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Abstract

The development of pacing-induced heart failure was studied in
chronically instrumented, conscious dogs paced at a rate of 240
beats/min for 1 d (n = 6), 1 wk (n = 6), and 3-4 wk (n = 7).
Left ventricular (LV) dP/dt was decreased (P < 0.0125) at 1
d, LV end-diastolic pressure and heart rate were increased (P
< 0.0125) at I wk, but clinical signs of heart failure were only
observed after 3-4 wk of pacing. Plasma norepinephrine rose
(P < 0.0125) after 1 d of pacing, whereas LV norepinephrine
was reduced (P < 0.0125 ) only after 3-4 wk of pacing. Both the
fraction of fl-adrenergic receptors binding agonist with high
affinity and adenylyl cyclase activity decreased (P < 0.0125)
after 1 d of pacing. Total ,6-adrenergic receptor density was not
changed at any time point, but 6,1-adrenergic receptor density
was decreased (P < 0.0125) after 1 wk. The functional activity
of the guanine nucleotide binding protein, G5, was not reduced,
but the Gia2 isoform of the a subunit of the GTP-inhibitory
protein rose after 34 wk of pacing. Thus, myocardial fl-adren-
ergic signal transduction undergoes change shortly (1 d) after
the initiation of pacing, before heart failure develops. The mech-
anism of /3-adrenergic receptor dysfunction in pacing-induced
heart failure is characterized initially by elevated plasma levels
of catecholamines, uncoupling of fl-adrenergic receptors, and a
defect in the adenylyl cyclase catalytic unit. Selective down-reg-
ulation of fll-adrenergic receptors, increases in G,62, and de-
creases in myocardial catecholamine levels occur as later
events. (J. Clin. Invest. 1993. 91:907-914.) Key words: adeny-
lyl cyclase . fll-adrenergic receptors* fl2-adrenergic receptors
congestive heart failure * norepinephrine

Introduction

It is generally acknowledged that heart failure is characterized
by several disorders in cardiac autonomic properties ( 1), in-
cluding sympathetic (2), parasympathetic (3), and barorecep-
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tor responses (4). It is conceivable that part of the mechanism
of altered autonomic cardiovascular control and reduced cate-
cholamine responsiveness in heart failure involves changes in
end organ responsiveness mediated via 0-adrenergic receptors.
To understand the mechanism of reduced catecholamine re-
sponsiveness in heart failure, several experimental animal mod-
els and in vitro studies of failing human ventricular muscle
have addressed the question of altered /-adrenergic receptor
function. Myocardial /-adrenergic receptor density has been
demonstrated to be increased (5, 6), unchanged (7), or de-
creased (8-11) in experimental animals with heart failure.
Bristow and colleagues ( 12-14) and others ( 15-17) have con-
sistently shown a reduction in the number of 3-adrenergic re-
ceptors, particularly of the A, subtype ( 1 1, 12, 17), in the left
ventricle of failing human hearts. Most prior studies have exam-
ined the advanced or terminal stages of heart failure, or exam-
ined a single component of the d receptor-GTP-stimulatory
protein (Gj) '-adenylyl cyclase pathway, leaving an incomplete
picture as to the development of the abnormalities in 3-adren-
ergic signal transduction. It can be argued that understanding
the inciting events may even be more important than the termi-
nal events, in that novel therapeutic strategies designed at pre-
venting these derangements may be more effective than strate-
gies designed at reversing the derangements at end stages where
other complications have also developed.

To examine potential differences in altered myocardial /-
adrenergic receptor mechanisms during the development of
heart failure, rapid ventricular pacing was initiated for 1 d, 1
wk, and 3-4 wk during which time progressive severe conges-
tive cardiomyopathy evolved (18, 19). Then cardiac sarco-
lemma were prepared and used to determine 3-adrenergic re-
ceptor density, including A, and /2 subpopulations and adeny-
lyl cyclase activity. Furthermore, agonist competition curves
were used to quantitate the percentage of G protein-coupled
receptors, i.e., those binding agonist with high affinity. Finally,
the various guanine nucleotide-binding regulatory proteins
that stimulate (Ge) or inhibit (Gi) the catalytic subunit were
also measured.

Methods

Surgical instrumentation. 28 adult mongrel dogs of either sex were
anesthetized with halothane (0.5-1.5 vol/ 100 ml in oxygen) and venti-
lated with a respirator (Harvard Apparatus, S. Natick, MA) after in-
duction with thiamylal sodium ( 10-1 5 mg/ kg i.v.). A left thoracotomy

1. Abbreviations used in this paper: cyp, cyanopindolol; Gi, GTP-inhibi-
tory protein; GQ,,, Gia2, Gia3, isoforms of the a subunit of the GTP-in-
hibitory protein; Gpp(NH)p, 5'-guanylylimidodiphosphate; Gs, GTP-
stimulatory protein; KH, high-affinity site, KL, low-affinity site, Ki,
dissociation constants; LV, left ventricular.
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was performed through the fifth intercostal space using sterile tech-
nique. Tygon catheters were placed in the descending thoracic aorta
and left atrium. A solid-state miniature pressure transducer was im-
planted in the apex of the left ventricle. At the time of instrumentation,
stainless steel pacing wires were placed on the right ventricle. Experi-
ments were initiated 2-3 wk after recovery from surgical instrumenta-
tion. Hemodynamic measurements were made with the dogs fully
awake, lying quietly on their right side before pacing was initiated, and
at intervals during the pacing protocol, but after a 30-min stabilization
period subsequent to deactivation of pacing. Rapid ventricular pacing
was induced at a rate of 240 beats/min and controlled using a program-
mable pacemaker (model EV4543; Pace Medical, Inc., Waltham,
MA), which was worn externally in a vest. Animals used in this study
were maintained in accordance with guidelines of the Committee on
Animals of the Harvard Medical School and the Guide for Care and
Use of Laboratory Animals (Department of Health and HumanSer-
vices Publication No. [National Institutes of Health] 83-23, revised
1985).

