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Abstract—Male Wistar albino rats received three times daily for one to five days 0.25 to 5.0 mg/kg
D,L-isoproterenol intraperitoneally. D,L-Isoproterenol injections provoked a time dependent- and
dose-related cardiac hypertrophy. With moderate hypertrophy, a selective decrease in secretin-stimu-
lated adenylate cyclase activity occurred. When heart hypertrophy was more pronounced, greater losses
in secretin-, as well as in D,L-isoproterenol-, glucagon-, guanine nucleotide-, and fluoride-stimulated
enzyme activity developed. Hormone stimulations of adenylate cyclase were more severely curtailed
(60 to 65%) than guanine nucleotide or fluoride stimulations (40 to 45%). The accompanying loss in
B-receptors (35%) was proportionately lower than the loss of D,L-isoproterenol sensitivity of adenylate
cyclase. This complex pattern of adenylate cyclase desensitization in heart membranes from animals
chronically treated with D,L-isoproterenol is reminiscent of that observed in heart membranes from

spontaneously hypertensive rats.

The cardiac adenylate cyclase of rats is a several
hormone-sensitive system that can be stimulated by
isoproterenol, secretin-VIP,¥ and glucagon. We
observed recently [1-3] that this activity is altered
in spontaneously hypertensive (SHR) rats: the hor-
mone sensitivity of the enzyme is impaired whereas
the basal as well as the guanine nucleotide- and
fluoride-stimulated activities are unaffected. When
the hypertension is established, the pattern of adeny-
late cyclase alterations includes decreased secretin-
VIP (80%), glucagon, and isoproterenol (40 to 50%)
efficacies. These alterations develop early in the
course of the disease, are not corrected by an efficient
antihypertensive treatment [4], and are not repro-
duced by renovascular hypertension in Goldblatt rats
[1]. The cardiac hypertrophy that appears in SHR
rats before the onset of hypertension is indeed con-
sidered as reflecting an hyperactivity of adrenergic
fibers and triggering the hypertension [5, 6].

In the present work we attempted (1) to reproduce
in normotensive rats the pattern of cardiac adenylate
cyclase activity observed in SHR rats; (2) to further
evaluate the relationship between various classes of
hormonal receptors in heart membranes during in
vivo administration of one type of hormonal
stimulus.

T Abbreviations used: Gpp[NH]p, guanosine 5'-O-(2-
3-imido)-triphosphate; SHR, Okamoto spontaneously
hypertensive rat; LH, luteinizing hormone; VIP, vasoactive
intestinal peptide; b.wt, body weight.
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To achieve our aim we treated normotensive rats
for 1 to 5 days with increasing concentrations of the
B-adrenergic agonist D,L-isoproterenol and the
resulting cardiac hypertrophy was correlated with
adenylate cyclase activity in cardiac membranes.

MATERJALS AND METHODS

Animal treatment. Male albino Wistar rats weigh-
ing between 250 and 280 g and bred in our laboratory
were fed ad libitum until the time of sacrifice. Groups
of 6 rats that were distributed at random were
injected intraperitoneally, 3 times daily (at 8.00a.m.,
1.00 p.m., and 6.00 p.m.), for 1 to 5 days, with
D,L-isoproterenol freshly dissolved in 0.15 M NaCl.
The volume injected was about 0.2 ml and the con-
centration of isoproterenol was adjusted so as to
inject each time 0.25 to 5.0 mg of the drug, per kg
body weight. Control animals received equivalent
volumes of 0.15 M NaCl vehicle. The animals were
killed by decapitation in the morning (8.00 a.m.)
14 hr following the last injection (at 6.00 p.m.). The
hearts were excised, dissected out quickly, rinsed
with 0.15 M NaCl, dried on a filter paper, weighed,
and frozen individually in liquid nitrogen.

