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Abstract

The treatment of verapamil toxicity was examined in lightly se-
dated dogs. Verapamil, administered as a bolus (0.72 mg/kg)
followed by a continuous infusion (0.11 mg/kg per min), de-
creased cardiac output (CO) from 3.1±0.1 to 1.7±0.1 liter/min
(P < 0.001), heart rate (HR) from 85±4 to 57±3 beats/min (P
< 0.001), left ventricular derivative of pressure with respect to
time (LV dP/dt) from 2,085±828 to 783±78 mmHg/s (P
< 0.001), mean aortic pressure (AO) from 77±4 to 38±2 mm
Hg (P < 0.001) and stroke volume from 39±3 to 28±2 ml/beat
(P < 0.01). In verapamil-toxic animals isoproterenol increased
HR, CO, LV dP/dt, and AO, calcium chloride increased LV
dP/dt and AO; norepinephrine, epinephrine, and dopamine in-
creased CO, AO, and LV dP/dt, atropine increased HR, CO,
and AO. Phenylephrine (13-55 ,ug/kg per min) produced no
changes except a small increase in AO while very high dose
phenylephrine (300 Ag/kg per min) increased AO, CO, and LV
dP/dt. 4-Aminopyridine (4-AP) increased HR, CO, LV dP/dt,
and AO. Whenadministered prior to verapamil, 4-AP prevented
the development of verapamil toxicity as shown by the signifi-
cantly higher AO(P < 0.001), CO(P < 0.01), and LV dP/dt
(P < 0.01) when 4-AP followed by verapamil was compared to
verapamil alone. In conclusion, there does not appear to be a
single specific therapy for verapamil toxicity, however it can be
partially corrected by presently available pharmacologic therapy
and 4-AP.

Introduction

Verapamril has been shown to be effective treatment for supra-
ventricular tachyarrhythmias, angina, variant angina, cardio-
myopathy, and hypertension. Despite its wide use, systematic
evaluation of the therapy of the toxic effects of verapamil has
not been previously reported. Hemodynamic collapse with
bradyarrhythmias and heart block have been reported with in-
tentional overdoses as well as with usual therapeutic doses of
verapamil. There are case reports of successful treatment of these
effects with intravenous calcium (1-4) and beta adrenergic ag-
onists (5, 6). There are also conflicting reports of failure of cal-
cium administration (5, 6) and sympathomimetic amines (4, 5)
to reverse the toxic effects of verapamil.

Recently 4-aminopyridine (4-AP),' an antagonist of non-
depolarizing, neuromuscular blocking agents, has been suggested
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as treatment for verapamil toxicity (7). To systematically evaluate
the effectiveness of different pharmacologic agents in the treat-
ment of verapamil intoxication, lightly sedated dogs were given
large doses of intravenous verapamil and then the responses to
calcium, isoproterenol, atropine, dopamine, epinephrine, nor-
epinephrine, phenylephrine, and 4-AP were measured. The dose
of verapamil was chosen to insure that these animals were oW
viously toxic. Large doses of each pharmacologic intervention
were chosen to insure that they met or exceeded the maximal
recommended dosages for these agents in the treatment of he-
modynamic collapse (8).

Methods

General procedures. The experiments were performed on mongrel dogs
(20-25 kg). The animals were sedated with acepromazine (0.5 mg/kg)
and anesthetized with 0.3% halothane and oxygen. A balloon-tipped,
flow directed, thermodilution catheter (Edwards Laboratories, Santa Ana,
CA) was placed in the pulmonary artery from the left external jugular
vein. In five animals this catheter was a pacing catheter with electrodes
positioned in the right ventricle. A 5 Fr. polyethylene catheter was placed
in the descending aorta from the left femoral artery. A 6 Fr. polyethylene
catheter was placed in the left ventricle (LV) from the right femoral
artery. No local anesthesia was required to insert these catheters. These
catheters were connected to Statham P231D strain manometers (Gould,
Inc., Oxnard, CA) positioned at the mid-chest level and referenced to
atmospheric pressure.

