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Corticotropin-releasing Factor Mediates the

Antinociceptive Action of Nitrous Oxide in Rats
Shigehito Sawamura, M.D., Ph.D.,* Mizuki Obara, M.D.,t Kenji Takeda, M.D.,t Mervyn Maze, M.B., Ch.B.,*
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Background: Exposure to nitrous oxide activates brainstem
noradrenergic nuclei and descending inhibitory pathways,
which produce the acute antinociceptive action of nitrous ox-
ide. Because corticotropin-releasing factor (CRF) can produce
activation of noradrenergic neurons in the locus ceruleus, the
authors sought to determine whether it might be responsible
for the antinociceptive action of nitrous oxide.

Methods: Male Sprague-Dawley rats (250-300 g) were ex-
posed for 60 min to room air or 25, 50 or 70% nitrous oxide in
oxygen. Brain sections including the hypothalamus were im-
munostained for both c-Fos (a marker of neuronal activation)
and CRF and the percentage of CRF-positive neurons expressing
c-Fos was determined. The functional consequences of changes
in CRF were investigated by assessing the effect of intracere-
broventricular administration of a CRF antagonist (a-helical
CRF,_;,, 20 ug/10 u) on both activation of locus ceruleus nor-
adrenergic neurons and the antinociception (with the tail-flick
latency test) produced by nitrous oxide.

Results: Inhalation of nitrous oxide induced a dose-depen-
dent increase in c-Fos expression in CRF-positive neurons in
the paraventricular nucleus of the hypothalamus. Intracerebro-
ventricular administration of CRF antagonist inhibited nitrous
oxide—induced c-Fos expression in the locus ceruleus and the
antinociceptive effect of nitrous oxide.

Conclusions: Nitrous oxide activates the CRF system in the
brain, which results in stimulation of noradrenergic neurons in
the locus ceruleus and its consequent antinociceptive effect.

ALTHOUGH the mechanism underlying the analgesic
action of nitrous oxide is still unclear, involvement of
descending noradrenergic inhibition has been strongly
suggested. Nitrous oxide activates noradrenergic neu-
rons in the rat brainstem' and increases noradrenaline
release in the brain and the spinal cord.>? Both antago-
nism of adrenergic receptors® and depletion of noradren-
aline® in the spinal cord inhibit the antinociceptive effect
of nitrous oxide. Furthermore, lesioning of brainstem
noradrenergic neurons also inhibits nitrous oxide antino-
ciception.! These findings suggest that nitrous oxide
exerts its antinociceptive effect, at least in part, via the
activation of descending noradrenergic inhibitory path-
ways. However, the mechanisms of activation of norad-
renergic neurons by nitrous oxide remain unclear.
Corticotrophin-releasing factor (CRF) is released in re-
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sponse to various types of stressors and is a key mediator
of the behavioral, endocrinologic, and physiologic re-
sponses to stressors.>® In addition to its well-described
effect on the pituitary gland, CRF acts as a neurotrans-
mitter and activates diverse intracellular signaling path-
ways.” The CRF system is reported to stimulate the locus
ceruleus (LC) neurons through direct innervation®® re-
sulting in the activation of the noradrenergic neuron
system in the brain.'® Furthermore, CRF exerts an an-
tinociceptive action by central and peripheral mecha-
nisms, possibly via activation of descending noradrener-
gic systems.®!! In this study, we tested the hypothesis
that the CRF system in the brain may be involved in the
activation by nitrous oxide of the LC neurons and de-
scending noradrenergic-inhibitory pathways.

Using immunohistochemical expression of c-Fos pro-
tein as a marker of neuronal activation,'? we sought to
determine whether nitrous oxide activated CRF-contain-
ing neurons in the paraventricular nucleus (PVN) of the
hypothalamus, a prominent site of CRF production. We
then examined the effect of intracerebroventricular ad-
ministration of a CRF antagonist, a-helical CRF,_,, on
nitrous oxide-induced activation of noradrenergic neu-
rons in the LC (as reflected by c-Fos expression). Lastly,
to determine whether CRF mediated the antinociceptive
action of nitrous oxide, we studied the effect of the CRF
antagonist on the prolongation of the tail-flick latency by
nitrous oxide.

