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N-methyl-D-aspartate (NMDA) receptors can be inhibited by inhalational anesthetics in vitro at

clinically relevant concentrations. Here, to clarify the role of NMDA receptors in anesthetic-induced

unconsciousness, we examined the hypnotic properties of isoflurane, sevoflurane and nitrous oxide in

NMDA receptor GluN2A subunit knockout mice. The hypnotic properties of inhalational anesthetics

were evaluated in mice in the loss of righting reflex (LORR) assay by measuring the 50% concentration

for LORR (LORR ED50). Knockout mice displayed isoflurane and sevoflurane LORR ED50 values similar to

wild-type controls, indicating no significant contribution of these receptors to the hypnotic action of

halogenated anesthetics. However, compared with wild-type controls, mutant mice displayed larger

isoflurane LORR ED50 values in the presence of nitrous oxide, indicating a resistance to this gaseous

anesthetic. Knockout mice have enhanced brain monoaminergic activity which occurs secondary to

NMDA receptor dysfunction, and the observed resistance to the isoflurane LORR ED50-sparing effect of

nitrous oxide could be abolished by pretreatment with the dopamine D2 receptor antagonist droperidol

or with the serotonin 5-HT 2A receptor antagonist ketanserin. Thus, resistance to nitrous oxide in

knockout mice appears to be a secondary phenomenon of monoaminergic origin and not a direct result

of impaired NMDA receptor function. Our results indicate that NMDA receptors are not critically

involved in the hypnotic action of conventionally-used inhalational anesthetics. Also, they suggest that

increased brain monoaminergic tone can diminish the effects of general anesthesia. Finally, they

provide further evidence that changes secondary to genetic manipulation can explain the results

obtained in global knockouts.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Anesthetic-induced loss of consciousness and immobility to
noxious stimulation are two major determinants of the anesthe-
tized state. In animal experiments, selective blockade of excita-
tory synaptic transmission in the central nervous system can
induce both loss of righting reflex (LORR, a correlate for a loss of
consciousness in humans) and immobility in response to painful
stimuli (Irifune et al., 2007). N-methyl-D-aspartate (NMDA) recep-
tors constitute a major component of excitatory synaptic trans-
mission and were previously regarded as promising candidate
mediators of anesthetic-induced immobility (Sonner et al., 2003).
However, we have recently shown that NMDA receptors are not
critically involved in mediating immobility (Petrenko et al., 2010),
which confirmed the current point of view that their role in this
ll rights reserved.

: þ81 25 227 0790.

Petrenko).
anesthetic phenomenon is probably only indirect and modulatory
(Eger et al., 2008).

In contrast to the immobilizing action, the molecular mechan-
isms by which inhalational anesthetics produce loss of conscious-
ness (hypnosis) have received less focused research attention.
Sevoflurane and isoflurane can inhibit recombinant NMDA recep-
tors at clinically relevant concentrations (by 14 and 28%, respec-
tively, at 1 MAC (minimum alveolar anesthetic concentration))
(Solt et al., 2006). Such inhibition is greater in the case of nitrous
oxide (by 31% at 0.5 MAC) (Yamakura and Harris, 2000), a gaseous
anesthetic often used to potentiate inhalational anesthesia. Thus,
following from these and other related observations (Sato et al.,
2005), there is still a possibility that NMDA receptors may directly
mediate the hypnotic action of at least some of the inhalational
anesthetics.

Functional NMDA receptors are composed of essential channel-
forming GluN1 and at least one of four GluN2 (GluN2A-D)
subunits (Mori and Mishina, 1995). Among the latter, GluN2A
subunits show the widest expression in the adult animal central
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nervous system (CNS) and are found throughout the cerebral
cortex and thalamus (Watanabe et al., 1993). It should be noted
that the corticothalamic networks are now considered to be
essential for the maintenance of consciousness and thus represent
a proper target for anesthesia (Alkire et al., 2008). In fact,
anesthetics such as isoflurane can block somatosensory informa-
tion transfer in the thalamus by a reduction of glutamatergic
excitation, and application of NMDA can restore the information
flow to the cortex (Vahle-Hinz et al., 2007). This suggests the
possibility that NMDA receptors containing GluN2A subunits
could mediate the neurotransmission-interrupting effects of inha-
lational anesthetics in corticothalamic circuits and, hence, loss of
consciousness.

