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Background: Vascular endothelium plays an important role
in the regulation of vascular tone. Volatile anesthetics have
been shown to attenuate endothelium-mediated relaxation in
conductance arteries, such as aorta. However, significant dif-
ferences in volatile anesthetic pharmacology between these
large vessels and the small vessels that regulate systemic vas-
cular resistance and blood flow have been documented, yet
little is known about volatile anesthetic action on endothelial
function in resistance arteries. Furthermore, endothelium-de-
pendent relaxation mediated by factors other than endothe-
lium-derived relaxing factor (EDRF) has recently been rec-

* Assistant Professor, Department of Anesthesiology and Critical
Care Medicine, Kyushu University.

t Assistant Professor, Department of Anesthesiology, Saga Medical
School.

¥ Associate Professor, Department of Surg:cal Operating Center,
Kyushu University.

§ Assistant Professor, Departments of Anesthesiology, Molecular
Biology and Pharmacology, Washington University.

| Chairman and Professor, Department of Anesthesiology and Crit-
ical Care Medicine, Kyushu University.

Received from the Department of Anesthesiology and Critical Care
Medicine and Department of Surgical Operating Center, Faculty of
Medicine, Kyushu University, Fukuoka, Japan; the Department of
Anesthesiology, Saga Medical School, Saga, Japan; and the Departments
of Anesthesiology, Molecular Biology and Pharmacology, Washington
University School of Medicine, St. Louis, Missouri. Submitted for
publication May 24, 1994. Accepted for publication September 1,
1994. Supported by a grant-in-aid (C) (no. 02670687) and a grant-
in-aid (A) (no. 05771141) from the Ministry of Education, Science
and Cultures, Japan. Presented in part at the annual meetings of the
American Society of Anesthesiologists, New Orleans, Louisiana, Oc-
tober 17-21, 1992, and Washington D.C., October 9-13, 1993; at
the 10th World Congress of Anesthesiologists, The Hague, The Neth-
erlands, June 12-19, 1992; and at the 68th International Anesthesia
Research Society meeting, Orlando, Florida, March 5-9, 1994.

Address reprint requests to Dr. Akata: Department of Anesthesiology,
Research Unit, Washington University School of Medicine, Campus
Box 8054, 660 South Euclid Avenue, St. Louis, Missouri 63110-1093
(until October 31, 1995) or Department of Anesthesiology, Faculty
of Medicine, Kyushu University, Fukuoka 812, Japan (as of November
1, 1995).

Anesthesiology, V 82, No 1, Jan 1995

sk//:dpy woly pepeojumoq

ognized, and there is no information available regarding vol-m
atile anesthetic action on non-EDRF-mediated endotheliumN
dependent relaxation.

Metbods: Employing isometric tension recording and mi>
croelectrode methods, the authors first characterized the en
dothelium-dependent relaxing and hyperpolarizing actions ofS
acetylcholine (ACh) in rabbit small mesenteric arteries, an
tested the sensitivities of these actions to EDRF pathway incr
hibitors and K* channel blockers. They then examined thes
effects of the volatile anesthetics isoflurane, enflurane, amﬁ
sevoflurane on ACh-induced endothelium-dependent relaxa;
tion that was sensitive to EDRF inhibitors and that which wa$
resistant to the EDRF inhibitors but sensitive to blockers oé
ACh-induced hyperpolarization. The effects of the volatile anN
esthetics on endothelium-independent sodium nitroprussldg;
(SNP)-induced relaxation were also studied.

Results: Acetylcholine concentration-dependently causc(ﬁ
both endothelium-dependent relaxation and hypcrpolariuo
tion of vascular smooth muscle. The relaxation elicited bg
low concentrations of ACh (=< 0.1 um) was almost completelg
abolished by the EDRF inhibitors N®nitro L-arginine (LNNA)é‘
oxyhemoglobin (HbO;), and methylene blue (MB). The relax2
ation elicited by higher concentrations of ACh (= 0.3 um) wag
only attenuated by the EDRF inhibitors. The remaining relaxg
ation, as well as the ACh-induced hyperpolarization that wa.§
also resistant to EDRF inhibitors, were both speciﬁcall@
blocked by tetraethylammonium (TEA = 10 mm). Sodium n&

troprusside, a NO donor, produced dose-dependent relaxatior
but not hyperpolarization, in the endothelium-denuded (E[-[f
strips, and the relaxation was inhibited by MB and HbO,,
not TEA (=10 mm). One MAC isoflurane, enflurane, and seve
flurane inhibited both ACh relaxation that was sensitive t@
the EDRF inhibitors and the ACh relaxation resistant to th§
EDREF inhibitors and sensitive to TEA, but not SNP relaxatiofi
(in the E[] strips). An additional finding was that the anes-
thetics all significantly inhibited norepinephrine (NE) con-
tractions in the presence and absence of the endothelium or
after exposure to the EDRF inhibitors.

Conclusions: The results confirm that ACh has a hyperpo-
larizing action in rabbit small mesenteric resistance arteries
that is independent of EDRF inhibitors but blocked by the K
channel blocker TEA. The ACh relaxation in these resistance
arteries thus appears to consist of distinct EDRF-mediated and
hyperpolarization-mediated components. Isoflurane, enflur-
ane, and sevoflurane inhibited both components of the ACh-
induced relaxation in these small arteries, indicating a more

eldolans



189

ANESTHETIC ACTION ON ACh RELAXATION IN RESISTANCE ARTERY

global depression of endothelial function or ACh signaling in
endothelial cells, rather than a specific effect on the EDRF
pathway. All these anesthetics exerted vasodilating action in
the presence of NE, the primary neurotransmitter of the sym-
pathetic nervous system, which plays a major role in main-
taining vasomotor tone in vivo. This strongly indicates that
the vasodilating action of these anesthetics probably domi-
nates over their inhibitory action on the EDRF pathway and,
presumably, contributes to their known hypotensive effects
in vivo. Finally, the vasodilating action of these anesthetics
is, at least in part, independent from endothelium. (Key words:
Anesthetics, volatile: enflurane; isoflurane; sevoflurane. En-
dothelium: endothelium-derived hyperpolarizing factor; en-
dothelium-derived relaxing factor; nitric oxide. Muscle,
smooth: vascular.)

