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Comparison of the Direct Effects of Halothane and Isoflurane
on Large and Small Coronary Arteries Isolated from Dogs

Yoshio Hatano, M.D.,* Kumi Nakamura, M.D.,t Tsutomu Yakushiji, M.D.,}
Makoto Nishiwada, M.D.,§ Kenjiro Mori, M.D., F.C.Anaes.

Relaxant responses to halothane and isoflurane were compared
in helical strips of dog epicardial coronary arteries of different sizes:
proximal large coronary arteries with outside diameters (OD) larger
than 2.5 mm and distal small arteries with 0.7-0.9 mm OD. Re-
sponses to pharmacologic vasodilators, including nitroglycerin
(NTG) and adenosine, were also studied for comparison. The re-
laxation induced by halothane in concentrations of 0.8-2.3% and
by NTG (107°~10~* M) was greater in proximal large coronary ar-
teries than in distal small ones contracted with 20 mm KCL In con-
trast, the relaxation by isoflurane (1.2-3.5%) and by adenosine (1078~
10™* M) was greater in small coronary arteries than in large ones.
These results suggest that isoflurane is, like adenosine, preferentially
a small artery dilator. (Key words: Anesthetics, volatile: halothane;
isoflurane. Arteries: coronary; vascular muscle. Heart: coronary va-
sodilation. Pharmacology: adenosine; nitroglycerin.)

ALTHOUGH it has been suggested that both halothane
and isoflurane are systemic and coronary vasodllators,
only isoflurane has been reported to cause *‘coronary
steal.””>?~8 Coronary steal is defined as increasing flow to
normal myocardium by diverting it away from a collater-
alized ischemic area® and is caused by preferential dila-
tation of resistance vessels in the nonischemic area.
Proximal large coronary arteries and distal coronary
arterioles (resistance vessels) differ considerably from one
another in terms of structure, function, and regulation.'?
On the other hand, in vitro studies suggest that there are
differences in responses to vasodilators between proximal
large and distal small epicardial arteries, and that small
epicardial arteries in vitro have similar reactivity with that
of resistance arterioles in vivo.!'"'* For example, nitro-
glycerin (NTG) is a large coronary dilator, and in contrast,
adenosine is preferentially a dilator of resistance arterioles
in vivo and small epicardial arteries in vitro. Despite these
facts, no comparison of the effects of anesthetics on iso-
lated large and small coronary arteries has been made.
In the current study, we compared the effects of halo-
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thane and isoflurane on proximal large and distal small
epicardial coronary arteries isolated from the dog. In ad-
dition, the effects of coronary vasodllators, NTG, and
adenosine were examined as a comparative study.

Methods

The study protocol was approved by the Kyoto Uni-
versity Animal Use Committee. Sixteen mongrel dogs of
either sex weighing 6-17 kg were anesthetized with in-
travenous ketamine in a dose of 20 mg-kg™' and were
killed by bleeding from the common carotid arteries. The
heart was rapidly removed, and the left anterior descend-
ing and circumflex branches of the left coronary artery
were isolated. Proximal portions with outside diameters
(OD) of greater than 2.0 mm and distal portions with
0.7-0.9 mm OD were isolated; mean values of OD were
2.61 = 0.09 mm (n = 14) and 0.89 + 0.01 mm (n = 14),
respectively, for arteries exposed to anesthetics, and 2.73
+ 0.08 mm (n = 7)and 0.89 % 0.01 mm (n = 7), respec-
tively, for arteries exposed to vasodilators. The arteries
were cleaned and cut into helical strips that measured
approximately 17 mm in length. Each strip was fixed ver-
tically between hooks in a 10-ml muscle bath containing
the nutrient solution that was aerated with a mixture of
95% O and 5% CO, and maintained at 37 + 0.5° C.
The hook anchoring the upper end of the strip was con-
nected to the lever of a force-displacement transducer
(Toyo Baldwin, Tokyo, Japan). The resting tension was
adjusted to 2.0 g for large arteries and 1.5 g for small
arteries.!® Constituents of the nutrient solution (in mM)
were as follows: NaCl, 118.2: KCI, 4.6: NaHCOs, 24.8:
CaCly, 2.5: MgSOy, 1.2: KHyPO,, 1.2: and dextrose, 10.
The pH of the solution was 7.35-7.45 when the solution
was aerated with the gas mixture. Before the start of the
experiments, all preparations were allowed to equilibrate
for 60-90 min in the control media, during which time
the fluids were replaced every 10-15 min.

