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BACKGROUND: Until recently, the N-methyl-d-aspartate (NMDA) receptor was con-
sidered to possibly mediate the immobility produced by inhaled anesthetics such
as isoflurane and nitrous oxide. However, new evidence suggests that the role of
this receptor in abolition of the movement response may be less important than
previously thought. To provide further evidence supporting or challenging this
view, we examined the anesthetic potencies of isoflurane and nitrous oxide in
genetically modified animals with established NMDA receptor dysfunction caused
by GluR�1 subunit knockout.
METHODS: The immobilizing properties of inhaled anesthetics in mice quantitated by
the minimum alveolar anesthetic concentration (MAC) were evaluated using the
classic tail clamp method.
RESULTS: Compared with wild-type controls, NMDA receptor GluR�1 subunit
knockout mice displayed larger isoflurane MAC values indicating a resistance to
the immobilizing action of isoflurane. Knockout mice were previously shown to
have enhanced monoaminergic tone as a result of genetic manipulation, and this
increase in MAC could be abolished in our experiments by pretreatment with the
serotonin 5-hydroxytryptamine type 2A receptor antagonist ketanserin or with the
dopamine D2 receptor antagonist droperidol at doses that did not affect MAC
values in wild-type animals. Mutant mice also displayed resistance to the isoflu-
rane MAC-sparing effect of nitrous oxide, but this resistance was similarly
abolished by ketanserin and droperidol. Thus, resistance to the immobilizing action
of inhaled anesthetics in knockout mice seems to be secondary to increased
monoaminergic activation after knockout rather than a direct result of impaired
NMDA receptor function.
CONCLUSIONS: Our results confirm recent findings indicating no critical contribution
of NMDA receptors to the immobility induced by isoflurane and nitrous oxide. In
addition, they demonstrate the ability of changes secondary to genetic manipula-
tion to affect the results obtained in global knockout studies.
(Anesth Analg 2010;110:461–5)

The mechanisms by which inhaled anesthetics pro-
duce immobility in the face of painful stimulation
remain incompletely understood. N-methyl-d-
aspartate (NMDA) receptors play a critical role in the
mediation of excitatory synaptic transmission in the
nervous system. Until recently, they have been

regarded as promising candidate mediators of
anesthetic-induced immobilizing action.1 Isoflurane
can inhibit NMDA receptors in vitro at clinically
relevant concentrations.2 Such inhibition is greater in
the case of nitrous oxide,2 a gaseous anesthetic often
used to enhance inhaled anesthesia. The administra-
tion of the NMDA receptor antagonist MK-801 to rats
can decrease isoflurane minimum alveolar anesthetic
concentration (MAC).3 This effect is proportional to
the concentration of MK-801 in the spinal cord, the
primary site responsible for anesthetic-induced immobil-
ity.1 Although these and other related observations4

allowed researchers to consider NMDA receptors as
possible direct mediators of the immobility produced by
inhaled anesthetics, evidence contrary to this hypothesis
has recently become available. For example, the NMDA
receptor component of temporal summation is present
during anesthesia induced by most inhaled anesthetics,
including isoflurane, and can be blocked by MK-801.5
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In addition, the capacity of many frequently used
anesthetics, such as isoflurane and nitrous oxide, to
produce immobility does not correlate with their
capacity to block NMDA receptors in vitro.6

Formation of functional NMDA receptor channels
requires a combination of GluR�1 (NR1), an essential
channel-forming subunit, and at least 1 of the 4 GluR�
(NR2A–D) subunits. Among GluR� subunits, GluR�1
subunit shows the widest expression in the adult
animal central nervous system.7 It is the only subunit
of the GluR� subunit family expressed in the ventral
horn of the spinal cord.8 The fact that immobility
produced in the peri-MAC range results from a de-
pressant action in the ventral horn9 suggests that the
GluR�1 subunit may be intimately involved in this
anesthetic phenomenon.

Genetic knockout of the NMDA receptor GluR�1
subunit produces viable animals with impaired
NMDA receptor function suitable for examining the
role of these receptors/subunits in various laboratory
settings. Because recombinant NMDA receptors com-
posed of GluR�1 subunits can be inhibited by isoflu-
rane and nitrous oxide, the reduced ability of these
anesthetics to produce immobility in knockout ani-
mals would suggest their likely in vivo role as molecu-
lar targets determining MAC. Otherwise, our results
would provide further grounds for the current view-
point10 that NMDA receptors may be irrelevant to the
immobility produced by conventional anesthetics.