Materials and Methods

Animals

These experiments were reviewed and approved by
Tokyo University Ethical Committee on Animal Research
(Tokyo, Japan). Male Sprague-Dawley rats (250-300 g)
were housed in a temperature-controlled and humidity-
controlled environment and were maintained on a 12-h
light/dark cycle. Food and water were available ad libi-
tum. Rats had been habituated to the experimental con-
dition for 2 h for each of 5 consecutive days. All of the
behavioral experiments, tissue sampling, and habitua-
tion were performed between 8 and 11 am

Reagents

The CRF antagonist, a-helical CRF,,_,, was purchased
from Sigma-Aldrich Japan (Tokyo, Japan) and dissolved
in 1% acetic acid with a final concentration of 2 ug/ul.
We selected a dose of 20 ug of a-helical CRF,_, as has
been previously reported.'>'* Dexmedetomidine was
kindly provided by Abbott Japan (Tokyo, Japan).
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Immunobistochemistry

Rats were anesthetized by intraperitoneal injection
of pentobarbital (100 mg/kg) and transcardially per-
fused with 100 ml of 0.1 M sodium phosphate-buffered
saline, followed by 500 ml of 2% paraformaldehyde
and 0.2% picric acid in 0.1 M sodium phosphate buffer
cooled to 4°C. After decapitation, the whole brain was
removed and immersed in the same fixative for 24 h at
4°C. Tissues were then stored overnight in 30% su-
crose solution in 0.1 m phosphate buffer at 4°C for
cryoprotection. The brain was sliced into 40-pum-thick
sections with a cryotome (CM1800, Leica, Heidelberg,
Germany) at —15°C. Every third section including the
PVN or the LC was retained and placed in phosphate-
buffer solution.

Sections were then double-stained for c-Fos and either
CRF or tyrosine hydroxylase (TH). Sections were first
incubated for 1 h in blocking solution (5% normal rabbit
serum and 0.3% Triton X in phosphate-buffered saline)
and then incubated overnight with goat anti- c-Fos anti-
body (1:5,000, Santa-Cruz Biotechnology, Santa-Cruz,
CA) diluted in 1% normal rabbit serum and 0.3% Triton X
in phosphate-buffered saline (buffer 1). After vigorous
rinsing in buffer 1, sections were incubated for 1 h in
biotinylated rabbit anti-goat immunoglobulin (1:200,
Chemicon, Temecula, CA) in buffer 1. Sections were
vigorously rinsed with 0.3% Triton X in 0.1 M phosphate-
buffered saline (buffer 2) and then incubated for 1 h in
avidin-biotin-peroxidase complex (Vectra Elite ABC, Vec-
tor Laboratories, Burlingame, CA) in buffer 2. Visualiza-
tion of the reaction product was achieved by incubation
for 4 min with diaminobenzidine and nickel-ammonium
sulfate in the presence of hydrogen peroxide (diamino-
benzidine kit, Vector Laboratories). Sections were rinsed
in phosphate buffer and incubated in either goat anti-
CRF antibody (1:1,000, Santa Cruz Biotechnology) or
anti-TH antibody (1:3,000, Santa Cruz Biotechnology)
using the same procedures as for c-Fos immunostaining
except that the diaminobenzidine reaction was per-
formed for 2 min in the absence of nickel-ammonium
sulfate. As a result, c-Fos positive nuclei were stained
black with cytoplasmic CRF or TH expression appearing
brown. All incubations were performed at room temper-
ature. After these staining procedures, the sections were
rinsed in water and placed on a glass slide. The sections
were dehydrated, cleared in 100% xylene, and covered.
Care was taken to process samples from different groups
simultaneously to minimize the effect of fluctuation in
staining.

Tail-flick Latency Test

Tailflick latencies (TFL) were determined from the
mean of three consecutive latencies using a tail-flick
apparatus (Muromachi Ikakikai, Tokyo, Japan). The in-
terstimulus interval was approximately 1 min. A high-
intensity light was focused on the ventral surface of the
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middle third of the tail, and the time for the animal to
move its tail out of the light beam was automatically
recorded. Three different sites of the middle third of the
tail were exposed to the light beam to minimize the risk
of tissue damage. The same light stimulus intensity was
used in all experiments and was preset to give a mean
latency of 2.5 s under room air. A cutoff time of 6 s was
used to avoid the possibility of tissue damage. If no
response had occurred by this time, a value of 6 s was
ascribed to the test.

