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We investigated alterations in the number and affinity of cardiac beta­
adrenergic receptors during hemorrhagic shock. Forty male Wistar rats were
divided into two groups: (1) a shock group (n = 20), in which mean arterial
blood pressure was decreased to 40-50 mmHg by bleeding and kept constant for
6 h; and (2) a control group (n = 20), which underwent a sham operation. We
used (-) [3H]dihydroalprenolol for the determination of the number and affinity of
beta-adrenergic receptors in myocardial membranes. An additional 2.5 rats were
used for determination of plasma epinephrine and norepinephrine concentrations.
Scatchard analysis showed a 20% reduction (P < O.OS) in beta-adrenergic receptor
density in the shock group (70.3 ± 3.5 fmol'mg- 1 protein) compared to the con­
trol group (90.0 ± 4.8 fmol.mg~l protein) but no significant change in the affinity
(2.52 ± 0.06 vs. 2.31 ± 0.09 nIIlOl./- 1 , control vs, shock). Plasma catecholamine
concentrations were increased significantly at I, 2, 4 and 6 h after the start of
hypotension. These data suggest that increased levels of plasma catecholamines
in hemorrhagic shock may be correlated a significant loss of beta-adrenergic re­
ceptors in rat myocardium. (Key words: myocardium, beta-adrenergic receptor,
down-regulation, plasma catecholamine)

(Mizumachi K, Yahagi M, Kawabata H, et a!.: Decreased beta-adrenergic
receptor density in rat myocardium during hemorrhagic shock. J Anesth 5: 404­
411,1991)

Desensitization of the beta-adrenergic re­
ceptors in response to agonist exposure has
been reported in several tissues and in iso­
lated cell systemsv'. This phenomenon is
particularly important in cardiac receptors
in relation to systemic circulation. Karliner
et al.:' reported a 54% reduction in beta­
receptor number in myocardial cells when
these cells were incubated with isoprenaline
for 4 hrs. Chang et al. 4 reported a re-
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duced number of beta-receptors in cardiac
membrane from rats receiving chronic isopro­
terenol. In contrast to these results for ex­
posure to exogenous catecholamines, several
investigators have reported desensitization
of beta-adrenergic receptors in pathophys­
iological states, such as endotoxicosis and
congestive heart failure, in which plasma
concentrations of endogenous catecholamines
were increased. Romano et al." reported de­
creased affinity to beta-adrenergic agonist,
but not antagonist binding in rat myocar­
dial membranes at the terminal stages of
endotoxic shock. Shepherd et al. reported a
decrease in adrenergic responsiveness and
beta-receptor density (number) in crude
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membrane prcparations'' and isolated myo­
cytes from rats after a lethal dose of endo­
toxin administration7 . Thomas et al. 8 have
proposed a correlation between the plasma
norepinephrine concentration and the degree
of left ventricular dysfunction in patients
with congestive heart failure. However, al­
terations in beta-adrenergic receptor num­
bers during hemorrhagic shock have not yet
been investigated. It is important to examine
whether beta-adrenergic receptors are influ­
enced by the elevated endogenous plasma
catecholamines.

To provide one of the possible expla­
nations for the regulations of cardiac re­
sponsiveness to endogenous catecholamines
during hemorrhagic shock, we evaluated the
number and affinity of beta-adrenergic recep­
tors in rat myocardial membranes after a 6
h of hemorrhagic shock in which the state
of irreversible cardiac dysfunction may be
induced".

Materials and Methods

Animal preparation
Sixty-five male nonfasted Wistar rats (6­

8 weeks old) were used. In the first series
of experiments, 40 rats were divided into
two groups: a shock group (n = 20), and a
control group (n = 20). The rats were anes­
thetized with ether, underwent tracheotomy
and allowed to breath spontaneously. The
anesthesia was maintained during catheter­
ization and the bleeding. Catheters filled
with heparinized saline (200 unitsmlt ")
were then placed in the carotid and femoral
arteries. The carotid arterial line was used
for bleeding and the femoral arterial line was
attached to a pressure transducer (P23ID;
Gould-Statham Instruments, USA) which
was used for continuos blood pressure mon­
itoring. Blood pressure was recorded with
a 361 Polygraph (NEC San-ei Co., Tokyo,
Japan). After 30 min, the rats were hem­
orrhaged into a plastic reservoir containing
SO units heparin sodium, and the mean arte­
rial pressure was maintained at 40-S0 mmHg
for 6 h by movement of blood to or from
the reservoir. Control rats were subjected
to the same procedure except bleeding. Af-

tel' 6 h of hypotension. the hearts were
quickly excised whole, washed in ice-cold
saline, and "freeze-clamped" using a 'Wollen­
berger clamp precooled in liquid nitrogen.
The frozen heart was stored at -80GC, and
subjected to cardiac membrane preparation 1
to 7 days later. In the second series of ex­
periments, catecholamine determination was
carried out. The remaining 25 rats were sub­
jected to the same experimental protocol as
for the hemorrhagic shock group. About 4 ml
of blood was collected in heparinized tubes
(20 units heparin sodium) from five rats each
at 0, 1, 2, 4 and 6 h after the hypoten­
sive events. Blood samples were immediately
cooled on ice and centrifuged at 3,000 rpm
for 10 min at 4GC. After addition of 5 mM
sodium metabisulphite (0.2 ml·ml- 1 plasma)
to prevent oxidation. The plasma was stored
at -80GC until analysis.