Cardiac membrane preparation. The cardiac tissue
was defrosted, disrupted with an Ultra-Turrax for
10 sec, and further homogenized with a glass—Teflon
homogenizer at 2° (5% w/v homogenate) in 20 mM
Tris—HCI buffer enriched with 2 mM dithioerythritol
and 5 mM MgCl; (pH 7.5). After filtration through
two layers of medical gauze, the homogenate was
centrifuged at 520g for 10 min. The pellet was
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resuspended at 2° in 20 mM Tris—=HCl, 5 mM MgCl,,
0.25M sucrose (pH 7.5). An equal volume of the
same buffer enriched with 2.5M KCl was added
dropwise. The suspension was stirred continuously
for 1 hr at 2° and centrifuged at 37,000 g for 10 min.
The pellet was resuspended in a 10 mM Tris-HCI,
2 mM dithioerythritol, 0.25 mM sucrose (pH 7.5),
washed three times in this buffer and finally resus-
pended in a volume of buffer allowing a final protein
concentration of approximately 6 mg/ml, as deter-
mined by the Lowry et al. procedure [7], using bovine
serum albumin as a standard.

Adenylate cyclase assay. Adenylate cyclase activity
was determined with minor modifications of the
Salomon et al. procedure [8]. Cardiac membranes
(approx. 60 ug protein) were incubated in a total
volume of 60 ul containing 0.5 mM [a-*P]-ATP,
5mM MgCl;, 0.5mM EGTA, 1mM cyclic AMP,
1 mM theophylline, 10 mM phospho(enol)pyruvate,
30 ug/ml pyruvate kinase and 30 mM Tris—-HCI and
a final pH of 7.5. When the effects of p,L-isopro-
terenol, glucagon or secretin were tested, 107°M
GTP was added to the medium.

The reaction was initiated by addition of mem-
branes and was terminated after 8 min at 37° by
adding 0.5 ml of a 0.5% sodium dodecylsulfate sol-
ution containing 0.5 mM ATP, 0.3 mM cyclic AMP
and 20,000 counts min~! of cyclic [8-*H]-AMP (for
determination of cyclic nucleotide recovery). Cyclic
AMP was separated from ATP by two successive
chromatographies on Dowex 50W X 8 and neutral
alumina. The kinetics of adenylate cyclase activity
were linear under all conditions tested, including in
the presence of Gpp[NH]p.

Membrane [(-receptor assay. }-Adrenergic recep-
tors in cardiac membranes were evaluated by incu-
bating for 60 min at 25°, 90 to 110 ug membrane
protein with 0.2 nM [*#I]hydroxybenzylpindolol and
increasing concentrations of unlabeled pindolol in
120 pl of 20 mM Tris-maleate enriched with 5 mM
MgCl,, 1 mM dithioerythritol, 0.1 mg/ml bacitracin,
0.1 mg/ml ascorbic acid, and 1% bovine serum
albumin (pH 7.0). Membrane-bound radioactivity
was separated from free radioactivity by filtration
through glass fiber filters GF/C (Whatman, Maid-
stone, U.K.) and washed three times with ice-cold
buffer. Specific binding was defined as total binding
minus the binding in the presence of 1 uM pindolol.

Chemicals. Cyclic [8-*H]-AMP and [a-**P]-ATP,
obtained from the Radiochemical Centre
(Amersham, U.K.), had a specific radioactivity of,
respectively, 27 Ci/mmole and 20 Ci/mmole
[**I]hydroxybenzylpindolo! had a specific radioac-
tivity of 2200 Ci/mmole and was obtained from NEN
(Munich, F.R.G.). Synthetic secretin was a generous
gift from Dr. W. Konig (Hoechst Aktiengesellschaft,
Frankfurt, F.R.G.), porcine glucagon was a gift from
Novo Industries (Ets. Couvreur, Brussels, Belgium).
Phospho(enol)pyruvate, pyruvate Kkinase, cyclic
AMP, p,r-isoproterenol, ATP (sodium salt, grade
1) and bovine serum albumin were purchased from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). GTP
and Gpp[NH]p were from Boehringer (Mannheim,
F.R.G.). All other reagents were of the highest grade
available.

