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Medial Septal Cholinergic Neurons Modulate Isoflurane
Anesthesia

Siew Kian Tai, Ph.D., Jingyi Ma, M.D., Ph.D., L. Stan Leung, Ph.D.

ABSTRACT

Background: Cholinergic drugs are known to modulate the response of general anesthesia. However, the sensitivity of iso-
flurane or other volatile anesthetics after selective lesion of septal cholinergic neurons that project to the hippocampus is not
known.

Methods: Male Long Evans rats had 192 immunoglobulin G-saporin infused into the medial septum (n = 10), in order to
selectively lesion cholinergic neurons, whereas control, sham-lesioned rats were infused with saline (n = 12). Two weeks after
septal infusion, the hypnotic properties of isoflurane and ketamine were measured using a behavioral endpoint of loss of right-
ing reflex (LORR). Septal lesion was assessed by counting choline acetyltransferase—immunoreactive cells and parvalbumin-
immunoreactive cells.

Results: Rats with 192 immunoglobulin G-saporin lesion, as compared with control rats with sham lesion, showed a 85%
decrease in choline acetyltransferase-immunoreactive, but not parvalbumin—immunoreactive, neurons in the medial septal
arca. Lesioned as compared with control rats showed increased isoflurane sensitivity, characterized by a leftward shift of the
graph plotting cumulative LORR percent with isoflurane dose. However, lesioned and control rats were not different in their
LORR sensitivity to ketamine. When administered with 1.375% isoflurane, LORR induction time was shorter, whereas
emergence time was longer, in lesioned as compared with control rats. Hippocampal 62-100 Hz gamma power in the electro-
encephalogram decreased with isoflurane dose, with a decrease that was greater in lesioned (n = 5) than control rats (n = 5).

Conclusions: These findings suggest a role of the septal cholinergic neurons in modulating the sensitivity to isoflurane anes-

thesia, which affects both induction and emergence. The sensitivity of hippocampal gamma power to isoflurane appears to
indicate anesthesia (LORR) sensitivity. (ANESTHESIOLOGY 2014; 120:392-402)

HOLINERGIC neurons have long been associated

with consciousness and general anesthesia. Acetyl- ol ot Al E ) [T GlEn: TS (E[ElE

e Acetylcholine is an important neurotransmitter in arousal, and
increase in brain acetylcholine reduced anesthesia depth

e The contribution of the medial septal cholinergic neurons to
isoflurane-induced unresponsiveness is unknown

What This Article Tells Us That Is New

e Selective lesion of cholinergic medial septal neurons enhanced
sensitivity to isoflurane and prolonged isoflurane anesthesia

choline is one of the main neurotransmitters responsible for
arousal."? Acetylcholine is released in the neocortex and hip-
pocampus during arousal, with maximal acetylcholine level
during active waking.>* Acetylcholine in the cerebral cortex
is derived from the basal forebrain, with the nucleus basalis
innervating the neocortex and the medial septum and verti-

cal limb of the diagonal band innervating the hippocampus
and entorhinal cortex.>® Cholinergic neurons in the basal

forebrain manifested maximal firing rates during active wak-
ing and paradoxical sleep” and mediated an atropine-sensi-
tive theta rhythm in the hippocampus, and a low-voltage,
fast electrical activity in the neocortex.®

General anesthesia is associated with a decrease in cho-
linergic release and function. Different anesthetics induced
a decrease in acetylcholine release in the cortex,” whereas
enhancement of brain acetylcholine level by anticholinester-
ase was shown to reduce the depth of anesthesia induced by
propofol or isoflurane.!®!!

Selective cholinergic neurotoxin 192 IgG-saporin lesion
of the nucleus basalis prolonged the emergence from halo-
thane, isoflurane, propofol, or pentobarbital anesethesia.'”

Laalou et al.!? reported that selective lesion of medial septal
cholinergic neurons increased the anesthesia potency of pro-
pofol (>100 mg/kg intraperitoneal). It is not known whether
selective cholinergic lesion of the medial septum alters the
anesthesia response to volatile anesthetics.