Tail-skin temperature was measured immediately be-
fore the TFL test with a thermocouple probe mounted
on a heat insulating plate (2 X 2 cm). For temperature
measurement, the probe was kept in contact with the
ventral surface of the tail close to the point heated in the
TFL test. The rats were kept on a heating blanket
throughout the TFL tests to maintain the tail temperature
within 1° of 30°C.

Intracerebroventricular Cannulation

Rats were anesthetized with intraperitoneal pentobar-
bital (65 mg/kg) and placed in a stereotaxic apparatus
(Muromachi Ikakikai). The skin of the skull was incised
in the midline and a hole was drilled (1.5 mm lateral and
1.0 mm posterior to the bregma). A 27-gauge guide
cannula (4.0 mm length; Plastics One, Roanoke, VA),
inserted with a stylet, was implanted into the left lateral
ventricle and fixed to the skull with dental cement and
two screws. After the surgical procedure, rats were
housed individually for 7 days before experiments were
performed. The correct placement of the intracerebro-
ventricular catheter was verified after the experiments
by histologic examination of the fixed brain. Only data
from animals with correct placement of the cannulae
were included.

Intracerebroventricular Administration of CRF

Antagonist

The internal cannula was connected to PE-20 tubing
(25 cm) with a three-way stopcock attached on the other
end. The tubing and the internal cannula were initially
filled with distilled water and then end-loaded either
with a-helical CRFy_4; (20 pug/10 ul) or with vehicle
using a microsyringe attached to the three-way cock. A
small air bubble was placed between the distilled water
and the substance to be injected. Rats were anesthetized
briefly with halothane and the internal cannula was in-
serted down through the guide cannula. The three-way
cock was opened to the atmosphere and lifted up so that
the solution in the PE tubing was delivered into the
ventricle by hydrostatic pressure. Either o-helical
CRF,_4, or vehicle was injected over a 1-min period and
the internal cannula was withdrawn 1 min later. If the
solution did not descend by hydrostatic pressure, it was
assumed not to be intraventricular and data from the rat
were not further analyzed.
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Nitrous Oxide and c-Fos Expression in the

CRF-positive Neurons of the PVN

Rats were individually exposed for 60 min to room air
or 25, 50, or 70% nitrous oxide with oxygen in a Plexi-
glas chamber (25 X 25 X 30 cm, n = 7 per group). An
airway gas monitor (Model 254, Datex, Helsinki, Finland)
continuously monitored the concentrations of oxygen,
nitrous oxide, and carbon dioxide in the chamber, and
flow rates were adjusted to maintain the desired concen-
trations. After 60 min of gas exposure, rats were anes-
thetized, perfused with fixative, and the brains were
removed as described previously. Every third brain sec-
tion including the PVN (coordinates: 1.5-2.0 mm caudal
to the bregma, 0.5-1.0 mm lateral to the midline and
5.5-6.5 mm below the dura) was picked up and double
immunostained for c-Fos and CRF expression.

CRF Antagonist and Nitrous Oxide-induced c-Fos

in the LC

One week after intracerebroventricular cannulation,
rats underwent pretreatment with intracerebroventricu-
lar administration of vehicle (1% acetic acid) or a-helical
CRF,_ 4, (20 ug/10 ub) during brief halothane anesthesia.
Twenty minutes later, rats were exposed to 70% nitrous
oxide and 30% oxygen or air for 60 min in a Plexiglas
chamber (n = 7 for each of the four groups). The
animals were then perfused and fixed as described pre-
viously. Every third section of the midbrain was picked
up and double immunostained for c-Fos and TH
expression.

