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Role of Adenosine Tripbosphate—sensitive
Potassium Channels in Coronary Vasodilation by

Halothane, Isoflurane, and Enflurane
George J. Crystal, Ph.D.,* Juozas Gurevicius, M.D.,T M. Ramez Salem, M.D.,t Xiping Zhou, M.D.§

Background: Halothane, isoflurane, and enflurane cause
coronary vasodilation and cardiac depression. This study was
performed to assess the role of adenosine triphosphate (ATP)—
sensitive potassium channels (K,;» channels) in these effects.

Methods: Twenty-five thoracotomized dogs were anesthe-
tized with fentanyl and midazolam. The left anterior descend-
ing coronary artery was perfused via either of two pressurized
(80 mmHg) reservoirs. One reservoir was supplied with arte-
rial blood free of a volatile anesthetic, and the second reservoir
was supplied with arterial blood equilibrated in an oxygenator
with a 1 minimum alveolar concentration of either halothane
(0.9%, n = 10), isoflurane (1.4%, n = 8), or enflurane (2.2%,
n = 7). Coronary blood flow (CBF) was measured using a
Doppler flow transducer, and segmental shortening (SS) was
measured with ultrasonic crystals. Responses to the volatile
anesthetics were assessed under control conditions, during
intracoronary infusion of the K,,;» channel inhibitor gliben-
clamide (100 pug/min), and after cessation of glibenclamide
(recovery). The effectiveness of glibenclamide was verified
from inhibition of coronary vasodilator responses to the K,
channel opener cromakalim without effect on those to the
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Kirr channel-independent vasodilators, sodium nitroprusside
and acetylcholine.

Results: Under control conditions, the volatile anesthetics
caused pronounced increases in CBF (isoflurane > halothane
= enflurane), and decreases in SS (enflurane > halothane =
isoflurane). Glibenclamide blunted significantly (and revers-
ibly) the increases in CBF, but it had no effect on the decreases
in SS.

Conclusions: The K,;» channels play an important role in
coronary vasodilation but apparently are not involved in car-
diac depression caused by halothane, isoflurane, and enflur-
ane in canine hearts in situ. (Key words: Anesthetics, volatile:
halothane; isoflurane; enflurane. Heart: coronary vascular
tone; myocardial oxygen demand; myocardial contractility;
adenosine triphosphate—sensitive potassium channels.)

IN previous studies from this laboratory, selective intra-
coronary administration of the volatile anesthetics halo-
thane, isoflurane, and enflurane in canine hearts iz situ
caused increases in coronary blood flow (CBF), accom-
panied by reductions in oxygen extraction.' > These
findings are classical signs of pharmacologic dilation of
coronary resistance vessels." Despite extensive investi-
gation, the mechanism(s) responsible for the ability of
the volatile anesthetics to cause coronary vasodilation
have not been completely described.

Potassium channels closed by intracellular adenosine
triphosphate (called ATP-sensitive potassium channels
[Kyrp channels]) were first identified in cardiac muscle
by Noma.” More recently, these channels also were
found in vascular smooth muscle cells.®” The K, chan-
nels may provide a means whereby the metabolic status
of the cell regulates its level of activity. Furthermore, it
has been shown that various drugs, such as cromakalim,
may modulate the opening of the K, channels.®’
Opening of the K,;p channels causes hyperpolarization
of vascular smooth muscle cells by shifting the mem-
brane potential closer to the K' reversal potential. Hy-
perpolarization then inhibits calcium entry through
voltage-dependent calcium channels, leading to vasodi-
lation." The K, channels appear to play a role in
maintaining basal coronary vascular tone'"'” and in the
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coronary vasodilation associated with increased myo-
cardial oxygen consumption (MVO,)"* and reduced cor-
onary perfusion pressure.'""

To date two studies,'"” using different experimental
models and approaches, have assessed the role of the
K,rp channels in coronary vasodilation by volatile anes-
thetics. Although both these studies presented evidence
to support involvement of the K, channels in this
response, the extent of this involvement varied. Larach
and Schuler'® showed that blockade of the K,;» chan-
nels with glibenclamide attenuated (by 56%) the halo-
thane-induced increase in coronary flow in crystalloid-
perfused rat hearts arrested with tetrodotoxin, whereas
Cason et al.'” showed that glibenclamide completely
prevented the increases in CBF (and converted them
to decreases) during intracoronary administration of
isoflurane in swine. Together the results from these
diverse studies suggest that the volatile anesthetics may
differ in their dependence on the K,;p channels for
coronary vasodilation. However, this remains to be con-
firmed systematically in the same experimental model
under the same experimental conditions.

The primary objective of this study was to evaluate
the relative effect of glibenclamide on the increases in
CBF caused by intracoronary administration of halo-
thane, isoflurane, and enflurane in canine hearts in situ.
Potassium ATP channel-opening drugs have been
shown to decrease the duration of the ventricular action
potential and the strength of cardiac muscle contrac-
tion.'®'” Thus another objective of the study was to
evaluate the role of the cardiac K,;», channels in the
negative inotropic effects of the volatile anesthetics.

