Anesthesiology
64:560-567, 1986

Cardiovascular Effects of and Interaction between Calcium

Blocking Drugs and Anesthetics in Chronically

Instrumented Dogs. I. Verapamil and Halothane

Jacques E. Chelly, M.D.,* Kent Rogers, M.D.,t Einar S. Hysing, M.D.,} Addison Taylor, M.D.,§
Craig Hartley, Ph.D.,1 Robert G. Merin, M.D.**

In order to assess the interaction between halothane and verapamil
on the cardiovascular system, mongrel dogs were instrumented so
that the following measurements could be made awake and under
the influence of the drugs: aortic, left ventricular, and left atrial
blood pressures; myocardial segment length shortening; heart rate
and rhythm; and coronary, carotid, and renal blood flows. The effect
of two infusion doses of verapamil (3 pg-kg™' min™' and 6
#g-kg ! -min~! after 200 ug - kg™! bolus) were examined awake, On
a different day in the same dogs, two concentrations of halothane
(1.2-low and 2.4-high % end-tidal) and the effect of the two infusion
doses of verapamil during low and high halothane were studied.
Thirty minutes of either infusion dose of verapamil produced only
heart rate and electrocardiographic P-R interval increases in con-
scious dogs. Halothane produced dose-related decreases in mean
aortic pressure, left ventricular maximum rate of tension develop-
ment (dP/dt), and segment length shortening and increases in heart
rate and left atrial pressure. Carotid blood flow was increased by
low halothane concentrations and returned to control with high hal-
othane concentrations. There were no significant changes in coro-
nary or renal blood flow produced by halothane. Verapamil infusion
during low halothane concentration produced minimal effects.
However, both the 3 and 6 ug-kg™ - min™ verapamil doses further
depressed hearts already depressed by the high concentrations of
halothane and decreased renal and carotid blood flows. Verapamil
plasma levels were significantly higher during both low and high
halothane concentrations than when the same dose was given to the
same dogs awake. The authors conclude that: 1) the predominant
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effect of the combination of halothane and verapamil was from hal-
othane; 2) halothane alters the pharmacokinetics of intravenous
verapamil, resulting in marked increases in plasma verapamil levels
when compared with the same dose awake; 3) verapamil infusion is
well tolerated during low concentrations of halothane, but the com-
bination of high halothane concentrations and verapamil produces
profound cardiovascular depression. (Key words: Anesthetics, vol-
atile: halothane. Heart: blood flow; rhythm; ventricular function.
Ions: calcium blocker, verapamil. Kidney: blood flow. Pharmacology:
drug interactions.)

THE MOST POPULAR new group of cardiovascular drugs
in the decade of the 1980s has been, and continues to be,
the calcium channel (entry) blocking drugs.'~® The most
widely used of these drugs has been verapamil (Calan®,
Isoptin®), both experimentally and clinically. In the
United States, verapamil remains the only intravenous
formulation available to the clinician. In conscious animals
(dogs*®and humans®?), verapamil produced hypotension,
a negative inotropic effect on the heart, and reflex tachy-
cardia. Similar effects have been produced by the volatile
anesthetic, halothane, in dogs® and humans.® In addition,
recent experimental evidence suggests that interference
in intracellular calcium kinetics is a major mechanism of
the cardiovascular effects of halothane.'®!! In view of the
usefulness of verapamil in the perioperative period for
treatment of myocardial ischemia and supraventricular
tachycardias®® and the likelihood that many patients
coming to operation will be treated with the drug, the
interaction between verapamil and the prototype inhaled
anesthetic, halothane, needs to be known. Although there
have been prior published investigations of this interac-
tion, none has used the awake animal as a control,!2-14
nor has more than one anesthetic dose been studied. Con-
sequently, the true extent of the drug interaction has not
been previously elucidated.'>~"” In order to allow accurate
interpretation of the interaction between anesthetics and
calcium channel blocking drugs, a new model of a con-
scious, chronically instrumented dog will be described.
Our original plan was to examine the interaction between
verapamil and the three clinically used inhaled anesthetics,
halothane, enflurane, and isoflurane, in the same animals,
so that each dog would serve as his own control. However,
at the completion of the study of the first group of animals,
we discovered that the numbers of valid experiments for
the enflurane and isoflurane dogs were insufficient for
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statistical analysis because of loss of either dog or instru-
mentation. Consequently, we studied the interaction of
halothane and verapamil separately from that of enflur-
ane, isoflurane, and verapamil.

