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Abstract Introduction

In order to investigate the general cause of jl-adrenergic recep-
tor neuroeffector abnormalities in the failing human heart, we
measured ventricular myocardial adrenergic receptors, adren-
ergic neurotransmitters, and ,-adrenergic receptor-effector re-
sponses in nonfailing and failing hearts taken from nonfailing
organ donors, subjects with endstage biventricular failure due
to idiopathic dilated cardiomyopathy (IDC), and subjects with
primary pulmonary hypertension (PPH) who exhibited iso-
lated right ventricular failure. Relative to nonfailing PPH left
ventricles, failing PPHright ventricles exhibited (a) markedly
decreased fil-adrenergic receptor density, (b) marked depletion
of tissue norepinephrine and neuropeptide Y, (c) decreased ade-
nylate cyclase stimulation in response to the f agonists isopro-
terenol and zinterol, and (d) decreased adenylate cyclase stimu-
lation in response to Gpp(NH)p and forskolin. These abnormal-
ities were directionally similar to, but generally more
pronounced than, corresponding findings in failing IDC right
ventricles, whereas values for these parameters in nonfailing
left ventricles of PPH subjects were similar to values in the
nonfailing left ventricles of organ donors. Additionally, relative
to paired nonfailing PPH left ventricles and nonfailing right
ventricles from organ donors, failing right ventricles from PPH
subjects exhibited decreased adenylate cyclase stimulation by
MnCI2.

These data indicate that: (a) Adrenergic neuroeffector ab-
normalities present in the failing human heart are due to local
mechanisms; systemic processes do not produce j-adrenergic
neuroeffector abnormalities. (b) Pressure-overloaded failing
right ventricles of PPHsubjects exhibit decreased activity of
the catalytic subunit of adenylate cyclase, an abnormality not
previously described in the failing human heart. (J. Clin. In-
vest. 1992.89:803-815.) Key words: adenylate cyclase * adren-
ergic neurotransmitters * 6?-adrenergic receptors * heart failure.
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Heart failure in humans is accompanied by a complex series of
changes in neuroendocrine function. These changes include
generalized adrenergic activation (1, 2), regional cardiac and
renal adrenergic activation (3), increased activity of the renin-
angiotensin system (4), an increase in vasopressin secretion (5)
and counterregulatory activation of vasodilator mechanisms
including increased atrial natriuretic factor secretion (6) and
an increase in vasodilator prostaglandin production (7). The
net result of these adjustments is to increase heart rate, cardiac
contractile state, left ventricular end-diastolic volume, and
central arterial pressure. These compensatory changes serve to
maintain perfusion to organs with autoregulatory control of
resistance, mainly brain and heart (8, 9). Because vasoconstric-
tion is usually produced by the combined effects of neuro-
endocrine activation, total cardiac output may actually be
compromised by these compensatory mechanisms (8, 9). This
realization and recent data indicating that treatment with an-
giotensin-converting enzyme inhibitors exerts a favorable ef-
fect on the natural history of heart failure (10) suggest that
some, if not most, of the primarily activated compensatory
mechanisms may be harmful when chronically expressed.

At the myocardial level numerous changes in the effector
systems that interact with the adrenergic nervous system have
been described. These include selective p,3-receptor down-regu-
lation (1 1), uncoupling of i2- (12) and #,- (13) adrenergic re-
ceptors, and tissue norepinephrine depletion (14-16). Deple-
tion of norepinephrine tissue stores is "paradoxical" inasmuch
as cardiac interstitial concentrations of norepinephrine appear
to be increased in heart failure (17, 18). This paradox appears
to be due to a marked abnormality in neuronal norepinephrine
uptake in the failing human heart (18-20), which leads to both
an increase in synaptic cleft/interstitial concentrations of nor-
epinephrine and a decrease in neuronal norepinephrine stores.

Thus heart failure is accompanied by abnormalities in both
systemic and local cardiac neuroendocrine function. It is un-
clear whether the local changes that occur in the adrenergic
neuroeffector pathways are a consequence of systemic pro-
cesses or whether they are under regional control and may in
fact contribute to the systemic abnormalities, such as by pro-
viding a substantial contribution to the increased level of circu-
lating norepinephrine present in heart failure (3). One ap-
proach to distinguishing between systemic and local causes for
altered adrenergic neuroeffector mechanisms in the failing
heart is to examine these mechanisms in chambers that exhibit
isolated ventricular failure, that is, in situations where one ven-
tricle is failing and the other is not. When such an analysis is
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made, abnormalities that are present in both ventricles can be
attributed to systemic or hormonal factors, whereas abnormali-
ties present only in the failing ventricle can be attributed to
local or regional regulatory processes.

In the current study we examine isolated right ventricular
failure in the setting of primary pulmonary hypertension
(PPH),' using human hearts explanted at the time of heart-lung
transplantation. In these hearts a comparison of nonfailing left
vs. failing right ventricles indicates that the p,3-receptor down-
regulation, adrenergic neurotransmitter depletion, and abnor-
malities in adenylate cyclase that accompany endstage heart
failure are confined to the failing right ventricle. This indicates
that (a) #I -receptor down-regulation is not caused by a systemic
process, but rather is under local regulatory control and (b)
adrenergic neurotransmitter depletion is also under local con-
trol, suggesting that regional adrenergic activation is responsi-
ble for #,B-receptor down-regulation in the failing human heart.

Methods

Tissue procurement
Human cardiac tissue was procured in cooperation with the Utah or
Stanford Cardiac Transplant Programs. Tissue was subdivided as fol-
lows:

Nonfailing controls (group A). 12 hearts were obtained from locally
procured organ donors with no known cardiac history who had been
maintained on no or a minimal amount of dopamine for circulatory
support. "Minimal" dopamine exposure was defined as a dose of < 5
gg/kg min for . 4 h, or < 8 ug/kg min for . I h before cardiac exci-
sion. 6 of the 12 organ donors had received no dopamine within 48 h of
organ procurement, and for the group as a whole the dopamine dose
averaged 0.9 Mg/kg . min for 0.7 h. The age of the donors varied from 5
to 71 yr, with a median of 31 yr. In these respirator-dependent, brain-
dead kidney donors, the hearts could not be placedlbecause of no avail-
able recipient with the proper blood type and/or size match (n = 7),
donor age (n = 3), or mild coronary artery disease with < 50% stenosis
(n = 2). In all cases echocardiograms performed as part of the organ
donation screening process (21) revealed normal global left ventricular
function, defined as a left ventricular shortening fraction of 2 25%.

Cardiac excision was performed as previously described (22), after
harvest of donated extra-cardiac organs. The heart was then placed in
ice-cold oxygenated Tyrode's solution (22) and brought immediately to
the laboratory. The time between removal and homogenization was
< 30 min in all cases.

Biventricularfailure (group B). 54 cardiac transplant recipients with
idiopathic dilated cardiomyopathy (IDC) and biventricular failure by
clinical and catheterization criteria had their hearts removed at the
time of transplantation. The excised heart was immediately placed in
ice-cold oxygenated Tyrode's solution and transported to the labora-
tory. The time between removal and homogenization was < 30 min in
all cases. ,-Blocking agents, , agonists, or phosphodiesterase inhibitor
inotropes had not been given within 5 d oftransplantation to any group
B subject, whose ages ranged from 10 to 61 yr (median 43 yr).