VASCULAR endothelium appears to play a crucial role
in the regulation of vascular smooth muscle tone by
releasing vasoactive substances, such as endothelium-
derived relaxing factor (EDRF), prostacyclin, or en-
dothelin, in response to various stimuli. It has been
suggested that volatile anesthetics, including halo-
thane, enflurane, isoflurane, and sevoflurane, may sig-
nificantly affect such endothelial function. =4 Muldoon
et al. first reported that halothane attenuated endothe-
lium-mediated vasorelaxation induced by acetylcholine
(ACh) or bradykinin in rabbit aorta and canine femoral
and carotid arteries, while endothelium-independent
relaxation induced by nitroglycerin (NTG) was not af-
fected.' These findings have subsequently been con-
firmed by Uggeri et al., who studied enflurane and iso-
flurane, in addition to halothane, and reported that all
three anesthetics attenuated both receptor- and non-
receptor-mediated endothelium-dependent relaxations
in rat aorta without affecting endothelium-independent
relaxation induced by sodium nitroprusside (SNP).?
Similarly, Toda et al. recently reported that halothane
and isoflurane inhibited ACh-induced, but not NTG- or
SNP-induced, relaxation in rat aorta,* and the lack of
effect of halothane on SNP-induced relaxation was more
recently confirmed by Blaise ef al. in rabbit aorta.’> Al-
though these findings have led to the belief that halo-
thane and other volatile anesthetics may inhibit the
synthesis, release, or both of EDRF or inactivate EDRF,
Hart et al. have recently demonstrated that halothane
inhibited the relaxation and cyclic GMP production
induced by nitric oxide (NO)—believed to be identical
to EDRF—in endothelium-denuded strips from rat
aorta.® Thus, halothane-induced attenuation of endo-
thelium-mediated relaxation may also involve inhibi-
tion of guanylate cyclase in vascular smooth muscle
cells.
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Although various volatile anesthetics have been re-
ported to attenuate endothelium-dependent relaxation
in large arteries, such as rabbit or rat aorta, as described
above, little information is available regarding the ef-
fects of the volatile anesthetics on endothelium-me-
diated vasorelaxation in small resistance arteries. It is
well established that these small arteries and arterioles
play an important role in the regulation of local blood
flow and systemic arterial pressure.”® Understanding
direct anesthetic actions on endothelial function in
these vessels may, therefore, prove important in un-
derstanding the cardiovascular actions of these agents.
Furthermore, previous studies, both in vivo and in vi-
tro, have documented that there exist significant dif-
ferences in volatile anesthetic pharmacology between
conductance and resistance arteries,”'* indicating the
need to further investigate volatile anesthetic action in
small resistance arteries.

Endothelium-dependent relaxation that is resistant to
EDRF inhibitors has recently been reported,'>™'® and
such relaxation may be mediated by an endothelium-
derived hyperpolarizing factor (EDHF)'*~** that is dis-
tinct from EDREF.'*>1923.24 However, although the rel-
ative importance of EDRF and EDHF in the endothe-
lium-dependent relaxation in various types of vessels
is under active investigation,® there is, as yet, no in-
formation regarding a difference in volatile anesthetic
actions on endothelium-dependent relaxation that is
sensitive or resistant to EDRF inhibitors.

In this report, we describe the actions of the volatile
anesthetics isoflurane, enflurane, and sevoflurane on
endothelium-dependent relaxation in small rabbit
mesenteric resistance vessels. Employing isometric
tension recording and microelectrode methods, we first
characterized the vasorelaxing and membrane-hyper-
polarizing actions of ACh and SNP, and the sensitivity
of the ACh and SNP responses to EDRF inhibitors. After
this, we examined the effects of isoflurane, enflurane,
and sevoflurane on the endothelium-dependent ACh-
induced relaxations that were sensitive and resistant to
the EDRF inhibitors, and the effects of these anesthetics
on the endothelium-independent relaxation produced
by SNP.

Materials and Methods

Tissue Preparation
After receiving institutional approval for this animal
study, male albino rabbits (2-2.5 kg) were given so-
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dium pentobarbital (40 mg/kg intravenously) and ex-
sanguinated. The mesentery in the jejunal region was
immediately placed in a dissecting chamber filled with
preoxygenated Krebs-bicarbonate solution, and the
mesenteric artery was rapidly excised. The distal por-
tion of the third order branch (0.2-0.3 mm in diameter;
the main truncus was not counted) were used for the
current experiments. Under a binocular microscope,
the fat and adhering connective tissue were carefully
removed, and thin circumferential strips (0.4-0.6 mm
long and 0.1-0.12 mm wide) were prepared for ten-
sion-recording. The length and diameter of the prep-
arations for the electrophysiologic experiment were
about 10 and 0.2 mm (without dissection), respec-
tively. In some experiments, the endothelium was re-
moved by gently rubbing the intimal surface with the
round surface of a small pin, as previously described.?®
Each vascular preparation was obtained from a different
animal in both the tension-recording and electrophys-
iologic experiments.

Recording of Mechanical Activity and Membrane

Potential Measurements

Mechanical responses were measured by attaching
the strips to a strain gauge (UL-2 type, Shinko Co.,
Tokyo) in a small chamber (0.9 ml capacity) filled with
Krebs solution, as previously reported.'”**?” The
chamber was placed on a microscope stage and the
strip was stretched to 1.1 times its resting (without
tension) length to obtain maximal contractile response
to high K*. The protocol for the experiments to deter-
mine the optimal stretch was as follows. After a 30-
min equilibration time, high K* (40 mm) was applied
to the strip (without stretch) for 2 min with an interval
of 8 min to allow the contractile response to high K*
to become constant. The length was then cumulatively
increased in a stepwise fashion, and the contractile re-
sponse was allowed to stabilize. Solution changes were
accomplished by rapid perfusion from one end while
aspirating simultaneously from the other end. All ten-
sion experiments were performed at 35°C.

Electrophysiologic experiments were performed
separately from tension experiments. The membrane
potential of the smooth muscle cell was measured using
a glass capillary microelectrode filled with 3 M KCI
(tip resistance, ~ 40-80 MQ), as previously re-
ported.'>?°2%27 The tissue segment was pinned onto a
rubber plate in a chamber (1.5 ml volume) with a
stretch of 30% and superfused with Krebs solution
(35°C) at a flow rate of 3 ml/min. The electrode was
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inserted into the muscle cell from the outer surface of
the vessel. Although, ideally, the vessel should be
stretched to the same degree as that in tension exper-
iments, it was impossible to impale the microelectrode
without a stretch of this degree (=30%). With the 30%
stretch, the contractile response to high K™ was ~90%
of that obtained with a stretch of 10%.

Application of agonists was initiated after a 30- mlrg
equilibration after mounting of the vascular tissues lrg_
the chambers. The experiments themselves were starte(ﬁ g
after the vascular responses to norepinephrine (NE)2 3
ACh, or SNP all became constant (=~2-3 hand =1 lg
after mounting the strips in endothelium-intact and en{e
dothelium-denuded strips, respectively). Constantﬂ_
vascular responses to NE, ACh, or SNP were then obo
served for ~3-6 h. In tension-recording cxpenmentsg
only one experiment was performed in each strip; ifg
electrophysiologic experiments, several cxpcrimenm?
were performed when the effects of inhibitors on the
ACh-induced hyperpolarization were reversible.

gelilvy
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Solutions and Drugs

The composition of the Krebs solution was as follows
(mm): NaCl 111.9, KCI 3.7, MgCl, 1.2, CaCl, 2. 6:
NaHCO; 25.5, KH3PO 1.2, glucose 11.4. Solutlong
with various concentrations (1.2-77 mm) of K* werég
prepared by replacing NaCl with KClI, isoosmoticallyg
The solution was bubbled with 95% 0,/5% CO, (pfé
7.3-7.4, 35°C).

Norepinephrine HCI, methemoglobin (bovmc)g
methylene blue (MB), N®-nitro L-arginine (LNNA), glig
benclamide, and apamin were obtained from Slgm£
Chemical Co. (St. Louis, MO). Tetracthylammomuni‘i
chloride, barium chloride, 4-aminopyridine, and SN]§
were obtained from Nacalai Tesque (Kyoto, ]apan)%
Isoflurane and enflurane were obtained from Dainabof
Co. (Tokyo, Japan), and sevoflurane was obtained frong
Kodama Pharmaceutical Co. (Osaka, Japan). g

Oxyhemoglobin (HbO,) was prepared by rcducmg
commercial bovine Hb containing 75% methemoglo®
bin. After adding 10 times sodium dithionite to Hb (1
mm), dialysis by 200 times distilled water was carried
out at 4°C. The identification and final concentration
of oxyhemoglobin were determined spectrophotomet-
rically.

