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Inbalational Anestbetic Effects on Rat
Cerebellar Nitric Oxide and Cyclic Guanosine

Monophbosphate Production

Appavoo Rengasamy, Ph.D.,* Thomas N. Pajewski, M.D., Ph.D.,t Roger A. Johns, M.D.+

Background: Inhalational anesthetics interact with the nitric
oxide—cyclic guanosine monophosphate (NO-cGMP) pathway
in the central nervous system (CNS) and attenuate excitatory
neurotransmitter-induced cGMP concentration. The site of an-
esthetic action on the NO-cGMP pathway in the CNS remains
controversial. This study investigated the effect of inhalational
anesthetics on N-methyl-D-aspartate (NMDA)-stimulated NO
synthase activity and cyclic cGMP production in rat cerebellum
slices.

Methods: The interaction of inhalational anesthetics with
NO synthase activation and ¢cGMP concentration was deter-
mined in cerebellum slices of 10-day-old rats. Nitric oxide syn-
thase activity in cerebellum slices was assessed by measuring
the conversion of L-[°’H]arginine to L-[’H]citrulline. The cGMP
content of cerebellum slices was measured by radioimmunoas-
say.

Results: Isoflurane at 1.5% and 3% enhanced the NMDA-
stimulated NO synthase activity by two times while halothane
at 1.5% and 3% produced no significant effect. However, the
NMDA-stimulated cGMP production was inhibited by both an-
esthetic agents. The anesthetic inhibition of cGMP accumula-
tion was not significantly altered by a mixture of superoxide
dismutase and catalase or by glycine, a coagonist of the NMDA
receptor.

Conclusions: The enhancement of NMDA-induced NO syn-
thase activity by isoflurane and the inhibition of NMDA-stimu-
lated ¢cGMP production by halothane and isoflurane suggests
that inhalational anesthetics interfere with the neuronal NO-
cGMP pathway. This inhibitory effect of anesthetics on cGMP
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accumulation is not due to either their interaction with the
glycine binding site of the NMDA receptor or to the action
of superoxide anions. (Key words: Anesthetics, inhalational:
halothane; isoflurane. Cell signaling: nitric oxide; cyclic
guanosine monophosphate. Neurotransmitters: N-methyl-D-
aspartate.)

NITRIC oxide (NO) is a neuronal messenger that medi-
ates glutamate-stimulated changes in cyclic guanosine
monophosphate (cGMP) concentration in the central
nervous system. Stimulation of the N-methyl-D-aspartate
(NMDA) receptor, a major excitatory neurotransmitter
subtype, causes an increase in NO and cGMP in the
cerebellum."” Immunohistochemical staining revealed
that NO synthase is densely localized in the molecular
and granular layer of cerebellum and several other spe-
cific regions of the brain.” Nitric oxide is implicated in
several aspects of neuronal physiology and pathophysi-
ology, including the release of neurotransmitters, long-
term potentiation, long-term depression, regulation of
cerebral blood flow, and neurotoxicity in the brain."?

Several studies suggest that general anesthetics may
exert their action at least in part through their interac-
tion with the NO-cGMP pathway in the brain. General
anesthetics have been shown to depress excitatory syn-
aptic transmission in the central nervous system. For
example, halothane attenuates synaptic transmission by
glutamate-stimulated cortical neurons® and NMDA-stim-
ulated CA-I neurons of the hippocampus.”® Administra-
tion of halothane or pentobarbital to rats caused a de-
crease in ¢cGMP content of the cerebellum and several
other regions of the brain.”® Our studies have shown
that the minimum alveolar concentration of halothane
or isoflurane in rats is decreased by intravenous adminis-
tration of the NO synthase inhibitors L-N°-nitro-L-argi-
nine methyl ester or 7-nitroindazole.”'” A subsequent
study reported that L-N“-mnitro-L-arginine methyl ester
did not alter halothane minimum alveolar concentra-
tion."" Anesthetic interaction with the NO-cGMP path-
way in the brain is evident from other studies in which
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NMDA receptor antagonists decreased the minimum al-
veolar concentration value for anesthetics.'*"?