In place of the LV catheter, five dogs had a high fidelity microma-
nometer (P7; Konigsberg Instruments, Inc., Pasadena, CA) placed in the
LV 2 wk prior to the study using operative techniques previously described
(9). These manometers are routinely calibrated prior to insertion and
cross calibrated weekly, in vivo, with the arterial pressure. These five
animals, after a 2-wk recovery from surgery, underwent catheter place-
ment as described above except a left ventricular catheter was not placed.
Catheter placement required <20 min of anesthesia. After the placement
of catheters, the dogs were allowed to recover from anesthesia for at least
20 min, or until responsive to voice commands, then morphine sulfate
(0.2 mg/kg) was given to maintain this level of sedation and analgesia.

Data were recorded on an oscillographic recorder (VR-6, Electronics
for Medicine, Pleasantville, NY) and an FMtape recorder (3968A, Hew-
lett-Packard, Waltham, MA). Values for left ventricular derivative of
pressure with respect to time (LV dP/dt) were obtained from a differ-
entiating circuit in the oscillographic recorder. Cardiac output was re-
corded in triplicate and mean values reported for each measurement.
Total systemic resistance was calculated: Mean aortic pressure - right
atrial pressure/cardiac output X 80 dyne s cm-5.

Experimental protocol. Baseline pressures, heart rate, and cardiac
output were obtained before any intervention. In addition, in five dogs
the right ventricular pacing electrodes were stimulated to capture the
ventricle at rates up to 200 beats/min. Verapamil was administered in-
travenously as a bolus of 0.72 mg/kg followed by a continuous infusion
of 0.1 1 mg/kg per min. This large dose was chosen to insure that the
animals were toxic. Repeat measurements were made when obvious
clinical toxicity was present, as evidenced by at least a 25-mm Hg fall
in LV systolic pressure (SP), a 25-beat/min decrease in heart rate and a
40% decrease in cardiac output. This occurred within 20 min after the
start of the infusion. In the dogs with right ventricular pacing electrodes
repeat pacing was performed after toxicity developed.
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The verapamil infusion was maintained throughout the experiment.
When the hemodynamic changes had remained stable for 10 min the
following interventions were instituted: calcium chloride (10 mg/kg i.v.)
as a bolus; isoproterenol (0.7 ,ug/kg per min i.v.) infused for 10 min;
atropine (0.04 mg/kg i.v.) as a bolus; epinephrine (1.3 ,ug/kg per min
i.v.) infused for 10 min; norepinephrine (1.3 ,lg/kg per min i.v.) infused
for 10 min; dopamine (26.5 ,ug/kg per min i.v.) infused for 10 min;
phenylephrine (13-55 ,g/kg per min and 300 ,ug/kg per min i.v.) infused
for 10 min; and 4-AP (0.5 mg/kg i.v.) as a bolus, twice, 5 min apart.

After each intervention verapamil toxicity redeveloped within 20
min. Once the animals were toxic again and stable hemodynamics had
been present for 10 min, repeat measurements were made. Each animal
received only two interventions on any given day except when calcium
chloride was given. The duration of action of calcium chloride is short
(45-60 s), therefore, it was elected to proceed with two additional inter-
ventions on those days. The order of administration of interventions
was random except that whenever atropine or 4-AP were given, the ex-
periment was stopped for the day. An average experiment lasted 60-90
min. During the experiment, fluid necessary for the verapamil infusion,
intravenous flush after drug administration, and cardiac output deter-
minations were given in the form of 5% dextrose. A maximum of 150
ml was given in any one experiment and urine output was not measured.

To study the effects of 4-AP alone and to determine if treatment
with 4-AP would prevent the development of verapamil toxicity, five
dogs received the above dose of 4-AP and hemodynamic measurements
were made for 30 min. A third 0.5-mg/kg dose of 4-AP was then given
followed by the verapamil bolus and infusion at the dose as above. He-
modynamic parameters were then recorded every 10 min for 30 min.

In a separate series of experiments (n = 6) after recording baseline
hemodynamic data, a lower dose of verapamil was administered as a
bolus (90 tsg/kg, i.v.) followed by a constant infusion (144tg/kg per min).
Hemodynamic data were again recorded 20 min after the start of the
infusion.

To determine if the sedation altered the response to interventions,
on a separate day four dogs were sedated with acepromazine (0.5 mg/
kg) and morphine sulfate (0.2 mg/kg) and given the same doses of calcium,
isoproterenol, and atropine while heart rate was monitored in the absence
of verapamil. The reproducibility of the hemodynamic changes of ver-
apamil toxicity induced by the verapamil bolus and infusion was eval-
uated by administering verapamil to six dogs on two different days.