We previously reported that inactivation or lesion of the
medial septum prolonged the emergence time of both volatile
and injectable general anesthetics.!*!> Electrolytic lesion of
the medial septum also increased the sensitivity to intraperi-
toneal propofol and isoflurane.!> The medial septal area con-
tains y-aminobutyric acidergic and glutamatergic neurons, in
addition to cholinergic neurons.'®'8 To further investigate the
specific involvement of the cholinergic neurons in modulating
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the hypnotic effects of isoflurane, we performed a selective
lesion of the medial septal cholinergic neurons in Long Evans
rats and studied the dose effects of isoflurane. We used the loss
of righting reflex (LORR) as our primary measure for hyp-
nosis because for a variety of anesthetics, the concentration
that induces LORR in rats correlates highly with that of loss
of consciousness in humans.!” We hypothesize that the anes-
thetic sensitivity to isoflurane is increased by septal cholinergic
lesion, such that induction and emergence times are altered.

Materials and Methods

Animals

All procedures were approved by the Animal Care Commit-
tee of the University of Western Ontario (London, Ontario,
Canada) and conducted according to the guidelines of the
Canadian Council for Animal Care. Data were obtained
from 26 adult male Long Evans rats (235-390g; Charles
River Canada, St. Constance, Quebec, Canada). All animals
were given water and regular rat chow ad libitum and housed
under climate-controlled conditions with a 12-h light/dark
cycle, and lights on at 7:00 am. The temperature in the room
was maintained at 21°-23°C.

Lesion of Cholinergic Cells in the Medial Septum
Cholinergic neurons in the medial septum were lesioned
using a toxin 192 IgG-saporin (Advanced Targeting Systems,
San Diego, CA) specific for cholinergic neurons that express
p75 receptors.”>?! A rat was anesthetized with sodium pen-
tobarbital (60 mg/kg intraperitoneal). 192 IgG-saporin was
diluted with sterile saline, loaded into a Hamilton syringe,
and infused bilaterally into the medial septum (anterior to
bregma 0.5 mm, lateral to midline (L) + 0.5 mm??). At each
track, the 30-gauge cannula was first lowered to 5.7 mm ven-
tral from the dura (V), and then to V 7.8 mm. 192 IgG-sapo-
rin (0.35 pg/ul; 0.3 placV 5.7mm, 0.4 plat V7.8 mm) was
infused at a constant rate of 0.5 Wl/10 min using an infusion
pump (Harvard Apparatus, South Natick, MA). After each
infusion, the needle remained in place for 10 min. Sham-
lesioned rats were infused with equal volumes of saline.

Electrode Implantation

192 IgG-saporin and saline-infused rats were implanted with
depth electrodes immediately or 2 days after medial septum
infusion. Under sodium pentobarbital (60 mg/kg intraperito-
neal) anesthesia, electrodes were placed in the CAl stratum
radiatum of the dorsal hippocampus (posterior to bregma
3.8 mm, lateral to midline 2.8 mm; ventral to dura 3.1 mm)
and layer IV of the frontal cortex (anterior to bregma 2 mm,
lateral to midline 3 mm, ventral to dura 1.5 mm); coordinates
were from the Rat Brain Atlas of Paxinos and Watson.?? Each
electrode comprised a 125-pm stainless steel wire insulated
with Teflon, except at the cut tip. A jewellers screw was
placed epidurally over the cerebellum. All electrodes and
screws were fixed on to the skull with dental cement. Each
electroencephalogram signal was recorded using one active
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electrode (frontal cortex or hippocampus) with respect to the
cerebellar screw that served as both reference and ground.

Anesthetic and Electroencephalogram Response to
Isoflurane in 192 lgG-saporin/sham-lesioned Rats

Loss of righting reflex was used as the behavioral endpoint
to investigate the hypnotic properties of isoflurane (Forane;
Baxter Corporation, Mississauga, Ontario, Canada), follow-
ing previously described methods with slight modifications.??
To determine the isoflurane concentration that induced
LORR, each rat was placed in a small acrylic glass chamber
(23x12x 12 cm3) connected to an isoflurane vaporizer with
1 I/min flow of 100% oxygen. The outflow from the cham-
ber was connected to an infrared gas analyzer (RGM5250;
Ohmeda, Louisville, CO). Isoflurane was administered to
the chamber starting at 0.5% concentration, and was incre-
mented by 0.125% until LORR occurred in the rat. The con-
centration of isoflurane was shown to reach a platcau in less
than 10 min after a change of dose, as verified by the infra-
red gas analyzer. Each concentration of anesthetic was main-
tained for a minimum equilibration period of 15 min, after
which the chamber was rotated to place the rat on its back. A
rat was considered to show LORR if it did not turn onto all
four feet within 30 s, and this was confirmed by a subsequent
trial. The percentage of rats showing LORR at each dose of
isoflurane was established for 192 IgG-saporin lesioned and
sham-lesioned rats, and the ED50 was estimated from the
dose—response equation described in Statistical Analysis.

