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Flunarizine but not theophylline modulates inotropic responses of the 
isolated rat heart to diazepam 
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Abstract 

Diazepam (2. 10-5-6 • l0 4 M) induced a concentration-dependent positive inotropic effect on the perfused rat heart which was 
preceded by a transient concentration-dependent negative inotropic response. The influence of the Ca2+-entry blocking drug, flunarizine, 
and the adenosine receptor blocking drug, theophylline on these inotropic responses was studied. Flunarizine in concentrations of 
10 -9_ 10- 6 M antagonized the positive inotropic response to diazepam significantly; the negative inotropic response was reduced as well. 
At the lower concentrations of diazepam the negative inotropic response was completely abolished in the presence of flunarizine. The 
actions of the CaZ+-entry blocker were related to the concentrations used. Theophylline in concentrations up to 5. 10 -5 M did not 
interfere with either inotropic response to diazepam. The results suggest that Ca 2+ currents in the myocardium are involved with the 
response of the isolated heart to diazepam. It is concluded that the finding that the negative inotropic effect of diazepam was almost 
abolished by flunarizine suggests that the site of this response must be associated with CaZ+-current mechanisms. 
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1. Introduct ion 

Benzodiazepines are frequently prescribed for the treat- 
ment of anxiety in patients in which the primary pathologi- 
cal process involves cardiovascular function, especially 
after a recently experienced myocardial crisis (Greenblatt 
et al., 1983). Moreover, during the past decade, these 
drugs have become indispensable for anaesthesia (Rall, 
1990), which may also affect heart conditions. 

After ingestion of therapeutic dosages of diazepam, 
virtually no cardiac effects are observed in otherwise 
healthy humans. Intravenous injection of 5 - 1 0  mg di- 
azepam in humans, however, may cause a decrease of 
ventricular force (Rall, 1990). 

Animal studies have revealed that benzodiazepines may 
induce cardiovascular effects, but the data and their inter- 
pretation are rather contradictory. In animal models, both 
positive and negative inotropic actions or no effects of the 
drugs have been observed (Daniell, 1975; Castillo-Fer- 
rando et al., 1985; Haskins et al., 1986; Akahane et al., 
1987). 

More recently, Leeuwin et al. (1993) have shown that 
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benzodiazepines elicit both positive and negative inotropic 
responses in isolated rat heart preparations and that the 
nature of the response depends on the type of derivative 
employed and concentrations that a preparation is exposed 
to. Diazepam [7-chloro-l ,3-dihydro-l-methyl-5-phenyl-  
2 H-1,4-benzodiazepin-2-one] induces a biphasic response, 
i.e., it has a transient concentration-related negative in- 
otropic action preceding a positive inotropic response which 
proceeds in two steps and is also related to the concentra- 
tion. 

Leeuwin et al. (1996) have subsequently shown that, 
after simultaneous exposure of the isolated rat heart to 
diazepam and PK 11195 [1-(2-chloropbenyl)-N-methyl-N- 
(l-methylpropyl)-3-isoquinolinecarboxamide], the positive 
inotropic response to diazepam is suppressed concentra- 
tion-dependently. In the presence of 5 • 10- 5 M PK 11195, 
this response is abolished completely. The negative in- 
otropic response to diazepam, however, does not change at 
all. Those authors proposed the concept that the location of 
the positive inotropic response to diazepam must be at the 
site of peripheral-type benzodiazepine receptors, and that, 
in the case of the negative inotropic response, intervention 
of some other mechanism related to these receptors must 
be considered. 

The physiological significance of the peripheral type of 
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benzodiazepine receptors is still unknown, but they were at 
least shown to be associated with Ca2+-dependent events. 
Large densities of Ca2+-channels were demonstrated in 
cardiac, vascular and skeletal muscles (Triggle and Janis, 
1984a,b). There are also indications for a functional inter- 
action between peripheral-type benzodiazepine receptors 
and voltage-operated Ca 2+ channels in the spontaneously 
beating guinea-pig atrium (Bolger et al., 1989). 

