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EVIDENCE AGAINST J3-ADRENOCEPTOR BLOCKING ACTIVITY OF
DILTIAZEM, A DRUG WITH CALCIUM ANTAGONIST PROPERTIES

M. BRILEY, I. CAVERO, S.Z. LANGER & A.G. ROACH1
Synthelabo, Department of Biology, Cardiovascular and Synaptic Receptor Units,
58 rue de la Glaciere, 75013 Paris, France

1 In isolated spontaneously beating atria of the rat, diltiazem (0.01 to 0.1 giM) shifted the atrial rate
concentration-response curves to isoprenaline to the right in a non-parallel manner and depressed
their maxima. Under the same experimental conditions, (±)-propranolol (0.03 to 0.1 gM) behaved as a

competitive f3-adrenoceptor antagonist.
2 Whereas (±)-propranolol (IC50 = 12 nM) and isoprenaline (IC50 = 0.9 gM) inhibited (-}[3H]-
dihydroalprenolol binding to rat brain membrane preparations, diltiazem failed to do so in concen-

trations up to 10 gM.
3 Diltiazem but not (± -propranolol, antagonized the positive chronotropic responses to calcium in
spontaneously beating rat atria.
4 It is proposed that diltiazem inhibited the tachycardia induced by isoprenaline through an effect
on calcium which may be an essential modulator of the sequence of events linking the ,B-adrenoceptor
activation and heart rate response.

Introduction

Diltiazem is a benzothiazepine derivative producing
coronary vasodilatation in guinea-pig isolated hearts
(Nagao, Sato, Nakajima & Kiyomoto, 1972) and in
the intact dog (Sato, Nagao, Yamaguchi, Nakajima &
Kiyomoto, 1971; Cavero, Boudot, Lefevre-Borg &
Roach, 1979). This property of diltiazem clearly dis-
tinguishes it from propranolol (Nayler, Mclnnes,
Swann, Carson & Lowe, 1967). However, diltiazem
was found to inhibit the positive chronotropic re-

sponses to isoprenaline in guinea-pig atria (Yamada,
Shimamura & Nakajima, 1973). This antagonism is
qualitatively different from that of (±)-propranolol
since it was accompanied by a depression of the maxi-
mum of the concentration-response curve, which
would be compatible with a non-competitive block-
ade of P-adrenoceptors. However, since diltiazem
interferes with the transmembrane calcium influx in
guinea-pig cardiac muscle (Nakajima, Hoshiyama,
Yamashita & Kiyomoto, 1976), as well as rat taenia
coli and myometrium (Magaribuchi, Nakajima &
Kiyomoto, 1977a; Magaribuchi, Nakajima, Takenaga
& Kiyomoto,. 1977b), it is possible that the inhibition
of isoprenaline tachycardia by this compound is due
to its effects on calcium.
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The present experiments were designed to investi-
gate whether diltiazem inhibited the binding of
(-}[3H]-dihydroalprenolol to f-adrenoceptors of rat
membrane preparations and whether it interfered
with the positive chronotropic responses to isoprena-
line and calcium ions in spontaneously beating rat
atria.

Methods

Male rats (C. River, Sprague Dawley) weighing 200 to
300 g were killed by cervical dislocation. The whole
heart was immediately removed from th- thoracic
cavity and immersed in oxygenated (95% 02 plus 5%
C02) salt solution of the following composition (mM):
NaCl 120, KCI 5.6, CaCl2 2.2, MgCl2 2.1, NaHCO3
25.0 and glucose 10.0. The atria were dissected free of
all extraneous tissues, placed in a 30 ml organ bath
thermostatically controlled at 31 'C and subjected to a
resting tension of approximately 0.5 g. After a 60 min
equilibration period the experimental procedure was
started.