Here, we decided to examine the role of NMDA receptors in
producing unconsciousness using the NMDA receptor GluN2A
subunit knockout mice that have established dysfunction of the
NMDA receptors (Sakimura et al., 1995). Provided that possible
confounding influences intrinsic to global knockouts are carefully
excluded, the reduced ability of inhalational anesthetics to pro-
duce LORR in knockout animals would suggest their likely in vivo
role as molecular targets determining loss of consciousness.
Otherwise, and combined with our previous results, anesthetic
potencies in knockout mice not different from those in wild-type
controls would suggest that NMDA receptor GluN2A subunits are
not the major contributors to the anesthetic state produced by
conventional inhalational agents.
2. Materials and methods

2.1. Animals

This study was approved by the Committee for the Guidelines
on Animal Experimentation of Niigata University (Niigata, Japan).
All procedures were performed on male adult (aged 8–14 weeks)
C57BL/6 and NMDA receptor GluN2A subunit knockout mice,
hereafter referred to as wild-type and mutant mice, respectively.
Mutant mice were produced as described previously (Sakimura
et al., 1995) and had more than 99.99% homogeneity with wild-
type animals because of a series of backcrosses. They exhibit
increased spontaneous locomotor activity in a novel environment
(Miyamoto et al., 2001) and impairment of several forms of
learning (Mori and Mishina, 2003). Nevertheless, they show
normal responses to painful stimuli (Petrenko et al., 2006,
2003), and have no alterations in gross motor abilities under
control conditions. 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 1C,
and experiments were conducted between 09:00 and 17:00.

2.2. Studies of sensitivity to inhalational anesthetics

To conduct anesthetic experiments, mice were individually
placed in small plastic chambers connected to a vaporizer and
oxygen source. Measurements were performed on two wild-type
and two mutant mice in each session. Isoflurane (Dainippon
Sumitomo Pharma Co., Ltd., Osaka, Japan) and sevoflurane
(Maruishi Pharmaceutical Co., Ltd., Osaka, Japan) were vaporized
in 1 l/min oxygen. The concentrations of anesthetics were con-
tinually monitored using an infrared gas analyzer (Capnomac
Ultima, Instrumentarium Corp., Helsinki, Finland). Each concen-
tration of anesthetic was maintained for a minimum equilibration
period of 20 min. Rectal temperatures were determined using a
digital thermometer (TD-300; Shibaura Electronics, Saitama,
Japan) before and after each measurement, and body temperature
was actively maintained between 361 and 38 1C by warming with
a plastic plate filled with circulating hot water placed below the
chambers.

To investigate the hypnotic properties of inhalational anes-
thetics in mice, the behavioral endpoint of LORR was used
(Petrenko et al., 2007). Isoflurane or sevoflurane was administered
to each chamber at initial concentrations of 1.0 and 1.8%, respec-
tively. After the equilibration period, the chamber was gently
rotated to place the mouse on its back, and the righting reflex
was monitored for up to 15 s. All mice experienced LORR at these
concentrations. The concentration of each anesthetic was
decreased by 0.1% for another equilibration period and the
response was tested again. The 50% concentration for LORR (LORR
ED50) was calculated by averaging the two concentrations at which
the mouse either retained LORR or regained the righting reflex.

To determine the isoflurane LORR ED50-sparing effect of
nitrous oxide, the latter was administered at one of three
concentrations of 25, 50 and 75%, which were kept constant
throughout the experiment. Isoflurane was co-administered to
each chamber at initial concentrations of 0.8, 0.6 and 0.4%, which
corresponded to three above-mentioned concentrations of nitrous
oxide; all mice experienced LORR at these concentrations. The
concentration of isoflurane was decreased by 0.1% for another
equilibration period and the response was tested again. The 50%
concentration for LORR (LORR ED50) was calculated by averaging
the two concentrations at which the mouse either retained LORR
or regained the righting reflex.

