
Anesthesiology 2002; 97:725–31 © 2002 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

Increases in Coronary Collateral Blood Flow Produced by
Sevoflurane Are Mediated by Calcium-activated Potassium
(BKCa) Channels In Vivo
Franz Kehl, M.D., D.E.A.A.,* John G. Krolikowski, B.A.,† John P. Tessmer, B.S.,† Paul S. Pagel, M.D., Ph.D.,‡
David C. Warltier, M.D., Ph.D.,§ Judy R. Kersten, M.D.�

Background: Sevoflurane enhances coronary collateral blood
flow independent of adenosine triphosphate–regulated potas-
sium channels. The authors tested the hypothesis that this vol-
atile anesthetic increases coronary collateral blood flow by
either opening calcium-activated potassium channels or by di-
rectly stimulating nitric oxide synthesis in the canine coronary
collateral circulation.

Methods: Twelve weeks after left anterior descending coro-
nary artery ameroid constrictor implantation, barbiturate-anes-
thetized dogs (n � 22) were instrumented for measurement of
hemodynamics and retrograde coronary flow. Dogs received
sevoflurane ([0.5 and 1.0 minimum alveolar concentration
[MAC]) during intracoronary infusions of drug vehicle (0.9%
saline), the calcium-activated potassium channel antagonist ibe-
riotoxin (13 �g/min), or the nitric oxide synthase inhibitor
N�-nitro-L-arginine methyl ester (L-NAME, 300 �g/min). Retro-
grade coronary collateral blood flow was measured under base-
line conditions, during and after administration of sevoflurane,
and during intracoronary infusion of bradykinin. Data are
mean � SEM.

Results: Sevoflurane increased (*P < 0.05) retrograde coro-
nary collateral blood flow (from 65 � 11 during control to
67 � 12* and 71 � 12* ml/min during 0.5 and 1.0 MAC, respec-
tively). Iberiotoxin but not L-NAME attenuated these sevoflu-
rane-induced increases in retrograde flow (6 � 1*, 7 � 2*, and
3 � 2 ml/min during vehicle, L-NAME, and iberiotoxin, respec-
tively). After discontinuation of sevoflurane, retrograde flow
returned to baseline values in each group. Bradykinin increased
retrograde flow in vehicle- (63 � 12 to 69 � 12* ml/min) but not
in iberiotoxin- (61 � 7 to 62 � 5 ml/min) or L-NAME–treated
dogs (64 � 11 to 63 � 10 ml/min).

Conclusions: The results demonstrate that sevoflurane in-
creases coronary collateral blood flow, in part, through activa-
tion of calcium-activated potassium channels in vivo. This ac-
tion occurs independent of nitric oxide synthesis.

CHRONIC reduction of myocardial oxygen supply pro-
duced by severe coronary artery stenoses leading to
coronary occlusion stimulates growth of collateral ves-
sels that increase blood flow to myocardium at risk for

ischemia. Coronary collateral perfusion is a major deter-
minant of the degree of injury associated with an isch-
emic event.1 The vasodilator response of coronary col-
laterals to physiologic and pharmacologic stimuli is an
important factor that affects the extent of damage to
ischemic myocardium. Coronary collateral vessels re-
spond to both endothelium-dependent and -independent
vasodilators, including bradykinin and nitroglycerin, re-
spectively.2,3 Activation of large conductance calcium-
activated potassium (BKCa) channels4 by endothelium-
derived hyperpolarizing factor plays a major role in the
relaxation of collateral vessels.5 Recent evidence also
suggests that BKCa channels are an important mediator
of volatile anesthetic–induced alterations in mesenteric
vasomotor tone.6

Sevoflurane is a coronary vasodilator7–9 that may pro-
duce beneficial effects in ischemic myocardium by in-
creasing coronary collateral blood flow. We have previ-
ously shown that increases in collateral perfusion
produced by sevoflurane occur independent of activation
of adenosine triphosphate–regulated potassium chan-
nels.10 In this investigation, we tested the hypothesis that
sevoflurane increases retrograde collateral blood flow by
activating BKCa channels in a canine ameroid constrictor
model of enhanced collateral development.

