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Limbic System Participates in Mediating the Effects of General
Anesthetics
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In a previous study, we reported that inactivation of the medial septum or the hippocampus by muscimol, a GABAA receptor agonist,
potentiated the effects of a general anesthetic. In this study, we further investigated whether other structures that are connected to the
septohippocampal system are involved in mediating general anesthesia. In freely behaving rats, muscimol (0.25 pg) or saline was infused
intracerebrally into one of four areas—the supramammillary area (SUM), nucleus accumbens (NAC), ventral pallidum (VP), and ventral
tegmental area (VTA)—and righting, pain, and EEG responses were recorded following either halothane or sodium pentobarbital,
representing inhalational and injectable general anesthetic, respectively. The effect of halothane (2%) or pentobarbital (20 mg/kg i.p.) in
abolishing the righting, pain response, or low-voltage neocortical activity was enhanced, and the initial behavioral hyperactivity (delirium)
was reduced, after muscimol as compared to after saline infusion in SUM, NAC, VP, and VTA. EEGs in the hippocampus and the
sensorimotor cortex following halothane or pentobarbital showed increased delta, and decreased hippocampal theta and gamma waves
after muscimol infusion as compared to saline infusion in SUM, NAC, VP, and VTA. By contrast, infusion of muscimol in the median raphe
increased locomotion and did not significantly alter the behavioral or EEG effects of halothane or pentobarbital. It is suggested that
structures that activate the limbic cortices (MS, SUM, and VTA but not the median raphe) or mediate the output of the hippocampus
(NAC and VP) normally participate in maintaining consciousness and inactivation of these structures potentiates the response to a

general anesthetic.

INTRODUCTION

The limbic system is not generally recognized to mediate
general anesthesia or consciousness. By contrast, conscious-
ness, arousal, and attention are attributed to function of the
thalamus and neocortex, with control through the brain-
stem (Devor and Zalkind, 2001; Jasper, 1949; Moruzzi and
Magoun, 1949; Steriade, 2003). In a previous study (Ma
et al, 2002), we demonstrated that the effects of a general
anesthetic were potentiated by local inactivation of the
medial septum or the hippocampus, parts of the limbic
system, by a GABA-A receptor agonist muscimol.

The purpose of the present project is to further study the
effects of inactivating other limbic structures. With the view
of elucidating a limbic circuit that participates in general
anesthesia, we focused on areas that project to and receive
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from the septohippocampal system. We selected three
structures that project to the septohippocampal system:
(1) the supramammillary area (SUM), an area in the
hypothalamus that receives ascending inputs from the
brainstem and projects glutamatergic and other inputs to
the septum (Borhegyi et al, 1998; Kiss et al, 2000; Leranth
and Vertes, 1999; Vertes and Martin, 1988) and hippocam-
pus (Wyss et al, 1979); (2) the median raphe (MR), which
projects serotonergic and nonserotonergic inputs to the
septum and hippocampus (Vertes et al, 1999), and (3) the
ventral tegmental area (VTA), which projects dopaminergic
inputs to the nucleus accumbens (NAC), septal complex,
hippocampus, and medial prefrontal cortex (Gasbarri et al,
1997; Swanson, 1982). Among the outputs of the hippo-
campus, we focused on the NAC, which in turn projects
massively to the ventral pallidum (VP) (Groenewegen et al,
1987; Mogenson et al, 1993).

Structures of the mesolimbic dopaminergic system,
including the NAC and the VTA, are known to modulate
pain responses (Altier and Stewart, 1998; Gear et al, 1999;
Ma and Han, 1991). Other than affecting anesthetic-induced
behavioral hyperactivity (Irifune et al, 1997), NAC and VTA
are not known to alter responses after a general anesthetic.
In addition to assessing behavioral response to pain and
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righting, we recorded neocortical and hippocampal EEGs.
Neocortical slow waves, or delta waves of <4 Hz (Rampil,
1998; Steriade, 2003) and hippocampal theta (4-10Hz)
(Maclver et al, 1996; Vanderwolf, 1988) and gamma (30-
100 Hz) rhythms (Leung et al, 1982; Uchida et al, 2000) are
known to be indicators of sleep-wake behaviors and levels
of consciousness. Some of the results have been presented
in an abstract form (Ma et al, 2003).

METHODS

In male Long-Evans rats under pentobarbital anesthesia,
two 23-gauge stainless steel guide cannulae were implanted
for bilateral injections in the NAC (anterior (A) 1.5mm,
lateral (L)+1.2mm and deep from skull surface (D)
6.9mm), VTA (P 5.3, L+1.0, D 7.6), SUM (P 4.6, L+0.2,
D 6.7), VP (P 0.3, L+2.3, D7.8). One cannula was implanted
in the MR (P 8.0, L 0.0, D 6.3). All coordinates were relative
to bregma, with bregma and lambda on a horizontal plane
(Paxinos and Watson, 1986). All rats were implanted
bilaterally with 125um stainless-steel wires in the dorsal
hippocampus (P3-4.5, L+1.7-3.5, D 2.9-3.4) and frontal
cortex (A 3.7, L+3.2, D 1.7). The wires were Teflon-
insulated except at the cut tips and were used as recording
electrodes, with a screw in the skull over the cerebellum
serving as both the reference and the recording ground.
After at least 7 days of recovery, a rat was habituated
in a Plexiglas observation chamber of dimension
30 x 30 x 30 cm, placed inside a fume hood. This fume
hood shielded vision of the rat except in the front where the
experimental always sat. Other than removing halothane,
the fan of the fume hood also served to mask out auditory
noise in the laboratory. Each rat served as its own control,
and saline or muscimol was injected into one structure
(NAC, VTA, SUM, VP, or MR) in a randomized order, with
an interval of at least 4 days between experiments. Bilateral
infusions were made manually, at a rate of ~0.5ul per
minute using a Hamilton syringe, through a 30-gauge inner
cannula. The muscimol doses were NAC (250 ng in 1 ul), VP
(250ng/0.5pl), SUM (250ng/0.5pl) and median raphe
(250 ng/0.3 pl). Equal volume of vehicle (saline) was infused
into the respective structure in control experiments. A
general anesthetic was given 15-20 min after saline/musci-
mol infusion. Halothane concentration (typically 2%) was
determined by a specific vaporizer and carried by pure
oxygen. The halothane was delivered by tubing into the
bottom of the observation chamber at a flow rate of 8 I/min,
and allowed to leak through small holes at the top.
Pentobarbital was injected at a normally subanesthetic dose
of 20 mg/kg i.p.