An extracorporeal controlled-pressure perfusion sys-
tem was used to administer the drugs, including the
volatile anesthetics, glibenclamide and cromakalim, into
the left anterior descending coronary artery (LAD) of
canine hearts in situ.' * This approach avoided the sys-
temic hemodynamic effects of the drugs, which simpli-
fied interpretation of the findings.

Materials and Methods

Preparation of Experiments

The study was conducted after approval from the in-
stitutional animal research committee. Experiments
were performed on 25 healthy mongrel dogs of either
sex (weight, 20.5-27.3 kg). Anesthesia was induced
with intravenous bolus injections of 15 mg/kg thiopen-
tal. Anesthesia was maintained by continuous intrave-
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nous infusion of fentanyl and midazolam at rates of
12 ug-kg™'-h™' and 0.6 mg-kg '-h™', respectively.
During surgical preparation, adequacy of this anesthesia
regimen was demonstrated by lack of muscle movement
and by stable systemic hemodynamic parameters, such
as heart rate. After tracheal intubation and left thoracot-
omy in the fourth intercostal space, the lungs were
mechanically ventilated (Air Shields Inc, Hatboro, PA)
with the fractional inspired oxygen concentration equal
to 1. The volume and rate of the ventilator were estab-
lished to maintain arterial P, at physiologic levels.
Po,, Pco,, and pH of arterial and venous blood samples
were measured electrometrically (model 413; Instru-
mentation Laboratories, Lexington, MS). After comple-
tion of surgery, muscle paralysis was obtained with an
intravenous injection of 0.1 mg/kg vecuronium bro-
mide, with supplements at 0.05 mg-kg '-h ' to facili-
tate mechanical ventilation. For the rest of the study,
hemodynamic parameters alone were used to assess the
depth of anesthesia. Body temperature was maintained
at 38°C with a heating pad. Lactated Ringer’s solution
was administered continuously at a rate of 5 ml
kg '-h 'intravenously to compensate for evaporative
fluid losses. Heparin (400 U/kg with supplementation)
was used for anticoagulation.

The LAD was perfused via an extracorporeal system,
the details of which have been described previously.”
Briefly, a thin-wall stainless-steel cannula (2.5-mm inside
diameter) was introduced into the LAD just distal to its
first major diagonal branch. This cannula was con-
nected via tubing to two pressurized reservoirs, which
served as alternate sources of blood for the LAD. One
reservoir (normal blood reservoir) was supplied with
volatile anesthetic-free blood withdrawn directly from
the left femoral artery, whereas the other reservoir (an-
esthetic-equilibrated blood reservoir) was supplied with
blood from the right femoral artery that was first
pumped into a hollow-fiber membrane oxygenator
(Capiox 300 series; Terumo, Tokyo, Japan) supplied
with a 95% oxygen- 5% carbon dioxide gas mixture,
which passed through a calibrated agent-specific vapor-
izer providing a 1 minimum alveolar concentration of
either halothane (0.9%, n = 10), isoflurane (1.4%, n =
8), or enflurane (2.2%, n = 7).”’ Blood supplied to the
volatile anesthetic-equilibrated blood reservoir was re-
circulated at least three times through the extracorpo-
real oxygenator to ensure complete equilibration.

The LAD perfusion tubing was equipped with (1) a
heat exchanger to maintain the temperature of the coro-
nary perfusate at 38°C, (2) an electromagnetic flow
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transducer to measure CBF, and (3) a port to collect
samples of coronary perfusate. Coronary perfusion pres-
sure was measured via a small-diameter tube positioned
at the orifice of the perfusion cannula.

Measurements of aortic blood pressure, left ventricu-
lar pressure, left ventricular dP/dt,,.,, and heart rate
were obtained using standard methods.” A continuous
record of hemodynamic variables was obtained on an
eight-channel physiologic recorder (model 2800S;
Gould, Cleveland, OH).

Experimental Measurements

Myocardial Oxygen Consumption. Myocardial ox-
ygen consumption was measured in the LAD-perfusion
territory. The anterior interventricular vein was cannu-
lated to provide samples of venous blood from the LAD-
perfused myocardium.”'** The venous cannula was al-
lowed to drain freely into a beaker to prevent venous
stagnation and interstitial edema. The coronary venous
blood was returned intermittently to the dog to main-
tain isovolemic conditions. At specified times in the
study, a 1-ml sample of blood leaving the venous can-
nula was diverted into a test tube under mineral oil to
prevent contamination with the ambient atmosphere.
This venous sample was immediately drawn into a Sy-
ringe, which was tightly sealed and stored on ice until
analyses. The venous blood sample was paired with
a I-ml arterial blood sample obtained from the LAD
perfusion tubing, so that the arteriovenous difference
for oxygen could be determined. Hemoglobin concen-
tration and percentage of hemoglobin oxygen satura-
tion of the coronary blood samples were measured us-
ing a CO-Oximeter (model 482; Instrumentation Labora-
tories) to calculate oxygen bound to hemoglobin
assuming an oxygen-carrying capacity for hemoglobin
of 1.39 ml O,/g. The oxygen dissolved in the blood was
computed (O, dissolved = 0.003 ml O, - 100 ml blood '

mmHg ') and added to the bound component to
compute total oxygen content. Myocardial oxygen con-
sumption was computed from the product of the coro-
nary arteriovenous oxygen difference and CBF when
blood samples were obtained. Oxygen extraction (in
percentages) was calculated by dividing the arteriove-
nous oxygen difference by arterial oxygen content.

