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Antiarrhythmic actions of verapamil against ischaemic
arrhythmias in the rat
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1 The actions of intravenous verapamil against arrhythmias induced by occlusion of a coronary
artery were investigated in conscious rats.
2 Verapamil (2-20mgkg-1, i.v. given pre-occlusion) dose-dependently reduced arrhythmias in
rats with either large or small occluded zones at an ED50 of 6 mg kg-'. This dose was effective when
given immediately post-occlusion.
3 Severe arrhythmias, as opposed to PVC, were preferentially reduced.
4 In conscious, and pentobarbitone-anaesthetized rats, verapamil (6 mg kg-) had different effects
on electrically-induced arrhythmias, and the ECG, from an equi-effective anti-arrhythmic dose of
quinidine (20mgkg-1, i.v.). Quinidine decreased following frequency, but increased threshold
current and pulse width, whereas verapamil did not. Both drugs increased P-R interval, but only
quinidine increased QRS and Q-T intervals.
5 Thirty minutes post-occlusion, the verapamil content of tissue and blood was determined after a

6 mg kg-1 dose given pre- or post-occlusion. Measurable levels of verapamil were found in both
normal and ischaemic myocardium. Plasma and plasma water concentrations were 3.6 + 0.8 ltmol - 1

and 0.6±0.1 Mmoll-1 (x±s.e.mean), respectively following post-occlusion administration
vs. 2.7 ± 1.2 and 0.24 ± 0.04 for pre-occlusion administration.
6 Plasma water concentrations were close to IC50 values for inhibition of contractility in rat atria
and ventricles. Similar concentrations depressed slow action potentials induced in rat ventricles by
raised K+
7 We suggest that the ability of verapamil to prevent severe ventricular arrhythmias following
myocardial ischaemia in the conscious rat is largely due to the calcium antagonist effects of the drug.

Introduction

A variety of drugs have been shown to reduce experi-
mental arrhythmias due to irreversible myocardial
ischaemia. Unfortunately in many experiments only
single doses were studied by methods of uncertain
precision and accuracy. Our method of occluding a
coronary artery in conscious rats allows responses to
ischaemia and infarction to be assessed with precision
and accuracy. The model has been used previously to
assess established antiarrhythmics (Johnston et al.,
1983a), prostacyclin and aspirin (Johnston et al.,
1983b), halothane (MacLeod et al., 1983) and simi-
lar anaesthetics (Jang et al., 1983). Arrhythmias in
this model were not reduced by P-blockade or sym-
pathectomy (Botting et al., 1983). We have now
investigated the antiarrhythmic actions of verapamil
in this model in conjunction with studies into other
actions of verapamil on rat myocardium.
Verapamil is well-established as a treatment for

supra-ventricular antiarrhythmias (Surawicz, 1982).
Antiarrhythmic activity has also been demonstrated
in a variety of experimental preparations. Verapamil
(0.1 to 0.5 mgkg-1) has antiarrhythmic actions
against arrhythmias induced by coronary occlusion in
dogs (Brooks et al., 1980; Temesy et al., 1982; Thale
et al., 1982). Verapamil has also been reported to be
antiarrhythmic following coronary artery occlusion
in the acutely prepared anaesthetized rat (Bemauer,
1982; Mertz & Kaplan, 1982). Attempts were not
made to determine the mechanism or site of action of
verapamil. Unfortunately in these, and other studies,
a range of doses of verapamil was not studied. The
doses which were studied appeared to correspond
with those used clinically for supraventricular ar-
rhythmias. Bolus injections of verapamil
(0.1 mg kg-1 ) may transiently raise plasma concent-
rations sufficiently to reduce calcium currents in the
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atrioventricular node, and so abruptly terminate
supra-ventricular tachyarrhythmias, but there is no
reason to assume that such a bolus will continuously
suppress ischaemia-induced ventricular arrhythmias.
In order to reduce ischaemia-induced ventricular
arrhythmias it is possible that verapamil concentra-
tions exceeding those of benefit in supraventricular
arrhythmias must be maintained.
To investigate verapamil's possible antiarrhythmic

actions against ischaemic-induced ventricular ar-
rhythmias we performed a dose-response study of
verapamil's antiarrhythmic action in conscious rats.
We subsequently analysed further the action of ver-
apamil (at an antiarrhythmic ED50) by pharmacolog-
ical and pharmacokinetic studies.

Methods

Occlusion in conscious rats

Our method of producing coronary occlusion in con-
scious rats has been used in a number of studies (see
above for references). The model's precision and
accuracy, have been described in detail (Johnston et
al., 1981; 1983a). In brief, a coronary artery oc-
cluder, aortic and venous cannulae, and permanent
ECG leads were surgically implanted under
halothane anaesthesia seven days before testing. The
occlusion site was varied to produce either large
(LOZ), or small occluded zones (SOZ). Zone size
was pre-determined by choosing a high or low occlu-
sion site on the LAD coronary tree.
On the day of study the animal was placed in its

home cage with leads and cannulae connected. After
30 min, appropriate control or verapamil solutions
were given by intravenous infusion over 10 min in a
total volume of 1 ml or less. Thereafter, a further
10 min elapsed before occlusion. One group of SOZ
rats received verapamil 6 mg kg- infusions, begin-
ning immediately post-occlusion, and continuing for
15 min. Infusions were temporarily stopped if dias-
tolic blood pressure fell below 60 mmHg.