2.3. Drug pretreatment experiments

Two series of experiments included pretreatment with droper-
idol or ketanserin. Droperidol (Droleptan, Daiichi Sankyo Co., Ltd.,
Tokyo, Japan) was used in the form of 2.5 mg/ml ready-to-use
solution. Ketanserin tartrate (Tocris Cookson Inc., Ellisville, MO,
USA) was dissolved in distilled water and its concentration was
adjusted so that the injected volume was 10 ml/kg body weight.
Drugs were injected intraperitoneally following the induction of
anesthesia. Control animals in pretreatment experiments were
injected with the same volume of normal saline. Their LORR ED50

values were not different from those of animals not pretreated
exposed to isoflurane in the presence of 50% nitrous oxide and
hence were pooled with the latter. Isoflurane and sevoflurane LORR
ED50 values, the LORR ED50-sparing effect of nitrous oxide, and the
effects of ketanserin and droperidol on the LORR ED50-sparing effect
of 50% nitrous oxide were measured in different sets of animals. All
mice were used in several experiments and at least 1 week was
allowed after each experiment to provide sufficient time for
recovery. An outline of the experiment schedule is shown in Fig. 1.

2.4. Statistical analysis

For statistical analysis of differences in isoflurane and sevo-
flurane LORR ED50 values and isoflurane LORR ED50 values in the
presence of 75% nitrous oxide between wild-type and mutant
mice, we used the unpaired Student’s t-test or Mann–Whitney
U-test when the data were not normally distributed. Differences
in the isoflurane LORR ED50 values in the presence of various
concentrations of nitrous oxide between the two genotypes were
compared by 2-way analysis of variance (ANOVA) followed by
Bonferroni’s test. For analysis of the effect of droperidol or
ketanserin on the isoflurane LORR ED50-sparing effect of 50%
nitrous oxide in each genotype, we used 1-way ANOVA followed
by Dunnett’s test. Differences in the responses to different doses
of droperidol or ketanserin between the two genotypes were
compared by 2-way ANOVA followed by Bonferroni’s test. The
data are presented as means7S.D. In all cases, Po0.05 was
considered significant.
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Fig. 1. Experiment schedule. Text bars on the right encompass four separate sets

of wild-type and mutant mice. In each set, animals were used in 3–4 experiments.

‘‘R’’s indicate Z1-week periods of rest between successive experiments. In

pretreatment experiments, normal saline was injected into 2–3 control animals

of each genotype.

Fig. 2. Isoflurane and sevoflurane LORR ED50 values and isoflurane LORR ED50

values in the presence of 75% nitrous oxide measured in wild-type and mutant

mice. Values are means7S.D. (n¼9–12 per group). LORR ED50¼the 50% effective

dose for the loss of righting reflex.*P¼0.0312, mutant vs wild-type, Mann–

Whitney U-test.
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3. Results

3.1. Sensitivity to halogenated anesthetics is unaltered after the

NMDA receptor GluN2A subunit gene knockout

First, we conducted the LORR assay to determine whether the
hypnotic effects of halogenated anesthetics were altered after GluN2A
subunit gene knockout. As shown in Fig. 2, we found that in mutant
mice the righting reflex was inhibited at concentrations of isoflurane
and sevoflurane similar to those in wild-type controls (isoflurane
LORR ED50 values of 0.6470.11, n¼9, in mutant mice versus
0.6670.12, n¼9, in wild-type mice; P¼0.8448, unpaired t-test;
sevoflurane LORR ED50 values of 1.3070.14, n¼9, in mutant mice
versus 1.2270.19, n¼10, in wild-type mice; P¼0.3223, unpaired
t-test). This suggested that NMDA receptor GluN2A subunits do not
play a critical role in mediating the LORR produced by halogenated
anesthetics.

3.2. Sensitivity to nitrous oxide is reduced after the NMDA receptor

GluN2A subunit gene knockout

Since nitrous oxide does not produce LORR under normoxic
conditions, to evaluate the contribution of NMDA receptors to the
hypnotic effect of this gaseous anesthetic, we examined the ability
of 75% nitrous oxide to reduce isoflurane LORR ED50 requirements
(the isoflurane LORR ED50-sparing effect) in wild-type and mutant
animals. As shown in Fig. 2, mutant mice appeared resistant to the
potentiating effect of nitrous oxide on the isoflurane hypnotic
effect (isoflurane LORR ED50 values in the presence of 75% nitrous
oxide of 0.1370.1, n¼11, in wild-type mice versus 0.2770.13,
n¼12, in mutant mice; P¼0.0312, Mann–Whitney U-test). This
suggested that NMDA receptor GluN2A subunits may be involved
in the hypnotic effect of nitrous oxide.