Concentration-response curves to isoprenaline

Concentration-response curves to isoprenaline were
determined before and 30 min after the exposure of
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the atria to (±+propranolol (0.03 and 0.1 jIM), diltia-
zem (0.01 and 0.1 gM) or their solvent (saline: 0.1 ml).
The time between the first control and the second
concentration-response curve was approximately 90
min.
The atrial rate response to isoprenaline is expressed

as a percentage of the maximal response to a supra-
maximal concentration of isoprenaline. Since diltia-
zem and (±+propranolol slightly decreased (10 to
20%o) the intrinsic atrial rate, the maximal response to
isoprenaline after these treatments was taken as the
difference between the baseline atrial rate after 30 min
exposure to these compounds and the maximal re-
sponse to isoprenaline during the corresponding con-
trol concentration-response curve. Under our experi-
mental conditions, when a competitive f-adrenocep-
tor antagonist decreased resting atrial rate, the maxi-
mal increase in rate obtained after a supramaximal
concentration of isoprenaline was generally the same
as that observed under control conditions.
The pD2, pA2 and pD'2 values were calculated as

described by Van Rossum (1963).

Atrial rate responses to calcium chloride

In a number of rat atria, an attempt was made to
determine atrial rate concentration-response curves to
calcium chloride. However, the reproducibility of
these curves was poor, both within and between prep-
arations. It was, therefore, decided to study the effects
of diltiazem (0.1 jIM), (± )-propranolol (0.1 jIM) or their
solvent (saline) on the tachycardia induced by a single
concentration of calcium chloride (2.2 mM). Only
atrial preparations giving maximal atrial rate in-
creases over 40 beats/min were used for these experi-
ments (about 67%). Each treatment was added to the
organ bath 10 min after calcium chloride (at which
time the tachycardia produced by calcium chloride
reached a steady state) and its effect was followed for
the next 30 min. A matched series of experiments was
carried out in atria in which calcium was substituted
with saline (0.1 ml).

Binding of (-)-[3H]-dihydroalprenolol

The binding of (- )[3H]-dihydroalprenolol ([3H]-
DHA) to rat brain membranes was performed as de-
scribed by Alexander, Davis & Lefkowitz (1975).
Specific binding was defined as that portion of total
[3H]-DHA binding inhibited in the presence of 10 gM
(± )propranolol and ranged from 50 to 75% of the
total binding. The ability of a compound to inhibit
the binding of [3H]-DHA (10 nM) was expressed in
terms of its IC50 value which is the concentration of a
drug required to reduce the specific binding of
[3H]-DHA by 50%.

Analysis of results

Results are given as means + s.e. mean. A paired t
test was used to evaluate the significance of responses
within the same group. The slopes of the
concentration-response sigmoid curves were calcu-
lated by using a logistic function model (Gomeni &
Gomeni, 1978). A two-way analysis of variance
(ANOVA) or a t test was used to assess significant
differences.

Drugs

The following drugs were used: (-}[3H]-
dihydroalprenolol (specific activity: 51.1 Ci/mmol;
N.EN. Chemicals, GmbzH), diltiazem hydrochloride
(Tanabe Seiyaku), (±+isoprenaline sulphate (Labaz)
and (± )-propranolol hydrochloride (ICI).

Results

Effects of diltiazem and (± )-propranolol
concentration-response curves to isoprenaline

Oil

The spontaneous beating rate of 23 isolated rat atria
in which isoprenaline concentration-response curves
were studied was 207 + 4 beats/min. Addition of iso-
prenaline to this preparation increased atrial rate in a
concentration-related manner, the maximal response
to the highest concentration of isoprenaline being
84 + 3 beats/min (Figure 1).
A 30 min exposure of atria (n = 3) to the solvent

(saline) of diltiazem or (± )-propranolol caused no sig-
nificant change in atrial chronotropism (-4%), the
slope or the maximum of the isoprenaline
concentration-response curve. The pD2 values of iso-
prenaline before and after 30 min exposure to the
solvent were 8.98 + 0.1 (n = 3) and 8.75 + 0.14, re-
spectively.