Isolated right ventricular failure (group C). Hearts with isolated
right ventricular failure were obtained from 12 patients aged 23-43 yr
(median 36 yr) who underwent heart-lung transplantation for PPH.
Hearts removed at the time of transplantation were processed as de-
scribed above for groups A and B. In all cases left ventricular function
was normal by echocardiographic criteria or radionuclide data; severe
right ventricular failure was evident by catheterization or echocardio-

1. Abbreviations used in this paper: Gpp(NH)p, guanylyl imidodiphos-
phate; ICYP, iodocyanopindolol; IDC, idiopathicdilated cardiomyopa-
thy; NPY, neuropeptide Y; PPH, primary pulmonary hypertension;
VIP, vasoactive intestinal peptide.

graphic and clinical criteria. No heart-lung recipient had received do-
pamine, or any other # agonist before transplant.

Tissue processing
5-6-g aliquots of left and right ventricular mid-free wall were trimmed
free of epicardial fat and subendocardial fibrosis, minced finely with
scissors, and placed in ice-cold 10 mMTris, 1 mMEGTAbuffer, pH 8,
for preparation of crude membranes suitable for radioligand binding.
Membranes were prepared as previously described by extraction of
contractile proteins with 0.5 MKCI and repeatedly washing a 50,000-g
pellet. This method results in a two- to threefold enrichment of f-
adrenergic receptors and membranes markers compared to the initial
homogenate (11, 23).

In hearts removed from five subjects with PPHa 10-g aliquot of left
and right ventricular free wall was excised as above, and membranes
were prepared as previously described for "method A" (22). This tech-
nique yields a 50,000-g pellet that has not been exposed to high salt
concentrations. The supernatants of the first 50,000-g pellet were spun
at 158,000 g for 1 h, and the resulting "light density" pellet was resus-
pended in 50 mMTris, 250 mMsucrose, 1 mMEGTA, pH 7.5, and
frozen at -70'C until use. The washed and resuspended 50,000-gpellet
was considered to be a "heavy density" membrane fraction and was
stored as per the light density membranes.

2-g aliquots from the left and right ventricular free wall were re-
moved and immediately minced and placed in ice-cold 250 mMsu-
crose, 5 mMTris, 1 mMEGTAbuffer, pH 7.5, to make a particulate
fraction suitable for adenylate-cyclase assays (22). A 1,085-g pellet of
ventricular myocardium was washed twice in the above buffer and
resuspended to a final concentration of 8-12 mg/ml and frozen at
-70° until further use. This preparation differs from the crude mem-
brane fraction used for radioligand binding by having less vigorous
homogenization and no exposure to 0.5 MKCI and being a lower speed
pellet.

Aliquots of left and right ventricular free wall suitable for tissue
catecholamine and neuropeptide Y (NPY) measurements were imme-
diately frozen at -70°. For catecholamine measurements 100-200 mg
of tissue was homogenized within 2 wk of procurement in 0.4 NHCI
containing 5 mMglutathione and using 1 ml/ 100 mgoftissue. Homog-
enization was accomplished by three consecutive 5-s bursts with a
Polytron (Brinkmann Instruments, Inc., Westbuiy, NY) and then 20
passes through a motor-driven mortar and pestle. This material was
centrifuged at 1,500 g for 15 min, and the supernatant was removed
and frozen at -70° until used for radioenzymatic assays. For NPY
measurements, 25-75-mg aliquots of tissue were thawed, minced, and
boiled in 0.01 NHCl for 10 min, and homogenized.

All measurements were performed on every available preparation.
Exhaustion of preparations and tissue samples in some cases led to the
experimental n being less than the number of hearts procured for a
particular group.

Receptor measurements by radioligand binding
,B-Adrenergic receptor density and antagonist affinity were measured
by [125I]iodocyanopindolol (ICYP) binding in crude membranes as pre-
viously described (24). Assays were performed within 2 mo of tissue
procurement, and membranes were stored at concentrations of 5-10
mg/ml in 250 mMsucrose, 50 mMTris, 1 mMEGTAbuffer, pH 7.5,
at -70° until used. Under these conditions receptor density is main-
tained for at least 3 mo (11, 23). The percent #I and 2 receptors was
determined by computer modeling of ICYP-betaxolol (11) or ICYP-
CGP 20712A (25) competition curves using previously described
methods. For CGP20712A, which at concentrations > 10' Mcan
displace ICYP binding beyond that by 3 MMpropranolol or 1 mM
isoproterenol, the bottom of the ICYP-CGP 20712A competition
curve was taken as the simultaneously measured displacement by 3 4M
(-) propranolol. Agonist binding affinity was measured by isoproter-
enol-ICYP competition curves using either 50 or 100 pM ICYP to
maintain the radioligand concentration at 3-5 X KD. 18-point isopro-
terenol competition curves between concentrations of 10-' and
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I0-' Mwere measured under steady-state (2 h of incubation) condi-
tions using (-) isoproterenol. Competition curve slope, IC50, the per-
centage of receptors in a high (KH) or low (KL) affinity state, and KH
and KL were determined by computer modeling using previously de-
scribed methods (1 1).

a,-Adrenergic receptor density and antagonist affinity was mea-
sured by ['25I]IBE-2254 binding, according to previously described
methods (26).

Adenylate cyclase measurements
Adenylate cyclase response to hormones, sodium fluoride, and forsko-
lin was determined as previously described (22, 24). The "standard"
reaction mixture designed to detect hormone stimulation (22, 24) in-
cluded 0.1 mMMgATPwith 0.5 mMMgCl2 in excess, 10-5 MGTP, 10
mMphosphocreatine, and 1 mMcAMPto inhibit endogenous phos-
phodiesterases activity. A second assay condition, termed the
"GppNHp (guanylyl imidodiphosphate) condition," consisted of the
above mixture minus GTP, plus 10-6 M(-) propranolol. A third assay
condition was used to assess Mn2+ stimulation ("Mn2+ condition") and
consisted of the Gpp(NH)p condition minus MgCl2. Recovery was
determined by trace labeling with [3H]cAMP, and the reaction was
started by trace labeling with [a-32P]ATP. Newly formed [32P]cAMP
was recovered by the technique of Salomon et al. (27). Recovery was
consistently 70-95% of added [3H]cAMP.

Tissue catecholamine and NPYmeasurements
Tissue norepinephrine, dopamine, and epinephrine levels were mea-
sured radioenzymatically in HCl-extracted supernatants by using the
Cat-a-Kit (Amersham Corp., Arlington Heights, IL). Results were ex-
pressed as nanograms of catecholamine per grams of original tissue wet
(blotted) weight. Plasma norepinephrine was also measured by Cat-a-
Kit and was expressed as picograms per milliliter plasma.

NPYlevels were measured by radioimmunoassay (RIA). One-half
of the homogenized aliquot was used for protein measurements, and
the other half was used for RIA. The latter was centrifuged for 30 min at
3,500 g and the supernatant was removed, frozen, and lyophilized. The
lyophilized tissue samples were reconstituted in 250 ,ul of PBS plus
Triton buffer and centrifuged for 30 min at 3,500 g at 4°C. The super-
natant (200 gl) was separated into plastic tubes to which specific anti-
sera (100 ul at 1:160,000 dilution) was added. The assay tubes together
with a series of standard NPYdilutions (5-500 pg per tube, four tubes
per dilution) were then incubated for 96 h at 40C. ['25I]NPY (New
England Nuclear, Boston, MA) 5,000-6,000 cpm/min per 100 ,l, was
added to each tube which was then incubated for an additional 48 h at
4°C. After incubation, dextran-coated charcoal was added to each tube
and the resultant mixture was centrifuged for 30 min at 40C. The
amount of NPYin each tube, expressed as picograms per tube, was
calculated from the bound to reference ratio. The antibody for the
assay was derived from NPY-immunized rabbit antisera which exhib-
ited < 1%cross-reactivity with all peptides currently recognized to have
significant homology to the NPYamino acid sequence. Sensitivity for
this assay is 5 pg/ml. Protein concentrations of tissue samples were
determined by the Peterson modification of the Lowry method (28),
and NPYresults were expressed as picograms per milligram of homoge-
nate protein.