3.3. Pretreatment with monoaminergic antagonists normalizes the

reduced sensitivity to nitrous oxide after the NMDA receptor GluN2A

subunit gene knockout

The NMDA receptor GluRe1 subunit knockout mice exhibit
hyperfunction of brain dopaminergic and serotonergic monoami-
nergic systems (Miyamoto et al., 2001). Drugs like amphetamines
that act by increasing brain dopamine and serotonin levels are
known to have analeptic properties and can shorten the duration
of LORR caused by anesthetics such as pentobarbital (Horita and
Carino, 1991; Horita et al., 1994). Therefore, we had to exclude
the possibility that an increase in monoaminergic tone, and not
NMDA receptor dysfunction, was a reason for resistance to the
potentiating effect of nitrous oxide on isoflurane LORR ED50

values in mutant animals.

3.3.1. Selection of suitable concentration of nitrous oxide for

pretreatment experiments

Our preliminary experiments indicated that the monoaminer-
gic antagonists droperidol and ketanserin reduce isoflurane LORR
ED50 values. Accordingly, owing to the fact that isoflurane LORR
ED50 values were already diminished in the presence of 75%
nitrous oxide (Fig. 1), we had to confirm whether the resistance
to nitrous oxide in mutant mice would be retained at its lesser
concentrations. As shown in Fig. 3, in the presence of 50% nitrous
oxide mutant mice also exhibited greater isoflurane LORR ED50

values compared with wild-type controls, but the difference
between the two genotypes became insignificant in the case of
25% nitrous oxide (Po0.05 and P40.05, respectively, Bonferroni’s
test following 2-way ANOVA). Therefore, in the following experi-
ments with monoaminergic antagonists, the 50% concentration of
nitrous oxide was used.

3.3.2. Pretreatment with droperidol

We began by evaluating the effects of the D2/D1 receptor
antagonist droperidol on isoflurane LORR ED50 values in the
presence of 50% nitrous oxide in both groups of animals. As
shown in Fig. 4, the administration of droperidol resulted in a



Fig. 3. Effects of various concentrations of nitrous oxide on isoflurane LORR ED50

values in wild-type and mutant mice. Values are means7S.D. (n¼10–12 per

group). nPo0.05, mutant vs wild-type, Bonferroni’s test following 2-way ANOVA.

LORR ED50¼the 50% effective dose for the loss of righting reflex.

Fig. 4. Effects of 50% nitrous oxide on isoflurane LORR ED50 values in wild-type

and mutant mice pretreated with various doses of droperidol. Values are

means7S.D. (n¼15–20 per group). ##Po0.01; ###Po0.001, treatment vs corre-

sponding baseline, Dunnett’s test following 1-way ANOVA. nPo0.05;
nnnnPo0.0001, mutant vs wild-type, Bonferroni’s test following 2-way ANOVA.

LORR ED50¼the 50% effective dose for the loss of righting reflex.

Fig. 5. Effects of 50% nitrous oxide on isoflurane LORR ED50 values in wild-type

and mutant mice pretreated with various doses of ketanserin. Values are

means7S.D. (n¼10–16 per group). ###Po0.001, treatment vs corresponding

baseline, Dunnett’s test following 1-way ANOVA. nnnnPo0.0001, mutant vs wild-

type, Bonferroni’s test following 2-way ANOVA. LORR ED50¼the 50% effective dose

for the loss of righting reflex.
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dose-dependent decrease in LORR ED50 values in both groups of
mice compared with their respective baseline controls
(Po0.0001, 1-way ANOVA, for both experimental groups). The
administration of droperidol also dose-dependently reduced and
eliminated the differences in isoflurane LORR ED50 values in the
presence of nitrous oxide between the two genotypes (Po0.05,
wild-type versus mutant, for 1.25 mg/kg droperidol; P40.05,
wild-type versus mutant, for both 2.5 and 5 mg/kg droperidol,
Bonferroni’s test following 2-way ANOVA).
3.3.3. Pretreatment with ketanserin

Since serotonergic status also can influence general anesthesia
(Dringenberg, 2000), we had to exclude the possibility that
excessive serotonergic activity affected the results in mutant
animals. For this purpose, we repeated the experiment with 50%
nitrous oxide after pretreatment of both groups of mice with
three increasing doses of the 5-HT 2A receptor antagonist ketan-
serin. As shown in Fig. 5, in contrast to wild-type controls, even
the lowest dose (2.5 mg/kg) of ketanserin could significantly
reduce isoflurane LORR ED50 values in the presence of nitrous
oxide compared with baseline in mutant mice, which demon-
strated their greater susceptibility to the effect of ketanserin
(P¼0.002, and Po0.0001, 1-way ANOVA, in wild-type and
mutant mice, respectively). Furthermore, in the presence of
ketanserin the ability of nitrous oxide to reduce isoflurane LORR
ED50 values did not significantly differ between the two geno-
types (P40.05, wild-type versus mutant, at all three doses of
ketanserin, Bonferroni’s test after 2-way ANOVA).