Statistical analysis. Differences between control, verapamil toxicity,
and intervention measurements were analyzed for statistical significance
using Student's t test for paired data. Each intervention value was com-

Control Verapamil (Bolus)
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pared to the immediate preceding verapamil toxicity value. Differences
between the initial verapamil toxicity value and subsequent toxicity values
were analyzed using analysis of variance. To examine the changes after
phenylephrine, Dunnett's test for multiple comparisons with a control
group was used after analysis of variance had demonstrated statistically
significant changes. To compare the response to the various interventions
analysis of variance was performed. To compare verapamil toxicity after
4-AP to verapamil toxicity in the absence of 4-AP Student's t test for
unpaired data was used. To compare the results of verapamil toxicity
on day 1 to day 2 in the animals that received verapamil on more than
1 d Student's t test for paired data was used. A P value < 0.05 was
considered statistically significant. All results are expressed as
mean±standard error of the mean.

Results

Effect of verapamil. Verapamil administration initially caused
hypotension and a resultant sinus tachycardia (Fig. 1). This was
transient, usually lasting less than 2 min. Ultimately, verapamil
caused a decrease in heart rate, LV SP, aortic pressure, and LV
dP/dt (Figs. 1 and 2). Slowing of the sinus rate coupled with
high degree atrioventricular block, junctional escape rhythms,
and accelerated idioventricular rhythms were all seen with ver-
apamil toxicity. Four animals became severely bradycardic and
hypotensive during the infusion. In each case, cardiac arrest and
death occurred in spite of the immediate availability of direct
current defibrillation and all pharmacologic therapies except 4-
AP. The average responses to verapamil in the remaining animals
are shown in Table I. Heart rate, cardiac output, LV dP/dt,
mean aortic pressure, and stroke volume decreased significantly
after verapamil administration. Both cardiac output and aortic
pressure decreased and total systemic resistance was unchanged
with verapamil. The verapamil toxic values prior to each inter-
vention were not different from the initial verapamil toxic re-
sponses in the entire group of animals. In the six dogs that re-
ceived the verapamil bolus and infusion on separate days there
were no significant differences in heart rate, cardiac output, mean
aortic pressure or LV dP/dt on the second day after verapamil
compared with the first day after verapamil. In the six dogs given
the lower dose of verapamil mean aortic pressure decreased (P

Verapamil (Infusion)

ALw..........
Figure 1. The effects of verapamil (0.72-mg/kg
bolus followed by 0.1 1 mg/kg per min infusion) on
ECG, LV pressure, LV dP/dt, aortic (Ao) pressure,
and PA pressure. Verapamil initially results in a
sinus tachycardia, hypotension, and decrease in
LV dP/dt. During the infusion a junctional escape
rhythm is seen and the hypotension persists. Time
lines at the top are I s.
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Figure 2. The effects of verapamil toxicity treated with calcium and isoproterenol. Verapamil decreases heart rate, LV pressure, and LV dP/dt.
Calcium increases LV pressure and LV dP/dt. Isoproterenol increases heart rate, LV pressure, and LV dP/dt. Pulmonary artery (PA) pressure does
not change. Time lines at the top are I s.

< 0.02) from 86 ± 9 to 65 ± 5 mmHg and systemic vascular
resistance decreased (P < 0.03) from 2,240 ± 360 to 1,581 ± 199
dyne s cm-5. Heart rate, cardiac output, and LV dP/dt were not
changed.

Effect of calcium. After calcium administration there was no
change in heart rate but aortic pressure, LV dP/dt, and LV SP
increased (Fig. 2). The average responses to calcium in 10 animals
are shown (Table II). There was no change in heart rate or cardiac
output but there were significant increases in LV dP/dt (P
< 0.05) and mean aortic pressure (P < 0.001).

Effect of atropine. The average responses to atropine in eight
animals are shown (Table II). Atropine significantly increased
(P < 0.05) heart rate, mean aortic pressure, and cardiac output
but did not change LV dP/dt.

