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Background: A primary source of calcium (Ca%*) necessary
for excitation contraction in vascular smooth muscle (VSM) is
influx via voltage-dependent Ca** channels. Thus, force gener-
ation in VSM is coupled closely to resting transmembrane
potential, which itself is primarily a function of potassium
conductance. Previously, the authors reported that volatile an-
esthetics hyperpolarize VSM of small mesenteric resistance ar-
teries and capacitance veins. The current study was designed to
determine whether isoflurane-mediated hyperpolarization is
the result of specific effects on one or more of four types of
potassium channels known to exist in VSM.

Methods: Transmembrane potentials (E_,) were recorded
from in situ mesenteric capacitance and resistance vessels in
Sprague-Dawley rats weighing 250-300 g. In separate experi-
ments, selective inhibitors of each of four types of potassium
channels known to exist in VSM were administered in the
superfusate of the vessel preparations to assess their effects on
isoflurane-mediated hyperpolarization.
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Results: Resting VSM E,, ranged from —38 to —43 mV after
local sympathetic denervation. Isoflurane produced a signifi-
cant hyperpolarization (2.7-4.3 mV), whereas each potassium
channel inhibitor significantly depolarized (2.8—8.5 mV) the
VSM. Both 100 nm iberiotoxin (inhibitor of high conductance
calcium-activated potassium channels) and 1 um glybenclamide
(inhibitor of adenosine triphosphatase-sensitive potassium
channels) significantly inhibited VSM hyperpolarization in-
duced by 1 MAC (minimum alveolar concentration) levels of
inhaled isoflurane (0.1-0.9 mV E,, change, which was not sig-
nificant). In contrast, isoflurane hyperpolarized the VSM signif-
icantly despite the presence of 3 mm 4 aminopyridine (inhibitor
of voltage-dependent potassium channels) or 10 pm barium
chloride (an inhibitor of inward rectifier potassium channels)
(3.7-8.2 mV change in VSM E_).

Conclusions: These results suggest that isoflurane-mediated
hyperpolarization (and associated relaxation) of VSM can be
attributed in part to an enhanced (or maintained) opening of
calcium-activated and adenosine triphosphate-sensitive potas-
sium channels but not voltage-dependent or inward rectifier
potassium channels. (Key words: Membrane potential; mesen-
teric capacitance; mesenteric resistance; peripheral circulation;
vascular control.)

THE vasodilating properties of volatile anesthetics are
well recognized.' ™ Anticipation and management of
this side effect has become a standard of clinical
practice. Nevertheless, the mechanisms by which
these agents attenuate vascular tone is not completely
understood. With recent increases in the understand-
ing of factors responsible for vascular smooth muscle
(VSM) contraction and its regulation, many new mech-
anisms of control of VSM tone (including neural, en-
dothelial, and intrinsic) have been reported. Each of
these represents a potential specific site of anesthetic
action that may contribute to vasorelaxation. One
common pathway by which anesthetics produce VSM
relaxation is a decrease in intracellular activator cal-
cium (Ca’") available for excitation-contraction.* ©
Under normal conditions, the transmembrane poten-
tial (E,)) of VSM cells is less negative (approximately
—35 to —55 mV) than that typically observed in skel-
etal muscle and nerve tissue (—70 to —80 mV).’ For
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this range, conductance through voltage-sensitive
Ca’" channels has been shown to be an exponential
function of VSM E,. Consequently, even small
changes in VSM E_ can significantly affect Ca*" in-
flux.® The VSM E_, itself is determined principally by
potassium conductance.” Thus, potassium conduc-
tance greatly influences Ca’’ influx and therefore
VSM tone. We'? and others”'' have shown such cou-
pling of VSM E_ with active Ca’"-dependent VSM
force generation. Because Ca®" influx via voltage-
dependent channels represents such a principal
source of activator Ca®" available for excitation-con-
traction coupling,”'"' changes in the regulation of po-
tassium current, the major determinant of VSM E_
(and therefore of voltage-dependent Ca®" channels)
would be expected to affect vascular tone significant-
ly.”'"" We recently reported that volatile anesthetics
produce VSM hyperpolarization in small mesenteric
resistance arteries and capacitance veins by reducing
neural and nonneural mechanisms involved in the
regulation of VSM E_."'* Furthermore, in other tissues,
volatile anesthetics have been shown to produce ef-
fects consistent with enhanced potassium channel ac-
tivation.'® Therefore, our hypothesis for the current
study was that direct (i.e., neurally independent) ef-
fects of volatile anesthetics on the peripheral vascula-
ture include enhanced activation of VSM potassium
channels leading to hyperpolarization, a consequent
decrease in activator Ca®", and reduced VSM tone. To
test this hypothesis, we used a preparation similar to
that previously described'? to measure the effects of 1
minimum alveolar concentration (MAC) inhaled isoflu-
rane (as a representative volatile anesthetic) on in situ
VSM E, . Measurements were taken in the presence
and absence of selective inhibitors of each of four
major types of potassium channels: high conductance
calcium-activated (K. ,), voltage-dependent (K,), ATP-
sensitive (K, p), and inward rectifier (K;g).”

Methods

Experimental Preparation

After we received approval from our institutional
animal care and use committee, Sprague-Dawley SD
male rats weighing 250-350 g (Harlan Sprague-Daw-
ley, Indianapolis, IN) were prepared for VSM E_, mea-
surement as described before.'? Briefly, the animals
were sedated with a single dose of intraperitoneal
ketamine (40 mg/kg) followed by anesthetic induction
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with intraperitoneal pentobarbital (20 mg/kg). Surgi-
cal preparation consisted of femoral arterial and ve-
nous cannulation, a midline laparotomy incision, and a
tracheotomy through which ventilation was con-
trolled using a model 680 rodent respirator (Harvard
Apparatus Co., South Natick, MA). Respiratory rate
and tidal volume were adjusted to maintain the end-
tidal carbon dioxide level between 30 and 40 mmHg.
Basal anesthesia was maintained throughout the ex-
periments with 10-mg/kg intravenous boluses of pen-
tobarbital at 1-h intervals.

