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Nitrous Oxide Induces Preemptive Analgesia
in the Rat That Is Antagonized by Halothane

Takahisa Goto, M.D.,* John J. A. Marota, Ph.D, M.D.,t Gregory Crosby, M.D.t

Background: Noxious stimulation-induced sensitization of
the central nervous system has been proposed as a key element
in the development of subsequent protracted pain. Accord-
ingly, the authors used the formalin model of pain to test the
hypothesis that general anesthesia can produce preemptive
analgesia and thereby interfere with noxious stimulation-in-
duced central sensitization,

Methods: Rats received 0.9% or 1.8% halothane, 30% or 75%
nitrous oxide (N:0), or 75% N,O plus 0.9% halothane (n = 4
or 5 per group). Control rats (n = 5) received only 100% ox-
ygen. Fifteen minutes after the induction of anesthesia, for-
malin was injected subcutancously into a hind paw of each
rat, and anesthesia was maintained for 5 more min. Because
the behavioral pain response to formalin (i.e., flinching of the
injected paw) is biphasic, these treatment groups were anes-
thetized only during phase 1 (acute phase). Another group (n
= 5) received 75% N,O only during phase 2 (delayed phase).
Reversibility of the N,O effect was tested by the administration
of naloxone before phase 1 or naltrexone during phase 2 (n
= 5 per group). Finally, additional rats anesthetized as de-
scribed above (n = 4 or 5 per group) underwent tail-flick test-
ing during anesthesia.

Results: All anesthetics reduced phase 1 pain behavior, but
only N;O produced antinociception on tail-flick testing. Thirty
percent and 75% N0, administered during phase 1, suppressed
phase 2 flinching 29% and 49%, respectively, whereas nitrous
oxide administered after phase 1 did not suppress phase 2
pain behavior. This effect of nitrous oxide was reversed by
an opioid antagonist given during phase 1 but not phase 2.
Halothane administered during phase 1 had no effect on phase
2 flinching, and it antagonized the effect of 75% N,O.

Conclusions: Nitrous oxide induces dose-dependent
preemptive analgesia in this model that is reversed partially
by naloxone, thus suggesting the involvement of endogenous
opioids in this action. In contrast, halothane has no preemp-
tive analgesic properties and even antagonizes the analgesic
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effect of nitrous oxide. Hence, the hypnotic potency of an
anesthetic is a poor indication of its preemptive analgesic po-
tential. (Key words: Analgesia, preemptive. Anesthesia: gen-
eral. Anesthetics, gases: nitrous oxide. Anesthetics, volatile:
halothane. Pain: neuroplasticity. Sensitization.)

HUMAN'* and animal** studies have demonstrated that
noxious stimulation produces long-lasting changes in
the central nervous system (CNS) that result in a hy-
perexcitable state. This noxious stimulation-induced
central sensitization has been proposed as a key factor
in the development of protracted pain that persists after
the initial stimulus has abated.” In animals models” and
some clinical studies,® analgesia given before the onset
of a painful stimulus (i.e., preemptive analgesia) has
been shown to reduce or even prevent subsequent pain
by preventing this pain-induced “neuroplasticity”. In
contrast, the same analgesic treatment administered
even a few minutes after the initial introduction of a
painful stimulus ¢ither cannot prevent the development
of central excitability and pain behavior or does so with
greatly reduced efficacy.*®

The rat formalin test has been used extensively to
study the mechanisms underlying preemptive analge-
sia.””'* This well characterized model involves pro-
longed, tonic pain gencrated by tissue injury from in-
jection of formalin. Because tonic pain appears to be
modulated differently in the CNS than phasic pain (e.g.,
produced by thermal stimuli used in the tail-flick and
hot-plate tests), the formalin model is thought to ap-
proximate clinical pain better than tests that use phasic
stimuli.” In this model, a small amount of diluted for-
malin is injected subcutaneously into the hind paw of
an awake rat. This stimulus evokes a progressive, bi-
Phasic pain-related behavioral response that includes
flinching and licking of the injected paw.”® The early
phase behaviors (phase 1) begin immediately after in-
jection and last only about 5 min; the more prolonged
late-phase responses (phase 2) begin about 15 min after
injection and last 60-90 min. Recent studies suggest
that phase 1 is caused predominantly by activation of
C-fiber afferents by the peripheral stimulus.’ Phase 2,
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however, is the result of central sensitization of noci-
ceptive neurons induced by phase 1 activity” and is
thought to be mediated in part by excitatory amino
acids such as glutamate.'™'" Therefore, blockade of
phasc 1 stimulation and/or disruption of central neu-
rochemical processes responsible for sensitization at-
tenuate the phase 2 hyperalgesic response.