Although inhalational anesthetics have been shown
to interact with the NO-cGMP pathway, the specific
site(s) of anesthetic action remain controversial. In our
preliminary studies, inhalational anesthetics inhibited
the glutamate-stimulated accumulation of cGMP in rat
cerebellum slices, indicating that anesthetics may inter-
act with NO production, its action, or both."* Tobin et
al.” reported that both halothane and isoflurane attenu-
ated the activity of isolated brain NO synthase.'”> Con-
trary to this, studies from our laboratory'® and others'”'®
have shown that inhalational anesthetics do not alter
isolated NO synthase activity. Recently, inhibition of
NO synthase isolated from polymorphonuclear leuko-
cytes exposed to halothane was reported.'” Terasako et
al.”’ reported that anesthetics inhibit cGMP accumula-
tion in rat cerebellum slices in response to excitatory
amino acids but not to sodium nitroprusside. This sug-
gests that anesthetics may act on the production of NO
but not on its action. Similarly, our recent studies in
endothelial cell-vascular smooth muscle coculture
have shown that anesthetics inhibit the NO-cGMP path-
way distal to receptor activation in the endothelial cells
and proximal to NO activation of soluble guanylyl cy-
clase and do not directly interact with NO.*' In contrast,
Blaise et al.*’ reported that halothane has no effect on
endothelial NO release but interferes with the half-life
or redox form of NO. Further studies showed that inha-
lational anesthetics do not interfere with the stimulation
of isolated soluble guanylyl cyclase.”® The mechanism
and site of anesthetic action on the NO-cGMP pathway
remain controversial.**

The current studies were designed to elucidate the
effect and mechanism of inhalational anesthetic action
on the NO-cGMP pathway in the central nervous sys-
tem. The effect of anesthetics on NMDA-stimulated NO
synthase activity and cGMP accumulation was investi-
gated using rat cerebellum slices.

Materials and Methods

Materials

Superoxide dismutase and catalase were obtained
from Sigma Chemical Company (St. Louis, MO). L-
[*H]arginine (55 Ci/mmol) was purchased from Amer-
sham (Arlington Heights, IL). Dowex AG50W-X8 cation
exchange resin and Bio-Rad protein assay reagent were
obtained from Bio-Rad Laboratories (Richmond, CA).
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Determination of Nitric Oxide Synthase Activity