After surgery, the animals were placed on a temper-
ature-regulated movable microscope stage mounted
on a Micro-G vibration-free table (Technical Manufac-
turing Co., Woburn, MA). Small (200-300 wm) paired
mesenteric arteries and veins were exposed through
the midline laparotomy. After gently dissecting
perivascular fat (without disturbing luminal blood
flow or adventitial innervation), the connective tissue
surrounding these vessels was fastened to the silastic
rubber floor of a temperature-regulated tissue cham-
ber using 50 and 125-um-diameter stainless steel pins.
This technique minimized movement artifact. The ves-
sels were superfused continuously with a physiologic
salt solution (PSS) composed of 119 mm NaCl, 4.7 mm
KCl, 1.17 mm MgSO,, 1.6 mm CaCl,, 24 mm NaHCO;,
1.18 mm NaH,PO,, and 0.026 mm EDTA. The PSS was
maintained at body temperature and aerated continu-
ously using a gas mixture of nitrogen, oxygen, and
carbon dioxide to maintain the pH level between 7.35
and 7.45, the carbon dioxide tension between 35 and
45 mmHg, and the oxygen tension between 75 and
100 mmHg.

Vascular Smooth Muscle Transmembrane Potential

Measurements

Single-cell 7n situ VSM E | values were measured by
advancing glass micropipettes (with a tip diameter of
approximately 0.1 um and an impedance ranging be-
tween 40 and 60 M()) into the VSM layer using a Wells
hydraulic micromanipulator (Trent Wells, Coulterville,
CA). The microelectrodes were pulled from borosilicate
glass using a model P-97 Flaming-Brown micropipette
puller (Sutter Instrument Co., Novato, CA). The elec-
trodes were connected to a model 8100 biological am-
plifier (Dagan Corp., Minneapolis, MN). VSM E_, values
were recorded simultaneously with blood pressure on a
Grass Model RPS7C polygraph (Astro-Med/Grass, West
Warwick, RI) and digitally using a Superscope II (version
1.44) data acquisition system (GW Instruments Co., Som-
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erville, MA). Before VSM E_ | measurements were made,
local sympathetic innervation of the vessel preparation
was eliminated at the level of the neuromuscular junc-
tion by destroying norepinephrine-containing vesicles
within the presynaptic terminal. This was accom-
plished by superfusing with 300 ug/ml 6-hydroxydopa-
mine for 20 min. Aprigliano et al'* reported that this
technique produces effective perivascular sympathetic
denervation (iZe., inhibition of contractile responses to
field simulation, blockade of H* norepinephrine uptake
by sympathetic nerve endings, and histologic changes
consistent with adrenergic nerve terminal degenera-
tion). Before denervation using this technique, the prep-
aration was pretreated with PSS containing 10 © m phen-
tolamine for 5 min to inhibit the vasoconstriction by
catecholamines locally released by the 6-hydroxydopa-
mine treatment.'>

Experimental Design

The design of this study was to determine the effect
of the following potassium channel antagonists on
isoflurane-mediated VSM hyperpolarization'? in sepa-
rate experiments: 100 nm iberiotoxin for high-conduc-
tance K, channel inhibition, 3 mm 4-aminopyridine
for Ky channel inhibition, 10 um BaCl, for K,; channel
inhibition, and 1 uwm glybenclamide for K, channel
inhibition. These represent working concentrations in
PSS and are all between 0.5 and 2 orders of magnitude
greater than those reported to produce half block of
each of the respective channels.” Iberiotoxin (Re-
search Biochemicals International, Boston, MA), 4-ami-
nopyridine (Sigma Chemical Co., St. Louis, MO), and
BaCl, (Aldrich Chemical Co., Milwaukee, WI) all were
prepared from 100 pm, 3 mm, and 10 mm stock solu-
tions, respectively, in distilled water. Glybenclamide
(Sigma Chemical Co.) was prepared from a 10 > mwm
stock solution in 0.01 N NaOH. Each of the potassium
channel inhibitors was administered to separate vessel
preparations by local superfusion with PSS in the
presence and absence of 1.5% inhaled isoflurane,
which corresponds to 1 MAC.'® Two different four-
step experimental protocols were used with each po-
tassium channel inhibitor to verify that the order in
which the inhibitor and isoflurane were administered
did not affect the results. A single experiment con-
sisted of sequential arterial and venous E,, and blood
pressure measurements made in an individual animal
preparation during each of the four steps in a proto-
col. For protocol 1, the individual sequential steps
(experimental conditions) consisted of sympatheti-
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cally denervated control, locally superfused potassium
channel inhibitor, locally superfused potassium chan-
nel inhibitor plus administration of 1 MAC inhaled
isoflurane, and washout (i.e., elimination of potassium
channel inhibitor from the PSS superfusate and isoflu-
rane from the circulation). Individual steps for proto-
col 2 were sympathetically denervated control, 1.5%
inhaled isoflurane, local superfusion with potassium
channel inhibitor (after elimination of isoflurane from
the circulation), and local superfusion with potassium
channel inhibitor in the presence of 1 MAC inhaled
isoflurane administered again. A 20-min equilibration
period was allowed between each successive step in
each protocol. A group of eight experimental animals
was used for each of the two protocols using each of
the four channel inhibitors (for a total of 64 experi-
mental animals).