METHODS
This study was approved by the Committee for the

Guidelines on Animal Experimentation of Niigata
University (Niigata, Japan). All procedures were per-
formed on male adult (age 8–14 wk) C57BL/6 and
NMDA receptor GluR�1 subunit knockout mice, here-
after referred to as wild-type and mutant mice, respec-
tively. Mutant mice were produced as described
previously11 and had �99.99% homogeneity with
wild-type animals because of a series of backcrosses.
They exhibit increased spontaneous locomotor activity
in a novel environment12 and impairment of several
forms of learning.13 Nevertheless, they show normal
responses to painful stimuli14,15 and have no alter-
ations in gross motor abilities under control condi-
tions. Animals were housed 4–6 per cage under a
standard 12-h light-dark cycle; water and food were
available ad libitum. The temperature of the testing
room was kept at 24°C, and experiments were con-
ducted between 09:00 and 17:00.

To conduct anesthetic experiments, mice were in-
dividually placed in small plastic chambers connected
to a vaporizer and oxygen source. Measurements were
performed on 2 wild-type and 2 mutant mice in each
session. Isoflurane (Dainippon Sumitomo Pharma,
Osaka, Japan) was vaporized in 1 L/min oxygen. The
concentrations of anesthetics were continually moni-
tored using an infrared gas analyzer (Capnomac Ul-
tima, Datex Instrumentarium, Helsinki, Finland). Each

concentration of anesthetic was maintained for a
minimum equilibration period of 20 min. Rectal tem-
peratures were determined using a digital thermom-
eter (TD-300, Shibaura Electronics, Saitama, Japan)
before and after each measurement, and body tem-
perature was actively maintained between 36°C and
38°C by warming with a plastic plate filled with
circulating hot water placed below the chambers.

To investigate the immobilizing properties of in-
haled anesthetics in mice, the MAC values were
determined using the classic tail clamp paradigm.
Isoflurane was administered to each chamber at initial
concentrations of 0.8% atm. After the equilibration
period, movement in response to tail clamp was tested
by the placement of an alligator clip on the proximal
one-third of the tail. All mice experienced movement
to tail clamp at these concentrations. The concentra-
tion of each volatile anesthetic was increased by 0.1%
atm for another equilibration period, and the response
was tested again. If no movement was observed, the
clamp was left in place for a 1-min period. The
concentration at which the mouse lost its tail clamp
reflex was noted. The MAC was calculated by averag-
ing the 2 concentrations at which the mouse either
retained or lost the movement response after tail
clamping.

Some experiments included pretreatment with ket-
anserin or droperidol. Ketanserin tartrate (Tocris
Cookson, Ellisville, MO) was dissolved in distilled
water and its concentration was adjusted so that the
injected volume was 10 mL/kg body weight. Droperi-
dol (Droleptan, Daiichi Sankyo, Tokyo, Japan) was
used in the form of 2.5 mg/mL ready-to-use solution.
Drugs were injected intraperitoneally after the induc-
tion of anesthesia.

To determine the isoflurane MAC-sparing effect of
nitrous oxide, the latter was administered at a concen-
tration of 50% (or 75% in 1 case), which was kept
constant throughout the experiment. Isoflurane was
coadministered to each chamber at initial concentra-
tions of 1.0% atm; no mice experienced movement to
tail clamp at these concentrations. The concentration
of isoflurane was then decreased by 0.1% atm after
each equilibration period until the animal exhibited
movement to tail clamp. The MAC was calculated by
averaging the 2 concentrations at which the mouse
either retained immobility or regained the movement
response after tail clamping.

Isoflurane MAC values and the MAC-sparing effect
of nitrous oxide were measured in all mice. The effects
of ketanserin and droperidol on isoflurane MAC and
on the MAC-sparing effect of nitrous oxide were
examined in different sets of animals. All mice were
used in several experiments, and at least 1 wk was
allowed after each experiment to provide sufficient
time for recovery.

For statistical analysis of differences in baseline
MAC values, we used the unpaired Student’s t-test or
Mann–Whitney U-test in 1 case when the data were
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not normally distributed. For analysis of the effect of
ketanserin or droperidol on isoflurane MAC in each
group of mice, we used 1-way analysis of variance
(ANOVA) followed by Dunnett test. Differences in the
responses of wild-type and mutant mice to different
doses of ketanserin or droperidol and differences in
the MAC-sparing effects of nitrous oxide in wild-type
and mutant mice were compared by 2-way ANOVA
followed by Bonferroni test. The data are presented as
means � sd. In all cases, P �0.05 was considered
significant.

RESULTS
We first determined MAC values for isoflurane in

wild-type and mutant mice. We found that at isoflu-
rane concentrations that abolished all movements in
response to tail clamp in wild-type mice, mutant mice
continued to respond with small to moderate S-form
twisting movements of the torso or head lifting. Im-
mobility in response to noxious stimulation in mutant
mice was reached at anesthetic concentrations signifi-
cantly higher than those required to produce immo-
bility in wild-type controls (1.36 � 0.18, n � 31, and
1.16 � 0.17, n � 29, respectively; P � 0.0001, unpaired
t-test). The concentration-response curve in Figure 1
illustrates the difference in sensitivity to the immobi-
lizing effect of isoflurane between the 2 experimental
groups.