Characterization of ACh and SNP Responses

The effects of endothelial removal, various concen-
trations of extracellular potassium (1.2-80 mm), EDRF
pathway inhibitors (LNNA, MB, and HbO,), and various
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K" channel blockers (Glibenclamide, BaCl,, 4-ami-
nopyridine [4AP], apamin, and tetraethylammonium
[TEA]) on the ACh-induced hyperpolarization and re-
laxation were studied. The ACh-induced hyperpolar-
izations were studied in the presence and absence of
NE (10 pm). In tension-recording experiments, the
strips were precontracted with NE, the primary neu-
rotransmitter of sympathetic vasoconstrictor system,
which plays a significant role in maintaining vasomotor
tone in vivo. After the contractile response to NE
reached a steady state, various concentrations (0.03-
10 um) of ACh were applied to the strip in a random
sequence either in the presence or absence of inhibi-
tors. In experiments using the EDRF pathway inhibitors,
the strips were pretreated with the inhibitor (s) for 20
min before application of ACh or NE, and the inhibitors
were then applied throughout the remainder of the
experiment. Because preliminary experiments showed
that indomethacin (3 um), a cyclooxygenase inhibitor,
did not significantly affect the ACh relaxation in this
artery (n = 5, not shown), subsequent experiments
were performed in the absence of indomethacin. In
addition, because preliminary experiments indicated
that ACh exerted its maximal hyperpolarizing effects
within 1 min, ACh was applied for 1 min in the elec-
trophysiologic experiments described here.

The concentrations of the EDRF inhibitors used in
these experiments were sufficient to exert their max-
imal effects or were the maximum possible concen-
trations that could be used without producing sig-
nificant toxicity. The maximal concentrations of
LNNA and HbO, used, 100 um and 10 uM, respec-
tively, produced no more inhibition of ACh relaxa-
tion compared with 30 um LNNA or 3 um HbO, (an-
alyzed by a two-factor [concentration, treatment] AN-
OVA, not shown). In contrast, 10 um MB produced
significant additional inhibition compared with 3 um
MB (P < 0.05 by a two-factor ANOVA), but 30 um
MB was apparently toxic to the vascular tissues, as
evidenced by deterioration of contractile function
that occurred ~60-90 min after application of this
concentration (30 um) of MB.

The K' channel blockers tested in this study were
glibenclamide (3 and 10 pm), BaCl, (30 and 100 um),
4AP (30 and 100 um), apamin (0.1 and 0.3 um), and
TEA (0.1-30 mm). Glibenclamide and apamine are
known to selectively inhibit the ATP-sensitive K™ chan-
nel and the low conductance Ca**-activated K* chan-
nel, respectively, while Ba**, 4AP, and TEA have been
reported to block various types of K* channels, in-
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cluding voltage-dependent K* channels, Ca**-activated
K" channels, or ATP-sensitive K* channels.?®

The effect of SNP on resting membrane potential was
studied in endothelium denuded (E[—]) strips. The re-
laxing effects of SNP, as well as the effects of MB (10
uM), HbO, (10 pm), and TEA (10 and 30 mm) on the
SNP (1-10 pm)-induced relaxation were studied in
E(—) strips preconstricted with NE (10 um).

Anestbetic Actions

The effects of 1 MAC isoflurane (2% in rabbit), en-
flurane (2.8%), and sevoflurane (3.7%) on ACh-induced
relaxation in endothelium intact (E[+]) strips and on
SNP-induced relaxation in E(—) strips were studied.?**°
The effects of the anesthetics on ACh and SNP relaxa-
tions were studied in strips preconstricted with NE and
the anesthetics were applied for 5 min before, and then
continuously during, application of NE and either NE
+ ACh or NE + SNP. As noted below, all three anes-
thetics significantly inhibited the contractions induced
by 10 um NE. To compensate for this effect, the NE
concentration was increased to produce approximately
the same level of tension (7.e., contraction) as 10 um
NE produced in control strips (i.e., without anesthetic)
before measuring relaxation produced by ACh or SNP.
This technique of compensating for vasodilating effects
has previously been employed for both volatile anes-
thetics and basic polypeptides when examining the ef-
fects of these drugs on ACh relaxation.®?'

Volatile Anesthetics Delivery and Analysis

The volatile anesthetics were delivered via calibrated
agent-specific vaporizers in line with the 0,/CO;
equilibration gas mixture aerating the Krebs solution.
The anesthetic concentration in the resulting gas mix-
ture was monitored with a calibrated infrared multi-
anesthetic gas analyzer (Capnomac; Datex, Tewksbury,
MA). Preliminary experiments indicated that 10 min
was sufficient for the Krebs solution to be saturated
with the anesthetics at each partial pressure. Therefore,
the Krebs solution was equilibrated with the anesthetics
for 15 min before the study. The experimental chamber
was covered with a thin glass plate to prevent the
equilibration gas from escaping into the atmosphere.
The concentrations of isoflurane, enflurane, and sevo-
flurane in the Krebs solution were also determined by
gas chromatography yielding values of 0.37 * 0.01
mM, 0.71 + 0.05 mm, and 0.42 = 0.05 mm, respectively
(mean = SD, n = 3-5). These values were 86, 88, and
84% of the theoretical values predicted by the partition
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coefficient of isoflurane and enflurane in Krebs
solution®? or by the partition coefficient of sevoflurane
in water (the partition coefficient of sevoflurane in
Krebs solution is not available). Thus, these concen-
trations were equivalent to 0.86, 0.88, and 0.84 MAC
in rabbit, respectively, although the concentration of
sevoflurane may be slightly underestimated, because
the partition coefficients of other volatile anesthcucs
in Krebs solution is about 90% of that in water.?

Calculation and Statistical Analysis

All results were expressed as mean + SD. In the ten-
sion-recording experiments, n denotes the number of
animals. In the electrophysiologic experiments, n de-
notes the number of impalements (cells); the number
of preparations (animals) is noted separately. The ACh
relaxation in the presence of NE and the ACh hyper-
polarization were assessed at the points at which its
relaxing or hyperpolarizing effects reached a maxi-
mum. The statistical assessment of the data was made
by an ANOVA (one or two factor), Scheffé’s F test, and
Student’s £ test, as appropriate. A level of P < 0.05 was
considered significant.

Results

Acetylcholine- and Sodium Nitroprusside-Induced

Changes in Membrane Potential in Vascular

Smooth Muscle

In E(+) strips, ACh hyperpolarized the membrane
potential (MP) of smooth muscle cells in both the ab-

sence and the presence of NE (3 and 10 um) (fig. 1).
Norepinephrine (3 and 10 um) itself significantly de-
polarized the MP, and ACh (3 um) reversed the NE-
induced depolarization in E(+) strips (fig. 1). Acetyl-
choline (up to 10 um) had no significant effect on MP
in E(—) strips in the absence (n = 12, five preparations)
or in the presence (n = 15, five preparations) of NE
(not shown).

As shown in figure 2A, 0.1-10 um ACh hypcrpolanze&
the resting MP of the smooth muscle cells, in both 3. 6"1
and 5.9 mm extracellular K* ([K'],), ina concentration§
dependent manner. The hyperpolarizations in thé‘
presence of 3.6 mm [K'], were consistently larger (Ib‘,
< 0.05) than those in the presence of 5.9 mm [K*]&
(fig. 2B).