In five 192 IgG-saporin lesioned rats and five sham-
lesioned rats, electroencephalogram  recordings were
obtained from the hippocampus and frontal cortex at dif-
ferent isoflurane concentrations while the rat was inside the
small acrylic glass chamber described above. The frontal
and hippocampal clectrodes were connected to two differ-
ent channels of a telemetry device that transmitted radio
waves to a receiver approximately 0.5 m above the cham-
ber (W5 Telemetry System; Triangle BioSystems, Durham,
NC). The received signals were then digitized?* as described
in Statistical Analysis. Before the delivery of isoflurane, base-
line electroencephalogram recordings were made in a larger
chamber during awake immobility (head was held up and
frontal electroencephalogram showed low-voltage fast activ-
ity) and during walking (when rat walked, turned its body,
and reared). Electroencephalogram recording was made for
2 min, starting 13 min after each isoflurane concentration or
increment of 0.125%, ending with 0.125% above the isoflu-
rane concentration that induced LORR.

In order to assess isoflurane induction and emergence,
the time to LORR and time for recovery of righting were
investigated after 1.375% isoflurane was given. Each rat was
individually placed in the small acrylic glass chamber, after
which 1.375% isoflurane was delivered with 1 I/min oxygen.
At 15-s intervals, the chamber was rotated to place a rat on
its back, and the ability of a rat to right itself was assessed.
The time to LORR (induction time) was defined as the time
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at which a rat first demonstrated a loss of righting for more
than 30 s, from the time of isoflurane onset. After 30-min
exposure to 1.375% isoflurane, the rat was removed from
the chamber and placed in a supine position in room air. The
emergence time was defined as the time a rat righted itself,
landing all four feet on the floor, from the time of removal
from the isoflurane chamber.

Anesthetic Response to Ketamine in 192 IgG-saporin/
sham-lesioned Rats

Anesthetic responses to ketamine were also studied using
cumulative intraperitoneal doses, as described elsewhere.?’
The experimenter was not aware of the treatment history of
the rat. A rat was given an initial dose of 40 mg/kg of ket-
amine intraperitoneally, and then nine increments of 20 mg/
kg were injected intraperitoneally at 10-min intervals unil it
reached a final dose of 220 mg/kg intraperitoneally. Righting
was tested by placing a rat in a supine position, and LORR
was defined if the rat was unable to turn from the supine posi-
tion to land on its feet, in two trials separated by 30 s. Typi-
cally, a dose of ketamine that induced LORR, as defined, did

not abolish neck and body movements in the supine position.

Histology

At the end of the experiments, rats were deeply anesthetized
with pentobarbital and perfused through the heart with
400 ml of cold saline followed by 500 ml of cold 4% parafor-
maldehyde solution in 0.1 M phosphate buffer (PB; pH 7.4).
The brain was removed and postfixed in the latter solution at
4°C. Choline acetyltransferase and parvalbumin immunocy-
tochemistry were carried out on coronal sections through the
medial septum.?! A freezing microtome was used to section
the medial septum at 40 pm within 12h of fixing.

For the choline acetyltransferase and parvalbumin stain-
ing, the brain sections were first incubated in 1% sodium
borohydride in 0.1 M PB for 15 min and subsequently rinsed
in PB. To block nonspecific labeling, the brain sections were
incubated in 10% normal goat serum (Sigma-Aldrich, St.
Louis, MO) in 0.1 M PB containing 0.1% Triton X-100
(Sigma-Aldrich) for 1h at room temperature. The sections
were rinsed briefly in PB and incubated at 4°C for 48h in
primary antibody solution containing mouse monoclonal
choline acetyltransferase (1:200; Cedarlane, Burlington,
Ontario, Canada) or parvalbumin (1:100; Sigma-Aldrich) in
1% normal goat serum. Sections were rinsed in three changes
of PB and followed by incubation in biotin-conjugated goat
antimouse secondary antiserum (1:200; Jackson ImmunoRe-
search, West Grove, PA) for 1h in room temperature. The
sections were then rinsed several times in PB. Avidin Biotin
Complex solution (Vector Laboratories, Burlington, Ontario,
Canada) was prepared 20 min before use by adding equal vol-
umes of solutions A and B in PB (1:1:100). The sections were
incubated in the Avidin Biotin Complex solution for 1h at
room temperature. After three washes in PB, the sections were
incubated in a solution containing 0.05% diaminobenzidine
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tetrahydrochloride (Sigma-Aldrich) and 0.03% hydrogen
peroxide in PB at room temperature in a fume hood until
they reached the desired color intensity (1-3 min). The sec-
tions were then rinsed several times in PB and mounted on
glass slides. Finally, they were dehydrated in a series of 70,
95, and 100% ethyl alcohol, cleared in xylene (5 x 2 min) and
coverslipped with DePex (BDH; VWR International, Missis-
sauga, Ontario, Canada) mounting medium.