Effect of isoproterenol. After isoproterenol administration
there was an increase in heart rate, aortic pressure, LV SP, and
LV dP/dt (Fig. 2). The average responses to isoproterenol in six
animals are shown (Table II). There were significant increases
in heart rate (P < 0.01), cardiac output (P < 0.05), LV dP/dt (P
< 0.01), and mean aortic pressure (P < 0.001).

Effect of norepinephrine. The average responses to norepi-
nephrine in seven animals are shown (Table II). There were

Table L Effects of Verapamil (0. 72 mg/kg Bolus
Followed by 0.11 mg/kg per min Infusion) on Heart Rate
and Hemodynamic Parameters in Lightly Sedated Dogs

Toxicity Control Vemapamil

Heart rate, beats/min 85±4 57±3*
Cardiac output, liters/min 3.1±0.1 1.7±0.1*
LV dP/dt, mmHg/s 2,085±828 783±78*
Mean aortic pressure, mmHg 77±4 38±2*
Stroke volume, mi/beat 39±3 28±2*
Total systemic resistance, dyn s cm-5 2,082±128 1,901±146

Values are mean±SEMfor 23 dogs.
* P < 0.001 vs. control.
* P < 0.01 vs. control.

significant increases in cardiac output (P < 0.05), LV dP/dt (P
< 0.01), and mean aortic pressure (P < 0.01) but heart rate did
not change.

Effect of dopamine. The average responses to dopamine in
seven animals are shown (Table II). There were significant in-
creases in cardiac output (P < 0.01), LV dP/dt (P < 0.01), and
mean aortic pressure (P < 0.05) but heart rate did not change.

Effect of epinephrine. The average responses to epinephrine
in seven animals are shown (Table II). There was a significant
increase in cardiac output (P < 0.05), LV dP/dt (P < 0.05), and
mean aortic pressure (P < 0.05) but heart rate did not change.

Effect ofphenylephrine. The average responses to the initial
dose of phenylephrine in seven animals and to the very high
dose of phenylephrine in five animals are shown (Table III).
After phenylephrine (13-55 ,g/kg per min) administration there
was a small but significant increase in mean aortic pressure but
no change in LV dP/dt, COor heart rate (Table III). Very high
dose phenylephrine (300 Ag/kg per min) produced significant
increases in LV dP/dt (P < 0.05), cardiac output (P < 0.05),
and mean aortic pressure (P < 0.05) but heart rate did not change
(Table III).

Effect of 4-AP. The average responses to 4-AP in seven an-
imals are shown (Table IV). 4-AP resulted in significant im-
provements in heart rate (P < 0.02), mean aortic pressure (P
< 0.01), LV dP/dt (P < 0.01), and cardiac output (P < 0.01) in
dogs during verapamil intoxication. Although all hemodynamic
parameters were improved with 4-AP, there was no statistically
significant difference in the response to 4-AP when compared
with the other interventions evaluated for verapamil toxicity. 4-
AP, in the absence of verapamil, produced only a significant
increase in LV dP/dt (P < 0.05) from 1,455±128 to 1,772±222
mmHg/s. Heart rate, mean aortic pressure, and cardiac output
were not significantly increased with 4-AP. In the dogs treated
with 4-AP before the verapamil bolus and infusion, protection
from the severe hemodynamic compromise of verapamil toxicity
was shown by a significantly higher mean aortic pressure (P
< 0.001), cardiac output (P < 0.01), and LV dP/dt (P < 0.01)
after verapamil compared with the values obtained after vera-
pamil in the animals not treated with 4-AP (Table V). It should
be noted that these values represent the response 30 min after
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Table II. Effects of Verapamil (0. 72 mg/kg Bolus Followed by 0.11 mg/kg per min Infusion) and
Then Calcium Chloride (10 mg/kg, n = 10), Atropine (0.04 ug/kg, n = 8), Isoproterenol (0.77g/kg
per min, n = 6), Norepinephrine (1.33g/kg per min, n = 7), Dopamine (26.5 ug/kg per min, n = 7), Epinephrine
(1.3 ug/kg per min, n = 7) on Heart Rate and Hemodynamic Parameters in Lightly Sedated Dogs