Membrane preparation. Six dogs were paced for 1 d, six dogs were
paced for 1 wk, and seven dogs were paced for 3-4 wk. The data from
dogs after 1 d, 1 wk, and 3-4 wk of pacing were compared with nine
sham-operated dogs. The sham-operated control animals all under-
went thoracotomy. After the dogs were anesthetized with sodium pen-
tobarbital (20-30 mg/kg), their hearts were immediately excised and
placed in iced saline. The left ventricle and septum were weighed,
trimmed of fat and connective tissue, minced, and homogenized in 4
ml/gm tissue of buffer I (0.75 MNaCl, 10 mMhistidine, pH 7.5) with
the Polytron S-20 (Brinkmann Instruments, Inc., Westbury, NY) for 5
s at a setting of 6. The suspension was centrifuged at 14,000 g for 20
min. The supernatant was discarded, and the pellet was resuspended in
buffer I. The tissue was homogenized and centrifuged two more times
as described above. Then the pellet was resuspended in buffer II (10
mMNaHCO3, 5 mMhistidine, pH 8.0), homogenized three times for
30 s with the Polytron at a setting of 6, and centrifuged at 14,000 g for
20 min. The pellet was resuspended in Tris buffer ( 100 mMTris, 1 mM
EGTA, 5 mMMgCl2, pH 7.2). The suspension was filtered through
one layer of Japanese silk screen (size 12). Then the pellet was centri-
fuged at 1,000 g for 15 min and saved at -700C as the crude membrane
fraction. The supernatant from the 14,000-g centrifugation was centri-
fuged at 44,000 g for 30 min. The pellet was resuspended inr 10 ml of
cold deionized water. An equal volume of 2.0 M sucrose was then
added. A discontinuous sucrose density gradient was prepared with
0.25, 0.6, and 1.0 Msucrose layers. The tissue homogenate was sus-
pended in 1.0 Msucrose (final concentration) and layered at the bot-
tom of the gradient, and then centrifuged at 170,000 g for 85 min. The
layer that floated up between the 0.6 and 0.25 Msucrose interface was
removed and diluted in deionized water. This suspension was centri-
fuged at 170,000 g for 30 min. The resulting pellet was resuspended in
0.25 Msucrose and 10 mMhistidine and stored at -70°C as the "par-
tially purified sarcolemma" fraction (20). All biochemical studies were
performed using a crude cardiac sarcolemmal preparation, except Gi
immunoblotting, which required both crude and partially purified prep-
arations.

f3-Adrenergic receptor antagonist binding studies. ,B-Adrenergic re-
ceptor antagonist binding studies were performed using 25 M1l of 1251.
cyanopindolol ('251I-cyp; 0.010-1.0 nM), 25 Ml of isoproterenol (100
IAM) or Tris buffer, and 100 ,l of membrane protein (10 Mug per assay).
Assays were performed in triplicate, incubated at 37°C for 40 min,
terminated by rapid filtration on GF/C filters (Whatman Inc., Clifton,
NJ), and counted in a gammacounter (Tracor, Inc., Austin, TX) for 1
min. The binding data were analyzed by the interactive LIGAND pro-
gram of Munson and Rodbard (21 ). A linear regression was performed
on the amount bound vs. bound/free ligand. An r2 value of 0.85 or
greater was the criterion used for acceptability of the data.

Agonist binding studies. Competitive inhibition agonist binding
curves were performed using 85 Ml of the crude (10 Mgper assay) sarco-
lemma, 25 Ml of '25I-cyp (0.07 nM), 25 Ml of isoproterenol ( 10-9 to 5
X 10 -4 M) with 22 concentrations of isoproterenol, and 15 Ml of Tris

buffer. Assays were performed in duplicate, incubated at 37'C for 40
min, terminated by rapid filtration on GF/C filters, and counted in a
gamma counter for 1 min. The binding data were analyzed by the
LIGAND program (21 ). In the computer analysis the F test was used to
compare the best fit for the ligand binding competition data. The best
fit, two-site vs. one-site, was determined by the P value for the F test.
When the data were best fit to a single low-affinity site, the number of
receptors in the high-affinity state was set to zero.

Adenylyl cyclase activity. Adenylyl cyclase activity was assayed ac-
cording to the method of Salomon et al. (22) as previously described
(23). Cardiac membranes (25-50 ,g of protein) were added to a solu-
tion containing 1 mMATP (2-3 x 106 counts/min of [a-32P]ATP),
20 mMcreatine phosphate, creatine phosphokinase ( 1 U), 1 mM
cAMP (2,000-3,000 counts/min of 3[H]cAMP as an internal stan-
dard), 25 mMTris, 5 mMMgCl2, 1 mMEDTA, and the test substance
to measure adenylyl cyclase activity [GTP (0.1 mM), isoproterenol
(0.1 mM), Gpp(NH)p (0.1 mM), NaF (10 mM), and forskolin (0.1
mM)]. 10 Ml of stopping solution (20 mMATP, 10 mMcAMP, 2%
sodium dodecyl sulfate [SDS]) were added to each tube to terminate
the reaction, and the tubes were heated on a dry bath at 100°C for 3
min. Cyclic AMPwas separated, as previously described (23). Recov-
ery of added cAMPwas 40-80%.

G, reconstitution. G, functional activity in the solubilized crude
myocardial membranes was assayed by a reconstitution protocol using
mouse lymphoma S49 cyc- membranes which are devoid of G. activity
(24), a technique previously employed in our laboratory (25).

Immunoblotting (Gi). G-proteins were quantitated by immuno-
blotting using rabbit antisera against synthetic peptides that correspond
to defined regions of G-proteins as previously described (26, 27).
Briefly, the P4 antisera recognizes the common carboxy-terminal se-
quence KNNLKDCGLF(345-354 and 346-355) of Gia1 and Gij2,
isoforms of the a subunit of the GTP-inhibitory protein. The EC2
antisera (DuPont Pharmaceuticals. Wilmington, DE) recognizes the
carboxy-terminal sequence KENLKECGLY(346-355) of Gi.3 but it
also cross-reacts with G. (Amersham Corp., Arlington Heights, IL).
The P6 antisera recognizes the internal amino acid sequence
LDRIAQPNYI ( 160-169) of Giai . (P4 and P6 antisera were provided
by Dr. Homcy.) Proteins from crude sarcolemma, partially-purified
sarcolemma, and known amounts of recombinant Gi,<,2 and GA3
(kindly provided by Drs. L. Birnbaumer and J. Codina, Baylor Univer-
sity, Houston, TX) were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) (10% acrylamide running gel, 4% acrylamide stack-
ing gel) (28). The proteins were electrophoretically transferred onto
Westran-polyvinylidene difluoride protein blotting membrane (1 h at
1.5 mA/cm2; Sema-phor Semi-dry Electrophoretic Transfer Appara-
tus, Integrated Separation Systems, Hyde Park, MA) and incubated in
a blocking solution (150 mMNaCl, 8.4 mMNa2HPO4, 1.6 mM
NaH2PO4, 0. 1% Tween-20, 5% nonfat dry milk, 0. 1%Thimerosal) at
4°C overnight. The membranes were then incubated with specific anti-
sera ( 1:1,000-1:2,000 dilution) for 2 h, washed four times with block-
ing solution, and incubated with goat anti-rabbit horseradish peroxi-
dase antibody ( 1:1,000 dilution) for 45 min, washed four times with
the same solutions as above without milk. Autoradiography was per-
formed using the Enhanced Chemiluminescence System (Amersham
Corp.) at 23°C for 90 seconds. Autoradiographic densities were deter-
mined by two-dimensional laser densitometry (Ultroscan XL Laser
Densitometer, LKB Produkter AB, Bromma, Sweden). In order to
adjust for variation in autoradiographic density owing to differences in
film exposure and transfer efficiency, two identical reference samples
were included on each gel to serve as an internal reference. The relative
quantities of immunodetectable G,. were calculated as the percentage
of the mean of the reference samples which were included on each gel
to serve as an internal reference. This method of comparing G-protein
levels from different individuals has been used extensively by others
(29-31 ). Values reported are the mean of three or more separate exper-
iments for each membrane sample.