Figure 2C shows that the hyperpolarization induced
by 3 um ACh varies as a function of extracellular K§
concentration. At low [K'], values, MP deviated signifg
icantly from the equilibrium potential for K" (Ex) preg
dicted by the Nernst’s equation, and the ACh- mduce@
hyperpolarizations were the largest. Acetylcholine- mg
duced hyperpolarizations almost disappeared in th¢
presence of [K'], above 10 mm where MP was cssemlallﬁ
equal to Ex.

To obtain more distinct hyperpolarizing responseg
to ACh, subsequent experiments using EDRF and Kf
channel inhibitors were performed in the presencg
of 3.6 mm [K'],. Under these conditions, LNNA (10§
um) and HbO, (10 pm) did not significantly affect thE
resting MP, and ACh (3 um) still hyperpolarized (R
< 0.05) the smooth muscle MP in the presence -

YoJan|
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x
A v 3 min %
m <
50r ACh@3um ACh (3 uM) ATS QM) 2
:_6,8{ e e Ju\ Fig. 1. Effects of ACh (3 um) on tlé
80 ! membrane potential in the absence angl
—NE 3 uM)— —NE (10 uM) — pmenceofNE(SanleuM)intheeé
dothelium-intact strips. (4) Exampl&
B of the ACh-induced hyperpolarizatiof
recorded in the same strip. (B) Data are
v mean + SD (n = 7-15, three to five
Membrane potential (mV) preparations). ACh = acetylcholine, MP
0 -20 -40 -60 -80 = membrane potential, NE = norepi-
Spe— nephrine. *Significantly different (P <
Contvol 1 0.05) from the membrane potential
ACh * 4 before application of ACh. #Signifi-
cantly different (P < 0.05) from the
3uMNE D% //////////// 2% # resting membrane potential (before
# Il Resting MP application of NE).
Control MP in the presence of NE
MP aft icati
10 uM NE i o Ll er application of ACh
—
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Fig. 2. Effects of ACh on the membrane
potential in the presence of various ex-
tracellular K concentrations in the en-
dothelium-intact strips. (4) Typical ex-
amples of the ACh (0.03-10 gm)-induced
hyperpolarization in the presence of 3.6

and 5.9 mm extracellular [K']. (B) The A
closed and open circles show the effects

of ACh on the resting membrane potential

in the presence of 3.6 and 5.9 mm extra-
cellular [K'], respectively. Data are mean

+SD (n = 5-11, four to five preparations).

ACh = acetylcholine, [K'], = extracellular

K' concentration. #Significantly different

(P < 0.05) from the membrane potential 0.1
before the application of ACh within each T
group. *Significantly different (P < 0.05)

from the ACh-induced hyperpolarization 03
in the presence of 5.9 mm extracellular K* i
at each concentration. (C) The effects of

ACh (3 pm) on the membrane potential in 1
the presence of various extracellular K* "y
concentrations. The closed circles show
the effects of ACh on the membrane po- 3
tential in the presence of various extra- .
cellular K* concentrations (1.2-77 mm),
whereas the open circles show the control 10
membrane potential in the absence of v
ACh. The dotted line indicates the equilib-
rium potential for K* calculated from
Nernst’s equation (35°C), assuming that
the intracellular K* concentration is 140
mMm. Data are mean + SD (n = 6-25, three
to five preparations). [K'], = extracellular
K" concentration. *Significantly different
(P < 0.05) from the control membrane
potential at each concentration.

these inhibitors (fig. 3A). The hyperpolarizations in
the presence of LNNA and HbO, were 9.6 = 3.6 mV
(n = 8, four preparations) and 10.3 = 3.2 mV (n =
5, three preparations), respectively, both of which
were not significantly different from the control hy-
perpolarization measured in the absence of the in-
hibitors (10.5 + 2.2 mV [n = 9, four preparations]).
Methylene blue (10 pm) and a cocktail application
of LNNA (100 pm), HbO, (10 gm), and MB (10 um)
significantly depolarized the resting MP (fig. 3A).
However, the ACh-induced hyperpolarizations were
at least as large as the control response after the in-
hibitors, and the absolute level of MP achieved after
ACh was not different than control with any of the
inhibitors.

The K* channel blockers glibenclamide (Glib, 10
um), BaCl, (100 um), 4-aminopyridine (4AP, 100
uMm), or apamin (0.3 um) had little if any effect on
the hyperpolarizing action of ACh (fig. 3B). The hy-
perpolarization in the presence of apamin (9.2 = 3.7

Anesthesiology, V 82, No 1, Jan 1995
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1 23 610 20 4080100
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mV, n = 5, three preparations), which was the only
K" blocker that did not affect MP, was not significantly
different from the control hyperpolarization (10.5 *
2.2 mV, n = 9, four preparations). Once again, the
magnitude of the ACh-induced hyperpolarizations in
the presence of all these K* channel blockers were
at least as large as the control responses, and the ab-
solute level of MP achieved after ACh was not differ-
ent from control.

The K* channel blocker TEA (3-30 mm) also caused
some depolarization in MP, but TEA substantially at-
tenuated the ACh-induced hyperpolarization such that
the ACh response was completely abolished at TEA
concentrations > 10 mm (fig. 4). Among all the K*
channel and EDRF blockers tested, TEA (=10 mm) ap-
peared to be the only agent capable of blocking the
hyperpolarizing action of ACh.

In contrast to the effects of ACh on MP, SNP (up to
10 um) had no apparent effect on the resting MP in the
E(—) strips (fig. 4C). There was no significant differ-
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ence in the MP measured before (—73.4 + 2.1 mV, relax E(—) strips precontracted with NE (10 um) (not
four preparations) and after 10 um SNP (72.9 + 3 mV, shown). The application of the EDRF pathway inhibi-
= 12, four preparations). tors LNNA (100 pm), HbO, (10 um), MB (10 um), or a
cocktail application of LNNA (100 um), HbO, (10 um),

Acetylcholine- and Sodium Nitroprusside-Induced  and MB (10 um) significantly enhanced the contractile
Relaxation of Norepinephrine Contracted response to NE in the E(+) strips: LNNA, 2.4 + 1.8
Vascular Smooth Muscle times control (n = 31); HbO,, 1.7 = 0.5 times control
In E(+) strips, 0.03 to 10 um ACh relaxed the strips (n = 8); MB, 2.5 = 1.5 times control (n = 29); and
precontracted with NE (10 um) in a concentration-de- ~ LNNA + HbO, + MB, 3.3 + 2.1 times control (n = 28,
pendent manner (fig. 5A and D). In contrast, even very  fig. 5B and C). These EDRF inhibitors almost abolished
high concentrations of ACh (up to 10 um) failed to  the relaxations elicited by the low concentrations (=
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0.1 um) of ACh, but failed to completely abolish the
relaxations elicited by high concentrations (= 0.3 um)
of ACh (fig. 5B-D). Even a cocktail application of
LNNA, HbO,, and MB failed to completely abolish the
relaxations elicited by high concentrations (= 0.3 um)
of ACh (fig. 5C and D).

The residual ACh relaxation in the presence of the
EDRF pathway inhibitors was completely inhibited by
the additional application of 10 and 30 mm TEA (fig.
5C and D). However, the K™ channel blockers Glib (3
and 10 pm), apamin (0.1 and 0.3 um), 4AP (30 and
100 um), and BaCl, (30 and 100 pm) had little or no
effect on the residual ACh relaxations that were resistant
to the EDRF inhibitors (fig. 6).