Statistical evaluation of the data. Comparison of
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the results was performed using the Student’s 7 test
on non-paired values.

RESULTS

In a first series of experiments D,L-isoproterenol
was injected 3 times daily for 5 days at a low (0.5
mg/kg b.wt) or high (5 mg/kg b.wt) dose. The body
weight was unaffected. By contrast, cardiac hyper-
trophy was already significant after a one day treat-
ment at the low dose (+10%) and became more
severe subsequently (+50% after 5 days at the high-
est D,L-isoproterenol dose) (Fig. 1).

The basal as well as the GTP, Gpp[NH]p-, D,L-
isoproterenol-, glucagon-, and secretin-stimulated
adenylate cyclase activities were evaluated in cardiac
membranes. Results obtained with maximal concen-
trations of stimuli are expressed in Figs. 2 and 3 as
percentage of the corresponding values in cardiac
membranes from control rats. This representation
was justified since there were no significant variations
between the data obtained in different control
groups. The absolute values of basal and 1.107° M
GTP-stimulated adenylate cyclase activities were
unaffected by the treatment, as indicated in the
legend of figures. After a 1 day treatment at the low
D,L-isoproterenol dose the only significant alteration
was a 20 per cent decrease in secretin efficacy. After
5 days, NaF- and Gpp[NH]p-stimulated cardiac
adenylate cyclase activities decreased moderately
(by 10 and 25%, respectively) and secretin and
D,L-isoproterenol sensitivities were more severely
affected (by 45% and 35%, respectively).
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Fig. 1. Effects of D,L-isoproterenol administered 3 times

daily for 5 days at the dose of 0.5 mg/kg b.wt (@—@) and

5 mg/kg b.wt (O—QO) on heart hypertrophy evaluated with

the heart to body weight ratio. Results were the

means * S.E.M. from 6 animals.* Values in treated rats

significantly higher (P < 0.05) than in control rats receiving
0.15M NaCl.
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Fig. 2. Time study of the effects of D,L-isoproterenol
administered 3 times daily at the dose of 0.5 mg/kg b.wt
(®@—®) and 5 mg/kg b.wt (O—O) on 10°2M NaF (left
panel) and 10™*M Gpp[NH]p (right panel) stimulated
adenylate cyclase activitics. Results are the means =
S.E.M. from 6 animals and were expressed in % of the
values in cardiac membranes from control rats receiving
0.15M NaCl. * Values significantly lower (P < 0.05) than
in control membranes. The mean absolute values of basal
adenylate cyclase activity and of 10 mM NaF and 1-107°
M Gpp[NH]p stimulated activities in control animals of
rats receiving the high D,L-isoproterenol dose were, respec-
tively, 34+4, 358 15, and 1157 pmoles cyclic
AMP -min~!-mg protein~! (mean = S.E.M., n = 30). The
corresponding values in control animals of rats treated with
the low D,L-isoproterenol dose were, respectively, 32 * 2,
339+ 17, 118*8 pmoles cyclic AMP-min~'-mg
protein™! (mean + S.E.M., n =24). There were no sig-
nificant variations in the absolute values obtained in dif-
ferent control groups.

When administering D,L-isoproterenol at high
dose, the reduction in adenylate cyclase activity was
more rapid and more pronounced, especially when
tested under stimulation of hormone receptors. Fur-
thermore, after 1 day, the 55 per cent decrease in
secretin efficacy was more severe than the 30 and 25
per cent decreases in, respectively, D,L-isoproterenol
and glucagon efficacies. After five days treatment,
the fluoride and Gpp[NH]p-stimulated adenylate
cyclase activities dropped by 4045 per cent whilst
the various hormonal-stimulated enzyme activities
were reduced by as much as 60-65 per cent.