Atrial rates were decreased by 8 and 20 or 17 and
22% after 30 min exposure to 0.01 and 0.1 gM diltia-
zem or 0.03 and 0.1 gM (±)-propranolol, respectively.
However, in the case of (±+propranolol, despite this
reduced resting atrial rate, the peak rate attained with
a supramaximal concentration of isoprenaline was
not different (284 ± 7 beats/min, n = 6) from that
obtained (293 + 11 beats/min) under control con-
ditions.
(± )-Propranolol displaced to the right in a parallel

manner the control atrial rate concentration-response
curves to isoprenaline (Figure 1). Its pA2 value was
calculated as 8.69 + 0.14 (n = 6), from results with
the two concentrations of (±+propranolol. In con-
trast, diltiazem produced a concentration-dependent
shift to the right of the isoprenaline concentration-
response curve which was not parallel and was ac-
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Figure 1 Concentration-effect curves to isoprenaline (as % of maximal response: see Methods) in spontaneously
beating rat atria before (o; control: n = 20) and 30 min after exposure to ( ± -propranolol (0.03 0M: A; 0.1 M: A;

n = 3/group) and diltiazem (0.01 M: 0; 0.1 tIM: U; n = 7/group). The slopes and the maxima of the sigmoid curves

to isoprenaline obtained before and after (±)propranolol are similar. The two concentration of diltiazem
depressed significantly (P < 0.05: t test) the maxima of the curves to isoprenaline. However, only the slope of the
curve after the highest concentration of diltiazem was significantly flatter than that of the control (P < 0.005: t
test).

companied by a significant decrease in maximal re-

sponse (Figure 1). Its pD' value against isoprenaline
was found to be 7.09 + 0.10 (n = 14) which was cal-
culated from the data obtained with the two concen-

trations of diltiazem (Figure 1).
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Effects of diltiazem and (±+-propranolol on the positive
chronotropic effects of calcium

Addition of calcium (2.2 mM) to spontaneously beat-
ing rat atria (mean baseline rate 184 + 4 beats/min:

0

'O.

(2.2mM) * Control
o Diltiazem (O.1MM)
* Propranolol (O.1,AM)

.C 10

0 0-

-10 Saline

5 0 5 10 15 20 25 30 35 40

Time (min)

Figure 2 Antagonism by diltiazem of the positive chronotropic effects induced by calcium chloride. Results are

expressed as % of control baseline atrial rate. Shown are the effects of diltiazem (0.1I M: 0; n = 6) (± )-propranolol
(0.1 gm: A; n = 6) or their solvent (saline: 0; n = 8) on the tachycardia induced by calcium chloride (2.2 mM) in
spontaneously beating rat atria. The effects of the three treatments on the basal rate (n = 4-5/group) are also
shown. There was no difference in the effects produced by (±Ypropranolol and saline on the calcium-induced
tachycardia whereas the effects of diltiazem were significantly different from those of (± propranolol and saline
(ANOVA on the changes observed at 7, 15 and 30 min after treatment). The basal atrial rate effects of diltiazem
and (±)-propranolol were significantly different from those of saline (P < 0.05: ANOVA).

a)
C
0
C,)0

E
C_
E

Fif
-

II



672 M. BRILEY et al.

n = 18) bathed in the standard salt solution increased
heart rate by 65 + 7 beats/min (n = 20).
(± )-Propranolol decreased this tachycardia only

slightly more than saline (control) and, this effect was
of the same magnitude as that observed with (± )-pro-
pranolol in atria in which no calcium had been added
(Figure 2). In contrast, diltiazem antagonized the
positive chronotropic effect of calcium and decreased
atrial rate to values lower than those present before
the addition of calcium (Figure 2) and similar to those
produced by this compound in rat atria not exposed
to calcium (Figure 2).

