bstract. To study the value of 4-aminopyri-
dine as an antidote to verapamil intoxication, we subjected
12 adult cats to verapamil poisoning by administering
doses of 4.0-25.0 mg/kg verapamil by intravenous in-
fusion. Six animals were given 4-aminopyridine 2 X 0.5
‘mg/kg i.v. after the verapamil infusion was stopped and
the other six animals (the control group) were not. Ver-
apamil caused profound cardiovascular depression and
also partial neuromuscular block, both of which were
completely reversed by 4-aminopyridine within 50 min,
in spite of extremely high serum verapamil concentrations
(ranging between 3,700 and 13,500 ng/ml). The six an-
imals that received 4-aminopyridine survived the vera-
pamil intoxication, whereas four of the six animals in
the control group died. The results suggest that 4-ami-
nopyridine may be useful in the treatment of verapamil
intoxication.

Introduction

Verapamil is a well-known and widely used antianginal, anti-
dysrhythmic, and antihypertensive agent. However, its large-
scale clinical use has been paralleled by an increase in the in-
cidence of deliberate and accidental poisonings with the drug.
The main pharmacological actions of verapamil—inhibitory
effects on myocardial contractility and cardiac pacemaker ac-
tivity, and profound vascular smooth muscle relaxation—can
be overcome by calcium and catecholamines. Indeed, in most
of the reported cases of serious verapamil poisoning, the car-
diovascular complications were successfully treated with intra-
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venous injections of calcium gluconate, norepinephrine, artificial
cardiac pacing, or by a combination of these (1-6).

Massive verapamil overdose does not, however, always re-
spond to conventional treatment (7). This prompted us to in-
vestigate the possible beneficial effects of 4-aminopyridine in
verapamil intoxication in an animal model. This compound
increases transmembrane calcium influx, which facilitates syn-
aptic transmission because of increased calcium-dependent
transmitter release in a variety of tissues (8-10). At higher dosages
it may also increase muscle contractility, thereby increasing the
availability of calcium to the contractile mechanism not only
from extracellular sources but also from intracellular stores (11,
12). 4-Aminopyridine has been used clinically for almost 10 yr
as an antagonist of nondepolarizing neuromuscular blocking
agents in Bulgaria, where it is marketed under the trade name
Pymadine (Pharmachim, Sofia) (13).

The experiments reported here investigated whether 4-ami-
nopyridine alone can counteract the hemodynamic and possible
neuromuscular (14, 15) effects that result from a massive over-
dose of verapamil (which otherwise would be lethal) in artificially
ventilated cats.

Methods

Two separate groups of six cats each (Table I) were studied. In all
experiments the cats were anesthetized with 40 mg/kg pentobarbitone
sodium intraperitoneally. After intubation, ventilation was maintained
throughout the experiment with a respirator pump (type 1905; B. Braun
Instruments, San Francisco, CA) at a rate of 30/min and a tidal volume
of air of 18 ml/kg. Blood pressure was monitored by a pressure transducer
(P23 Db; Statham Instruments, Inc., Oxnard, CA) connected to a poly-
ethylene cannula inserted into the carotid artery. Through the same
cannula arterial blood samples were taken for determination of verapamil
concentrations during the experiments. Another polyethylene cannula
was placed in the right femoral vein and was used to inject drugs. To
control the general condition of the animals and follow drug effects, the
electrocardiogram (ECG)' (ECG-pulse monitor MS-35; Electrodyne Co.,
Milwaukie, OR) was monitored throughout the experiments. Rectal
temperature was continuously measured and maintained at 37.5+0.5°C

1. Abbreviations used in this paper: AV, atrioventricular; ECG, elec-
trocardiogram.
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with a heating blanket placed under the cats. An infusion of glucose
2.5% in saline 0.45% was maintained at a rate of 8 ml/kg per h during
the experiments.

Experimental protocol. Three animals in the first group (A) were
subjected, on two occasions 1 wk apart, to verapamil intoxication. Ver-
apamil (dissolved in water for intravenous injection) was infused at the
rate of 8 mg/kg per h for 60 min or until one of the following critical
signs appeared: an 80% drop in the mean blood pressure, an 80% decrease
in the heart rate, or complete atrioventricular (AV) block. If none of
these critical signs had appeared by the end of the 1-h infusion period,
small bolus doses (0.25 mg/kg) of verapamil were given until one occurred.
At that moment, 4-aminopyridine 0.5 mg/kg i.v. was given twice, 5
min apart. All three cats in this group survived the experiment and were
extubated within 180 min of the administration of 4-aminopyridine. 1
wk later, the same animals were again subjected to the same treatment
with verapamil; this time, however, 4-aminopyridine was not given when
the verapamil-induced critical hemodynamic changes appeared.