Opioid analgesics”'® and local ancsthetics'® have
been shown to prevent central sensitization in this
model. The ability of general anesthetics to influence
such processes has not been investigated thoroughly,
however. Inasmuch as a principal function of general
anesthetics is to disrupt the normal process by which
peripheral stimuli are perceived by and registered on
the CNS, one would predict that these agents influence
nociceptive processes. Indeed, the fact that nitrous ox-
ide (N,0)'* and halothane' have clectrophysiologic
effects on spinal nociceptive neurons that are similar
to those of morphine provides evidence that these an-
esthetics affect central transmission of noxious stimuli.
Nitrous oxide, in particular, has accepted analgesic
properties that may be mediated by endogenous opioid
peptides.' ™' Anesthetics also alter the responsive-
ness of ncurons to excitatory amino acid ncuro-
transmitters'”'® and, consequently, may perturb the
central sensitization process. Based on such consider-
ations, we predicted that general anesthetics would
prevent noxious stimulation-induced central facilita-
tion. Accordingly, we examined the hypothesis that
nitrous oxide or halothance administered only during
the brief acute phase of noxious stimulation would alter
pain behavior in the postanesthetic period.

Materials and Methods

Studies were performed on 74 male Spraguc-Dawley
rats weighing between 300-325 g with the approval
of the Subcommittee on Research Animal Care. Rats
were maintained in a 12-h light-dark cycle (lights on
at 07:00 h) and allowed free access to food and water.
To control for known diurnal fluctuations in respon-
siveness to nociceptive stimuli,'” experiments were
performed between 10:00 and 22:00 hin randomized
order.

Experimental Paradigm

Rats were divided into five treatment groups as fol-
lows: (1) 30% N,O, (2) 75% N0, (3) 0.9% halothane,
(4) 1.8% halothane, or (5) 75% N-O plus 0.9% halo-
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thane. A control group received only 100% oxygen but
otherwise was handled in an identical fashion. Each
group consisted of five animals except for the 0.9% and
1.8% halothane groups, which contained only four an-
imals cach.

In all cases, the total duration of anesthesia was 20
min (fig. 1). Anesthesia was induced by placing the
animals in a plexiglass box prefilled and flushed con-
tinuously at 3 I/min with onc of the anesthetics in a
balance of oxygen. Animals were left undisturbed for
15 min so that they would reach a steady state of anes-
thesia. Rats then were removed briefly from the box
(< 15 ) so formalin could be injected into the left
hind paw. Five percent formalin was prepared from a
37% formaldehyde solution by 1:19 dilution with 0.9%
normal saline and administered subcutaneously in a
volume of 50 ul into the plantar surface of the left hind
paw with a 27-G needle. Animals were returned im-
mediately to the box and maintained under anesthesia
for 5 more min, Z.e., to provide anesthesia only during
phase 1 (fig. 1). Rats then were removed from the anes-
thesia chamber, transferred to an clear cage bedded
thinly with wood chips, and allowed to awaken. Thus,
animals were awake and conscious when phase 2 pain-
related behavior was assessed.

The concentrations of nitrous oxide (Ohmeda 5200
CO, analyzer, Madison, W1), halothane (Datex 222 an-

Pre-injection
30% N,O

75% N3O

0.9% Halothane
1.8% Halothane

75% N,yO
+ 0.9% Halothane
RS T E
Post-injection
TE% N,0
16«10 -3 ] 1% R 1] 6 65 TO TS
ﬂ‘ {minutes)

Hind Paw Injected
5% Formalin

Fig. 1. The time schedule of anesthetic administration for for-
malin test animals. Except for one group of animals (postin-
jection 75% N,O group), the anesthetic was administered for
15 min before and 5 min after formalin injection to provide
anesthesia during only the phase 1 portion of the formalin
pain response. The 75% N,O postinjection group received
anesthesia 5-25 min after formalin injection. Thus, in all cases
the phase 2 portion of the formalin pain response (30-75 min
after formalin injection) was observed after the animals had
recovered from anesthesia.
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esthetic agent analyzer, Puritan Bennett, Tewksbury,
MA), and oxygen (Ohmeda 5100 oxygen analyzer) in-
side the box were measured continuously. The inspired
concentrations of nitrous oxide and halothane (75%
and 0.9%, respectively) were chosen to provide ap-
proximately 0.5 minimum alveolar concentration
(MAC) anesthesia. These doses were calculated on the
basis of reported MACs in the rat of 148-155% for ni-
trous oxide?”*! and 0.95-1.11% for halothane, 2% and
an estimated ratio of end-tidal-to—inspired concentra-
tion of halothane of 0.5-0.6 in spontancously breathing
rats after 20 min.??