Different occluded zone size groups were used
since previous studies (Johnston et al., 1983a)
showed that arrhythmia scores following occlusion
are a square root function of the occluded zone
volume (i.e., a linear function of the interface area).
Furthermore, non-arrhythmic mortality is low in
SOZ rats. Treatments, procedures and record anal-
yses were performed blind and randomized.

Antiarrhythmic studies

Ischaemic arrhythmias Four doses of verapamil (0.2,
2, 6 and 20 mg kg-') were tested in LOZ (greater
than 30% of total ventricular weight) rats. Two, 6

and 20 mg kg- were also tested in SOZ (less than
30% of total ventricular weight) rats. Five control
groups (2 of SOZ, and 3 of LOZ) were used. All
groups, treated and control, contained nine rats.

After occlusion rats were continuously monitored
for 4 h, or until death. Survivors for 24 h were moni-
tored for another 30 min before they were killed and
their hearts excised. Perfusion of the heart with dye
was used to determine the occluded zone (OZ) fol-
lowed by tetrazolium for determination of the infarct
zone (IZ) (Johnston et al., 1983a). In animals dying
before 24 h only OZ was determined.

Arrhythmias, arrhythmia score, occluded and in-
farcted zones, blood pressure, heart rate, ECG and
mortality were recorded. Statistical analyses was ap-
plied as previously described (Johnston et al., 1981;
1983a).

Electrically-induced arrhythmias Verapamil and
quinidine were tested against electrically-induced ar-
rhythmias in conscious and anaesthetized rats by
methods similar to those of Martinez & Crampton
(1981) and Marshall et al. (1983). Stainless steel
electrodes were permanently implanted, 0.3 cm
apart, into the left ventricle, and their free ends
exteriorised in the neck region. Stimulation parame-
ters for fibrillo-flutter were measured in chronically
prepared conscious, and acutely prepared pentobar-
bitone (50 mg kg-' i.p.) anaesthetized rats. The
threshold current (at 50 Hz and 0.8 ms) inducing a
precipitous fall in blood pressure was determined
together with the threshold pulse width (at 50 Hz and
2 x threshold current) and maximum following fre-
quency (at 0.8 ms, 2 x threshold current). The latter
was revealed as an abrupt large increase in pulse
pressure as the heart failed to follow, on a 1: 1 basis, a
steadily increasing frequency of stimulation from 5 to
30 Hz. ECG and blood pressure records showed that,
as the frequency of stimulation increased, the heart
was eventually 'captured' with resulting changes in
the axis of the ECG. This ECG change was main-
tained as the frequency increased while pulse and
mean blood pressures fell. Eventually the heart failed
to follow stimulation on a 1: 1 basis and, as a result of
the dropped beat, the heart was able to fill during
diastole resulting in a large increase in pulse pressure
for the next beat. The ECG showed the missing beat,
and sometimes a change in complex shape. As this
first missed beat produced such an easily discernible
change in blood pressure it was used as the clearest
end point. The mean of three determinations were
obtained 5 min before, and 5, 15,45 and 60 min after
drug administration.

Anaesthetized rats received only one drug with no
saline control, while each conscious animal, acting as
its own control, received each drug, and saline, with
3 days between tests.
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Verapamil (6 mg kg- l ) was compared with a dose
of quinidine (20mgkg-1) previously shown to re-
duce ischaemia-induced arrhythmias by 50% in our
model (Johnston et al., 1983a). Quinidine was given
by slow injection over 5-10 min whereas verapamil
was infused slowly to avoid hypotension. Verapamil
infusions took 40 min in anaesthetized rats but only
5 min in conscious rats.
From ECG records obtained on a Grass polygraph

(Model 79B pre-amplifier type 7P1A, band width
0.8-50Hz), P-P, P-R, QRS and Q-T intervals
were measured. The first two variables were conven-
tionally measured whereas QRS was measured from
Q to the isoelectric point on the RS wave. TheTwave
is not easily seen in the ratECG and so a standardized
postion on the S-T complex was taken as a measure
of the position of T. ECG records were analysed in a
blind manner from records obtained at 100 mms-
chart speed.

Tissue and Blood levels of verapamil

Tissue and blood levels of verapamil were deter-
mined 30 min post-occlusion after 6 mg kg- li.v.
given either pre- or post-occlusion in SOZ rats. Thir-
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ty minutes after occlusion, which is after the major
period for arrhythmias, animals were killed and heart
and blood collected. On the basis of visual inspection
hearts were divided into ischaemic and non-
ischaemic tissue. Small samples were also taken from
the centre of the ischaemic zone. Verapamil concent-
rations were determined in myocardial tissue, in
blood, in plasma, and in plasma ultrafiltrates (plasma
centrifuged with CF 25 Centriflo Amicon mem-
branes at 2100 g) by modifications of the published
techniques for extraction of blood (Cole et al., 1981)
and tissue (McAllister & Howell, 1976) with subse-
quent detection by h.p.l.c. (Kuwada et al., 1981).