The remaining three animals in the first group (A) received the same
treatment under the same experimental conditions as the other animals
in this group had received on the first occasion (i.e., when 4-aminopyridine
was given when the critical hemodynamic changes occurred). However,
to demonstrate the possible effects of toxic doses of verapamil on neu-
romuscular transmission, the twitch response of the left tibialis anterior
muscle—elicited by supramaximal square wave stimuli of 0.2-ms duration
applied to the common peroneal nerve at 0.1 Hz—was also recorded,
by means of a Hottinger-Baldwin force displacement transducer (Mess
Technik, Darmstadt, West Germany) and a two-channel polygraph re-
corder (MFE Corp., Salem, NH). These animals survived the verapamil

intoxication but had to be sacrificed at the end of the experiment because
the neuromuscular preparation had inflicted surgical damage.

The second group of six animals (the control group, B) received the
same treatment with verapamil under similar experimental conditions
as those in group A but were not given 4-aminopyridine after treatment
with verapamil. In this group the twitch response of the tibialis anterior
muscle was not monitored. Artificial ventilation was continued in all
animals in this control group for 180 min after verapamil infusion was
stopped or until the animal died, whichever occurred first.

In all experiments blood samples were obtained before the verapamil
infusion was begun and at 10-min or, later, at 15-min intervals for
determination of verapamil and norverapamil concentrations. The sam-
ples were analyzed by one of the authors (D. R. A. Uges) in the hospital
pharmacy by high pressure liquid chromatography.

Heart rate and mean arterial blood pressure changes were statistically
analyzed by the Wilcoxon test for paired and, when appropriate, unpaired
data, and the difference in mortality between the group treated with 4-
aminopyridine and the control group was assessed by Fisher’s exact test.
Differences were considered to be significant if P was <0.05.

Results

The individual data from the experiments are summarized in
Table 1.

Survival. All animals in group A survived the verapamil
intoxication after the administration of 4-aminopyridine. In the
control group (B), where 4-aminopyridine was not used, three

Table 1. Individual Changes in Heart Rate and Mean Arterial Blood Pressure due to Verapamil (V) and

4-Aminopyridine (4-AP) in the Cat

Heart rate Mean arterial blood pressure

Experi- After 4-AP After 4-AP

ment Before After Before After AV block during Death after
Group no. \4 v 10 min 30 min 50 min v v 10 min 30 min 50 min V infusion V infusion

min min

A 1 175 68 175 200 200 130 40 130 150 150 60 S

la 175 60 — — — 100 20 — — — 56 21

2 170 40 50 90 140 100 45 100 115 110 70 S

2a 170 35 — — — 5 30 — — — 33 40

3 170 36 85 165 165 90 50 100 100 100 62 S

3a 125 80 — — — 100 50 — — — 50 S

4* 180 30 70 110 150 100 30 70 120 130 55 S

5* 170 50 65 60 120 100 50 70 60 80 50 S

6* 145 75 150 150 150 110 60 110 100 100 56 S
B 1 142 60 — — — 88 42 — — — 40 58

2 133 80 — — — 106 62 — — — 30 19h

3 173 90 — — — 120 50 — — — 60 S

4 165 75 — —_ —_ 98 35 —_ —_ —_ 20 33

5 138 80 — — —_ 85 42 — — —_ 10 45

6 136 85 — —_ — 120 30 — — — 19 S

a, second exposure, no 4-AP given; S, survived. * Twitch response monitored.
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animals died within 60 min of termination of the verapamil
infusion and one animal (group B, No. 2; Table I) died after
19 h; two animals (group B, Nos. 3 and 6; Table I) survived
the experiment. The difference in survival between the two
groups was found to be statistically significant (P < 0.05 by
Fisher’s exact test).

Of the three animals in group A (Table I) that were not
given 4-aminopyridine after the second exposure to verapamil,
two died within 40 min of the end of the infusion of verapamil
and one animal (group A, No. 3a, Table I) survived. Since these
animals were very sick and weak for 3 d after the first exposure,
it is possible that the results obtained after the second exposure
to verapamil (7 d after the first) were influenced by the first
treatment; these experiments were, therefore, excluded from
further evaluation of the results.

Neuromuscular effects. In the three animals studied (group
A, Nos. 4, 5, and 6; Table I) only 20.0+7.0% depression of the
twitch height was observed after the excessive doses of verapamil
were used. Statistically these changes in the twitch height were
not significantly different from the control values. The neuro-
muscular effects of verapamil observed in this study were restored
to control values within 50 min of the administration of
4-aminopyridine.