Creatine kinase measurements
Soluble creatine kinase activity was measured in the supernatants of
the 1,085-g centrifugation used to process a particulate fraction of ade-
nylate cyclase assays, using a previously described spectrophotometric
technique (22).

Mechanical responses of isolated right ventricular
trabeculae
Mechanical responses of isolated right ventricular trabeculae harvested
from freshly explanted organ donors or transplant recipients was mea-
sured as previously described (1 1, 22). Briefly, trabeculae of uniform
size (1-2 x 6-8 mm)were mounted in an eight-chamber muscle bath

containing Tyrode's solution bubbled with 95%oxygen and 5%CO2to
give a final pH of 7.45. Trabeculae were field stimulated at 10% above
threshold, and resting tension was set at the length that produced the
maximum degree of systolic contraction, usually -1 g. After a 2-h
equilibration period, full-dose response curves to isoproterenol were
performed using 0.5 log unit dose increments between 10-' and 10-'
M. After completion of the isoproterenol dose-response curve and
washout of isoproterenol, the maximal response to calcium was mea-
sured by administering calcium chloride at a final concentrations of
2.5, 5, and then 10 mM. Tension was recorded as the stimulated ten-
sion minus baseline tension, and the maximum response was taken as
the greatest amount of net tension produced at any point in the dose-re-
sponse curve.

Statistical analysis
Differences in the left or right ventricles among the three groups of
hearts ("intergroup" comparison) were assessed by using ANOVAand
the Scheffe multiple comparison test. Differences between measure-
ments in left vs. right ventricles were compared by using a paired t test,
with a P< 0.05 in a two-tailed distribution considered to be statistically
significant. Data are presented as the group mean plus standard error of
the mean.

Chemicals and drugs
All drugs and chemicals were obtained from commercially available
sources using biochemical or molecular biology grade material.

Results

Clinical summary
Table I gives the average age and sex of the three groups. There
were no significant differences in age among the three groups,
but the IDC group (group B) had relatively fewer females com-
pared to the other two groups.

Catheterization data for groups B and C are also given in
Table I. Biventricular failure is evident in group B (IDC) by
elevated right atrial mean and pulmonary wedge mean pres-
sures and reduced cardiac index. The mean left ventricular
ejection fraction in group B was 0.15±0.01 (SEM). In group C,
PPH subjects isolated right ventricular failure is documented
by an elevated right atrial mean pressure and a reduced cardiac
index in the presence of a normal mean pulmonary artery
wedge pressure. In the PPHgroup severe pressure overload of
the right ventricle is documented by a markedly elevated pul-
monary artery mean pressure that is nearly twice as high as in
the IDC group. Echocardiographic evaluation revealed normal
left ventricular function in all subjects in group C. In seven
PPHsubjects, central venous plasma norepinephrine was mea-
sured and averaged 513±131 pg/ml (range 229-1198).
(3-Adrenergic receptor measurements
Fig. 1 gives ICYP-CGP 2071 2A competition curve data in non-
failing left and failing right ventricle from a PPHpatient. The
left and right ventricular ( receptor density in the heart shown
in Fig. 1 was, respectively, 91.5 and 45.2 fmol/mg. It can be
seen from Fig. 1 that two classes of binding sites are present,
with CGP20712A displacing ['251]ICYP from a high-affinity
class in the nanomolar range, and a low-affinity class in the
micromolar range.

Intergroup comparison. In Table II are given mean values
for 3-adrenergic receptor density as determined by maximum
ICYP binding, ICYP dissociation constant (KD), the percent-
age of(B- and (32-adrenergic receptors as determined by resolu-
tion of ICYP-selective ligand competition curves, and A1 and (2
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Table I. Clinical Characteristics

Catheterization data
Sex

Group (n) Age (% female) RA PW PAP Cardiac index

yr mmHg mmHg mmHg L/min . M2

A (Nonfailing organ
donors, n = 12) 34.1±5.9 50

B (IDC, biventricular
failure, n = 54) 39.3±2.1 17.0* 9.4±1.0 23.5±1.0 30.1±1.4 2.04±0.11

C (PPH, isolated RVF,
n = 12) 34.9±2.2 67* 9.0±1.4 6.8±1.3* 57.0±3.5* 1.93±0.15

Values are given ±SEM. Abbreviations: RA, right atrial mean pressure; PW, pulmonary wedge mean pressure; PAP, pulmonary artery mean
pressure. * P < 0.05 vs. A. * P < 0.05 vs. B.

receptor densities. As shown in Table II, there is a marked
reduction in ,3 receptor density in both the left and right ventri-
cles of group B when compared with nonfailing organ donor
controls (group A). On the other hand, in the PPH group
(group C) the failing right ventricle has a markedly reduced #

9000

8000

7000

6000

z 5000

m 4000

U 3000

2000

1000

0

x x

xN

x\
-~~~~~~~ x

-i1 -10 -9 -8 -7 -6 -5 -4 -3

LOG CLIGAND]

4500

4000

3500

3000

Z 2500
0
m 2000

U 1500

1000

500

0

LOG CLIGAND]

Figure 1. ['25I]ICYP-CGP 20712A competition curves in a group C,
PPH subject. Top panel: left ventricle (#I = 74.8%, (32 = 25.2%, KH
(#,) = 0.93 nM, KL (/2) = 1.0 AM. Bottom panel: right ventricle (,B,
= 72.4%, 032 = 27.6%, KH ((3I) = 0.93 nM, KL ((32) = 1. 10IOM.

receptor density while the nonfailing left ventricle has a total (3
receptor density that is not significantly different from group A
left ventricles.

Similarly, #,B receptor density is also decreased in failing left
and right ventricles from group B and right ventricles from
group C, compared with nonfailing left and right ventricles
from group A and nonfailing left ventricle from group C. In
contrast, (2 receptor density did not differ among the left or
right ventricles in groups A and B or in the right ventricles of
group C. However, (32 receptor density in group C left ventricles
tended to be increased compared to all groups, and compared
to the left ventricles of group B the increase achieved statistical
significance.

As can be seen in Table II, the selective loss of 31-adrenergic
receptors in all failing ventricles resulted in a decrease in the
percent of f3, and an increase in the percentage of 32 receptors
in the left and right ventricles of group B and the right ventri-
cles of group C.

In a subgroup of five group C subjects with decreased right
ventricular ,3 and #I receptor densities (respectively 40.5±6.2
and 26.6±4.1 vs. 75.1±4.4 and 55.7±4.0 fmol/mg in left ven-
tricle, both paired t value for LV vs. RV < 0.01), membrane
yield was assessed by measuring 10 mMNaF-stimulated ade-
nylate cyclase activity in crude membrane preparations used
for radioligand binding. There was no significant difference in
activation of adenylate cyclase in left (60.1±12.5 pmol cAMP/
min * mgprotein) vs. right (61.3±7.9) ventricles.

Because of the sex differences noted in Table I we analyzed
fl-adrenergic receptor and neurotransmitter data with respect
to male vs. female values. There were no sex-related differences
(P > 0.05) in any group or chamber for any parameter exam-
ined, including total , receptor density, (3I receptor density, ,B2
receptor density, or tissue norepinephrine, dopamine, epineph-
rine, and NPYlevels.