In a second series of experiments, the effects of
increasing doses of D,L-isoproterenol administered
for 3 days were evaluated. As shown in Fig. 4, there
was a dose-related increase in the heart to body
weight ratio. The lowest D,L-isoproterenol dose
tested (0.25mg/kg b.wt 3 times daily) provoked
already a significant cardiac hypertrophy. Here
again, there were no significant variations in adeny-
late cyclase activity in cardiac membranes from dif-
ferent control groups and the absolute values of basal
and 1-107°M GTP-stimulated adenylate cyclase
activities were unaffected by the treatment (see
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legend of Figs 5 and 6). The efficacies of Gpp[NH]p,
NaF, p,L-isoproterenol, secretin, and glucagon on
cardiac adenylate cyclase activity are illustrated in
Figs 5 and 6. A dose-related decrease in adenylate
cyclase activity was observed with all stimuli tested,
the hormone stimulations being more affected than
Gpp[NH]p and fluoride stimulations. The secretin
sensitivity was already reduced by b,L-isoproterenol
injections at 0.25 mg/kg b.wt that were without effect
on the response to the B-adrenergic agonist. The
glucagon response was moderately enhanced at the
lowest dose of D,L-isoproterenol but decreased defi-
nitely when concentrations higher than 1 mg/kg b.wt
were administered 3 times daily.

In a third series of experiments, the dose—effect
relationship of five stimuli on adenylate cyclase
activity were compared on cardiac membranes from
control rats and rats treated 3 times daily for 3 days
with p,L-isoproterenol at 5 mg/kg b.wt. The major
effect of the treatment was a decline in the efficacy
of D,L-isoproterenol, glucagon and secretin, with no
significant modification in the concentration of each
stimulant producing half-maximal stimulation (Fig.
7). Similar data were obtained with Gpp[NH]p- and
fluoride-stimulated activities (not shown). In treated
animals, the number and affinity of B-receptors was
evaluated with the binding of the labeled antagonist
[*I]hydroxybenzylpindolol to cardiac membranes.
Competition curves performed in the presence of
increasing concentrations of unlabeled pindolol and
D,L-isoproterenol demonstrated that the apparent
affinity of f-receptors was identical in control and
treated animals so that tracer binding in the absence
of added unlabeled ligand allowed a direct estimation
of the number of B-receptors. This number was
reduced by the treatment to 65%35 per cent
(mean = S.E.M., n = 5) of the value found in cardiac
membranes from control animals.

DISCUSSION

Cardiac hypertrophy was induced in rats shortly
after initiating a chronic D,L-isoproterenol treatment
and further increased with time (Fig. 1). Previous
studies have shown that the initial increase in cardiac
weight is due to edema [9, 10] but this is followed
by an accumulation of protein, RNA and DNA.
Zimmer and Ibel [11] have also reported that a single
injection of 25 mg/kg b.wt isoproterenol increases
cardiac protein synthesis. Large infarcts are associ-
ated with massive doses of D,L-isoproterenol (20-80
mg/kg b.wt) [12]. No gross cardiac anomalies were
observed in the present study. It is possible that
minimal hypoxic lesions were present in the heart
of rats injected three times daily with 4 and 5 mg/kg
b.wt D,L-isoproterenol [13] but even so, it is unlikely
that they were responsible for the present results
since myocardial ischemia produces an increase in
the number of B-receptors [14] rather than the
decrease reported here.

After the in vivo administration of D,L-isoproter-
enol, a sequential alteration in cardiac adenylate
cyclase activity developed, limited at first to a
decrease in secretin efficacy, then impairing pro-
gressively the efficacy of D,L-isoproterenol, and
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Fig. 3. Same experimental protocol and symbols as in Fig. 2. The left, middle and right panels represent,
respectively, the relative values observed with 10~ M p,L-isoproterenol, 107> M glucagon and 3-107¢
M secretin-stimulated adenylate cyclase activities. The stimulated adenylate cyclase activity was cal-
culated after subtraction of the unstimulated value observed in the presence of 10°M GTP. The mean
absolute values of 10-°M GTP, 107*M D,L-isoproterenol, 10~°M glucagon, and 3-10"®M secretin
stimulated adenylate cyclase activities in control animals of rats receiving the high D,L-isoproterenol
dose were, respectively, 38+ 2,166 = 7,98 = 6, and 102 = 7 pmoles cyclic AMP-min""-mg protein™’
(mean + S.E.M., n = 30). The corresponding values in control animals of rats treated with the low
D,L-isoproterenol dose were, respectively, 35+ 3,170 + 8,100 =6,and 102 =8 pmoles cyclic
AMP -min~!-mg protein™! (mean = S.E.M., n = 24). There were no significant variations in the
absolute values obtained in different control groups.
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344 Fig. 5. Effects of D,L-isoproterenol administered 3 times