Methods and Materials

INSTRUMENTATION

Heartworm-free, mongrel dogs weighing between 14.7
and 27.1 kg (mean 21.6 kg) were preconditioned nutri-
tionally with high protein, vitamin, and iron-supplemented
diets as directed by a veterinarian. Using endotracheal
halothane anesthesia, the animals were instrumented as
follows: after a left thoracotomy, Tygon® (Norton, Akron,
OH) catheters were placed in the left atrium and in the
thoracic aorta through the left subclavian artery. Two
20-MHz ultrasound crystals were implanted through
transmural stab incisions 1-1.5 cm apart in the left ven-
tricular myocardium parallel to the short axis of the heart
at a depth of 5-10 mm in order to measure myocardial
segment length shortening. A miniature high-fidelity
pressure transducer (Konigsberg Co., Pasadena, CA) was
inserted through the left ventricular apex into the cavity
and positioned adjacent to the endocardial surface. A 20-
MHz pulsed Doppler flow probe was positioned around
the left circumflex coronary artery in the atrioventricular
groove at the lateral border of the heart. Through a sep-
arate flank incision, the left renal artery was identified,
and another 20 MHz pulsed Doppler flow probe was po-
sitioned on that artery. Finally, through a midline incision
in the neck, the left common carotid artery was instru-
mented with a third pulsed Doppler flow probe. The
catheters, transducer and flow probe leads, and ultrasound
crystal wires were tunneled subcutaneously to a common
exit point just caudad to the skull on the dorsum of the
animal’s neck. All instrumentation was carefully checked
for function before and after wound closure. Bupivacaine,
0.5%, was infiltrated around the adjacent intercostal
nerves before chest closure for postoperative analgesia.
A specially designed jacket protected the catheters and
the instruments for the remainder of the experiment. The
catheters were flushed daily with a dilute heparin solution
and kept filled with a concentrated heparin solution. Am-
picillin and streptomycin were administered before sur-
gery and for 5 days following surgery. No animal was
studied less than 10 days following surgery and only when
body temperature, white blood count, and general ap-
pearance were normal. The animals were trained to lie
quietly in the laboratory both before and after the com-
pletion of the surgical implantation.

MEASUREMENT TECHNIQUES

Aortic and left atrial pressures were transduced with
Statham db23 strain gauges, which were zeroed and cal-
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ibrated against a mercury manometer before each ex-
periment. The Konigsberg® micromanometer was cali-
brated in vitro with a mercury manometer and, in the
animal, was zeroed against the left atrial pressure before
and during experiments.!” In addition, calibration was
checked against peak aortic pressure. Konigsberg® trans-
ducers are renowned for the stability of their calibra-
tion.215-17 The output of the ultrasound crystals was am-
plified and directly displayed on a polygraph, and maximal
length change from diastolic length was recorded as myo-
cardial segment shortening.'® The KHz output of the
pulsed Doppler flow meters has been shown to be related
linearly to volume flow for a variety of flow probe
sizes.!%2% Arterial blood gas determinations were made
at intervals during the various phases of the experiments
as indicated subsequently using a Radiometer ABL® elec-
trode system. During anesthesia, airway anesthetic (Beck-
man LB-2®) and carbon dioxide (Lifespan 100%) concen-
trations were continually monitored using infrared ab-
sorption techniques. Rectal temperature was measured
with a thermocouple probe (Yellow Springs Instruments,
Yellow Springs, OH). Complete blood counts were mea-
sured preoperatively and postoperatively and at frequent
intervals during the experiment using standard laboratory
techniques. Plasma verapamil levels were analyzed using
high-performance liquid chromatography.*!