In vitro studies on contractility and intracellularpoten-
tials

These were designed to determine the myocardial
effects of a concentration range of verapamil com-
mensurate with those found in vivo. Right and left
atria were dissected from hearts of 300 g Sprague-
Dawley rats and suspended in Krebs-Henseleit solu-
tion at 350 C as previously described (Au et al.,
1980). Initial cumulative calcium concentration-
response curves were obtained (for inotropism) and
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Figure 1 The effect of various doses of verapamil on mean arrhythmia scores in rats with large or small occluded
zones. Various doses of verapamil were given i.v. pre-occlusion to rats with large (-) or small (A) occluded zones.
Symbol (A) indicates 6 mgkg- verapamil given post-occlusion. The % reduction in arrhythmia score from the
appropriate mean control value (LOZ or SOZ) is given on the ordinate and loglo dose in the abscissa scale.
Arrhythmia scores (see Methods) were measured for the 0-30min (a) and 0-4h (b) post-occlusion periods.
Altogether 13 groups of rats (9 rats per group) were studied and values for the 2 SOZ and 3 LOZ groups of controls
were accumulated. The crosses indicate estimates of ED50 values.
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then, in the presence of the determined EC50 con-
centration of calcium, cumulative negative inotrop-
ism curves were obtained for verapamil. Calcium and
verapamil dose-response curves were also deter-
mined for perfused rat ventricles stimulated at 180 or
400 beats min-'. Developed pressure within ventri-
cles was measured with intraventricular balloons at a
diastolic pressure of 15 mmHg.
The method of Inoue et al. (1979) was used to

ascertain the effect of verapamil on slow calcium
potentials generated in the guinea-pig papillary, and
ventricle muscle, by exposure to 20 mM potassium
and 10-6 M isoprenaline.
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Results

Dose-response data for antiarrhythmic efficacy ofver-
apamil

Verapamil 0.2-20mg kg-l i.v. produced a dose-
dependent reduction in the arrhythmias induced by
coronary occlusion as judged by reductions in ar-
rhythmia score from control values (Figure la and b).
The arrhythmia score summarises the arrhythmic
history following coronary occlusion. Twenty
mgkg-' was almost 100% effective in suppressing
occlusion-induced arrhythmias in both the 0- 30 min
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FIgure 2 The effect of various doses of verapamil on the incidence of ventricular flutter (a and b) and fibrillation (c
and d) in rats with large or small occluded zones. In (a) and (b) the incidence of ventricular flutter in groups of LOZ
or SOZ rats given 2, 6, or 20 mg kg-1 verapamil pre-occulsion is expressed as the percentage reduction from control
incidence (LOZ or SOZ) 0-30 min (a) or 0-4 h (b) after occlusion. Data from the 0.2mg kg-1 LOZ group is
excluded from the figure. The symbol (0) indicates LOZ rats and (A) indicates SOZ rats. In (c) and (d) the
incidences of ventricular fibrillation are shown: 0-30 min (c) and 0-4 h post-occlusion (d). The open symbol refers
to SOZ rats given 6 mg kg-1 post-occlusion. Crosses indicate estimates of ED50 values. The control incidences of
ventricular flutter for SOZ were 67% (0-30 min) and 78% (0-4 h). For ventricular fibrillation the incidences were
56% and 89% respectively. For LOZ the corresponding figures were 74% and 82% for tachycardia and 74% and
89% for fibrillation.

r
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and 0-4h post-occlusion arrhythmic periods (see
also Johnston etal., 1981; 1983a). The ED50 (i.e., the
dose producing a 50% reduction in arrhythmia score
from control) was approximately 6 mg kg-1, in both
SOZ and LOZ rats. In the LOZ groups, animals were
lost from the study because of non-arrhythmic
deaths. These deaths occurred at 30, 30 and 180 min
post-occlusion in rats given 2 mg kg- I and 16,21,25,
28, 31 and 34min post-occlusion with 20mg kg-.
Thus most deaths occurred after the first major ar-
rhythmic period (4-15 min post-occlusion) in the
0-30 min post-occlusion observation period. Ar-
rhythmias were suppressed by verapamil in both
SOZ and LOZ rats, despite differences in control
arrhythmia scores for the two groups. Control ar-
rhythmia scores in SOZ rats were 3.3 + 0.5
(x±s.e.mean) and 4.2±0.5 for the 0-30min and
0-4 h periods, respectively, versus 4.8 ± 0.5 and
5.3 + 0.4 in LOZ. Verapamil (6 mg kg-') given post-
occlusion to SOZ rats was just as effective as when
given pre-occlusion.

Previous studies (Johnston et al., 1983a) showed
the relationship between arrhythmia score and oc-
cluded zone size to be such that arrhythmia score

Table 1 The effect of various doses of verapamil
on the number of premature ventricular contrac-
tions (PVC) (as logio) induced by occlusion

logjo PVC logioPVC
0-30min 0-4 h

post-occlusion post-occlusionTreatment

Large occluded zones (LOZ)
Control (n= 27) 1.4±0.1
2mgkg-' (n=9) 1.5±0.2
6mgkg-I(n=9) 1.2+0.3
20 mg kg- (n = 9) 1.2+0.2

Small occluded zones (SOZ)
Control (n= 18) 1.5 +0.1
2mgkg-' (n=9) 1.0+0.2
6mgkg-' (n= 9) 1.3 ±0.2
6 mg kg-' Post (n = 9) 1.3 ±0.2
20mgkg-' (n=9) 0.4+0.1*

1.7 + 0.4
1.9+0.4
1.7 + 0.4
1.3+ 0.2

2.4 +0.2
2.3 + 0.3
2.4 +0.3
2.4+0.3
1.1 +0.3*

Values are given as the mean (± s.e.mean) of log,o
PVC in the 0-30min and 0-4h post-occlusion
periods. Statistical significance for differences
from control is indicated by * for P< 0.05. Control
groups for SOZ (2) and LOZ (3) were amalga-
mated. Deaths limited PVC occurrence in LOZ
rats. All doses were given pre-occlusion except for
6 mg kg-' Post where the drug was given post-
occlusion.