Hemodynamic changes. In all experiments verapamil in-
duced a dramatic fall in the mean arterial blood pressure and
heart rate, as well as complete AV block at various times during
infusion (Table I). These changes were restored toward control
values within 50 min of the administration of 4-aminopyridine.
The cardiovascular effects of verapamil and 4-aminopyridine
during a typical experiment (group A, No. 1; Table I) are shown
in Fig. 1. It should be emphasized that the 4-aminopyridine-
induced improvement in the heart rate and blood pressure oc-

curred while the serum verapamil concentrations were still ex-
tremely high (as in Fig. 1).

The changes in heart rate and mean arterial blood pressure
in group A and group B are summarized in Fig. 2. To dem-
onstrate the difference between the spontaneous and 4-ami-
nopyridine-induced recovery from the hemodynamic changes
after verapamil, the 3-h values from experiments Nos. 2, 3, and
6 in Group B (Table I) are also included in Fig. 2. In both
groups A and B, verapamil caused a significant fall in heart rate
and mean arterial blood pressure (P < 0.025) as compared with
control values. There was a significant improvement (P < 0.025)
in both parameters 10 min after the administration of 4-ami-
nopyridine (when compared with post-verapamil values). Further
improvement was observed 30 and 50 min after the injection.
Within 50 min the hemodynamic status was fully restored. The
improvement in the heart rate at 50 min was significantly greater
than at 10 min after 4-aminopyridine (P < 0.025), whereas the
difference in the mean arterial blood pressure at 10 and 50 min
was not significant.

The three animals (Nos. 2, 3, and 6) in group B that survived
the verapamil intoxication for at least 3 h recovered their car-
diovascular parameters very slowly. In this group the heart rate
and blood pressure values 3 h after the end of the verapamil
infusion were still lower than the 10-min values observed after
4-aminopyridine was given to group A. The 4-aminopyridine-
induced improvement in heart rate and blood pressure 50 min
after the administration of this drug in Group A was statistically
significantly greater (P < 0.05) than the spontaneous recovery
3 h after verapamil infusion was stopped in these group B an-
imals. The ECG changes were similar in all experiments, showing
complete AV block preceded by sinus arrest, nodal rhythm, or
idioventricular escape rhythm. In most of the experiments the

HR
(bpm)
8000 200-/4 .
70004 1504
60001 1001
5000 1
4000
30001
Figure 1. Time course of events during experi-
2000 ment | in group A (see also Table I). Outer scale
along ordinate: serum concentrations of verapamil
10001 (nanograms per milliliter; dashed line). Inner scale
o along ordinate: a, heart rate (HR; beats per min-
(ng/m)] 0 054405 mg/kg 4-AP ute). Inner scale along ordinate: @, mean arterial
£CG SR SR compl AV block SR SR blood pressure (BP; mmHg). Abscissa: time (min-
. r . . r ' " . . utes). Arrows indicate time at which 4-aminopyri-
0 15 30 45 60 75 90 105 120 dine (4-AP) was given (SR, sinus rhythm).
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Figure 2. Changes in heart rate and mean arterial blood pressure
(BP; mean+SE) after verapamil (V) was given (x), and 10, 30, and 50
min after 4-aminopyridine (4-AP) was given (@) as compared with
control values (O0). Spontaneous recovery in the heart rate (HR) and
mean arterial blood pressure 3 h after the cessation of the verapamil
infusion (&). (Experiments No. 2, 3, and 6 in group B, see also

Table 1.)

ECG abnormalities were restored to normal 30 min after the
injection of 4-aminopyridine, and in all cases sinus rhythm was
reestablished within 50 min of the administration of this drug.
The total dose of verapamil varied between 4.0 and 25.0 mg/
kg, and the maximum serum verapamil concentration varied
between 3,700 and 13,500 ng/ml in the various experiments.
In the serum specimens analyzed, norverapamil could only oc-
casionally be demonstrated.

Discussion

In this study 4-aminopyridine seemed able to protect artificially
ventilated cats from death after massive verapamil intoxication.
Another simultaneously conducted study (16) in our laboratory
revealed that 4-aminopyridine was more effective than saline
or calcium levulate in reversing less profound cardiovascular
depression after 1.3 mg/kg verapamil was given intravenously
in the rabbit. However, in the same study, earlier administration
of 4-aminopyridine failed to reduce toxicity and prevent mor-
tality after 7.0 mg/kg verapamil was given intravenously. In
that study (16) the animals breathed spontaneously throughout
the experiments, a fact which (in addition to species differences)
might explain the differences between the results of these two
studies.