Based on the results of thesce initial studics, three ad-
ditional experiments were conducted. To assess the
possibility that the effects of nitrous oxide in this model
were opioid-mediated, a seventh group of animals (n
= 5) received naloxone (20 mg/kg; dissolved in 0.9%
normal saline to a final concentration of 10 mg/ml)
intraperitoneally 15 min before the (oot injection and
coincident with the start of 75% N,O. Similarly, to dec-
termine if nitrous oxide’s effect on phase 2 behavior
could be related to ongoing actions of endogenous
opioids even after nitrous oxide was discontinued, an
cighth group of animals (n = 5) received nalirexone
(20 mg/kg) intraperitoneally (concentration, 10 mg/
ml in normal saline) 5 min after the foot injection,
when 75% N,O was discontinued (N,O — naltrexone
group). In separate preliminary experiments, these
doses of naloxone and naltrexone completely reversed
the antinociceptive effect of intravenous morphine (10
mg/kg) on the tail-flick test for 30 min and > 2 h,
respectively. Finally, to test the hypothesis that block-
ade of phase 1 is critical for prevention of phase 2 pain
behavior, a ninth group of rats (nitrous oxide postin-
jection group) received 75% N2O for 20 min beginning
5 min after the foot injection (fig. 1). Hence, these
animals experienced phase 1 response without ancs-
thesia or analgesia.

Formalin-induced pain responses are primarily su-
praspinally mediated behaviors.? Therefore, to examine
the antinociceptive effects of these anesthetics at the
spinal level, we also used a behavior that is known to
be a spinal reflex response, namely, the tail-flick tese. !
For this portion of the study, 31 additional rats were
divided into seven groups (n = 4 or 5 per group) and
anesthetized exactly as described above, except that
these animals were not injected with formalin, and an-
algesia was evaluated only during anesthesia (therefore
it was not necessary to include the postinjection nitrous
oxide and nitrous oxide — naltrexone groups). The
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test was performed in the preanesthetic, awake state
to obtain a bascline and then was repeated 15 and 20
min after the rat was placed in the anesthesia box. Each
animal was removed from the box long enough for one
mcasurement to be performed at cach time point.

Bebavioral Observations

In our analysis, flinching was used as a measure of

formalin-induced pain. Flinching is one of the pain-
related behaviors of the formalin model and is char-
acterized by a spontancous, rapid, brief shaking or lift-
ing of the paw. Accordingly, cach episode of shaking,
vibrating, or lifting of the paw was counted as one
flinch; the total number of flinches of the injected hind
paw were counted and recorded every 5 min for 75
min after the foot injection. Flinching was chosen as a
measure of pain because it is more robust and spon-
tancous than other formalin pain-related behaviors
(e.g., licking) and, consequently, is thought to be more
reliable for this purpose.®

The tail-flick test was performed by placing the tail
of cach rat (awake animals were partially restrained)
over aslit 1.5 cm from a 150-W focused projector bulb.
The end-point of the test was removal of the tail; a cut-
off time of 6 s was imposed to avoid permanent tissue
damage. The preanesthetic ril-flick latency was typi-
cally in the 1.5-1.8 s range. Results of the test are
expressed as maximum percentage cffect according to
the formula:

(TFL under anesthesia)
_ — (preancsthesia TFL)
(cut-off time)
— (preanesthesia TFL)

MPE

X 100(%)

Data Analysis

Data from phase 1 (0-5 min after formalin injection)
and phase 2 (30-75 min after formalin injection) re-
sponscs of the formalin test were considered separately.
To minimize the influence of residual anesthetic on
phase 2 flinching, phase 2 was defined as the interval
30-75 min after formalin injection (although some
flinching was scen as carly as 15 min after injection).
The mean of the total number of flinches during each
phase was calculated for cach group and compared to
data from the unanesthetized control group with anal-
ysis of variance (ANOVA) and Dunnett’s test for mul-
tiple comparisons. Tail-flick data (based on the maxi-
mum pereentage effect) were analyzed similarly.
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Fig. 2. The time course of anesthetic effects on formalin-in-
duced flinching behavior. (4) Effects of the type of anesthetic
agent. Anesthesia was administered before and for 5 min after
footpad injection in all groups. Although 30% N,O and 1.8%
halothane groups are not included in this figure, the pattern
of the curves for these groups is similar to that of those shown.
(B) Effects of the timing of nitrous oxide administration. Sev-
enty-five percent nitrous oxide was administered either before
and for 5 min after footpad injection (nitrous oxide preinjec-
tion group) or between 5 and 25 min after injection (nitrous
oxide postinjection group). The control and the 75% N,O
preinjection groups are the same as those illustrated in A. In
both figures, data represent mean + SEM for the number of
animals indicated in parentheses.

