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Post-extra systoUc potentiation: Influence of calcium 
and verapamil in rat and rabbit he arts 
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The interactions ofthe inotropic effects ofverapamil (0·05- 2'0 Jlmol Z-1 ), calcium (0'33-5'2 mmol Z-1 ) and 
post extra systolic potentiation ( PESP) as induced by paired stimulation were studied in isolated rabbit and 
rat hearts under isovolumic and isotonic conditions. At low doses of verapamil, contractions were depressed, 
but those elicited by paired stimulation showed less depression than contractions of the same rate during 
single stimulation and even exceeded the unpotentiated contractions without verapamil. At high doses of 
verapamil conlractility could not be restored by paired stimulation . Although contractions we re restored to 
controllevel by an increase in extra-cellular calcium they were still abnormal in the sense that PESP could 
not be elicited. The excitation-contraction (e-c) uncoupling due to low calcium perfusion could be counter
aeted by paired stimulation but e- c uncoupling due to high dose verapamil could not be reversed by paired 
stimulation. Dur results support the view that PESP does not only depend on augmented slow channel cal
cium influx but also on an enhanced calcium shift within the sarcoplasmic retieulum. We are doubtful about 
the idea that P ESP can be used clinically to counteract the negative inotropic effect of high doses of 
verapamil. 

Introduction 

The mechanism by which an extrasystolic beat 
elicits potentiation of the next beat (post extra 
systolic potentiation, PESP) is not fully under
stood[l - 61. During paired stimulation every regular 
cardiac contraction is followed by an extra systole. 
Therefore paired stimulation is a form of sustained 
PESP. The premature depolarization has to be 
induced early enough to be mechanically ineffective 
and thus there will be two depolarizations for one 
mechanical contraction[1 ,71. Recently the clinical 
relevance ofPESP has been re-emphasized[81. 

Excitation--contraction coupling and thus the 
relationship between cycle length and strength of 
contraction may be interpreted in terms of calcium 
ion movements[9-111. The effect of calcium 
antagonists has been attributed to inhibition of 
these calcium ion movements[121. In the present 
study the interactions of the inotropic effects of 
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verapamil, calcium and paired stimulation were 
investigated to explore further the mechanisms 
responsible for PESP and for the negative 
inotropic effect ofverapamil. 

Materials and methods 

Perfusion experiments we re carried out with 
isolated hearts of New Zealand white rabbits 
(2500-3000 g) and Wistar rats (200-250 g). The 
rabbits were anesthetized with sodium pentobar
bital and heparinized. After isolation of the heart, 
the aorta and mitral orifice were cannulated[1 31. An 
e1ectric valve in the aortic cannula allowed for 
coronary perfusion (37°C; 60 mmHg) during a 
controlled period of diastole, but was otherwise 
closed. An electric valve in the mitral cannula was 
opened during every diastolic pause. End-diastolic 
pressure was maintained at 4 mmHg. Intraven
tri cu lar pressure during isovolumic contractions 
was measured with a Millar Mikro-Tip pressure 
transducer inserted via the mitral cannula. The 
rats were anesthetized with diethyl ether and 
heparinized. The hearts we re quickly removed and 
subsequently perfused at 37°C by the Langendorff 
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technique at a constant pressure of 75 mmHg. The 
isotonic contractions of the hearts were recorded 
as described earlier[141. 

The perfusion fluid reservoirs were connected to 
the aortic cannula by means of a specially designed 
stopcock allowing successive use of the reservoirs . 
The standard perfusate had the following compo
sition (mmoll - 1): NaCl, 124: KCl, 4'7; CaC12 , 

1,3; MgClz, 1,0; NaHC0 3 , 24,0; NazHP04, 0,5; 
glucose, 11 ·0. The perfusion fluids were equili
brated with 95 % O2- 5% COz to provide a p02 of 
> 600mmHg, and had a pH of7AO±0·05. When 
required, 0·05- 2·0 Ilmoll - l verapamil was added to 
the perfusate. In a number of experiments the CaClz 
concentration was increased to 2·6 or 5·2 mmoll - 1, 
or decreased to 0·65 or O· 33 mmoll - 1. 