EXPERIMENTAL PROTOCOL

The experiments were conducted on two separate days.
On one day, the effects of an intravenous verapamil in-
fusion in the conscious animal were assessed. On another
day, the effects of halothane at two dose levels were mea-
sured and, subsequently, the same protocol that had been
used in the dog awake with verapamil was repeated at
high and low anesthetic concentrations. In some animals,
the awake study was carried out following the anesthetized
study (fig. 1).

On the day of the experiment, an intravenous catheter
was placed in a foreleg or hindleg vein, and an infusion
of lactated Ringer’s solution was initiated. The infusion
was continued at 3-5 ml+-kg™'+h™! for the duration of
the experiment. Continuous low-speed polygraph re-
cordings were made of left ventricular, mean left atrial,
and aortic pressures and mean renal, coronary, and ca-
rotid blood flows. At the indicated measurement intervals,
high-speed polygraph recordings were made of the elec-
trocardiogram (via surface electrodes), left ventricular
pressure and its first derivative, left ventricular maximum
rate of tension development (dP/dt max) (by electronic
differentiation), mean and phasic left atrial and aortic
pressures, myocardial segment length shortening, and
mean and phasic renal, coronary, and carotid blood flows
(fig. 2). During anesthesia, all measurements were made
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F1G. 1. Experimental protocol. Numbers in
parentheses indicate the times of measurement
and blood sampling. A. The verapamil pro-
tacol conducted on one day. B. The halothane
and the combination of halothane and vera-

3 ug/kg/min

pamil protocol conducted on another day at
least 48 h before or after A. The effect of hal-
othane was first tested after 15 min of a con-
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stant end-tidal halothane concentration either
! at the low or high dose. Notice that the order
of the low and high dose was randomized to
decrease the influence of time. As soon as the
anesthetic measurements were completed, the
exact same protocol for verapamil adminis-
tration as noted in A. was initiated at the low
anesthetic concentration (if the high concen-
tration had been administered last in the first
part of the experiment, again 15 min of con-
stant end-tidal concentration of the low dose
was administered before initiating the vera-
pamil infusion). The only difference between
the verapamil infusion protocols was that be-
cause the slow infusion had already been given
for 30 min during the low concentration of
the anesthetic, it was only necessary to wait
until 15 min of constant end-tidal high anes-
thetic concentration to establish a new steady
state for the anesthetic. Then the low concen-
tration was again established for 15 min of
constant end-tidal concentration and now the
high dose verapamil was given as in A, but
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again, only 15 min of constant end-tidal high
concentration was necessary because there had
already been more than 30 min of a constant,

Verapamil

200 ug/kg

at end-expiration. At the end of each measurement pe-
riod, arterial blood was drawn for verapamil measurement
and blood gas analysis. After control cardiovascular mea-
surements were made, a dose of 0.2 mg « kg™" of verapamil
was administered over a 3-min period intravenously. Im-
mediately following the rapid infusion, 3 ug - kg™ - min™!
of verapamil was infused for another 27 min; measure-
ments were made, and blood was withdrawn at 15 and
30 min after the beginning of the verapamil infusion.
Then, another 0.2 mg - kg™" was administered over 3 min,
and the infusion was continued at 6 ug- kg™ + min™! for
another 27 min. Again, blood sampling and measurements
were made at 15 and 30 min after the beginning of the
second infusion (fig. 1A).