Adenosine is a potent coronary vasodilator. It is well 
known that adenosine and adenosine receptor agonists may 
evoke negative inotropic responses in the isolated heart, 
which are reversed by adenosine antagonists (Belardinelli 
et al., 1989; Shryock et al., 1992; Mudumbi et al., 1993). 
Moreover, it has been shown that benzodiazepines potenti- 
ate pharmacological responses to adenosine in cardiac 
muscles (Clanachan and Marshall, 1980). Thus, the possi- 
bility was considered of involvement of Ca 2+- and/or  
adenosine-dependent events with inotropic actions of ben- 
zodiazepines. Therefore, the present study was initiated to 
investigate the effects of a Ca2+-entry blocking drug, i.e., 
flunarizine, which is selective, but has no perceived ac- 
tions on the slow inward Ca 2+ current in myocardium 
(Godfraind et al., 1986), on the inotropic response of the 
isolated rat heart in the presence of diazepam. Theo- 
phylline, an adenosine receptor antagonist (Mudumbi et 
al., 1993), was also included in the investigation. The 
results presented here may contribute to a better under- 
standing of actions of benzodiazepines at peripheral sites. 

2. Materials and methods 

Cpb: WU(WI) female Wistar rats weighing 160-180 g, 
anaesthetized with pentobarbitone, and heparinized with 
500 I U / k g  heparin i.v. were used throughout. The hearts 

were perfused in the Langendorff setup. After thoraco- 
tomy, the aorta was cannulated rapidly in order to allow 
perfusion (retrograde). The heart was excised, placed in 
the experimental setup, and instantly perfused with Ty- 
rode's solution (NaCI 118.4 mM, KCI 4.7 raM, CaC1, 1.3 
raM, MgSO: 0.65 mM, N a H C Q  25.0 raM, KH epO 4 0.6 
mM, glucose I1.1 raM) at pH 7.0 and gassed with 95% 
Oe/5% CO, at 37°C, under a constant hydrostatic pres- 
sure of 60 cm. The perfusion rate was 8 ml/min.  Heart 
contractile force was measured as left ventricular pressure. 
A latex balloon filled with water was inserted in the left 
ventricle to measure oscillations in force of heartbeat, and 
was connected to a Gould Statham pressure transducer 
(P231D). Ventricular pressure was recorded continuously 
on a Gould (2-channel) recorder, model 8188.2202.06. 

After equilibration and recording for 20 rain ( =  control 
level in advance of the first administration), the experiment 
started with the exposure of the preparation to a drug. This 
was followed by a subsequent recovery period and control 
recording, lasting 10 min, alter the previous administra- 
tion. Diazepam (2-10  5 -6 .  10 4 M) was administered 
(in 10 s) in increasing concentrations after each 10 min of 
control recording. Identical experiments were performed in 
the continuous presence of flunarizine (10 ~)-10 (' M) or 
theophylline (10 (' 5.  10 -5 M) in the perfusate. The in- 
otropic response - after each exposure of the preparation 
to a benzodiazepine - was expressed as percentage change 
of contractile force measured when either maximum in- 
crease or depression was manifest, as compared to the 
force measured immediately before administration of a 
drug. 

S/atistics. Data collected before and after exposure to a 
benzodiazepine were analyzed statistically using Student's 
t-test. Each drug or combination of drugs was tested in 7 
experiments. In order to quantify the effect of the Ca2*-en - 
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Fig. 1. Representative recordings of inotropic responses of the isolated rat heart to diazepam administered in stepwise increasing concentralions alone 

and in the presence of 10 -(' M flunarizine or 5 - 10 5 M theophylline. 
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try blockers on the diazepam-induced negative inotropic 
response, values of ECs0 and maximal effect were com- 
pared in the absence and presence of the blockers. Cumula- 
tive concentration-inhibition relationships were analyzed 
with least-squares curve-fitting, and ICs0 was calculated as 
the drug concentration causing a half-maximal effect. 