CRF Antagonist and the Antinociceptive Action of

Nitrous Oxide

In a different group of rats (n = 7), baseline measure-
ment of TFL (TFL,, .ine) Was performed 20 min after
intracerebroventricular injection of a-helical CRF,_,, or
vehicle (1% acetic acid) after complete recovery from
brief halothane anesthesia. The animals were then trans-
ferred into a chamber filled with 70% nitrous oxide and
30% oxygen. After 20 min of gas exposure, an examiner
blinded to the intracerebroventricular pretreatment per-
formed the TFL measurement (TFLy,,). On separate
occasions with a 1-week interval, individual rats were
tested after each pretreatment (o-helical CRF,_y, and
the vehicle) performed in a random order. Next, to
determine whether CRF system is selectively involved in
nitrous oxide analgesia, the effect of a-helical CRF,_ 4,
on the antinociception by dexmedetomidine, a novel
a2-adrenergic agonist, was tested in a different group of
rats (n = 7). Administration of a2-adrenergic agonist is
associated with decrease in the expression of c-Fos in
the LC'>; hence, the CRF antagonist would not be ex-
pected to block the antinociceptive effect. Baseline mea-
surement of TFL (TFL, ;. iine) Was performed 20 min after
intracerebroventricular injection of a-helical CRF,_, or
vehicle. TFL measurement was repeated 20 min after
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intraperitoneal administration of 50-ug/kg dexmedeto-
midine (TFLgy). On separate occasions with a 1-week
interval, individual rats were tested after each pretreat-
ment (a-helical CRF,_ 4, and the vehicle) performed in a
random order.

Statistical Analysis

Three sections containing the largest number of CRF-
positive neurons in the PVN were selected in each rat.
An examiner who was blinded to the treatment given to
the rat scored and averaged the percentage of CRF-
positive neurons in the PVN that exhibited c-Fos expres-
sion. Data were analyzed using the ANOVA and Bonfer-
roni tests. Of the 10 sections containing the TH-positive
LC neurons, the three with the largest number of c-Fos-
positive nuclei were counted and aggregated by an in-
vestigator blinded to the treatment. Data were analyzed
with the ANOVA and Bonferroni tests. TFL data are
expressed as percent maximal possible effect (MPE) ob-
tained from the following equation: (TFLy»o or pEX —
TFLpase1ine)/(6 — TFL sciine) X 100, where 6 is the cutoff
latency. Percent MPE and TFL ;.. Values after each
pretreatment protocol were compared using the paired
t test. All the data were expressed as mean * SD and P
values less than 0.05 were considered significant.

Results

Nitrous Oxide Induces c-Fos in the CRF-positive

Neurons of the PVN

In the PVN of the hypothalamus, CRF-positive cyto-
plasm was stained brown and c-Fos-positive cell nuclei
were stained black after immunohistochemical process-
ing (fig. 1). Expression of c-Fos was very limited or
absent in rats exposed to room air (fig. 1B). Exposure to
70% nitrous oxide induced a significant increase of c-Fos
expression in CRF-positive neurons of the PVN (fig. 10).
In rats exposed to 25, 50, and 70% nitrous oxide, the
percentage of CRF-positive neurons in the PVN that
expressed c-Fos was 16 = 3, 32 = 4, and 86 = 17%,
respectively (fig. 2). In rats exposed to 70% nitrous
oxide, c-Fos-positive neurons were also identified in
other regions of the brain including the thalamic and
cortical nuclei, LC, parabrachial nucleus, periaqueductal
gray, and cuneiform nucleus. c-Fos expression was not
induced by nitrous oxide in CRF-positive neurons of the
stria terminalis and central nucleus of the amygdala, two
other prominent regions of CRF production.

Intracerebroventricular Administration of CRF

Antagonist Attenuates Nitrous Oxide-induced c-Fos

in the LC

In the pontine brainstem sections, TH-positive cyto-
plasm in the LC was stained brown and c-Fos-positive
cell nuclei were stained black after immunohistochemi-
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Fig. 1. c-Fos induction in corticotropin-releasing factor (CRF)-
containing neurons of the paraventricular nucleus of the hypo-
thalamus. (4) The third ventricle and the CRF-positive neurons
in the paraventricular nucleus. CRF-containing cytoplasm and
c-Fos—positive nuclei are immunohistochemically stained
brown and black, respectively. (B) Magnification of panel A.
After 60 min of exposure to air, very little or no c-Fos—positive
nuclei were evident in CRF-containing neurons. (C) After 60-
min exposure to 70% nitrous oxide, c-Fos—positive nuclei are
identifiable in most of the CRF-containing neurons. V = third
ventricle. Scale bars = 100 pm (4), 20 pm (B and C).
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Fig. 2. Percentage of corticotropin-releasing factor (CRF)-posi-
tive paraventricular nucleus neurons expressing c-Fos in rats
exposed for 60 min to room air or 25, 50, or 70% nitrous oxide
(mean * SD). *P < 0.0005 versus air, #P < 0.0001 versus
N,0/25%, +P < 0.0001 versus N,0/50%.