(AS) = a + bI, where a = intercept, b = slope and
I = estimated area of interface between ischaemic
and normal tissue. Control rats in this study obeyed
the same relationship with coefficients of a = 0cm2
and b = 6.5 AS/cm2 for an assumed average ventricle
wall thickness of 0.25 cm and the radius of a 50% OZ
to be 0.65 cm. Data for verapamil also obeyed the
same linear relationship with a common slope and
variable extrapolated intercepts (a) of 0.2 cm2 for
2 mg kg- I verapamil, 0.3 cm2 for 6 mg kg- I verapamil
and 0.6 cm2 for 20 mg kg- I verapamil.
The antiarrhythmic effectiveness of verapamil was

also seen as a reduced incidence of ventricular flutter
(a,b) and fibrillation (c,d) (Figure 2). Verapamil was
most effective in reducing the incidence of these
severe arrhythmias in SOZ rats. Twenty mg kg-I
verapamil prevented almost all severe arrhythmias,
whether flutter (a,b) or fibrillation (c,d), especially in
SOZ versus LOZ rats. The 6 mg kg-l post-occlusion
dose in SOZ rats was less effective against severe
arrhythmias than the pre-occlusion dose. The group
incidence of fatal irreversible ventricular fibrillation
was also reduced by verapamil (see Table 2).

While verapamil markedly reduced arrhythmia
score, and the incidence of ventricular flutter and
fibrillation, it had a lesser effect on the number of
premature ventricular contractions (PVC) (Table 1).
Even at the highest dose, verapamil did not markedly
reduce the number of PVCs in the large infarct group
(25% reduction only). The only dose which reduced
the number of PVCs significantly was 20 mg kg-l in
SOZ rats.

Effects of verapamil on infarcted zone size and mor-
tality

None of the verapamil treatments changed the size of
the occluded or infarcted zones (Table 2) in either
SOZ or LOZ rats although the drug produced a
dose-dependent increase in non-arrhythmic deaths
in LOZ animals (e.g., 6/9 rats at 20mg kg-1) while
reducing the number of deaths due to irreversible
ventricular fibrillation from 10/27 in controls to 0/9.
Non-arrhythmic deaths were associated with pro-
found falls in blood pressure and were considered to
be due to cardiac output failure. Non-arrhythmic
mortality in SOZ rats was not increased by verapamil
although the occurrence of irreversible ventricular
fibrillation was reduced (by 100% for 6 and
20mgkg-').

Effects of verapamil on the post-occlusion ECG

The changes in the S-T segment expressed as dSTR
and R wave size following occlusion were not influ-
enced in a predictable manner by verapamil treat-
ment (Table 2).
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Table 2 The effect of various doses of verapamil on occluded and infarct zone sizes, on mortality and on ECG
changes induced by occlusion

Occluded zone Infarct zone
(as % ventricular weight)

40±1
40±3
38+2
40+2

22+1
23+1
23+1
22+3
21±1

Mortality post-
occlusion as

number in group

0-4h 0-24h

Large occluded zone (LOZ)
NA A

25±4 3 10
32 3 3
26 2 2
31 6 0

Small occluded zone (SOZ)
NA A

16±1 1 5
16+2 1 1
17+1 1 0
13+3 1 1
14+1 1 0

16
7
6
6

9
2
2
3
1

ECG (1 h)

dSTR

0.29 + 0.09
0.29 + 0.03
0.34 ± 0.05
0.22 ± 0.02
(n= 4-22)

0.23 ± 0.03
0.25 ± 0.04
0.33 + 0.09
0.19+0.06
0.21 ± 0.04
(n= 6-13)

R

0.63 ± 0.07
0.52±0.05
0.74 ± 0.05
0.64 ± 0.09

0.64+0.06
0.63 ± 0.08
0.59±0.13
0.66 ± 0.08
0.34+0.11

Control groups for LOZ (3) and SOZ (2) were amalgamated to give a single control group for each occluded zone

size (large or small) because analysis showed no differences between groups within the LOZ or SOZ groupings.
Occluded and infarcted zones were estimated as indicated in Methods. Non-arrhythmic mortality (NA), in the 0-4 h
period, is given as the number of dead animals in the group (n originally = 9 except for control LOZ where n = 27 and
control SOZ where n= 18). Arrhythmic deaths by 4 h post-ligation are indicated by A. Total mortality by 24 h
(arrhythmic and non-arrhythmic) is given in the third column. ECGs at 1 h post-occlusion were analysed as described
in Methods for S-T segment elevation and increase in R-wave size (R). The S-T segment elevations were corrected
for R-wave size (dSTR). All doses were given pre-occlusion, except for 6 mg kg-1 Post where drug treatment was

started immediately post-occlusion. Values are i±s.e.mean except for mortality figures. The s.e.mean is not given
where n < 4.