and Cyclic Guanosine Monophosphate

Accumulation in Cerebellar Slices

Sprague-Dawley rats were killed by cervical disarticu-
lation and their cerebella were rapidly removed. The
methods and procedures of this study were approved
by the animal research committee of the University of
Virginia. Nitric oxide synthase activity and cGMP accu-
mulation in rat cerebellum slices were determined as
described previously.”> Briefly, thin slices (0.4 mm)
were cut from the cerebella of 10-day-old rats in both
sagittal and coronal planes using a McIlwain tissue chop-
per. The slices were incubated for 1 h in Krebs-Hensel-
eit buffer containing 118 mm NaCl, 4.7 mm KCI, 2 mm
CaCl,, 1.2 mm MgSOy, 1.2 mm KH,PO,, 25 mm NaHCO,,
and 11 mwm glucose (Buffer A) continuously supplied
with 95% oxygen/5% carbon dioxide at 37°C. Nitric
oxide synthase activity was determined by measuring
the conversion of L-[’H]cbarginine to L-[’H]citrulline
in a 4-ml gas-tight vial capped with a Teflon septum.
Supplying the vial with a specific gas mixture was
achieved by temporarily inserting a 22-gauge needle for
inlet and a similar needle for outlet at will. Buffer A
(530 plb) equilibrated with 95% oxygen/5% carbon diox-
ide was injected into the vial and supplied with 95%
oxygen/5% carbon dioxide for 2 min. A small volume
(40 pl) of the gravity-packed cerebellum slices was in-
jected into the vial, and a humidified 95% oxygen/5%
carbon dioxide mixture with or without the anesthetic
agent was passed through the vial for 4 min. After incu-
bating the reaction mixture with or without the anes-
thetic agent for 15 min at 37°C, a 30-ul solution con-
taining L-[*H]arginine (3 xCi) with buffer A or NMDA
was injected. The amount of cerebellum slices and L-
[*H]arginine used in these experiments ranged from
30-40 pland 1.5-3 uCi, respectively. The reaction was
stopped after 15 min by adding 400 ul ice-cold buffer
A containing 10 mm arginine and 10 mwm ethylene di-
aminetetraacetic acid. The mixture was transferred to
an Eppendorf tube and centrifuged at 10,000g at 4°C.
The supernatant was removed and 1 ml of 1 m trichloro-
acetic acid was added to the pellet. The sample was
sonicated for 3 X 15 s and 50 wl aliquots were saved
for protein determination. The sample was centrifuged
and 0.85 ml supernatant was transferred to a 5-ml glass
vial. Trichloroacetic acid in the supernatant was ex-
tracted three times with 2 ml diethyl ether. The sample
was freeze-dried and then reconstituted with 1 ml of
20 mm HEPES, pH 5.5, containing 2 mm ethylene di-
aminetetraacetic acid. The recovery of L-[*H]-citrulline
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Fig. 1. Effect of halothane (4) and isoflurane (B) on rat cerebel-
lum nitric oxide (NO) synthase activity. Control (buffer) and
N-methyl-D-aspartate (NMDA)-stimulated NO synthase activity
in cerebellum slices was assessed by measuring the conversion
of L-[*H]arginine to L-[*H]citrulline at different concentrations
of anesthetic agent, as described in Materials and Methods.
L-[*H]citrulline production by the control in the absence of
anesthetics was 23,994 + 4,312 cpm/mg protein (100%). The
data are means + SEM of four experiments. *Significantly (P
< 0.05) different from control in the absence of anesthetics;
“significantly (P < 0.05) different from both control and
NMDA in the absence of anesthetics.

in this above procedure was 89%. The sample was ap-
plied to a 1-ml Dowex AG50WX-8 (Na® form) column
and L-[’H]-citrulline eluted with 1.5 ml water. The radio-
activity of the eluate was determined by liquid scintilla-
tion counting at 49% efficiency.

To measure cGMP, cerebellum slices equilibrated
with a 95% oxygen/5% carbon dioxide mixture were
supplied with gas with or without the anesthetic agent
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for 4 min. After 15 min, cerebellum slices were stimu-
lated with buffer or NMDA at different concentrations.
After 3 min, the reaction was stopped by adding 0.4 ml
of 0.25 M HCL. The sample was sonicated for 3 X 15 s
and 100 ul samples were separated in aliquots for pro-
tein determination. The rest of the volume in each sam-
ple was centrifuged and ¢cGMP in the supernatant was
analyzed by radioimmunoassay.*°

Effect of Anesthetics on L-[’Hlarginine Uptake by

Cerebellum Slices

Whether anesthetics alter NO synthase activity by in-
terfering with L-[’H]arginine uptake was determined be-
cause L-[’H]arginine uptake was the first step in measur-
ing NO synthase activity. L-[*H]arginine uptake was per-
formed as described for NO synthase activity
measurement. The uptake of L-[’H]arginine by cerebel-
lum slices was stopped by adding 0.4 ml ice-cold buffer
A containing 10 mm arginine and 10 mm ethylene di-
aminetetraacetic acid. The sample was centrifuged and
the supernatant was discarded. To the pellet, 1 ml dis-
tilled water was added and sonicated for 3 X 15 s.
Samples were analyzed for radioactivity and protein
content.

For protein determination, the sonicate was hy-
drolyzed in 0.5 m NaOH at 60°C for 30 min and then
reacted with the Bio-Rad protein reagent. Bovine serum
albumin was used as the standard. Anesthetic concen-
tration in the reaction sample buffer was determined
as described previously.'®

Data Analysis
Data were expressed as the means + SEM. Paired ¢
tests were used to compare control values with anesthe-

Table 1. Effect of Halothane and Isoflurane on 1-[*H]arginine
Uptake under Control and NMDA-stimulated Conditions

L-[*H]arginine Uptake (% control)

Halothane Isoflurane
Assay Condition 1.5% 3% 1.5% 3%
Control 108 + 10 100 £ 4 Hofo)az 7 96 + 2
NMDA (100 pm) 95 48 983 = 5 G747 87 £ 8

NMDA = N-methyl-p-aspartate.