Inbaled Isoflurane Administration

Throughout every experiment, animals breathed an
oxygen-nitrogen mixture to keep the inspired oxygen
concentration at 30% (thus avoiding any potential hy-
poxemia during controlled ventilation). Isoflurane was
administered via an Ohio Medical Products vaporizer
(AirCo, Madison, WI). End-tidal isoflurane and carbon
dioxide concentrations were verified using a POET 2
infrared capnograph and end-tidal agent monitor (Criti-
care Systems, Waukesha, WI). Experimental blood con-
centrations of isoflurane were measured from samples
taken immediately before and again after washout peri-
ods using a Sigma model 38 gas chromatograph (Perkin-
Elmer Co., Norwalk, CT).

Statistical Analysis

For arteries and veins in an experimental preparation,
each recorded E , during each of the four protocol steps
was the numeric average of five sequential, stable single
VSM cell impalements that lasted at least 6 s. Similarly,
the recorded mean arterial blood pressure during each of
the protocol steps in an experimental preparation was
the numeric average of simultaneously measured mean
arterial blood pressure during each of the previously
described E, measurements. The E , and mean arterial
blood pressure values reported in the data tables are the
means * SD of these numeric average values, with a
replication factor of eight animals for each of the four
potassium channel inhibitors and each protocol. These
average E values were also used to calculate mean
changes in E (e, A E  values) in response to the
administration of potassium channel inhibitors and
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isoflurane. A one-way analysis of variance for repeated
measures was performed on the means of the average E |
and mean arterial blood pressure values for each proto-
col step. The levels of the repeated (within) factor were
defined by the experimental conditions for each of the
four sequential protocol steps. Mean A E_ values were
analyzed by simple # tests to determine their significance
from 0. The changes that were significant were com-
pared with each other in a simple one-way analysis of
variance. For each of the four groups of potassium chan-
nel inhibitor experiments in protocol 2, the mean isoflu-
rane concentration in blood was determined for the
second, third, and fourth sequential protocol steps (i.e.,
during inhaled isoflurane alone, during superfused po-
tassium channel inhibitor after isoflurane washout, and
during superfused potassium channel inhibitor plus in-
haled isoflurane). Accordingly, a one-way analysis of vari-
ance was used to compare mean isoflurane concentra-
tions in blood during these steps. In protocol 1,
isoflurane concentrations were measured only in the
third and fourth sequential steps (Z.e., potassium channel
inhibitor plus inhaled isoflurane and washout). There-
fore, for this protocol a simple ¢ test was used to com-
pare the mean isoflurane concentrations in blood for the
two steps.

All analyses of variance in this study were calculated
using the superANOVA program (Abacus Concepts,
Berkeley, CA. The program determined significance of
differences between mean values by comparing calcu-
lated “least square means” at a significance level of P =
0.05. The ¢ tests in the current study were calculated
using the Stat-View program (Abacus Concepts) and the
significance level of P = 0.05 was used to define the
significance of differences between mean values.

Results

Vascular Smooth Muscle Transmembrane

Potentials in Protocol 1

These data are summarized in tables 1 and 2. For both
arteries and veins, superfusion of the vessel preparations
with each of the four types of potassium channel inhib-
itors significantly depolarized VSM relative to the dener-
vated control condition. However, despite such depolar-
ization by K, inhibition with 3 mwm
4-aminopyridine or by K,z channel inhibition with 10 um
barium chloride, administration of 1.5% inhaled isoflu-
rane induced a significant VSM hyperpolarization in both
arteries and veins when calculated as the mean E,, dif-

channel
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Table 1. Effects of Potassium Channel Inhibitors and
Isoflurane on Vascular Smooth Muscle Transmembrane
Potential in Protocol 1

ISO and K
K Channel K Channel Channel
Inhibitor Control Inhibitor Inhibitor Washout
Arteries
Iberiotoxin =40 116 " —32 == N_3 == gF =39 3913
4-Aminopyridine —-38 +08 -36=*1.2* -40=*0.7t -38*=0.8
BaCl, =39 1.8 =34 S i3 dil=e IO 30107
Glibenclamide — 39 == IR = 33 R RS S 4T R =38 =R
Veins
Iberiotoxin — 4812 il = SAEE 7= 35T =2 BE —43 = 2.1
4-Aminopyridine —43 = 6.6 —40 =6.9 —45 = 6.3 —40 + 1.4
BaCl, =420 HE8RE= 37 58 0N A 521G T A AP
Glibenclamide —43\+= 247 —38/ %= 2.4* =&l 2z P = 42558119

Values are mean + SD (mV) of eight vessel/animal preparations for each
experiment.

Control = after local chemical sympathetic denervation with 6-OHDA; K
channel inhibitor = in the presence of 100 nwm iberiotoxin, 3 mm 4-aminopyr-
idine, 10 um BaCl,, or 1 um glibenclamide; ISO = during 1.0 MAC (1.5%)
inhaled isoflurane; Washout = after elimination of isoflurane from the circu-
lation.

* Different from Control (P = 0.05).
T Different from K channel inhibitor (P = 0.05).

ference between isoflurane plus potassium channel in-
hibitor versus channel inhibitor alone (table 2). In addi-
tion, the VSM hyperpolarization was significant even
when calculated (table 1) as the difference between E
means during isoflurane plus potassium channel inhibi-
tor versus E, means during the control before potassium
channel inhibition (except for 4-aminopyridine in the
vein preparation). In sharp contrast to results obtained
with channel inhibition by 4-aminopyridine or BaCl,, the
isoflurane-mediated hyperpolarization was abolished
completely in artery and vein preparations during K,
channel inhibition with 100 nm iberiotoxin and during
K,rp channel inhibition with 10 um glybenclamide (ta-
bles 1 and 2). In all groups in protocol 1, washout of
potassium channel inhibitor, isoflurane, or both returned
the average VSM E_ to preinhibitor and preisoflurane
control values (table 1).