Horizontal and vertical movements were quantified by
the number of infrared beam interruptions in the observa-
tion chamber. Movements were assessed during habitua-
tion, baseline, and after anesthetic administration. The
increase in locomotor activity was used to assess the
behavioral excitation (delirium) induced by an anesthetic.
Pain and righting responses of a rat were tested in room air,
after 10min of halothane exposure in the observation
chamber, or 15min after pentobarbital injection. For pain
response, either the tail or the foot was pinched by an
alligator clip. A positive response was indicated by move-
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ment of the body or movement of more than one limb. The
pinch was applied periodically to the middle part of the tail,
but not to the same part successively, and no permanent
tissue damage resulted from the pinch. Righting was
tested by placing the rat in a supine position, and a loss
of response occurred if the rat could not right itself
(ie, stand up on four limbs). Righting and loss of
movements were clear behavioral measures and while most
experiments were performed by a single experimenter,
rating of loss of righting or pain response was confirmed by
independent observers not knowing the history of treatment
of the rats.

Separate experiments were conducted for EEG recordings.
This was because the EEG cable that connected a rat
interrupted infrared beams and obscured the movement
measures. Hippocampal and neocortex EEGs were recorded
before each anesthetic during one of two behaviors—walk-
ing and awake immobility. Walking was defined when the
rat was active walking across the floor, and it was normally
accompanied by a hippocampal theta rhythm. Awake
immobility was defined as the state in which no movement
of the head or limbs was observed, and it was normally
accompanied by large slow irregular activity (with power
mostly <4Hz) in the hippocampus but low-voltage fast
(10-50 Hz) activity in the neocortex (Leung et al, 1982;
Stewart et al, 1984). EEG was recorded every minute,
starting immediately after injection of pentobarbital (20 mg/
kg i.p.) for 15min, or for 10 min after the introduction of
halothane. Halothane (5 ml) was absorbed onto paper towel
in a glass container, and allowed to evaporate in the
Plexiglas observation chamber (91 volume). At 10 min after
administration, the percent of halothane in the chamber was
estimated to be ~2%, based on the weight of halothane
evaporated at the time. EEG was sampled at 200 Hz, after
high-pass filter at 0.3 Hz. Every minute of EEG recorded was
manually reviewed to exclude segments with artiefacts, and
at least six segments of EEG (>30s), each segment of 5.12s
and 1024 points, were used for power spectral analysis
(Leung et al, 1982). The power spectra were plotted in
logarithmic units, with calibration that 1 mV peak-to-peak
sine wave = 6.15 log units for channel 1 and 6.22 log unit for
channel 2. The peak of the power in the delta (1-4 Hz) range
was measured during immobility before and after an
anesthetic. The peak magnitude of the theta rhythm in the
power spectrum was measured by the difference in
logarithmic power between the peak within the range of
4-10 Hz and the onset of the peak at 3-6 Hz. Gamma power
was measured by the mean integrated power in the gamma
frequency band of 25-50Hz (sum of power within the
frequency band divided by the bandwidth).

At the end of experiments, the animals were killed under
deep general anesthesia. The electrodes and the sites of
cannula infusion were verified in 60-um frozen sections of
the brain stained with thionin. Only data from rats with
cannulae confirmed at the intended sites were used for
analyses.

Unless noted otherwise, statistical comparison between
two groups was performed using paired Wilcoxon test (two-
tailed). Data with multiple factors or levels were analyzed
by one-way or two-way analysis of variance (ANOVA),
followed by post hoc Newman-Keuls test. p<0.05 was
considered to be statistically significant.



RESULTS

Effects of Inactivation of the SUM on Behavioral
Excitation and Anesthesia

Five rats were used for quantifying the spontaneous
behavior in the observation cage for 30min after SUM
muscimol or saline infusion. Infusion of muscimol into
SUM alone suppressed spontaneous locomotor behaviors.
In saline-infused rats (N=5), the number of horizontal
beam interruptions (mean +standard error of the mean
(SEM)) in consecutive 5-min blocks when placed into the
observation chamber were 1025+ 143, 903 4+ 120, 742+ 137,
366+ 75, 4374107, and 432+ 135. In contrast, muscimol-
infused rats showed much smaller number of beam
interruptions measured consecutively as 86+72, 105+75,
159492, 47+35, 854+57, and 19413 in 5-min blocks. The
total number of movements in 30 min was significantly
different between saline- and muscimol-infused rats
(z=2.02, p<0.05, Wilcoxon signed rank test). However,
pain and righting responses were not affected by SUM
muscimol (or saline) infusion alone in any rat (data not
shown). Six rats were given 2% halothane after bilaterally
infusion with muscimol (250 ng/1 pl) or saline (1 pl) into the
SUM. After halothane administration, saline-infused rats
showed a significant increase in locomotion measured as
horizontal beam interruptions (F(; s =7.11, p<0.05, two-
way ANOVA from 1 to 6 min, Figure 1c) while muscimol-
infused rats did not show a significant increase in
locomotion (p>0.05, two-way ANOVA). Group difference
between saline- and muscimol-infused rats was only
significant at 5min after halothane. At 10min after
halothane, the rat was taken out of the chamber and placed
in a supine position for the testing of righting, tail-pinch,
and foot-pinch responses. Compared to saline infusions,
muscimol infusions in the SUM significantly prolonged the
duration of the loss in righting reflex, tail-pinch, and foot-
pinch responses (z=2.20, p<0.05, respectively, Wilcoxon
signed rank test, Figure 1a).