As shown in figure 7, SNP dose-dependently (1-10
um) relaxed the E(—) strips precontracted with NE (10
um) (fig. 7). However, in contrast to the actions on ACh
relaxation in the E(+) strips, TEA (10 and 30 mm) had
no significant effect on SNP-induced relaxation (fig. 7).
The SNP-induced relaxation was substantially atten-
uated by the cocktail application of the EDRF pathway
inhibitors HbO, (10 um) and MB (10 um). These EDRF
inhibitors almost completely abolished the relaxations
elicited by 1 and 3 um SNP (fig. 7A-C).

Effects of Volatile Anesthetics on Acetylcholine-

and Sodium Nitroprusside-Induced Relaxations

As shown above, the relaxations produced by the low
concentrations (0.03-0.3 um) of ACh were abolished
or strongly inhibited by the EDRF inhibitors (fig. 5).
Isoflurane, enflurane, and sevoflurane all caused sig-
nificant and reversible inhibition of these endothelium-
dependent ACh-induced relaxations that were sensitive
to the EDRF pathway inhibitors, as shown in figure 8,
and no significant differences were observed in their
inhibitory effects on ACh relaxation among these an-
esthetics.

Because all three anesthetics significantly inhibited
the NE (10 pm) contractions (fig. 8A-D), the concen-
trations of NE were increased in the strips pretreated
with the anesthetics to obtain a NE precontraction with
the same amplitude as that in the control. The concen-
trations of NE required to obtain precontractions with
the same amplitude as the control were 36.7 = 12.9
M (n =7),25.6 53 um (n = 9), and 50.6 = 14.1
M (n = 6) in the presence of isoflurane, enflurane,
and sevoflurane, respectively. Using these concentra-
tions of NE, there were no significant differences in the
amplitude of the NE precontractions before and after
the anesthetic in all groups. There were no significant
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Fig. 4. Effects of tetraethylammonium (TEA, 1-10 mm) on ACh
(3 um)-induced hyperpolarization in the endothelium-intact
strips. (4) Typical examples of the effects of TEA on the hy-
perpolarization recorded in the same strip. (B) Effects of var-
ious concentrations of TEA (0.1-30 mMm) on the ACh hyper-
polarization. Data are mean + SD (n = 6-9, four preparations).
*Significantly different (P < 0.05) from the control hyperpo-
larization (in the absence of TEA, open circle). (C) Effects of
SNP (10 um) on the resting membrane potential in the endo-
thelium-denuded strips.

differences among the anesthetics for their inhibitory
effects on precontraction induced by 10 um NE (fig.
8D).

The effects of volatile anesthetics on ACh relaxation
resistant to the EDRF inhibitors were studied using the
relaxation induced by 3 um ACh in the presence of the
(EDRF) inhibitors. This relaxation was sensitive to the
K* channel blocker TEA (fig. 5), which selectively
blocked the endothelial-dependent hyperpolarizing
action of ACh (fig. 4) that was resistant to the EDRF
inhibitors (fig. 3). All three anesthetics significantly
and reversibly inhibited this 3 um ACh-induced relax-
ation in the presence of the EDRF inhibitors (fig. 9D),
and no significant differences were observed in the
magnitudes of their inhibitory effects on ACh relaxation
in the presence of the EDRF inhibitors. All three an-
esthetics again produced significant inhibition of the
precontraction induced by 10 um NE (P < 0.05), and
the concentrations of NE in the strips pretreated with
the anesthetics were increased to obtain a NE-induced
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relaxation in the endothelium-intact strips precontracted with norepinephrine (NE, 10 um). (4) Examples of ACh (0.03-0.3 um)- £
induced endothelium-dependent relaxation in the absence of EDRF pathway inhibitors (control). (B) The effects of a cocktail 2
application of N°-nitro L-arginine (LNNA, 100 um), oxyhemoglobin (HbO,, 10 um), and methylene blue (MB, 10 um) on thes
relaxation elicited by a low concentration of ACh (0.1 um). (C) The effects of TEA (10 mm) on the remaining ACh (3 uu)—lnduced§
relaxation after application of the EDRF pathway inhibitors. (D) The effects of EDRF pathway inhibitors (100 um LNNA [L], 10X
um MB [M], 10 um HbO, [H], and a cocktail application of 100 um LNNA, 10 um MB, and 10 pm HbO, [L + M + H]) on the ACh (0.03-8
10 pm)-induced vasorelaxation. The open circles show the control ACh relaxation in the absence of the inhibitors (control).2
The closed circles show the effects of the above interventions on the ACh relaxation. C = control, L = LNNA, N%nitro L-arginine,2
M = MB, methylene blue, H = HbO,, oxyhemoglobin, LMH = L + M + H, a cocktail application of 100 um LNNA, 10 um MB, and&
10 um HbO,. All data are mean + SD (n = 3-8). *Significantly different (P < 0.05) from the control ACh-induced relaxation at%
each concentration. #Significantly different (P < 0.05) from the control within each group (this symbol was not added to the2
control group). §Significantly different (P < 0.05) from the LMH group at each concentration.
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precontraction of the same amplitude as in the control
(fig. 9). There were no significant differences among
the three anesthetics in the amount of inhibition of the
10 uMm NE contraction (fig. 9E), and the concentrations
of NE required to obtain a precontraction of the same
amplitude as the control were 14.3 = 4.6 (n = 6),
148 + 3.5 (n=4),and 16.5 = 4 um (n = 4), in the
presence of isoflurane, enflurane, and sevoflurane, re-
spectively.

The effects of volatile anesthetics on the endothelium-
independent relaxation induced by SNP (3 um) in the

Anesthesiology, V 82, No 1, Jan 1995

E(—) strips are shown in figure 10. As described above,
this SNP-induced relaxation was almost completely
abolished by the EDRF inhibitors MB and HbO, (fig.
7). In contrast to their effects on ACh-induced relaxa-
tion, however, neither isoflurane, enflurane, nor sev-
oflurane had any significantly inhibitory effect on the
SNP (3 um =~ ICs, values)-induced relaxation (fig. 10A-
D). As in the E(+) strips, the three anesthetics signif-
icantly inhibited the NE-induced precontraction in the
E(—) strips (fig. 10A-C and E). The concentrations of
NE in the strips pretreated with the anesthetics were
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Fig. 6. Effects of various K' channel
blockers on ACh-induced relaxation in
the endothelium-intact strips precon-
tracted with norepinephrine (NE, 10
uMm) in the presence of the EDRF path-
way inhibitors NSnitro L-argin-
ine (LNNA, 100 gMm), oxyhemoglobin
(HbO,, 10 um) and methylene blue (MB,
10 um). The open circles show the con-
trol ACh relaxation in the presence of
these EDRF inhibitors, while the closed
symbols show the effects of various K*
channel blockers on the ACh relaxa-
tion resistant to the EDRF inhibitors:
glibenclamide (4, closed circles, 3 um;
closed triangles, 10 um), BaCl, (B, closed
circles, 30 um; closed triangles, 100 um),
4-aminopyridine (C, closed circles, 30
uMm; closed triangles, 100 um), and apa-

% Relaxation

A B . 5 D
: |
20
40
4AP

80 Glibenclamide

his,

BaClz Apamin

min (D, closed circles, 0.1 um; closed 100 C 6
triangles, 0.3 um). All above data are
the mean + SD (n = 3-6). These K*
channel blockers at the concentrations
tested did not significantly affect the
ACh-induced relaxation in the pres-
ence of the EDRF pathway inhibitors.
Note that the control ACh relaxation
was recorded in the presence of EDRF
inhibitors. ACh = acetylcholine, 4AP =
4-aminopyridine.

again increased to obtain almost the same NE precon-
traction amplitude as the control before application of
SNP. The concentrations of NE required to obtain pre-
contractions of the same amplitude as the control were
1833+4.1(n=6),143+53 (n=4),and 20+ 0
M (n = 4), in the presence of isoflurane, enflurane,
and sevoflurane, respectively. There were no significant
differences in the amplitude of the NE contraction be-
fore and after the anesthetics in all three groups, and
there were no significant differences in the inhibitory
effects of the anesthetics on the contraction induced
by 10 um NE (fig. 10E).