Vascular Smooth Muscle Transmembrane Potential

Results from Protocol 2

These data are presented in tables 2 and 3. Consis-
tent with our previous measurements,'” in the ab-
sence of any potassium channel inhibitors, 1 MAC
levels of inhaled isoflurane significantly hyperpolar-
ized arterial and venous VSM in all four groups (tables
2 and 3). Also consistent with results from protocol 1
(tables 1 and 2), each of the potassium channel inhib-
itors significantly depolarized arterial and venous VSM
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Table 2. Changes in Vascular Smooth Muscle Transmembrane Potential in Response to Potassium Channel Inhibitors and
Isoflurane
~
AE,, (K channel AE, {(ISO and K channel inhibitor)
AE,, (ISO — Control) inhibitor — Control) — K channel inhibitor}
[Protocol 2] [Protocol 1] Protocol 1 Protocol 2
Artery
Iberiotoxin =/l e gl ek 22 2] HOI =9 +0.9 = 1.0
4-Aminopyridine =31(0) == .5 28} a5 1) —3.7 = 1.0* =48]
BaCl, — 34T ARG EERONTS =70 2= 25 =572 2= 910
Glibenclamide =18 2z (0)/5)¢ A0 22 9Ll =(0}/5) 2= 9.4 S 05016
Vein
Iberiotoxin =34 el ROLOEEPNTE —(0)8) 2= 115 =(0}(0) == 9/
4-Aminopyridine —10) 2 a7 Srreke) s ) =l7f ae BH{0)e S 0128 -ED 518
BaCl, = 20108 30 25 2Lk =12 ae 2q]e — 64 =EI3E
Glibenclamide =312 =t DL3R ROIO RN DT 0.4 1.2 =)&) == 9/.1]

Values are mean AE, = SD (mV) of eight animals for each experiment.

Control = after local chemical sympathetic denervation with 6-OHDA; K channel inhibitor = in the presence of 100 nm iberiotoxin, 3 mm 4-aminopyridine, 10 um
BaCl,, or 1 um glibenclamide; ISO = during 1.0 MAC (1.5%) inhaled isoflurane; — = hyperpolarization; + = depolarization.

* Different from zero (P = 0.05).

after washout of inhaled isoflurane from the circula- isoflurane-mediated hyperpolarization was abolished
tion. Furthermore, in the fourth step of protocol 2, completely in the presence of 100 nm iberiotoxin or 1
when inhaled isoflurane was readministered during pm glybenclamide. Thus, the VSM in these groups
superfusion of the vessel preparation with the potas- under these conditions remained significantly depolar-

sium channel inhibitor, results were similar to those ized compared with initial control conditions (and
obtained during corresponding conditions in protocol unchanged from the VSM E_, in the presence of either
1 (i.e., step 3). Specifically, in the presence of 3 mwm potassium channel inhibitor before isoflurane was ad-
4-aminopyridine or 10 um BaCl,, readministration of ministered again).

inhaled isoflurane induced significant VSM hyperpo-

larization in both arteries and veins, respectively, Mean Arterial Blood Pressure and Measured
which was similar to the hyperpolarization induced by Isoflurane Concentrations in Blood
isoflurane in the absence of any potassium channel Table 4 lists the pooled mean arterial blood pressure

inhibitor. As in protocol 1, in arteries and veins the measurements that were obtained simultaneously with

Table 3. Effects of Potassium Channel Inhibitors and Isoflurane on Vascular Smooth Muscle Transmembrane Potential in
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Protocol 2
K Channel ISO and K
K Channel Inhibitor Control ISO Inhibitor Channel Inhibitor
Arteries
Iberiotoxin =&t S ABEERIEDE =30 == 8T =) e o) )
4-Aminopyridine -39+ 1.0 =42 =[5y a= (074 —40 *+ 0.9*t
BaCl, -39 = 0.7 /P e | (o) {5y =zl ale =i B
Glibenclamide =89+ 1.0 — R [ —34 + 0.6* —34 = 0.9"
Veins
| Iberiotoxin —42 £ 3.0 —AlG) a2 ) =) e ol =6 =Pl
i 4-Aminopyridine —42 + 2.5 —46 * 3.2* =2 —43 + 2.8t
| BaCl, =G£S G =4S NG = Q8L 2:8t =45 -ERIBET
| Glibenclamide —-42 + 1.9 sS40 B8 =35 14" —36 =+ 0.9*

! Values are mean + SD (mV) of eight vessel/animal preparations for each experiment.

Control = after local chemical sympathetic denervation with 6-OHDA; K channel inhibitor = in the presence of 100 nm iberiotoxin, 3 mm 4-aminopyridine, 10 pum
BaCl,, or 1 um glibenclamide; ISO = during 1.0 MAC (1.5%) inhaled isoflurane.

* Different from Control (P = 0.05).
t Different from K channel inhibitor (P < 0.05).
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Table 4. Effects of Isoflurane on Mean Arterial Blood Pressure

Protocol 1 Protocol 2
K Channel ISO and K K Channel ISO and K
Control Inhibitor Channel Inhibitor Washout Control ISO Inhibitor Channel Inhibitor
Iberiotoxin 117 = 5 2015 87 + 4* 176 2= 8 119 = 6 55 121 225 7/ 6"
4-Aminopyridine 717l 25 7/ 2715 95 + 4* 118 = 4 il 2= & AES58 118 £ 6 Chl 52 5
BaCl, 144 £ 5 145=£"5 G 2= (&7 136 + 4 1heke) == & ©)if 22 &) 188 22 & e 2= 5
Glibenclamide 134 £ 6 130 + 4 CP 2k & 112%) 22 5 118913 89 + 3* 1815 22 & ©Jo) 2= 9]

Values are mean = SD (mmHg) of eight animals for each experiment.
Control = after local chemical sympathetic denervation with 6-OHDA; K channel inhibitor = in the presence of 100 nm iberiotoxin, 3 mm 4-aminopyridine, 10 um

BaCl,, or 1 um glibenclamide; ISO = during 1.0 MAC (1.5%) inhaled isoflurane; Washout = after elimination of isoflurane from the circulation.