Materials and Methods

All experimental procedures and protocols used in this
investigation were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of the Medical
College of Wisconsin (Milwaukee, Wisconsin). All pro-
cedures conformed to the Guiding Principles in the
Care and Use of Animals of the American Physiologic
Society and were performed in accordance with the
Guide for the Care and Use of Laboratory Animals
(Washington, DC, National Academy Press, 1996).

Implantation of Ameroid Constrictors
The methods have previously been described in de-

tail.10 Conditioned mongrel dogs were fasted overnight.
Anesthesia was induced with intravenous propofol
(5 mg/kg). After tracheal intubation, anesthesia was
maintained with sevoflurane (2.5–3%) in 100% oxygen
via positive-pressure ventilation. A left thoracotomy was
performed using sterile technique, and a 1.0- to 1.5-cm
segment of the left anterior descending coronary artery
(LAD) immediately distal to the first diagonal branch was
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isolated. An ameroid constrictor (Research Instruments
and MFG, Corvallis, OR) was placed around the vessel.
The diameter of the internal lumen of the constrictor
was 2.0 to 3.0 mm, and its size was chosen for a snug fit
around the vessel without producing visible stenosis.
The chest was closed in layers and pneumothorax evac-
uated with a chest tube. Each dog received antibiotics
(cefazolin [40 mg/kg] and gentamicin 4.5 mg/kg]) and
analgesics (epidural morphine [0.2 mg/kg] and fentanyl
[2 �g/kg]).

General Preparation
Twelve weeks after implantation of ameroid constric-

tors, dogs were anesthetized with sodium pentobarbital
(15 mg/kg) and sodium barbital (200 mg/kg) and venti-
lated using positive pressure with oxygen-enriched air
(fractional inspired oxygen concentration � 0.40) after
tracheal intubation. Arterial blood acid–base status was
maintained within a physiologic range by adjusting tidal
volume and respiratory rate and by administering so-
dium bicarbonate as necessary. A dual micromanometer-
tipped catheter (Millar) was inserted into the aorta and
left ventricle (LV) through the left carotid artery to mea-
sure arterial and LV pressures, respectively. Heparin-
filled catheters were inserted into the right femoral vein
and artery for administration of intravenous fluids and
withdrawal of reference arterial blood samples,
respectively.

A thoracotomy was performed in the left fifth intercos-
tal space, the lung was gently retracted, and the heart
was suspended in a pericardial cradle. A heparin-filled
catheter was inserted into the left atrium for injection of
radioactive microspheres. Snares were placed around
the descending thoracic aorta and inferior vena cava to
facilitate control of arterial pressure, maintaining arterial
pressure at baseline values throughout experimentation.
Segments of the left circumflex coronary artery (LCCA;
proximal to the first marginal branch) and LAD (distal to
the ameroid constrictor) were dissected free from sur-
rounding connective tissue and myocardium. A transit
time flow probe (Transonic, Ithaca, NY) was positioned
around the LCCA to measure coronary blood flow and a
fluid-filled intracoronary catheter (24 gauge) was in-
serted into this vessel for drug infusion. Each dog was
anticoagulated with heparin (500 U/kg). A large-bore
polyethylene cannula attached to Silastic tubing was
inserted in the right carotid artery. The proximal LAD
was ligated, a large-bore metal cannula was positioned
and secured in the distal arterial segment, and a carotid
artery to LAD shunt was established to ensure patency of
the distal LAD perfusion cannula between measurements
of retrograde flow. Perfusion in the LAD was restored
within 3 min after vessel ligation. A segment of tubing
perpendicular to the metal cannula was used to measure
retrograde coronary collateral blood flow during inter-
ruption of antegrade coronary flow through the carotid

artery to LAD shunt. Hemodynamics were monitored
continuously on a polygraph and digitized using a com-
puter interfaced with an analog-to-digital converter.