Thus, larger isoflurane LORR ED50 values in the presence of
nitrous oxide in mutant animals are probably caused by augmen-
ted monoaminergic function secondary to the knockout and not
by the impaired NMDA receptor function. This suggests that
NMDA receptor GluN2A subunits do not play a critical role in
mediating the LORR produced by nitrous oxide.
4. Discussion

The finding of similar sevoflurane and isoflurane LORR ED50

values in mutant and wild-type mice suggests that NMDA
receptors are not critically involved in the hypnotic action of
these halogenated anesthetics. This would be consistent with the
respective mild and moderate abilities of sevoflurane and iso-
flurane to inhibit NMDA receptors in vitro (Yamakura and Harris,
2000). On the other hand, the finding of the compromised ability
of nitrous oxide to potentiate the hypnotic effect of isoflurane in
mutant mice suggests upon first consideration that NMDA recep-
tors may mediate LORR by nitrous oxide. This would be consistent
with the ability of nitrous oxide to potently inhibit NMDA
receptors in vitro (Yamakura and Harris, 2000).

In this regard it should be noted that we (Petrenko et al.,
2004), as well as other investigators (Sato et al., 2004), previously
found that mutant mice were resistant to the hypnotic effect of
ketamine, an intravenous anesthetic that also potently inhibits
NMDA receptors. However, we were cautious of the possible
secondary nature of these findings and therefore did not proceed,
like other investigators (Sato et al., 2005), to conclude that NMDA
receptors are directly involved in the anesthetic action of nitrous
oxide. Rather, we showed that the results obtained in GluN2A
mutant mice can be affected by changes occurring in these
animals secondary to genetic manipulation (Petrenko et al.,
2010). In more detail, these animals were reported to have
enhanced NMDA-stimulated dopamine release from the striatum
and intensified dopamine and serotonin metabolism in the frontal
cortex and striatum indicating a hyperfunction of brain mono-
aminergic systems, accompanying the NMDA receptor dysfunc-
tion (Miyamoto et al., 2001).
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Thus, in the present study we had to exclude the possibility
that these changes in brain neurotransmission were not the cause
of the observed reduced sensitivity to nitrous oxide. In fact,
facilitation of dopamine and serotonin activity, being one of the
mechanisms of action of psychostimulant drugs, can lead to
enhanced alertness, wakefulness and locomotion (White et al.,
1996). It is of note that GluN2A mutant mice exhibit hyperloco-
motion in a novel environment which can be attenuated by
dopamine receptor antagonists at doses that have no effect in
wild-type mice (Miyamoto et al., 2001). Furthermore, drugs like
amphetamines and dopamine agonists can produce an analeptic
effect, shortening the duration of LORR induced by general
anesthetics (Chemali et al., 2012; Horita and Carino, 1991;
Horita et al., 1994; Solt et al., 2011). Such observations imply
that the reduced isoflurane LORR ED50-sparing effect of nitrous
oxide in mutant animals could have resulted from dopaminergic
hyperfunction. Therefore, to exclude the dopaminergic origin of
the reduced isoflurane LORR ED50-sparing effect of nitrous oxide
after knockout we had to investigate the ability of the D2 receptor
antagonist droperidol to mitigate the difference between the two
genotypes in isoflurane LORR ED50values in the presence of
nitrous oxide. We found that droperidol has an ability to restore
the potentiating effect of nitrous oxide on isoflurane LORR ED50 in
mutants to levels similar to those in wild-type controls.