Left vs. right ventricles. Paired t analysis of f,-adrenergic
receptor data in left vs. right ventricular preparations of all
three groups is given in Table II; selected data for group C are
shown in Fig. 2. Relative to nonfailing left ventricles group C
failing right ventricles demonstrated significant reductions in
total f and lB receptor densities, whereas /#2 receptor density
was unchanged. In group C failing right ventricles the percent

I was lower and the percent f(2 was higher than in nonfailing
left ventricles, whereas ICYP KDwas not different.
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Table II. Adrenergic Receptor Data

# receptor density
ICYP a, receptor IBE-2254

Group Total f I 02 KD %A, % B2 density KD

fmol/mg pM fmol/mg pM

A (Nonfailing
n = 12), LV 87.7±7.4 68.0±6.4 19.6±2.3 11.9±2.7 77.0±2.3 22.9±2.2 8.8±1.2 39.5±12.1

RV 102.1±9.2§ 81.2±10.0§ 18.0±2.7 12.3±3.0 80.0±3.0 19.9±2.9 6.8±4.0 27.4±20.0
B (Biventricular
failure, n = 54) LV 51.1±1.9* 32.8±1.6* 18.2±0.9 15.3±1.8 63.4±1.5* 36.1±1.4* 17.6±3.3 41.9±5.3

RV 47.8±2.6* 33.9±2.5* 17.1±1.1 15.2±2.2 65.6±2.2* 34.4±2.0* 15.9±3.2 38.9±7.3
C (PPH, isolated

RVF, n = 12) LV 85.4±6.1* 62.1±4.2t 24.9±3.4* 9.4±1.6 72.0±2.5* 28.2±2.2t 16.4±2.7 39.3±11.7
RV 41.9±4.0*§ 23.2±2.6*§ 19.6±3.7 10.2±2.5 56.0±5.6*§ 41.5±4.6*§ 14.6±2.8 34.0±10.7

Values are given as mean±SEM. Abbreviations: LV, left ventricle; RV, right ventricle. * P < 0.05 vs. respective chamber in A. * P < 0.05 vs.
respective chamber in B. § P < 0.05 vs. LV.

The only differences between left and right ventricles in
groups A and B were higher total # and dI receptor densities in
group A right ventricles vs. paired left ventricles. In contrast, fl2
receptor density was not different in the right vs. left ventricles
of nonfailing hearts.

,8-Agonist binding characteristics
Intergroup comparison. In Table III are given fl-agonist binding
data derived from ICYP-isoproterenol competition curves.
The curve slope (Hill coefficient) was significantly (P < 0.05)
less than unity in all groups, indicating complex binding. The
overall position of the ICYP-isoproterenol competition curves
did not vary among the various groups (Ki 37-74 nM). By
computer modeling the best fit in most cases was for two sites
in all groups (left ventricle-6 of 9 in group A, 20 of 23 in group
B, and 9 of 11 in group C; right ventricle-8 of 8 in group A, 9
of 11 in group B, and 10 of 11 in group C).

If a high-affinity isoproterenol binding site is defined as a
KH of < 30 nM, all groups with the exception of group C left
ventricles exhibited a minority (- 30%) of binding sites in a
high-affinity state. The KHfor group C left ventricles was signifi-
cantly higher than for group A or B left ventricles, but was not
significantly different from the value in group C right ventri-
cles. The KL did not vary among the various groups. The den-
sity of the high-affinity (KH) isoproterenol binding sites was or
tended to be decreased in group B left and right ventricles and
in group C right ventricles, whereas group C left ventricles had
a value similar to group A left ventricles.

Left vs. right ventricles. As shown in Table III and Fig. 2, the
only significant difference between left and right ventricular
agonist binding data was for the density of high affinity sites in
group C, which was lower in right vs. left ventricles.

a,-Adrenergic receptor density
Intergroup comparison. The aI receptor density is given in Ta-
ble II. There were no differences in a, receptor density or IBE-
2254 affinity in any of the groups, for either right or left ventri-
cles.

Left vs. right ventricles. The a, receptor density and IBE-
2254 KD did not differ in left vs. right ventricle for any group
(Table II).

(3 receptor measurements in light and heavy density
membrane fractions
In Table IV are given a receptor density and ICYP KDmeasure-
ments in light and heavy membrane fractions. As can be seen,
right ventricular Bm. is significantly decreased in both frac-
tions, whereas KD is unchanged in failing right vs. nonfailing
left ventricles.

Tissue catecholamine and NPYlevels
Intergroup comparison. Table V gives mean values for tissue
catecholamine and NPYlevels. For norepinephrine, the group
B left ventricular value was 43% lower than the value in group
A nonfailing left ventricles (P < 0.05), and 63% lower than the
value in group C nonfailing left ventricles (P < 0.05). In right
ventricles norepinephrine was similarly reduced in group B (by
42% relative to group A right ventricles, P < 0.05), and more
severely reduced in group C (by 82%compared with group A, P
< 0.05 vs. group A or B). NPYexhibited a pattern similar to
norepinephrine, with failing chambers having lower values
than respective nonfailing chambers.

Tissue dopamine exhibited a different pattern, being or
tending to be higher in the left and right ventricles of group A
relative to either group B or C; values in group B left and right
ventricles and group Cright ventricles reached statistical signifi-
cance relative to the respective chambers in group A. Tissue
epinephrine exhibited a pattern similar to dopamine, except
that statistical significance relative to group A left or right ven-
tricles was achieved in group B left ventricles and both ventri-
cles of group C.

Six of the nine group A ventricles in whomcatecholamines
were measured were not exposed to any dopamine within 48 h
of organ harvest. Tissue catecholamines (in pg/ml) in these six
did not differ significantly from the group as a whole: LV, nor-
epinephrine 1,006±196, dopamine 266+131, epinephrine
188±69; RV, norepinephrine 1,050±206, dopamine 226±77,
epinephrine 124±31.

Left vs. right ventricles. Relative to paired nonfailing left
ventricles group C failing right ventricle exhibited a significant
reduction in norepinephrine, epinephrine, and NPY levels,
with the degree of reduction most pronounced for norepineph-
rine (reduced by 84%). In contrast, group B failing right ventri-
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Figure 2. Top panel: adrenergic receptor data in group C (n = 12 PPH
hearts). Middle panel: tissue catecholamine and NPYlevels in group
C (n = 5 PPHhearts). Bottom panel: selected adenylate cyclase activ-
ities in group C (n = 12 PPHhearts).

cles had significantly higher norepinephrine levels than the
corresponding left ventricles, and values in group A right ven-
tricles also tended to be higher than in the corresponding left
ventricles.

Adenylate cyclase data
Intergroup comparison. Adenylate cyclase measurements were
made in a carefully handled particulate fraction of left and right
ventricular myocardium. Activity was measured under condi-
tions designed to detect (a) maximum ,8-agonist activity (stan-
dard condition), (b) stimulation by guanine nucleotides
(Gpp(NH)p condition), and (c) stimulation of the catalytic unit
by MnCl2 (Mn2+ condition). The results are given in Tables VI
and VII.