Six other rats were used for muscimol/saline infusions in
SUM followed by pentobarbital injection (20 mg/kg, i.p.).
Saline-infused rats increased locomotion at 1-4min after
pentobarbital (F(;5 =52.81, p<0.01, two-way ANOVA,
Figure 1d). In contrast, muscimol infusions in SUM
significantly suppressed the increase in locomotion induced
by pentobarbital as compared to baseline recording or
saline-infused rats (Figure 1d). At 15 min after injection of
pentobarbital, rats with saline infused into the SUM did not
lose response to righting, tail pinch, or foot pinch.
Muscimol-infused rats significantly increased the duration
of lost response to righting, tail-pinch and foot-pinch, as
compared to saline-infused rats (z=2.20, p<0.05, respec-
tively, Wilcoxon signed rank test, Figure 1b).

Effects of VTA Muscimol on Behavioral Excitation and
Anesthesia

Spontaneous behaviors were obviously decreased following
VTA muscimol infusions before introduction of halothane
or pentobarbital (not shown). Muscimol infusion alone,
however, did not induce a loss of pain or righting reflex in
any rat. As measured by automated beam interruptions, rats
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with muscimol infused into the VTA showed significantly
lower locomotion at 1-4 min after halothane, as compared
to VTA saline-infused rats (F(; ) = 12.64, p <0.05, two-way
ANOVA, Figure 2c). The duration of lost response to tail
pinch, foot pinch and righting following 2% halothane was
significantly enhanced by infusion of muscimol into the
VTA, as compared to saline infusion (z=2.52, p<0.05,
respectively, Wilcoxon signed rank test, Figure 2a).

VTA muscimol infusion also significantly suppressed
pentobarbital-induced behavioral hyperactivity at 1-5min
compared to VTA saline infusions (F(; 6y =72.11, p =0.0001,
Figure 2d). After pentobarbital, muscimol-infused rats, as
compared to saline-infused rats, had significantly prolonged
loss of the foot or tail pinch response as well as the righting
reflex (z = 2.20, respectively, p <0.05, Wilcoxon signed rank
test, Figure 2b).

Effects of Accumbens-Muscimol on Behavioral
Excitation and Anesthesia

The infusion of muscimol (250ng) alone in the NAC
suppressed spontaneous behaviors, but did not induce a
loss of pain response or righting reflex. However, when
halothane was introduced, the muscimol (250 ng) infused
rats showed a significantly reduced locomotion, as com-
pared to saline-infused ratss (F; 5y =6.29, p <0.05, two-way
ANOVA, Figure 3c¢). Infusion of a higher dose of muscimol
(0.5-1pg) into the NAC was usually fatal, for unknown
reasons (electrical or behavioral seizures were not detected),
and thus these doses were not used. Compared to saline
infusions, muscimol infusion into the NAC significantly
enhanced the anesthetic effects of halothane as indicated by
a prolonged loss of tail pinch and righting reflex (z=2.20,
p<0.05, respectively, Wilcoxon signed rank test; Figure 3a).
Foot pinch was not performed in this experiment.

Muscimol significantly suppressed the increase in loco-
motion induced at 1-5min after i.p. injection of pentobar-
bital (F(;5)=11.97, p<0.05; Figure 3d). After pentobarbital
injection, muscimol-infused rats showed a remarkable
increase in the duration of lost foot/paw pinch responses
and righting reflex (z=2.20, p<0.05, respectively, Wilcox-
on signed rank test, Figure 3b).

Effects of VP Muscimol on Behavioral Excitation and
Anesthesia

Spontaneous behaviors, but not pain response or righting
reflex, were suppressed by muscimol (250 ng) infusion alone
in the VP. The animals could still stand up, but showed little
spontaneous movements after muscimol infusion.
Compared to saline infusion, muscimol infusion in the
VP significantly suppressed behavioral hyperactivity at 1-
4min following halothane (F(; ) =12.04; p<0.05, two-way
ANOVA; Figure 4c). Also, muscimol compared to saline
infusion in the VP significantly (p<0.01, Wilcoxon signed
rank test) prolonged the duration of loss of tail pain, foot
pain and righting response (Figure 4a).
Pentobarbital-induced increase in locomotion (1-4 min
after injection) was significantly suppressed by muscimol
compared to saline infusion into the VP (F( ) =6.76,
p<0.05, two-way ANOVA, Figure 4d). VP infusion of
muscimol, compared to saline infusion, significantly
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Figure | Inactivation of the supramammillary area (SUM) by muscimol infusion abolished behavioral excitation and prolonged anesthesia induced by
halothane (a and c) or by pentobarbital (b and d). Rats were infused, in an order-randomized design, with saline (Sal) or muscimol (Mus) bilaterally into the
SUM, and horizontal movements were quantified by the number of infrared beam interruptions in an observation chamber. (a) Duration of loss in the foot-
or tail-pinch response or righting reflex (mean plus one standard error of the mean (SEM)) was prolonged by muscimol (Mus) as compared to control saline
(Sal) infusion. Tests were performed in room air after |0 min exposure to 2% halothane. (c) Horizontal movements indicated by mean plus SEM of number
of infrared beam interruptions during baseline (symbols shifted laterally for non-overlap) and after introducing halothane into the observation chamber.
Baseline value was the average number of beam interruptions over 10 min after at least 20 min habituation in the chamber. Control rats showed an increase
in horizontal movements (beam interruptions), which was significantly larger than that in muscimol-infused rats. (b) Duration of loss in the foot- or tail-pinch
response or righting reflex (mean plus one SEM) was prolonged by muscimol as compared to saline infusion. (d) Control rats showed an increase in the
number of infrared beam interruptions after sodium pentobarbital (20 mg/kg i.p.), which was significantly larger than those after pentobarbital in muscimol-
infused rats. *p <0.05; **p <0.01: difference between groups using paired Wilcoxon test (panels a and b), or using Newman—Keuls test after repeated
measure ANOVA (panels ¢ and d). *p <0.05; #*#p <0.01: difference from baseline using Newman—Keuls test after a significant repeated measure ANOVA,

prolonged the duration of lost response after pentobarbital,
for the foot/tail pinch response and the righting response
(z=2.37, p<0.05, respectively, Wilcoxon signed rank test,
Figure 4b).