Myocardial Segmental Shortening. In a subset of
the dogs (halothane [n = 7, isoflurane [n = 4], and enflur-
ane [n = 7]), measurements of myocardial segmental
shortening were obtained in the LAD bed by sonomi-
crometry.”**" A pair of ultrasonic crystals was implanted
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into the LAD-perfused myocardium to a depth approxi-
mating the subendocardium. Location in the LAD perfu-
sion field and functionality of the crystals were verified
by segmental lengthening during a brief (30-s) period of
occlusion. Furthermore, the crystals were oriented so that
they were parallel to the anticipated direction of myocar-
dial fibers in the subendocardium.

Changes in distance between the crystals were recorded
from measurements of the ultrasonic transit time between
the crystals (Triton Technology, San Diego, CA). The end-
diastolic and end-systolic lengths were identified by the
beginning of the rapid increase in the left ventricular pres-
sure just before isovolumetric contraction and the maxi-
mum rate of decrease of left ventricular systolic pressure
(dP/dt,,..), respectively.”® Percentage of segmental short-
ening, an index of local myocardial contractility, was cal-
culated from the formula:

ss= [(EDL — ESL)/EDL] X 100

where SS (%) = segmental shortening; EDL (mm) = end-
diastolic length; and ESL (mm) = end-systolic length.

Experimental Protocols

After at least 45 min for recovery from surgical prepa-
ration, initial control measurements of CBF and other
parameters, including MVO, and SS, were obtained dur-
ing perfusion from the normal blood reservoir with cor-
onary perfusion pressure set equal to mean aortic pres-
sure. With coronary perfusion pressure maintained at
this level, the LAD was switched to the blood reservoir
equilibrated with a volatile anesthetic, either halothane,
isoflurane, or enflurane. Values during the volatile anes-
thetic were obtained when CBF stabilized at a peak
level, which was usually approximately 3-5 min after
the switch in reservoirs. The LAD was then returned to
the normal blood reservoir, and at least 30 min was
permitted for recovery.

The increases in CBF were assessed during intracoro-
nary infusions of the K, channel-independent vasodila-
tors, sodium nitroprusside (80 pg/min), and acetylcho-
line (20 pg/min), the K p channel-opener cromakalim
(2.5 and 5 pg/min), and adenosine (8 mg/min). Each
exposure of the LAD to a vasodilating drug was immedi-
ately preceded by a drug-free control period. The rate
of infusion of the coronary vasodilators corresponded
to 1-2 ml/min. The doses for sodium nitroprusside,
acetylcholine, and cromakalim were chosen because
they caused the maximal increase in CBF possible with-
out decreases in aortic pressure. The dose for adenosine
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has been shown to cause steady-state, maximal coro-
nary vasodilation.” The rate of CBF during adenosine
infusion served as a measure of the vasodilator reserve
of each preparation and also as a reference to assess
the extent of coronary vasodilation by the volatile anes-
thetics. The intracoronary infusions of sodium nitro-
prusside, acetylcholine, cromakalim, and adenosine
were continued as long as required to achieve steady-
state increases in CBF, which was usually 2-3 min.
After sufficient time for recovery from the effects of the
vasodilators (>30 min), new baseline measurements
were obtained and an intracoronary infusion of the K,
channel inhibitor glibenclamide (100 pg/min) was be-
gun and maintained for 10 min before CBF and other
parameters were measured.

While continuing glibenclamide, the intracoronary
administrations of the volatile anesthetic, sodium nitro-
prusside, acetylcholine, cromakalim, and adenosine
were repeated. The infusion of glibenclamide was
stopped and at least 30 min was allowed for recovery.
After new baseline values were obtained, a third series
of intracoronary administrations of the coronary vasodi-
lators, including the volatile anesthetic, was performed.
The order of the intracoronary administrations was ran-
domized under all conditions to avoid introducing bias
to the results.

Drugs

Glibenclamide was dissolved with 0.01 N NaOH un-
der gentle heat and diluted to a concentration of 100
pg/ml with isotonic saline. Preliminary studies showed
that infusion of the vehicle for glibenclamide alone had
no effect on hemodynamic variables or on the response
of the coronary circulation to the vasodilators used in
this study. Sodium nitroprusside, acetylcholine, croma-
kalim, and adenosine were dissolved in isotonic saline
to achieve concentrations of 80 pg/ml, 20 pug/ml, 2.5
pg/ml, and 8 mg/ml, respectively.