Proportion of fl-adrenergic receptor subtypes. Analysis of the per-
cent of fl- and f32-adrenergic receptors in a membrane preparation has
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been described by Molinoff et al. (32). The percentage of these
subtypes was determined by competitive inhibition studies with the
nonselective antagonist radioligand '251-cyp (0.07 nM), with the selec-
tive #,-antagonist betaxolol, and with the selective ,32-antagonist ICI-
1 8,551 . The concentrations of antagonists tested ranged from I 0 -9 to
5 X l0-4 M. The reaction tubes contained 100 A1 of 10 ,tg membrane
homogenate, 25 jl of 1251-cyp (0.07 nM), and 25 ,ul of the specific ,B,- or
02-adrenergic antagonist. The incubation was the same as for antago-
nist-binding experiments. The high- and low-affinity binding constants
(KH and KL) and the ratio of high- and low-affinity binding sites were
determined by computer modeling as described by Munson and Rod-
bard (21 ). In the computer analyses, the variables for the f,- and 32-spe-
cific drugs were allowed to float to a value for the best fit, while the KD
for '251-cyp was constrained at 0.07 nM. By the F-test comparison, this
approach showed the data fit better to a two-site model than to a one-
site model.

Tissue and plasma catecholamine levels. Plasma catecholamine
samples were taken before pacing and at the time of sacrifice. At the
time of sacrifice, left ventricular (LV) tissue was removed. Tissue and
plasma catecholamine levels were measured by the radioenzymatic as-
say of Peuler and Johnson (33).

Sodium, potassium-A TPase activity. Sodium, potassium-ATPase
activity was determined according to the method of Jones and Besch
(34). Protein concentration for each sample was determined by the
method of Lowry et al. (35).

Analysis. Data were analyzed using the SAS program on an IBM-
PC 386. Data were expressed as mean±SEM. For multiple compari-
sons, Student's t test with Bonferroni (Dunn) correction were used to
determine statistical significance of the differences among the four
groups (36). Thus, when four comparisons were made, a P value of
< 0.0125 was used to determine significance.

Results

Hemodynamics. As shown in Table I, there were no significant
differences in baseline hemodynamics before pacing among
the four groups studied. As shown in Table II, heart rate and
LV end-diastolic pressure began to increase at 1 d, but were not
increased significantly until 1 wk and then increased further
after 3-4 wk of pacing. Similarly, mean arterial pressure and
LV systolic pressure began to decrease at 1 d of pacing, but
were not decreased significantly until 1 wk of pacing. In con-
trast, LV dP/dt was significantly decreased (P < 0.0125) at 1 d
and was depressed further at 1 and 3-4 wk of pacing. Notably,
exertional dyspnea, ascites, and pulmonary and peripheral
edema were evident only in dogs studied after 3-4 wk of
pacing.

Catecholamine levels. Plasma norepinephrine levels rose (P
< 0.0125) after 1 d to 552±63 pg/ml from a control level of
197±14 pg/ml and remained elevated after 3-4 wk of pacing

Table I. Baseline Hemodynamics before Pacing in the Four
Groups Studied

Sham operated 1-d pacing 1-wk pacing 3-4-wk pacing

LV systolic pressure
(mmHg) 120±3 123±7 117±5 118±3

LV end-diastolic
pressure (mmHg) 6.9±0.4 6.7±0.5 7.3±0.9 7.2±1.0

LV dP/dt
(mmHg/s) 2941±92 3082±107 2856±231 2946±87

Mean arterial
pressure (mmHg) 95±2 102±5 92±5 94±3

Heart rate
(beats/min) 94±3 88±3 96±6 90±4

Table II. Effects of Pacing on Hemodynamics

Before pacing 1-d pacing l-wk pacing 3-4-wk pacing

LV systolic pressure
(mmHg) 119±3 102±5 94±6* 99+4*

LV end-diastolic
pressure (mmHg) 7.1±0.5 9.6±0.8 15.1±2.8* 27.7±2.4*

LV dP/dt
(mmHg/s) 2960±84 1840±102* 1592±137* 1422±123*

Mean arterial
pressure (mmHg) 96±2 84±4 76±5* 81±4*

Heart rate
(beats/min) 91±3 104±5 119±3* 123±6*

* P < 0.0125 difference from before pacing.

(611±95 pg/ml). After 1 wk of pacing, plasma norepinephrine
was elevated at an intermediate level (321±34 pg/ml) (Fig.
1). Plasma epinephrine levels rose (P < 0.0125) after 1 d to
344±23 pg/mi from a control level of 127±13 pg/ml and re-
mained elevated at 338±60 pg/mI at 3-4 wk after pacing. LV
tissue norepinephrine levels in dogs after 3-4 wk of pacing were
decreased significantly as compared with sham-operated dogs
(146±28 vs. 591±34 pg/mg, P< 0.0125). However, LV tissue
norepinephrine levels in dogs after 1 d (542±80 pg/mg) and 1
wk (624±122 pg/mg) of pacing were similar to those values
observed in the sham-operated group (591±34 pg/mg) (Fig.
1). LV tissue epinephrine levels in dogs after 3-4 wk of pacing
were also decreased as compared with sham-operated dogs
(7±0 vs. 25±3 pg/mg, P < 0.0125), but not after 1 d (25±3
pg/mg) and 1 wk (25±5 pg/mg) of pacing.

f-Adrenergic receptors. There were no significant differ-
ences in total 3-adrenergic receptor density among the four
groups (sham-operated, 71 ± 1; 1 d, 70±3; 1 wk, 73±3; 3-4 wk,
71±5 fmol/mg). The KD for '251-cyp was also not significantly
different among the four groups (sham-operated, 0.07+0.01; I
d, 0.07±0.01; 1 wk, 0.07±0.02; 3-4 wk, 0.07±0.01 nM).

1,- and 32-adrenergic receptor subpopulations. To deter-
mine the proportion of f1- to ,32-adrenergic receptors, competi-
tive inhibition binding with 1251-cyp and subtype selective an-
tagonists were performed. Computer modeling of the data indi-
cated that a two-site model was preferred for these competition
curves (Table III). There were no significant differences in the
proportion of 03- and f2-adrenergic receptors in dogs after 1 d
of pacing (f3,, 65±4%; 02, 35±4%) as compared with sham-
operated dogs (f3, 64±1%; ,B2, 36±1%) despite the fact that
plasma catecholamine levels had already increased by 1 d of
pacing. However, g1-adrenergic receptors were depressed signif-
icantly (P < 0.0 125) in dogs after 1 wk (42±3%) and 3-4 wk
(44±2%) of pacing compared with sham-operated dogs. Con-
versely, f2-adrenergic receptor density actually increased in
dogs after 1 wk (58±3%) and 3-4 wk (56±2%) of pacing com-
pared with sham-operated dogs (36± 1%). An example of the
shift in betaxolol binding is shown in Fig. 2.

f-Adrenergic receptor agonist binding. Isoproterenol com-
petition curves for the all sham-operated dogs were fitted to a
two-site model, i.e., a high-affinity site (KH), and a low-affinity
site (KL). The Ki for the high-affinity site was 32±11 nMand
the Ki for the low-affinity site was 346±56 nM (Table IV). In
one of six dogs after 1 d of pacing the agonist binding data was
best fit to a single low-affinity site model with a Ki of 236 nM.
In one of six dogs after 1 wk of pacing the agonist binding data
was best fit to a single low-affinity site model with a Ki of 231
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nM. In three of the seven animals with 3-4 wk pacing the
agonist binding data was best fit to a single low-affinity site
model with a K, of 236±54 nM. The average percent of ,3-
adrenergic receptors binding agonist with high affinity and low
affinity are shown in Table IV. After 1 d of pacing there was a

significant loss (P < 0.0125) of high-affinity receptor sites
(sham-operated, 64±7%; 1 d, 37±8%). These changes were

further depressed at 1 and 3-4 wk of pacing (16±4% vs.