One additional finding of interest was the transient
constriction induced by enflurane in both the E(+) and
E(—) strips (figs. 8B, 9B, and 10B). Similar transient
constrictions were not observed with either isoflurane
and sevoflurane (not shown). The amplitudes of the
enflurane-induced contraction in the E(+) strips, in
the E(+) strips pretreated with the EDRF inhibitors,
and in the E(—) strips were 0.81 = 0.20 (n = 9), 0.72
£ 0.12 (n = 4), and 0.73 = 0.08 (n = 6) times the
amplitude of 2 40 mM K'-induced phasic contraction
in each condition, respectively. Furthermore, enflurane
generated a similar transient contraction in Ca**-free,
2 mm EGTA solution in the E(—) strips with an ampli-
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tude equivalent to 0.75 £ 0.12 (n = 3) times that of
the 40 mm K*-induced phasic contraction (in the pres-
ence of 2.6 mm Ca*").

Discussion

Characteristics of the Acetylcholine-Induced

Relaxation and Hyperpolarization

The current study demonstrated that ACh causes en-
dothelium-dependent relaxation and hyperpolarization
of the smooth muscle in this small splanchnic resistance
artery, as observed previously in other arteries.’>"%¢ In
addition, our results strongly indicate that the relaxa-
tion induced by low concentrations (< 0.1 um) of ACh
is totally dependent on the action of EDRF, but the
relaxation induced by higher concentrations (= 0.3
um) of ACh is, in part, mediated by a hyperpolarizing
effect of ACh that is independent of the action of EDRF.
In support of this, only the relaxation induced by the
low concentrations of ACh was abolished by the inhib-
itors of the EDRF (NO) pathway, including LNNA,
HbO,, and MB. The concentrations of ACh that pro-
duced relaxation resistant to the EDRF inhibitors, i.e.,
more than 0.3 uM, corresponded to those that produced
hyperpolarization that was not affected by the EDRF
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Fig. 7. The effects of tetraethylammonium (TEA, 30 mm) and
a cocktail application of methylene blue (MB, 10 um) and oxy-
hemoglobin (HbO;, 10 um) on the SNP (1-10 um)-induced re-
laxation in the endothelium-denuded strips precontracted
with norepinephrine (NE, 10 um). (4) (1) The SNP-induced re-
laxation in the absence of inhibitors (control). (2) The SNP-
induced relaxation in the presence of TEA (30 mm). (3) The
inhibitory effects of HbO, and MB on the SNP-induced relax-
ation. (B) Effects of TEA, HbO,, and MB on the SNP-induced
relaxation. Data are mean + SD (n = 3-8). *Significantly dif-
ferent (P < 0.05) from the control relaxation at each concen-
tration. #Significantly different (P < 0.05) from the control
within each group. W = washout of SNP.

inhibitors. Moreover, both the ACh relaxation resistant
to the EDRF inhibitors and the ACh hyperpolarization
were strongly inhibited or abolished by TEA (10-30
mm). Finally, the effects of SNP strongly indicate that
the ACh hyperpolarization is independent from the ac-
tion of EDRF. The vasorelaxation produced by SNP,
which results from NO (i.e., EDRF) generation in
smooth muscle independent of the endothelium, was
strongly inhibited by the EDRF inhibitors; however,
SNP had no effect on membrane potential and SNP-
induced relaxation was not affected by TEA (10-30
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mm). The proposed mechanisms of the hyperpolariza-
tion-mediated vasorelaxation are inhibition of the volt-
age-dependent Ca®* channels, inhibition of IP; synthe-
sis, or both.>*-%3

Whether the hyperpolarization is mediated by some
humoral substance(s), i.e., EDHF, or by electrotonic
spread of endothelial hyperpolarization to smoothi
muscle cell membrane still appears to be controver-o
sial 233738 yarious EDREF releasers, including ACh, havc“’
been shown to hyperpolarize “‘endothelial’” cell mcm-g
brane, which is thought to result from increased intra-Z
cellular Ca** ([Ca*']i) and subsequent activation o&
Ca**-activated K* channels in endothelial cells. 3”341
Because EDRF is synthesized from L-arginine by a con&
stitutive Ca**-dependent NO-synthase and released by“’
a Ca**-dependent mechanism,***' the endothelial hyg
perpolarization has been proposed to serve as an 1m-=
portant signal for synthesis and release of EDRF by pro-T
viding the necessary driving force for transmembranc% ‘
Ca** influx, and sustained increases in [Ca*’]i in Cll'm
dothelial cells. This endothelial hyperpolanzauor%
could then be transmitted to smooth muscle cells elecd
trotonically via some low-resistance electrical pathway,f
such as gap junctions, which are known to exist beg
tween endothelial and smooth muscle cells.3”3%424%
According to this model, the hyperpolarization of thd‘g’o
smooth muscle membrane would thus be generatedg
electronically as part of the signal transduction pathwa)g
involved in the synthesis and release of EDRF from en:c:
dothelial cells; and TEA, a K" channel blocker, ma){;
block the EDRF inhibitor-resistant component of theg
ACh relaxation by inhibiting endothelial Ca**- acuvatc<§
K* channels, thereby preventing endothelial an(E
smooth muscle hyperpolarization. 2

Alternatively, several recent studies have demong
strated that ACh can generate smooth muscle hypcr?
polarization in situations in which electrotonic tranSg
mission cannot occur.?"*¢*% It has thus been suggcste(ﬁ
that ACh hyperpolarization may be mediated by som@
endothelial-derived hyperpolarizing factor(s) (EDHF).
In further support of this model, Beny has demonstrated
that injection of electrical pulses into endothelial cells
does not evoke any electrical response in the smooth
muscle cells of rabbit aorta, indicating that electrotonic
spread of hyperpolarization through gap junctions does
not occur.*® Assuming that ACh hyperpolarizations are
thus mediated by some endothelial humoral substance,
the lack of effect of LNNA, HbO,, or MB on the ACh-
induced hyperpolarization, as well as the lack of effect
of SNP on membrane potential, indicates that EDHF is
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Fig. 8. Effects of isoflurane, enflurane, and sevoflurane on the relaxation elicited by low concentrations of acetylcholine (ACh)
in the endothelium-intact strips precontracted with norepinephrine (NE, 10 um). (4-C) Examples of the inhibitory effects of
isoflurane, enflurane, and sevoflurane on the ACh (0.03-0.3 um)-induced relaxation. The left, middle, and right panels of each
figure show the ACh relaxation before exposure to the anesthetics (precontrol), in the presence of the anesthetics, and after
washout of the anesthetics from the bath (postcontrol), respectively. W = washout of ACh and NE. (D) Inhibitory effects of
isoflurane, enflurane, and sevoflurane on the NE (10 um)-induced contractions. NS = no significant differences between the
groups. (E) The open circles, closed circles, and open triangles show the precontrol ACh relaxation, the ACh relaxation in the
presence of the anesthetics, and the postcontrol ACh relaxation, respectively. No significant difference were observed in the
ACh relaxation between the precontrol and postcontrol groups in all experiments. Values are mean + SD (n = 6-9). *P < 0.05

versus pre- and postcontrol at each concentration.

distinct from EDRF (NO). This leads to the proposal
that the ACh relaxation in these small mesenteric ar-
teries consists of both EDRF- and EDHF-mediated com-
ponents. According to this model, TEA may block K*
channels in endothelial cells that are important in the
generation of the EDHF signal, or TEA may block K*
channels in vascular smooth muscles that are involved
in the EDHF hyperpolarizing response.