Results

Animals that received 75% N,O or 0.9% halothane
lost spontancous movements within 5-10 min after the
start of anesthesia, while thosc treated with 1.8% halo-
thane or the combination of 75% N,O and 0.9% halo-
thane also lost the righting reflex. None of the anes-
thetized animals vocalized or became agitated during
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formalin injection. Rats that received 1.8% halothane
required 12-17 min for full clinical recovery, but all
others recovered within 1-3 min of discontinuing the
anesthetic. At the time phase 2 behavior was assessed,
animals previously anesthetized were clinically indis-
tinguishable from controls.

Subcutaneous injection of formalin to unanesthetized
rats resulted in a highly reproducible, biphasic increase
in flinching behavior of the injected paw (fig. 2A). The
characteristic phase 1 (0-5 min) and phase 2 (30-75
min) responses were clearly present. Halothane or ni-
trous oxide suppressed phase 1 flinching behavior in
a dose-dependent manner (table 1), with 1.8% halo-
thane and the combination of 75% N,O plus 0.9% halo-
thane essentially completely suppressing the response.

Halothane or nitrous oxide administered only during
phase 1 had very different effects on phase 2 flinching
behavior, however (fig. 2A and table 1). Neither dose
of halothane affected phase 2 behavior (fig. 2A). In
marked contrast, nitrous oxide, although administered
only during phase 1, produced dose-dependent

Table 1. Effects of Anesthesia on Formalin-induced Pain
and Tail-flick Latency

Formalin Test Flinches

Phase 1 Phase 2 Tailflick
Angsthesia (0-5 min) (30-75 min) MPE
Control 46 =5 513 + 32 -2+£04
Halothane
0.9% 16 + 4* (65) 519 + 27 (1) —4+2
1.8% 0+ 0* (100) 465 £ 12 (9) -9+£3
Nitrous oxide
30% 21+ 6 (54) 365 + 4971 (29) 11 £ 4%
75% 4+ 2*(91) 259 + 31* (49) 32 + 4*
75% + NAL 19 + 4* (58) 394 + 38 (23) 8+3
75% — NTX 5+ 2*(89) 320 + 14" (38) —
75% Post 50+ 5 (-8) 461 + 27 (10) —
Nitrous oxide
plus
halothane 1+ 1*(97) 431 £ 50 (16) 1+3

Data are mean + SEM for four or five animals per group (see methods).

Number in parentheses represent the percentage suppression of flinching from
the control. Tailflick latency was converted to maximum percentage effect (MPE)
according to the formula described in the text. Because flinch data are presented
as percentage suppression and tailflick as MPE, negative numbers represent,
respectively, an increase in flinches or a decrease in tailflick latency. All data
were compared to the appropriate control group by analysis of variance and
Dunnett’s test.

NAL = naloxone coincident with the start of nitrous oxide; NTX = naltrexone
given after nitrous oxide was discontinued.

*P <001.
tP < 0.05.
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suppression of phase 2 flinching (fig. 2A); 30% and
75% NzO decreased flinching by 29% (P < 0.05) and
49% (P < 0.01), respectively. This analgesic effect was
reversed by simultaneous administration of naloxone,
whereas rats given naltrexone after the termination of
nitrous oxide anesthesia still had fewer phase 2 flinches
than did the control animals (P < 0.01; table 1). More-
over, halothane antagonized the analgesic effect of ni-
trous oxide on phase 2 behavior. Thus, whereas phase
2 flinching was suppressed 49% by 75% N,O alone,
there was no difference in the rate or time-course of
phase 2 flinching betwceen controls and those anesthe-
tized with the combination of 75% N,O and 0.9% halo-
thane (fig. 2A and table 1).

Administration of nitrous oxide during phase 1 was
critical to the development of phase 2 analgesia, be-
cause 75% N;O begun after the phase 1 response to
formalin did not suppress phase 2 behavior. That is,
although flinching behavior was reduced while nitrous
oxide was being administered (i.e., 5-25 min after the
foot injection), as soon as it was discontinued, the fre-
quency of flinching increased to the level seen in un-
anesthetized control rats (fig. 2B and table 1).