Artificial ventilation might be a very important factor in
the treatment of massive verapamil intoxication and should be
viewed not only as a supportive measure to reduce tissue hypoxia
from the subsequent cardiogenic shock but also as a way to
protect against the hypoxia and hypercarbia that result from
impaired spontaneous ventilation because of the possible neu-
romuscular effects of verapamil. We observed only weak neu-
romuscular blocking effects from toxic doses of verapamil.

Other investigators (14) have reported significant potentiation
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of the neuromuscular blocking effects of vecuronium bromide
(a new nondepolarizing relaxant) by verapamil in the cat, sug-
gesting that calcium antagonists, including verapamil, might
decrease the margin of safety of neuromuscular transmission.
Using a different experimental design, Kraynack et al. (15) dem-
onstrated significant depression of the indirectly evoked muscle
twitch height 90-180 min after the injection of verapamil in
barbiturate-anesthetized cats. The slow development of a ver-
apamil-induced block may explain why we observed only weak
neuromuscular paralysis in our experiments. Although the
mechanism for this effect is unclear, verapamil’s action on neu-
romuscular transmission might adversely influence survival after
massive intoxication with this compound in nonventilated sub-
jects.

The hemodynamic effects of verapamil are due to a block
of slow calcium channels and include a decrease of myocardial
contractile force, suppression of impulse production in cardiac
pacemaker tissues, and inhibition of excitation-contraction cou-
pling in vascular smooth muscle, which results in profound
vasodilatation in the coronary and systemic circulations (17).
At therapeutic dosages, calcium antagonists also suppress cal-
cium-dependent excitation-secretion coupling (18, 19); after toxic
doses of these agents, certainly, this can produce profound en-
docrine disturbances in addition to the existing hemodynamic
chaos (7).

4-Aminopyridine indirectly increases transmembrane cal-
cium movement by blocking voltage-dependent potassium
channels in excitable membranes (20-22). There is, however,
experimental evidence that suggests that in addition to potassium
channel blockade, this drug might also promote inward calcium
currents by direct action on the voltage-dependent calcium
channels (23, 24). Blockade of potassium efflux may prolong
nerve terminal action potentials, which in turn cause an increased
inward calcium current and increased evoked transmitter release
(25, 26). The above mechanisms may explain the facilitatory
actions of 4-aminopyridine on transmitter release, not only in
cholinergic structures but also in sympathetic neuroeffector
junctions in the spleen of the cat (27), the rabbit vas deferens
(28), and the isolated sino-atrial node of the dog heart (29). This
drug produces positive inotropic effects, not only by catechol-
amine release but also by direct action on the heart muscle (30).
It is more likely, however, that increased peripheral resistance
is the explanation in the present study for the complete res-
toration of the mean arterial blood pressure before the full nor-
malization of the heart rate (Fig. 2). In reference to the results
it is worthwhile to mention that 4-aminopyridine increases re-
spiratory drive, as demonstrated by quantitative measurement
of the action potential frequency in the phrenic nerves of va-
gotomized cats (31), and it also reverses neuromuscular block
that is due to nondepolarizing muscle relaxants (13) or to ver-
apamil, as has been observed in our study. Besides its facilitatory
effects at the neuromuscular junction, 4-aminopyridine also has
a direct effect on skeletal muscle, increasing its contractility (12).

The wide spectrum of pharmacological actions of 4-ami-



nopyridine on calcium-dependent biological functions in general
and on the cardiovascular system in particular, together with
its ability to promote the release of certain hormones from rat
pituitary cells (32) and insulin from isolated islets of Langerhans
(33), suggests that this compound deserves a trial in the treatment
of massive verapamil intoxication in man in cases where con-
ventional measures have failed.

Therapeutic concentrations after 10 mg verapamil is given
intravenously range from 20 to 40 ng/ml plasma (34). In patients
with symptoms of serious verapamil poisoning, serum concen-
trations varying between 590 and 3,200 ng/ml (2-4) have been
reported. The serum verapamil concentrations observed in our
study are thus much greater than those reported so far in human
verapamil poisoning.

The clinical dosage of intravenous 4-aminopyridine used
routinely in anesthesiology to reverse neuromuscular blockade
is between 0.3 and 0.5 mg/kg (11). To avoid central nervous
system stimulatory effects, which may occur after higher dosages,
we administered 0.5 mg/kg 4-aminopyridine two times, 5 min
apart, in our study. This dosage regimen seemed to effectively
reverse the toxic effects of verapamil, which otherwise were
lethal in most of the animals. More essential information about
this compound and its human pharmacokinetics (35), and about
ways to analyze and produce pharmaceutically parenteral (36)
and oral (37) preparations has recently become available. We
hope that the above information on 4-aminopyridine will en-
courage further studies with this compound in the treatment
of verapamil intoxication in man.
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