Next, we decided to evaluate the contribution of
NMDA receptors to the immobilizing effect of nitrous
oxide. Nitrous oxide does not produce immobility
under normobaric conditions. Therefore, we began by
examining its ability to reduce isoflurane MAC re-
quirements (the MAC-sparing effect) in wild-type and
mutant animals. Similar to the above observations
with isoflurane only, mutant mice exhibited resistance
to the enhancing effects of 50% nitrous oxide on
isoflurane MAC (MAC values of 0.90 � 0.15, n � 19, in
mutant mice vs 0.67 � 0.10, n � 21, in wild-type mice;
P � 0.0001, Mann–Whitney test). This is illustrated by
the concentration-response curve in Figure 2.

The genetic ablation of the NMDA receptor GluR�1
subunits has been documented to result in disinhibi-
tion and resultant hyperfunction of brain monoamin-
ergic systems, both dopaminergic and serotonergic.12

The serotonin 5-hydroxytryptamine 2A (5-HT2A) re-
ceptors at the spinal and supraspinal levels have been
suggested to be involved in the immobility produced
by isoflurane.16 Therefore, there is a possibility that an
increase in serotonergic tone, and not NMDA receptor
dysfunction, could be a reason for larger isoflurane
MAC values in mutant animals. To address this
possibility, we evaluated the effects of the 5-HT2A
receptor blocker ketanserin on isoflurane MAC values
in both groups of mice. As shown in Figure 3, the
administration of ketanserin resulted in dose-
dependent decrease in MAC values in mutant mice
(P � 0.0001, 1-way ANOVA), whereas no effect was

found in wild-type control animals (P � 0.8591, 1-way
ANOVA). Thus, the increased MAC values in mutant
animals are probably caused by augmented serotoner-
gic function secondary to the knockout.

The increased serotonergic activity in mutant mice
is probably a secondary response to limit excessive
dopaminergic activity and to maintain a balance in the
locomotor system.12 Therefore, we assumed that
blocking the dopaminergic system in mutant animals
would diminish their increased serotonergic activa-
tion and provide results similar to ketanserin. To
prove this assumption, we tested the effect of the D2
receptor antagonist droperidol on isoflurane MAC
values in both groups of mice. As shown in Figure 4,

Figure 1. Fraction of mice demonstrating immobility to tail
clamp as a function of isoflurane concentration; n � 31 and
29 for wild-type and mutant mice, respectively.

Figure 2. Fraction of mice demonstrating immobility to tail
clamp as a function of isoflurane concentration in the
presence of 50% nitrous oxide; n � 21 and 19 for wild-type
and mutant mice, respectively.

Figure 3. Effect of intraperitoneal administration of ketan-
serin on isoflurane minimum alveolar anesthetic concentra-
tion (MAC) values in wild-type and mutant mice. Data are
presented as means � sd (n � 4–7 per group). *P � 0.05;
**P � 0.01, treatment versus baseline, Dunnett test after
1-way analysis of variance. ##P � 0.01; ###P � 0.001, mutant
versus wild-type, Bonferroni test after 2-way ANOVA.
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the administration of droperidol resulted in a dose-
dependent decrease in MAC values in mutant mice
(P � 0.0209, 1-way ANOVA), whereas no effect was
found in wild-type control animals (P � 0.1841, 1-way
ANOVA). Thus, in addition to the increased seroto-
nergic tone, the augmented function of the dopami-
nergic system also seems to be responsible for the
increased MAC values in mutant mice.

To exclude the possibility of excessive monoamin-
ergic activity affecting the sensitivity to the immobi-
lizing effect of nitrous oxide in mutant animals, we
repeated the experiment after pretreatment of both
groups of mice with monoaminergic antagonists, 20
mg/kg ketanserin and 10 mg/kg droperidol (Figs. 5
and 6). These doses were the first ones in the tested
dose range to produce in mutant animals MAC values
significantly lower than the baseline (as confirmed by
Dunnett test after 1-way ANOVA), which were not
different from those of wild-type mice administered
the same dose (as confirmed by Bonferroni test after
2-way ANOVA; Figs. 3 and 4).

As shown in Figure 5, in the presence of ketan-
serin, the ability of 50% nitrous oxide to reduce
MAC did not significantly differ between the 2
genotypes (P � 0.05, Bonferroni test after 2-way
ANOVA). After pretreatment with ketanserin, both

groups also showed similar isoflurane MAC values
when 75% nitrous oxide was used (0.43 � 0.09, n �
8 in mutant mice vs 0.41 � 0.11, n � 8 in wild-type
mice).