Anesthetic effects on tail-flick latency paralleled those
on phase 2 behavior in the formalin model but did not
correlate with suppression of the phase 1 response (ta-
ble 1). Thus, halothane 0.9% and 1.8%, while decreas-
ing phase 1 but not phase 2 flinching, did not prolong
tail-flick latency, whereas 30% and 75% N,O, which
reduced phase 2 flinching, also produced modest dose-
dependent antinociception as determined by tail-flick
(maximum percentage effect 11% [P < 0.05] and 32%
[ < 0.01], respectively). Furthermore, naloxone also
reversed the effect of 75% N,O in this test and, whereas
75% N,O alone prolonged tail-flick latency by 32%,
the combination of 75% N,O and 0.9% halothane had
no cffect (table 1).

Discussion

This study demonstrates that halothane, even at 1 MAC
doses, has no effect on the facilitatory state that devel-
ops after noxious stimulation, whereas nitrous oxide
suppresses the behavioral manifestations of central
sensitization in a dose-dependent and naloxone-re-
versible manner. In the formalin model, therefore, a
brief period of nitrous oxide anesthesia can have lasting
cffects on pain behavior provided that it is administered
before the critical, acute phase (phase 1) of noxious
stimulation. Thus, nitrous oxide, but not halothane,
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creates a preemptive analgesic state. Moreover, because
the combination of 75% N,O and 0.9% halothane did
not reduce phase 2 behavior, we conclude that halo-
thane actually antagonizes nitrous oxide-induced
preemptive analgesia.

Phase 2 pain behavior in the formalin model is a
manifestation of a central facilitated state and correlates
clectrophysiologically with enhanced responsiveness
of spinal nociceptive neurons to innocuous and noxious
stimuli (so-called “windup’’).”? This state is triggered
by the repetitive C-fiber barrage that occurs immedi-
ately after formalin is injected;® blockade of this brief
(~ 5 min) first phase prevents the development of the
subsequent facilitated state. Consequently, anesthetics
could disrupt injury-induced central sensitization c¢i-
ther by preventing the entry of noxious stimuli into
the CNS or by interfering with events within the nervous
system that are responsible for development or mainte-
nance of a facilitated state. Morphine®'" and local
ancsthetics' act by the first mechanism (Z.e., they pre-
vent entry of noxious stimuli), whereas excitatory
amino acid antagonists such as MK-801, which block
the phase 2 response without suppressing phase 1 ac-
tivity, probably have a primary effect on central neu-
rochemical processes-mediating facilitation,'®"!

Because in all but one group, anesthesia was admin-
istered only during the first 5 min after the formalin
injection, this study allows no conclusions to be made
concerning whether general anesthetics can interfere
with central mechanisms that consolidate or maintain
sensitization. On the other hand, one can make a strong
case from these experiments that nitrous oxide sup-
presses phase 2 pain behavior by blocking the entry
and/or impact of noxious stimuli on the CNS during
phase 1. This hypothesis is based on the observation
that nitrous oxide, but not halothane, prolongs tail-
flick latency and suppresses phase 2 flinching behavior.
Studies in spinal cord-transected rats have shown that
the tail-flick response is essentially a spinal reflex with
little supraspinal component,* whereas formalin-in-
duced flinching involves a supraspinal as well as a spi-
nal component.” Because anesthetics and other seda-
tives/hypnotics clearly disrupt supraspinally mediated
behaviors, it is not surprising that phase 1 flinching
behavior was markedly reduced by the administration
of nitrous oxide or halothane during that period.

Lack of a behavioral response to formalin is not, how-
ever, conclusive evidence that noxious stimuli were
not reaching the spinal cord. Indeed, the fact that tail-
flick latency was prolonged modestly by nitrous oxide
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but was unchanged by halothane or halothane plus ni-
trous oxide (ata time when these regimens profoundly
suppressed phase 1 flinching behavior) is presumptive
evidence that both the afferent and efferent limbs of
this spinal reflex arc were intact during anesthesia with
halothane or halothane plus nitrous oxide, but not with
nitrous oxide alone. It follows, therefore, that of these
anesthetic regimens only nitrous oxide alone is capable
of reducing the entry or impact of peripheral nocicep-
tive impulses on the spinal cord, while halothane alone
or in combination with nitrous oxide allows spinal
neurons to receive and respond to afferent noxious
stimuli. This is consistent with other experimental ob-
servations: thermally-evoked firing of wide dynamic
range nociceptive neurons in the spinal cord dorsal
horn persists under 0.5-1.5% halothane ancsthesia.'”
Bascd on such reasoning, we speculate that nitrous 0X-
ide, but not halothane, produces preemptive analgesia
in part because it interferes at the spinal level with the
entry of noxious stimuli into the CNS and, therefore,
prevents subsequent central facilitatory changes from
being triggered.