Measurement of Myocardial Perfusion
Carbonized plastic microspheres labeled with 141Ce,

103Ru, 51Cr, or 95Nb were used to measure myocardial
perfusion as previously described.11 At the conclusion of
each experiment, 10 ml Patent blue dye was injected
into the LCCA simultaneously with saline infused intra-
coronary into the LAD perfusion tubing at equal pressure
to delineate the normal and collateral-dependent re-
gions, respectively. Transmural tissue samples were se-
lected from the collateral-dependent (distal to the amer-
oid constrictor) and normal (LCCA) regions and
subdivided into subepicardial, mid myocardial, and sub-
endocardial layers of approximately equal thickness and
weight. Tissue blood flow (ml · min�1 · g�1) was calcu-
lated as Qr · Cm · Cr

�1, where Qr is the rate of withdrawal
of the reference blood flow sample (ml/min); Cm is the
activity (counts per minute per gram) of the myocardial
tissue sample; and Cr is the activity (counts/min) of the
reference blood flow sample. Transmural blood flow was
considered as the average of subepicardial, mid myocar-
dial and subendocardial blood flows. Injection of radio-
active microspheres was performed with the retrograde
flow cannula and the carotid artery to LAD shunt
clamped. Thus, tissue blood flow to the collateral-depen-
dent myocardium was a measure of total (e.g., microvas-
cular and interarterial) collateral blood flow during
steady state conditions.12 Coronary perfusion pressure
was determined as the difference between end-diastolic
arterial pressure and LV end-diastolic pressure. Retro-
grade collateral conductance was calculated as the ratio
of retrograde blood flow to coronary perfusion pressure.

Experimental Protocol
Hemodynamics were recorded, radioactive micro-

spheres were injected, and LAD retrograde blood flow
was measured 30 min after completion of the acute
surgical preparation. Measurements of LCCA blood flow
were performed during steady state conditions before
measurement of retrograde flow. Retrograde blood flow,
an index of large interarterial collateral flow, was as-
sessed by clamping the carotid to LAD shunt and collect-
ing blood from the LAD cannula flowing into a graduated
cylinder for 90 s while the cannula tip was held at the
level of the left atrium. Measurements were performed
in triplicate, and the results were averaged. After mea-
surement of retrograde flow, total collateral blood flow
via large interarterial and microvascular anastomoses
was determined with microsphere injections performed
after the retrograde flow cannula and carotid artery to
LAD shunt had been clamped. Dogs were randomly
assigned to receive intracoronary vehicle (0.9% saline),
the BKCa channel antagonist iberiotoxin (13 �g/min),13
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or the nitric oxide synthase inhibitor N�-nitro-L-arginine
methyl ester (L-NAME, 300 �g/min)13,14 in three separate
groups. Measurements of retrograde flow were repeated
during administration of sevoflurane (0.5 and 1.0 mini-
mum alveolar concentration [MAC]) after 10 min equil-
ibration at each concentration, 10 min after discontinu-
ation of the anesthetic (recovery), and during infusion of
bradykinin (0.625 �g/min).13 Bradykinin has previously
been shown to increase coronary collateral blood flow
through both BKCa- and nitric oxide–dependent mecha-
nisms and was used as a positive control. End-tidal con-
centrations of sevoflurane were measured at the tip of
the endotracheal tube by an infrared anesthetic gas an-
alyzer that was calibrated with known standards before
and during experimentation.

Drugs
Iberiotoxin and L-NAME were purchased from Sigma

(St. Louis, MO), and sevoflurane was purchased from
Abbott Laboratories (North Chicago, IL).

Statistical Analysis
Statistical analysis of data within and between groups

was performed with multiple analysis of variance for
repeated measures followed by application of Student-
Newman-Keuls test. Changes within and between
groups were considered statistically significant when
P � 0.05. Data are mean � SEM.

Results

Twenty-five dogs were instrumented with ameroid
constrictors to obtain 22 successful experiments. Three
dogs died after implantation of ameroid constrictors
during the 12-week period of coronary collateral
development.