The drugs tested were: diazepam (Valium, Roche Ned- 
erland) dissolved in propylene glycol; flunarizine (Janssen) 
dissolved in distilled water and subsequently diluted with 
Tyrode's solution; and theophylline (Fluka Chemie) dis- 
solved in distilled water. 

3. Results 

Propylene glycol alone, when added to the perfusion 
fluid, did not alter inotropy of the isolated heart. Flunar- 

c 
0 

o m 

c 
¢J ¢0 

150, 

100 

50 .  

5 0 .  

100 .  

• d l a z e p a m  
- ÷ flunariztne IO'~M 
• + flu.srtzine 10-8M 
• ÷ flunarizJne 10"7M 
• + flurmrfzJrm lO-eu  

2 . 10 -5 10 - 4  6 • 10 - 4  
concentration of 
diazepam (moles) 

Fig. 2. Concentration-response curves for the inotropic responses of the 
isolated rat heart to diazepam alone and in the presence of flunarizine 
shown as percentage changes in force of contraction. Percentage effect 
was calculated after each exposure of the preparation to diazepam, 
measured when either maximum increase or depression was manifest, and 
compared to the contractile force measured in the absence of diazepam 
immediately belore it was administered. Baseline contraction force 
(mmHg): 23.5_+ 1.2; on exposure to diazepam (I .  10 -a M) 10.8+0.8 
(negative inotropy) and 61.5 + 4.7 (positive inotropy), respectively. Upper 
part of the abcissa: the effect of diazepam (means_+ S.E.M., n = 7) as 
positive inotropic response. Lower part of the abcissa: the effect of 
diazepam (means_+ S.E.M., n = 7) as a negative inotropic response. 
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Fig. 3. Concentration-response curves for the inotropic responses of the 
isolated rat heart to diazepam alone and in the presence of theophylline 
shown as percentage changes in force of contraction. Percentage effect 
was calculated after each exposure of the preparation to diazepam, 
measured when either maximum increase or depression was manifest, and 
compared to the contractile force measured in the absence of diazepam 
immediately before it was administered. Baseline contraction force 

(mmHg): 23.5± 1.2; on exposure to diazepam (1.10 -4 M): 10.8=t=0.8 
(negative inotropy) and 61.5 _+4.7 (positive inotropy), respectively. Upper 
part of the abcissa: the effect of diazepam (means_+ S.E.M., n = 7) as 
positive inotropic response. Lower part of the abcissa: the effect of 
diazepam (means +_ S.E.M., n = 7) as a negative inotropic response. 

izine or theophylline in concentrations used in this study 
also did not interfere with the spontaneous contractile 
force. Characteristic recordings of the inotropic response 
of the heart to diazepam before and after exposure to 
flunarizine or theophylline are shown in Fig. 1. In the 
presence of flunarizine ( 1 0  - 6  M ) ,  strong suppression, and 
even elimination, of the negative inotropic response to 
diazepam was observed and in addition the positive in- 
otropic action was reduced. Theophylline (5 • 10 5 M) did 
not affect either inotropic response to diazepam. The quan- 
titative results are summarized in Figs. 2 and 3. 

Fig. 2 shows that the positive inotropic response to 
diazepam in two steps - i.e., a concentration-related in- 
crease of contractile force, lessened at still higher concen- 
trations - was also manifest in the presence of 1 0 - 9 - - 1 0  - 6  

M flunarizine. This response to diazepam however, was 
significantly depressed ( P  < 0.05), the degree of depres- 
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sion depending on the concentration of the Ca2+-entry 
blocker employed. The negative inotropic response was 
markedly reversed (P  < 0.05) as well and shifted to the 
right in the presence of 10-9-10 -6 M flunarizine in the 
perfusate. At the lowest concentrations of diazepam the 
negative inotropic response was completely abolished by 
flunarizine. The ICs0 value for flunarizine was 2.4. 10 -9 
M. 

As can be seen in Fig. 3, neither the positive nor the 
negative inotropic responses to diazepam were affected in 
the presence of 1 0 - 6 - 5  • 10 - 5  M theophylline (P  > 0.05). 