The left ventricular electrogram was recorded by 
means of bipolar epicardial electrodes connected 
to a Gould amplifier and a Gould Brush 2800 ink 
recorder. To prevent interference with propagated 
sinus beats the atria were partially removed and 
atrioventricular conduction was blocked by means 
of an iron clip in the interventricular septum of the 
rat heart and by cauterizing the His bundie in the 
rabbit heart. Right ventricular stimulation weil 
above threshold with impulses of I mA with a 
duration of I ms we re applied. In the rabbit he arts 
the following protocol was applied: single stimula
tion for 10-15 min at a frequency of 1 Hz, paired 
stimulation for 10 s using stimulus pairs of equal 
strength and duration with intervals of 200 and 
800 ms alternatively, followed by single stimula
tion until steady state was reached. Subsequently 
the perfusion was changed to a medium containing 
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0·2 or 1·0 Ilmoll- 1 verapamil, and after 20 min 
of equilibration the same protocol was repeated . In 
the rat hearts the following protocol was applied: 
single stimulation for 10-15 min at a frequency of 
2 Hz, paired stimulation for 30 s with intervals of 
70 and 430 ms alternatively, single stimulation at 
2 Hz until steady state was reached, followed by 
single stimulation for 3 min at 4 Hz. Subsequently 
the perfusion was changed to a medium containing 
0'05- 2'0Ilmoll - 1 verapamil, 0'2 Ilmoll - 1 verapamil 
and 2·6 mmoll - 1 calcium, or 1'0IlillOll - 1 vera
pamil and 5·2 mmoll - 1 calcium, and after 20 min 
of equilibration the same protocol was repeated. 

STATISTICAL ANALYSIS 

Oa ta are presen ted as means ± standard error 
of the mean (SEM). Statistical significance was 
determined by the Wilcoxon signed rank test. A 
P < 0·05 was considered to indicate a significant 
difference between means. 

Results 

INFLUENCE OF VERAPAMIL IN THE RABBIT HEART 

The peak isovolumic intraventricular pressure 
during single stimulation in the rabbit hearts 
amounted to 67 ± 8 mmHg (mean ± SEM; n = 8). 
Ouring paired stimulation it increased to 110 ± 
12 mmHg. Figures land 2 show the effect of 0·2 
and 1·0 Ilmoll - 1 verapamil on the unpotentiated 
and potentiated contractions. Ouring perfusion 
with 0'2Ilmoll - l verapamil, paired stimulation 
still increased the pressure above the level of 
single stimulation before addition of verapamil, 

L-...J 
100 ms 

Figure 1 The intraventricular pressure of the rabbit heart during single stimulation (lef! panel) and paired 
stimulation (right panel), without verapamil (a and a'), with 0·2 ~moll -l verapamil (b and b') , and with 
1·0 ~moll -l verapamil (c and c'). Original tracings of a representative experiment are photographically 
superimposed. 
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Figure 2 The relative effect of verapamil (0·2 and 
1·0 J.lmoll- ') on the peak systolic intraventricular pressure 
of the rabbit heart during single and paired stimulation. 
Intraventricular pressure was compared to the initial 
unpotentiated contractions before verapamil was added 
(100% level). The data indicate mean±SEM of 8 hearts. 
The coarsely dotted column indicates single stimulation. The 
empty column indicates paired stimulation. 

whereas paired stimulation during perfusion with 
1·0 Ilmoll-l verapamil, although still causing con
siderable potentiation, was unable to equal this 
level. In Fig. 3 the depression by verapamil during 
single stimulation was compared with that during 
paired stimulation. For both verapamil concen
trations the depression of the potentiated con
tractions was significantly less than that of the 
unpotentiated contractions (P < 0'05). 