Isometric contractions and relaxations were displayed
on an ink writing oscillograph (Nihondenki Sanei Co.,
Tokyo, Japan). The contractile response to KCl (30 mm)
was first obtained, with the average values in large and
small coronary arteries being 1,902 + 287 mg (n = 21)
and 614 + 88 mg (n = 21), respectively. To examine the
effect of anesthetics on coronary vascular smooth muscle
with intact endothelial cells,'®!? the preservation of en-
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dothelial cell function of each strip was confirmed by test-
ing relaxation induced by 107® M acetylcholine'® in KCI
(20 mM)-contracted strips; the acetylcholine-induced re-
laxation relative to the relaxation induced by 10™* M pa-
paverine averaged 47.7 + 4.4% (n = 14)and 46.4 + 6.7%
(n = 7) in large coronary arteries for anesthetics and va-
sodilators, respectively, and 55.7 + 3.1% (n = 14) and
60.9 *+ 3.8% (n = 7) in small coronary arteries for anes-
thetics and vasodilators, respectively.

In the preliminary study, the contraction of some small
coronary arteries induced by prostaglandin Fy, (PGF3,)
or serotonin (but not by KCI) was not sustained for more
than 60 min, which was necessary for obtaining the dose-
response relationship of anesthetics. Thus, before the
dose-response curves for inhalation anesthetics and va-
sodilators were obtained, arterial strips had been previ-
ously contracted with 20 mM KCI. Halothane and isoflu-
rane were introduced in the oxygen-carbon dioxide mix-
ture through Fluotec 3 (Cyprane Keighley, England) for
halothane and Fortec (Cyprane Keighley, England) for
isoflurane. The concentration in the resulting gas mixture
was monitored and adjusted using a Capnomac Multicap
(Datex, Finland). The muscle bath was covered with plastic
to prevent the aerating gas from immediately escaping
into the atmosphere. The actual concentrations of these
volatile anesthetics in the bathing medium were deter-
mined by gas chromatography (Hewlett Packard 5890A
Gas Chromatograph, Pale Alto, CA).'® Saturation of
bathing medium by each concentration of anesthetic gas
was attained within 5-7 min. The concentrations for 1.5%
halothane and 2.3% isoflurane were 10.74 + 0.43 mg/
100 ml (n = 10) and 7.57 * 0.41 mg/100 ml (n = 10),
respectively. Nitroglycerin and adenosine were added di-
rectly to the bathing media in cumulative concentrations.
Dose-response curves for halothane and isoflurane or
NTG and adenosine were obtained in the same prepa-
ration in random sequence. At the end of each experiment
with an anesthetic, NTG, adenosme or acetylcholine, pa-
paverme ina concentration of 10~ M was added to attain
maximum relaxation. Relaxation induced by anesthetics
or vasodilators was compared with that produced by pa-
paverine.