Statistical Analysis

Student’s ¢ test for paired samples was used to assess
effects of the volatile anesthetics, cromakalim, sodium
nitroprusside, acetylcholine, adenosine, and gliben-
clamide relative to the predrug control value.”” An anal-
ysis of variance in combination with the Student-New-
man-Keuls test was used to evaluate effects of the vasod-
ilating drugs before, during, and after administration of
glibenclamide and to compare baseline responses to
the various volatile anesthetics.”” A probability value
less than 0.05 was considered sign:f ant.
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Results

Figure 1 is a representative tracing showing effects of
intracoronary halothane on CBE. Responses before and
during infusion of glibenclamide in the same dog are
compared. The main finding shown is that halothane
caused an approximately 100% increase in CBF before
glibenclamide but only a 40% increase in CBF during
glibenclamide. Halothane reduced left ventricular dP/
dt, and it had no effect on either aortic pressure or
heart rate in the absence and presence of glibenclamide.
These systemic hemodynamic effects of intracoronary
halothane were a consistent finding during the study
(table 1). Coronary arterial P, was increased during
halothane, although this effect was statistically signifi-
cant only in the presence of glibenclamide (table 1).
The changes in systemic hemodynamic parameters and
coronary arterial blood gases in the isoflurane and en-
flurane studies were comparable to those presented for
the halothane studies.

Figure 2 summarizes the changes in CBF by halothane,
isoflurane, and enflurane, before, during, and after glibe-
nclamide. The three volatile anesthetics caused pro-
nounced increases in CBF (isoflurane > halothane =
enflurane), which, at constant coronary perfusion pres-
sure, reflected proportional decreases in coronary vas-
cular resistance. The figure also shows that glibenclam-
ide attenuated, in a reversible manner, the volatile anes-
thetic-induced increases in CBE.

Figure 3 summarizes the increases in CBF by croma-
kalim, sodium nitroprusside, acetylcholine, and adeno-
sine before, during, and after glibenclamide. Before gli-
benclamide, all of the drugs caused pronounced in-
creases in CBF. The increases in CBF by cromakalim
were dose dependent. Glibenclamide blunted the in-
creases in CBF caused by cromakalim and adenosine,
but it had no effect on those caused by sodium nitro-
prusside and acetylcholine. Neither infusion of the coro-
nary vasodilators nor of glibenclamide affected systemic
hemodynamic parameters; these values remained at val-
ues comparable to those presented under control in
table 1.

The volatile anesthetics caused reductions in SS (and
in MVO,) (tables 2 -4); the decreases in SS were greater
for enflurane than for halothane and isoflurane. The
combination of decreased MVO, and increased CBF dur-
ing administration of the volatile anesthetics resulted in
pronounced reductions in oxygen extraction. Gliben-
clamide did not affect the decreases in SS and MVO, by
the volatile anesthetics, except that it abolished the
decreases in MVO, during isoflurane.

20z Iudy 01 uo }sanb Aq Jpd*02000-00020.661-2¥S0000/S20LLE/BYY/2/98/sPpd-8lonIe/ABO|0ISBUISBUE/WOD JIBYDIBA|IS ZESE//:d}Y WOI) papeojumoq



452

CRYSTAL ET AL.

1.min. 1sec
=] L

CORONARY
BLOOD FLOW

PRE-GLIBENCLAMIDE

DURING GLIBENCLAMIDE

(ml+ min™'+ 100g™)

CORONARY
PERFUSION

PRESSURE
(mm Hg)

AORTIC
PRESSURE

(mm Hg)

LEGD
VENTRICULAR
dP/dt
(mm Hg + sec?) 500 -

LEFT ATRIAL 405

PRESSURE

(mm Hg)

HEART RATE

(beats » min')

&l
o -1

Fig. 1. Original tracing showing effects of selective exposure of the left anterior descending coronary artery (LAD) to blood
equilibrated with 1 minimum alveolar concentration halothane before and during glibenclamide. (4) Perfusion of the LAD was
switched to the halothane-equilibrated blood reservoir. (B) Perfusion was returned to the halothane-free reservoir. Note that
glibenclamide attenuated the halothane-induced increase in coronary blood flow.

Cromakalim caused modest, dose-dependent de-
creases in SS, although MVO, did not change consis-
tently (table 5). Glibenclamide abolished the croma-
kalim-induced decreases in SS.

Table 6 presents the baseline effects of intracoronary
glibenclamide on SS, MVO,, and CBF. Glibenclamide
reduced CBF by 30%; however, a proportional increase
in oxygen extraction resulted in no change in MVO,.
Glibenclamide had no effect on SS.

Discussion

Critique of Methods

We have used the model of regional coronary perfusion
in canine hearts in previous studies to evaluate the direct
coronary vascular effects of the volatile anesthetics' > and
to clarify mechanisms responsible for these effects, such
as nitric oxide.” In the present study, control values for
myocardial oxygen extraction in the extracorporeally per-

Table 1. Effect of Intracoronary Halothane on Systemic Hemodynamic Parameters and Coronary Arterial Blood Gases before,

during, and after Glibenclamide

Before Glibenclamide

During Glibenclamide After Glibenclamide

Control Halothane Control Halothane Control Halothane

MAP (mmHg) 83 + 6 82 +7 ) == 7/ 82 + 81 +9 4 =510
MLAP (mmHg) (10) 2= 11(0) 8.6 = 0.9 82 + 1 84 + 1.1 8.5 14 94 + 1.7
dP/dt,., (mmHg/sec) 1,430 = 76 1l.56150) == 4/7/(0) 1,460 + 93 1,300 + 94* 1,488 + 144 1,288 = 146*
HR (beats/min) 139 £6 138 + 6 140 = 7 141 = 8 1887 134 = 9
CPP (mmHg) el == 1l 2 == 1 SilRE=N] i8] 8012 (18) 22
Coronary arterial blood values

Po, (mmHg) il =50 407 + 55 236 + 44 356 + 50* 27951611 399 + 38

Pco, (mmHg) 6fs) 2= 2 &2 as gl ©}3) a1 Sl 88118 82

pH 7.39 = 0.01 7.44 + 0.01* 7.39 = 0.02 7.43 + 0.01 7.42 + 0.04 7.43 + 0.02

Het (%) 355 ++] 34 + 1 Sjl=nl 324l Sile =42 82 42

Values are mean + SE for 10 observations. Findings during isoflurane and enflurane were comparable. MAP = mean aortic pressure; MLAP = mean left arterial
pressure; HR = heart rate; CPP = coronary perfusion pressure; Hct = hematocrit.