The administration of droperidol also abolished the
difference between wild-type and mutant mice in their
response to the lowering effect of nitrous oxide on
isoflurane MAC (P � 0.05, Bonferroni test after 2-way
ANOVA; Fig. 6). This suggested little or no role for
NMDA receptor GluR�1 subunits in mediating the
immobility produced by nitrous oxide.

DISCUSSION
The finding of increased isoflurane MAC values in

mutant mice initially led us to the conclusion that
NMDA receptors may mediate MAC. This would be
consistent with the impairment of NMDA receptor
function caused by the knockout11,12 and the ability of
isoflurane to inhibit NMDA receptors in vitro.2 How-
ever, knockout animal models often have inherent
confounders that must be considered when interpret-
ing the results obtained in such studies. Indeed, the
mutant mice used in this study have been shown to
have enhanced brain monoaminergic function, via
both dopaminergic and serotonergic systems, occur-
ring secondary to the NMDA receptor dysfunction.12

Thus, we had to address the possibility that these
changes in brain neurotransmission could have some-
how influenced our results. In fact, blockade of sero-
tonin transmission by the 5-HT2A receptor blocker
ketanserin can decrease MAC.16 This MAC-decreasing
effect of ketanserin seems to be mediated both spinally
and supraspinally, the latter effect being even more
pronounced than the former.16 Such observations im-
ply that serotonergic hyperfunction can result in in-
creased MAC and underlie our observations in mutant
animals. Consequently, the ability, if any, of ketanserin
to normalize isoflurane MAC in mutant animals at doses
having no effect on isoflurane MAC in wild-type con-
trols would strongly support the serotonergic origin of
increased isoflurane MAC after knockout. Having tested
a range of ketanserin doses, we found that it has a

Figure 4. Effect of intraperitoneal administration of droperi-
dol on isoflurane minimum alveolar anesthetic concentra-
tion (MAC) values in wild-type and mutant mice. Data are
presented as means � sd (n � 9–11 per group). *P � 0.05,
treatment versus baseline, Dunnett test after 1-way analysis
of variance. #P � 0.05, mutant versus wild-type, Bonferroni
test after 2-way ANOVA.

Figure 5. Effects of 50% nitrous oxide on isoflurane minimum
alveolar anesthetic concentration (MAC) values in wild-type
and mutant mice pretreated with ketanserin. Values are
means � sd (n � 8–10 per group). **P � 0.01, mutant versus
wild-type, Bonferroni test after 2-way analysis of variance.
NS � not significant.

Figure 6. Effects of 50% nitrous oxide on isoflurane minimum
alveolar anesthetic concentration (MAC) values in wild-type
and mutant mice pretreated with droperidol. Values are
means � sd (n � 9–11 per group). ***P � 0.0012, mutant
versus wild-type, Bonferroni test after 2-way analysis of
variance. NS � not significant.
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specific ability to reduce MAC in mutants to levels
similar to those in wild-type controls.

Locomotor activity is mainly regulated by the do-
paminergic system and the activation of the latter
causes hyperlocomotion.17 The serotonergic system is
localized downstream of the dopaminergic system18

and is inhibitory to hyperlocomotion.19 The increased
serotonergic activity observed in mutant mice is likely
to be a homeostatic response to limit excessive dopa-
minergic activity and to maintain a balance in the
locomotor system. In line with this and despite the fact
that dopamine receptors have been discarded as direct
mediators of MAC,20 pharmacological antagonism of
D2 receptors in mutant mice could normalize the
immobilizing response to isoflurane and abolished the
differences in MAC between the 2 genotypes. To-
gether, these results with ketanserin and droperidol
strongly suggest the monoaminergic origin of the
increased MAC values in mutant animals. Thus, the
resistance to the immobilizing effect of isoflurane
observed in mutant animals is probably caused by
secondary changes owing to genetic manipulation
rather than impaired NMDA receptor functioning.

We also examined the contribution of NMDA re-
ceptors to the anesthetic effect of nitrous oxide, which
potently inhibits NMDA receptors in vitro.2 Although
the ability of nitrous oxide to enhance the immobiliz-
ing effect of isoflurane seemed to be compromised in
mutant mice, in the presence of ketanserin and
droperidol such a MAC-sparing effect of nitrous oxide
was not different between the 2 experimental groups.
This confirmed the monoaminergic origin of these
observations and suggested that the immobilizing
effect of this anesthetic in vivo does not require the
presence of intact NMDA receptors.

In summary, our findings confirm the recent view
that NMDA receptors are unlikely to be involved in
mediating the immobility produced by conventionally
used inhaled anesthetics such as isoflurane and ni-
trous oxide. In addition, they demonstrate that
changes secondary to genetic manipulation and not
the lack of a target molecule itself can be responsible
for the results obtained in global knockouts.
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