4. Discussion 

Over the concentration range of 1 0 - 9 - 1 0  6 M, flunar- 
izine significantly depressed the positive inotropic re- 
sponse of the isolated Langendorff rat heart. The positive 
inotropic response to diazepam was not affected in the 
presence of concentrations of theophylline up to 5. 10 -5 
M. Flunarizine markedly reduced the negative inotropic 
response to diazepam, even abolishing it at the lower 
concentrations of diazepam. Theophylline did not interfere 
with the negative inotropic response. 

In a recent study, Leeuwin et al. (1996) have shown that 
the positive inotropic response induced by diazepam is 
suppressed completely by adequate concentrations of PK 
11195, an antagonist of the peripheral type of benzodi- 
azepine receptors (Le Fur et al., 1983; Triggle and Janis, 
1984a,b; Doble et al., 1985; Awad and Gavish, 1987; 
Bolger et al., 1989; Verma and Snyder, 1989; Farges et al., 
1993; Rao et al., 1994). Over the same concentration range 
( 1 0 - 7 - 5  • 10 - 5  M ) ,  however, PK 11195 did not change 
the negative inotropic response. It is, thus, tempting to 
argue that the positive inotropic response of the heart to 
diazepam results from binding of PK 11195 at the site of 
the peripheral type of benzodiazepine receptor. The fact 
that the negative inotropic response was not affected by 
PK 11195 would mean that some other mechanism must 
be involved. 

Results of electrophysiological and pharmacological 
studies suggest an association between voltage-dependent 
Ca 2+ channels - which occur richly in cardiovascular 
tissue - and the peripheral type of benzodiazepine receptor 
in the cardiovascular system (Mestre et al., 1985, Mestre et 
al., 1986; Abraham et al., 1987; Bolger et al., 1989). 
Moreover, Le Fur et al. (1985) demonstrated that high 
Ca 2+ concentrations inhibit the coronary dilatation in- 
duced by Ro 05-4864 [7-chloro-5-(-4-chlorophenyl)-1,3-di- 
hydro- 1 -methyl-2 H- 1,4-benzodiazepin-2-one; 4'-chlorodi- 
azepam]. 

The present results at least indicated the involvement of 
Ca 2 +-current mechanisms with diazepam-induced inotropic 
responses of the isolated heart. The Ca2+-entry blocking 
drug, flunarizine, modulated these responses. The positive 
inotropic response was antagonized by flunarizine. The 

Ca2+-entry blocker also strongly reduced the negative 
inotropic response to diazepam, even abolishing it at the 
lowest concentrations of the benzodiazepine. Thus, the 
negative inotropic response to diazepam may be associated 
with a site possessing affinity for Ca2--entry blocking 
drugs of the type of flunarizine. 

It was argued earlier (Leeuwin et al., 1996) that adeno- 
sine receptor mechanisms may be involved as well in the 
cardiac actions of diazepam. Adenosine has important 
actions in the heart, among them a negative inotropic 
action (Belardinelli et al., 1989). Cardiac effects of adeno- 
sine are reversed by adenosine antagonists (Belardinelli et 
al.. 1982; Shryock et al., 1992; Mudumbi et al., 1993). The 
actions of adenosine on cardiac muscle are mediated by 
externally located adenosine receptors, which are 
xanthine-sensitive (Belardinelli et al., 1982; Collis, 1983; 
Hughes and Stone, 1983). Benzodiazepines potentiate 
pharmacological responses to adenosine in cardiac muscles 
(Clanachan and Marshall, 1980). In the present study, the 
effects of diazepam on inotropy were studied in the pres- 
ence of theophylline, an adenosine receptor antagonist, at 
different concentrations. Neither the positive nor the nega- 
tive inotropic response to diazepam was modulated. It 
seems, thus, that the possibility of intervention of adeno- 
sine receptor mechanisms with these actions must be ex- 
cluded. 

In conclusion, the finding that the negative inotropic 
response to diazepam was reduced and almost completely 
suppressed, at Feast at relatively low concentrations of 
diazepam, by the Ca2+-entry blocking drug, flunarizine, 
could suggest that Ca2+-current mechanisms, which are 
functionally related to peripheral type of benzodiazepine 
receptors, may be involved in the response. 