The number of choline acetyltransferase— and parvalbu-
min-immunoreactive cells was counted in three representa-
tive coronal sections at anterior (~A 0.7 mm), middle (-A
0.4mm), and posterior (~-A 0.2mm) levels of the medial
septum-diagonal band of Broca region. Images of selected
sections were captured with a digital camera attached to the
microscope. Choline acetyltransferase—immunoreactive cells
were counted from digital images with x40 magnification,
with the medial septal area bounded mediolaterally by verti-
cal lines through the tips of the lateral ventricles, and dor-
sally by the corpus callosum, as shown in figure 1, A and
B. Parvalbumin-immunoreactive cells were counted from
images of x100 magnification, in a 1.23 x 1.64 mm? rectan-
gle (the counting frame was about double the size of fig. 1,
C and D). Each image was counted by at least two persons
who were blinded to the treatment history of the images.
The number of immunoreactive cells for cach rat was the
average of counts in the three sections. Recording electrode
placements in the hippocampus and frontal cortex were his-
tologically verified in 40-pum thionin-stained brain sections.

Animals and Sequence of Experiments

Twelve rats were infused with 192 IgG-saporin, and 12 rats
were infused with saline in the medial septum. For all rats,
the first experiment started 14—17 days after infusion of 192
IgG-saporin or saline, in which LORR to different isoflurane
doses was assessed; electroencephalogram was also recorded
in five rats of each group. The second experiment was done
6-10 days later to record the onset and duration of LORR
after 1.375% isoflurane. Ten to 14 days later, the behavioral
responses to cumulative doses of ketamine were assessed in the
last experiment (five rats in each group). Rats were perfused at
35-42 days after lesion. Of the 12 lesioned rats, only 10 rats
with confirmed choline acetyltransferase immunocytochem-
istry were included in the results; one rat was not adequately
perfused, and another died unexpectedly before perfusion. Of
the 12 saline-infused (sham-lesioned) rats, immunocytochem-
istry was performed in 10 rats. Because it is not expected that
control rats should be deficient in choline acetyltransferase—
immunoreactive neurons, all 12 sham-lesioned rats in the
ED50 determination were analyzed, including two without
choline acetyltransferase immunostaining. Choline acetyl-
transferase-immunoreactive counts were available for all con-
trol rats used in the experiments involving 1.375% isoflurane
(n = 6), electroencephalogram recording (n = 5), and ketamine
(n =5). In addition, two intact, unoperated rats were also used
in the 1.375% isoflurane experiment.

Tai et al.
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Fig. 1. Representative histological sections of the medial sep-
tal area stained for immunoreactivity to choline acetyltransfer-
ase (ChAT; A and B) and parvalbumin (Parv; C and D). Right
column, control sham-lesioned rat; left column, 192 IgG-
saporin lesioned rat. Dashed vertical lines in A and B, drawn
through the ventral tip of the lateral ventricle, indicate extent
of medial septal cell counting. Horizontal line, 0.5mm calibra-
tion; same for A and B, and for C and D.