“P < 0.05 versus control.
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Fig. 2. Changes in coronary blood flow during intracoronary
administration of 1 minimum alveolar concentration halo-
thane (n = 10), isoflurane (n = 8), and enflurane (n = 7)
before, during, and after glibenclamide (GLIB) infusion. *P >
0.05 compared with values before GLIB infusion. Values are
means *+ SE.

fused LAD bed were moderately lower than those usually
found in anesthetized dogs with naturally perfused left
coronary circulations.”” This reflects modest vasodilation
in the control preparation, probably because of vasodila-
tors released from blood cells in the pumps, bottles, and
tubing contained in the extracorporeal circuit.’’ Neverthe-
less, vascular responsiveness to an endothelium-depen-
dent vasodilator (acetylcholine),”’ an endothelium-inde-
pendent vasodilator (sodium nitr()prussidc),“ and a K, p
channel opener (cromakalim) remained pronounced. Fur-
thermore, vasodilator reserve was appreciable, as demon-
strated by the fivefold increases in CBF during adenosine
infusion. We have shown that the oxygenator used to add
the volatile anesthetics to the coronary arterial blood does
not itself release vasoactive or inotropic substances.' **

The experimental approaches used in the current
study were designed to clarify, under well-controlled

600 - OBefore GLIB
B Dunng GLIB
W After GLIB

300

200
100 5
0=

CROM 2.5

CORONARY BLOOD FLOW
(% Change from Control )

CROM 5.0 SNP ACH ADEN

Fig. 3. Changes in coronary blood flow during cromakalim
(CROM; 2.5 and 5 pg/min), sodium nitroprusside (SNP, 80 ug/
min), acetylcholine (ACh, 20 pg/min), and adenosine (Aden,
8 mg/min) before, during, and after glibenclamide (GLIB) infu-
sion. *P < 0.05 compared with control values. Values are
means + SE for 25 observations.
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Table 2. Effect of Intracoronary Halothane on Myocardial
Segmental Shortening and Oxygen Consumption before and
during Glibenclamide

Before
Glibenclamide

During
Glibenclamide

Control Halothane Control Halothane
SS (%) 14.8 =+ 0.9 901+ 2188 140 E=E 0.7 8. 72143
EDL (mm) TSI 1015 BT 168015 112+ 05 " 11.4= 04
ESL (mm) 9.4 +04 106 = 0.6 9.6+04 104 =055
MVo. (ml-min -
100g") 7.2 05 B2 0) 7% 6.2 + 0.4 4.8 + 0.5"
CBF (ml-min -
100g ") 100 + 6 2218245 4= 7 119 = 14*
Eo, (%) 44 + 2 18 2% 60 = 2 3151

Values are mean + SE for 10 observations, except for SS, EDL, and ESL,
which were for seven observations.

SS = segmental shortening; EDL = end-diastolic length; ESL = end-systolic
length; MV, = myocardial oxygen consumption; CBF = coronary blood flow;
Eo, = myocardial oxygen extraction.

*P < 0.05 versus control.

hemodynamic conditions, the role of the K, channels
in the coronary vasodilation (and the cardiac depres-
sion) caused by the volatile anesthetics halothane,
isoflurane, and enflurane. This was accomplished by
comparing the changes in CBF and SS by a volatile anes-
thetic in the absence and presence of glibenclamide
in the same preparation. The validity of our findings
depends on the duplicate responses to the individual
volatile anesthetic being independent of one another.
In previous studies using the same model, we found that

Table 3. Effect of Intracoronary Isoflurane on Myocardial
Segmental Shortening and Oxygen Consumption before and
during Glibenclamide

Before
Glibenclamide

During
Glibenclamide

Control Isoflurane Control Isoflurane
SS (%) 1621847 9.2 344 1 1418122 L1065 23"
EDL (mm) 2.5 6" W2 70+ 1.3 126+ 1.3 L 127 #3112
ESL (mm) 104 = 1090 = 511 Q478 -=R 019 BT R4 =1
MVo, (ml-min -
1009 ) 6.4 = 0.7 41 + 0.5 6.5 + 0.6 6l = 1.2
CBF (ml-min"'-
1009 ) 103 = 9 422 + 37* 78 =5 187 = 16"
Eo, (%) 41+ 5 (= 9l 54 + 5 o = 7

Values are mean + SE for eight observations, except for SS, EDL, and ESL,
which were for four observations. Abbreviations are the same as in table 2.