The hypothesis that nitrous oxide exerts some of its
effects via an action on the endogenous opioid system
is both old and controversial. Although some studies
show no evidence of nitrous oxide-induced opioid ac-
tivity,” others reveal cross tolerance between mor-
phine and nitrous oxide '* and partial reversal of nitrous
oxide-induced antinociception by naloxone.'>'®2¢
Furthermore, although nitrous oxide does not interact
directly with opioid receptors,®” it increases the brain
tissue concentrations of opioid peptides such as beta-
endorphin® and Met-enkephalin.®  Because  the
preemptive analgesic action of nitrous oxide was re-
versed partially by the simultancous administration of
naloxone during phase 1, and naloxone itself does not
affect formalin-induced pain behaviors,*™?" our data
support the notion that nitrous oxide does indeed exert
its analgesic effects in part by altering the activity of
endogenous opioids. In this regard, it is interesting that
morphine also produces preemptive analgesia in this
model B! In contrast to the effect of naloxone admin-
istered during phase 1, we could not demonstrate the
reversal of nitrous oxide-induced preemptive analgesia
by naltrexone, a long-acting opioid receptor antagonist,
administered after nitrous oxide was discontinued (Z.e.,
during phase 2). Although this suggests that the anal-
gesic state created by nitrous oxide is not secondary to
ongoing opioid activity, the statistical power of this
obscrvation is weak because the small number of ani-
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mals in the naltrexone group makes it difficult to detect
significant diffcrences. Accordingly, we conclude that
endogenous opioids are involved in initiating the
preemptive analgesic effect of nitrous oxide but cannot
be certain whether they also are involved in sustain-
ing it.

Failure of a combination of 75% N,O and 0.9% halo-
thane to reduce phase 2 flinching behavior in the for-
malin test was unexpected because 75% N>O alone
provided substantial preemptive analgesia in this
model. To our knowledge, this is the first demonstration
that an analgesic effect of nitrous oxide can be antag-
onized by halothane. There is evidence, however, for
an antagonistic effect between nitrous oxide and vol-
atile anesthetics on MAC because the concentration of
nitrous oxide and a volatile anesthetic required to
achieve 1 MAC is greater for the mixture than onc
would expect on the basis of simple addition of the
MACs of each agent separately.***? Further support for
the notion of antagonism between nitrous oxide and a
volatile ancsthetic comes from a recent study demon-
strating that the combination of 1% isofluranc and 70%
N,O administered during phase 1 of the formalin test
does not suppress phase 2 behavior, whereas isoflurane
alone (1% and 2.5%) reduced phase 2 flinching by
34%.** Our obscrvations regarding halothane-nitrous
oxide anesthesia are similar and, consequently, confirm
that inhalation anesthesia does not block postinjury fa-
cilitation. The cffect of nitrous oxide alone was not
examined in that study,“ however, and the observation
that a modest analgesic cffect of isoflurane was elimi-
nated by the addition of nitrous oxide was unexpected
and unexplained. It remains so because the prepon-
derance of evidence in the literature indicates that ni-
trous oxide is an analgesic'>'® and, for the first time,
our data show it to be an cffective preemptive analgesic.
Differences between the studies relating to the anes-
thetic state of control animals at the time of formalin

injection (bricf isofluranc anesthesia vs. none), site of
injection (dorsal vs. plantar surface of the hind paw),
and definition of the phase 2 interval (10-60 min vs.

30-75 min) exist, but these differences are minor and

cannot explain how isoflurane and nitrous oxide, which

singly ar¢ capable of blockwg postinjury facilitation,
are ineffective when administered jointly. Accordingly,
the mechanism by which nitrous oxide-induced
preemptive analgesia is antagonized by volatile anes-
thetics is unknown. We postulate, however, that it may
occur on a metabolic basis; if nitrous oxide-induced
preemptive analgesia requires active neural processes
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(e.g., the activation of a descending inhibitory pathway,
which has been shown to mediate the antinociceptive
action of nitrous oxide),***! halothane and presumably
other volatile anesthetics could interfere by decreasing
the spinal or cerebral metabolic rate, thereby prevent-
ing ncural activation.

A potential limitation of this study is that the inves-
tigator who counted flinches was not blinded to the
treatment the animal had received. If this introduces a
meaningful bias, then virtually all studies using this
model are suspect because none of the dozens recently
published™'? (some in this journal)!*** have been
blinded. Perhaps this is because the flinching behavior
is quite robust and easy to recognize. In fact, control
data obtained by a new member of our laboratory who
had had no previous experience with the formalin test
and no idea what to expect were indistinguishable from
those obtained by our most experienced person.
Therefore, although blinding is a theoretic considera-
tion in these studices, it is unlikely to be of any practical
importance.