Statistical Analysis

Power spectral analysis of the electroencephalogram was per-
formed by custom software.?* Electroencephalogram was
sampled at 1kHz, and five consecutive samples were averaged
and stored at every 5ms to give an effective 200 Hz sampling
frequency of the electroencephalogram signal that was passed
through a low-pass digital filter with a 3 dB drop-off point
at 90 Hz. Artifact-free electroencephalographic signals were
selected by eye. Each electroencephalogram segment con-
sisted of 1,024 points (5.12 s), and one tenth of the total
segment length was tapered by a cosine function ¥2 (1 - cos
(10 7t#/ 7)) where # is time from each end and 7'is the segment
length. After fast Fourier transform, the spectral values were
smoothed by an elliptical window falling off at [1 - (f/f,)*]°,
where f = deviation from the center frequency and f, = half
the smoothing bandwidth = 2. Effectively, the frequency reso-
lution is 0.195 Hz (reciprocal of 5.12 s), and after smoothing
(2 x f. +1 =5 frequency bins), statistically independent values
were 0.98 Hz apart. Each power spectral value derived from
one segment is estimated to have 10 degrees of freedom (df),
and the average spectrum of each condition consisted of 6-12
segments, that is, 60-120 df. The average integrated power of
the electroencephalogram for selected frequency bands at the
frontal cortex and hippocampus electrodes was determined by
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averaging the power across frequency bins within the range of
delta (0.8-4 Hz), beta (12-30 Hz), low gamma (Y1, 30-58
Hz), and high gamma (y2, 62-100 Hz). In addition, hip-
pocampal theta power was integrated from 7 to 8 Hz, and
frontal “theta” power was integrated from 4 to 12 Hz. Power
was determined in logarithmic units, and 7 log units of power
were equivalent to a I mV peak-to-peak sinusoidal wave. For
evaluation of the dose—response to isoflurane of each rat, the
difference in power from baseline immobility was calculated
for each frequency band (delta, theta, beta, low and high
gamma) at a particular isoflurane dose.

GraphPad Prism software version 4.0 (GraphPad Prism,
Inc., San Diego, CA) and GB Stat (Dynamic Microsystems
Inc., Silver Spring, MD) and SAS 9.1.3 (SAS Institute Inc.,
Cary, NC) were used for statistical evaluation. LORR dose—
response data were curve-fitted by nonlinear regression with
Prism to give the half maximal effective concentration—dose
values (ED50 + SEM) with the equation: Y =Y _, + (Y _ -

Y )/ [1+ 10 "8EP0-Xxm] \where Y is the ;;centage of
the population showing LORR; Y . andY__ are the minimal
and maximal values of Y, respectively; ED50 is the drug dose
forahalf (Y - . ), Xis the logarithmic drug dose, and m
is the Hill slope constant. The F-test for nonlinear regressions
was then used to determine whether the calculated ED50 was
significantly different between groups. Group differences in cell
count, onset of LORR, return of righting reflex, and electro-
encephalogram power were compared using unpaired Student
¢ test (GB Stat). The difference between electroencephalogram
power during baseline immobility and walking was tested by
determining the mean and SEM, and the statistical significance
of the deviation from zero as tested by # test (GB Stat). For
the effect of isoflurane dose on electroencephalogram power
in lesioned and control rats, a two-factor repeated-measures
ANOVA with Greenhouse—Geisser adjustment (SAS 9.1.3)
was used; one factor was group (between lesioned and control
subjects) and the other was dose (within-subjects repeated mea-
sures). Data were expressed as mean + SEM, with 95% Cls. P
value less than 0.05 (two-tailed) was considered to be statisti-
cally significant.

Results

192 IgG-saporin Depleted Cholinergic Neurons in the
Medial Septal Area

As assessed by the number of choline acetyltransferase—
immunoreactive cells (fig. 1, A and B), cholinergic neurons
in the medial septum were greatly reduced by bilateral infu-
sions of 192 IgG-saporin in the medial septum. The average
number of choline acetyltransferase-immunoreactive neu-
rons per coronal section in 192 IgG-saporin lesioned rats was
23.8+5.5 (95% CI, 11.3-36.3, n = 10), which was reduced
by 85% as compared with that in control (sham-lesioned)
rats (158.9+22.4, 95% CI, 108.2-209.5, n = 10, P = 0.002,
¢ test). In contrast, the number of parvalbumin-immunore-
active neurons (fig. 1, C and D) was not significantly dif-
ferent between lesioned (57.8+10.3, 95% CI, 34.1-81.5,
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n = 9) and control rats (79.1+7.1, 95% CI, 62.7-95.5,
n=9;P>0.13, ¢ test).