Hemodynamic Effects of Sevoflurane
Sevoflurane produced significant (P � 0.05), dose-

dependent decreases in heart rate and LV�dP/dtmax and
increases in LV end-diastolic pressure in the presence or
absence of iberiotoxin or L-NAME (table 1). Mean arterial
and LV systolic pressures were intentionally maintained
at baseline values by partial constriction of the thoracic
aorta or the inferior vena cava throughout each experi-
ment. Retrograde blood flow varied considerably be-
tween dogs at baseline (25–114 ml/min). Sevoflurane
consistently increased retrograde collateral blood flow
(from 65 � 11 ml/min under baseline conditions to
67 � 12 and 71 � 12 ml/min during 0.5 and 1.0 MAC,
respectively; table 1) and conductance in each dog re-
ceiving intracoronary drug vehicle (n � 7). This was a
selective effect for coronary collaterals as LCCA coronary
blood flow remained unchanged. Iberiotoxin (n � 7)
but not L-NAME (n � 8) attenuated sevoflurane-induced

increases in retrograde flow (6 � 1 and 7 � 2 ml/min
in vehicle and L-NAME experiments as compared to
3 � 2 ml/min during iberiotoxin; fig. 1). Retrograde
collateral blood flow and conductance returned to base-
line values after sevoflurane was discontinued. Transmu-
ral perfusion of normal and collateral-dependent myocar-
dium (table 2) was similar between groups under
baseline conditions. Sevoflurane did not alter transmural
or regional myocardial perfusion to either the normal or
the collateral-dependent regions in the presence or ab-
sence of iberiotoxin or L-NAME.

Hemodynamic Effects of Bradykinin
Bradykinin increased retrograde collateral flow (63 �

12 ml/min after discontinuation of sevoflurane to 69 �
12 ml/min) in dogs receiving intracoronary drug vehicle
(table 1). The magnitude of this bradykinin-induced in-
crease in retrograde flow was similar to that observed
during 1.0 MAC sevoflurane. Iberiotoxin and L-NAME
abolished increases in retrograde flow associated with
administration of bradykinin. In contrast to the findings
with sevoflurane, bradykinin increased perfusion to nor-
mal and collateral-dependent myocardium (table 2) in
dogs receiving vehicle or iberiotoxin but not L-NAME.

Discussion

The canine ameroid constrictor model of a well-devel-
oped coronary collateral circulation used in the present
investigation allows distinction of coronary collateral
blood flow on the basis of collateral size. Changes in
large interarterial coronary collateral blood flow can be
differentiated from that occurring in microvascular col-
laterals. Interarterial collateral blood flow (measured
with retrograde flow) represents the major source of
nutritive blood flow to collateral-dependent myocardi-
um.12,15 Microvascular collateral blood flow is measured
by injecting radioactive microspheres simultaneously
with measurements of retrograde flow (retrograde flow
cannula is open). Performed in this way, tissue blood
flow to the collateral-dependent region represents mi-
crovascular collateral flow (�50% of total collateral
flow) that is measured during a period of relative hypo-
perfusion.15 This procedure was used in our previous
study, and we demonstrated that sevoflurane did not
increase microvascular collateral flow. Sevoflurane in-
creased microvascular collateral flow only in the pres-
ence of glyburide, probably because glyburide caused a
small degree of vasoconstriction that resulted in an in-
crease in coronary collateral perfusion pressure (by de-
creasing the pressure drop across proximal resistances).
Alternatively, tissue blood flow measured with the ret-
rograde cannula closed represents total collateral flow
(interarterial � microvascular).12,15 In the absence of
retrograde flow diversion, this measurement is made
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during conditions in which the collateral-dependent re-
gion is capable of autoregulation because hypoperfusion
is absent. Thus, autoregulatory adjustments in resistance
in the collateral-dependent microvasculature may offset
changes in large interarterial conductance. The present
findings indicate that sevoflurane increases blood flow
through large interarterial coronary collateral vessels, in
part, by activation of BKCa channels and is independent
of nitric oxide synthesis. In contrast to the findings with
sevoflurane, interarterial collateral blood flow responses
to bradykinin were dependent on both nitric oxide and
BKCa channels, while microvascular collateral flow ap-
peared to be modulated in large part through nitric
oxide alone.