Effects of verapamil on heart rate and blood pressure

In conscious rats verapamil infusion sometimes re-

duced diastolic blood pressure to 55-60 mmHg, but
despite this, animals remained conscious although
relatively immobile with their heads held down. At
this blood pressure infusions were stopped, but they
could be recommenced within 5 min as blood pres-

sure recovered quite rapidly. In both SOZ and LOZ
rats, 1 min pre-occlusion, verapamil produced a

dose-dependent fall in blood pressure (Figure 3a)
with an ED25 of 8 mg kg- 1 and an ED50 of
30 mg kg-'. After 1 h of occlusion (Figure 3b), blood
pressure was still reduced by verapamil in a dose-
related manner, particularly in LOZ rats. Verapamil
also caused a dose-related bradycardia prior to occlu-
sion (Figure 3c) but this relationship was lost 1 h after
occlusion (Figure 3d). The ED50 for heart rate reduc-
tion in the pre-occlusion period was approximately
30mg kg-'. A slight tachycardia was seen with the
lowest dose of verapamil. The ratios of ED50 values
were estimated to be at least 5 for vasodepressor to

antiarrhythmic effect, and 5 for heart rate to antiar-
rhythmic effect.

Effects of verapamil and quinidine on electrically-
induced arrhythmias

As verapamil at high concentrations is known to have
quinidine-like actions on the rise rate of myocardial
intracellular potentials in vitro (Bayer et al., 1975),
we determined whether 6 mg kg-1 verapamil (i.e.,
the ED50 against ischaemia-induced arrhythmias)
had quinidine-like effects on electrically-induced ar-

rhythmias, and on the ECG. Rise rate depression
should reduce sensitivity to electrically-induced ar-

rhythmias and widen the QRS interval. Quinidine
also widens the Q-T interval and lowers following
frequency by virtue of prolonging action potential
duration. We determined whether verapamil at
6mg kg- 1 had the same actions as 20mg kg-
quinidine (Figure 4).

Pre-drug values for the stimulation thresholds
(Table 3a) varied significantly between conscious

Dose

Control
2mgkg-1
6mgkg-1
20 mg kg-1

Control
2mgkg-1
6mgkg-1
6 mg kg-' Post
20 mg kg-'

n
27
9
9
9

n
18
9
9
9
9
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Figure 3 The effect of verapamil on blood pressure (a and b) and heart rate (c and d) before (a and c), and 1 h after
occlusion (b and d). Three different doses of verapamil were given to groups of rats with large (0) or small (A)
occluded zones. Blood pressure and heart rate data 1 min before occlusion were used to express the effects of
verapamil as percentage reduction in blood pressure (a), and heart rate (c) from control group value. Additionally,
1 h post-occlusion values are given in (b) and (d). The dotted lines indicate extrapolations necessary to give estimates
of ED50 values (indicated by crosses). Control values in SOZ rats for mean blood pressure were 122 ± 3 mmHg at
- 1 min and 113 ± 4 mmHg at 1 h while values for heart rate were 400 ± 9 and 360 ± 15 beats min-I respectively.
Values for LOZ rats were 113 ± 3 mmHg at -1 min, 102 + 3 mmHg at 1 h, 405 + 10 beats min-1 and
380 ± 20 beats min - l.

and anaesthetized rats. Threshold pulse width was

longer in conscious versus anaesthetized controls. In
conscious rats, threshold current could not be deter-
mined due to limitations in our stimulator and so

threshold voltage was used instead. Quinidine pro-

duced the expected increases in threshold current,
and pulse width, with a reduction in following fre-
quency (Figure 4a); changes were most marked in
anaesthetized rats. Verapamil had different effects; it
increased following frequency without altering
threshold current or pulse width; again changes were
greatest in anaesthetized rats. Thus verapamil had a

different spectrum of activity from quinidine and

failed to show quinidine-like effects on thresholds or

following frequency.
In the rat ECG before drug treatment (Table 3a),

the QRS and Q-T intervals were longer in anaes-

thetized than in conscious rats. These differences
were probably due to differences in heart rate (Table
3b) between the two groups. Drug-induced changes
(Figure 4b) were potentiated in anaesthetized ani-
mals and such potentiation was greatest for
quinidine. Both quinidine and verapamil prolonged
P-R intervals. Quinidine failed to give an atropine-
like shortening. Only quinidine produced the large
increase in Q-T interval (uncorrected for rate) ex-
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FIgure 4 The effect of verapamil and quinidine treatment on stimulation variables, ECG, blood pressure and heart
rate in anaesthetized and conscious rats. Rats were treated with verapamil 6 mg kg-' (triangles) or quinidine
20 mg kg-1 (circles) according to the schedules given in Methods. Injections were completed at time zero and
changes in (a) the stimulation variables (following frequency, threshold current and pulse width), (b) ECG (P-R,
QRS and Q-T intervals) and (c) blood pressure and heart rate are expressed as percentage change from pre-drug
values for anaesthetized animals (filled symbols), and from saline control values for conscious rats (open symbols).
Control values are given in Table 4.