Rat cerebellum slices were incubated with or without anesthetics in buffer
containing L-[*H]arginine and immediately stimulated with buffer (control) or
100 um NMDA as described in “Materials and Methods.” L-[*H]arginine up-
take was expressed as percentage of the control in the absence of anesthe-
tics. Data are mean + SEM of three experiments.
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Fig. 2. Effect of halothane on N-methyl-D-aspartate (NMDA)-
stimulated cyclic guanosine monophosphate (cGMP) accumu-
lation in rat cerebellum slices. Cerebellum slices were exposed
to halothane (4, 0.75%; B, 1.5%; C, 3%) and then stimulated
with varying concentrations of NMDA. Cyclic GMP content was
measured as described in Materials and Methods. The data are
means = SEM of three to seven experiments. *Significantly (P
0.05) different from the respective control.
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tic at each concentration of NMDA. Comparisons be-
tween groups were made using one-way analysis of vari-
ance with means testing by Bonferroni 7 test when ap-
propriate. Differences were considered significant at P
< 0.05.

Results

Anestbetic Effect on N-methyl-D-aspartate -
stimulated Nitric Oxide Synthase Activity in
Cerebellum Slices

The effect of halothane and isoflurane on NO synthase
activity was assessed by measuring the conversion of L-
[*H]arginine to L-[’H]citrulline. L-[*H]citrulline produc-
tion of the control was 23,994 = 4,312 cpm/mg protein
(100%). Halothane significantly increased the control
NO synthase activity at 1.5% but not at 3% concentra-
tion (fig. 1A). Nitric oxide synthase activity stimulated
by NMDA (0.5 m) was 62 + 6% greater than the control,
which was not significantly altered by halothane at 1.5%
and 3% (fig. 1A). Isoflurane at 1.5% and 3% significantly
enhanced NMDA-stimulated NO synthase activity, with
no effect on the control (fig. 1B).

Whether anesthetics alter NO synthase activity by in-
terfering with L—[‘H];lrgininc uptake by cerebellum
slices was determined. L-["H]arginine uptake by control
and NMDA-stimulated conditions was not significantly
altered by either halothane or isoflurane at 1.5% and
3% concentrations (table 1).

Anesthbetic Effect on N-methyl-D-aspartate -

stimulated Cyclic Guanosine Monophosphate

Accumulation in Cerebellum Slices

The effect of different concentrations of halothane
and isoflurane on ¢cGMP accumulation in cerebellum
slices was determined in the absence or presence of
various concentrations of NMDA. Basal cGMP concen-
tration was not significantly altered by either halothane
or isoflurane at 0.75%, 1.5%, or 3% concentration (data
not shown). However, cGMP production stimulated by
NMDA (50 pm, 100 pm, and 500 pum) was significantly
attenuated by halothane at 1.5% and 3% (figs. 2B and
C) but not at 0.75% (fig. 2A). Isoflurane at 0.75% did
not produce any significant effect on cGMP production
at different NMDA concentrations (fig. 3A). A significant
inhibition of cGMP production was observed at 1.5%
isoflurane when stimulated with 50 ym but not with
100 uM or 500 uM NMDA (fig. 3B). Isoflurane at 3%

20z Iudy 60 uo 3sanb Aq Jpd-zZ000-000£0.661-27S0000/252 L 6€/689/€/98/sPpd-a[011E/ABO|0ISBUISBUE/WOD JIBYIIDA|IS ZESE//:d}Y WOI) papeojumoq




693

ANESTHETIC EFFECTS ON THE BRAIN NO-cGMP PATHWAY
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SOD = superoxide dismutase; NMDA = N-methyl-p-aspartate; cGMP = cy-
clic guanosine monophosphate.