8±5%). An example of the shift in agonist binding is shown in
Fig. 3.

Adenylyl cyclase activity. Adenylyl cyclase activity was sig-
nificantly depressed (P < 0.0125 ) even after 1 d of pacing and
further depressed at 1 and 3-4 wk after pacing. This included
progressive decreases in basal and all stimulated activities ex-

cept for sodium fluoride as shown in Table V. Sodium fluoride-
stimulated adenylyl cyclase activity was depressed only at 1

and at 3-4 wk after pacing.
When adenylyl cyclase activity was recalculated with basal

activity subtracted, significant decreases in adenylyl cyclase
were still observed. However, under these conditions, it was

evident that the fall in sodium fluoride-stimulated cyclase activ-
ity was less marked and occurred later.

G, functional levels. The functional activity of G. was as-

sessed using membranes prepared from cyc- S49 lymphoma
cells that are genetically deficient in Gsa. There were no signifi-
cant differences in the functional activity of G,, after pacing
(sham-operated, 5.8±0.4; 1 d, 5.5±0.7; 1 wk, 6.8+0.4; 3-4 wk,
5.1±0.7 pmol cyclic AMP/,Mg per 10 min).

Gi levels. Immunoblotting of crude cardiac membranes
and rat brain with the P4 antisera demonstrated a single 40-kD
band in the cardiac preparation and both a 40- and a 41-kD

band in rat brain. With the P6 (Giai specific) antisera, there was

no band detected in the cardiac preparation and only a single
4 1-kD band in rat brain. Pretreatment with an excess of the
specific internal amino acid sequence of Giai resulted in loss of
the 4 1-kD band recognized by P6. Pretreatment with an excess

of the commoncarboxy-terminal amino acid sequence of Giai
and Gja2 resulted in loss of both the 40- and 4 1-kD bands recog-

nized by P4. Together these findings indicate that P4 is specific
for both Giai and Gia2 while P6 is specific for only Gia I. There-
fore, the single 40-kD band recognized by P4 (and not P6) in
canine myocardium represents only Gia2. The EC/2 antisera
recognized a single 40-kD band in crude cardiac membrane
and both a 40- and a 39-kD band in rat brain. These data,
therefore, suggest that crude canine cardiac tissue contains Gja2
and G6a3 but minimal, if any, Gia, or G.. To determine the
relative amounts of Gia2 and Gia3 present in our samples, stan-
dard curves were generated by loading increasing known
amounts of recombinant Gia2 and Gja3 onto the gel along with
samples of partially purified sarcolemma from failing and con-

trol dogs. The autoradiographic intensity of specific antibody
binding to the samples was then compared to the linear portion
of the standard curve. By this method, the amounts of Gia2 and
Gia3 (in partially purified sarcolemma) were 1.62±0.03 and
0.22±0.02 ,ug/ mgof partially purified sarcolemma. The autora-
diographic intensity of antibody binding to the 40-kD protein
band identified as Gja2 was linearly related to the amount of
membrane protein applied to the gel over a range of 5-40 pig.
We, therefore, loaded 20-25 ,.g of crude membrane protein per
lane in order to determine the relative quantities of Gia2 per
microgram of crude sarcolemma in the sham-operated dogs,
l-d pacing dogs, and 3-4-wk pacing dogs. Relative to the con-

Table III. Analysis of Subtype-selective Competition Binding Curves

Sham operated 1-d pacing I-wk pacing 34 wk pacing

Fraction Ki Fraction Ki Fraction K, Fraction K1

% AM % AM % AM % Mm

Betaxolol jI 64±1 0.06±0.01 65±4 0.04±0.01 42±3* 0.04±0.01 44±2* 0.08±0.02
I2 36±1 67±8 35±4 55±7 58±3* 61±9 56±2* 55±16

ICI 118,551 fl, 60±2 11±2 61±4 11±2 36±3* 14±3 40±3* 13±1
#2 40±2 0.22±0.06 39±4 0.22±0.06 64±3* 0.26±0.02 60±3* 0.28±0.04

* P < 0.0125 difference from sham-operated group.
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trol hearts, the level of Gia2 increased by 44±6% (P < 0.017 ) in
pacing-induced heart failure (Fig. 4). Owing to the low levels of
Gia3 present in crude cardiac sarcolemmal preparation, a simi-
lar experiment to determine the effect of pacing-induced heart
failure on Gia3 could not be performed.

Sodium, potassium-ATPase. As a measure of the consis-
tency of membrane preparations, the sarcolemmal marker, so-
dium, potassium-ATPase, was measured in the crude prepara-
tion and was not found to be significantly different among the
four groups, i.e., 2.83±0.15 in sham-operated dogs, 2.75±0.24
in dogs after 1 d of pacing, 2.85±0.34 in dogs after 1 wk of
pacing, and 2.97±0.23 imol P1/h per mg in dogs after 3-4 wk
of pacing.

Discussion

Many investigators have shown that heart failure is character-
ized by elevated plasma catecholamine levels (37-40) and a
reduction in myocardial catecholamine stores (41, 42) and
that these measures correlate closely with the degree of LV
dysfunction (37-39). These concepts have been derived pri-
marily from clinical studies, in which the patients already had
well-developed heart failure. The data from the current investi-
gation are in agreement with these concepts only in general
terms. Interestingly, we observed no change in tissue catechol-

Table IV. Agonist Binding Studies

Sham 14 1-wk 3-4-wk
operated pacing pacing pacing

Isoproterenol binding
affinity (nM)

KH 32±11 23±17 20±13 27±20
KL 346±56 284±38 306±64 339±57

High-affinity
receptor sites (%) 64±7 37±8* 16±4* 8±5*

Low-affinity
receptor sites (%) 36±7 63±8* 84±4* 92±5*

* P < 0.0125 difference from sham-operated group.

amines until 3-4 wk after pacing, even though marked changes
in myocardial contractility were observed after 1 d of pacing.
While plasma catecholamines were elevated at 1 d after pacing,
there was not a progressive rise; in fact, plasma catecholamines
dipped at 1 wk and then rose further, despite the progressive
decline in LV function (Fig. 1). Clearly, increases in circulat-
ing catecholamines and decreases in myocardial catechol-
amines are important markers of heart failure, but because
their regulation is linked to a variety of complex uptake and
metabolic mechanisms, their levels cannot predict precise lev-
els of cardiac dysfunction. However, it is possible to conclude
from these data that the decline in tissue catecholamines is a

result rather than a cause of the heart failure process, whereas
the elevated plasma catecholamine levels may actually be im-
portant in the pathogenesis of heart failure by inducing desensi-
tization ( 12-17).