Medial Septum Cholinergic Lesion Enhanced Anesthetic
Sensitivity to Isoflurane

We first examined whether the anesthetic sensitivity of isoflu-
rane was altered in 192 IgG-saporin lesion rats by using a pro-
tocol of increasing isoflurane concentration starting at 0.375%
and ending at 0.125% above the concentration after LORR
occurred. No rats showed LORR at 0.5% or lower isoflurane
concentration. However, at 0.625% isoflurane, 7 of the 10
lesioned rats, but none of the 12 control (sham-lesioned) rats,
showed LORR. At 0.75%, all lesioned rats but only half of
the control rats showed LORR. The percent LORR wversus iso-
flurane dose—response graph was leftward shifted for lesioned
as compared with that of control rats (fig. 2A), indicating a
higher isoflurane sensitivity in lesioned than control rats. The
concentration at which half the rats showed LORR, or ED50
(LORR), was 0.62% in lesioned rats (95% CI, 0.59-0.64%,
n = 10) and 0.74% in control rats (95% CI, 0.71-0.76%,
n = 12). The ED50 (LORR) was significantly different
between lesioned and control rats (2 < 0.0001).

When exposed to 1.375% isoflurane, 192 IgG-saporin
lesioned rats showed a significantly shorter LORR onset
(induction) time averaging 5.22+0.2min (95% CI, 4.76—
5.67min, n = 10) as compared with 8.22+0.41 min (95%
CI, 7.16-9.29 min, n = 6) in control (sham-lesioned) rats (2 <
0.005, ¢ test; fig. 2B). When returned to room air after 30 min
of exposure to 1.375% isoflurane, the time to recover righting
reflex (emergence time) was significantly longer in lesioned rats
(8.65+0.76 min, 95% CI, 6.92-10.37 min, n = 10) as com-
pared with control rats (4.15 +0.8 min, 95% CI, 2.1-6.19 min,
n=06; P<0.005, ¢ test; fig. 2B). The sham-lesioned rats (n = 6)
were not distinguishable in their induction or emergence time
from intact unoperated rats of a similar age (n = 2).

Hippocampal Gamma Electroencephalogram Power
Decreased with Isoflurane Concentration
Hippocampal and frontal electroencephalograms were wire-
lessly recorded during baseline awake-immobility and walk-
ing before isoflurane, and after incremental isoflurane doses
until LORR ensued. Low-voltage fast activity was recorded
in the frontal cortex and irregular slow activity in the hippo-
campus during baseline immobility (fig. 3A). After the first
dose of isoflurane at 0.5%, clear increase in slow activity in
the frontal cortex and decrease in fast activity in the both the
frontal cortex and hippocampus were observed (fig. 3A), with
no apparent difference shown between the representative
control and lesioned rats. Power spectral analysis confirmed
an increase in slow delta power in the frontal cortex (fig. 3B)
and a decrease in gamma activity (30-100 Hz) in both the
frontal cortex and hippocampus (fig. 3, B and C).

We studied whether electroencephalogram power at par-
ticular frequency bands were different between immobility
and walking in the freely moving rat. Because lesioned and

Anesthesiology 2014; 120:392-402

Septal Acetylcholine Modulates Isoflurane Anesthesia

A Isoflurane
100+ : '
|
1
4 \
o |
3 |
2 50 X O control
! = lesion
1
I
1
14
I I I
-0.60 -0.35 -0.10 0.15 0.40
log concentration (% atm)
B 10 ; *%*
sl L
O control (n=6)
< @ lesion (n=10)
g 6 *%
@
E 4
2 4
0

loss of righting return of righting

Fig. 2. Septal cholinergic lesioned rats and sham-lesioned
(control) rats were different in isoflurane sensitivity, induction,
and emergence time. (A) Dose-response plot of cumulative
percentage of rats showing loss of righting reflex (% LORR)
was different between lesioned (n = 10) and control (n = 12)
rats. Horizontal axis is logarithmic dose of isoflurane in per-
centage atmosphere concentration (% atm); dashed traces
are 95% confidence limits of the thick regression trace. (B) In-
duction and emergence time with exposure to 1.375% isoflu-
rane. Time to LORR (induction time) was significantly shorter,
and time to return to righting (emergence time) after 30 min in
1.375% isoflurane was significantly longer, in lesioned than in
control rats. Lesioned rats (n = 10) compared with control rats
(n =6), ™ P < 0.005, unpaired t test.