Effects of diltiazem, isoprenaline and (± )propranolol
on [3H]-dihydroalprenolol binding

Isoprenaline and (± )-propranolol inhibited
[3H]-DHA binding to rat brain membrane prep-
arations. Their IC50 values were 0.9 JLM and 12 nM,
respectively. Diltiazem at concentrations up to 10 gM
failed to inhibit the [3H]-DHA binding.

Discussion

Diltiazem antagonized the chronotropic responses to
isoprenaline in spontaneously beating rat atria, but,
this effect was entirely different from that observed
with (± )propranolol since it was characterized by a
depression of the response to a supramaximal concen-
tration of isoprenaline. The question of whether or
not diltiazem reduced the maximum through an irre-
versible occupation of f-adrenoceptors is difficult to
clarify on the basis of functional studies in rat atria.
We, therefore, turned to a radioligand technique using
[3H]-DHA which has been demonstrated to bind to
,B-adrenoceptors in a variety of tissues (Williams &
Lefkowitz, 1978). In contrast to diltiazem, both the
,B-adrenoceptor agonist, isoprenaline and the fi-
adrenoceptor antagonist, propranolol, were found to
inhibit the binding of [3H]-DHA to rat brain mem-
brane preparations. When this study was terminated,
it was reported that diltiazem does not bind to myo-
cardial ,B-adrenoceptors (Flaim, Tarka, Flaim & Zelis,
1979). Therefore, the apparent non-competitive type
of antagonism produced by diltiazem against the
chronotropic responses to isoprenaline was probably
not due to an action at the level of the f-adrenocep-
tor.

Diltiazem, in contrast to (± )propranolol, antago-
nized the tachycardia induced by calcium. Since the
sequence of events between drug-receptor binding and
the final biological response is a poorly understood
phenomenon, it is conceivable that two drugs inhibit-
ing the effects of the same agonist may do so either by
competing for the same receptors or by affecting one
link of the subsequent chain of events. If the
isoprenaline-induced activation of P-adrenoceptors is
a calcium-dependent process and this pool of calcium
is affected by diltiazem, then the inhibition of iso-
prenaline tachycardia by diltiazem is due to an im-
paired calcium availability for the ,B-adrenoceptor
activation-effector coupling system. The results of
Toda (1969) in which the change in sensitivity of the
S-A node to noradrenaline varied directly with the
calcium concentration in the bathing medium, indi-
cate that calcium may be a modulator of the chrono-
tropic effects due to P-adrenoceptor activation. It is,
therefore, possible that drugs like diltiazem which
interfere with transmembrane calcium influx (Naka-
jima et al., 1976; Migaribuchi et al., 1977a, b) or cal-
cium availability for certain cellular actions can
reduce the biological responses to agonists requiring
this ion for the excitation-contraction coupling. This
suggestion is supported by the observation that diltia-
zem antagonized in a non-competitive manner the
positive chronotropic responses to histamine (unpub-
lished personal 6bservations) in guinea-pig atria and
Levi & Pappano (1978) have suggested that calcium
may act as modulator of this effect of histamine.
Furthermore, several reports indicate that verapamil,
a well known inhibitor of the calcium-mediated slow
inward current, antagonizes cardiac responses to
,B-adrenoceptor agonists and this effect is not due to
an action on ,B-adrenoceptors, but occurs somewhere
in the chain of events triggered by the activation of
the ,B-adrenoceptors and leading to the mechanical
response (Nayler, McInnes, Swann, Price, Carson,
Race & Lowe,, 1968; Watanabe & Besh, 1974; Bristow
& Green, 1977).

It is concluded that the inhibition of responses to
P-adrenoceptor agonists by calcium antagonists, such
as diltiazem and verapamil, is probably the direct
consequence of their effects on calcium availability
for cellular processes.
The authors wish to thank Mme H. Blanchard and Mme
N. Brunel for their excellent technical assistance. Corre-
spondence to I.C., please.
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