* Different from Control, K channel inhibitor, and (for protocol 1) washout conditions (P = 0.05).

arterial and venous VSM E_, measurements. In each of
the four groups in protocol 1, the mean arterial blood
pressure was reduced significantly compared with con-
trol during inhalation of 1 MAC levels of isoflurane. After
washout of isoflurane from the circulation in each of the
four groups, the mean arterial blood pressure returned
to control levels. Similarly, in each of the four groups in
protocol 2, inhaled isoflurane significantly reduced the
mean arterial blood pressure by an amount similar to that
observed in protocol 1, and washout of isoflurane re-
turned mean arterial pressure to baseline control levels.
Blood concentrations of isoflurane during inhalation of 1
MAC levels of this agent (mean * SD) ranged from
0.60 £ 0.155 mmv to 0.67 £ 0.071 mm. After washout,
blood concentrations decreased to insignificant values
ranging from 0.02 = 0.010 mm to 0.04 = 0.003 mm.
Blood concentrations of isoflurane were consistent
among the four experimental groups during inhalation
and after washout from the circulation. They also corre-
spond with values measured in our previous study.'”

Discussion

In this study, hyperpolarization of VSM by 1 MAC
inhaled isoflurane was abolished by selective inhibition
of K., and K, channels but not K, and K;; channels.
Changes in VSM E,_, closely regulate Ca*" influx and
Ca®" release from the sarcoplasmic reticulum. Both
sources of Ca®" are important determinants of contrac-
tility.”'” A reduction of intracellular activator Ca’" re-
sulting from inhaled anesthetic-induced hyperpolariza-
tion is a likely mechanism that contributes to the
hypotension induced by these agents (and exists in ad-
dition to direct depression'”'® of Ca®" channels). The
data from the current study suggest that the isoflurane-
induced hyperpolarization (and vasorelaxation) of small
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mesenteric vessels are coupled to activation of VSM K.,
and K, channels (or mechanisms that regulate them)
but not to Ky, and K,; channels. One possible explana-
tion for this observation is that K,, and K,; channels do
not exist or are present in substantially reduced numbers
compared with K, and K, channels in the VSM of the
vessels used in this study. However, substantial evidence
supports the existence of all four of these major types of
potassium channels in VSM.”'"'? Although the relative
proportions of these channels in VSM cells of various
blood vessels is not well defined, the current study
shows clearly that selective blockade of each of them
leads to significant depolarization. This suggests that a
sufficient density of each is present in the VSM mem-
brane of the small mesenteric blood vessels of the rat to
contribute significantly to the magnitude of the VSM
membrane potentials. Nevertheless, an analysis of vari-
ance (potassium channel inhibition — control) of data
from table 2 (not reported) indicated that in both arter-
ies and veins, iberiotoxin produced greater depolariza-
tion than either glybenclamide or BaCl,, both of which
produced greater depolarization than 4-aminopyridine.
This implies that K., channels are of greater importance
and K, channels are of lesser importance in regulating
VSM E,, and therefore VSM tone. Confirmation of this
would require a more direct comparison of different
types of potassium channels in the same preparation.
Although they are present in VSM in many tissues,’
precise data on the exact distribution of potassium chan-
nels are not available. Nevertheless, the relative contri-
bution of the different potassium channels on VSM tone
and the anesthetic effects on VSM probably varies con-
siderably with vessel size and vascular bed. For example,
K, 1p channels have been shown to be particularly prom-
inent in coronary VSM.*"

Accordingly, the putative K, ,-mediated hyperpolar-
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ization (and presumably vasodilation) resulting from
isoflurane in the current study corresponds with results
from several other studies and suggests similar effects in
other types of blood vessels. In canine coronary arteries,
the administration of glybenclamide attenuated in-
creases in flow produced by isoflurane (measured by
radioactive microspheres)'*?' and by halothane, isoflu-
rane, and enflurane (measured by a Doppler flow
probe).** Glybenclamide also significantly attenuates
halothane-mediated relaxation of in vitro rat coronary
artery rings.”” In contrast, substantially fewer data exist
to support the K. -mediated hyperpolarization by isoflu-
rane that was observed in the current study. In concen-
trations reportedly low enough to selectively inhibit K.,
but not other potassium channels, tetraethylammonium
tended to reduce halothane-mediated hyperpolarization
of rat coronary arteries.”” In addition, using a whole-cell
patch-clamp method, isoflurane directly potentiated K.,
conductance in the pig portal vein.** Interestingly, ei-
ther iberiotoxin or glybenclamide (when administered
individually) completely inhibited isoflurane-mediated
hyperpolarization. If K., and K, channels are truly
distinct and if the inhibitors are truly selective as report-
ed,” then this observation suggests that isoflurane-medi-
ated hyperpolarization involves some interdependence
in the regulation of these channels. A more distinct study
of just these two channels (involving more specific
methods) is needed to clarify these mechanisms.
Because the current study involved an in situ vessel
preparation in whole animals, the potential influence of
the endothelium must not be excluded when the results
are interpreted. It is possible that anesthetic effects of
the endothelium could contribute to the potassium
channel-mediated hyperpolarization of the VSM. Several
vasoactive factors are known to be released from the
endothelium, including the endothelins, the prostaglan-
dins, nitric oxide, and endothelially derived hyperpolar-
izing factor. Most of these substances are associated
directly or indirectly with alterations in ion channel
function.”” However, the anesthetic effects on these
mechanisms have not been clarified. Most evidence in-
dicates that endothelially derived hyperpolarizing factor
and nitric oxide release is inhibited by isoflurane,’®?’
thus suggesting that these substances are less likely to
account for the effects observed in this study. Other
data, however, support isoflurane-mediated enhance-
ment of nitric oxide,*® and some data suggest that vola-
tile anesthetics may stimulate release of a vasodilating
prostaglandin.®” If such anesthetic effects on endothelial
factors lead to an indirect enhancement of potassium
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channels in the VSM, they would need to be selective for
Kea and K, channels to explain the results of the
current study. We cannot exclude the possibility of such
influences in an in situ preparation. However, in other
in vitro preparations in which the endothelium was
eliminated, significant (endothelium-independent) va-
sorelaxing effects of isoflurane have been shown.’