Heart rate Cardiac output LV dP/dt Mean aortic pressure

beats/min liter/min mmHg/s mmHg

Toxicity 51±4 1.5±0.1 896±198 34±1
Calcium 51±4 1.9±0.2 1,577±349* 42±lt
Toxicity 49±3 1.6±0.1 981±283 36±1
Atropine 62±6* 2.5±0.3* 803±211 43±3*
Toxicity 49±5 1.2±0.1 1,017±296 36±2
Isoproterenol 78±9§ 3.1±0.6* 2,090±370§ 49±lt
Toxicity 66±2 1.9±0.2 665±34 40±4
Norepinephrine 79±10 3.3±0.5* 1,754±246§ 63±2§
Toxicity 57±3 1.9±0.2 847±159 49±5
Dopamine 68±8 4.2±0.4§ 1,833±172§ 68±4*
Toxicity 55±5 1.7±0.2 1,125±317 41±5
Epinephrine 62±9 2.6±0.4* 2,085±482* 54±7*

Values are mean±SEM. * P < 0.05 vs. immediately preceding toxicity state. f P < 0.001 vs. immediately preceding toxicity state. § P < 0.01
vs. immediately preceding toxicity state.

the last dose of 4-AP and during the verapamil infusion. After
each of the other interventions, verapamil toxicity would re-
develop within 20 min in the presence of the infusion of vera-
pamil if the intervention was discontinued.

Ventricular pacing during verapamil toxicity. Five animals
were paced at rates up to 200 beats/min from the right ventricular
electrodes during both the baseline period and verapamil toxicity.
In each animal there was complete ventricular capture at a rate
to 200 beats/min in the presence of obvious verapamil toxicity.

Chronotropic responses in the presence and absence of ver-
apamil. The chronotropic responses to calcium, isoproterenol,
and atropine were measured in four sedated animals without
verapamil. Prior to calcium, the heart rate was 81±14 and after
calcium, 89±14 beats/min (P > 0.05). Isoproterenol increased
the heart rate from 80±15 to 147±3 beats/min (P < 0.02) and
atropine increased the heart rate from 95±14 to 187±7 beats/
min (P < 0.01).

Discussion

Verapamil is a negative inotropic agent but with therapeutic
doses in man and conscious animals this effect is usually offset
by baroreceptor-mediated increases in inotropy and heart rate.

Verapamil also causes peripheral vasodilatation by its effect on
vascular smooth muscle. Verapamil decreases sinus node dis-
charge and conduction velocity through the atrioventricular node
(10-12). In isolated Purkinje fibers, verapamil suppresses spon-
taneous and electrically stimulated rhythmic activity (13). In
toxic doses, verapamil causes bradycardia with various degrees
of atrioventricular block (Figs. 1 and 2). These effects are not
mediated through the autonomic nervous system but are direct
effects of verapamil on the conduction system (1 1). Verapamil
intoxication produces severe hemodynamic deterioration in man
and experimental animals due to its effects on both the heart
and the peripheral circulation. With lower doses, the peripheral
vasodilatory effects are most prominent and the systemic re-
sistance decreases. With the toxic doses of verapamil even though
the known vasodilator effects of verapamil result in hypotension,
the negative inotropic effect causes a decrease in cardiac output
resulting in a paradoxical return of systemic vascular resistance
to near normal levels (Table I).

The effects of verapamil and other calcium channel blockers
can be reversed in isolated physiologic systems such as papillary
muscle preparations (14), perfused animal hearts (10, 15) pithed
rats (16), and open-chest dogs (11, 12). The treatment of the
hemodynamic effects of toxic doses of verapamil with commonly

Table III. Effects of Verapamil (0. 72 mg/kg Bolus Followed by 0.11 mg/kg/min Infusion) and Then Phenylephrine
(13-55 ,g/kg per min, n = 7) and (300 ,ug/kg per min, n = 5) on Heart Rate and Hemodynamic Parameters in Lightly Sedated Dogs

Heart rate Cardiac output LV dP/dt Mean aortic pressure

beats/min liter/min mmHg/s mmHg

Control 96±9 3.3±0.2 1,708+163 86±5
Toxicity 57±4* 1.9±0.2i 688±179* 36±2t
Phenylephrine 13-55 gg/kg per min 56±3 2.3±0.2 1,036±288 42±2§
Phenylephrine 300 ,g/kg per min 62±2 2.5±0.2§ 1,658+195§ 58±2§