cal processing (fig. 3). Expression of c-Fos in the LC was
not identifiable after air exposure in the vehicle or CRF-
antagonist group (fig. 3A and B). Marked c-Fos expres-
sion was induced in the LC by exposure to 70% nitrous
oxide in rats pretreated with intracerebroventricular ve-
hicle (figs. 3C and 4). Nitrous oxide-induced c-Fos ex-
pression was significantly inhibited by intracerebroven-
tricular pretreatment with a-helical CRF,_y, (figs. 3D
and 4).

Intracerebroventricular Administration of CRF

Antagonist Attenuates the Antinociceptive Action of

Nitrous Oxide

There was no significant difference in baseline TFL
values between the two pretreatments (2.6 = 0.3 vs.
2.4 = 0.2 s). The antinociceptive effect of nitrous oxide,
evaluated by the percent MPE in the TFL test, was sig-
nificantly inhibited by intracerebroventricular pretreat-
ment with a-helical CRF,_,,; compared with the vehicle
(2 £ 10 vs. 40 = 26%, P < 0.05). These data indicate that
prolongation of TFL latency by exposure to nitrous ox-
ide was hardly detectable in rats pretreated with a-heli-
cal CRF,_,,. However, the antinociceptive effect of in-
traperitoneal dexmedetomidine was not inhibited by
intracerebroventricular pretreatment with o-helical
CRF,_4, as compared with the vehicle (MPE: 85 = 12 vs.
81 * 10%).

Discussion

In this study, we have demonstrated that nitrous oxide
activates CRF-positive neurons in the PVN as evidenced
by c-Fos expression. Intracerebroventricular administra-
tion of a CRF antagonist, a-helical CRF,_,,, inhibited
c-Fos expression, and hence the activation of the LC
neurons by nitrous oxide exposure. The CRF antagonist
also inhibited the antinociceptive effect of nitrous oxide
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as evaluated with the TFL test. Because the CRF antago-
nist had no effect on the antinociceptive action of
dexmedetomidine (an o2 agonist that inhibits the LC
neurons),'® the action of CRF is selective for the antino-
ciceptive action of nitrous oxide. These results suggest
that nitrous oxide activates the CRF-containing neurons
in the brain, which are causally related to its antinoci-
ceptive effect through the activation of noradrenergic
systems.

Corticotropin-releasing factor is a key mediator of var-
ious stress responses. The exogenous administration of
CRF produces behavioral activation and enhances behav-
ioral responses to stressors.” Studies using CRF antago-
nists have provided evidence to suggest that brain CRF
systems play an important role in mediating behavioral,
endocrinologic, and physiologic responses to stres-
sors.”'® Evidence indicates that CRF acts as a neurotrans-
mitter; CRF receptors couple to multiple G-proteins to
activate diverse intracellular signaling pathways.” The
CRF system reportedly enhances neuronal activity in the
LC, the largest collection of noradrenergic neurons in
the brain,®'” and increases norepinephrine release.'®'®
Furthermore, anatomical evidence indicates that the LC
neurons are directly innervated by CRF neurons,” and
intracerebroventricular or local administration of CRF
activates the noradrenergic LC neurons.?® In addition, a
feed-forward interaction between CRF and noradrener-
gic systems has been postulated,” because noradrenergic
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Fig. 3. c-Fos induction in the locus cer-
uleus after 60-min exposure to air or 70%
nitrous oxide. Noradrenergic neurons in
the locus ceruleus are immunostained
brown using an antibody directed against
tyrosine hydroxylase. Air exposure in-
duced very few c-Fos in the locus cer-
uleus in rats pretreated with intracere-
broventricular vehicle (4) or a-helical
CRF,_4, (B). (C) Nitrous oxide induced
remarkable c-Fos expression in the locus
ceruleus in rats pretreated with intrace-
rebroventricular vehicle. (D) Intracere-
broventricular pretreatment with a-heli-
cal CRF,_, resulted in inhibition of c-Fos
induction by nitrous oxide. Remarkable
c-Fos inductions in the ependymal cells
on the ventricular surface (4-D) repre-
sent the nonspecific effect of the intrace-
rebroventricular injection through the
chronic cannula. V = fourth ventricle.
Scale bar = 50 pm.