Rat cerebellum slices were treated with or without a mixture of SOD and
catalase (each 100 units) and exposed to halothane or isoflurane at 3%. After
stimulation with 100 M NMDA, cGMP content was measured as described
in “Materials and Methods.” Data are mean + SEM of four experiments.
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produced a significant attenuation of cGMP accumula-
tion at all concentrations of NMDA tested (fig. 3C).
To determine whether superoxide anion is involved
in the observed anesthetic responses, the effect of a
mixture of superoxide dismutase and catalase on cGMP
accumulation was examined. A mixture of superoxide
dismutase and catalase (100 units each per milliliter)
caused no significant effect on anesthetic inhibition of
NMDA-stimulated cGMP concentration (table 2). Stud-
ies by Martin et al.*’ have suggested that glycine, a
coagonist of the NMDA receptor, attenuated the inhibi-
tory effect of anesthetics on NMDA-induced ion channel
C opening. Glycine (100 um), when tested on the anesthe-
tic inhibition of NMDA-induced cGMP accumulation but
did not produce any significant effect, although cGMP
accumulation by NMDA stimulation was significantly
increased (table 3).

(@)
()

©

CYCLIC GMP (pmol/mg protein)
N
)
o

400 ¢

A CONTROL
300 | KX ISOFLURANE 3.0%

202 I1dy 60 uo 3sanb Aq 4pd‘zZ000-000€0.661-27S0000/2SL L 6€/689/€/98/sPpd-a[o11E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d}Y WOI) papeojumoq

200 | %
Z Table 3. Effect of Glycine on Anesthetic Inhibition of NMDA-
100 / * induced cGMP Concentration
* 4 Z cGMP (pmol/mg)
@ @ ‘A Halothane Isoflurane
O Assay Condition Control (8%) (3%)
50 100 500
NMDA (100 pm) 2183 =9 35+ 3 46 + 9
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Fig. 3. Effect of isoflurane on N-methyl-D-aspartate (NMDA)- glycine (100 um) 275 + 238° 31x9 63 + 13

stimulated cyclic guanosine monophosphate (cGMP) accumu-

lation in rat cerebellum slices. After exposure to halothane (4, NMDA = N-methyl-p-aspartate; cGMP = cyclic guanosine monophosphate.

0.75%;3 B, 1.5%; C, 3%), cerebellum slices were stimulated with
varying concentrations of NMDA and ¢cGMP content was mea-
sured as described in Materials and Methods. The data are
means = SEM of three to seven experiments. *Significantly (P
< 0.05) different from the respective control.
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Rat cerebellum slices were exposed to halothane or isoflurane at 3% and
stimulated with NMDA (100 pm) in the presence and absence of glycine (100
uM). cGMP content was measured as described in ‘“Materials and Methods.”
Data are mean + SEM of three experiments.

* Significantly (P < 0.05) different from NMDA in the absence of anesthetics.
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Discussion

In this study, we investigated the effects of inhala-
tional anesthetics on NMDA-stimulated NO and cGMP
production in rat cerebellum slices. Halothane and
isoflurane inhibited NMDA-induced cGMP content of
cerebellum slices. Unlike previous studies showing a
lack of effect of halothane and isoflurane on neuronal
NO synthase, the current studies investigated the action
using isolated brain slices with intact cellular milieu.
Despite their inhibitory action on NMDA-stimulated
c¢GMP accumulation in cerebellum slices, isoflurane sig-
nificantly enhanced NMDA-stimulated NO synthase ac-
tivity, whereas halothane produced no significant ef-
fect. This study presents new insights into the mecha-
nism of inhalational anesthetic action on NMDA-
stimulated NO synthase activity in the rat cerebellum.