INFLUENCE OF VERAPAMIL IN THE RAT HEART 

The effect of six concentrations of verapamil at a 
calcium concentration of I · 3 mmoll- 1 in the per
fusion fluid on the unpotentiated and potentiated 
contractions of rat hearts is shown in Fig. 4. Before 
exposure to verapamil, the height of the potenti
ated contractions amounted to 165 ± 5% of the 
unpotentiated contractions. Af ter 30 s of paired 
stimulation, resumption of single stimulation 
resulted in a transient post-stimulation depression. 
Recovery was always complete before verapamil 
was added. Increasing the stimulation frequency 
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Figure 3 The relative effect of verapamil on the peak 
systolic intraventricular pressure of isovolumically contract
ing rabbit hearts (N = 8) during single stimulation at 1 Hz 
and paired stimulation. Intraventricular pressure before 
verapamil was 100%. The broken line is the line ofidentity. 
VerapamilconcentrationinJ.lmoll - 1 : x =0'2, 6=1 ,0. 

from 2 to 4 Hz resulted in a transient increase in 
contraction height. After 3 min a new steady state 
was reached, which did not differ significantly 
from the contraction height at 2 Hz. The cardio
depressive effect of verapamil was concentration 
dependent and more pronounced at higher stimu
lation rates. At verapamil concentrations of 
0·2Ilmoll - l and higher, paired stimulation caused 
considerable potentiation but failed to bring the 
contraction height back to the level of the unpoten
tiated contractions in the absence of verapamil. 
At verapamil concentrations of 0,05, 0·1 and 
0'2Ilmoll-l, the potentiated contractions were 
significantly less depressed than the unpotentiated 
contractions (P < 0'05) (Fig. 5). 

INTERACTION OF VERAPAMIL AND CALCIUM IN THE 

RATHEART 

In Fig. 6 the relation between a test interval (see 
insert: x) and the corresponding apex to base dis
placement is demonstrated. This relationship is 
called the restitution curve[15J. As has been shown 
previously[16J, the restitution kinetics under con trol 
conditions first follow a nearly exponential curve 
with a time constant of about 300 ms, reaching a 
plateau at 1 to 2 s, sometimes via a slight over
shoot. Paired stimulation resulted in an upward 
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Figure 4 The relative effect of verapamil (0,05-2·0 !lmoll- l
) on the apex to base displacement of 

rat hearts at different stimulation patterns. Displacement was compared to the initial unpotentiated 
displacement (100% level). The data indicate mean ± SEM of 8 hearts in each group. The coarsely 
dotted column indicates single stimulation at 2 Hz, the empty column indicates paired stimulation, 
the finely dotted column indicates single stimulation at 4 Hz. 
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Figure 5 The relative effect of verapamil 
(0,05- 2·0 !lmoll- l) on the apex to base displacement of rat 
hearts (n = 8) during single stimulation at 2 Hz and paired 
stimulation. Displacement before verapamil was 100%. The 
broken line is the line of identity. Verapamil concentration 
in !lmoll - l

: À =0'05, • =0,1, • =0'2, 8, =0'4, 0 ·= 1'0, 
0=2,0. 

shift of the restitution curve[16] [Fig. 6(a)], whereas 
verapamil and low calcium resulted in a downward 
shift of the restitution curve[17.18] [Fig. 6(c) and 
(d)]. When the verapamil induced depression of 
contractions during single stimulation was normal
ized by an increased calcium concentration~ paired 
stimulation was unable to produce a further 
upward shift of the restitution curve [Fig. 6(b)] . 
Verapamil (0·2 Ilmol 1- 1) and a low calcium 
concentration (0'65 mmoll - 1) caused an almost 
identical downward shift of the restitution curve 
[Fig. 6(c) and (d)]. Paired stimulation potentiated 
contractions more in low-calcium depressed than 
in verapamil depressed rat hearts [Fig. 6(c) and (d), 
Fig. 7]. When depressed contractions due to high 
concentrations of verapamil were normalized by 
an increased calcium concentration, a further 
effect of paired stimulation could not be obtained. 