On the day of the anesthetic experiments, the animals
were prepared in the same fashion as for the verapamil
experiments. Anesthesia was induced by mask with nitrous
oxide-oxygen-halothane. When the animals were suffi-
ciently anesthetized, the trachea was intubated, and ven-
tilation was controlled using a Harvard ventilator at tidal

200 ug/kg

slow verapamil infusion. The open bars rep-
resent the time necessary to reach the desired
end-tidal halothane concentration. The striped
bars indicate at least 15 min of a constant end-
tidal anesthetic concentration.

volumes of 10-15 ml-kg™' with the rate adjusted to
maintain end-tidal carbon dioxide concentrations equal
to those in the awake animal. Immediately after tracheal
intubation, nitrous oxide was discontinued, and nitrogen
was substituted in a concentration that maintained arterial
oxygen tension at approximately the same level as in the
awake animal. Rectal temperature was maintained
throughout the experiment by external heating if nec-
essary. The effects of two concentrations of halothane
were studied: a low concentration of 1.2% end-tidal and
a high concentration of 2.4% end-tidal. In two animals,
the high concentration had to be decreased to maintain
a mean aortic pressure greater than 50 mmHg. (In our
pilot studies, the combination of verapamil with a halo-
thane concentration that produced a mean aortic pressure
of less than 50 mmHg without verapamil was fatal, and
our animal preparation was dear in terms of effort and
cost.) Measurements during the anesthesia study were
never made before 15 min of constant end-tidal anesthetic
concentration. The order of the low and high concentra-
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tions of halothane was randomized (fig. 1B). As soon as
the last measurement of the anesthetic effect was com-
pleted, halothane was continued at the low concentration
if the low concentration had been administered last. If
the high concentration had been administered last, an-
other 15 min of constant, low end-tidal halothane con-
centration was maintained prior to the initiation of the
verapamll infusion. As in the awake study, 0.2 mg kg
was given mtravenously over 3 min, and 3 pug - kg™ - min™!
was infused for 27 min with measurements and blood
sampling at 15 and 30 min after the initiation of the in-
fusion. With the infusion continuing at 3 ug - kg™ » min™!,
the anesthetic concentration was increased to the high
dose, 15 min were allowed for equilibration at a constant
end-tidal concentration; and the measurements were re-
peated. Next, the halothane concentration was decreased
to the low dose again and 0.2 mg-kg™' of verapamil
was administered intravenously over 3 min and 6
pg-kg™'+min~! infused over 27 min. Again, measure-
ments were made at 15 and 30 min. Finally, the anesthetic
was changed to the high concentration again and, after
15 min of constant end-tidal halothane concentration, the
protocol was repeated a third time (fig. 1B). Preliminary
experiments indicated that by 48 h after previous exper-
iments, no verapamil could be measured in the plasma of
the animals. Consequently, no experiments were repeated
within 2 days of each other.

STATISTICAL ANALYSIS

We used the SPSS software package for a two-way
analysis of variance with a repeated measures design. If
the analysis of variance indicated significance, the Bon-
ferroni modification of the paired ¢ test compared data
sets.?2 P < 0.05 was considered significant. Results are
expressed as mean = SEM.

Results

Eleven animals were studied. However, not all functions
could be assessed in each animal (see “n” in the tables).
Pacp, was maintained within 10 mmHg of the awake val-
ues (mean 32.5 + 3.1 mmHg); Pag, was maintained within
40 mmHg of the awake values (mean 92 * 3.1 mmHg);
and pH was maintained within 0.07 of the awake values
(mean 7.43 + 0.2). Body temperature was controlled
within 1° C of awake value (mean 38.3 = 4° C).

During the control state, the animals were generally
relaxed and appeared content (heart rate < 80 -min™',
mean arterial pressure < 100 mmHg).!” Verapamil plasma
levels and hemodynamic measurements were similar at
15 and 30 min after the start of the infusion, so the 30-
min data were tabulated and analyzed. Verapamil infusion
produced minimal effects in the awake dogs (table 1). The
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FiG. 2. Representative recordings in the chronically instrumented
dog. From above, downmward: carotid artery blood flow; aortic blood
pressure; left atrial blood pressure; circumflex coronary artery blood
flow; myocardial segment length; left ventricular blood pressure and
first derivative (dP/dt); and renal artery blood flow.

only significant changes were increases in heart rate (3
pg: 24%; 6 pg: 28%) and in P-R interval (3 ug: 18%; 6
ug: 28%) at both doses. In two dogs, there were incom-
plete atrioventricular (AV) blocks at both the low and
high doses of verapamil.