Values are mean±SEM. * P < 0.05 vs. control. t P < 0.001 vs. control. § P < 0.05 vs. verapamil toxicity.
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Table IV. Effects of Verapamil (0. 72 mg/kg Bolus Followed by 0.11 mg/kg per min Infusion) and
Then 4-AP (I mg/kg, n = 7) on Heart Rate and Hemodynamic Parameters in Lightly Sedated Dogs

Heart rate Cardiac output LV dP/dt Mean aorfic pressure

beats/min liter/min mmHg/s mmHg

Control 103±9 3.3±0.1 2,092±200 91±2
Toxicity 61±3* 1.8±0.2t 1,010±170: 43±4t
4-AP 85±7§ 4.2±0.6"1 2,194±230"1 62±8"1

Values are mean±SEM. * P < 0.01 vs. control. t P < 0.001 vs. control. § P < 0.02 vs. verapamil toxicity. 1" P < 0.01 vs. verapamil toxicity.

available agents has not been previously studied in intact animals.
Wefound that verapamil intoxication can usually be partially
reversed with commonpharmacologic therapies at or above their
maximal dosages. However, four dogs developed such severe
hemodynamic deterioration with profound myocardial depres-
sion, severe bradycardia, and hypotension that they failed to
respond to all forms of available therapy.

4-Aminopyridine is used as an antagonist of nondepolarizing
neuromuscular blocking agents in Bulgaria (17). It increases in-
ward calcium movement indirectly by blocking voltage-depen-
dent potassium channels (18). There is also evidence that it may
have a direct effect on voltage-dependent calcium channels (19).
However, some investigators feel that 4-AP promotes the release
of calcium from intracellular binding or storage sites or slows
the binding of calcium to intracellar structures (20). In isolated
trabecular muscle preparations, 4-AP has direct positive inotropic
effects in addition to causing the release of endogenous cate-
cholamines (20).

There are fatal cases of verapamil toxicity that failed to re-
spond to conventional therapy (21). Recently, 4-AP has been
shown to reverse verapamil intoxication in artificially ventilated
cats (7). These results are consistent with the findings of the
present study. However, in a study of spontaneously breathing
rabbits, 4-AP did not prevent subsequent mortality caused by
lethal doses of verapamil (22). In fact, the rabbits died with lower
verapamil concentrations than rabbits that did not receive 4-
AP. In part because of the depressant effects of verapamil on
neuromuscular function at high doses, it was postulated that the
difference in response to 4-AP in these two studies could be due
to the differences in ventilation of the animals or species differ-
ences (7). Weevaluated the efficacy of 4-AP in the treatment of
verapamil toxicity in lightly sedated, spontaneously breathing
dogs. Wealso evaluated whether or not 4-AP would prevent the
hemodynamic deterioration caused by a large dose of verapamil.
The results show that 4-AP effectively reverses verapamil intox-
ication and that pretreatment with 4-AP protects the animal
from the development of the deleterious hemodynamic effects

of a large dose of verapamil. In the case of verapamil intoxication
unresponsive to usual pharmacologic therapy 4-AP may prove
to be effective.

The improvement in the myocardial depression during ver-
apamil toxicity with isoproterenol is consistent with results ob-
tained from papillary muscle preparations by Fleckenstein (14,
23) in which the negative inotropic effects of verapamil were
reversed with isoproterenol. The other sympathomimetic agents
with beta adrenergic activity also produced hemodynamic im-
provement. In the isolated rabbit heart, epinephrine has been
shown to restore SA nodel automaticity in verapamil treated
fibers (10). Conduction velocity of the AVnode previously sup-
pressed with verapamil has been partially restored with isopro-
terenol and epinephrine (1 1). In the present study, isoproterenol
increased the heart rate to normal by increasing sinus rate and
restoring atrioventricular conduction.

Intravenous bolus injections of calcium chloride improved
the depression in inotropic state as evidenced by an increase in
LV dP/dt. Similar improvements in inotropic state, independent
of a change in heart rate, have been reported in open-chest dogs
given calcium by an intravenous bolus infusion (12). However,
calcium did not change the heart rate. These results are similar
to work done in open-chest dogs where calcium failed to increase
the conduction velocity previously suppressed with verapamil
(1 1). Even though the duration of action of a bolus injection of
intravenous calcium is short and it fails to reverse the electro-
physiologic effects of verapamil, there are case reports of its ef-
ficacy in the treatment of verapamil intoxication in patients.