As indicated before, the depolarizations observed with
specific potassium channel inhibitors in the current
study suggest that each of the four major types of potas-
sium channels is present and participates in the regula-
tion of VSM E  magnitude in small mesenteric vessels
(tables 1-3). An obvious question to address is the spec-
ificity of each type of potassium channel inhibitor at the
concentration used in the current study. This question
was addressed in a recent review by Nelson and Quayle,”
who summarized the properties of selective inhibitors of
the four major types of potassium channels found in VSM
at various sites in the peripheral circulation. Concentra-
tions of specific potassium channel inhibitors used in the
current study were 0.5 to 2 orders of magnitude greater
than those required for half block of a particular type of
potassium channel over the physiologic range of VSM
E,.” Only iberiotoxin (K, channel inhibitor) and gly-
benclamide (K, 1, channel inhibitor) are reported to be
very selective. Iberiotoxin in particular is highly selec-
tive for high-conductance K., channels, in contrast to
other types of K., channels that reportedly exist in some
tissues (but the role of which is less well defined).’' In
contrast, 4-aminopyridine (K,, channel inhibitor) and
barium chloride (K channel inhibitor) also reportedly
have effects on other potassium channels. In the current
study, the 10 um barium chloride concentration used is
five times greater than that required for half block of K,
channels. However, this concentration is still 10 times
less than that observed to affect other potassium chan-
nels.” Therefore, a spillover effect from this agent would
be unlikely. In contrast, the 3 mum 4-aminopyridine used
to block K, channels reportedly also is sufficient to have
significant effects on K,p channels.” However, in the
current study, neither the K, nor the K;; channel
blocker had any affect on the isoflurane-mediated hyper-
polarization despite the fact that both of these agents
reportedly can block K,;p channels. Thus, at the con-
centrations used in the current study, these agents did
not exhibit significant K, channel cross-reactivity in
the VSM of the mesenteric vessels. If such cross-reactiv-
ity with K,;, channels were present, an attenuation of
the isoflurane-mediated hyperpolarization would be ex-
pected because inhibition of K, channels with glyben-
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clamide significantly reduced isoflurane-mediated hyper-
polarization.

The current studies were conducted with the animals
maintained under a basal anesthetic. It is unlikely that
the initial single dose of intraperitoneal ketamine admin-
istered at the start of each experiment had any signifi-
cant persistent effect on the results, because this dose
preceded any data measurements by 90 to 120 min and
most likely was cleared from the circulation. Because
basal anesthesia was maintained with a regular 1-h inter-
val dose of 10 mg/kg intravenous pentobarbital, all VSM
E,, and blood pressure measurements were taken within
a relatively constant basal anesthetic background. Con-
sequently, all measured changes in these dependent vari-
ables are attributed primarily to changes in the two
independent variables (Z.e., inhaled isoflurane or potas-
sium channel inhibitors, or both). However, barbiturates
can hyperpolarize excitable membranes and produce
vasorelaxation.** Thus, in the presence of pentobarbital
anesthesia, the VSM already may have become partially
hyperpolarized compared with E_ levels in the awake
state. If so, the results of the current study indicate that
inhaled isoflurane induced significant additional hyper-
polarization in all experimental groups. Conversely, a
background hyperpolarization caused by pentobarbital
may have augmented the depolarization produced by
the different potassium channel inhibitors (particularly if
it produced hyperpolarization via enhanced potassium
channel conductance). Recently, however (in cardiac
tissue), barbiturates have been shown to attenuate rather
than augment K, conductance.”>"* If this effect also is
present in VSM, it is at least possible that isoflurane-
mediated activation of K;; channels would be blocked in
the current study by the pentobarbital, thus masking the
effects of BaCl,. We do not believe that this is likely,
however, because all inhibitors, including BaCl,, pro-
duced a significant depolarization in this study. Clearly, it
is impossible to rule out completely the potentially con-
founding effects of a basal anesthetic on VSM E_, values
measured in situ. However, regardless of any possible
augmenting effect of pentobarbital anesthesia on the
depolarization induced by potassium channel inhibitors
in the current study, specific differences were observed
in the effects of these inhibitors when administered
concurrently with isoflurane.