Values are expressed as means * SEM. To compare
the effects of halothane versus isoflurane, NTG versus
adenosine, or the large versus small coronary arteries,
Student’s ¢ test for paired data was used. Other data were
analyzed statistically by analysis of variance (ANOVA)and
Newman-Keuls multiple range test. B < 0.05 was consid-
ered statistically significant. :

Drugs used were halothane (Imperial Chemical Indus-
tries, England), isoflurane (Dainabot, Osaka, Japan), ni-
troglycerin (Nihon Kayaku, Tokyo, Japan), adenosine
(Kohjin, Tokyo), and papaverine hydrochloride (Dai-
nippon Seiyaku, Osaka, Japan).
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Results

RESPONSE TO ANESTHETICS

In helical strips of proximal large coronary arteries
contracted with KCI, halothane in concentrations of 0.8-
2.3% produced a concentration-dependent relaxation.
However, halothane failed to significantly affect the ten-
sion of small coronary arteries partially contracted with
KCl; halothane produced slight relaxation in six of 14
strips and slight contraction in the remaining eight small
coronary arterial strips (fig. 1, left). Thus, halothane-in-
duced relaxation was significantly greater in large than
in small coronary arteries (P < 0.05). In contrast, isoflu-
rane in concentrations of 1.2-3.5% produced a concen-
tration-dependent relaxation in small coronary arteries.
In large coronary arteries, isoflurane at 1.2% produced
a slight contraction, but at 2.3 and 8.5%, it produced a
conceritration-dependent relaxation. Isoflurane- induced
relaxation was significantly greater in small coronary ar-
teries than in large ones (P < 0.05; fig. 1, right). The
actual recordings of the response of large and small cor-
onary arteries to halothane and isoflurane are presented
in ﬁgure 2. The responses of large and small coronary
arteries to halothane gnd isoflurane at each concentration
stabilized within 20-30 mm, thus, it took about 60-70
min to complete the concentration-response relatlonshlp
After the response to 2.3% halothane or 3.5% isoflurane
had been obtained and the anesthetics had been removed
from aerating gas mixture, the arterial tension returned
to the level prior to administration of anesthetics.
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FIG. 1. Responses to halothane (leff) and isoflurane (right) of large
and small coronary arteries previously contracted with 20 mM KCI.
The absolute value of relaxation induced by 10™* M papaverine was
taken as 100%; mean values in large and small coronary arteries were
2473 + 317 mg and 946 + 136 mg, respectively. Minus (—) represents
relaxation. LCA = large coronary artery; SCA = small coronary artery.
Figures in parentheses indicate the number of preparations studied.
*P < 0.05 and **P < 0.01 large coronary artery versus small coronary
artery.
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F1G. 2. Comparison of the response to halothane (upper tracing) and
isoflurane (Jower tracing) of large and small coronary arteries contracted
with 20 mM KCIl. Halo = halothane; Isof. = isoflurane. Markers 1, 2,
and 3 for halothane represent 0.8, 1.5, and 2.3%, respectively, and
markers for isoflurane represent 1.2, 2.3, and 3.5%, respectively. PA
represents papaverine 1074 M.

In comparing the relaxant effects of halothane versus
isoflurane at clinically relevant concentrations, the relax-
ation induced by halothane at 0.8% was significantly
greater than that induced by isoflurane at 1.2% in large
coronary arteries (P < 0.05), although in small coronary
arteries the relaxation by isoflurane (1.2%) was slightly,
but not significantly, greater than that by halothane
(0.8%). At higher concentrations of 2 or 3 MAGC, the re-
laxation of small coronary arteries induced by isoflurane
(2.83% and 3.5%) was significantly greater than that in-
duced by halothane (1.5 and 2.3%; P < 0.05).

RESPONSE TO NTG AND ADENOSINE

Nitroglycerin (107°~10~® M) and adenosine (107°-107*
M) rapidly relaxed dog coronary arteries of different sizes
in a dose-dependent manner; thus, a series for the dose-
response relationship was completed within 15 min. There
were significant differences in the relaxation response of
large and small coronary arteries to NTG and to adeno-
sine. Nitroglycerin-induced relaxation was significantly
greater in large than in small coronary arteries (fig. 3,
left). In contrast, adenosine relaxed small coronary ar-
teries to a significantly greater extent than large coronary
arteries (fig. 3, right). The maximum relaxation induced
by NTG of large coronary arteries and that induced by
adenosine of small coronary arteries were significantly
greater than the relaxations of large or small coronary
arteries induced by anesthetics at the highest concentra-
tions tested.