Effects of MR Muscimol on Behavioral Excitation and
Anesthesia

In contrast to infusion into the nuclei described above,
muscimol (250 ng) infusion into MR induced spontaneous
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behavioral hyperactivity as reported before (Sainati and
Lorens, 1982; Shim et al, 1997). Pain response and righting
reflex were intact after infusion of muscimol alone in the
MR. Horizontal movements after halothane in muscimol-
infused rats were higher than those after halothane in
saline-infused rats (F(jo,50)=2.71; p<0.01; two-way ANO-
VA; Figure 5c¢). There was no statistical difference between
muscimol- and saline-infused rats in the duration of lost
response to foot pinch, tail pinch, or righting (z=1.75;
p =0.08, respectively, Wilcoxon signed rank test, Figure 5a),
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Figure 2 Inactivation of ventral tegmental area (VTA) by muscimol infusion prolonged the duration of lost pain and righting responses (a and b) and
reduced horizontal movements (c and d) induced by halothane (a, ¢) or pentobarbital (b, d). Layout and symbols as in Figure |.

although the mean duration of lost response was longer
after muscimol than saline injection in the MR.

An enhanced behavioral hyperactivity after pentobarbital
was observed in rats after MR muscimol or saline infusion
compared to baseline values. As seen in Figure 5d, both
muscimol- and saline-infused rats showed a significant
(F(5,00)=13.28 and 23.60 respectively, p<0.001, one-way
ANOVA) increase in locomotor activity at 1-4min after
injection of pentobarbital. Similar to halothane, pentobar-
bital induced higher locomotor activity in muscimol-
infused as compared to saline-infused rats, as confirmed
by a significant group X time interaction (F(s;5)=4.00,
p<0.0001, two-way ANOVA).

There were no significant differences in the duration of
lost foot/tail pinch responses or righting reflex between
MR saline- and muscimol-injected rats tested after i.p.
injection of pentobarbital (p=0.72 and 0.11, respectively;
Figure 5b).

Hippocampal EEGs after Infusion of Muscimol and
Saline in Various Structures and Anesthetics

Six rats were used to examine the effect of muscimol
infusion alone into the SUM on hippocampal EEGs.
Muscimol infusion in SUM significantly suppressed hippo-
campal theta compared to baseline walking (z=2.20;
p<0.05, Wilcoxon test), while saline infusion in SUM was
without significant effect (z=1.57, p=0.12). Other EEG
frequency bands, delta (1-4Hz) and gamma power, were
not significantly affected by muscimol or saline infusion in
the SUM (data not shown).

EEGs after halothane and pentobarbital were studied in
separate experiments (Methods), focusing on injections in
the NAC, VP and MR. At 1-4min after administration of
halothane, rats with saline infused in the NAC or other
structures showed increased behavioral excitation (hyper-
locomotion), accompanied by a slow (~ 6 Hz) hippocampal

Neuropsychopharmacology
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Figure 3 Inactivation of nucleus accumbens (NAC) by muscimol infusion prolonged halothane’s effect on (a) the duration of lost pain and righting
responses (foot pinch was not tested) and (c) reduced halothane-induced horizontal movements indicated by infrared beam interruptions. (b and d) Effects

after pentobarbital. Layout and symbols as in Figure I.

theta rhythm (6 in Figure 6a). At the same time,
hippocampal gamma waves of 25-50Hz (y in Figure 6a;
AEarly phase in Table 1a) were increased from the baseline.
Hippocampal theta power after halothane, whether during
immobility (Figure 6b) or walking (Figure 6a), was larger
than that during walking before halothane. Theta and
gamma power decreased subsequently at >7min after
halothane, but remained above baseline values even when
the rat was unable to walk (Figure 6b; ALate phase in
Table 1a). If the administration of halothane was preceded
by muscimol infusion in the NAC, increase of hippocampal
theta or gamma waves was not found after halothane at any
time (Figure 6c and d). Muscimol infusion in the NAC
alone suppressed hippocampal EEG at frequencies >6Hz
(Figure 6¢c and Table 3a) and halothane administration
further suppressed high-frequency gamma EEG (Figure 6c,
d and Table la). As reported above, the rat was not
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behaviorally excited by halothane after muscimol infusion
in the NAC. Both EEG and behavior indicated a deep state
of anesthesia in muscimol-infused rats at 3-4min after
halothane (early phase). Hippocampal delta (1-4 Hz) was
not significantly affected by halothane, either after saline or
muscimol infusion in the NAC (Table 1).

Pentobarbital (20 mg/kg i.p.) induced similar EEG effects
as halothane in saline-infused rats, with a few exceptions.
During the behavioral excitation phase, pentobarbital
(20mg/kg i.p.) increased hippocampal gamma power of
25-50Hz except hippocampal theta was less pronounced
after pentobarbital (Figure 6e, f) than after halothane. In
rats with muscimol infused in the NAC, no increase in
hippocampal gamma and theta power (Figure 6g, h) or
locomotion (Figure 3d) was found after pentobarbital.
Instead, muscimol infusion in the NAC significantly
suppressed the hippocampal theta power. Muscimol alone
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Inactivation of ventral pallidum (VP) by muscimol infusion prolonged the duration of lost pain and righting responses (a and b) and reduced

horizontal movements (c and d) induced by halothane (a, ¢) or pentobarbital (b, d). Layout and symbols as in Figure |.

in NAC also suppressed hippocampal gamma EEG, but this
effect was not statistically significant (Table 3a), and a
greater suppression of hippocampal gamma occurred after
pentobarbital (Figure 6g, h and Table 2a), accompanied by
increased hippocampal delta (Figure 6h and Table 2a).
Muscimol and saline infusion in the VP had similar
effects on hippocampal EEG as infusions in the NAC.
Briefly, saline-infused rats showed an early increase in
gamma waves after halothane and after pentobarbital, and
the gamma power increase was greatly attenuated in
muscimol-infused rats (Tables 1b and 2b). Muscimol
infusion in the VTA (N=2) gave similar effects on
hippocampal EEGs as muscimol infusion in VP or NAC
(data not shown). In contrast, muscimol infusion alone in
the MR showed hyperactivity accompanied by a hippocam-
pal theta rhythm (Figure 7c) that was not significantly
different in power or frequency during baseline walking or
that after saline infusion in the MR (Figure 7a). Baseline
theta frequency was 7.32+0.55Hz (N=7). Muscimol

infusion in MR did not significantly alter the gamma power
increase after halothane (Table 1c) or pentobarbital
(Table 2¢; Figures 7c, d), and it did not change the
hippocampal theta response to halothane. However, MR-
muscimol infusion did significantly enhance hippocampal
theta during immobility at 8-13min after pentobarbital
(Figure 7d; F(y6)=54.78, p<0.001, two-way ANOVA). The
latter immobility-related theta frequency was 7.63+0.21 Hz
(N=7) at 10min after pentobarbital, not significantly
different from the theta frequency during baseline walking.