*P < 0.05 versus control.
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Table 4. Effect of Intracoronary Enflurane on Myocardial
Segmental Shortening and Oxygen Consumption before and
during Glibenclamide

Before
Glibenclamide

During
Glibenclamide

Control Enflurane Control Enflurane
SS (%) 124 = 0.9 (0] =t {2 G PG S (0).7 2ABIE=2I68
EDL (mm) i1 0:8F==10I5 i SR 016 10200158 02507
ESL (mm) 9.5 == 058 il 518 = 0168 89+ 05 9.9 + 0.4*
MV, (ml-min '-
100 g ) 5LilN==10:8 3.6 = 0.9 52 =06 3.8 = 0.6
CBF (ml-min'-
1009 ) 98 + 10 223 + 45* 66 + 10 9 = 14*
Eo, (%) 41+ 6 12 == 3¢ 57 = 36 = 10*

Values are mean + SE for seven observations. Abbreviations are the same
as in table 2.

*P < 0.05 versus control.

the coronary vasodilating effects of volatile anesthetics
were blunted when arterial blood concentration was
increased gradually,” or when exposure to the anesthe-
tics was prolonged.*® These findings implied a tendency
for coronary vascular smooth muscle to adapt to the
relaxing effects of these drugs. Such vascular adaptation
could have attenuated responses to the second expo-
sure to the volatile anesthetic, regardless of an effect
of glibenclamide. To reduce this possibility, we used
abrupt, relatively brief exposures of the LAD to blood
previously equilibrated with a volatile anesthetic. The
recovery of volatile anesthetic-induced coronary vasodi-
lation during a third exposure in the absence of gliben-
clamide provided evidence that this protocol was suc-
cessful in avoiding vascular adaptation, and that the
diminution in the response to the volatile anesthetics

Table 6. Effect of Intracoronary Infusion of Glibenclamide at
100 pg/min on Baseline Values for Myocardial Segmental
Shortening and Oxygen Consumption

Before
Glibenclamide

During

Glibenclamide

SS (%) 14.2 + 0.9 14.1 + 0.8
EDL (mm) 11.4 + 0.4 11.2 + 0.4
ESL (mm) 9.7 + 0.3 9.6 + 0.3
MVo, (ml-min~'-100 g ) 6.0 + 0.4 5.8 + 0.3
CBF (ml-min '-100 g ') 96 + 4 57/ s &
Eo, (%) 42 + 2 58 + 2*

Values are mean = SE for 25 observations, except for SS, EDL, and ESL,
which were for 18 observations. Abbreviations are the same as in table 2.

*P < 0.05 versus Before Glibenclamide.

during the second exposure was an effect of glibenclam-
ide.

Our model typically demonstrates increases in CBF
that are more pronounced than those observed when
the volatile anesthetics are administered in the inspired
gas.”"” One factor contributing to this difference is
that our model obviates decreases in coronary perfusion
pressure and global cardiac work demand (secondary
to reduced ventricular wall tension) that accompany
inhalation of the anesthetics. Furthermore, when a vola-
tile anesthetic is administered via the lungs, its blood
concentration increases gradually in accordance with
the pharmacokinetics of the anesthetic in the alveoli
and pulmonary capillary bed,* thus providing an oppor-
tunity for vascular adaptation. As previously noted, our
model excluded this factor. The more pronounced CBF
responses in our model do not detract from its value
as a tool to clarify the mechanisms underlying volatile
anesthetic-induced coronary vasodilation. On the con-

Table 5. Effect of Intracoronary Infusion of Cromakalim at 2.5 and 5.0 png/min (CROM-2.5 and CROM-5.0, respectively) on
Myocardial Segmental Shortening and Oxygen Consumption before and during Glibenclamide

Before Glibenclamide

During Glibenclamide

Control CROM-2.5 CROM-5.0 Control CROM-2.5 CROM-5.0
SS (%) 15.6 + 0.8 g =D 12.6 + 0.8* 14.3 + 0.7 18:81 = i 13.8 + 0.8
EDL (mm) 11.3 = 0.4 1028103 11.4 + 0.4 11.2 + 0.4 10.4 + 0.2 Ml =5 (g
ESL (mm) €)5) 25 (0)3) (s5¢) a5 (0)fe) 9.9 + 0.4* 9161108 908203 9.6/ +=10:3
MVo, (ml-min~"-100 g ") 6.1 = 0.4 5.7 * 0.7 5.4 + 04 5.8 + 0.3 5.5 + 0.3 Gl et 01
CBF (ml-min~"-100 g ') 93 + 4 295 + 17* 433 + 26" 68 + 3 105 + 8* 175 = 16*
Eo, (%) 44 + 2 1) ek 2 2 a2 59 + 2 47 + 5* o) G

Values are mean +

*P < 0.05 versus control.
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SE for 25 observations, except for SS, EDL, and ESL, which were for 18 observations. Abbreviations are the same as in table 2.
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trary, they facilitate identification of the effects of phar-
macologic inhibitors, such as glibenclamide, and thus
will help uncover these mechanisms.

The ability of SS measurements to reflect changes in
myocardial contractility is limited by variations in heart
rate and in the loading conditions of the heart.’® How-
ever, the constant values for heart rate and for indices
of afterload (aortic pressure) and preload (left atrial
pressure) during intracoronary infusion of drugs suggest
that this methodologic limitation does not apply to the
present study.