First, the mechanism of inhalational anesthetic action
on NO synthase activity in different tissues is controver-
sial.'>'*1%:232* Contrary to our expectation, in this study,
isoflurane enhanced the activity of NMDA-stimulated
NO synthase in cerebellum slices, whereas halothane
produced no significant effect. The effect of isoflurane
on NO synthase activity might be due to a direct action
on NO synthase, as reported previously."” However,
recent studies show that isoflurane or other inhalational
anesthetics do not alter isolated NO synthase activity,
excluding a direct interaction of anesthetics with NO
synthase.''® Then how can isoflurane enhance the ac-
tivity of NO synthase in cerebellum slices? Isoflurane
may increase the cytosolic free calcium ([Ca”"]i) and
enhance NMDA-stimulated NO synthase activity in the
intact cerebellum. Anesthetic agents have been shown
to increase the [Ca’']i in unstimulated cells*®*° and to
inhibit receptor activated increase in [Ca*']i.*"?
Isoflurane has been shown to reduce glutamate and
NMDA-mediated calcium fluxes in brain slices by ap-
proximately 60% and thereby delay cellular injury in-
duced by simulated ischemia.** Recently Miao et al.*®
observed that both halothane and isoflurane decreased
the intrasynaptosomal calcium level, presumably by in-
hibiting calcium entry through specific neuronal cal-
cium channels. Isoflurane may interact with other cofac-
tors of NO synthase and enhance NMDA-stimulated NO
synthase activity. The isoflurane enhancement of
NMDA-stimulated NO synthase activity is supported by
a recent report in which isoflurane increased the cGMP
content of primary cultures of cerebral neurons stimu-
lated with NMDA, presumably through increased pro-
duction of NO.*
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Another possibility is that isoflurane may interfere
with L-[’H]arginine uptake by cerebellum slices and al-
ter NO synthase activity, as assessed by the conversion
of L-[’H]arginine to L-[*H]citrulline. In our study,
isoflurane showed no significant effect on L-[’H]argin-
ine uptake by cerebellum slices under control and
NMDA-stimulated conditions while increasing the
NMDA stimulated L-[*H]citrulline production. This sug-
gests that the isoflurane enhancement of NO synthase
activity is not due to an increase in L-[’H]arginine up-
take and that L-[’H]citrulline produced inside the tissue
is not extruded. One other possibility is that isoflurane
may increase the concentration of L-[’H]citrulline with-
out activating NO synthase. In NO-producing cellular
systems, including the brain and endothelium, L-citrul-
line formed by the action of NO synthase activity is
recycled to L-arginine by argininosuccinate synthetase
and argininosuccinate lyase.*” If isoflurane inhibits the
L-citrulline recycling pathway, then it is likely to in-
crease the concentration of L-citrulline in the cell with
no effect on NO synthase activity. It remains to be deter-
mined whether isoflurane interferes with the L-citrul-
line recycling pathway in the brain.

Second, both halothane and isoflurane attenuated
NMDA-stimulated ¢cGMP accumulation in cerebellum
slices. These data correspond with our recent report
showing anesthetic inhibition of NMDA-stimulated GMP
production in the rat brain by an autoradiographic
method®® and with several other studies that investi-
gated the anesthetic effect on cGMP production in the
brain and vascular smooth muscle.”***** It is possible
that anesthetics may decrease cGMP concentration in
brain slices by activating phosphodiesterases. Although
there is no literature reporting an effect of anesthetics
on specific phosphodiesterases that hydrolyze ¢cGMP,
several studies show that anesthetics inhibit or produce
no significant effect on phosphodiesterase activity of
the brain and other sources.*"*”*® The inhibitory effect
of anesthetics on phosphodiesterases is further sup-
ported by studies showing that anesthetics act as antag-
onists of calmodulin,*”** which is an activator of cGMP
phosphodiesterases. Anesthetic inhibition of a receptor-
mediated increase in [Ca®"]i appears to be an important
mechanism for the decrease in cGMP production. Puil
et al.* have reported that isoflurane and halothane at-
tenuated a glutamate-stimulated increase in [Ca®']i in
cultured hippocampal neurons. Similarly, volatile anes-
thetics have been shown to depress evoked transmitter
release by reducing calcium entry.’' A recent report
shows that isoflurane increases the cGMP content in
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primary cultures of cerebral neurons in response to
NMDA stimulation.** This discrepancy may be due to
the difference between cerebellum slices and cultured
cerebral neurons used in these studies, although we
observe a decrease in cGMP concentration in cultured
hippocampal neurons (Z Zuo and RA Johns, unpub-
lished data).