Neocortical EEG after Infusions and Anesthetics

Similar to hippocampal gamma waves, neocortical gamma
waves also increased significantly during the early (beha-
vioral excitation) phase of anesthesia induced by either
halothane (Figure 8a; Table 1) or pentobarbital (Figure 8e,
Table 2) in saline-infused rats. Local muscimol infusions
into the NAC and VP, but not MR, attenuated or reversed
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the increase in gamma activity during the early phase of
anesthesia (Figure 8c, g) and increased the depression of
gamma waves during the late phase (Figure 8b, f). Muscimol
infusion alone into MR, NAC or VP did not significantly

affect neocortical gamma waves compared to saline injec-
tions (Table 3).

Neocortical delta (1-4Hz) power increased during the
late phase of halothane (Figure 8b) or pentobarbital
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Figure 5 Inactivation of median raphe (MR) by muscimol infusion did not significantly prolong the duration of lost pain and righting responses (a and b).
However, muscimol in the MR increased the horizontal movements (c and d) induced by halothane or pentobarbital. Layout and symbols as in Figure I.

>

Figure 6 Representative hippocampal EEG power spectra in rats after muscimol or saline injection in the nucleus accumbens (NAC), followed by 2%
halothane (left column, a—d, rat 349) or 20 mg/kg i.p. pentobarbital (right column, e—h, rat 410). EEG was recorded at CAl stratum radiatum of the dorsal
hippocampus. (a) Power spectrum during behavioral excitation at 4 min after administration of halothane (dark trace) in a saline (Sal)-injected rat shows large
theta () and 25-50 Hz gamma waves (y), as compared to baseline walking before injection (gray trace) or walking after saline (Sal) injection (thin trace). (b)
At 10min after halothane (dark trace), the rat became immobile (imm) but showed a 5-6 Hz 0 and a low broad-peaked gamma waves as compared to
baseline spectrum during immobility before (gray trace) and after saline injection (thin trace). (c) In another experiment, muscimol (Mus) injection in the
NAC alone suppressed theta and gamma activities during induced walking (thin trace) as compared to the baseline walking spectrum (gray trace). Halothane
administration after muscimol injection induced no behavioral excitation or gamma peak in the EEG spectrum (dark trace; at 4 min after) and decreased
further the > 50 Hz gamma EEG power. (d) At |0 min after halothane, the rat showed a large delta (1—4 Hz) power, no theta peak, and decreased gamma
power (dark trace) as compared to baseline immobility (gray trace). Rat was not responsive to pain or righting at this time. Muscimol injection alone (thin
trace) did not affect delta and other EEG power. (e) Gamma waves increased at 4 min after pentobarbital in a saline-injected rat (dark trace), during
behavioral excitation, compared with baseline walking (gray trace). (f) At |5min after pentobarbital, EEG spectrum (dark trace) was not significantly altered
from the immobile baseline spectrum (gray trace). (g) No increase of gamma waves was found at 4 min after pentobarbital injection (dark traces) in the same
rat as E after muscimol injection in the NAC, compared to baseline walking (gray trace). (h) At 10 min after muscimol injection and pentobarbtial, spectrum
shows increased delta power and decreased gamma power (black trace) as compared with baseline immobile (gray trace).
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(Figure 8f), in rats with saline injected in the NAC, VP, and
MR (Tables 1 and 2). Muscimol infusion alone to the NAC
and VP also increased neocortical delta power (Table 3), but
the delta power after halothane (Figure 8d; Table 1) or after
pentobarbital (Figure 8h; Table 2) in muscimol-infused rats
was not significantly larger than the corresponding measure
in saline-infused rats. Similar results were found with
muscimol/saline infusions in the VP (Tables 1b and 2b) as
compared to infusions in NAC. In contrast, muscimol
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infusion into the MR did not change the neocortical delta/
gamma response or the behavioral responses to halothane
or pentobarbital (Tables 1c and 2c).

DISCUSSION

Infusion of muscimol into the NAC, VP, SUM, or VTA
potentiated the anesthetic effects of halothane or pentobar-
bital, as shown by the prolonged duration of loss of
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Table | Halothane (2%) Induced Changes in Power of Hippocampal and Neocortical EEGs of Various Frequency Bands, Following Saline
or Muscimol Injection into Nucleus Accumbens, Ventral Pallidum or Median Raphe

Hippocampus Neocortex
1-4Hz Theta 25-50Hz 1-4Hz 25-50Hz
(A) Nucleus accumbens
Saline (n=7)
Baseline 4194023 095+0.16 224+0.15 3.70+0.07 201 £0.10
AEarly phase 04+0.11* 0.39+0.14*
Alate phase 0.08+0.19 149 +0.13*% 0.2+0.10% [.30+0.27* 0.10+0.09
Muscimol (n=7)
Baseline 4004025 0.85+0.12 2.15+0.12 3704+0.09 1.994+0.08
AEarly phase —045+0.10%% —036+0.10%%
Alate phase 0.1440.19 0+0%# —0.534+0,07*%# 1244021% —0.384+0.05%##
(B) Ventral pallidum
Saline (n=7)
Baseline 429+40.17 0.72+0.09 2.86+0.08 3924035 1.81+0.06
AEarly phase 0.404+0.13* 0.80+0.20*
Alate phase —04+032 149 +£0.25% 0.22+0.05*% 0.46+0.40 0.22+0.06*
Muscimol (n=7)
Baseline 4454021 0.80+0.09 291+0.13 3654030 209+0.14
AEarly phase 0.11+0.20% —0.1040.17%#
Alate phase 020+0.14 —0.8040.09*# —0.45+0.09%# 0.90+0.24* —0.3540.06%##
(€) Median raphe
Saline (n=28)
Baseline 42740.15 0.62+0.11 249+0.10 3454020 1.894+0.06
AEarly phase 0.26+0.08* 0.26 +0.06*
Alate phase —0.19+0.17 [.25+0.28% 0.04+0.06 0.184+023 0.38+0.14*
Muscimol (n=18)
Baseline 4.1940.13 0.80+0.14 249+0.11 3534027 1.84+0.18
AEarly phase 04640.16* 0.314+0.28%*
Alate phase 0.08+0.44 1.08+0.27 —0.0340.07% 0.33+036 —02740.14