Interpretation of our results depends on glibenclam-
ide being an effective and specific blocker of K,;, chan-
nels. Such blockade was demonstrated by the ability
of glibenclamide to attenuate significantly, in a readily
reversible manner, the coronary vasodilating effects of
the K,rp channel-opening drug cromakalim while hav-
ing no effect on the coronary vasodilating effects of the
K.rp channel-independent drugs, sodium nitroprusside
and acetylcholine. Our intracoronary dose of gliben-
clamide (100 pg/min) was based on preliminary studies,
which indicated that it was the highest dose that could
be used without causing nonspecific inhibition of coro-
nary vascular smooth muscle reactivity, and it was in
the range of the dose used by previous investigators.'""?
The failure of glibenclamide to abolish the coronary
vasodilating effects of cromakalim is consistent with
the known competitive antagonism between the two
compounds.”’

Glibenclamide acts on K, channels in the beta cells
of the pancreas to increase insulin release, which, in
turn, decreases glucose concentration in the blood.*®
The use of intracoronary infusions of glibenclamide in
our study kept the systemic blood concentrations low,
thus making significant changes in insulin or glucose
blood concentration unlikely.

Coronary arterial P, was modestly higher in the anes-
thetic-equilibrated blood because of more efficient gas
exchange in the oxygenator compared with the lungs
of the animals in the experiments. However, because
the Py, of coronary arterial blood was sufficient under
all conditions for essentially complete saturation of he-
moglobin (>200 mmHg), the higher P, in blood from
the oxygenator affected only dissolved O,, and thus had
only a negligible influence on arterial O, content.

Coronary Effects of Volatile Anesthetics
The main finding from this study was that glibenclam-
ide (a specific K,;p channel blocker) attenuated the in-

Anesthesiology, V 86, No 2, Feb 1997

creases in CBF but had no effect on the decreases in SS,
caused by the volatile anesthetics, halothane, isoflurane,
and enflurane in canine hearts in situ.

The increases in CBF caused by the volatile anesthe-
tics were accompanied by decreases in SS and MVO,
(reflecting a direct negative inotropic effect), and thus
the values for O, extraction decreased markedly. These
decreases in O, extraction indicated an uncoupling of
coronary oxygen supply from the myocardial oxygen
demands, which is the hallmark of a coronary vasodilat-
ing drug.” The coronary vasodilating potency of the
volatile anesthetics varied by agent; that is, isoflurane
> halothane = enflurane.

We observed that glibenclamide significantly attenu-
ated the coronary vasodilation caused by the volatile
anesthetics, suggesting that an opening of K ,» channels
plays an important role in this response. These findings
correspond with the findings obtained by Larach and
Schuler'® during administration of halothane in crys-
talloid-perfused rat hearts arrested with tetrodotoxin.
However, in contrast to our findings, Cason et al.'’
found that glibenclamide completely inhibited the di-
rect coronary vasodilating effect of isoflurane, thus un-
masking a vasoconstrictor effect. This vasoconstrictor
effect was attributed to the metabolic mechanisms
matching CBF to the reduced MVO, due to the negative
inotropic effect of isoflurane. An explanation for the
greater effectiveness of glibenclamide in the study by
Cason et al. compared with the present study is not
clear. Several methodologic differences may have con-
tributed, including a difference in species, a higher dose
for glibenclamide in one half the studies by Cason et al.,
and a difference in the protocol used for intracoronary
administration of isoflurane. Because Cason et al. used
graded and relatively prolonged intracoronary adminis-
trations of isoflurane, the coronary vasodilating re-
sponses during their second exposure to isoflurane (in
the presence of glibenclamide) may have been limited
by vascular adaptation. This factor played no apparent
role in the present study.

The mechanism(s) by which halothane, isoflurane,
and enflurane open the K, channels in coronary vascu-
lar smooth muscle remains to be clarified. Several poten-
tial mechanisms may be proposed. (1) The volatile anes-
thetics may have interacted directly with the K, chan-
nels. (2) A reduction in ATP concentration within the
vascular smooth muscle cell may have caused an open-
ing of the K, channels. (3) Prostacyclin may have
been released (perhaps from the vascular endothelium),
which in turn opens the K, channels, perhaps by
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a G-protein-mediated pathway. This mechanism was
implied by the study of Jackson et al.,”” who reported
that glibenclamide inhibited coronary vasodilation
caused by exogenous prostacyclin or iloprost (the sta-
ble analog of prostacyclin) in saline-perfused rabbit
hearts. (4) An adenosine vascular receptor may have
been activated, leading to an opening of K, channels
via a G protein.”"*~* (5) An interaction may have oc-
curred with phosphorylation-regulating enzymes, such
as protein kinase C, which in turn may regulate the
activity of the K, channel. Further investigations are
required to determine which, if any, of the above mech-
anisms are involved in the opening of K, channels in
coronary vascular smooth muscle by the volatile anes-
thetics.