The administration of halothane produced a dose-re-
lated increase in heart rate and left atrial pressure and a
dose-related decrease in mean aortic pressure, left ven-
tricular dP/dt, and myocardial segment shortening (table
2). Carotid blood flow increased at the low dose, but nei-
ther coronary nor renal blood flow was significantly
changed by halothane.
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TABLE 1. Effect of Verapamil on Hemodynamics and Regional Blood Flow in the Conscious Dog

Verapamil Dose (ug+ kg~ - min~!)
o) 0 3 6

HR (min~") (11) 78 + 4 96 + 5* 99 + 6*
MAP (mmHg) an 96 + 4 97 +2 94+ 3
LAP (mmHg) (9) 3.2+09 4.4+0.9 53£1.0
LVdP/dt (mmHg-s™") (10) 2890 + 160 2695 + 108 2545 + 125
SL (mm) (6) 2.2+0.3 2.05+0.3 2.1+0.3
PR (ms) (1) 114 + 4.5 (9) 135 * 6.5* (9) 146 + 6.5%
CaF (ml- min™!) (10) 140 £ 10 176 + 13 165 £ 14
CoF (ml-min~!) 6) 38+ 7 42+ 8 43+ 7
ReF (m!+min~!) (10) 108 £ 16 111 £ 16 112+ 15

HR = heart rate; MAP = mean aortic blood pressure; LAP = mean
left atrial blood pressure; LVdP/dt = maximum rate of rise of left
ventricular pressure; SL = myocardial segment length shortening; PR

During low-dose halothane anesthesia, neither dose of
verapamil produced striking effects (table 3). Heart rate
was increased by both 3 and 6 pg - kg™ - min~! while left
ventricular dP/dt was decreased. P-R intervals were in-
creased in a dose-related manner just as was seen with
verapamil awake. One of the dogs with an AV block dur-
ing verapamil infusion awake also blocked during low
halothane and both verapamil doses. Another dog who
died after high-dose-halothane-high-dose-verapamil (not
included in the data) had a sinus arrest with a slow junc-
tional rhythm (15 - min™"). However, during the high-dose
halothane anesthesia, both doses of verapamil produced
significant and dramatic changes. In fact, two animals died
during high-dose-halothane-high-dose-verapamil, but all
measurements were completed before their deaths. Sub-
sequently, the protocol was abandoned in another dog to
prevent his death. There were dose-dependent decreases
in mean arterial pressure and carotid artery flow and in-
creased P-R intervals. Left ventricular dP/dt and renal
blood flow were decreased by both doses of verapamil,
but not in a dose-dependent manner.

The infusion of 3 ug-kg™' - min™" of verapamil in the
conscious animals produced mean plasma levels of 81.2

= P-R interval; CaF = carotid blood flow; CoF = coronary blood flow;
ReF = renal blood flow.
*P <0.05us 0.

ng-ml™' (table 4). A doubling of the dose to 6
ug - kg™' - min~! also doubled the plasma level. The same
doses given to the same dogs during halothane anesthesia
produced significantly greater plasma levels. In addition,
the high dose of verapamil resulted in a significantly
greater plasma level during high-dose halothane than
during low-dose halothane.

According to the two-way analysis of variance, the only
true interactions between halothane and verapamil oc-
curred in mean aortic pressure, carotid blood flow, and
plasma verapamil levels.