pected of a drug that prolongs action potentials.
Quinidine, presumeably via depression of action po-
tential rise rate, also widened the QRS in both anaes-
thetized and conscious rats (Figure 3a) whereas ver-

apamil did not. As was the case with electrically-
induced arrhythmias, verapamil failed to show
quinidine-like effects on the ECG.
Blood pressure and heart rate varied between con-

scious and anaesthetized rats (Table 3b). Marked
hypertension occurred in anaesthetized animals.
Both variables were lowered by verapamil and
quinidine (Figure 4c) to approximately equal degrees
in anaesthetized rats. In conscious rats, quinidine was
not as effective as verapamil in lowering blood pres-

sure and neither drug reduced heart rate.
As mentioned above, marked differences between

conscious and anaesthetized animals were seen in
those responses changed by verapamil, and/or
quinidine (Figure 4). Pentobarbitone appeared to
both potentiate and prolong the action of both drugs.
Interpolation in Figure 4, gave pharmacological half-
lives of 30-40 min for quinidine's effects on ECG
and stimulation variables. Data for verapamil could
not be so readily interpolated. Thus verapamil
(6 mg kg- 1, i.v.) and quinidine (20 mg kg-1, i.v.) had
different effects both on the ECG and on sensitivity
to electrical induction of arrhythmias.
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Table 3 Electrically-induced ventricular flutter variables, blood pressure and heart rate in anaesthetised and
conscious rats prior to drug treatment

A. Stimulation characteristics
Thresholds for: ECG (ms)

Maximum
follow. freq. Current Pulse width

Group (Hz) (HA) (ins) P-R QRS Q-T

Pentobarbitone-anaesthetized rats
Pre-verapamil 17+ 1 219+ 15 0.18+0.01 46+2 25+ 1 79+5
Pre-quinidine 20+ 2 209+10 0.17 +0.01 46+ 2 24+ 2 79 + 5

Conscious rats
Volts

Pre-verapamil 17+1 2.6+0.4 0.21+0.02* 45+1 21+1* 60+3*
Pre-quinidine 18+ 2 2.4±0.3 0.26 + 0.04* 46± 1 22+1* 64+4*

B. Blood pressure and heart rates
Group Blood pressure (mmHg) Heart rate

Pentobarbitone-anaesthetized Rats
Pre-verapamil 160 + 6/137 + 5 (sys/dias) 384 + 10
Pre-quinidine 160 +7/130 ± 9 (sys/dias) 392 + 15

Conscious rats
Pre-verapamil 113 + 2* (mean pressure) 413 + 14
Pre-quinidine 122 + 3* (mean pressure) 416 ± 17

Values are given as x±s.e.mean for 5-6 rats; they were measured prior to admiistration of the drug indicated. The
threshold stimulation variables were determined by means of silver electrodes inserted in the ventricles, and using
the technique described in Methods. The ECG readings were from traces recorded after testing stimulation
characteristics. Intervals were measured as indicated in Methods. * indicates P <0.05, for difference between
conscious and anaesthetized rats.

Blood and tissue levels of verapamil in coronary oc- in the occluded tissue were, even when given post-
cluded rats occlusion, close to concentrations found in normal

tissue. Occluded tissue contained 86% of the ver-
The results of pharmacokinetic studies in rats are apamil content of normal. Although a degree of
summarised in Figure 5. Concentrations of verapamil cross-contamination could be expected because of

Table 4 In vitro sensitivity of atrial and ventricular tissue to calcium and verapamil and effect of verapamil on slow
calcium potentials

Sensitivity to calcium Sensitivity to verapamil
Tissue ED50 (mM) Slope ED50 (LM) Slope
(A) Inotropic responses
Right atria 2.7 + 0.5 2.6 +0.4 0.35 ±0.10 1.3 +0.3
Leftatria(180bmin 1) 2.7+0.4 2.5+0.2 0.40±0.05 0.8+0.1

(400bmin- 1) 0.19 +0.11
Ventricles(180bmin- 1) 0.5+0.1 1.2+0.2 0.14±0.08 1.0+0.1

(400 b min- 1) 0.06 +0.03

(B) Slow caldum potentials
(Effective verapamil concentration range for inhibition)
Rat ventricle muscle 0.1 to 1 MM
Guinea pig papillary muscle 0.1 to 1 tLM

The values in (A) are x±s.e.mean (n=5-6) calculated from cumulative dose-response curves for calcium and
verapamil obtained as explained in Methods. The slope value is the Hill coefficient for the curves. Values in (B) are a
range of effective concentrations obtained for 4-6 preparation with one cell per preparation examined. The height
of the slow response was depressed by 20-80%.
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Occluded Normal
zone zone

5-

4-

3-

2-

0-

Whole Plasma Ultra-
blood filtrate

FIgure 5 Verapamil content of heart tissue and blood matrices 30 min after occlusion and after 6 mg kg-' given i.v.
pre- or post-occlusion. Values are given as x±s.e.mean for cardiac tissue (normal or occluded zone), and for whole
blood, plasma and plasma ultrafiltrate (n = 5 -6). Values for small samples from the centre of the occluded zone are

indicated by the symbol (U). Values obtained when verapamil was given pre-ligation are shown in open columns
whereas values from post-occlusion treatment are shown in filled columns.

imperfections in the method of separating ischaemic
from normal tissue, it appears that verapamil distri-
butes into the occluded zone. Surprisingly, samples
taken from the centre of the zone had the highest
verapamil contents. This was particularly so when
verapamil was given pre-occlusion.