As shown in Table VI, under standard conditions net (max-
imum minus basal activities) stimulation by the ,3 agonists iso-
proterenol or zinterol was or tended to be decreased in failing
chambers. The isoproterenol difference between groups B and
C left ventricles and groups B and A right ventricles achieved
statistical significance, whereas zinterol stimulation was re-
duced in both left and right ventricles of group B relative to the
respective chambers in group A. Basal activity was significantly
reduced only in group B right ventricles, compared to group A
nonfailing controls. Hormone stimulation by vasoactive intes-
tinal peptide (VIP) or histamine and fluoride stimulation were
not different among the various groups. Forskolin stimulation
tended to be decreased in all failing chambers, but none of the
values were significantly different from nonfailing group A
controls.

Table VII gives adenylate cyclase stimulation data under
Gpp(NH)p and Mn2+ conditions. Relative to group A left or
right ventricles, both ventricles in group B and group C right
ventricles had or tended to have reduced Gpp(NH)p stimula-
tion, with group B left ventricles achieving statistical signifi-
cance relative to group A left ventricles.

With the Mn2+ condition, Mn2+ stimulation was markedly
decreased in failing group C right ventricles relative to group A
nonfailing right ventricular controls. Mn2+ stimulation was
also decreased in group B right ventricles relative to group A
nonfailing controls, but the decrease in group B was less than in
group C (respectively by 42% vs. 64%).

Left vs. right ventricle. Relative to paired nonfailing left
ventricles, under standard assay conditions no differences in
adenylate cyclase stimulation were apparent in nonfailing left
vs. right ventricles of group A (Table VI). In contrast, relative
to nonfailing left ventricles failing right ventricles in group C
exhibited significant reductions in adenylate cyclase basal activ-
ity and stimulation of adenylate cyclase by isoproterenol, zin-
terol, and forskolin (Table VI and Fig. 2). VIP, histamine, and
NaF-stimulated adenylate cyclase activity did not differ in right
vs. left ventricles in group C. Group B right vs. left ventricles
also yielded significant (P < 0.05) reductions in basal activity,
isoproterenol stimulation, and fluoride stimulation, while fors-
kolin stimulation nearly reached statistical significance (P
= 0.052).

With the Gpp(NH)p assay condition, Gpp(NH)p stimula-
tion differed in the right vs. left ventricles of group A, with the
right ventricle being 20% lower (Table VII). For group C (Table
VII and Fig. 2) failing right vs. nonfailing left ventricles demon-
strated a decrease in adenylate cyclase basal activity (by 41%),
as well as a reduced stimulation of adenylate cyclase by
Gpp(NH)p (by 29%) and NaF (by 31%). In these same seven
preparations from PPHsubjects, NaF stimulation was not de-
creased under standard assay conditions (in left ventricle
49.7+9.1 vs. 45.3+8.6 pmol cAMP/min . mg in right ventricle,
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Table III. Agonist Binding Site Data Based on Isoproterenol-ICYP Competition Curves

High, low affinity dissociation Density high and low group
Curve characteristics constants %high and low affinity sites affinity sites

Group K, Slope KH KL KH KL KH KL

nM nM % fmnol/mg

A (Nonfailing,
n = 9) LV 74±42 0.66±0.05 4.2±1.1 421±231 31.0±4.6 67.2±4.5 29.8±6.6 62.3±5.9

RV 37±13 0.74±0.06 4.3±3.7 87±32 26.5±8.0 72.0±8.0 25.4±7.6 79.9±8.4
B (Biventricular

failure, n = 23) LV 44±9 0.73±0.03 5.4±1.7 112±20 31.5±25.1 66.3±5.0 15.1±2.3 34.1±3.6*
RV 42±17 0.81±0.10 3.9±1.9 147±64 30.0±8.5 68.2±8.4 15.0±3.8 28.9±5.8*

C (PPH, isolated
RV failure, LV 51±7 0.77±0.02 14.8±3.5*t 180±27 51.1±9.8 44.6±9.8 43.7±9.2$ 39.5±10.4
n = 10) RV 60±9 0.77±0.02 9.2±2.6 145±19 33.8±8.8 62.0±8.4 15.0±3.80 27.2±5.0*

Values are given ±SEM. Abbreviations are as in Table II. * P < 0.05 vs. A. t P < 0.05 vs. B. I P < 0.05 vs. LV.

P = NS). Right vs. left ventricular values for Gpp(NH)p stimu-
lation were lower in group A but not in group B, where NaF
stimulation was not significantly different in group A or B.

Using the Mn2" condition, PPHright ventricles exhibited a
marked reduction in basal activity and Mn2" stimulation of
adenylate cyclase, by respective amounts of 48%and 43%when
compared to PPHleft ventricles. In contrast, Mn2" stimulation
in left vs. right ventricles was not significantly different in
groups A and B, and in fact tended to be higher in group A right
compared to left ventricles.

Muscle contraction data
As can be seen in Table VIII, trabeculae removed from severely
failing PPH right ventricles exhibited a marked reduction in
isoproterenol mediated tension responses, whereas calcium-in-
duced contractile responses were not significantly different
from nonfailing controls. The percent decrease in isoproter-
enol responsiveness was by 58%, whereas the IDC subjects in
group B exhibited a decrease in isoproterenol response by 33%.

Discussion

The development of isolated right ventricular failure in sub-
jects with PPHallowed us to examine which of the previously
described abnormalities of the myocardial adrenergic neuroef-
fector mechanism are related to local (occurring only in failing
right ventricles) vs. systemic (occurring in both ventricles)

Table IV. 3-Receptor Density (B,,,.) and ICYP KD in Light
and Heavy Membrane Fractions (n = 5)

Heavy Light

Chamber B. KD B. KD

finol/mg pM fmol/mg pM

LV 39.9±9.4 16.5±2.5 106.1±19.9 19.1±4.1
RV 17.0±2.9* 16.9±3.2 40.4±5.8* 18.4±3.2

Values are given ±SEM. Abbreviations are as in Table II. * P <
0.05 LV.

causes. The degree of right ventricular failure as judged by car-
diac index and right atrial mean pressure was comparable in
PPHsubjects and control subjects exhibiting biventricular fail-
ure from IDC, and values from PPHand IDC ventricles were
compared to nonfailing control left and right ventricles re-
moved from organ donors.

Failing right ventricles removed from subjects with PPH
exhibited selective (compared to PPHleft ventricle) /,3-receptor
down-regulation, depletion of tissue norepinephrine and NPY,
decreased adenylate cyclase basal activity, and decreases in iso-
proterenol, zinterol, Gpp(NH)p, forskolin, and Mn2" stimula-
tion of adenylate cyclase. These abnormalities in PPH failing
right ventricles were directionally similar to, but tended to be
more pronounced than, corresponding findings in failing right
ventricles removed from subjects with IDC. In contrast, non-
failing left ventricular tissue removed from PPHsubjects con-
tained levels of /3-adrenergic receptors, norepinephrine and
NPY, and adenylate cyclase activities that were not signifi-
cantly different from nonfailing left ventricles removed from
organ donors. These data indicate that in the failing human
heart the previously described adrenergic neuroeffector abnor-
malities (11 -16, 22-24, 26) are "chamber specific" (29) in their
distribution, and are confined only to chambers that are failing
when the clinical syndrome of heart failure is present. This in
turn implies that factors producing these adrenergic abnormali-
ties are under local, rather than systemic control.

For adrenergic receptor abnormalities, the 3,8 subtype was
the only receptor reduced in PPHright ventricles. The 2 and
a, receptor subtypes were not reduced in PPHright ventricles
compared to nonfailing donor left or right ventricles or com-
pared to PPH left ventricles, which is similar to previous re-
ports (1 1, 12, 26) of the behavior of these receptors in failing
ventricular myocardium. In PPH left ventricles /32 receptor
density tended to be higher than in the other groups, and the
difference (by 31%) reached statistical significance when com-
pared to IDC left ventricles. The only other reported situation
in which human ventricular myocardial 32 receptor density is
increased is in the transplanted human heart (30). The reason
why these two situations exhibit increased myocardial /2-
adrenergic receptor density is unclear.