Cardiac membrane preparation
Myocardial cell membranes were prepared

according to the procedure of Mukherjee et
al. lO with slight modification by Mukherjee
et al.!". In brief, 5 hearts (3-4 g) were
minced in four volumes of ice-cold buffer
(0.25 M sucrose, 5 mM Tris-HCI, 1 mM
MgCI2 , pH 7.4), and homogenized with a
Polytron PTlO (setting at 5) for three 5­
second bursts with cooling. The homogenate
was centrifuged at 1,000 g for 10 min at
4GC. The pellet was discarded and the super­
natant was centrifuged at 10,000 g for 10 min
at 4GC. The resultant supernatant fluid was
carefully decanted from the pellet and then
centrifuged at 39,000 g for 10 min at 4°C.
The pellet was washed twice with ice-cold
incubation buffer (50 rnJ\I Tris-HCl. 10 mM
MgCb, pH 7.5) and finally suspended in
buffer containing 75 mM Tris-HCI, pH 7.5,
and 25 mM MgCl2 at a concentration of 3-4
mg protein·ml- 1

. The yields of membrane
protein per gram of heart wt were about
3.0 mg-g "! wet wt. Membranes were imme­
diately frozen, and stored at -80GC until
radioligand binding assays were performed
within 3 months later. Protein concentra­
tion was measured by the method of Lowry
et al. 12 using bovine serum albumin (Sigma
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Chemical, St. Louis, MO) as a standard.

Radioligand binding assay

The radioligand binding assay was per­
formed as described by Mukherjee et al. 10.

Approximately 300-400 f.jg of membrane
protein was incubated with 0.2-11 nM
(- j[3H]dihydroalprenolol WH]DHA) (99.9
Ci-mmol t ": New England Nuclear, Boston,
MA) at 37°C for 10 min in incubation buffer
(50 mM Tris-HCI, 10 mM MgCI2 , pH 7.5).
The total incubation volume was 150 f.j1.
Nonspecific binding was evaluated in the
presence of 10 f.jM (± )propranolo1. Bind­
ing was terminated by addition of 2 ml of
ice-cold incubation buffer followed by rapid
vacuum filtration through Whatman GFIC
filters (Whatman, Clifton, NJ). The filters
were washed immediately with 20 ml of ice­
cold incubation buffer, dried at 40°C for 60
min, and placed in a scintillation vial con­
taining 5 ml of scintillation cocktail (Aqua­
sol 2; New England Nuclear, Boston, MA).
Radioactivity was counted in a liquid scintil­
lation spectrometer (LSC-703; Aloka, Tokyo,
Japan) at an efficiency of 52%. Specific bind­
ing was determined by subtracting nonspe­
cific from total binding. The equilibrium dis­
sociation constant (KD) and the maximum
number of binding sites (Bmax) for [3H]DHA
were determined from Scatchard analysisl '
of the saturation binding isotherm.

Catecholamine determination
Plasma epinephrine and norepinephrine

concentrations were determined by high per­
formance liquid chromatography (HPLC)
with a fluorometric detector (FP-540D;
Japan Spectra-scopic Co., Ltd.). Initially,
5 ng of carrier catecholamines was added
to 1 ml of plasma sample, and the sam­
ple was vortexed with 50 mg of alumina
for 30 min in 2 ml of Tris buffer (2 M
Tris, 20 mg-rnl"! EDTA-2 Na, pH 8.6). After
centrifugation at 3,000 rpm for 5 min, the
alumina was washed twice with deionized
distilled water and transferred to a microvia1.
Catecholamines were extracted from the alu­
mina by vortex mixing in 150 f.jl of 0.4
N perchloric acid for 30 min. Then, 10 to

50 f.jl of extract were subjected to HPLC
(655; Hitachi, Ltd., Tokyo, Japan) with a
silica-ODS column (4.6 x 250 mm). The
mobile phase (0.1 M phosphate buffer, pH
2.5. 50 mg·Z- 1 EDTA-2 Na, 120 mg·ml- 1 1­
octane sulfonic acid sodium salt, 37 ml·Z- 1

acetonitrile) was pumped at a flow rate of
0.7 mlmin" ", The excitation and emission
wavelengths were 280 and 315 nm, respec­
tively. These procedures were carried out as
previously described 14, 15.