In the current investigation, the rise in plasma catechol-
amines clearly preceded the down-regulation of ,3-adrenergic
receptors by at least 1 wk, suggesting that either classical desen-
sitization mechanisms, which occur almost immediately in vi-
tro (43), are not responsible for the down-regulation of ,B-
adrenergic receptors in heart failure, or that desensitization in
the intact organism is more complex (44-46). The complexity
may be related to the presence of intact cardiac nerves in vivo.
Because of this, the circulating levels of plasma catecholamines

Table V. Adenylyl Cyclase Activity

Sham operated 14 pacing I-wk pacing 3-4 wk pacing

pmol cAMP/mgper min

Basal 104±4 74+ 10* 69±5* 49±2*
GTP 147±5 110±15* 99+7* 77+4*
GTP+ isoproterenol 257±10 191±16* 172±16* 136±9*
Gpp(NH)p 441±15 313±25* 320±26* 280±17*
NaF 374±20 321±28 283±19* 263±9*
Forskolin 795±43 578±75* 610±38* 484±14*

* P < 0.0125 difference from sham-operated group.

,3-Adrenergic Receptors in Heart Failure 911

100 4

80 -

.'

m 60-

.2_

0 40 -a.
(n

20 -

0
9



40KD -_-

2.0

CO 1.5-

cu 1.0

0.5

HF S S

*

T

0.0 l l l OOC

Figure 4. Relative levels of immunodetectable Gja2 are compared in
sham-operated animals (open bar), 1-d pacing animals (solid bar),
and 3-4-wk pacing animals (cross-hatched bar). Gi<,,2 levels are ex-
pressed in arbitrary units. As denoted by the asterisk, there was a
significant increase (P < 0.017) in Gia2 levels in 3-4-wk pacing ani-
mals compared with either sham-operated animals or animals after
1 d of pacing. A representative Western blot is shown in the upper

left corner, depicting enhanced expression of the 40-kD band, repre-
senting Gia2 in membranes from the dogs with 3-4 wk of pacing (HF)
compared to two of the sham-operated controls (S).

may provide an insensitive index of cardiac sympathetic activ-
ity at the sarcolemmal receptor, in that neural mechanisms
may be more important in the regulation of catecholamine
concentration at the receptor site. It is well documented that
there are several steps in the process of catecholamine-induced
desensitization (44-46). The first phase appears to be a rapid
uncoupling of the receptor from activation of adenylyl cyclase,
which is in keeping with our observations (44-46). Our obser-
vation is that the earliest events in the alteration of myocardial
f-adrenergic receptor function during the development of pac-
ing-induced heart failure are characterized by uncoupling of
the j3-adrenergic receptor and reduced adenylyl cyclase activa-
tion, rather than j1-adrenergic receptor down-regulation.

There are also specific alterations in the responsiveness to
both endogenous and exogenous catecholamines, i.e., the sensi-
tivity of the myocardium to j3-adrenergic stimulation is re-
duced ( 14, 38,47). To understand the pathogenesis and mecha-
nism of reduced catecholamine responsiveness in heart failure,
several experimental animal models and studies of failing hu-
man ventricle have addressed the question of altered fl-adren-
ergic receptor function. Studies in human hearts have shown a
reduction in the number of 3-adrenergic receptors ( 12-17),
particularly of the f3I subtype ( 1 1, 12, 17), from the left ventri-
cle of failing hearts. Recently, considerable attention has been
directed to the pacing-induced heart failure model (8, 9), in
that it exhibits many features commonto human heart failure,
e.g., the changes in 0-adrenergic receptor signaling in this
model approximate those in human studies ( 12-17). The ma-
jority of these studies as well as all of the studies using human
myocardium have focused on later stages in the disease pro-
cess, after congestive heart failure has been established for
some time. The primary goal of the present investigation was to
examine the initial inciting events in altered fl-adrenergic re-

ceptor signaling during the development of heart failure. The
pacing-induced heart failure model lends itself to this experi-
mental design since the animals can be studied sequentially as
the disease state develops.

The major finding ofthe present investigation was that alter-
ations in two components of the f3-adrenergic receptor-signal-
ling pathway occur as early as 1 d after pacing, as well as eleva-
tion of plasma catecholamines. At that time, there were already
significant alterations in adenylyl cyclase activity and f3-adren-
ergic receptors binding agonist with high affinity. These
changes occurred prior to development of heart failure, i.e., LV
end-diastolic pressure had not increased significantly, and
there were no clinical signs of congestive heart failure. At this
time, LV dP/dt was significantly depressed, and responsive-
ness to sympathomimetic amines was also significantly atten-
uated (48). Because all stimulators of adenylyl cyclase were
reduced in their ability to activate the enzyme, this suggests
that a defect in the catalytic unit of adenylyl cyclase, however,
had occurred at this time. In contrast, there was no change in
total f-adrenergic receptor density, no change in O /l2 receptor
ratio, no change in G, or Gia2. These data suggest that the initial
alterations in f-adrenergic signalling involve a loss of high-af-
finity f3-adrenergic receptors and a defect in the adenylyl cy-
clase catalytic unit. In that these effects occurred early and
intensified with further development of the disease, it is interest-
ing to speculate that these mechanisms may be important in
the pathogenesis of autonomic dysfunction in heart failure and
possibly even in the pathogenesis of heart failure.

Down-regulation of f3-adrenergic receptors has been impli-
cated as the dominant mechanism to account for reduced cate-
cholamine responsiveness in heart failure ( 12-17). Because
inotropic and chronotropic responses to catecholamines are
thought to be mediated through 3,1-adrenergic receptor subtype
activation, selective down-regulation of #,B-adrenergic recep-
tors would be required for this mechanism to be operative. This
has been observed by Bristow et al. ( 12). In the current study,
no significant change in total ,B-adrenergic receptor density was
observed. However, g,-adrenergic receptor down-regulation
was observed at 1 and 3-4 wk after pacing. At the time that
down-regulation of f1-adrenergic receptors was apparent in
dogs, after 1 and 3-4 wk of pacing, the f2-adrenergic receptor
subpopulation density was actually increased in this model.
The mechanism of the increase in f32-adrenergic receptors is
not known. It remains to be determined if these additional
02-adrenergic receptors are located on myocytes and are func-
tionally coupled and subtend a physiologic action in heart fail-
ure. In this regard, Bristow et al. ( 12) have shown in isolated
right ventricular strips from patients with heart failure, that the
f, selective agonist denopamine was ineffective in inducing
positive inotropic effects, whereas a selective f32-adrenergic re-
ceptor agonist retained substantial inotropic activity.
Murphree and Saffitz (49) found that down-regulation of fl-
adrenergic receptors was due primarily to a selective reduction
of f# receptors of subendocardial myocytes. Perhaps if the
transmural distribution had been assessed in the current
study, greater differences would have been observed subendo-
cardially.