Discussion

The previous studies of verapamil in awake dogs and
humans have used bolus doses instead of the rapid-slow
infusion technique we employed.*” During the rapid in-
fusion of 0.2 mg - kg™ of verapamil, we observed, but did
not quantify, much greater depressions of mean aortic
pressure, left ventricular dP/dt, and segment length
shortening similar to effects noted in previous studies with
bolus injections in awake dogs.*® In both of these inves-
tigations, the importance of systemic reflex responses was

TABLE 2. Effect of Halothane on Hemodynamics and Regional Blood Flow in the Conscious Dog

Halothane % (ET)

(n) 0 1.2 0.0 2.43 + 0.04
HR (min™") (1 78+ 4 102 + 6* 126 + 5%
MAP (mmHg) (11) 96 + 4 77 + 3% 57 & 3%t
LAP (mmHg) (9) 3.2+0.9 5.2+ 1.1* 9.0 + 1.05%+
LVdP/dt (mmHg-s™") (10) 2890 + 160 1900 + 170* 1020 * 90*¢
SL (mm) (6) 2.2 +0.3 1.7 £ 0.2* 0.9  0.03*
PR (ms) an 114 £ 4.5 123 + 4.9 118 £ 4
CaF (ml-min™!) (10) 140 + 10 172 + 10* 145 + 5+
CoF (ml - min™) (6) 38 +7 37+9 33+ 7
ReF (ml: min™!) (10) 108 £ 16 102 £ 14 106 + 12

ET = end-tidal. Also see table 1 for abbreviations.

*P <0.05vs 0.

T P < 0.05 vs. 1.2% halothane.
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TABLE 3. Effect of the Combination of Halothane and Verapamil on Hemodynamics and Regional Blood Flow in the Dog

Halothane % End-tidal
1.2 2,22

(n) v 6v v 6V
HR (min~!) (11) 117 £ 65 122 + 6§ 124 + 6% 114 £ 11
MAP (mmHg) Q1) 79 + 2t 75 + 2§ 43 + 3411 (10) 34 & 4+
LAP (mmHg) (9 7.7 + 1.6 11.4 + 2%§ 10.4 + 1531 (7) 12.6 + 2.6§%
LVdP/dt (mmHg+s™) (10) 1440 + 110%4 1230 + 100%§ 665 + 65141 (9) 560 + T0T-§**
SL (mm) (6) 1.4 £0.2 1.3 + 0.2%§ 0.8 = 0.131 (5) 0.8 +0.1§
PR (ms) (10) 186 + 4.5 158 + 4,7+ (11) 138 + 5.4t (9) 178 + 16.11§
CaF (ml-min™) (10) 170 + 13 155 + 13 104 + 907 (9) 66 + 8*1§F
CoF (ml+min™") (6) 36 £ 7 36 + 7 26+ 7 (4) 20+ 8
ReF (ml - min™") (10) 96 + 12 95 + 12 66 + 9§+ 50 & O+

3V = verapamil 3 pg-kg™'-min~'; 6V = verapamil 6 pg-kg™'-
min~!. Also see table 1 for abbreviations.

Compared to halothane (H) without verapamil (V): * = P < 0.05
vs. 1.2% H; t = P < 0.05 vs. 2.2% H. Compared to V without H: §

observed by comparing intracoronary and intravenous
injections* and by comparing effects with and without
beta-adrenergic blockade.® In our awake animals, such
reflex responses, as shown by the significant increase in
heart rate, were able to return blood pressure and the
measures of cardiac function back to normal by 15 min
after the start of the infusion (table 1). Indeed, except for
the increase in P-R interval and the increased plasma
verapamil levels, we might have wondered if, in fact, we
were giving any drug. However, the measured plasma
levels corresponded well with therapeutic levels measured
in patients.?

The decreased left ventricular dP/dt and myocardial
segment shortening accompanied by increasing left atrial
pressures produced by increasing concentrations of hal-
othane documented the negative inotropic effect of this
anesthetic.®2* The effect of halothane on regional blood
flow has been less well documented. The studies using
awake animals as a control have demonstrated no change
in coronary blood flow at low halothane concentra-
tions.®?® However, Vatner and Smith reported that 1%
end-tidal halothane decreased coronary blood flow by
925% with no further decrease at 2% halothane.** Merin
et al.® and Gelman et al.®® observed significant decreases
in coronary blood flow at 1.7 and 1.8% end-tidal halo-
thane in contrast to no change at 0.8% and 0.9%. The
present study showed no statistical change in coronary
blood flow at either 1.2% or 2.4% end-tidal halothane
concentration, thus differing from all the previous studies.
However, the method of coronary blood flow measure-
ment and determinants of myocardial Oy consumption
were different in all studies. The maintenance of renal
blood flow even during high-dose halothane anesthesia
in this study is in agreement with the previous studies that
have used the awake dog as a control.?*% The only blood
flow to change significantly in our study during halothane

=P <0.05vs. 3V; § = P < 0.05 vs. 6V.