Statistical analysis
Student's t test was used for statistical

analysis of Bmax and KD, and one-way
analysis of variance was used for the plasma
catecholamine concentrations.

Results

Figure 1 shows the mean arterial blood
pressure and bleeding volume during hem­
orrhagic hypotension. The numbers of rats
surviving this hemorrhagic shock protocol
are given in parentheses. The decrease in
bleeding volume after 1 h of the hypotensive
period was due to infusion of shed blood.

Figure 2 shows the binding of [3H]DHA to
the myocardial membranes prepared from
the hemorrhagic shock and control rats.
Nonspecific binding varied linearly with ra­
dioactive ligand concentration. Specific bind­
ing (7.7 ± 0.4-56.1 ± 5.8 fmol'mg- 1 protein
in hemorrhagic shock, 8.3 ± 0.4-76.0 ± 3.9
fmol·mg- 1 protein in control) was saturable
with increasing ligand concentration, and
was usually between 84% and 96% of to­
tal binding. Figure 3 shows a representative
Scatchard plot of the specific binding. Data
from 20 rats in the control and the shock
groups are summarized in table 1. A linear
regression coefficient for the Scatchard plot
was always within 0.84-0.99. The number of
[3H]DHA binding sites (Bmax) was signifi­
cantly decreased by 20% (P < 0.05) without
a change in the affinity.

Figure 4 shows plasma catecholamine con­
centrations during hemorrhagic hypotension.
In both epinephrine and norepinephrine val­
ues, a significant increase was observed at 1
h after the start of hypotension and the 2, 4,
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Fig. 1. Mean arterial blood
pressure (MABP) and bleeding
volume during hemorrhagic hy­
potension. Rats were bled from
the carotid artery, and MABP
was held at 40-50 mmHg for
6 h. During the decompensatory
phase of hemorrhagic hypoten­
sion, the shed blood was reinfused
to maintain blood pressure. Val­
ues represent means ± SEM. The
number of rats that survived the
hemorr hagic shock protocol are
given in parentheses.
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Fig. 2. Binding of [3H]dihydroalprenolol ([3H]DHA) to rat myocardial
membranes in the control and hemorrhagic shock group. Specific binding
(-0-) was determined by subtracting nonspecific binding (-A-) from
total binding (-e-) . Total binding was determined by measuring the
amount of radioactivity retained on filters. Nonspecific binding was deter­
mined by measuring the radioactivity when incubations were performed
in the presence of 10 lIM unlabeled d,l-propranolol. Data shown are mean
± SEM of duplicate determinations using 4 membrane preparations each
from hemorrhagic shock and control hearts.

and 6 h values remained elevated.

Discussion

Mechanisms involved in the development
of the irreversible state in late hemorrhagic
shock have been proposed from various as­
pects. One of the mechanisms suggested is

due to failure of periferal circulation by
deeresed vasomotor tone and a resultant
fall in venous return which in turn may
lead to a decrease in coronary fiow16 - 18 .

Other mechanisms are related to the de­
terioration of cardiac function. Wiggersl"
first suggested that myocardial failure played
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Fig. 3. Representative Scatchard plot of
[3H]dihydroalprenolol ([3H]DHA) binding to rat
myocardial membranes (control, -e-: shock.
-0-; B, bound [:JH]DHA: F, free eH]DHA).
The lines were drawn by linear regression anal­
ysis and the correlation coefficients were as
indicated. The abscissa intercept indicates the
maximum number of binding sites (Bmax).
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Table 1. Maximum Number of [3H]-DHA Binding Sites (Bmax)
and Dissociation Constant (KD) in Cardiac Mem­
branes from Hemorrhagic Shock and Control Rats

Bmax

frnol-rng"! protein
Control 90.0 ± 4.8
Hem shock 70.3 ± 3.5*

nmol ·Z-l
2.52 ± 0.06
2.31 ± 0.09

I' = -0.98 ± 0.01
I' = -0.94 ± 0.07

3H-DHA: [3H]dihydroalprenolol
Values are mean ± SEM.
*P < 0.05 versus control.

an important role in the advanced stages
of hemorrhagic shock. His conclusion were
based on observation of discrepancy be­
tween the increasing the venous pressure
and the decreasing cardiac output or arterial
pressure in late hemorrhagic shock. Sarnoff
et al. 20 reported that insufficient coronary
flow and myocardial failure played a compli­
cated role in late hemorrhagic shock. Other
studies proposed to explain the impaired
cardiac function in hemorrhagic shock in­
clude the presence of myocardial depressant
factorsf", sympathetic exhaustions'P, uncou­
pling of excitation-contraction system/", and
myocardial zonal lesions/".