control groups of rats (n = 5 in each group) did not differ
significantly in the integrated power at any frequency band,
data from all 10 rats were combined to test the statistical
significance of the power difference between walking and
baseline immobility (table 1). Hippocampal but not frontal
delta power was significantly different between awake immo-
bility and walking (fig. 4A; table 1). Although the rhythmic
hippocampal theta rhythm was larger during walking (not

47824 the difference was not sta-

shown) than immobility,
tistically significant for the integrated theta power (table 1;
fig. 4A), which did not optimally isolate the oscillatory from
the irregular slow activity.?* Also, immobility-related hippo-
campal theta rhythm was very small during baseline immo-

bility or with isoflurane (20.5%) anesthesia, in control or

Tai et al.



PERIOPERATIVE MEDICINE

1. Control

2. Lesion

A Immobility baseline

WWWWW

kA [

0.5s

0.5% lIsoflurane

FC W
HPC MWWW
B 71 7 1
_ Y — Imm baseline 6'\ — Imm baseline
O ;5. . :
= ° — 0.5% isoflurane 51 — 0.5% isoflurane
Q 4
o 41
8’ 3+ 31
4

2 2

FC b
1 T 1
7-

c 7 )
5 °1 1
S
O 51 5 1
a
o)) ]
o *1 N
- W‘M\m

31 ‘ 31 Hp

IM\
, |HPC Pvtpinay , HPC
0 20 40 60 80 100 0 20 40 60 80 100

frequency (Hz)

frequency (Hz)

Fig. 3. Representative electroencephalogram and power spectra recorded in control sham-lesioned rats (column 1) and 192
immunoglobulin G-saporin lesioned rats (column 2). (A) Electroencephalogram traces derived from electrodes in the frontal
cortex (FC) and hippocampus (HPC), during immobility baseline and 15min after 0.5% isoflurane. (B) Power spectra of frontal
cortical electroencephalogram after 0.5% isoflurane overlaid on spectra during immobility baseline. (C) Power spectra of hip-
pocampal electroencephalogram, same format as B. Note general decrease of high-frequency (>50 Hz) gamma power at FC and
HPC at 0.5% isoflurane compared with immobility baseline, with larger decrease in lesioned than in control rat.

lesioned rats. Beta power was not different between immo-
bility and walking, in the frontal or hippocampal electroen-
cephalogram, in control or lesioned rats (fig. 4B). Higher
gamma electroencephalogram power in the hippocampus
and frontal cortex was found during walking as compared
with awake immobility, generally for both low (y1) and high
gamma (y2) power (fig. 4C; table 1).

Electroencephalogram was recorded and analyzed at 13—
15 min after an increase in isoflurane dose, and the change in
logarithmic electroencephalogram power from baseline awake
immobility was calculated for the different frequency bands.
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The frontal delta power increased after the initial dose of 0.5%
isoflurane (fig. 3B), but was not further increased with higher
doses of isoflurane (fig. 4A). There was also no statistical dif-
ference between the frontal delta power change in lesioned
and control rats (table 1). Frontal theta (4—12 Hz) and beta
(13-30 Hz) power were not significantly affected by isoflurane
dose (fig. 4, A and B). Frontal y1 and Y2 changes were not
significantly different between lesioned and control groups, or
significantly dependent on isoflurane dose (table 1). The mean
frontal Y2 power decreased, whereas mean Y1 power increased

with isoflurane dose from 0.5 to 0.75% (fig. 4C).
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Table 1. Statistical Significance of Difference in Integrated Power of Different EEG Frequency Bands in the Frontal Cortex and
Hippocampus

Frontal Cortex Hippocampus

Group Dose Group Dose
Frequency (Walk-lmm) (Walk-lmm)

Band t9) F(1,8) PValue F(2,16) P Valuet t9) F(1,8) PValue F(2,16) P Valuet
Delta -1.54 0.10 0.76 0.26 0.66 -3.22§ 0.58 0.36 1.21 0.32
(0-4 Hz)

Theta* -2.06 0.25 0.63 0.39 0.62 1.58 8.42 0.0208§ 1.93 0.19
(4-12 Hz)

(7-8 Hz)

Beta -1.29 0.26 0.62 0.59 0.53 0.71 7.42 0.026§ 1.83 0.2
(12-30 Hz)

Gamma 2.62§ 4.10 0.08 1.47 0.26 2.96§ 1.80 0.22 1.04 0.37
(30-58 Hz)

