study demonstrates a down-regulation of the left ventricu-
lar fl-adrenergic receptor/adenylate cyclase system in the new-
born lamb with chronic hypoxemia secondary to an
intracardiac right-to-left shunt. Despite a 45% decrease in left
ventricular f-receptor density, fi-receptor-ligand affinity and
the distribution between high- and low-affinity binding sites
were unchanged. These data in the newborn lamb are consis-
tent with the results of previous studies during chronic alveolar
hypoxemia in adult animals of lower species. Exposure of rats
to a simulated altitude of 4,250 m for 5 wk resulted in a de-
crease in f-receptor density, no change in affinity, and a de-
crease in isoproterenol-stimulated adenylate cyclase activity
(13). Exposure of guinea pigs to a slightly higher altitude (6,000
m) resulted in a decrease in f-receptor density with an increase
in affinity (14). In a third study, however, rats exposed to 10%
oxygen for 4 wk showed no significant change in myocardial
fl-receptor density ( 15). The results of the current study are of
potential clinical significance because they have been de-
scribed for the first time in a model of chronic hypoxemia
which approximates the physiologic derangements present in
infants and children with cyanotic congenital heart disease.

In contrast to the left ventricle, exposed to chronic hypox-
emia alone, fl-adrenergic receptor density in the right ventricle,
exposed to both chronic hypoxemia and chronic pressure

300
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lo ControlI
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Figure 6. Effect of chronic hypoxemia on thyroid hormone levels.

overload, was not different from control. This stands in con-
trast to the results of Vatner and co-workers (34), who have
demonstrated an increase in ,8-receptor density in hypertro-
phied left ventricles from aortic banded dogs. This discrepancy
may be related to the shorter time course of our study, to a
difference in the response of the systemic versus the pulmo-
nary or the newborn versus the adult ventricle to chronic pres-
sure overload, or to a balance between the down-regulating
influence of chronic hypoxemia and the up-regulating influ-
ence of pressure overload.

The physiologic significance of the fl-receptor down-regu-
lation we have described may be attenuated either by the pres-
ence of spare receptors (35) or the potential for amplification
within the guanyl nucleotide stimulatory protein-adenylate
cyclase system (36). Down-regulation of the fl-receptor/ade-
nylate cyclase system may be associated only with decreased
cell surface receptor density (homologous desensitization)
(37), or with a generalized refractoriness to stimulation of ade-
nylate cyclase activity (heterologous desensitization) (38, 39).
In the present study, the decrease in left ventricular fl-receptor
density was associated with a comparable decrease in isopro-
terenol-stimulated adenylate cyclase activity. However, direct
stimulation of adenylate cyclase activity by sodium fluoride or
forskolin was not different from control. The response to these
agents, which stimulate adenylate cyclase activity independent
of the fl-adrenergic receptor, suggests that the down-regulation
produced by chronic hypoxemia is one of homologous desen-
sitization and that the activity of the guanyl nucleotide stimu-
latory protein is not significantly altered during chronic hy-
poxemia. Although the agonist-response curve was shifted
slightly to the right during chronic hypoxemia, this difference
did not reach statistical significance, suggesting the absence of
a significant attenuation by spare fi-adrenergic receptors.

This study also demonstrates that chronic hypoxemia sec-
ondary to an intracardiac right-to-left shunt is associated with
a persistent increase in sympathetic stimulation. This increase
in sympathetic activity is mediated by an increased level of
circulating epinephrine. There is, however, no evidence for a
chronic increase in neural stimulation, as determined by the
absence of an alteration in myocardial norepinephrine stores
(17). The increase in circulating catecholamines in the hypox-
emic lambs is consistent with previous studies during both
acute (21, 40) and chronic hypoxemia (4, 21). The down-regu-
lating effect of increased circulating catecholamines on the
myocardial fl-adrenergic receptor has been previously well
documented (6, 41, 42) and we hypothesize this as a potential
mechanism for the down-regulation in our lambs. Conversely,
alterations in thyroid hormone status, which have been shown
to affect fl-receptor density in the newborn (43), were not a
factor in the present study. Although several studies have de-
scribed hypothyroidism in chronically hypoxemic newborns
(22, 23, 44), others, including the present study, have failed to
confirm these findings (45). An additional mechanism which
could have accounted for the decrease in sarcolemmal fl-re-
ceptor density would be an alteration in the intracellular pro-
cessing of the fl-receptor after ligand interaction, leading to an
increase in the fraction of internalized receptors. The relative
contribution of this potential mechanism, which would be op-
posite to that which occurs during myocardial ischemia (33),
was not addressed in the present study.

In summary, we have demonstrated a down-regulation of
the left ventricular fl-adrenergic receptor/adenylate cyclase
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system in newborn lambs with chronic hypoxemia secondary
to an intracardiac right-to-left shunt. This down-regulation is
associated with an increase in myocardial sympathetic stimu-
lation mediated by circulating catecholamines. Wespeculate
that this down-regulation may contribute to the decreased left
ventricular performance seen in patients with cyanotic con-
genital heart disease (1 1, 12), although further studies must be
performed to confirm in vivo significance. Failure of the right
ventricular ,-adrenergic receptor to up-regulate in response to
an afterload stress when coupled with hypoxemia may simi-
larly affect right ventricular function in those patients with
cyanotic heart disease who also have right ventricular outflow
tract obstruction.
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