Another mechanism by which catecholamine responsive-
ness can be reduced in heart failure may involve the coupling
between fl-adrenergic receptors and G proteins. It is the high
affinity form of the receptor that is functionally coupled to the
GTP-stimulatory protein, G., and therefore, represents the
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most physiological relevant form of the receptor (50, 5 1 ). Cou-
pling of the fl-adrenergic receptor can be evaluated utilizing
agonist binding techniques (6). A prior study from our labora-
tory (6) and others ( I 1) demonstrated uncoupling of the 3-
adrenergic receptor in heart failure with chronic pressure or
volume-overload hypertrophy. However, f-adrenergic recep-
tor coupling has not been assessed in other models of heart
failure. A major finding of the present investigation was that
the number of f-adrenergic receptors in the high-affinity state
decreased progressively in dogs following 1 d, 1 wk, and 3-4 wk
of pacing. This appears to be one of the earliest abnormalities
in the fl-adrenergic receptor signaling pathway that occurs dur-
ing the development of heart failure. The changes in the frac-
tion of f-adrenergic receptors binding agonist with high affinity
may be related to the degree of blunted responsiveness to cate-
cholamines as well as to the eventual reduction in myocardial
fl-adrenergic receptor density. Although prior studies did not
assess the relationship between the degree of heart failure and
agonist binding, Fowler et al. (52) noted that human myocar-
dial f-adrenergic receptor down-regulation is related to the de-
gree of heart failure, and is associated with specific impairment
of the f-agonist-mediated contractile response.

Furthermore, our data indicate that adenylyl cyclase activ-
ity whether stimulated via the A-receptor (isoproterenol), G
protein (Gpp[NH ]p), or more directly at the catalytic unit
itself (forskolin), began to decrease in dogs after 1 d of pacing,
and decreased progressively at 1 wk, and 3-4 wk of pacing. This
suggests a defect in the catalytic unit of adenylyl cyclase, which
was also observed by Calderone et al. (8) and Marzo et al. (9).
Bristow et al. (53), and others (10, 11, 15) have also docu-
mented that adenylyl cyclase activity is reduced in response to
activation by various pharmacological agents.

The current study did not demonstrate reduced G, levels in
the sarcolemma of animals with pacing-induced heart failure.
Feldman et al. (31 ) also found no reduction in G, levels in
failing human myocardium either by the ADP-ribosylation or
by reconstitution assays. Horn et al. (54) have reported that G,
was reduced in the lymphocytes of patients with heart failure
using cholera toxin-stimulated labeling, and documented that
patients who have a low ratio of G, to Gi in peripheral lympho-
cytes have more severe hemodynamic abnormality and a worse
one year prognosis than patients with a higher ratio of G, to
Gi (55).

Whereas the functional activity of G, was unchanged after
pacing, an increase in Gia2 as measured by immunoblotting
after 3-4 wk of pacing was observed in the present study. Cal-
derone et al. (8) demonstrated that Gi as measured by ADP-ri-
bosylation with pertussis toxin was decreased in pacing-in-
duced heart failure. In contrast, Marzo et al. (9) showed an
increase in Gi level by both ADP-ribosylation with pertussis
toxin and immunoblotting in the same model. Most studies in
human heart failure, e.g., those of Feldman et al. (31 ) and
Bohm et al. (56), Eschenhagen et al. (57) have also demon-
strated an increase of Gi. Thus, our data, as well as those of
Marzo et al. (9) are consistent with the human data (31, 56,
57). Wecannot explain why Calderone et al. (8) found a de-
crease in Gi. However, it is worth noting that except for a,-
adrenergic receptors, all membrane markers including sodium,
potassium-ATPase are reduced in that study (8), which differs
from the results obtained in all other studies.

Prior studies (31, 56) have suggested that in the late stages
of heart failure an increase in the level of Gi may be responsible

for depressed basal and Gpp(NH)p-stimulated adenylyl cy-
clase activity. Although we found that isoproterenol-stimu-
lated adenylyl cyclase was depressed at 1 d, Gja2 was not ele-
vated at this point. Therefore, it is unlikely that the increase in
Gi is solely responsible for the depressed adenylyl cyclase, and
alterations in the catalytic unit of adenylyl cyclase still appear
to play an important role. Interestingly, recent studies by Ishi-
kawa et al. (58) indicate that the content of adenylyl cyclase
isoforms are altered during the development of heart failure.

In summary, the process of f-adrenergic receptor dysfunc-
tion in pacing-induced heart failure involves a complex mecha-
nism associated with a reduction in adenylyl cyclase activity,
loss of high affinity cardiac f-adrenergic receptors, and a selec-
tive down-regulation of f,-adrenergic receptors. These changes
are not static but are dynamic and progressive. Increases in
plasma catecholamines, uncoupling of the f-adrenergic recep-
tor and a defect in adenylyl cyclase occurs initially, i.e., even
after 1 d of pacing, while selective down-regulation of f1-adren-
ergic receptors, and decreases in myocardial catecholamines
and increases in Gia2 are later events. Thus, the loss of high-af-
finity cardiac f-adrenergic receptors appears to be more impor-
tant than simple down-regulation of receptor number in me-
diating physiological changes in ,3-adrenergic receptor function
during the initial development of heart failure.

Acknowledgments

The authors thank Michelle Connole and Donna Hempel for their
technical assistance and Gail Smygelski for her help in preparation of
the manuscript.

This work was supported in part by U.S. Public Health Service
grants HL-38070, HL-33107, HL-37404, HL-01909, HL-45332, and
RR-00 168. Dr. Dorothy Vatner was the recipient of a Research Career
Development Award, HL-01909. Drs. Kiuchi and Komamura were
the recipients of a Fellowship grant from the American Heart Associa-
tion, Massachusetts Affiliate. Dr. Shannon is the recipient of a Clini-
cian-Scientist Award from the American Heart Association. Dr. Bian-
chi was the recipient of a Postdoctoral Fellowship from the Medical
Research Council of Canada.

References

1. Francis, G. S., and J. N. Cohn. 1986. The autonomic nervous system in
congestive heart failure. Annu. Rev. Med. 37:235-247.

2. Packer, M. 1990. Role of the sympathetic nervous system in chronic heart
failure: a historical and philosophical perspective. Circulation. 82(Suppl. I) :1- 1-
1-6.

3. Eckberg, D. L., M. Drabinsky, and E. Braunwald. 1971. Defective cardiac
parasympathetic control in patients with heart disease. N. Engl. J. Med. 285:877-
883.

4. Hirsh, A. T., V. J. Dzau, and M. A. Craeger. 1987. Baroreceptor function in
congestive heart failure: effect on neurohumoral activation and regional vascular
resistance. Circulation. 75 ( Suppl. IV) :IV-36-IV-48.