Discussion

There have been numerous in vivo studies concerning
the effects of halothane or isoflurane on coronary circu-
lation in humans and in animals; however, there is still
disagreement as to whether isoflurane is a small vessel-
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type coronary vasodilator with the potential to cause re-
gional myocardial ischemia in the patient with coronary
disease.’"2%2! The disagreements in the results of the
effects of isoflurane on coronary circulation obtained in
in vivo studies may be derived in part from different ex-
perimental conditions; coronary circulation is inevitably
affected by anesthetic-induced changes in systemic he-
modynamics, myocardial metabolism, or contractility, and
further by the direct vascular effects of opiates or barbi-
turates.?*?* Among these in vivo studies, Sill et al.,® using g
quantitative coronary angiography, clearly showed that 5
isoflurane at 0.75-2.25% produced no change in the cal- &
iber of the epicardial coronary arteries, concomitant with 3
a doubling of myocardial flow, and concluded that the 3 z
coronary vasodilating effect of isoflurane is limited to the £
small coronary vessels.

Studies using isolated coronary arteries, devoid of the £
influence secondary to hemodynamic changes, suggest°
that both halothane and isoflurane are direct coronary g
vasodilators. Bollen et al.** compared the direct effects of 3
halothane and isoflurane on isolated porcine epicardial § 2
segments of coronary artery with outside diameters of &
1.5-2.0 mm and demonstrated that halothane, at clinically 8
relevant concentrations, relaxed arteries previously con-
tracted with U44069, a prostaglandin (PG) Hy analog, org
with KCl to a greater extent than relaxation followmg\,
isoflurane. Blaise et al.,*® using isolated coronary arteries 3
from left circumflex and proximal left anterior descendmg s
coronary arteries from the dog, demonstrated that isoflu- 3
rane at a concentration of 2.3% attenuated the contractile S
responses of arteries to PGFy,, serotonin, and phenyl-
ephrine. Our findings of the effect of halothane and iso-
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FIG. 3. Responses to nitroglycerin (leff) and adenosine (right) of large
and small coronary arteries previously contracted with 20 mM KCl
The absolute value of relaxation induced by 10™* M papaverine was
taken as 100%; mean values in large and small coronary arteries for
nitroglycerin were 2,370 + 239 mg and 528 + 105 mg, respectively,
and those for adenosine were 2,012 * 354 mg and 663 + 125 mg,
respectively. Figures in parentheses indicate the number of preparations
studied. *P < 0.05 and **P < 0.01, large coronary artery versus small
coronary artery.
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agreement with those of previous studies; however, the
effects of anesthetics on the isolated distal small coronary
arteries have not been examined previously.

Using isolated dog epicardial arteries of different sizes,
the current study revealed that vasodilators and volatile
anesthetics produced a quantitatively different magnitude
of relaxation in the proximal large coronary arteries and
the distal small coronary arteries. Nitroglycerin and halo-
thane relaxed proximal large coronary arteries to a
greater extent than the distal small arteries, whereas
adenosine and isoflurane produced an opposite effect:
greater relaxation in small coronary arteries than in large
ones.

Vessels of different size, width, or length have different
optimal resting tensions when they are subjected to in
vitro studies in which the changes in isometric tension are
measured. The relaxant effects of vasodilators are related
directly to passive resting tensions developed by stretching
of arterial strips.'® We differentiated the large and small
epicardial coronary arteries according to the outside di-
ameter (greater than 2.0 mm as large artery and less than
1.0 as small artery), and the resting tension was adjusted
to 2.0 and 1.5 g, respectively, although the sizes of arteries
were slightly variable within the groups. Schnarr and
Sparkes'? used large and small coronary arteries with
outside diameters of 2.0 and less than 0.55 mm, respec-
tively, and the resting tensions were 1.6 and 0.12 g, re-
spectively. Miwa and Toda'* used arteries with inside di-
ameters of greater than 1.5 mm, 0.5-0.8 mm, and less
than 0.3 mm as large, medium, and small coronary ar-
teries, respectively, and added the resting tensions of 3.0,
1.5, and 0.6 g, respectively. Despite different experimen-
tal conditions, a similar finding is that NTG preferentially
dilates large coronary arteries, and in contrast, adenosine
preferentially dilates small coronary arteries. Thus, the
regional difference of relaxation of isolated coronary ar-
teries induced by halothane and isoflurane, as well as NTG
and adenosine, is likely to result from the functionally
different responsiveness of large and small coronary ar-
teries to anesthetics but not from the difference in resting
tensions used in the current study.