daily for 3 days at concentrations ranging from 0.25 mg/kg
b.wt to 5 mg/kg b.wt on cardiac adenylate cyclase activity
stimulated with 10™*M D,L-isoproterenol (left panel) or
107> M glucagon (right panel). Results are the means +
s o T3 T S.E.M. from 6 animals and were expressed in % of the
lsoproterenol injected values in c{ardlac membranes from control rats receiving
(mg/kg BW. 3 times daily for 3days ) 0.15M saline. *Values significantly different (P < 0.05)
from those in control rats. The stimulated adenylate cyclase

Fig. 4. Effects of D,L-isoproterenol administered 3 times activity was calculated after subtraction of the unstimulated
daily for 3 days at concentrations ranging from 0.25 mg/kg ~ value observed in the presence of 10~°M GTP. The mean
b.wt to 5 mg/kg b.wt on heart hypertrophy evaluated with  absolute value of 10— M GTP, 10*M b,L-isoproterenol
the heart to body weight ratio. Results were the means  and 1073 M glucagon stimulated adenylate cyclase activities
+ S.E.M. from 6 animals. *Values in treated rats signifi-  in control rats were, respectively, 40 = 4, 180 + 10, and
cantly higher (P <0.05) than in control rats receiving 120 * 12 pmoles cyclic AMP-min~'-mg protein™' (mean
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Fig. 6. Same experimental protocol and symbols as in Figs. 4 and 5. The left and right panels represent,

respectively, the adenylate cyclase activity in % of control values stimulated with 3-107°M secretin

(@—®), and 10> M NaF (O—O) or 107*M Gpp[NH]p (A—A). The mean absolute value of basal,

3.107° M secretin, 10 mM NaF and 107* M Gpp(NH)p stimulated adenylate cyclase activities in control

rats were, respectively, 353, 115+ 5, 362 =25, and 125=9 pmoles cyclic AMP-min~'-mg
protein”! (mean * S.EM.. n = 6).

finally that of glucagon, Gpp[NH]p, and fluoride.
The efficacy of agents acting on receptors at the
outer face of cardiac membrane was, in general,
more severely affected than that of Gpp{NH]p and
NaF acting on guanine nucleotide binding site(s) and
the catalytical unit, at the inner face of membranes
(Figs. 2 and 3).

A number of mechanisms that are not self-exclu-
sive probably contributed to the described complex
pattern of altered cardiac adenylate cyclase activity.
These might conceivably include the uncoupling of
the adenylate cyclase system from hormonal recep-
tors, followed by the homologous or heterologous
down-regulation of hormone receptor-mediated
adenylate cyclase activity, the internalization of hor-
monal receptors and/or of the entire adenylate
cyclase system, and selective reductions in the rates
of receptor synthesis.

Recent experiments have shown that hormone or
prostaglandin exposure can result in various affinity
states of the receptors, in the uncoupling of the
adenylate cyclase system from hormonal receptors,
and in general refractoriness [15]. As an example,
plasma membranes of turkey erythrocytes incubated
with isoproterenol present decreased responsiveness
to isoproterenol, Gpp[NH]p, and fluoride, with no
change in the number of S-receptors [16]. This fully
reversible phenomenon is observed relatively shortly
after hormone exposure [17]. A similar alteration
could be partly responsible for the early modification
in adenylate cyclase activity that we observed in
cardiac membranes (Figs. 2 and 3).