Compared to combination of V and H: 1 = P < 0.05 vs. 1.2% H
—3V;** =P <0.06vs. 1.2% H— 6V; 1 =P <0.05, 6V vs. 3V, 1.2%
or 2.2% H.

anesthesia was the carotid, which increased during low-
dose halothane (table 2). It is tempting to ascribe this to
the cerebral vasodilation observed at similar halothane
doses in previous experiments,? but the common carotid
artery also supplies a significant amount of extracranial
tissue. Consequently, we thought that perhaps common
carotid blood flow might reflect aortic (or pulmonary ar-
tery) blood flow. However, in nine other dogs where we
obtained simultaneous carotid and pulmonary artery
flows, the correlation coefficients were less than 0.05 (un-
published observations). Consequently, carotid blood flow
cannot be used to estimate cardiac output (pulmonary
blood flow) in our model.

Although Kapur et al.'* and Kates et al.'® demonstrated
that the administration of verapamil during halothane
anesthesia produced hemodynamic depression, they could
not truly study the interaction because they did not doc-
ument the effects of halothane or verapamil alone. Vat-
ner’s group has demonstrated that anesthesia markedly
modifies the effect of cardioactive drugs.'™?’ Conse-
quently, the use of an awake control is essential for a true
evaluation of drug interaction. In addition, although Ka-
pur et al. quantified the effect of verapamil dose,'* no one

TABLE 4. Plasma Verapamil Concentrations (ng - ml™")

Halothane % End-tidal
Verapamil Dose
(g - kg 'emin™") 0 1.20 2.22 + 0.2
3 817 132 + 2% 155 + 15*§
6 166 = 153 | 229+ 23{% | 324 = 34711

Effect of verapamil (V) alone: * = P < 0.05 vs. 3V; T = P < 0.05
vs. 6V; 1 = P < 0.05 6V vs. 3V. Effect of combination of verapamil
(V) and halothane (H): § = P < 0.05 vs. 3V-1.2% H; 1= P < 0.05 vs.
6V-1.2% H.
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heretofore had studied the effect of halothane dose. Our
results with the combination of 2.4% end-tidal halothane
and 323 ng-ml™! verapamil demonstrated much more
cardiac depression than Kapur et al. showed with 0.93%
halothane and verapamil concentrations ranging from 500
to 1100 ng- ml™"." In general, in our study, the effects
of halothane predominated during the administration of
both halothane and verapamil. In addition, the interaction
tended to be synergistic. The only nonadditive interac-
tions occurred for aortic blood pressure, carotid blood
flow, and plasma verapamil concentration. The latter is
discussed subsequently. Verapamil did not change aortic
pressure or carotid blood flow awake, whereas halothane
decreased aortic pressure and increased carotid blood
flow. The combination of the two drugs resulted in de-
creased aortic pressure and carotid blood flow by both
doses of verapamil at high halothane concentrations.