References 

Abraham, S., G. Amitai, N. Oz and B.A. Weismann, 1987, Bay K 
8644-induced changes in the ECG pattern of the rat and their inhibi- 
tion by antianginal drugs, Br. J. Pharmacol. 92, 603. 

Akahane, K., Y. Furukawa, Y. Ogiwara, M. Haniuda, M. Takeda and S. 
Chiba, 1987, Pharmacological analysis of chrono- and inotropic re- 
sponses to diazepam in the isolated blood perfused canine atrium, 
Arch. Int. Pharmacodyn. Th&. 290, 173. 

Awad, M. and M. Gavish, 1987, Binding of [3H]Ro 5-4864 and [3H]PK 
11195 to cerebral cortex and peripheral tissues of various species: 
species differences and heterogeneity in peripheral benzodiazepine 
binding sites, J. Neurochem. 49, 1407. 

Belardinelli, L., R.A. Fenton, A. West, J. Linden, J.S. Althanus and R.M. 
Berne, 1982, Extracellular action of adenosine and the antagonism by 
aminophylline on the atrioventricular conduction of isolated perfused 
guinea pig and rat hearts, Circ. Res. 51,569. 

Belardinelli, L., J. Linden and R.M. Berne, 1989, The cardiac effects of 
adenosine, Prog. Cardiovasc. Dis. 32, 73. 

Bolger, G.F., S. Abraham, N. Oz and B.A. Weismann, 1989, Interactions 
between peripheral-type benzodiazepine receptor ligands and an acti- 
vator of voltage-operated calcium channels, Can. J. Physiol. Pharma- 
col. 68, 40. 



R.S. Leeuwin et al. / European Journal ~!1" Pharmacology 315 (1996) 153-157 157 

Castillo-Ferrando, J.R., E. Perez Ojedag, J.L. Encina and J.S. Serrano, 
1985, Modification of the inotropic effect of digoxin by diazepam in 
rat left atrium, J. Pharm. Pharmacol. 8, 828. 

Clanachan, A.S. and RJ.  Marshall, 1980, Potentiation of the effects of 
adenosine on isolated cardiac and smooth muscle by diazepam, Br. J, 
Pharmacol. 71,459. 

Collis, M.G., 1983, Evidence for an A ~-adenosine receptor in the guinea 
pig atrium, Br. J. Pharmacol. 78, 207. 

Daniell, H.B., 1975. Cardiovascular effects of diazepam and chlor- 
diazepoxide, Eur. J. Pharmacol. 32. 58. 

DoNe, A.J., J. Benevides, O. Ferris, P.J. Bertrand. J. Menager, N. 
Vaucher, M.C. Burgevin, A. Uzan, C. Gueremy and G. Le Fur, 1985, 
Dihydropyridine and peripheral type benzodiazepine binding sites: 
subcellular distribution and molecular size determination, Eur. J. 
Pharmacol. 119. 153. 

Farges, R., E. Joseph-Liauzun, D. Shire, D. Caput, G. Le Fur, G. Loison 
and F. Pascual, 1993, Molecular basis for the different binding 
properties of benzodiazepines to human and bovine peripheral-type 
benzodiazepine receptors, FEBS Lett. 335, 1305. 

Godfraind, T., R. Miller and M. Wibo, 1986, Calcium antagonisms and 
calcium entry blockade, Pharmacol. Rev. 38, 321. 

Greenblatt, D.J., R.T. Shader and D.R. Abernethy, 1983. Current status of 
benzodiazepines, New Engl. J. Med. 309, 354. 

Haskins, S.C., T.B. Farver and J.D. Patz, 1986, Cardiovascular changes 
in dogs when given diazepam and diazepam-ketamine, Am. J. Vet. 
Res. 47, 795. 

Hughes, P.R. and T.W. Stone, 1983, Inhibition by purines of the inotropic 
action of isoprenaline in rat atria, Br. J. Pharmacol. 80, 149. 