Discussion 

In our experiments, paired stimulation of rat 
hearts could overcome the negative inotropic effect 
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Figure 6 The influence of verapamil and calcium on apex to base displacement- test 
interval relationships of a single isotonic contraction following single (intervals 500 ms) or 
paired (intervals 70 and 430 ms) stimulation of an isolated rat heart. (a) control, (b) 
verapamill'O ilmoll - t and calcium 5·2 mmoll - t, (c) calcium 0·65 mmoll - t, (d) verapamil 
0·2ilmoll - t . 

of 0·05 and 0·1 ~moll - 1 verapamil, bringing the 
contraction height above the level of the unpoten
tiated contraction in the absence of verapamil. At 
the higher verapamil concentrations, however, 
paired stimulation was unable to restore contrac
tion height to control levels. In the rabbit hearts, 
paired stimulati0n at 0·2 ~moll-l verapamil 
restored the intraventricular pressure till above the 
level of single stimulation without verapamil but 

at 1·0 ~moll- I verapamil paired stimulation was 
unable to restore intraventricular pressure to 
con trol levels. 

In a previous study[18] it was demonstrated that 
paired stimulation can overcome in part the e-c 
uncoupling induced by Iow calcium perfusion 
(0· 3 mmoll- 1). The present study shows that 
paired stimulation cannot do so if e-c uncoupling 
has been caused by high doses of verapamil. Our 
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Figure 7 The effect ofsimultaneous addition ofverapamil and increase ofthe 
calcium concentration (Ieft), a decreased calcium concentration (middle), and 
verapamil (right) on the apex to base displacement during single and paired 
stimulation. Apex to base displacement was compared to the initial unpotenti
ated displacement during standard perfusion (100% level). The data indicate 
mean ± SEM of 8 rat hearts in each group. 

data slightly differ from the results of Wiggins et 
al. [4J, obtained from papillary muscIes and tra
beculae carneae of dog, cat and pig-tail monkey 
hearts. These authors demonstrated that paired 
stimulation in the presence of high doses of vera
pamil (lllmoll - 1) brought the force of contrac
tion to a level exceeding that of an unpotentiated 
contraction without verapamil. Given our results 
(Figs 1- 5) with isolated perfused he arts we are 
doubtful about the idea that paired stimulation 
could be used cIinically to counteract the negative 
inotropic effect of high doses of verapamil. 

When contraction height was equally depressed 
by either low calcium or verapamil, the restoring 
effect of paired stimulation was less pronounced in 
the latter [Fig. 6(c) and (d), Fig. 7]. At the higher 
verapamil concentration paired stimulation could 
not restore contractility, while an increased cal
cium concentration could [Figs 6(b) and 7]. In 
these restored contraetions, however, no further 
potentiation could be elicited by PESP, unveiling 
an abnormal contractiIe behaviour. 

It has been suggested that potentiation induced 
by paired stimulation is mediated not only by an 
increased transfer of calcium across the cell mem
brane, but also by an enhanced shift of calcium 
inside the sarcoplasmie reticulum from uptake to 
release sites[5,6.19J. This could explain the upward 
shift of the restitution curve[15.16.19J. Verapamil is 

not only a slow channel blocker but mayalso slow 
down the kinetics of calcium reavailability from 
these internal stores[17J. Our results show that low 
doses of verapamil (0 '05- 0,2 Ilmol 1- 1 ) had less 
effect on the contractions during paired stimula
tion than on those during single stimulation. Since 
the inhibition of the slow calcium channels is more 
pronounced at a higher stimulation rate[20J, a more 
pronounced effect ofverapamil would be expected 
during paired stimulation, if an increased transfer 
of calcium across the cell mem bra ne were the only 
mechanism of PESP. However if PESP is also 
mediated by an enhanced shift of calcium inside 
the sarcoplasmie reticulum, this effect may be 
counteracted in a dose-related way by verapamil. 
Possibly, this intracellular effect of verapamil 
cannot be overcome by an increased extracellular 
calcium concentration. This would imply th at 
neither the term 'slow channel blocker' nor 'cal
cium antagonist' is fully appropriate to describe 
the mechanisms of action of verapamil[121. It 
might also explain the reported failure of calcium 
infusion in the treatment of severe verapamil 
poisoning[21J. 

In concIusion, our results are compatible with 
the view that PESP depends not only on an aug
mented calcium influx through the slow channels, 
but also on an enhanced calcium shift within the 
sarcoplasmie reticulum. Verapamil in high doses 
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abolishes the positive inotropic effect of paired 
stimulation. 
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