After 5 days of treatment, the apparent affinity
of p,L-isoproterenol, secretin and glucagon for the
adenylate cyclase system, remained unaffected
despite decreased efficacy (Fig. 7), which suggests
that in heart membranes adenylate cyclase stimu-
lation was a direct function of receptor occupancy,
due to the lack of ‘spareness’ of these receptors. This
further loss of adenylate cyclase activity that devel-
oped after one day reflected an in vivo down-regu-
lation of particular interest since the response to
secretin, after D,L-isoproterenol administration, was

affected earlier than the response to D,L-isoproter-
enol itself.

Recent experiments have shown that a first
administration of a given agonist may decrease the
response of adenylate cyclase to a second adminis-
tration of the same agonist (homologous down-regu-
lation: ref. 18) or to another stimulant (heterologous
down-regulation: refs 19, 20). The molecular basis
of these phenomena is uncertain but is often attri-
buted to receptor loss. The loss of B-adrenergic
receptors, the heterologous desensitization, and the
reduction in Gpp[NH]p-, and fluoride-stimulated
adenylate cyclase activities could also be explained
by the internalization of hormone receptors and/or
of the entire adenylate cyclase system. This phenom-
enon has been described for insulin [21], epidermal
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Fig. 7. Dose—effect relationship of D,L-isoproterenol (left
panel), glucagon (middle panel), and secretin (right panel)
on adenylate cyclase activation of heart membranes pre-
pared from control rats (O—O) or rats treated 3 times
daily for 3 days with 5 mg/kg b.wt D,L-isoproterenol.
Results are the means = S.E.M. from 6 animals. The mean
value of the unstimulated activity observed in the presence
of 107°M GTP that was subtracted from the stimulated
values was, respectively, 38 = 6 and 35 = 8 pmoles cyclic
AMP-min~!-mg protein ! in control and D,L-isoproterenol
treated animals.



352

growth factor [22], and a; macroglobulin receptors
[23,24]: the occupied receptors are clustered in
coated pits in plasma membranes before being in-
ternalized [24, 25]. A last contributor to desensiti-
zation was probably caused by the lack of synchron-
ism in the turnover of membrane components. The
increased cardiac protein synthesis observed after
administration of isoproterenol [11] is of necessity
accompanied by the synthesis of new membrane
components that together must cope with the
observed hyperplasia and hypertrophy of cells. The
present experiments suggest that the rates of turn-
over of hormone receptors and of the constituents
of the adenylate cyclase system were not regulated
in parallel. Selective alterations in rates of new mem-
brane protein synthesis have also been described
during the down- and up-regulation of growth hor-
mone receptors in cultured lymphocytes [26].

Whatever the basic mechanism(s) involved in the
control of receptor-mediated adenylate cyclase acti-
vation in cardiac membranes, two functional conse-
quences can be considered, one with pharmacologi-
cal and another one with physiopathological bearing:
Firstly, the decreased number of B-adrenoreceptors
and the reduced D,L-isoproterenol-stimulated adeny-
late cyclase activity observed in D,L-isoproterenol-
induced cardiac hypertrophy can be correlated with
the decreased contractile force of ventricular muscle
preparations following prolonged exposure to a f-
adrenergic agonist [13]. It would be of interest to
examine whether the physiological response to car-
dioactive peptides was also impaired following the
same treatment. Secondly, the pattern of cardiac
adenylate cyclase activity observed after administra-
tion of low doses of D,L-isoproterenol, including a
marked alteration in secretin efficacy, a moderate
decrease in D,L-isoproterenol efficacy, and little
alteration in glucagon, Gpp[NH]p- and fluoride-
stimulated enzyme activity was similar to that
observed in membranes from the hypertrophied
heart of spontaneously hypertensive (SHR) rats (see
Introduction). These analogies support the concept
that hyperactivity of cardiac adrenergic nerves may
be important in the initiation of cardiac hypertrophy
in SHR rats and that such an excessive adrenergic
stimulation leads to multiple impairment of the
adenylate cyclase system [1-3].
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