The first row ‘Baseline’ indicates power in logarithmic units during baseline, with |-4 Hz recorded during immobility; theta and 25-50 Hz power were recorded during
baseline walking, and ‘Theta’ indicates the height of the theta power peak (in log units), measured from the rise to the peak. AEarly phase and Alate phase indicate the
change in power from baseline during early (1—4 min) and late (7—10min) phase, respectively, after halothane. *p < 0.05, significantly different from baseline, *p < 0.05;
##p<0.0|, significantly different between saline- and muscimol-injected rats using paired Wilcoxon test. Entries are mean + SEM (number of rats).

response to pain and to righting. The behavioral excitation
and the increase in hippocampal/neocortical gamma waves
induced by halothane or pentobarbital were suppressed
when the NAC, VP, SUM, or VTA was inactivated.
Inactivation of NAC and VP alone was found to significantly
increase neocortical delta waves, suggesting that cortical
activation is reduced.

Infusion of muscimol allows reversible inactivation of a
brain structure and avoids the problems associated with
permanent lesions, such as brain plasticity. The same
animal can also be used for control experiments. However,
the infused muscimol/vehicle is expected to diffuse 1-

Neuropsychopharmacology

1.7mm radius away from the site of infusion, based on
autoradiography (Martin, 1991) and on physiological or
behavioral recordings (Ma et al, 2002). For targets in this
study, diffusion was likely minimal outside of the NAC, and
minor for MR and VP infusions (discussed below).
However, SUM and VTA targets were located near each
other, and based on the histological sections of the cannula
sites, it is likely that infusion of SUM spread to VTA, and
vice versa. Muscimol infused at SUM/VTA targets may also
diffuse to the tuberomammillary nucleus (TBN). Muscimol
infused into the TBN induced a loss of righting reflex
(Nelson et al, 2002).
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Table 2 Pentobarbitial (20 mg/kg i.p.) Induced Hippocampal/Neocortical EEG Power (mean + SEM) before and after Muscimol/Saline
Injections into the Nucleus Accumbens, Ventral Pallidum and the Median Raphe

Hippocampus Neocortex
1-4Hz 25-50Hz 1-4Hz 25-50Hz
(A) Nucleus accumbens
Saline (n=7)
Baseline 403+0.12 241+0.20 3484021 1.95+022
AEarly phase 0.514+0.60% 0.5840.13%*
Alate phase 024+0.16 0.04+0.06 061 +0.11* 0.29+0.08
Muscimol (n=7)
Baseline 397+0.13 234+0.16 35940.13 195+0.19
AEarly phase —0.28+0.14%% —0.26+0.28"
Alate phase 0.60+0.13* —0.45+005*%# 092+0.16* —0.30+0.10%%
(B) Ventral pallidum
Saline (n=7)
Baseline 435+0.25 281+0.13 3.64+023 1.81 +£0.06
AEarly phase 0.54+0.06* 0.804+0.20%
Alate phase 0.26+0.12 0.14+0.05 0.48+0.22%* 0.224+0.06*
Muscimol (n=7)
Baseline 4.5240.19 3024007 3631033 209+0.14
AEarly phase —O.I7i0.23# —O.IOiO,IS#
Alate phase 0.30+0.15 —0.41 +0,05%## 1.234+0.20% —0.35+0.06"%
(€) Median raphe
Saline (n=28)
Baseline 4.16+024 257+0.11 3661031 1.83+0.07
AEarly phase 0.34+0.05* 0.3740.1 I*
Alate phase —0.06+0.12 0.08+0.03 0.30+0.08* 0.02+0.07
Muscimol (n=8)
Baseline 4.10£0.15 255+0.14 3554027 1.63+022
AEarly phase 02140.08 0.5740.18%
Alate phase 0.001+0.33 —0.06+0.05% 0.13+0.19 0.39+0.07
Layout as in Table |. *»<0.05 (number of rats) compared to baseline, *p <0.05; **p <001 compared to saline-injected rats using paired Wilcoxon test.

Limbic Circuit and General Anesthesia

The findings here extended earlier results that muscimol
inactivation of the medial septum or the hippocampus
potentiated the behavioral and EEG effects induced by a
general anesthetic (Ma et al, 2002). Muscimol inactivation
of the NAC, VP, SUM, and VTA also potentiated the effects
of a general anesthetic, similar to inactivation of the medial
septum. In contrast, muscimol inactivation of the MR did
not potentiate the anesthesia induced by halothane or
pentobarbital. Thus, many but not all parts of the limbic
system participate in general anesthesia. Based on the
neuroanatomical literature (Groenewegen et al, 1987;
Mogenson et al, 1993), it may be suggested that a
hippocampus-NAC-VP circuit participates in general

anesthesia. Since movement suppression is an essential
component of general anesthesia, the present results may be
explained by inactivation of a movement initiation circuit in
the limbic system. The hippocampus has long been
suggested to participate in voluntary movements (Vander-
wolf, 1969) and the NAC-VP pathway is known to mediate
locomotor effects of the hippocampus and other limbic
areas (Ma et al, 1996; Mogenson et al, 1993).