The decreases in SS and MVO, during the intracoro-
nary administration of the volatile anesthetics are con-
sistent with the well-documented negative inotropic ef-
fect of these agents." *® The relative potency of this
negative inotropic effect in our study was as follows:
enflurane > halothane = isoflurane. A comparison of
our results to most previous in vivo findings is compli-
cated by the reductions in cardiac afterload and barore-
ceptor-arousal of the sympathoadrenal system that ac-
company administration of the volatile anesthetics in
inspired gas.”® However, some studies used experimen-
tal approaches that minimized these complicating fac-
tors. Coetzee et al.,'” using a load-independent index
of myocardial contractility (the end-systolic pressure-
length relation) in dogs anesthetized with fentanyl,
found relative negative inotropic effects for 1 minimum
alveolar concentration of halothane, isoflurane, and en-
flurane that were similar to those that we found in
this study. However, Pagel et al.,”® using another load-
independent index of myocardial contractility (preload
recruitable stroke work) in chronically instrumented
autonomically blocked dogs, found that 1.5 and 2 mini-
mum alveolar concentrations of halothane had a greater
negative inotropic effect than did equianesthetic con-
centrations of isoflurane. These latter results supported
findings obtained in cardiac samples in vitro."'° The
findings to date suggest that the relative negative inotro-
pic effects of halothane, isoflurane, and enflurane may
depend on the experimental preparation and the anes-
thetic concentration.

Although systolic lengthening (indicative of total ar-
rest of mechanical function) is usually associated with
localized myocardial ischemia, it has been observed
when a potent negative inotrope, such as lidocaine, is
selectively administered into a branch of the left main

Anesthesiology, V 86, No 2, Feb 1997

coronary artery."” Several lines of evidence suggest this
latter mechanism was responsible for the systolic
lengthening observed during intracoronary enflurane in
our study. First, enflurane increased, rather than de-
creased, CBF. Second, in a previous study, we found
that regional myocardial lactate uptake was maintained
during intracoronary enflurane infusion, suggesting a
lack of anaerobic metabolism and myocardial ischemia.’
Finally, we also found that systolic lengthening per-
sisted when CBF was increased maximally with adeno-
sine during intracoronary enflurane administration.”

In this study, the intracoronary infusions of croma-
kalim caused marked increases in CBF (300 -400%), ac-
companied by modest decreases in SS (15-20%). This
small effect of K, channel activation on cardiac func-
tion is consistent with previous findings obtained in
isolated perfused rat hearts® and in swine hearts in
vivo.”" The relative changes in CBF and SS caused by
cromakalim in the present study are consistent with
observations obtained in vitro, indicating that vascular
smooth muscle may be as much as 2,000 times more
sensitive to K,rp channel openers than is cardiac mus-
clche

The failure of glibenclamide to blunt the decreases in
SS by the volatile anesthetics suggests that the cardiac
K,rp channels were not activated by these agents. An-
other possibility is that the volatile anesthetics caused
activation of the cardiac K, channels, but because this
mechanism made only a modest contribution to the
overall negative inotropic effect, its influence was over-
shadowed by other more dominant mechanisms, such
as the alterations in Ca’ " flux.""*° An opening of car-
diac K, channels by volatile anesthetics has been sug-
gested by recent work in chronically instrumented
dogs, indicating that isoflurane can provide protection
from myocardial stunning, which can be attenuated
with glibenclamide.”

The ability of glibenclamide to prevent the reduction
in MVO, during isoflurane administration was an inter-
esting and new observation. Because the decreases in
SS were preserved, this effect could not be explained
by an obtunded negative inotropic response. Rather, it
apparently reflected an ability of glibenclamide in the
presence of isoflurane to uncouple myocardial oxygen
use from the cardiac workload, via a direct effect on
mitochondrial function. This effect of glibenclamide
was not observed in the absence of the volatile anesthe-
tics; that is, glibenclamide itself had no effect on SS
or MVO, (table 6) or in the presence of halothane or
enflurane. Because little is known about the indepen-
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dent influences of the K,» channels and isoflurane on
mitochondrial function,'” it is difficult to speculate how
these factors might interact to produce the present
findings. Further studies using sophisticated in vitro
techniques are needed to clarify this mechanism.

We found that glibenclamide inhibited adenosine-in-
duced coronary vasodilation, implying that adenosine
activates the K, channels in coronary vascular smooth
muscle. This observation confirms findings obtained
both in vivo™ " and in isolated heart preparations.***
Although adenosine causes coronary vasodilation via
A; and A, receptors, only the A, receptor-mediated com-
ponent could be inhibited with glibenclamide.*® This
suggests that the A, receptors are coupled to the K, p
channels. Findings in isolated ventricular myocytes sug-
gest that this coupling may occur through G proteins.”

Other investigators using intracoronary infusions of
glibenclamide also reported decreases in baseline CBF,
implying that the K,;; channel is active under basal
conditions in coronary vascular smooth muscle and that
it contributes to the maintenance of basal coronary
tone.'"'” Despite the decrease in CBF during gliben-
clamide, neither MVO, nor SS was affected. Myocardial
oxygen consumption was maintained because oxygen
extraction increased sufficiently to offset the reduction
in CBE.

Our findings suggest that the K, channels play an
important role in coronary vasodilation but are not ap-
parently involved in the cardiac depression caused by
halothane, isoflurane, and enflurane in canine hearts in
Situ.

The authors thank Derrick L. Harris for technical assistance.
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