5. Karliner, J. S., P. Barnes, M. Brown, and C. Dollery. 1980. Chronic heart
failure in the guinea pig increases cardiac alpha,- and beta-adrenoceptors. Eur. J.
Pharmacol. 67:115-118.

6. Vatner, D. E., S. F. Vatner, A. M. Fujii, and C. J. Homcy. 1985. Loss of high
affinity cardiac beta adrenergic receptors in dogs with heart failure. J. Clin. Invest.
76:2259-2264.

7. Ho, K., B. L. Lloyd, and R. R. Taylor. 1981. Cardiac beta-adrenoreceptors
in the thyroxine-treated dog. Clin. Exp. Pharmacol. Physiol. 8:183-187.

8. Calderone, A., M. Bouvier, K. Li, C. Juneau, J. Champlain, and J. Rouleau.
1991. Dysfunction of the ,B- and a-adrenergic systems in a model of congestive
heart failure: the pacing-overdrive dog. Circ. Res. 69:332-343.

9. Marzo, K. P., M. J. Frey, J. R. Wilson, B. T. Liang, D. R. Manning, V.
Lanoce, and P. B. Molinoff. 1991. ,B-adrenergic receptor-G protein-adenylate
cyclase complex in experimental canine congestive heart failure produced by
rapid ventricular pacing. Circ. Res. 69:1546-1556.

10. Fan, T.-H. M., C.-S. Liang, S. Kawashima, and S. P. Banerjee. 1987.

#-Adrenergic Receptors in Heart Failure 913



Alterations in cardiac f3-adrenoceptor responsiveness and adenylate cyclase sys-
tem by congestive heart failure in dogs. Eur. J. Pharmacol. 140:123-132.

11. Hammond, H. K., D. A. Roth, P. A. Insel, C. E. Ford, F. C. White, A. S.
Maisel, M. G. Ziegler, and C. M. Bloor. 1992. Myocardial f3-adrenergic receptor
expression and signal transduction after chronic volume-overload hypertrophy
and circulatory congestion. Circulation. 85:269-280.

12. Bristow, M. R., R. Ginsburg, V. Umans, M. Fowler, W. Minobe, R.
Rasmusen, P. Zera, R. Menlove, P. Shah, S. Jamieson, et al. 1986. /3w- and I2-
adrenergic-receptor subpopulations in nonfailing and failing human ventricular
myocardium: coupling of both receptor subtypes to muscle contraction and selec-
tive 3,-receptor down-regulation in heart failure. Circ. Res. 59:297-309.

13. Bristow, M. R., M. E. Kantrowitz, R. Ginsburg, and M. B. Fowler. 1985.
f3-Adrenergic function in heart muscle disease and heart failure. J. Mol. Cell.
Cardiol. 17:41-52.

14. Bristow, M. R., R. Ginsburg, W. Minobe, R. S. Cubicciotti, W. S. Sage-
man, K. Lurie, M. E. Billingham, D. C. Harrison, and E. B. Stinson. 1982.
Decreased catecholamine sensitivity and fl-adrenergic-receptor density in failing
human hearts. N. Engl. J. Med. 307:205-21 1.

15. Dennis, A. R., J. D. Marsh, R. J. Quigg, J. B. Gordon, and W. S. Colucci.
1989. 13-adrenergic receptor number and adenylate cyclase function in dener-
vated transplanted and cardiomyopathic human hearts. Circulation. 79:1028-
1034.

16. Vago, T., M. Bevilacqua, G. Norbiato, G. Baldi, E. Chebat, P. Bertora, G.
Baroldi, and R. Accinni. 1989. Identification of a1-adrenergic receptors on sarco-
lemma from normal subjects and patients with idiopathic dilated cardiomyopa-
thy: characteristics and linkage to GTP-binding protein. Circ. Res. 64:474-481.

17. Brodde, O.-E., H.-R. Zerkowski, N. Doetsch, S. Motomura, M. Khamssi,
and M. C. Michel. 1989. Myocardial fl-adrenergic changes in heart failure: con-
comitant reduction in ,B and 1J2-adrenergic function related to the degree of heart
failure in patients with mitral valve disease. J. Am. Coll. Cardiol. 14:323-331.

18. Shannon, R. P., K. Komamura, B. S. Stambler, W. T. Manders, and S. F.
Vatner. 1991. Alterations in myocardial contractility in conscious dogs with di-
lated cardiomyopathy. Am. J. Physiol. 260:H 1903-H 191 1.

19. Komamura, K., R. P. Shannon, A. Pasipoularides, T. Ihara, A. S. Lader,
T. A. Patrick, S. P. Bishop, and S. F. Vatner. 1992. Alterations in left ventricular
diastolic function in conscious dogs with pacing-induced heart failure. J. Clin.
Invest. 89:1825-1838.

20. Jones, L. R. 1988. Rapid preparation of canine cardiac sarcolemmal vesi-
cles by sucrose flotation. Methods Enzymol. 157:85-91.

21. Munson, P. J., and D. Rodbard. 1980. LIGAND: a versatile computerized
approach for characterization of ligand-binding systems. Anal. Biochem.
107:220-239.

22. Salomon, Y., C. Londos, and M. Rodbell. 1974. A highly sensitive adenyl-
ate cyclase assay. Anal. Biochem. 58541-58548.

23. Vatner, D. E., M. A. Young, D. R. Knight, and S. F. Vatner. 1990.
fl-receptors and adenylate cyclase: comparison of nonischemic, ischemic, and
postmortem tissue. Am. J. Physiol. 258(Heart Circ. Physiol. 27):H140-H144.

24. Bourne, H. R., P. Coffino, and G. M. Tomkins. 1975. Selection of a
variant lymphoma cell deficient in adenylate cyclase. Science (Wash. DC).
187:750-752.

25. Susanni, E. E., W. T. Manders, D. R. Knight, D. E. Vatner, S. F. Vatner,
and C. J. Homcy. 1989. One hour of myocardial ischemia decreases the activity of
the stimulatory guanine-nucleotide regulatory protein G, Circ. Res. 65:1145-
1150.

26. Mumby, S. M., R. A. Kahn, D. R. Manning, and A. G. Gilman. 1986.
Antisera of designed specificity for subunits of guanine nucleotide-binding regula-
tory proteins. Proc. Natl. Acad. Sci. USA. 83:265-269.

27. Liao, J. K., and C. J. Homcy. 1992. Specific receptor-guanine nucleotide
binding protein interaction mediates the release of endothelium-derived relaxing
factor. Circ. Res. 70:1018-1026.

28. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature (Lond.). 227:680-685.

29. Farfel, Z., A. S. Brickman, H. R. Kaslow, V. M. Brothers, and H. R.
Bourne. 1980. Defect of receptor-cyclase coupling protein in pseudohypopara-
thyroidism. N. Engl. J. Med. 303:237-242.

30. Downs, R. W., R. D. Sekura, M. A. Levine, and A. M. Spiegel. 1985. The
inhibitory adenylate cyclase coupling protein in pseudohypoparathyroidism. J.
Clin. Endocrinol. Metab. 61:1985.