The measured E | responses in the current study pro-
vide evidence of the existence of potassium channels in
VSM of small mesenteric arteries and veins that are
affected by volatile anesthetics. However, additional
studies will be necessary to determine the VSM mem-
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brane and intracellular mechanisms by which such vol-
atile anesthetics enhance the activity of specific potas-
sium channels. Several mechanisms of the regulation of
K, 1p and K., channels in VSM have been described and
represent potential targets for anesthetic action. One
that has been identified in myocytes®> (and also may
exist in VSM cells) is a G protein-mediated coupling to
K, rp channel activity. Cason et al.*° suggested that such
a mechanism may be involved in isoflurane-mediated
vasodilation of coronary arteries. Volatile anesthetics
have been shown to inhibit transmembrane Ca®" cur-
rent directly in cerebral'” and coronary'® VSM. This is a
potential mechanism for the reduction of the intracellu-
lar activator Ca”" that regulates excitation contraction
coupling and, in turn, vasorelaxation. Reduction of in-
tracellular Ca®" also would be expected to reduce K,
channel activity. Direct measurements of the frequency
of opening (using the patch-clamp technique) support a
reduction in Ca®"-dependent potassium channel activity
by volatile anesthetics.'”'® These data stand in contrast
to the results of the current study, which suggest that
K. channel activity is enhanced by isoflurane. A possi-
ble cause for this discrepancy may lie in the differences
in measuring techniques under in vitro versus in situ
conditions. Other potential regulatory mechanisms of
K., channels have been described, including G protein-
coupled adenylyl cyclase pathways, guanylate cyclase-
mediated pathways, and direct effects of nitric oxide on
the K., channel.” Indirect effects of volatile anesthetics
on these regulatory mechanisms in intact blood vessel
preparations (compared with 7n vitro single VSM cell
patch-clamp preparations in which indirect effects are
reduced) also may account for such differential results.

Finally, it is possible that factors other than altered
potassium channel function may contribute to the isoflu-
rane-mediated hyperpolarization observed in the current
study. Decreased blood pressure from VSM-independent
effects of volatile anesthetics, such as myocardial depres-
sion, might produce stretch-dependent hyperpolariza-
tion (and relaxation) in the vasculature.”” Similarly, po-
tassium channel function might be enhanced indirectly
by volatile anesthetics by inhibition of mechanisms that
ordinarily feed back to inhibit potassium channel open-
ing (e.g., sheer stress on nitric oxide release). However,
none of these potential concurrent mechanisms pre-
cludes the interpretation that a significant portion of the
observed hyperpolarization results from specific actions
affecting VSM K, and K, channels. A purely myogenic
effect would not be blocked completely by individual
selective potassium channel inhibitors. Similarly, if the
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observed isoflurane-mediated hyperpolarization in the
current study was only the result of attenuation of a
negative feedback mechanism affecting potassium chan-
nel activity, it would need to be selective only for K,
and K, 1, channels because only iberiotoxin and glyben-
clamide inhibited the observed isoflurane-mediated hy-
perpolarization. Although not impossible, such a mech-
anism (specific for only two of four types of potassium
channels) would be unlikely.

Regardless of whether the anesthetic effect is direct
(on channel proteins) or indirect (on mechanisms regu-
lating channel function), the results of the current study
suggest that inhaled isoflurane (and presumably other
volatile anesthetics) hyperpolarize (and therefore vaso-
dilate) by the enhanced (or maintained) opening of K,
and K,;p channels but not K, and K;; channels in the
peripheral VSM.

The authors thank Anita Tredeau for assistance in preparing the
manuscript.

References

1. Longnecker DE, Harris PD: Anesthesia, Microcirculation. Edited
by G Kaley, B Altura. Baltimore, University Park Press, 1980, pp
333-69

2. Longnecker DE: Effects of general anesthetics on the microcircu-
lation. Microcirc Endothel Lymphat 1984; 1:129-50

3. Clark SC, MacCannell KL: Vascular responses to anaesthetic

4. laizzo PA: The effects of halothane and isoflurane on intracellular
Ca’" regulation in cultured cells with characteristics of vascular
smooth muscle. Cell Calcium 1992; 13:513-20

5. Tsuchida H, Namba H, Yamakage M, Fujita S, Notsuki E, Namiki
A: Effects of halothane and isoflurane on cytosolic calcium ion con-
centrations on contraction in the vascular smooth muscle of the rat
aorta. ANESTHESIOLOGY 1993; 78:531-40

6. Tsuchida H, Namba H, Seki S, Fujita S, Tanaka S, Namiki A: Role
of intracellular Ca*" pools in the effects of halothane and isoflurane on
vascular smooth muscle contraction. Anesth Analg 1994; 78:1067-76

7. Sperelakis N: Origin of resting membrane potentials, Cell Physi-
ology Source Book, 2nd ed. Edited by N Sperelakis. San Diego, Aca-
demic Press, 1998, pp 178-201

8. Nelson MT, Patlak JB, Worley JF, Standen NB: Calcium channels,
potassium channels, and voltage dependence of arterial smooth muscle
tone. Am ] Physiol 1990; 259:C3-C18

9. Nelson MT, Quayle JM: Physiological roles and properties of
potassium channels in arterial smooth muscle. Am J Physiol 1995;
268:C799 -C822

10. Stekiel WJ: Electrophysiological mechanisms of force develop-
ment by vascular smooth muscle membrane in hypertension, Blood
Vessel Changes in Hypertension: Structure and Function. Edited by
RMKW Lee. Boca Raton, FL, CRC Press, 1989, pp 127-70

11. Siegel G, Emden J, Wenzel K, Marionneau J, Stock G: Potassium
channel activation in vascular smooth muscle. Adv Exp Med Biol 1992;
311:53-72

Anesthesiology, V 90, No 3, Mar 1999

12. Yamazaki M, Stekiel TA, Bosnjak ZJ, Kampine JP, Stekiel WJ:
Effects of volatile anesthetics on in situ vascular muscle transmem-
brane potential in resistance and capacitance blood vessels. ANESTHESI-
OLOGY 1998; 88:1085-95

13. Kersten JR, Schmeling TJ, Hettrick DA, Pagel PS, Gross GJ,
Warltier DC: Mechanisms of myocardial protection by isoflurane. AN-
ESTHESIOLOGY 1996; 85:794 - 807

14. Aprigliano O, Rybarczyk KE, Hermsmeyer K, Van Orden III LS:
Adrenergic neuronal degeneration induced in portal vein and caudal
artery by 6-hydroxydopamine in vitro. ] Pharmacol Exp Ther 1976;
198:578 - 88