Despite the large dose, the plasma concentration
of verapamil 30 min post-occlusion was below
10-5 M. Verapamil was plasma-protein bound. Bind-
ing was 82 ± 4 and 84 ± 4% for the two groups. The
mean plasma water verapamil concentrations were

0.6 ±0.1 ,sM for the post group vs. 0.2 ± 0.04 tLM for
the pre values which corresponded with in vitro con-

centrations supressing contractility (Table 4).

Verapamil metabolites

In animals given 6 mg kg-l verapamil pre-occlusion,
a number of metabolites were found. The two major
metabolites (as verapamil equivalents) accumulated
in the ischaemic tissue to 9.7±3.1pmolkg-1
(x±s.e.mean) and 5.4±1.3 respectively versus

1.5±0.7 and 1.2±0.2[imolkg-1 in normal tissue.
These metabolites were not plasma-protein bound;
plasma concentrations were 0.53 ± 0.09 and
0.28 + 0.04 RiM.

Effects of verapamil on myocardial tissue

Both atrial and ventricular tissue showed dose-
related positive inotropic responses to low concent-
rations of extracellular calcium. In atrial tissues the
calcium EC50 (Table 4) was close to the concentra-
tion (2.5 mM) in our Krebs-Henseleit solution

whereas, in ventricles, the EC50 was less. EC50 esti-
mations for verapamil's suppression of contractility
(Table 4) were made in the presence of the approp-

riate calcium EC50s Verapamil was equi-effective in
paced and unpaced atrial tissue and more active in
ventricular versus atrial tissue, despite the differ-
ences (slope and EC50 values) in calcium-response
curves for the two tissues. EC50 values for verapamil
were lower at higher stimulation frequencies except
between 400 vs. 600 beats per min.

In electrophysiological experiments, verapamil
was found to inhibit slow calcium potentials (induced
by 15 mM K+ and isoprenaline) at concentrations
similar to those inhibiting contractility (Table
4a vs. 4b).

Discussion

The aim of this study was to demonstrate antiarrhyth-
mic actions for verapamil against ischaemia-induced
arrhythmias, and to determine the various factors
involved. The results demonstrated unambiguously
that verapamil is antiarrhythmic in the rat whether
given pre- or post-occlusion. The rat is now frequent-
ly used for ischaemia and infarction studies (Au et al.,
1979; Clark et al., 1980; Marshall et al., 1981). In
conscious rats we demonstrated antiarrhythmic ac-

tivity for a number of drugs (MacLeod et al., 1983;
Jang et al., 1983; Johnston et al., 1983b) including
quinidine (Johnston et al., 1983a). Despite a small
heart size and differences in cardiac physiology, the
rat is sensitive to antiarrhythmics and is suitable for
the qualitative and quantitative evaluation of drugs
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active against ischaemic-arrhythmias. Comparison
between anaesthetized ischaemic rats, pigs and dogs
showed no fundamental differences between the
three species (Bergey et al., 1982).

In anaesthetized rats, Kane et al. (1981) could not
show antiarrhythmic activity for 0.1 mg kg- I ver-
apamil but were able to show it for niludipine, nisol-
dipine and nifedipine (Fagbemi & Parratt, 1981). In
a similar study 0.2 mg kg-1 verapamil was moderate-
ly antiarrhythmic (Mertz & Kaplan, 1982). Bernauer
(1982) found verapamil to be antiarrhythmic at 1 and
2 mg kg-l while Muller & Wilsmann (1982) showed
minimal activity for 0.5 mg kg-l verapamil; it was less
effective than 5 mg kg-1 quinidine. The authors stres-
sed the antiarrhythmic importance of sodium channel
blockade.
The above rat studies used low doses of verapamil

compared with those used in the present study. This
may account for equivocal evidence of verapamil's
effectiveness. Previous studies used acutely prepared
anaesthetized animals in which high doses of ver-
apamil are poorly tolerated. We found anaesthetized
rats to be very sensitive to the adverse cardiovascular
effects of verapamil and quinidine. The resistance of
conscious animals possibly reflects a superior car-
diovascular status, increased drug metabolism,
and/or intact reflexes.

In dogs with myocardial ischaemia, verapamil has
been shown to be antiarrhythmic in the limited dose
range tested (see refs. in Introduction). Unfortunate-
ly, such studies lacked control fo; occluded zone size
despite its importance in arrhythmogenesis (Austin et
al., 1982). Our rat model allows dose-response
studies, with control for occluded zone size, while
monitoring other responses to coronary occlusion.
We have shown that verapamil reduces arrhythmia

score in a dose-related manner as well as reducing the
incidence of major arrhythmias (ventricular flutter
and fibrillation). PVCs were minimally reduced
which perhaps reflects the different arrhythmogenic
mechanisms for PVC, and/or the frequency-
dependent nature of verapamil's action (Sanguinetti
& West, 1982). While verapamil was antiarrhythmic
against severe arrhythmias, and thus prevented
deaths due to irreversible ventricular fibrillation, it
also caused deaths by non-arrhythmic mechanisms.
Doses preventing arrhythmias produced vasodilata-
tion and cardiac depression sufficient, when coupled
with ischaemia, to cause death due to reduced cardiac
output. However, if the OZ size were limited, as in
the SOZ animals, such deaths did not occur.
With the efficacy of verapamil established, we

investigated various factors involved. Above 10-5 M
in vitro, verapamil has some quinidine-like actions
(Bayer et al., 1975) but such a concentration is
100 x the ED50 for inhibiting myocardial contractili-
ty (this study), or slow calcium currents (Sanguinetti