The /31-adrenergic receptor and adrenergic neurotransmit-
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Table V. Tissue Catecholamines, NPY, and Soluble Creatine Kinase Activity

Tissue catecholamines
Tissue Soluble creatine

Group NE DA EPI NPY kinase activity

ng/g wet weight pg/mg protein IU/g wet weight

A (Nonfailing,
n = 9) LV 865±147 245±86 135±52 92.8±8.2 1,078±73

RV 1,183±180 275±67 94±25 108±18.3 1,110±102
B (Biventricular

failure, LV 497+43* 59±15* 43±10* 45.1±5.1* 899±40
n = 39) RV 688±93*f 44+9* 54±14 55.1±6.3* 779±32*'

C (PPH isolated
RV failure, LV 1,337+216* 79±39 18±5* 96.1±42.1t 955±112
n = 5) RV 209±75**§ 41±18* 7±2**1 34.3±13.4*f 721±56*

Values are given ±SEM. Abbreviations: NE, norepinephrine; DA, dopamine; EPI, epinephrine; and as given in Table II. * P < 0.05 vs.
respective chamber in A. * P < 0.05 vs. respective chamber in B. I P < 0.05 vs. LV.

ter differences in PPH right vs. left ventricles appeared to be
related to the presence of failing heart muscle, as the age of
group C individuals was not different from groups A and B,
and gender, which was distributed differently among the three
groups, had no effect on any measured parameter. The down-
regulation of #1-adrenergic receptors noted in group C right
ventricles appeared to be due to loss of receptors from all cellu-
lar pools, as 3-receptor down-regulation occurred equally in
light- and heavy-density membrane compartments; this argues
against "internalization" into a microvesicular fraction as the
explanation for loss of 0 receptors from crude membrane frac-
tions. However, sequestered receptors (31) might not have
been detected by the methods used in this investigation, and
undetected receptor sequestration could have accounted for
the "uncoupling" of #2 receptors observed in all failing ventri-
cles.

Tissue norepinephrine levels were reduced by over 80% in
PPHright compared to PPHleft ventricles, and values in PPH
right ventricles were also lower than in IDC right ventricles. In
contrast, tissue norepinephrine levels in PPH left ventricles

were significantly higher than values in IDC left ventricles but
not statistically significant from values in nonfailing donor left
ventricles. Tissue NPYlevels exhibited a similar pattern. These
data indicate that the previously described depletion of the
adrenergic neurotransmitter norepinephrine (14-16) and NPY
(32) in failing human ventricular myocardium is more pro-
nounced in pressure-overloaded failing right ventricles re-
moved from subjects with PPH, owing either to more severe
muscle failure compared to IDC or to differences in pathophysi-
ology.

Tissue dopamine and epinephrine levels were or tended to
be higher in group A ventricles than in either group B or C. For
dopamine this may have been due to the limited use of thera-
peutic dopamine in the organ donor controls, although sub-
jects not given dopamine still had tissue values that were > 200
ng/g. Another potential explanation for increased dopamine
levels in group A is increased neuronal sympathetic activity in
the "proximal" neuronal norepinephrine sympathetic pathway
combined with a decreased enzymatic conversion of dopamine
to norepinephrine, something that has been previously demon-

Table VI. Adenylate Cyclase Activities under "Standard" Conditions

Adenylate cyclase activity

Net Net Net Net Net Net
Group Chamber Basal Iso Zint VIP Hist NaF Forsk

pmol cAMP/min * mg

A (Nonfailing,
n = 12) LV 11.4±1.0 36.8±3.4 13.8±2.7 12.7±2.2 5.0±1.0 51.0±1.7 303±23

RV 12.3±1.3 35.5±4.4 12.8±2.4 9.7±2.0 8.0±1.6 45.1±5.1 268±19
B (Biventricular

failure, LV 10.1±0.6 28.5±2.0 8.1±0.7* 12.4±1.3 5.1±0.5 45.5±3.3 228±16
n = 39) RV 8.4±0.8*§ 23.4±2.0*1 6.8±0.8* 10.2±2.0 4.2±0.8 39.2±3.5§ 197±16

C (Isolated
RV failure, LV 11.9±1.0 39.9±3.5* 12.6±1.1 14.0±1.5 5.6±1.3 51.3±6.0 276±33
n = 12) RV 8.9±0.9§ 27.2±3.I§ 8.8±1.41 12.5±1.7 5.3±1.3 46.5±5.6 200±23§

Values are given ±SEM. Abbreviations: Iso, isoproterenol; Zint, zinterol; Hist, histamine; Forsk, forskolin; and as in Table II. * P < 0.05 vs.
respective chamber in A. * P < 0.05 vs. respective chamber in B. § P < 0.05 vs LV.
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Table VII. Adenylate Cyclase Activities in the Absence of Added Guanine Nucleotide and in the Presence of 10-6 MPropranolol
(Gpp(NH)p Condition) or with the Above Minus Mge2 (Mn2' Condition)

Adenylate cyclase activity

Gpp(NH)p condition Mn2" condition

Gpp(NH)p NaF Mn2+
Group Chamber Basal (10-4 M) (10-2 M) Basal (10-2 M)

pmol cAMP/min mg

A (Nonfailing,
n = 8) LV 6.2±0.7 14.2±2.9 52.4±6.3 0.90±.21 49.8±12.8

RV 6.5±1.2 11.4±3.0§ 43.8±4.3 2.00±.54 65.1±8.3
B (Biventricular

n = 32) LV 6.6±0.4 8.9±0.7* 47.9±2.6 1.32±.15 44.1±4.0
RV 6.0±0.4 9.3±0.6 43.7±3.6 1.15±.31 37.5±3.0*

C (Isolated
RV failure, LV 9.4±1.4 11.8±1.5 56.1±6.6 1.36±.27 40.4±7.7
n = 6) RV 5.5±0.9§ 8.1±1.6§ 38.0±4.3§ 0.68±.09§ 23.6±4.2**§

Values are given ±SEM. * P < 0.05 vs. respective chamber in A. t P < 0.05 vs. respective chamber in B. § P < 0.05 vs. LV.

strated in conditions of high adrenergic drive (33). For epineph-
rine the increase in group A ventricles was probably due to the
markedly increased circulating levels known to occur in brain
injury (34), with circulating epinephrine being taken up by the
cardiac neuronal uptake system (35). The decrease in epineph-
rine levels in right vs. left ventricles of PPHhearts was probably
due to the decreased catecholamine uptake that characterizes
heart failure (18).