Le Fur, G., M.L. Perrier, H. Vaucher, F. Imbault, A. Flamier, J. Bena- 
rides, A. Uzan, C. Renault, M.C. Dubroeucq and C. Gueremy, 1983, 
Peripheral benzodiazepine binding sites: effect of PK 11195, 1-(2- 
chlorophenyl)-N-(l-methylpropyl)-3-isoquiline carboxamide, I. In 
vitro studies, Life Sci. 32, 1839. 

Le Fur, G,, M, Vacher. M.I. Perrier, A. Flamier, J. Benavides, C. 
Renault, M.C. Dubroeucq, C. Gueremy and A. Uzan, 1985, Differen- 
tiation between two ligands for peripheral benzodiazepine binding 
sites [~H] Ro 5-4864 and [3H] PK 11195, thermodynamic studies, 
Life Sci. 33. 449. 

Leeuwin, R.S.. A. Zeegers and H. van Wilgenburg, 1993, Actions of 
benzodiazepines on the inotropy of the perfused rat heart, Arch. Int. 
Pharmacodyn. Th6r. 326, 5. 

Leeuwin. R.S., A. Zeegers and H. van Wilgenburg, 1996, PK 11195 
antagonizes the positive inotropic response of the isolated rat heart to 
diazepam but not the negative inotropic response, Eur. J. Pharmacol. 
299, 149. 

Mestre, M., T. Carriot, C. Belin, A. Uzan, C. Renault, M.-C. Dubroeucq 
and G. Le Fur, 1985, Electrophysiological and pharmacological evi- 
dence that peripheral type benzodiazepine receptors are coupled to 
calcium channels in the heart, Life Sci. 36. 391. 

Mestre, M., T. Carriot, G. Neliat, A. Uzan, C. Renault, M.C. Dubroeucq, 
C. Gueremy, A. DoNe and G. Le Fur, 1986. PK 11195, an antagonist 
of peripheral benzodiazepine receptors modulate Bay K 8644-sensi- 
tive but not /3- or H 2 receptor-sensitive voltage-operated calcium 
channels in the guinea pig heart, Life Sci. 39, 329. 

Mudumbi. R.V., S.C. Montamat, R.F. Burns and R.E. Vestal, 1993, 
Cardiac functional responses to adenosine by PD 81,723, an allosteric 
enhancer of the adenosine A1 receptor, Am. J. Physiol. 264, 1017. 

Rail, T.W., 1990, Hypnotics and sedatives, ethanol, in: The Pharmacolog- 
ical Basis of Therapeutics, 345, 8th Ed., eds. A. Goodman Gilman, 
T.W. Rail, A.S. Nies and P. Taylor (Pergamon, New York, NY). 

Rao, V.L.P., R. Audet, G. Therrien and R. Butterworth, 1994, Tissue- 
specific alteration of binding sites for peripheral-type benzodiazepine 
receptor ligand [3H] PK 11t95 in rats lbllowing portacaval anastomo- 
sis, Digest. Dis. Sci. 39, 1055. 

Shryock, J.C., H.C. Travegli and L. Belardinelli, 1992, Evaluation of 
N-0861 ( +-)-N6 endonorbornan-2-yl-9-methyladenine, as an AI sub- 
type-selective adenosine receptor agonist in the guinea pig isolated 
heart, J. Pharmacol. Exp. Ther. 260, 1292. 

Triggle, D.J. and R.A. Janis, 1984a, The 1,4-dihydropyridine receptor: a 
regulatory component of the Ca-'* channel. J. Cardiovasc. Pharmacot. 
6, 5949. 

Triggle. D.J. and R.A. Janis, 1984b, Calcium channel antagonists: new 
perspectives from the radioligand binding assay, in: Modern Methods 
in Pharmacology, ed. A.R. Liss (A.R, Liss, New York, NY) p. 1. 

Verma, A. and S.H, Snyder, 1989, Peripheral-type of benzodiazepine 
receptors, Annu. Rev. Pharmacol. Toxicol. 29, 307. 