Atropine increased heart rate by restoring atrioventricular
conduction when atrioventricular block was present and by in-
creasing sinus rate. In addition, mean aortic pressure and cardiac
output increased. In the appropriate clinical situation, when beta
adrenergic agonists could have deleterious effects, atropine might
be useful in the treatment of verapamil toxicity.

Weexamined the response to increasing doses of phenyl-
ephrine because of recent reports (16, 24-26) that verapamil
blocked peripheral alpha adrenergic receptors. Phenylephrine,

Table V. Effects of 4-AP (I mg/kg, n = 5) Given Prior to Verapamil (0. 72 mg/kg Bolus Followed by 0.11 mg/kg per min Infusion)
on Heart Rate and Hemodynamic Parameters in Lightly Sedated Dogs 30 min After the Start of the Verapamil Infusion

n Heart rate Cardiac output LV dP/dt Mean aortic pressure

beats/min liter/min mmHg/s mmHg

Verapamil 23 57±3 1.7±0.1 783±77 38±2
4-AP + verapamil 5 61±2 2.5±0.3* 1,493±248* 67±6*

Values are mean±SEM. * P < 0.01 vs. verapamil. t P < 0.001 vs. verapamil.
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a relatively specific alpha, adrenergic agonist, in doses of 13-55
,gg/kg per min resulted in a small increase in mean aortic pres-
sure. Much higher doses (300 ag/kg per min) produced significant
increases in cardiac output, mean aortic pressure, and LV dPI
dt. The observed increase in cardiac output, mean aortic pressure,
and LV dP/dt with the administration of high dose phenylephrine
is unexpected considering the alpha adrenergic activity of phen-
ylephrine. Beta adrenergic-like effects of high dose phenylephrine
have been proposed, however (27). In ganglionic blocked dogs,
high dose phenylephrine increased heart rate and cardiac output
(28). These increases were blocked with propranolol suggesting
that at higher doses phenylephrine may have beta adrenergic-
like effects. These beta adrenergic-like effects of high doses of
phenylephrine could explain why phenylephrine, in the present
study, increased cardiac output and LV dP/dt in the verapamil
toxic dogs. Another possibility is that since alpha, adrenergic
agonists also increase venous return by effects on capacitance
vessels (28, 29) this results in larger LV end diastolic volumes
and stroke volumes accounting for the increase in cardiac output
and LV dP/dt noted.

Plasma verapamil concentrations were not measured in this
study. A previous report in open-chest dogs showed that at in-
fusion rates similar to those used in this study, the plasma levels
of verapamil attained were in the range of 500 to 600 ng/ml
(30). The dose of verapamil and plasma levels attained in the
present study are different from the study of Wesseling et al.
(22), in which the verapamil levels at death ranged from 8.8 to
13.7 mg/liter. This could account for the lack of a protective
effect of 4-AP in the earlier study (22). The dose of verapamil
used in the present study was large and the fact that four animals
progressively deteriorated to such an extent that cardiac arrest
occurred, however, is further evidence that verapamil toxicity
was present.

In this and previous studies (30, 31) it has been shown that
verapamil causes marked depression of atrioventricular con-
duction. To assess whether the ventricular myocardium was still
capable of responding to an electrical stimulus in the presence
of verapamil toxicity ventricular pacing was attempted. Ven-
tricular pacing to rates of 200 beats/min was performed suc-
cessfully during verapamil toxicity. This suggests that in patients
with verapamil intoxication and bradycardia unresponsive to
pharmacologic therapy a ventricular pacemaker could be used
to maintain heart rate.

In summary, verapamil toxicity results in hemodynamic
collapse and occasionally death. In this study of the treatment
of verapamil toxicity in dogs, we showed that commonly avail-
able pharmacologic agents are usually effective treatment. Atro-
pine and calcium are partially effective and could be used when
beta adrenergic stimulation might be deleterious. Ventricular
pacing was shown to be possible and could be used to maintain
heart rate. 4-AP was effective treatment and if available could
be used for treatment of verapamil toxicity if other available
agents failed.
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