Methylene blue and the cocktail application of LNNA,
HbO,, and MB significantly depolarized the membrane
potential. However, it is difficult to conclude from this
that EDRF itself has a hyperpolarizing effect in this ar-
tery, because LNNA, which is known to be the most

Anesthesiology, V 82, No 1, Jan 1995

specific inhibitor of the EDRF pathway, *® did not affect
the membrane potential. Additionally, SNP, which pre-
sumably results in generation of NO in vascular smooth
muscle, had no effect on membrane potential. The
mechanism of the depolarizing effects of MB is cur-
rently unknown, but could reflect a toxic effect because
higher concentrations of MB caused rapid deterioration
of the preparation.

Tonic Mechanisms of the Acetylcholine-Induced

Hyperpolarization

Our results strongly indicate that the ACh hyperpo-
larization is mediated through an increase in K* per-
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Fig. 9. (4-C) Examples of the inhibitory effects of isoflurane,
enflurane, and sevoflurane on the acetylcholine (ACh, 3 um)-
induced relaxation in the endothelium-intact strips precon-
tracted with norepinephrine (NE, 10 um) in the presence of
inhibitors of the EDRF pathway, including N®-nitro L-arginine
(LNNA, 100 um), oxyhemoglobin (HbO,, 10 um), and methylene
blue (MB, 10 um). (D) The white, black, and hatched bars show
the magnitude of the ACh relaxation before exposure to the
anesthetics (precontrol), in the presence of the anesthetics,
and after washout of the anesthetics from the bath (postcon-
trol), respectively. Values are mean + SD (n = 4-6). No sig-
nificant differences were observed in the ACh relaxation be-
tween the precontrol and postcontrol groups in all experi-
ments. *P < 0.05 versus pre- and postcontrol. (E) Inhibitory
effects of isoflurane, enflurane, and sevoflurane on the NE (10
um)-induced contractions in the presence of LNNA, HbO,, and
MB. Values are mean + SD (n = 4-6). NS = no significant dif-
ferences between the groups.

meability, as previously described.?***** In low [K™]o,
the membrane potential deviated most from Ex and the
ACh hyperpolarizations were the largest. Conversely,
in the presence of high [K']Jo, where the membrane
potential was essentially the same as Ex, ACh-induced
hyperpolarizations were absent. In addition, the hy-
perpolarizations were almost completely inhibited in
the presence of TEA (= 10 mm), a nonspecific K* chan-
nel blocker.?®474® The lack of effect of glibenclamide
(10 um), a specific blocker of ATP-sensitive K* chan-
nels, and Ba®* (100 um) indicate that the ATP-sensitive
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or Ba?*-sensitive K* channels are not involved in the
generation of the hyperpolarization in the small rabbit
mesenteric artery. Glibenclamide (10 um) and Ba** (50
um) have been shown to inhibit the ACh-induced hy-
perpolarization in rabbit cerebral arteries®**”; however,
our results are similar to those recently reported in the
guinea-pig coronary artery>® and indicate there may beg
regional or species differences in the mechanisms be-3
hind the generation of ACh hyperpolarization. In ad-g
dition, both 4AP-sensitive K™ channels, e.g., the low§
conductance (10 pS), Ca**-dependent, ATP-sensitivez
K* channel in portal vein,>**' and apamin-sensitiveg
channels (0.1 and 0.3 um), i.e., the low conductancey
Ca?*-activated K channels,?®>>%3 appear to play little §
if any, role in the ACh-induced hyperpolarization oxﬁ
relaxations, because 4AP and apamin had little, if anyé
effect on the responses to ACh. Finally, although ch
did not examine the effects of charybdotoxin, a specific;
inhibitor of high-conductance Ca**-activated K" chanif%'
nels (Big K*[BK] channels),?® the lack of significant ef§
fect of low concentrations (0.1-1 mm) of TEA on theé
hyperpolarization indicates that the BK channels d&
not play a significant role in the generation of the hyﬁg
perpolarization. The BK channels are highly sensitiveg
to TEA, with the reported ECs, values for block by cxg
ternal TEA being 100-300 uM, and BK currents are alg
most completely abolished by low concentrations og
TEA.2*%%-57 In addition, we have previously reporte
that CTX (100 nm) did not affect the ACh-induced eng
dothelium-dependent hyperpolarization in rabbit cor%"
onary artery,?” and it is also known that CTX (100 nM§
does not affect ACh (3 um)- and bradykinin (0.1 uM)§
induced endothelium-dependent hyperpolarization il'_i
rat mesenteric and canine coronary arteries, respecs
tively (Drs. M. Nakashima and P. M. Vanhoutte, persona§
communication, 1994). Because nitric oxide has re§
cently been shown to directly activate the BK channclg
in rabbit aortic smooth muscle,*® the lack of involve
ment of BK channels is consistent with the proposag
that the hyperpolarization is independent from the ac-
tion of NO.

Although the observed depolarizing action of all the
K* channel blockers with the exception of apamin im-
plies that K* channels that are sensitive to these block-
ers may contribute to maintenance of the resting mem-
brane potential, our observations indicate that the ACh
hyperpolarization is mediated through the activation
of TEA-sensitive K channels that are distinct from those
inhibited by glibenclamide (10 um), Ba** (< 100 um),
4AP (< 100 pm), or apamin (< 0.3 pm). However, 2
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Fig. 10. (4-C) Examples of the effects of isoflurane, enflurane, and sevoflurane on the SNP-induced relaxation in the endothelium-
denuded strips. (D) Effects of isoflurane, enflurane, and sevoflurane on the SNP-induced relaxation in the endothelium-denuded
strips precontracted with norepinephrine (NE, 10 um). The open and dark bars show the SNP relaxation before exposure to the
anesthetics (control) and in the presence of the anesthetics, respectively. (E) Inhibitory effects of isoflurane, enflurane, and
sevoflurane on the NE (10 um)-induced contractions in the endothelium-denuded strips. Values are mean + SD (n = 4-6). NS =

no significant differences between the groups.

variety of K" channels are blocked by TEA, and the TEA
sensitivity does not allow for a specific identification
of the K* channels involved.*®*7*® Further investigation
will be necessary to clarify the specific channels, as
well as the tissue type (7.e., smooth muscle versus en-
dothelium), that are responsible for this effect.