The increased brain metabolism of serotonin in mutant mice is
a result of serotonergic activation which accompanies excessive
dopaminergic activity and is also likely to be responsible for
behavioral changes observed after knockout (Geyer, 1996). As
with the effect of droperidol, we found that in the mutant mice
pharmacological antagonism of 5-HT 2A receptors by ketanserin
could also restore the potentiating effect of nitrous oxide and
abolish the differences between the two genotypes in the iso-
flurane LORR ED50-sparing effect of this gaseous anesthetic.
Together, these normalizing effects of droperidol and ketanserin
indicate that the monoaminergic hyperfunction and not the
impaired NMDA receptor functioning was the cause of the
reduced isoflurane LORR ED50-sparing ability of nitrous oxide in
the mutant animals.

Together with GluN2A subunits, GluN2B subunits represent
another principal GluN2 subunit type widely expressed in the
adult brain (Watanabe et al., 1993) that is likely to take on the
role of the missing GluN2A subunits after knockout. As we
previously demonstrated on the heteromeric NMDA receptor
channels, butyrophenones such as haloperidol and droperidol
can selectively inhibit NMDA receptors containing GluN2B sub-
units (Yamakura et al., 1998). Considering the fact that the NMDA
receptors of the mutant animals would be primarily GluN2B-
containing, they should be more susceptible to the inhibitory
effect of droperidol. Consequently, if NMDA receptors were
indeed the principle mediators of LORR by nitrous oxide, mutant
mice would demonstrate significantly lower LORR ED50 values
compared with wild-type controls after pretreatment with dro-
peridol. Since such was not the case, this provides additional
support for the secondary origin of the reduced hypnotic effect of
nitrous oxide in mutant animals.

It should be noted that mutant animals also exhibit reduced
NMDA-stimulated gamma-aminobutyric acid (GABA) release
from striatal slices indicating an impaired GABAergic neuron
activation in that brain area after GluN2A subunit knockout
(Miyamoto et al., 2001). Although it has not been specifically
examined, the latter GABAergic defect might not be limited to the
striatum, but also be present in other brain areas, including the
tuberomammillary nucleus (TMN). TMN is a brain area known to
be critically involved in mediating the hypnotic effect of anes-
thetics preferentially targeting GABAA receptors (Nelson et al.,
2002). Therefore, impaired GABAergic function in TMN could
explain the resistance to GABAergic agents such as pentobarbital
or propofol previously shown by us (Petrenko et al., 2004) and
other investigators (Sato et al., 2005). Relative to the results of the
present study, although nitrous oxide also potentiates GABAA

receptors, this potentiation is minimal (Yamakura and Harris,
2000). Therefore, it is unlikely that impaired GABAergic signaling
was a significant contributor to the observed resistance to nitrous
oxide in mutant animals.

Finally, our present results demonstrating similar isoflurane
LORR ED50 values in two genotypes differ from the findings of our
previous study where we demonstrated greater isoflurane MAC
values (i.e., a resistance to the immobilizing action of isoflurane)
in mutant mice (Petrenko et al., 2010). Although we have no
definitive explanation for this apparent discrepancy, one potential
explanation may stem from the fact that immobility is realized
through mechanisms and targets within the CNS that are different
from hypnosis (Alkire and Miller, 2005; Sonner et al., 2003). Also,
in mice, immobility occurs at isoflurane concentrations approxi-
mately 2-fold higher than those required for LORR (Petrenko
et al., 2010). Multiple receptors, receptor system and neuronal
circuits could be differently affected by different concentrations
of anesthetics (Yamakura et al., 2001), sometimes making the net
effect of anesthetics very difficult to predict (Joo et al., 1999;
Pearce, 1999). This may be especially relevant in cases like ours
when the anesthetic is applied in a situation with abnormalities
already present in several neurotransmitter systems in the CNS.
5. Conclusions

Our findings suggest that NMDA receptors are not critically
involved in mediating the LORR produced by conventionally-used
inhalational anesthetics, such as isoflurane and nitrous oxide. The
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observed resistance to nitrous oxide in mutant mice is likely to be
of secondary monoaminergic origin (Fig. 6). Since the mono-
amines dopamine and serotonin are intimately involved in the
mechanisms of wakefulness (Watson et al., 2010), our data from
mutant mice also suggest that any condition or pharmacological
manipulation resulting in increased monoaminergic tone can
oppose the effects of general anesthetics. Furthermore, our results
show that before reaching any definitive conclusions based on the
results obtained in global knockouts, the possibility of changes
ensuing secondary to the genetic manipulation and affecting
the results should be carefully considered and excluded when
possible.
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