The current results confirm our previous observations
demonstrating that sevoflurane selectively increases cor-
onary collateral blood flow independent of adenosine
triphosphate–regulated potassium channels.10 Sevoflu-
rane-induced increases in retrograde collateral blood

flow were attenuated by the BKCa channel antagonist
iberiotoxin but not by the nitric oxide synthase inhibitor
L-NAME. Sevoflurane increased retrograde flow by 11 � 2%
in well-developed collaterals 12 weeks after ameroid
implantation. These results were less than those ob-
served in our previous study (29 � 7%) in dogs with
moderately developed collaterals produced 8 weeks
after ameroid implantation.10 However, small changes
(3 ml/min) in retrograde blood flow are sufficient to
markedly reduce myocardial infarct size.16 An increase in
retrograde flow of 6 ml/min during sevoflurane would
be expected to increase transmural coronary collateral
perfusion by 0.10 ml/min/g and thus result in a doubling
of collateral blood flow in a typical myocardial infarction
experiment in the dog.17 Our results also support those
of previous studies indicating that the vasodilator mech-
anisms present in the coronary collateral circulation are
dependent on the degree of collateral development. Im-
mature coronary collateral vessels exhibit redundant va-

Table 1. Hemodynamic Effects of Sevoflurane and Bradykinin

Baseline

Sevoflurane

Recovery Bradykinin0.5 MAC 1.0 MAC

HR (beats/min)
Vehicle 135 � 3 123 � 3* 113 � 2*‡ 114 � 3* 117 � 4*
Iberiotoxin 137 � 5 123 � 3* 113 � 3* 117 � 3* 125 � 4*
L-NAME 143 � 7 131 � 5 120 � 3* 133 � 7† 138 � 6†

MAP (mmHg)
Vehicle 86 � 5 88 � 4 89 � 5 88 � 5 89 � 5
Iberiotoxin 83 � 5 84 � 5 83 � 5 83 � 5 83 � 4
L-NAME 79 � 5 79 � 5 78 � 4 78 � 6 76 � 5

LVSP (mmHg)
Vehicle 93 � 5 97 � 5 99 � 6 99 � 5 99 � 5
Iberiotoxin 91 � 5 94 � 5 95 � 6 93 � 7 92 � 5
L-NAME 93 � 5 92 � 7 90 � 6 85 � 13 88 � 6

LVEDP (mmHg)
Vehicle 9 � 1 11 � 4* 13 � 1*‡ 11 � 1* 11 � 1*
Iberiotoxin 4 � 1 6 � 1*† 6 � 1*† 5 � 2† 3 � 2*†§
L-NAME 7 � 2 8 � 1 11 � 2*‡ 7 � 1 6 � 1†

�dP/dtmax (mmHg/s)
Vehicle 1,370 � 70 1,130 � 60* 960 � 60*‡ 1,200 � 100 1,320 � 110
Iberiotoxin 1,690 � 110 1,320 � 160* 1,217 � 120* 1,510 � 130 1,500 � 130
L-NAME 1,740 � 120 1,370 � 80* 1,000 � 40*‡ 1,390 � 90* 1,350 � 80*

LCCA CBF (ml/min)
Vehicle 66 � 10 59 � 9 58 � 11 66 � 10 140 � 23*§
Iberiotoxin 77 � 10 67 � 10 72 � 11 76 � 9 124 � 15*§
L-NAME 95 � 17 83 � 12 78 � 11 92 � 16 117 � 20*§

RF (ml/min)
Vehicle 65 � 11 67 � 12* 71 � 12*‡ 63 � 12 69 � 12*§
Iberiotoxin 63 � 7 66 � 7 66 � 8 61 � 7 62 � 5
L-NAME 65 � 11 68 � 11 71 � 12* 64 � 11 63 � 10

RC
(mL � min�1 � mmHg�1)
Vehicle 0.91 � 0.19 0.96 � 0.20 1.05 � 0.23*‡ 0.91 � 0.20 0.99 � 0.20*§
Iberiotoxin 0.91 � 0.11 0.98 � 0.12 0.97 � 0.13 0.90 � 0.13 0.88 � 0.10
L-NAME 1.05 � 0.19 1.13 � 0.19 1.24 � 0.21*‡ 1.04 � 0.18 1.01 � 0.17

Data are expressed as mean � SEM.

* Significantly (P � 0.05) different from baseline. † Significantly (P � 0.05) different from dogs receiving vehicle. ‡ Significantly (P � 0.05) different from 0.5
MAC sevoflurane. § Significantly (P � 0.05) different from recovery.