15. Abel PW, Trapani A, Aprigliano O, Hermsmeyer K: Trophic
effect of norepinephrine on the rat portal vein in organ culture. Circ
Res 1980; 47:770-5

16. Drummond JC: MAC for halothane, enflurane and isoflurane in
the New Zealand white rabbit: And a test for the validity of MAC
determinations. ANESTHESIOLOGY 1985; 62:336-8

17. Buljubasic N, Flynn NM, Marijic J, Rusch NJ, Kampine JP, Bos-
njak ZJ: Effects of isoflurane on K and Ca’" conductance in isolated
smooth muscle cells of canine cerebral arteries. Anesth Analg 1992;
75:590-6

18. Buljubasic N, Rusch NJ, Marijic J, Kampine JP, Bosnjak ZJ:
Effects of halothane and isoflurane on calcium and potassium channel
currents in canine coronary arterial cells. ANESTHESIOLOGY 1992; 76:
990 -8

19. Berger M, Rusch NJ: Voltage and calcium-gated potassium
channels: Functional expression and therapeutic potential in the
vasculature, Perspectives in Drug Discovery and Design. Edited by H
Darbon, MA Norwell. Amsterdam, Kluwer Academic Publishers,
1998 (In press)

20. Ishizaka H, Kuo L: Acidosis-induced coronary arteriolar dilation
is mediated by ATP-sensitive potassium channels in vascular smooth
muscle. Circ Res 1996; 78:50-7

21. Kersten JR, Lowe D, Hettrick DA, Pagel PS, Gross GJ, Warltier
DC: Glyburide, a K, channel antagonist, attenuates the cardioprotec-
tive effects of isoflurane in stunned myocardium. Anesth Analg 1996;
83:27-35

22. Crystal GJ, Gurevicius J, Ramez Salem M, Zhou X: Role of
adenosine triphosphate-sensitive potassium channels in coronary vaso-
dilation by halothane, isoflurane and enflurane. ANESTHESIOLOGY 1997
86:448 -58

23. Larach DR, Schuler HG: Potassium channel blockade and halo-
thane vasodilation in conducting and resistance coronary arteries.

J Pharmacol Exp Ther 1993; 267:72- 81

24. Wilde D: Isoflurane reduces K* current in single smooth muscle
cells of guinea pig portal vein. Anesth Analg 1996; 83:1307-13

25. Kuriyama H, Kitamura K, Nabata H: Pharmacological and phys-
iological significance of ion channels and factors that modulate them in
vascular tissues. Pharmacol Rev 1995; 47:387-573

26. Lischke V, Busse R, Hecker M: Volatile and intravenous anes-
thetics selectively attenuate the release of endothelium-derived hyper-
polarizing factor elicited by bradykinin in the coronary microcircula-
tion. Naunyn-Schmiedeberg's Arch Pharmacol 1995; 352:346-9

27. Johns RA: Endothelium, anesthetics, and vascular control. ANEs-
THESIOLOGY 1993; 79:1381-91

28. Blaise G, Sill JC, Nugent M, Van Dyke RA, Vanhoutte PM:
Isoflurane causes endothelium-dependent inhibition of contractile
responses of canine coronary arteries. ANESTHESIOLOGY 1987; 67
513-7

#20¢ Iudy 01 uo 3sanb Aq Jpd* L Z000-000€0666L-2¥S0000/LLZ96€E/6.L/E/06/3Pd-B[01IE/ABO|OISBUISBUE/WOD JIBYIIBA|IS ZESE//:d}Y WOI) papeojumoq




788

KOKITA ET AL.

29. Stone DJ, Johns RA: Endothelium-dependent effects of halo-
thane, enflurane, and isoflurane on isolated rat aortic vascular rings.
ANESTHESIOLOGY 1989; 71:126-32

30. Akata T, Boyle IIIl WA: Volatile anesthetic actions on contractile
proteins in membrane-permeabilized small mesenteric arteries. ANES-
THESIOLOGY 1995; 82:700-12

31. Bosnjak ZJ, Kwok WM, Pancrazio JJ: Potassium channels, Anes-
thesia: Biologic Foundations. Edited by TL Yaksh. Philadelphia, Lippin-
cott-Raven Publishers, 1998, pp 197-220

32. Steedman WM: Micro-electrode studies on mammalian vascular
muscle. J Physiol (Lond) 1966; 186:382-400

33. Pancrazio JJ, Frazer MJ, Lynch III C: Barbiturate anesthetics
depress the resting K conductance of myocardium. ] Pharmacol Exp
Ther 1993; 265:358-065

Anesthesiology, V 90, No 3, Mar 1999

34, Carnes CA, Muir III WW, Van Wagoner DR: Effect of intrave-
nous anesthetics on inward rectifier potassium current in rat
and human ventricular myocytes. ANESTHESIOLOGY 1997; 87:327-
34

35. Kirsch GE, Codina J, Birnbaumer L, Brown AM: Coupling of
ATP-sensitive K+ channels to Al receptors by G proteins in rat ven-
tricular myocytes. Am J Physiol 1990; 259:H820 -6

36. Cason BA, Shubayev I, Hickey RF: Blockade of adenosine
triphosphate-sensitive potassium channels eliminates isoflurane-
induced coronary artery vasodilation. ANESTHESIOLOGY 1994; 81:
1245-55

37. Shepherd AP: Myogenic responses of intestinal resistance and
exchange vessels. Am J Physiol 1977; 233:H547-54

#20¢ Iudy 01 uo 3sanb Aq Jpd* L Z000-000€0666L-2¥S0000/LLZ96E/6.L/E/06/3Pd-B[01IE/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d}Y WOI) papeojumoq