,8-Agonist-mediated functional responses were reduced in
PPHright ventricles. Muscle contraction, which is mediated by
receptor subtypes in direct relation to their relative densities
(1 1), was markedly reduced in PPHright ventricles relative to
nonfailing right ventricular controls. The degree of reduction
was by 58%, which is in good agreement with the reduction in
total ,3 (#l + f2) receptor density of 59% when compared to
nonfailing right ventricles. Adenylate cyclase responsiveness to
the nonselective (# agonist isoproterenol and the selective I#2
agonist zinterol was also reduced in PPHright ventricles, but to
a lesser extent; in fact, for isoproterenol only the direct compari-
son to values in PPHleft ventricles yielded a significant reduc-
tion. In human ventricular myocardium, adenylate cyclase re-

Table VIII. Muscle Bath Responses of Isolated
Right Ventricular Trabeculae

Group Isoproterenol Calcium

mg

A (Nonfailing, n = 19) 1,966±348 1,319±278
B (Biventricular failure,

n = 79) 1,294±102* 1,180±93
C (Isolated RV failure,

n = 17) 825±103* 1,061±233

Values are maximum net increase in tension±SEM (n refers to num-
ber of trabeculae).
* P < 0.05 vs. A.

sponsiveness to isoproterenol is mediated primarily by 2 re-
ceptors (12), which were not significantly decreased in PPH
right ventricles relative to PPHleft ventricle or nonfailing right
ventricles. The decrease in zinterol responsiveness reflects ex-
clusively the status of ,2 receptors (12), which were therefore
mildly uncoupled from adenylate cyclase stimulation in PPH
right ventricles and IDC left or right ventricles.

Numerous measurements were not decreased in failing
PPHright vs. nonfailing left ventricles. They included creatine
kinase levels, a, receptor density, the percentage of the ,B-
adrenergic receptors in a high-affinity agonist binding, overall
agonist affinity as judged from isoproterenol competition
curve position (KI), and VIP, histamine, and fluoride-stimu-
lated adenylate cyclase activities under standard assay condi-
tions. With the exception of # receptor agonist affinity, all these
"nondifferences" have been previously reported for failing vs.
nonfailing left ventricular myocardium (22, 26, 36, 37). These
observations also argue for the preservation of cellular integrity
of severely failing right ventricular myocardium removed from
subjects with PPH, and against differences in membrane yield
as the explanation for the decreases in adrenergic neuroeffector
parameters.

In addition to the reduction in isoproterenol and zinterol
stimulation of adenylate cyclase in PPH right ventricles mea-
sured under standard assay conditions, basal activity and fors-
kolin stimulation were also reduced relative to PPHleft ventri-
cles. In addition, in the absence of added guanine nucleotides
stimulation of adenylate cyclase by NaF and Gpp(NH)p was
reduced in PPHright ventricles relative to paired left ventricles,
despite stimulation by NaF not being reduced in PPH right
ventricles when the assays were performed under standard con-
ditions that included the addition of GTPand Mg2e. Similarly,
with the Mn2+ condition (no added guanine nucleotides or
Mg2+, addition of 10-6 Mpropranolol) Mn2+ stimulation in
PPHright ventricles was decreased relative to nonfailing right
ventricles in group A. These data suggest that PPHfailing right
ventricle exhibits a chamber-specific abnormality of the adenyl-
ate cyclase catalytic subunit (C) which leads to a reduction in
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activity when G, is "activated" by NaF (38) or C is stimulated
by Mn2" (39). However, when GTPand Mg2" are added to the
reconstituted, standard adenylate cyclase assay condition the
response of PPHright ventricular preparations to certain ago-
nists (VIP, histamine, and NaF) is normal, suggesting that the
catalytic subunit defect can be overcome by the addition of
moderate amounts of guanine nucleotides and Mg2+.

Right ventricles from IDC subjects also exhibited a de-
crease in Mn2" stimulation, relative to group A right ventricles.
Additionally, under standard conditions group B right ventri-
cles exhibited decreased basal activity, NaF stimulation, and
nearly exhibited decreased forskolin stimulation relative to
paired IDC left ventricles. IDC left ventricles did not exhibit
the Mn2` abnormality, suggesting that this and the other afore-
mentioned decreases in adenylate cyclase activity were present
in IDC right ventricles as a result of a mild catalytic subunit
abnormality caused by the moderate right-sided pressure over-
load present in this group.

We(13, 40) and others (41, 42) have previously described a
decrease in responsiveness to the nonhydrolyzable guanine nu-
cleotide Gpp(NH)p in failing ventricles in both IDC and isch-
emic dilated cardiomyopathy, an abnormality that appears to
be due to increased activity of the inhibitory Gprotein, Gi (40,
43, 44). In the current study the IDC left ventricles exhibited a
level of Gpp(NH)p stimulation that was 63% of control values
in group A left ventricles, similar in degree to previously de-
scribed (13, 40) reductions. However, values for Gpp(NH)p
stimulation in group B and C right ventricles were reduced by
statistically insignificant amounts of 18% and 29%, respec-
tively. Given that Mn2+ stimulation and basal activity values in
both groups B and C right ventricles supported the existence of
a catalytic subunit abnormality, the data do not support a sepa-
rate G protein-related defect in pressure overloaded IDC or
PPH failing right ventricles.

Both groups B and Cisolated right ventricular preparations
exhibited a reduced contractile response to isoproterenol. Al-
though by ANOVAthe decrease in isoproterenol-mediated
contractile response in right ventricular trabeculae was not sta-
tistically different in IDC (by 33%) vs. PPH(by 58%), in view of
the similar degree of 1-receptor down-regulation in these two
types of heart failure (by respective amounts of 53%and 59% in
IDC and PPH right ventricles), it is possible that the greater
degree of catalytic subunit abnormality in PPHright ventricles
led to some additional compromise in 13-receptor-mediated re-
sponsiveness. The adenylate cyclase catalytic subunit defect
that appeared to be present in direct relation to the degree of
pressure overload in failing human right ventricles is similar to
the abnormality in adenylate cyclase that has been previously
described in pressure overloaded failing left ventricles in guinea
pigs (45) and dogs (46). The agonist affinity status of 13-adrener-
gic receptors in failing human ventricular myocardium has not
been previously reported, and the finding of no change in fail-
ing myocardium is in disagreement with work in at least one
heart failure animal model (47). In this banded aorta, pressure-
overload model 13-receptor agonist affinity decreases (47) in
conjunction with a decrease in the amount/activities of G, (48)
and the adenylate cyclase catalytic subunit (46). The differ-
ences between this model and human myocardial failure are
likely due to both species and model differences.

The selective, chamber-specific decrease in B1. receptor den-
sity and adrenergic neurotransmitters suggests that these two

phenomena are related. The fl, receptor has a higher affinity for
norepinephrine than does the 2 receptor (26, 49), and occu-
pancy of #,B receptors by the increased amount of cardiac-de-
rived norepinephrine present in the failing human heart may
be one cause of Al-receptor down-regulation (50). In heart fail-
ure tissue depletion of norepinephrine (14-16) occurs in the
face of increased myocardial norepinephrine production (17,
18, 20), as relative preservation of norepinephrine release (20)
coupled with decreased reuptake (18-20) ultimately depletes
tissue stores (14-16). Norepinephrine depletion is therefore a
marker of increased adrenergic neuronal function, and conse-
quently it would be expected that #,1-receptor down-regulation
and adrenergic neurotransmitter depletion would co-vary and
be confined to failing chambers.

In this study the neuroeffector abnormalities are similar to
previously reported data, including reduction in tissue norepi-
nephrine (15, 16), down-regulation of total 13- and 13I-adrener-
gic receptors (1 1, 12, 22), decreased : agonist responsiveness of
adenylate cyclase (12, 22) decreased inotropic responsiveness
of isolated tissue to isoproterenol (11, 22), and decreased re-
sponsiveness of adenylate cyclase to Gpp(NH)p (40-42). This
study demonstrates that the abnormalities previously de-
scribed in smaller sample sizes of left and right ventricular
myocardium are present to a similar degree when larger num-
bers of endstage IDC ventricles are examined.