Nakamura ef al.*' have suggested that isoflurane atten-
uates endothelium-dependent relaxation by inhibiting
the production of NO, whereas halothane inhibits the
action of NO in vascular smooth muscle.*' Further stud-
ies in rat cerebellar slices suggested that isoflurane may
interact with receptor sites.”’ Terasako et al.*° observed
that both halothane and isoflurane at 2% inhibited
NMDA-stimulated ¢cGMP production in rat cerebellar
slices to a similar degree, whereas halothane but not
isoflurane significantly suppressed the D-aspartate -in-
duced cGMP production. Because D-aspartate stimula-
tion increases [Ca’’]i by a pathway different from
NMDA receptor stimulation to activate NO synthase,
they suggested that isoflurane may interact with the
NMDA receptor, G protein, or coupled calcium chan-
nel.”’ In our studies, cGMP accumulation with 50 um
NMDA but not with high concentrations was inhibited
by 1.5% isoflurane, which was consistent with a compe-
tition between isoflurane and NMDA for the receptor.
The anesthetic action at the NMDA receptor level corre-
sponds with the work of Martin et al.*’ In their study,
MK801, an NMDA receptor antagonist, binding to cere-
bral cortex membranes was measured as an index of the
NMDA ionic channel opening. Anesthetics depressed
glutamate stimulation of MK 801 binding, suggesting
an interference with the NMDA receptor ion channel.
Glycine, a coagonist of the NMDA receptor, partially
reversed the effect of anesthetics, suggesting that anes-
thetics may interact with the glycine binding site. In
our study, exogenous glycine did not alter anesthetic
inhibition of NMDA-stimulated ¢cGMP accumulation,
suggesting that the glycine binding site is not involved
in anesthetic inhibition of cGMP accumulation.

The paradox in this study is that isoflurane enhances
NMDA-stimulated NO synthase activity with a simulta-
neous attenuation of cGMP content of cerebellum
slices. An increase in NO synthase activity is expected
to increase ¢cGMP concentration in the tissue. On the
contrary, there are conditions under which an increased
production of NO may adversely affect the accumula-
tion of cGMP content. In a previous study, we observed
an increase in NO production as measured by the con-
version of L-[*H]arginine to L-[*H]citrulline under hyper-
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oxic conditions.”” However, when the NO-producing
énzyme system was coupled to a bioassay system con-
sisting of vascular smooth muscle cells, the cGMP accu-
mulation in vascular smooth muscle cells was drastically
reduced under hyperoxic conditions. This suggested
an involvement of superoxide in inactivating NO and
subsequently decreasing the concentration of cGMP in
the tissue. Whether superoxide is involved in the inhibi-
tion of cGMP accumulation in cerebellum slices is not
known. Shayevitz et al.*’ reported that halothane and
isoflurane increase pulmonary artery endothelial cell
sensitivity to oxidant stress. They have suggested that
anesthetics may produce oxidant load by enhancing
the conversion of xanthine dehydrogenase to xanthine
oxidase or by attenuating antioxidant systems, includ-
ing glutathione reductase. This is supported by the stud-
ies of Yoshida and Okabe** that showed attenuation of
acetylcholine-induced relaxation of canine mesenteric
arteries by sevoflurane by a superoxide-mediated mech-
anism. In that study, the attenuation of relaxation was
partially reversed by superoxide dismutase or deferoxa-
mine, indicating that superoxide anion or hydroxyl
anion was in part responsible for the effect of sevoflur-
ane. This indicates that superoxide may be responsible
for the anesthetic-induced decrease in ¢cGMP content
in brain slices. However, in our study, a mixture of
superoxide dismutase and catalase (100 units each per
milliliter) produced no significant effect on the anesthe-
tic inhibition of NMDA-stimulated ¢cGMP production,
suggesting that superoxide generation may not be in-
volved in anesthetic inhibition of NMDA-stimulated
cGMP production.