Inactivation of some structures in the present study
affects the EEG of the cerebral cortex including the
hippocampus. NAC, VP, or SUM inactivation decreased
hippocampal and neocortical EEG activation, increased
slow delta activity, and decreased gamma (fast) waves.
Hippocampal theta and fast waves (Bland and Oddie, 2001;
Leung, 1998; Vanderwolf, 1988) and neocortical desynchro-

Neuropsychopharmacology
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Figure 7 Representative hippocampal EEG power spectra after muscimol or saline injection in the median raphe, followed by i.p. pentobarbital (rat 466).
EEG was recorded at CAl stratum radiatum of the dorsal hippocampus. (a) Saline injection alone (black traces) did not affect hippocampal EEG compared
to baseline (thick grey traces) during walking. (b) Hippocampal theta rhythm was suppressed and gamma waves increased at 4 min after pentobarbital (black
trace) in saline-injected rats compared with baseline walking (grey trace). At 10 min after pentobarbital, theta rhythm (thin trace) was still absent and gamma
waves were decreased. (c) Muscimol injection alone (black traces) did not affect hippocampal EEG compared to baseline (thick grey traces) during walking.
Inset in (c) shows raw EEG traces. (d) In the muscimol-injected rat, theta and gamma waves were not pronounced during immobility at 4min after
pentobarbital. However, a robust increase in theta rhythm was observed at |0 min after pentobarbital injection when the rat was immobile (thin trace), with

a peak frequency of 7.5Hz. Inset in (d) shows raw EEG traces.

nization and gamma waves (Berntson et al, 2002; Cape and
Jones, 2000; Steriade and Amzica, 1996) are indicators of
cortical activation. We suggest that suppression of neocor-
tical and hippocampal activation contributes to the effects
of a general anesthetic. Behavioral excitation and cortical
activation that normally accompanied early anesthetic
action were abolished by inactivation of the NAC, VP,
SUM, or VTA. Hippocampal theta rhythm that accompa-
nied surgical anesthesia of some anesthetics (eg, halothane
and urethane; see also Bland et al, 2003; Stumpf, 1965;
Vanderwolf, 1988) was also abolished by inactivation of
NAC, VP, or SUM (this study), as well as by inactivation of
the medial septum and hippocampus (Ma et al, 2002). There
has been increasing recognition that normal arousal
processes participate in general anesthesia (Tung and
Mendelson, 2004), and in addition to the tuberomammillary
nucleus (Nelson et al, 2002), the mesopontine tegmentum
(Devor and Zalkind, 2001) and the septohippocampal
system (Ma et al, 2002), this study shows that inactivation
of structures that mediate normal arousal enhances the
effect of a general anesthetic.

Inactivation of the MR did not significantly prolong the
anesthetic-induced loss of righting or pain responses. In
fact, muscimol infused into the MR induced hyperlocomo-

Neuropsychopharmacology

tion that may be mediated by serotonergic (Sainati and
Lorens, 1982) or nonserotonergic neurons (Shim et al,
1997). Muscimol as compared to saline infused into the MR
increased the locomotion induced by halothane or pento-
barbital, without affecting the pain and righting response
tested 25-30 min after muscimol infusion. This suggests that
locomotor activity increase (behavioral excitation) induced
by a general anesthetic can be dissociated from the
subsequent loss of righting and pain responses.

Electrical lesion of dorsal raphe was shown to decrease
serotonin in the neocortex and the anesthetic requirement
for halothane (Roizen et al, 1978). Systemic blockade of
serotonin receptors enhanced the loss of righting induced
by several types of anesthetics including pentobarbital
(Dringenberg, 2000). In contrast, we did not find a
statistically significant effect in potentiating anesthesia
when MR was inactivated by muscimol. One possible
explanation is that the anesthetic dose used in this study
was low. At 22 mg/kg i.p. pentobarbital, serotonin receptor
antagonists were not found to enhance pentobarbital’s
anesthetic effects (Dringenberg, 2000). In addition, inacti-
vation of MR in this study is different from systemic
blockade of serotonin receptors, since the MR projects
predominantly to the limbic system.
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Figure 8 Representative neocortical EEG spectra following nucleus accumbens (NAC) muscimol or saline injection plus 2% halothane (left column; rat
344) or pentobarbital (20 mg/kg i.p.; rat 511). EEG was recorded in the deep layers of the frontal cortex. (a) In a saline (Sal)-injected rat, gamma waves
showed an increase at 4 min after introduction of halothane during behavioral excitation (black trace) as compared baseline walking (gray trace). (b) At
[0 min after halothane, gamma waves (y) were suppressed and slow waves of |-4Hz () were increased (black trace) compared with immobility (imm)
during baseline (grey trace). Unlike hippocampal EEGs, theta rhythm was not observed. (c) In a different experiment, the same rat given muscimol (Mus)
injection in NAC showed no behavioral excitation and no increase in gamma waves at 4 min after halothane (black trace) compared with baseline walking
(grey trace). (d) At |0 min after halothane, muscimol-injected rat showed further decrease in gamma waves and an increase in 1-4 Hz slow waves (9). (e)
Gamma waves showed an increase during behavioral excitation at 4 min after pentobarbital in a saline-injected rat (black trace) compared with baseline
walking (grey trace). (f) At I5min after pentobarbital, EEG power generally increased in 1-50Hz including 1-4 Hz (black trace) compared with baseline
immobile (gray trace). (g) The same rat after muscimol-NAC and then pentobarbital injection showed no gamma peak 4 min after pentobarbital (black
trace) compared to baseline walking (gray trace). (h) At |5 min after pentobarbital, high-amplitude -4 Hz slow waves (black trace) and decreased gamma
waves were observed compared with baseline immobile (gray trace).

Hyperlocomotion during recovery from isoflurane was  dopamine function in the NAC may underlie the increase in
suggested to be mediated by dopamine in the NAC and  locomotion during induction of halothane or pentobarbital
dorsal striatum (Irifune et al, 1997). A similar increase in anesthesia. Previous studies have shown that locomotor

Neuropsychopharmacology
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Table 3 Effects of Muscimol/Saline Injection Alone on Hippocampal/Neocortical EEGs (mean + SEM)

Hippocampus Neocortex
1-4Hz Theta 25-50 Hz 1-4Hz 25-50 Hz

(A) Nucleus accumbens
Saline (n=7)

Baseline 4264022 0.88+0.13 238+0.17 3.65+0.05 2.01+0.09

APost-inject —0.134+0.12 —0.08+0.11* —0.024+0.02 0.02+0.06 —0.0340.03
Muscimol (n=7)