MAC � minimum alveolar concentration; HR � heart rate; L-NAME � N(�)-nitro-L-arginine methyl ester; LVSP � left ventricular systolic pressure; LVEDP � left
ventricular end-diastolic pressures; �dP/dtmax � maximal rate of increase of left ventricular pressure; LCCA CBF � left circumflex coronary artery blood flow;
RF � retrograde coronary collateral blood flow; RC � retrograde coronary collateral conductance.
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sodilator mechanisms mediated by endothelium-derived
hyperpolarizing factor, nitric oxide, and prostaglandins.
In contrast, mature coronary collateral vessels exhibit a
greater dependence on nitric oxide with a diminished
role for endothelium-derived hyperpolarizing factor or
prostaglandins as mediators of endothelium-dependent
relaxation.5 Coronary vasodilator reserve may also be

diminished in older hearts because the number of BKCa

channels present in coronary vascular smooth muscle is
reduced.18 Thus, less-pronounced increases in retro-
grade collateral blood flow observed during administra-
tion of sevoflurane in well-developed as compared to
moderately developed collaterals may reflect a time-de-
pendent decrease in the expression of BKCa channels
during a period when the vasodilator response of inter-
arterial collaterals is becoming more dependent on nitric
oxide.

Sevoflurane had no appreciable effect on microvascu-
lar blood flow in normal or collateral-dependent myocar-
dium in this or our previous10 investigations. We mea-
sured total collateral blood flow under steady state
conditions during which arteriolar resistance adjust-
ments in the collateral-dependent region would be ex-
pected to offset sevoflurane-induced increases in large
collateral conductance. Under these circumstances, total
collateral blood flow should increase only if sevoflurane
produced a decrease in microvascular collateral or col-
lateral-dependent arteriolar resistance. The absence of
changes in perfusion to collateral-dependent myocar-
dium suggests that sevoflurane did not substantially alter
resistance in these small vessels. In contrast to findings
during administration of sevoflurane, bradykinin in-
creased both retrograde and microvascular collateral
blood flow.2 The potent vasodilator, bradykinin, pro-
duced increases in retrograde blood flow that were sim-
ilar in magnitude to those observed during administra-
tion of sevoflurane. Iberiotoxin and L-NAME abolished
the bradykinin-induced increases in retrograde blood
flow. These findings are consistent with evidence sug-
gesting that BKCa channels may be an end-effector for
bradykinin,13 nitrovasodilators, including nitroglycer-
in,19,20 or endogenous nitric oxide.21–23 Bradykinin also
increased total normal and collateral-dependent zone
blood flow, confirming previous observations that this
endothelium-dependent vasodilator has a pronounced
effect on the coronary microvascular circulation.2,24 The
actions of bradykinin on large interarterial collaterals

Fig. 1. Histograms depicting retrograde coronary collateral
blood flow (expressed as a percentage of baseline) during ad-
ministration of sevoflurane ([0.5 and 1.0 minimum alveolar
concentration [MAC]), after discontinuation of sevoflurane (re-
covery), and during administration of bradykinin in dogs re-
ceiving intracoronary drug vehicle (0.9% saline; top), iberio-
toxin (13 �g/min; middle), or N�-nitro-L-arginine methyl ester
(L-NAME, 300 �g/min; bottom). *Significantly (P < 0.05) differ-
ent from baseline; †significantly (P < 0.05) different from
0.5 MAC sevoflurane; §significantly (P < 0.05) different from
recovery.

Table 2. Transmural Myocardial Perfusion (ml � min�1 � g�1)

Baseline

Sevoflurane

Bradykinin0.5 MAC 1.0 MAC

Collateral-dependent region
Vehicle 0.76 � 0.10 0.84 � 0.11 0.85 � 0.14 1.15 � 0.12*
Iberiotoxin 0.89 � 0.05 1.02 � 0.08 0.89 � 0.06 1.10 � 0.05*†
L-NAME 1.04 � 0.09 1.09 � 0.11 1.04 � 0.09 1.13 � 0.13

Normal region
Vehicle 0.82 � 0.09 0.85 � 0.08 0.86 � 0.13 1.63 � 0.34*
Iberiotoxin 0.93 � 0.08 1.02 � 0.08 0.86 � 0.08 1.17 � 0.15†
L-NAME 1.03 � 0.09 1.01 � 0.10 0.97 � 0.07 1.17 � 0.16

Data are expressed as mean � SEM.