Anesthetic interaction with soluble guanylyl cyclase
may decrease cGMP accumulation. Studies by Terasako
et al.* showed no significant effect of halothane and
isoflurane on sodium nitroprusside-induced cGMP pro-
duction in rat cerebellum. This suggested that halothane
and isoflurane do not interact with soluble guanylyl
cyclase. However, studies by Hart et al.*> showed that
halothane inhibited NO-induced ¢cGMP production in
denuded rat aortic rings. Thus it appears that inhala-
tional anesthetics may interfere with NO activation of
soluble guanylyl cyclase. Hart et al."> have suggested
that inhalational anesthetics may compete with NO for
binding to the heme group of soluble guanylyl cyclase.
If this is true, anesthetics are expected to inhibit NO
or sodium nitroprusside activation of isolated soluble
guanylyl cyclase. However, we found that there was no
significant effect of inhalational anesthetics on NO or
sodium nitroprusside activation of isolated soluble gua-
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nylyl cyclase.” In addition, NO, sodium nitroprusside,
and nitroglycerin-stimulated cGMP accumulation in cul-
tured vascular smooth muscle cell or endothelial cell -
vascular smooth muscle cell cocultures was not signifi-
cantly altered by 0-5% halothane and isoflurane.”’
These studies suggest that the anesthetic inhibition of
NO-induced ¢cGMP accumulation may not be due to a
direct competition between NO and inhalational anes-
thetics for binding to soluble guanylyl cyclase in the
brain.

The mechanism of anesthetic inhibition of NMDA-
stimulated cGMP accumulation may be due to the ability
of anesthetics to interact with multiple neuronal path-
ways. For example anesthetics have been shown to in-
crease the concentration of neurotransmitters, includ-
ing gamma-aminobutyric acid*® and serotonin,*” which
may feed back on the NO-cGMP pathway and alter
NMDA-induced ¢cGMP production in the cerebellum.
Serotonin at low nanomolar concentrations has been
shown to inhibit NMDA-stimulated cGMP production
in rat cerebellum." The inhibitory serotonin receptors
appear to interact with NMDA receptors at both post-
synaptic sites and presynaptic terminals. This suggests
that inhalational anesthetics interact with other neuro-
transmitter pathways that modulate NMDA-induced
¢GMP accumulation in the cerebellum.

Although our interest in investigating the mechanism
of anesthetic inhibition of the NO pathway was stimu-
lated by our observations that inhibition of neuronal NO
synthase decreases minimum alveolar concentration for
anesthetics,”'” the possibility that inhibition of the NO
pathway could account for other actions of anesthetics
on neuronal physiology should be considered. Several
studies suggest that NO plays a role in regulating cere-
bral blood flow (CBF), electroencephalogram (EEG) ac-
tivity, and cerebral oxygen consumption. Administra-
tion of L-N“-nitro-L-arginine methyl ester, an inhibitor
of NO synthase, in different animal models has been
shown to reduce CBF under various conditions, sug-
gesting that NO contributes to CBF regulation. >
3-morpholinosydnonimine, an NO donor, administered
after 3 min of middle cerebral artery occlusion in rats,
enhanced the recovery of CBF and EEG amplitude and
reduced the size of the infarct.”” Nitric oxide also ap-
pears to regulate EEG activity’® and cerebral oxygen
consumption.””" If anesthetics inhibit the NO pathway,
we would expect a decrease in CBF and EEG. However,
inhalational anesthetics have been shown to increase
CBF and decrease cerebral oxygen consumption and
EEG activity.”” Several studies have shown that anes-
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thetic-induced increases in CBF are prevented by inhibi-
tors of NO synthase, suggesting that anesthetics may
actually stimulate the NO pathway.”"”® Alternatively,
these results could be explained by inhibition of basal
NO unrelated to the anesthetic action. Indeed, Todd et
al.>® have shown that NO is not a primary mediator of
anesthetic CBF effects.”” Overall, these studies suggest
that the anesthetic inhibition of the NO signaling path-
way is not related to anesthetic effects on CBF, EEG
activity, and cerebral oxygen consumption, which must
be mediated by other mechanisms.

In conclusion, we have shown that isoflurane signifi-
cantly enhanced NMDA-stimulated NO synthase activ-
ity, with a simultaneous decrease in cGMP accumula-
tion in cerebellum slices. Halothane produced no sig-
nificant effect on NMDA-stimulated NO synthase
activity but attenuated NMDA-stimulated cGMP accu-
mulation.

The authors thank Ninghong Da, Rama Goswami, and Kimberly
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