Although formalin-induced pain is presumably
analogous to postoperative pain, extrapolation of
these results to the clinical setting requires caution.
First, the stimuli are different: Formalin pain is due
primarily to peripheral tissue inflammation,” whereas
surgical pain has both inflammatory and neuropathic
components.’ Second, species differences may exist.”
Third, postsurgical pain generally follows a far more
protracted time course than that of formalin-induced
pain, whereas the duration of preemptive analgesia
may be short. For instance, in a recent human study
that compared the effects of lidocaine infiltration of
the skin either before or after cutaneous thermal in-
jury, preemptive analgesia lasted for only the first 70
min after injury.*® Nevertheless, it is clear from our
experiments that both the type of anesthetic agent
and timing of its administration relative to noxious
stimulation can have substantial impact on subse-
quent pain. Moreover, the hypnotic potency of an
agent and the lack of responsiveness during anes-
thesia are evidently not reliable indicators of
preemptive analgesic properties, because nitrous
oxide, a poor hypnotic, is a good preemptive anal-
gesic, whereas halothane, a potent hypnotic, is
not analgesic. Thus, the hypnotic and analgesic
properties of general anesthetics should be con-
sidered separately, because not all analgesics are
anesthetics, and not all anesthetics are preemptive
analgesics.

Ancsthesiology, V 80, No 2, Feb 1994

References

L. LaMotte RH, Shain CN, Simone DA, Tsai EFP: Neurogenic hy-
peralgesia: Psychophysical studies of underlying mechanisms. J Neu-
rophysiol 66:190~211, 1991.

2. Torcbjork HE, Lundberg LER, LaMotte RH: Central changes in
processing of mechanoreceptive input in capsaicin-induced second-
ary hyperalgesia in humans. J Physiol (Lond) 448:765-780, 1992,

3. Woolf J: Evidence for a central component of postinjury pain
hypersensitivity. Nature 306:686-688, 1983,

4. Woolf ¢J, Wall PD: Morphine-sensitive and morphinc-insensitive
actions of C-fiber input on the rat spinal cord. Neurosci Lett 64:221-
225, 1986.

5. Woolf CJ, Chong MS: Preemptive analgesia—treating postop-
crative pain by preventing the establishment of central sensitization.
Ancsth Analg 77:362-379, 1993.

6. Katz J, Kavanagh BP, Sandler AN, Nicrenberg H, Boylan JF,
Friedlander M, Shaw BF: Preemptive analgesia: Clinical evidence of
neuroplasticity contributing to postoperative pain. ANESTHESIOLOGY
77:439-446, 1992

7. Tjelsen A, Berge O, Hunskaar S, Rosland JH, Hole K: The formalin
test: An evaluation of the method. Pain 51:5-17, 1992

8. Wheeler-Aceto H, Cowan A: Standardization of the rat paw for-
malin test for the evaluation of analgesics. Psychopharmacology 104:
35-44, 1991

9. Dickenson AH, Sullivan AF: Subcutancous formalin-induced ac-
tivity of dorsal horn ncurones in the rat: Differential response to an
intrathecal opiate administered pre or post formalin. Pain 30:349-
360, 1987

10. Yamamoto T, Yaksh TL: Comparison of the antinociceptive
ceffects of pre and postireatment with intrathecal morphine and
MK801, an NMDA antagonist, on the formalin test in the rat. ANEs-
THESIOLOGY 77:757-703, 1992

11. Murray CW, Cowan A, Larson AA: Neurokinin and NMDA an-
tagonists (but not a kainic acid antagonist) are antinociceptive in
the mouse formalin model. Pain 44:179-185, 1991

12. Coderre TJ, Vaccarino AL, Melzack R: Central nervous system
plasticity in the tonic pain response to subcutancous formalin injec-
tion, Brain Res 535:155-158, 1990

13. Taub A, Hoffert M, Kitahata LM: Lamina-specific suppression
and acceleration of dorsal-horn unit activity by nitrous oxide: A sta-
tistical analysis. ANESTHESIOLOGY 40:24-31, 1974

14. Namiki A, Collins JG, Kitahata LK, Kikuchi H, Homma E, Thal-
hammer JG: Effects of halothane on spinal neuronal responses to
graded noxious heat stimulation in the cat. ANESTHESIOLOGY 53:475—
480, 1980

15. Berkowitz BA, Ngai SH, Finck AD: Nitrous oxide “‘analgesia®:
Resemblance to opiate action. Science 194:967-968, 1976

16. Yang JC, Clark WC, Ngai SH: Antagonism of nitrous oxide
analgesia by naloxone in man. ANESTHESIOLOGY 52:414-417, 1980