It has been demonstrated that resistance vessels in vivo
have similar reactivity to small epicardial arteries in vi-
tro.!'"1%%8 For example, Cohen and Kirk,'* using cannu-
lated dog coronary vessels, showed that NTG preferen-
tially reduces large coronary artery resistance under nor-
mal and ischemic conditions, and adenosine has its
principal action on resistance coronary vessels under nor-
mal perfusions, resulting in a reduction of the total cor-
onary vascular resistance. Thus, although we examined
the effect of anesthetics on small epicardial arteries that
are anatomically different from coronary arterioles, one
might extrapolate that selective actions of anesthetics on
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small coronary arteries are likely to occur in resistant ar-
terioles in vivo.

Although in vivo and in vitro studies suggest that aden-
osine is a potent coronary vasodilator, adenosine at 107*
M produced only about 25% of relaxations relative to
those induced by 10™* M papaverine in small coronary
arteries contracted with KCI. Potassium chloride-induced
constriction appears to be less susceptible to adenosine
than prostanoid-induced constriction. In fact, our previous
study demonstrated that adenosine at 107 M induced
about 80% of relaxations in small coronary arteries con-
tracted with PGFy,.%” Such is the case with inhalation an-
esthetics. Both halothane and isoflurane have been dem-
onstrated to inhibit prostanoid- or serotonin-induced
constriction to a greater extent than KCl-induced con-
striction of large epicardial coronary arteries isolated from
the dog® and pig.2* Thus, it is possible that isoflurane
produces more profound relaxation in small coronary ar-
teries contracted with PGFy, than with KCI as observed
in the current study; however, isoflurane-induced relax-
ation even at 3.4%, which is well beyond clinical relevant
concentrations, probably would be less than adenosine-
induced relaxation, whatever agents may be used for pre-
constriction, Further work in this area is needed.

Although seemingly paradoxical, agents such as aden-
osine, which preferentially dilate coronary arterioles, can
induce myocardial ischemia. The peripheral coronary ar-
teries that are expected to dilate maximally under the
ischemic condition could not be dilated any more by va-
sodilators, while vessels in the nonischemic region would
be dilated, resulting in decrease of regional blood flow to
the ischemic area.® In the clinical setting, dipyrida-
mole,?®?® an adenosine potentiator, is a drug potentially
causing transient myocardial ischemia by such *“coronary
steal” due to its vasodilating action on coronary arterioles
in patients with significant organic stenosis. Our finding
that the effects of isoflurane on coronary artery resemble
those of adenosine supports the possibility that isoflurane
at concentrations higher than those usually used clinically
produces “‘coronary steal.” In fact, Buffington et al.,” in
a canine model of chronic coronary occlusion, clearly
showed that isoflurane, like adenosine, could produce a
flow maldistribution with a decrease in the collateral-de-
pendent region and an increase in the normally perfused
region, concomitant with a deterioration in collateral zone
function.

In conclusion, we demonstrated the regional difference
of relaxation induced by halothane and isoflurane in iso-
lated dog epicardial coronary arteries previously con-
tracted with KCI; halothane, like nitroglycerin, prefer-
entially relaxed the proximal large coronary artery, and
in contrast, isoflurane, like adenosine, preferentially re-
laxed the distal small coronary artery.
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