31. Feldman, A. M., A. E. Cates, W. B. Veazey, R. E. Harshberger, M. R.
Bristow, K. L. Baughman, W. A. Baumgartner, and C. Van Dop. 1988. Increase
of the 40,000-mol wt pertussis toxin substrate (G-protein) in the failing human
heart. J. Clin. Invest. 82:189-197.

32. Molinoff, P. B., B. B. Wolfe, and G. A. Weiland. 1981. Quantitative
analysis of drug-receptor interactions. II. Determination of the properties of re-
ceptor subtypes. Life Sci. 29:427-443.

33. Peuleur, J. D., and G. A. Johnson. 1977. Simultaneous single isotope
radioenzymatic assay of plasma norepinephrine, epinephrine and dopamine. Life
Sci. 2 1:625-636.

34. Jones, L. R., and H. R. Besch, Jr. 1984. Isolation of canine sarcolemmal
vesicles. Methods Pharmacol. 5:1-12.

35. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951.
Protein measurement with Folin phenol reagent. J. Biol. Chem. 193:265-275.

36. Schlotzhouer, S. D., and R. C. Littell. 1987. SASSystem for Elementary
Statistical Analysis. SAS Institute, Cary, NC236-237.

37. Thomas, J. A., and B. H. Marks. 1978. Plasma norepinephrine in conges-
tive heart failure. Am. J. Cardiol. 41:233-243.

38. Covell, J. W., C. A. Chidsey, and E. Braunwald. 1966. Reduction of the
cardiac response to postganglionic sympathetic nerve stimulation in experimen-
tal heart failure. Circ. Res. 19:51-56.

39. Cohn, J. N., T. B. Levine, M. T. Olivari, V. Garberg, D. Lubra, G. S.
Francis, A. B. Simon, and T. Rector. 1984. Plasma norepinephrine as a guide to
prognosis in patients with chronic congestive heart failure. N. Engl. J. Med.
311:819-823.

40. Daly, P. A., and M. J. Sole. 1990. Myocardial catecholamines and the
pathophysiology of heart failure. Circulation. 82(Suppl. 1):I-35-1-43.

41. Chidsey, C. A., E. Braunwald, and A. G. Morrow. 1965. Catecholamine
excretion and cardiac stores of norepinephrine in congestive heart failure. Am. J.
Med. 39:442-45 1.

42. Spann, J. F., C. A. Chidsey, P. E. Pool, and E. Braunwald. 1965. Mecha-
nism of norepinephrine depletion in experimental heart failure produced by aor-
tic constriction in the guinea pig. Circ. Res. 17:312-321.

43. Harden, T. K. 1983. Agonist-induced desensitization of the fl-adrenergic
receptor-linked adenylate cyclase. Pharmacol. Rev. 35:5-32.

44. Sibley, D. R., and R. J. Lefkowitz. 1985. Molecular mechanisms of recep-
tor desensitization using the fl-adrenergic receptor-coupled adenylate cyclase sys-
tem as a model. Nature (Lond.). 317:124-129.

45. Benovic, J. L., M. Bouvier, M. G. Caron, and R. J. Lefkowitz. 1988.
Regulation of adenylyl cyclase-coupled fl-adrenergic receptors. Annu. Rev. Cell
Biol. 4:405-428.

46. Su, Y.-F., T. K. Harden, and J. P. Perkins. 1980. Catecholamine-specific
desensitization of adenylate cyclase: evidence for a multistep process. J. Biol.
Chem. 255:7410-7419.

47. Ginsburg, R., M. R. Bristow, M. E. Billingham, E. B. Stinson, J. S.
Schroeder, and D. C. Harrison. 1983. Study of the normal and failing isolated
human heart: Decreased response of failing heart to isoproterenol. Am. Heart J.
106:535-540.

48. Kiuchi, K., D. E. Vatner, K. Komamura, R. P. Shannon, C. J. Homcy,
and S. F. Vatner. 1992. Myocardial ,B-adrenergic receptor function during the
development of pacing induced heart failure. Clin. Res. 40:147A. (Abstr.)

49. Murphree, S. S., and J. E. Saffitz. 1989. Distribution of fl-adrenergic
receptors in failing human myocardium: implications for mechanism of down-
regulation. Circulation. 79:1214-1225.

50. Manalan, A. S., H. R. Besch, Jr., and A. M. Watanabe. 1981. Characteriza-
tion of [3H I (+±)Carazolol binding to fl-adrenergic receptors: application to study
of fl-adrenergic receptor subtypes in canine ventricular myocardium and lung.
Circ. Res. 49:326-336.

51. DeLean, A., J. M. Stadel, and R. J. Lefkowitz. 1980. A ternary complex
model explains the agonist-specific binding properties of the adenylate cyclase-
coupled fl-adrenergic receptor. J. Biol. Chem. 255:7108-7117.

52. Fowler, M. B., J. A. Laser, G. L. Hopkins, W. Minobe, and M. R. Bristow.
1986. Assessment of the fl-adrenergic receptor pathway in the intact failing hu-
man heart: progressive receptor down-regulation and subsensitivity to agonist
response. Circulation. 74:1290-1302.

53. Bristow, M. R., R. E. Hershberger, J. D. Port, E. M. Gilbert, A. Sandovat,
R. Rasmussen, A. E. Cates, and A. M. Feldman. 1990. fl-adrenergic pathways in
nonfailing and failing human ventricular myocardium. Circulation. 82(Suppl.
I):I-12-I-25.

54. Horn, E. M., Y. K. Chow, G. W. Neuberg, S. J. Corwin, E. R. Powers, J. P.
Bilezikian, P. J. Cannon, and S. F. Steinberg. 1986. The guanine nucleotide
regulatory protein Ns is reduced in congestive heart failure. Circulation.
74(Suppl. II):II-198. (Abstr.)

55. Horn, E. M., S. S. Gottlieb, B. Morrow, J. P. Bilezikian, and M. Packer.
1987. Hemodynamic and prognostic significance of altered lymphocyte guanine
nucleotide binding proteins in congestive heart failure. Circulation. 76(Suppl.
IV):IV-88. (Abstr.)

56. Bohm, M., P. Gierschik, K.-H. Jakobs, B. Pieske, P. Schnabel, M. Un-
gerer, and E. Erdmann. 1990. Increase of Gj8 in human hearts with dilated but not
ischemic cardiomyopathy. Circulation. 82:1249-1265.

57. Eschenhagen, T., U. Mende, M. Nose, W. Schmitz, H. Scholz, A. -Haver-
ich, S. Hirt, V. Doring, P. Kalmar, W. Hoppner, et al. 1992. Increased messenger
RNAlevel of the inhibitory Gprotein a subunit G,.2 in human end-stage heart
failure. Circ. Res. 70:688-696.

58. Ishikawa, Y., S. Katsushika, L. Chen, K. Kiuchi, K. Komamura, R. P.
Shannon, D. E. Vatner, S. F. Vatner, and C. J. Homcy. 1992. Reduced steady
state mRNAlevels of cardiac adenylyl cyclase (AC) parallels the development of
heart failure. Clin. Res. 40:220A. (Abstr.)

914 Kiuchi et al.