Although studies in animal models of heart failure have not
consistently demonstrated ,8-receptor down-regulation, a re-
cent study in pulmonary artery-banded dogs reported selective
right ventricular :-receptor down-regulation (51) that was simi-
lar to that reported in the current study. This volume/pressure
overload model of isolated right ventricular failure also exhibits
selective norepinephrine depletion and selective loss of norepi-
nephrine uptake (52). However, this canine model differs from
human hearts removed from subjects with PPHby exhibiting a
"postreceptor" defect in the adenylate cyclase complex, with
responses to forskolin, Gpp(NH)p, and isoproterenol being de-
creased in both ventricles (51). In contrast, in the current study
nonfailing human left ventricles removed from subjects with
PPH exhibited normal (not different from organ donor con-
trols) adenylate cyclase responses to all agonists in PPH left
ventricles. In view of the fact that our PPHsubjects had severe
heart failure, it is perhaps surprising that hormonal influences
such as elevations in circulating catecholamines did not pro-
duce evidence for a postreceptor, or heterologous, desensitiza-
tion in PPHleft ventricles. One potential explanation for this is
that the organ donor controls had already developed mild de-
sensitization, by virtue of the increased sympathetic drive pres-
ent in brain injured subjects (34). Indirect evidence for in-
creased sympathetic activity was in fact present in group A, in
the form of increased tissue epinephrine levels that presumably
reflected uptake of increased circulating levels. It is important
to realize that no type of control human myocardium will be
completely "normal" in explanted material inasmuch as some
sort of process with an invariable systemic component had to
be present in order for the tissue to become available. This is
why the changes described in this and our previous papers deal-
ing with abnormal 13-adrenergic neuroeffector mechanisms in
explanted human heart are interpreted as changes in failing vs.
nonfailing heart, as opposed to failing vs. normal. It is in fact
quite likely that the degree of change in 13-adrenergic neuroef-
fector mechanisms in the failing human heart is underesti-

812 Bristow et al.



mated by a comparison to controls which may already have
some degree of abnormality.

A general observation about PPHfailing right ventricles is
that the described adrenergic neuroeffector abnormalities were
more pronounced than in IDC failing right or left ventricles.
Relative to values in IDC right ventricles, PPHright ventricu-
lar values were 12% lower for fB receptor density, 70% lower for
norepinephrine level, 38% lower for NPYlevel, and 36% lower
for isoproterenol stimulation of muscle contraction. The gen-
eral explanation for these quantitative differences between
these two types of heart muscle disease is either more severe
myocardial dysfunction in the markedly afterloaded PPHright
ventricle, or "model" differences between these two types of
heart muscle disease.

With the evidence presented in the current investigation
that pressure-overloaded, failing human ventricular myocar-
dium exhibits a defect in the adenylate cyclase catalytic subunit
a total of six abnormalities of the f3-adrenergic neuroeffector
system have now been described in the ventricular free walls of
various types of failing human ventricular myocardium that
has not been exposed to pharmacologic agents known to per-
turb the : receptor pathway. As outlined in Table IX, these are
(a) depletion of adrenergic neurotransmitters, found in all
types of failing heart examined to date (14-16, 35), (b) down-
regulation of l3-adrenergic receptors, which has been found in
all types of failing human heart (1 1-13, 22, 53-55), (c) uncou-
pling of 032-adrenergic receptors, found in all types of failing
human heart examined to date (12, 13), (d) increased Gi activ-
ity, found in the left ventricles of idiopathic and both ventricles
of ischemic dilated cardiomyopathy (12, 13, 39, 43, 44), (e)
uncoupling of fl,-adrenergic receptors, found in ischemic di-
lated cardiomyopathy (13); (f ) decreased adenylate cyclase cat-
alytic subunit activity, found in pressure overloaded, failing
right ventricles.

Table IX. Summary of Abnormalities in the f3-Adrenergic
Neuroeffector Systems in Various Kinds
of Dilated Cardiomyopathy

IDC ISCDC PPH
Abnormality (LV, RV)* (LV, RV)$ (RV)'

Neurotransmitter depletion ++ ++ +++
Down-regulation of ,,-

adrenergic receptors ++ + +++
Uncoupling of ,2-adrenergic

receptors + + +
Increased activity of Gj/

decreased Gpp(NH) stimulation + (LV only) +
Uncoupling of #I-adrenergic

receptors - +++
Decreased adenylate cyclase

catalytic subunit activity + (RV only) - ++

Degree of abnormality classified as: -, no abnormality; + = mild; ++
= moderate; +++ = marked abnormality.
* Idiopathic dilated cardiomyopathy (1 1-13, 22, 40-44, 54).
t Ischemic dilated cardiomyopathy (13).
§ Primary pulmonary hypertension (pressure-overloaded right yen-
tricle).

Neurotransmitter depletion, down-regulation of fl, recep-
tors uncoupling ofB2 receptors and perhaps the increase in Gi
activity may all be attributed to the increased adrenergic drive
that characterizes the failing human heart (9, 56). In contrast,
uncoupling of ,B, receptors may be the result of local ischemia
(13, 57), whereas decreased adenylate cyclase catalytic activity
may be secondary to load-dependent tissue injury (45, 46).
These changes involving the powerful contractility-regulating
receptor-G protein-adenylate cyclase pathway in the human
heart indicate that this system has multiple potential regulatory
sites, and the diversity of changes in different types of heart
muscle disease illustrate the "model dependency" (9, 56) of the
system.

The most important observation from this study is that the
profound adrenergic abnormalities that occur in failing human
heart muscle are under local control, with systemic or humoral
mechanisms playing no obvious role in their development.
Since in PPH subjects systemic plasma norepinephrine levels
were increased but ,3-adrenergic receptors and neurotransmit-
ter levels were not altered in nonfailing left ventricles, elevated
circulating norepinephrine could not have caused the abnor-
malities present in PPH right ventricles. Additionally, Vatner
et al. (58) have recently shown that normally functioning ca-
nine heart exposed to elevated circulating norepinephrine lev-
els develops up-regulation of uncoupled myocardial #3-adren-
ergic receptors and a decrease in G5, along with a shift of the
agonist binding state from high to low affinity. None of these
changes were present in nonfailing left or failing right ventricles
of PPHhearts. It is therefore likely that local, myocardial mech-
anisms are responsible for the changes that occur in the f3-
adrenergic neuroeffector mechanism in failing human ventricu-
lar myocardium.

From the standpoint of adrenergic nerve function, this
means that the central nervous system must have a way of
sensing that a region of heart muscle is failing, perhaps via an
afferent reflex originating in failing regions that leads to in-
creased sympathetic nerve traffic directed back to that region,
or that local processes can influence neurotransmitter pharma-
codynamics, such as by decreasing norepinephrine reuptake.
Since the adrenergic cotransmitter NPYhas no known reup-
take mechanism, increased regional NPYrelease and/or adren-
ergic neuronal attrition presumably occurs in failing ventricu-
lar myocardium. Similarly, the factors that account for f,3-re-
ceptor down-regulation are also locally activated in failing
heart muscle. These factors may well be linked to adrenergic
nerve traffic, either directly through norepinephrine exposure
or indirectly through cotransmission of other substances.

In summary, the adrenergic abnormalities previously de-
scribed in the failing human heart occur only in chambers with
abnormal function, and are not present in adjacent nonfailing
chambers. Thus despite the widespread activation of hormonal
mechanisms that accompanies the clinical syndrome of heart
failure, the regulatory processes that account for adrenergic
neuroeffector abnormalities in the failing human heart are
under local rather than systemic control.
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