& West, 1982; Mobyvda & Sperelakis, 1983). Ver-
apamil, at 10-7 M, is antiarrhythmic in perfused rat
hearts with coronary occlusion (Woodward, 1981).
Plasma water concentrations of verapamil
(0.6 ± 0.1 tiM post-occlusion and 0.24 ± 0.04 fiM pre-
occlusion) 30 min after 6 mg kg- i.v. would indicate
that only calcium antagonism was present in the rats
used in this study. Verapamil's pharmacokinetics in
rats indicates a very short half-life. In dogs, verapamil
has a 2 min t1/2 alpha phase and a 2 h t1/2 3-phase
(Hashimoto et al., 1982) such that 0.3 mg kg-1 gives a
maximum beta phase plasma concentration of
0.3 pmol 1-. Extrapolation of our 6mg kg- data
suggests plasma concentrations at 30 min post-
occlusion of 0.008timoll-1 for 0.2mgkg-1, up to
0.8 timol l-I for 20 mg kg-').

If inhibition of contractility (Table 4) involves
inhibition of the same calcium currents as those
involved in ischaemic arrhythmogenesis in the rat
then verapamil's antiarrhythmic action may be due to
calcium antagonism. The other evidence that sup-
ports this view is that verapamil did not have
quinidine-like actions on electrical arrhythmias and
ECG. Quinidine raised thresholds and lowered fol-
lowing frequency, whereas verapamil did not. Only
quinidine widened QRS width and Q-T intervals.
This latter data was similar to that of Tisne-Versailles
et al. (1982). Muller & Wilsmann (1982) showed
verapamil is 10-40 x more potent than quinidine in
effects on blood pressure, heart rate, and PR interval
but equipotent in widening the QRS width. QRS
widening was not significant with 10mgkg-1 ver-
apamil in anaesthetized rats. Pharmacokinetic evi-
dence further suggested verapamil was antiarrhyth-
mic by virtue of calcium antagonism. In order to
reveal antiarrhythmic actions of verapamil high doses
had to be given. These lowered blood pressure, re-
duced heart rate, and, in LOZ rats, increased non-
arrhythmic mortality. However, the ED50 values
(Figure 2) for such effects were greater than the
antiarrhythmic ED50.

In view of high concentrations of metabolites
found in the occluded zone, and the possibly greater
antiarrhythmic efficacy of pre-occlusion administra-
tion, the possibility exists that a verapamil metabo-
lite(s) was responsible for observed antiarrhythmic
actions.
Three cardiac loci for verapamil's antiarrhythmic

actions are obvious; the ischaemic zone, the interface
zone and normal tissue. Extra-cardiac loci are possi-
ble although blood pressure lowering alone does not
account for verapamil's antiarrhythmic actions since
other vasodepressors are not antiarrhythmic (Au et
al.,1983; Jang et al., 1983). Furthermore, ver-
apamil's vasodepressor dose-response curve was dif-
ferent from that for antiarrhythmic action.

Pharmacokinetic data did not exclude the occluded
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zone since both verapamil and metabolites were
found there. The high concentrations found cannot
readily be explained although the rat heart has small
(100 ,iM) collaterals which may deliver verapamil.
Alternatively, venous drainage may result in ver-
apamil entering the zone retrogradely. Whatever the
cause, verapamil, and particularly its metabolites, are
sequestered in both normal and ischaemic myocar-
dium but it is unlikely that all this verapamil is
available for effect. Possibly verapamil binds in a
non-specific manner to myocardium.
With regard to the interface zone being a possible

locus of action, our model of arrhythmogenesis
(Johnston et al., 1983) of A = a + bI, indicates that
verapamil increased a. In effect this reduces the
effectiveness of I since I (i.e. OZ or IZ) did not
change (Table 2). It is possible that verapamil (or
metabolites) reduces the interface arrhythmogenicity
or reduces electrophysiological disparity between is-
chaemic and normal tissue, which amounts to the
same thing. In dogs, verapamil reduces disparity
between conduction times in normal and ischaemic
tissue (Nakaya et al., 1980; Moses, 1981; Fondacaro

et al., 1978) and normalizes electrophysiological
changes induced by exposure to acidic, hyper-
kalaemic, and hypoxic conditions (Kimura et al.,
1982).

Finally, if occluded or interface zones are the site of
action, and calcium blockade the mechanism, our
study suggests a design specification for a more effec-
tive anti-fibrillatory drug. A myocardial calcium an-
tagonist, without vascular effects, would be a particu-
lar effective antiarrhythmic if it preferentially ac-
cumulated at, or became activated by, the acid pH
encountered in ischaemia. A frequency-dependent
action would selectively reduce high frequency ar-
rhythmias such as ventricular flutter and fibrillation.

Expert technical assistance was given throughout by Kath-
leen Johnston. T. Yuswack is thanked for his help with some
of the experiments. The expert technical guidance of Dr R.
Wall was used for verapamil determinations and G.A.
Collins helped with computing. Finally, Elaine Jan and
Tracy Slocombe are thanked for preparation of the manus-
cript. Work was funded in part by the British Columbia
Heart Foundation.
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