Effects of Volatile Anesthetics on the

Acetylcholine Relaxation

Isoflurane, enflurane, and sevoflurane all caused a re-
versible inhibition of the relaxation induced by low
concentrations of ACh (0.03-0.3 um), which was
highly sensitive to the EDRF (NO) inhibitors. This in-
dicates that these volatile anesthetics inhibit the EDRF-
mediated relaxation in this small splanchnic resistance
artery, as observed in other large conductance arter-
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ies.'”® Furthermore, all three anesthetics had no effect
on the SNP (3 um = ICs, value)-induced relaxation,
which is presumably mediated through endothelium-
independent NO generation from SNP in smooth mus-
cle. Consistent with this, SNP-induced relaxation was
inhibited by MB and HbO, . These latter results indicate
that the inhibition of the ACh-induced relaxation in
these small mesenteric arteries was caused by inhibition
of EDRF production, release from endothelium, or
both, but not by an effect on vascular smooth muscle
responsiveness to NO. This is consistent with previous
observations regarding isoflurane and enflurane in rat
aorta.>*> However, our data also may not be incon-
sistent with the mechanism proposed by Yoshida et al.
for sevoflurane-induced inhibition of endothelium-de-
pendent relaxation, which involved formation of ox-
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ygen free radicals that inactivated EDRF.? The potential
involvement of guanylate cyclase inhibition in vascular
smooth muscle, which has been proposed to be in-
volved in the inhibitory effects of halothane,” remains
controversial. However, the lack of effect of the anes-
thetics we studied on SNP relaxation indicate that the
1 MAC concentrations we used in our experiments did
not interfere with guanylate cyclase activation in vas-
cular smooth muscle.

In this small resistance artery, isoflurane, enflurane,
and sevoflurane also inhibited the ACh relaxation that
was resistant to the EDRF inhibitors. This relaxation,
as discussed above, appears to be mediated by ACh-
induced hyperpolarization. If the hyperpolarization
were mediated by some humoral substance(s), i.e.,
EDHF, these findings indicate that these anesthetics in-
hibit the EDHF-mediated relaxation in addition to the
EDRF-mediated relaxation. This may result from inhi-
bition of a critical step in the ACh signal transduction
pathway common to release of both EDRF and EDHF.
Alternatively, if the hyperpolarization was caused by
electrotonic transmission from the endothelial cell to
the smooth muscle cell, and was not caused by EDHF
release, these findings may indicate that anesthetic in-
hibition of EDRF production, release, or both may be
related to inhibition of endothelial hyperpolarization
(see above). Further electrophysiologic investigations
regarding volatile anesthetic effects on the ACh-induced
hyperpolarization of vascular smooth muscle cell mem-
brane, as well as of vascular endothelial cell membrane,
will be necessary to definitively solve these issues.

One possible explanation for the current findings is
that volatile anesthetics may globally inhibit the two
pharmacologically distinct ACh-induced vascular re-
sponses by interfering with muscarinic receptors.
However, Muldoon et al. showed that halothane inhib-
its both ACh- and bradykinin-induced relaxations' and,
more recently, Uggeri et al. showed that halothane,
isoflurane, and enflurane inhibited not only receptor-
mediated (methacholine-induced) relaxation but also
nonreceptor-mediated (A23187-induced) endothe-
lium-dependent relaxation.” Similarly, Yoshida has also
shown that sevoflurane inhibits both bradykinin-in-
duced and A23187-induced relaxation, as well as ACh-
induced relaxation.® These results thus strongly indi-
cate that the site of action is distal to the endothelial
cell receptors. The observed volatile anesthetic effects
on the ACh-mediated vascular responses are thus prob-
ably not caused by interference with muscarinic re-
ceptor activation.
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Vasodilating Action of Volatile Anesthetics

Various EDRF inhibitors greatly enhanced the NE
contraction, indicating that NE stimulates the endothe-
lial cell to release EDRF, as has been proposed,’® and
that the EDRF system is an important determinant of
the contractile response to NE. It is, therefore, con-
ceivable that volatile anesthetics could have an en-
hancing effect on the contractile response to NE under
certain conditions, like the other EDRF inhibitors.
However, the anesthetics inhibited the NE contraction 5
in both the endothelium-intact and endothelium-de-2
nuded strips, indicating that the direct vasodilating ef—ﬁ
fect predominated over any vasoconstricting effect be-g
cause of EDRF inhibition. Because the sympathetic;‘i—:
nervous system plays a major role in maintaining%
splanchnic vasomotor tone, and NE is the primary sym-g
pathetic neurotransmitter, the observed inhibitory ef-3
fects of these anesthetics on the contractile rcsponsei
to NE indicate that the vasodilating action of these an-g
esthetics in these vessels is probably dominant overg
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Isoflurane, enflurane, and sevoflurane inhibited the
NE contractions in the endothelium-intact strips, in the
EDRF inhibitor-treated strips, and in the endothelium-g
denuded strips. In each condition, there were no sig-%
nificant differences in the vasodilating action of isoflu-g
rane, enflurane, and sevoflurane when compared at%
equi-MAC concentrations in rabbit. We did not compare
the vasodilating action of each anesthetic between en-g
dothelium-intact and endothelium-denuded strips bcg
cause all the inhibitors of the EDRF pathway signifi-3
cantly enhanced (1.7-2.4 times) the NE contraction?
in this artery, as previously observed.'”***” Thisg
strongly indicates the possibility that the contractileg
response to NE would also be enhanced by the me-g
chanical endothelial denudation. As previously dis-z
cussed,*°' comparisons between the E(+) and E(—)8
strips are problematic when the contractile responsesy
to NE are different and the vasodilating action of ACh®
is estimated according to the percentage decrement
from the control response. However, we can conclude
from our data that all these anesthetics have direct va-
sodilating actions on these isolated small splanchnic
arteries, and that the vasodilating actions of all these
anesthetics have a component that is independent of
endothelium.

Finally, enflurane produced transient contractions in
various conditions, i.e., in the E(+) strips, in the EDRF
inhibitor-treated strips and in the E(—) strips both in
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the presence and absence of extracellular Ca?*, indi-
cating that enflurane causes a contraction by releasing
Ca** from intracellular Ca*" stores, independent of the
endothelium.

In conclusion, ACh caused both endothelium-depen-
dent vasorelaxation and hyperpolarization of the
smooth muscle cell membrane in the rabbit small mes-
enteric artery. The relaxation induced by low concen-
trations of ACh is mediated by EDRF, while the relax-
ation induced by high concentrations of ACh probably
consists of EDRF-mediated and hyperpolarization (or
EDHF)-mediated components. Acetylcholine causes
hyperpolarization by increasing K* permeability via
activation of TEA-sensitive K* channels independently
from the action of EDRF. Isoflurane, enflurane, and sev-
oflurane all produced reversible inhibition of EDRF-
mediated relaxation, probably by inhibiting the pro-
duction, release, or both of EDRF, or by inactivating
EDRF, but not by interfering with guanylate cyclase
within smooth muscle cell. The inhibitory effects of
these anesthetics on the ACh relaxation resistant to the
EDRF inhibitors indicates that these anesthetics may
also inhibit ACh-induced hyperpolarization (or EDHF)-
mediated relaxation. Finally, isoflurane, enflurane, and
sevoflurane all have vasodilating action in this isolated
small resistance artery, as evidenced by their effects on
the NE-induced contractions, and their vasodilating ac-
tion is, at least in part, endothelium independent.
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