As in the awake state, the rapid infusion of 200 ug - kg™
of verapamil resulted in considerably more depression
during 1.2% halothane than that observed after 15 min
of slow infusion (3 or 6 pg-kg™'+min~!). In fact, our
original protocol design, in which the order of the high
and low halothane doses was randomized after the vera-
pamil infusion as well as before, had to be changed because
of the profound cardiovascular depression produced by
the rapid infusion of 200 ug - kg™ during high-dose hal-
othane. There must have been some depression of ven-
tricular function, however, during low-dose halothane and
verapamil infusion, for left ventricular dP/dt was lower
during both 3 and 6 ug - kg™ verapamil infusions in spite
of no difference in mean aortic pressure and increases in
heart rate and left atrial pressure.?® Interestingly, the re-
gional blood flows during 1.2% halothane were un-
changed by either verapamil dose. However, during high-
dose halothane anesthesia, verapamil produced rather
striking effects. Only heart rate, myocardial segment
length shortening, and coronary blood flow were unaf-
fected, and the latter two were both very low to begin
with. There were marked decreases in left ventricular
dP/dt, renal and carotid blood flows, and mean aortic
pressure. The latter two changes were dose-dependent.
These observations are consistent with previous obser-
vations made in humans where verapamil produced a de-
crease in ventricular function predominantly in patients
with already compromised ventricular function.®? Be-
cause halothane produces severe depression in ventricular
function in high doses (table 2),%9 it is logical that a similar
effect of verapamil should be seen during high-dose hal-
othane. Alternatively, because reflex responses to the di-
rect effects of verapamil tend to reverse these effects (see
previous discussion),*® the interaction could also be re-
lated to the decrease in baroreflex mechanisms produced
by increasing halothane doses.*® There is also evidence
to suggest that verapamil adds to the effect of CNS de-
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pressants. Maze et al. reported that verapamil decreased
the MAC of halothane in dogs.*! Another calcium channel
blocker, nimodipine, has been reported to prolong bar-
biturate anesthesia in mice.?? If the cardiovascular de-
pressant effects of halothane are related to the CNS
depression, then perhaps verapamil is merely decreasing
the anesthetic dose requirement, thus intensifying the ef-
fects seen at a fixed end-tidal concentration.

There may be yet a fourth explanation. Exactly the
same dose of verapamil given in the same time interval
by the same route in the same dogs resulted in a much
higher plasma verapamil concentration in the animals
when they were anesthetized with halothane. Kapur et al.
demonstrated that the hemodynamic effects of vera-
pamil during low-dose halothane were related to the
plasma levels.'* However, the plasma levels during 6
pg+kg™" - min~! verapamil during the awake state and at
3 ug - kg™" - min~! verapamil during high-dose halothane
were similar in our study (table 4), yet the hemodynamic
effect was much greater during halothane (table 3). Con-
sequently, the hemodynamic interactions observed can
result only partly from the increased plasma levels. The
mechanism of this increase could be either a decreased
volume of distribution or decreased plasma clearance.
Verapamil is highly extracted by the liver and, presum-
ably, decreased hepatic blood flow or extraction could
account for increased plasma levels.*® Halothane does de-
crease hepatic blood flow,? and Reilly et al. have recently
shown that halothane decreases hepatic clearance of an-
other drug, propranolol, that is highly dependent on the
liver for its metabolism.* In order to answer this question,
we are currently examining the pharmacokinetics of ver-
apamil awake and during halothane anesthesia in the same
dogs.

We conclude that steady-state plasma levels of vera-
pamil, which are in the therapeutic dose range for hu-
mans,?® produced minimal hemodynamic effects during
low concentrations of halothane compared with the same
dose awake in the healthy dog. However, the combination
of similar plasma levels during high-dose halothane anes-
thesia resulted in a marked depression of both ventricular
function and regional blood flows. The mechanism is un-
determined but is probably a combination of the direct
negative inotropic effect of verapamil and halothane as
well as the increased plasma levels seen during halothane
anesthesia compared with the awake state. Whether the
steady-state plasma verapamil levels produced by chronic
oral dosing rather than slow intravenous dosing would
result in the same drug interaction is not clear. We are
currently conducting studies in our chronically instru-
mented animals designed to answer this question.

The halothane was kindly supplied through the courtesy of Mr.
Peter Haines, Halocarbon Laboratories. The verapamil was donated
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as Calan® by G. D. Searle and Company. Marie-Francois Doursout
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authors are grateful to Elia Spurlock and Betty Cunha-Ware for their
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