17. Richards CD, Smaje JC: Anacsthetics depress the sensitivity of
cortical neurones to 1-glutamate. Br J Pharmacol 58:347-357, 1976

18. Puil E, El-Beheiry H: Anaesthetic suppression of transmitter
actions in ncocortex. Br J Pharmacol 101:61-66, 1990

19. Frederickson RC, Burgis V, Edwards JD: Hyperalgia induced
by naloxone follows diurnal rhythm in responsivity to painful stimuli.
Science 198:756-758, 1977

20. Russcl GB, Graybeal JM: Dircct measurement of nitrous oxide
MAC and ncurologic monitoring in rats during anesthesia under hy-
perbaric conditions. Anesth Analg 75:995-999, 1992

202 YoIe 80 U0 3sanb Aq 4pd°1.2000-00020v66 L-27S0000/7.L6179/601/2/08/4Ppd-aj0nie/ABojoIsauisaue/W0o IIBYIIBA|IS ZESE//:d)Y WOl papeojumoq



416

GOTO, MAROTA, AND CROSBY

21. Wardley-Smith B, Halsey MJ: Mixtures of inhalation and i.v.
anacsthetics at high pressure. Br] Anaesth 57:1248=-506, 1985

22. Cole DJ, Kalichman MW, Shapiro HM, Drummond JC: The
nonlinear potency of sub-MAC concentrations of nitrous oxide in
decreasing the anesthetic requirement of enflurane, halothane, and
isoflurane in rats. ANESTHESIOLOGY 73:93-99, 1990

23. White PF, Johnston RR, Eger EI I Determination of anesthetic
requirement in rats. ANESTHESIOLOGY 40:52-57, 1974

2.4. Irwin S, Houde RW, Bennett DR, Hendershot LG, Seevers MIi:
The efiects of morphine, methadone and meperidine on some reflex
responses of spinal animals to nociceptive stimulation. ] Pharmacol
Exp Ther 101:132-143, 1951

25. Levine JD, Gordon ND, Fields HL: Naloxone fails to antagonize
nitrous oxide analgesia for clinical pain. Pain 13:165-170, 1982,

26. Zuniga JR, Joseph SA, Knigge KM: Nitrous oxide analgesia:
Partial antagonism by naloxone and total reversal after periaqueductal
gray lesions in the rat. Eur ] Pharmacol 142:51-60, 1987

27. lawrence D, Livingston A: Opiate-like analgesic activity in
general anaesthetics. Br J Pharmacol 73:435-442, 1981

28. ZunigaJR, Joseph SA, Knigge KM: The effects of nitrous oxide
on the central endogenous pro-opiomelanocortin system in the rat.
Brain Res 420:57-65, 1987

Ancsthesiology, V 80, No 2, Feb 1994

29. Silverstein W, Samaniego E, Finck AD: Nitrous oxide increases
opioid peptide concentrations in seleet rat brain arcas (abstract).
ANESTHESIOLOGY 77:A731, 1992

30. North MA: Naloxonc reversal of morphine analgesia but failure
to alter reactivity o pain in the formalin test. Life Sci 22:295-302,
1977.

31. Pertovaara A, Mecke E, Carlson S: Attempted reversal of co-
caine-induced antinociception effects with naloxone, an opioid an-
tagonist. Eur J Pharmacol 192:349-353, 1991.

32, DiFazio CA, Brown RE, Ball CG, Heckel G, Kennedy 85: Ad-
ditive effects of anesthetics and theories of anesthesia, ANESTHESIOLOGY
36:57-063, 1972

33. Abram SE, Yaksh TL: Morphine, but not inhalational ancsthesia,
blocks postinjury facilitation: The role of preemptive suppression of

afferent transmission. ANESTHESIOLOGY 78:713-721, 1993

34. Komatsu I, Shingu K, Tomemori N, Urabe N, Mori K: Nitrous
oxide activates the supraspinal pain inhibition system. Acta Anacs-
thesiol Scand 25:519-522, 1981

35. Dahl JB, Breanum J, Arendt-Nielsen A, Jensen T8, Kehlet H:
The effect of pre versus postinjury infiltration with tidocaine on ther-
mal and mechanicl hyperalgesia after heat injury to the skin. Pain
53:43-51, 1993

20z Uo1e 80 uo 3sanb Aq 4pd*1.Z000-00020+661-27S0000/¥L6+¥9/601/2/08/4Ppd-801e/ABojoIsayisaue/ WO IBYOISA|IS ZBSE//:d)Y WOl papeojumoq