* Significantly (P � 0.05) different from baseline. † Significantly (P � 0.05) different from 1.0 MAC sevoflurane.

MAC � minimum alveolar concentration; L-NAME � N(�)-nitro-L-arginine methyl ester.
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were blocked by either iberiotoxin or L-NAME, but in-
creases in normal and total collateral-dependent zone
flow produced by bradykinin were inhibited by L-NAME
but not iberiotoxin. These results suggest that small
resistance vessels in normal and collateral-dependent
myocardium exhibit greater dependence on nitric oxide
during bradykinin-induced vasodilation as compared to
large interarterial collaterals. Consistent with this inter-
pretation, sevoflurane had no appreciable effect on mi-
crovascular blood flow in the normal or collateral-depen-
dent region, suggesting that the actions of this volatile
anesthetic are not dependent on nitric oxide.

Recent evidence suggests that bradykinin-induced va-
sodilation in immature coronary collateral vessels in-
volves activation of multiple, redundant pathways medi-
ated by endothelium-derived hyperpolarizing factor,
nitric oxide, and prostaglandins.5 A role for prostaglan-
dins in sevoflurane-induced coronary collateral vasodila-
tion was not examined in the present investigation be-
cause the cyclooxygenase inhibitor indomethacin (50–
300 �g/min) caused profound decreases in retrograde
blood flow (from 74 � 13 to 36 � 8 ml/min) during pilot
experiments. Nevertheless, a major role for prostaglan-
din-induced dilation of well-developed collaterals during
administration of sevoflurane in our model appears un-
likely because the effects of sevoflurane were signifi-
cantly attenuated by the selective BKCa antagonist
iberiotoxin.

The current findings must be interpreted within the
constraints of several potential limitations. First, the ef-
fects of sevoflurane on coronary collateral blood flow
may not be solely attributable to direct actions on coro-
nary vascular smooth muscle tone. Sevoflurane caused
dose-related reductions in heart rate and global myocar-
dial contractility (e.g., LV�dP/dtmax). Thus, sevoflurane
may have indirectly reduced coronary collateral blood
flow via metabolic autoregulation secondary to a de-
crease in myocardial oxygen consumption. Such reduc-
tions in the determinants of myocardial oxygen con-
sumption may also have masked the actions of
sevoflurane on the conductance of resistance arterioles
in normal myocardium through flow-metabolism cou-
pling.25 Crystal et al.9 have previously demonstrated that
sevoflurane causes direct coronary vasodilation through
activation of adenosine triphosphate–regulated potas-
sium channels in an in situ canine heart model. How-
ever, we previously demonstrated that the nonselective
adenosine triphosphate–regulated potassium channel
antagonist glyburide does not alter sevoflurane-induced
increases in retrograde coronary collateral blood flow.10

Increases in LCCA conductance produced by sevoflu-
rane could also contribute to changes in retrograde
blood flow by increasing collateral perfusion pressure.
However, total left circumflex coronary blood flow and
transmural perfusion to normal myocardium measured
using radioactive microspheres were unchanged by

sevoflurane, confirming our previous findings that
sevoflurane selectively increases coronary collateral
blood flow in this model. Decreases in heart rate could
also contribute to enhanced collateral blood flow during
sevoflurane. However, attenuation of sevoflurane effects
by iberiotoxin suggests that activation of BKCa channels
by sevoflurane was most likely responsible for the in-
creases in retrograde flow observed in this study.
Sevoflurane did not increase retrograde flow in the pres-
ence of iberiotoxin (P � 0.24); however, the power of the
study to detect small differences in retrograde flow under
these conditions was limited. Bradykinin actions were also
blocked by iberiotoxin (nonsignificant [P � 0.56] increases
in retrograde flow during iberiotoxin), thus indirectly
supporting a role for BKCa channel activation by
sevoflurane.

In summary, the present results indicate that sevoflu-
rane-induced increases in blood flow through large cor-
onary collateral anastomoses are mediated, in part, by
BKCa channel activation. Sevoflurane may exert benefi-
cial effects in ischemic myocardium by not only activat-
ing cardioprotective signal transduction26 but also by
selectively increasing coronary collateral blood flow.
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