In clinical point of cardiac dysfunction,
desensitization of cardiac adrenergic recep­
tors has been reported in congestive heart
failure8 ,25 . Receptor regulations that con­
tribute to the desensitization is uncou­
pling of the receptor from adenylate cyclase
and down-regulation (a decrease in recep­
tor number) associated with an agonist­
promoted internalization of the receptors.

Alterations in total beta-adrenergic receptor
number are known to occur later in the se­
quence of desensitizatiorr'", Desensitization
may provide one of the mechanisms which
lead to cardiac dysfunction during hemor­
rhagic shock. However, available information
is few on this point and some of it is
controversial'" ". Therefore, we evaluated the
number and affinity of total beta-adrenergic
receptors from cardiac membranes in the
advanced stage of hemorrhagic shock.

In our experiments 6 h of hemorrhagic hy­
potension resulted in a 20% decrease in rat
myocardial beta-adrenergic receptor num­
ber with no significant changes in affinity
for [3H]DHA. Plasma epinephrine and nore­
pinephrine in the present studies were signif­
icantly increased at 1, 2, 4 and 6 h after the
start of hypotension compared to the pre­
bleeding value (fig. 4). Our findings support
the studies of Shepherd et al. 7 in which they
reported a significant increase in plasma cat­
echolamines and a 25% reduction in surface
beta-receptors on rat isolated myocytes 4 h
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Fig. 4. Plasma epinephrine and norepine­
phrine concentrations in rats during hemorrhagic
hypotension. Each data point represents mean ±
SEM of duplicate determinations from five exper­
iments. (*P < 0.05, **P < 0.01, compared to the
pre bleeding value.)

after a lethal dose of endotoxin (1 mg·kg- 1
)

administration. Farnebo et al. 27 measured
catecholamines in plasma and myocardial tis­
sues during 4 h of hemorrhagic shock in both
awake and anesthetized rats. They indicated
that an increase of plasma catecholamines
in the awake rats was greater than in the
anesthetized rats at the onset of bleeding,
and the tissue content of norepinephrine
was not significantly decreased in the heart
while a substantial increase of epinephrine
was seen after bleeding for 4 h. Their stud­
ies indicated that anesthesia depressed the
initial syrnpatho-adrenal response to bleed-

ing, and tissue content of catecholamines
has not been depleted in late hemorrhagic
shock. These data and our findings sug­
gest that cardiac beta-adrenergic receptors
may be down-regulated by endogenous cate­
cholamines during hemorrhagic shock.

Down-regulation of cardiac beta-
adrenergic receptors has also been noted ill
acidosis/". In contrast to down-regulation,
increase in number of beta-adrenergic recep­
tors (up-regulation) has been demonstrated
in ischemic heart ll •29 . Mukherjee et al.ll

produced experimental myocardial ischemia,
and showed that significant increase in beta­
adrenergic receptor density in ischemic myo­
cardial tissue as compared to nonischemic
regions after 1, 3 and 8 h of coronary artery
ligation. Maisel et al. 29 demonstrated that
beta-receptors were externalized from the in­
tracellular light vesicles to the sarcolemmal
fraction in myocardial ischemia. We did not
measure physiological responses or metabo­
lites and hence it is not known whether the
heart in our experimental animal acutually

developed ischemia or acidosis. Shornig et
al. 30 have speculated that different phases
of norepinephrine release depends on the
situation of heterogenous reduction in myo­
cardial blood flows, subsequent condition
of heterogenous myocardial ischemia. Nor­
epinephrine release in our experiments
showed the pattern of two phases, the early
phase (up to 4 h) and the late phase (4-6 h)
after the start of hypotension. This suggested
that heterogenous myocardial ischemia might
be occured during hemorrhagic hypotension
in our experiments. Therefore, it is probable
that the results we observed appeared to rep­
resent an integrated response under dynamic
control.

Recent biochemical studies3 1 ,3 2 have sug­
gested the mechanism involved in receptor
recovery after down-regulation and given
some evidence about the translocation of
receptors between two subcellular compart­
ments. Maisel et al. 3 1 have shown that 1
h of ischemia promoted externalization of
beta-adrenergic receptors whereas 1.5 h after
injection of epinephrine (0.25 mg·kg- 1

, ip)
promoted internalization of beta-adrenergic
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receptors in guinea pig hearts.
In conclusion, decrease in total beta­

adrenergic receptors, down-regulation which
resulted from an increase of endogenous cat­
echolamines, would be one of the potential
mechanisms for cardiac dysfunction in the
terminal stages of hemorrhagaic shock.

To understand cardiac function during
hemorrhagic shock, further precise studies on
mechanism of receptor regulation by meas­
uring surface and internalized receptors in
relation to the temporal endogenous cate­
cholamine release in prallel with physiologi­
cal response are needed.

(Received Jun. 6, 1990, accepted for publica­

tion May 9, 1991)
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