Baseline 4.06+0.24 0.80+0.11 231+0.19 3.69+0.09 2.03+0.08

APost-inject —-002+0.18 —045+0.14% —0.1940.08 0.67+0.19%% —0.1840.07
(B) Ventral pallidum
Saline (n=7)

Baseline 461+0.14 0.77+0.10 285+0.14 353+0.16 1.78+0.06

APost-inject —003+0.11 0.1+0.08 —003+0.11 —0.0240.05 —0.054+0.03
Muscimol (n=7)

Baseline 4.86+0.14 0.81+0.08 295+0.11 3474023 2.12+0.19

APost-inject 0.37+0.15 —0.15+0.17 —0.07+0.06 0.674+0.24* —0.32+0.12
(€) Median raphe
Saline (n=28)

Baseline 4114021 0.84+0.08 25740.11 3.65+0.31 1.81+0.16

APost-inject 0.12+0.16 0.13+0.1 0.0440.03 0.06+0.03 —021+0.11
Muscimol (n=8)

Baseline 4054022 0.80+0.11 260+£0.11 3554027 1.63+0.21

APost-inject 007+0.22 —0.14+0.14 —0.19£0.11 0.39+0.34 0.20+0.21

Injections were made into nucleus accumbens, ventral pallidum or median raphe, and layout and explanation as in Table |. APost-inject is the difference in power after
injection of saline/muscimol and the baseline. *p <0.05 (number of rats) compared to baseline, #p <0.05 compared to saline-injected rats using paired Wilcoxon test.

hyperactivity induced by hippocampal excitation was
mediated by NAC (Ma et al, 1996; Mogenson et al, 1993).

Analgesic effects mediated by NAC and VTA had been
reported (Altier and Stewart, 1998; Gear et al, 1999; Ma and
Han, 1991). Based on these studies, it is not obvious if
inactivation of NAC or VTA will potentiate the analgesic
effect of a general anesthetic, as has been shown here.

Muscimol infusion into the SUM, VTA, VP, and NAC
suppressed voluntary movements and the movements
induced by a general anesthetic, suggesting that these
structures regulate motor behavior as well. Behavioral
excitation induced by subanesthetic doses of halothane or
pentobarbital is probably equivalent to the delirium state
that usually occurs in humans during induction (Cohen,
1975; Guedel, 1951) or during recovery from an anesthetic
(Wells and Rash, 1999). While inactivation of SUM, VTA,
VP, NAC (this study), and the septohippocampal system
(Ma et al, 2002) depressed initial behavioral excitation and
potentiated subsequent general anesthesia, the two stages of
general anesthesia may have different mechanisms. One
example is that rats following infusion of muscimol in the
MR showed increased behavioral excitation but not
anesthesia after halothane or pentobarbital.

Neuropsychopharmacology

NAC, VP, SUM and VTA Participate in the Generation of
Cortical/Hippocampal EEG

We showed that inactivation of SUM suppressed the
hippocampal theta rhythm of behaving rats, as has been
shown for anesthetized rats (Kirk et al, 1996; Kirk and
McNaughton, 1993). Electrophysiological studies suggested
that SUM provides the frequency that drives a hippocampal
theta rhythm (Kirk et al, 1996; Kirk and McNaughton,
1993). SUM receives afferents from the pontine reticular
formation and pontis oralis (Vertes and Martin, 1988) and
projects glutamatergic/aspartaergic fibers to the medial
septum (Borhegyi et al, 1998; Kiss et al, 2000). Thus, the
suppression of theta and gamma in the hippocampus after
SUM inactivation is consistent with the fact that SUM is a
part of an arousal/sleep-wake system. Inactivation of VTA
and TBN after muscimol infusion in the SUM may also
contribute to hippocampal EEG suppression.

Inactivation of the VP and NAC had an effect in
enhancing delta in the neocortex. The inactivation induced
a state of immobility during which it was difficult to induce
the rat to move voluntarily. Thus, the suppression of
hippocampal theta after inactivation of VP and NAC was



interpreted as a secondary effect of movement suppression,
but the suppression of hippocampal theta induced by
halothane may be interpreted as an increase in the level of
general anesthesia. The effect on inactivation of VP on
neocortical EEG may also be explained by inactivation of
basal forebrain neurons in and around the VP that project
to the neocortex (Saper, 1984; Semba, 2000). Basal forebrain
neurons are known to mediate desynchronization of slow
(delta) waves (Stewart et al, 1984; Vanderwolf, 1988). The
GABAergic neurons in the VTA were sensitive to changes in
sleep states and general anesthesia (Lee et al, 2001), and
VTA lesion decreased hippocampal theta during explorative
sniffing (Jurkowlaniec et al, 2003). The profound effect of
muscimol in the NAC on EEG and behavior, with or without
halothane, was not expected. To our knowledge, there is no
direct neural pathway from the NAC to the hippocampus.
Among other structures, NAC projects to the pedunculo-
pontine tegmental area (Berendse et al, 1992; Yang and
Mogenson, 1987; Reese et al, 1995) that may influence
hippocampal EEG through the hypothalamus and medial
septum (Bland and Oddie, 2001; Kirk and McNaughton,
1993).

MR infusion of muscimol (0.5-1 pg) has been shown to
enhance hippocampal theta rhythm in urethane-anesthe-
tized rat (Kinney et al, 1995). We are not aware of a
systematic study of hippocampal EEG after muscimol
inactivation of the MR in the behaving rat. Electrolytic
lesion of the MR induced persistent hippocampal theta
rhythm during immobility (Maru et al, 1979; Yamamoto
et al, 1979). We did not see a significant increase of
hippocampal theta during walking after muscimol (0.25 pg)
infuion in the MR, as compared to baseline walking. Further
enhancement of theta power after MR-muscimol may not be
expected because baseline walking is already associated with
a high theta power. Immobility could not be observed in a
behaving rat after MR-muscimol injection. However, after
20 mg/kg pentobarbital i.p., MR-muscimol-infused rats
showed increased theta power during immobility.

In conclusion, this paper shows that inactivation of
various areas in the limbic system enhances effects
produced by general anesthetics. Inactivation of some
structures affect EEG activation, suggesting that compro-
mising cortical activation may affect awareness and
potentiate general anesthesia.
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