innervation in the PVN further stimulates release of
CRF.?! Because the CRF system is activated under stress-
ful conditions, a variety of stressors can activate the LC
neurons through the CRF system.”*?? Indeed, the CRF
concentration in the LC is modulated by stress.'”%% Cen-
tral CRF neuronal systems are involved in mediating the
stress-induced changes in the dynamics of brain norad-
renergic systems in rats.>> Furthermore, intracerebro-
ventricular or direct administration of CRF antagonists
prevented the stress-induced activation of the LC
neurons®®

It has also been reported that CRF produces antinoci-
ception®’; for example, intracerebroventricular injection
of CRF produces antinociception in the hot-plate test,""
and although the precise mechanism is still unclear,
several studies suggest that descending inhibitory mech-
anisms may be involved.®?® The antinociceptive effect
of intracerebroventricular administration of CRF is antag-
onized by 6-hydroxydopamine and prazosin, thereby
suggesting the involvement of the noradrenergic system
in CRF-induced antinociception.'' Considering that CRF
activates the LC, the CRF system may mediate endoge-
nous antinociception by triggering descending inhibi-
tory pathways originating from the LC. This may also
apply to stress-induced analgesia. Cold-water swim anal-
gesia was inhibited by lesioning of the PVN,? a promi-
nent site of CRF production. Furthermore, several stud-
ies indicate that acute stress-induced analgesia is
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Fig. 4. Effect of corticotropin-releasing factor (CRF) antagonist,
a-helical CRF,_,,, on nitrous oxide—induced c-Fos expression in
the locus ceruleus (LC). Rats were pretreated with intracerebro-
ventricular vehicle (Veh) or CRF antagonist (Ant) and exposed
for 60 min to air or nitrous oxide. Bars represent total numbers
of c-Fos—positive tyrosine hydroxylase neurons in the LC from
three sections (mean = SD). Nitrous oxide exposure induced
remarkable c-Fos immunoreactivity in the LC (Veh/Air vs.
Veh/N,0). Induction of c-Fos immunoreactivity by nitrous
oxide exposure was significantly suppressed by pretreatment
with CRF antagonist (Veh/N,O vs. Ant/N,0). *P < 0.0001 ver-
sus vehicle/air, #P < 0.0005 versus vehicle/N,O, n = 5-7 per
group.

mediated via a noradrenergic system in animal models
indicative of the interaction between the CRF and nor-
adrenergic pathways in antinociception.>*3!

The antinociceptive action of nitrous oxide has also
been strongly linked to descending noradrenergic inhib-
itory pathways.* We previously demonstrated that ni-
trous oxide activated noradrenergic neurons in the LC
and in other brainstem noradrenergic nuclei, and lesion-
ing of these nuclei, which gives rise to the descending
inhibitory pathways, inhibited the antinociceptive effect
of nitrous oxide.! Also, we and others have shown that
nitrous oxide increases norepinephrine release in the
brain and the spinal cord.>® Both antagonism of the
adrenergic receptors® and depletion of norepinephrine’
in the spinal cord inhibited the antinociceptive effect of
nitrous oxide.

Although the mechanisms of LC activation by nitrous
oxide have been unclear, the involvement of the CRF
system in the brain is strongly suggested by the fact that
exposure to nitrous oxide activated CRF containing neu-
rons of the rat PVN and that intracerebroventricular
administration of CRF antagonist inhibited the activation
of the LC neurons by nitrous oxide. In addition, the
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antinociceptive action of nitrous oxide is also mediated,
at least in part, by the CRF system in the brain because
intracerebroventricular administration of CRF antagonist
resulted in inhibition of nitrous oxide-induced antinoci-
ception but did not inhibit antinociception affected by
dexmedetomidine. Taken together, we speculate that
nitrous oxide activates the CRF system in the brain
resulting in the stimulation of the LC and descending
noradrenergic inhibitory pathways. Although this study
focused on the activation of the LC, other noradrenergic
nuclei in the brainstem, namely A5 and A7, could also be
involved in the antinociceptive action of nitrous oxide.
In fact, these nuclei originate descending noradrenergic
inhibitory pathways that are activated by inhalation of
nitrous oxide."

Corticotropin-releasing factor induces transcription of
proopiomelanocortin, which is a precursor of cortico-
tropin, melanocyte-stimulating hormone, and (-endor-
phin. Furthermore, about 20% of CRF neurons in the
PVN contain enkephalin.>? Thus, activation of CRF sys-
tem by nitrous oxide could lead to the antinociceptive
action through opioidergic mechanisms. In fact, several
studies have shown that opiate system could be involved
in the antinociceptive effect of nitrous oxide.*

Although the mechanism underlying the activation of
the CRF system by nitrous oxide is still unclear, it may
result from the recently reported N-methyl-p-aspartate
(NMDA)-antagonistic effect of nitrous oxide.?*?* Nitrous
oxide undergoes one electron reduction, and therefore
is producing free-radical products.®> The ionotropic
NMDA receptor contains a redox-sensitive site, which
might be a target for nitrous oxide.*® The noncompeti-
tive NMDA receptor antagonist MK801 activates CRF
neurons in the rat PVN >’ and some NMDA antagonists
have been shown to exert antinociceptive effects at least
partly through a supraspinal mechanism,*®>® as has been
shown in nitrous oxide antinociception. However, we
should also note that the majority of studies using pure
NMDA antagonists have failed to show antinociception
to acute noxious stimuli.

Although animals were exposed to nitrous oxide as a
sole anesthetic in our study, this gas is usually used in
combination with other agents such as isoflurane or
propofol in the clinical arena. The descending inhibitory
mechanism of nitrous oxide antinociception can be in-
hibited by the concomitant use of general anesthetics
because of the suppressive effect of these agents. In fact,
our unpublished data showed that nitrous oxide-in-
duced c-Fos expression in CRF neurons was dose-depen-
dently inhibited by the concomitant use of isoflurane or
propofol.*>#! Evidence indicates that volatile anesthetics
antagonize nitrous oxide antinociception in the rat*?;
therefore, nitrous oxide is a less effective analgesic in
healthy volunteers coadministered sevoflurane.*> How-
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ever, our results do not refute the additive minimum
alveolar concentration effects of gas anesthetics, be-
cause definition of minimum alveolar concentration is
based on anesthetic, not analgesic, effects. Furthermore,
our study does not exclude the possibility that mecha-
nisms of nitrous oxide antinociception other than de-
scending noradrenergic inhibition may exist.

Direct evidence of CRF release by nitrous oxide expo-
sure is lacking in our study because the activation of
CRF-containing neurons does not necessarily indicate
that CRF secretion is enhanced. In fact, CRF-containing
neurons are reported to contain other neuropeptides
such as neurotensin and enkephalin.>> However, the
finding that the CRF antagonist inhibited both the acti-
vation of brainstem nuclei and the antinociceptive action
of nitrous oxide indicates the direct involvement of CRF
in these actions of nitrous oxide. Although there are
several technical difficulties, direct demonstration of ni-
trous oxide-mediated CRF release in the brain would
corroborate our findings.

In summary, we have used c-Fos expression as a
marker of neuronal activation and demonstrated that
nitrous oxide activates CRF-containing neurons in the
PVN of the rat hypothalamus. Intracerebroventricular
administration of CRF antagonist inhibited the activation
of the LC by nitrous oxide. In addition, the CRF antago-
nist inhibited the antinociceptive action of nitrous oxide
as measured by the tail-flick assay. These data indicate
that the CRF system plays a pivotal role in the mecha-
nism of nitrous oxide-induced acute antinociception.
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