Gamma2 6.3t 0.01 0.91 1.1 0.34 3.16§ 6.11 0.039§ 13.24 0.001%
(62-100 Hz)

For each site (frontal cortex or hippocampus), (Walk-Imm) t indicates the t-statistic for the power difference between walking and baseline immobility (Imm),
using a combined group of lesioned and control rats (n = 10), and F and probability (P) of the null hypothesis for Group and Dose after two-factor repeated-
measures ANOVA (2 groups x 3 isoflurane doses) are listed. The two groups are septal cholinergic lesioned and control groups, each group consisting of
five rats, and three doses (0.5, 0.625, and 0.75% isoflurane).

* Theta band was 4-12 Hz for frontal electroencephalogram, and 7-8 Hz for hippocampal electroencephalogram. T P values after repeated doses were
adjusted by the Greenhouse-Geisser epsilon. 1 P < 0.005. § P < 0.05. P values for group x dose interaction are not significant (P > 0.38), and not shown.

EEG = electroencephalogram.

Hippocampal delta power was not significantly group-
or isoflurane- dose-dependent (fig. 4A; table 1). In control
rats, hippocampal theta (7-8 Hz; fig. 4A) and beta power
(fig. 4B) decreased greatly with isoflurane dose in contrast to
very small dose-dependent changes in lesioned rats (table 1).
Hippocampal vy2 power in all rats decreased significantly
from baseline immobility to 0.5-0.75% isoflurane con-
centration, with lesioned rats showing a greater decrease in
v2 power than control rats (fig. 4C and table 1). Hippo-
campal Y1 power also decreased significantly from baseline
immobility to 0.5% isoflurane concentration, but did not
significantly change with higher isoflurane doses, or between
lesioned and control groups (fig. 4C and table 1).

Medial Septal Cholinergic Lesion Did Not Change
Anesthetic Sensitivity to Ketamine

The cumulative dose of ketamine that induced LORR was
similar between lesioned and control rats. LORR occurred
with ketamine dose of 112+21 and 116+ 19mg/kg, n = 5
each, for lesioned rats and control rats, respectively (P> 0.8,
t test). As estimated from the percent LORR wversus ketamine
dose graph (not shown), control rats gave an ED50 (LORR)
of 103.1mg/kg (95% CI, 87.6-121.5mg/kg), which was
not significantly different from 105.1mg/kg (95% CI,
94-117.4mg/kg) in lesioned rats.

Discussion

We showed that rats with selective lesion of medial septal cho-
linergic neurons, as compared with sham-lesioned control rats,
had a lower ED50 (LORR), shorter induction time, and longer
emergence time associated with isoflurane anesthesia. The sensi-
tivity to ketamine anesthesia was not different between lesioned
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rats and control rats. Hippocampal y2 (62-100 Hz) power
decreased with isoflurane concentration in a dose-dependent
manner in both lesioned and control rats. However, the sen-
sitivity of hippocampal Y2 power to isoflurane was greater in
lesioned than control rats, in correspondence with the higher
LORR sensitivity to isoflurane in lesioned than control rats.

The current study underscores the importance of the
septohippocampal system in general anesthesia. Laalou
et al." reported that selective cholinergic lesion of the medial
septum increased the anesthesia sensitivity to intraperitoneal
propofol. The current study provides evidence that the sen-
sitivity to isoflurane anesthesia was significantly increased by
selective lesion of the cholinergic neurons in the medial sep-
tum, and ED50 (LORR) was shifted from 0.74% in sham-
lesioned rats to 0.62% in septal cholinergic lesioned rats.
Because an inhaled volatile anesthetic could readily achieve
equilibrium with concentrations in the alveoli and the brain,
the current study provides a robust demonstration that iso-
flurane anesthesia sensitivity is different between septal cho-
linergic lesioned rats and control sham-lesioned rats.

In a previous study, we reported that the ED50 (LORR)
was shifted from 1.02% in septal implanted control rats
to 0.90% after electrolytic lesion of the medial septum.’®
Although different equipment were used in the two stud-
ies, the low ED50 (LORR) in the current study suggests
that sham lesion of the medial septum may have an effect
in decreasing ED50 (LORR) as compared with septal
implanted or unoperated rats. Previously, we reported that
muscimol inactivation' or electrolytic lesion'® of the medial
septum prolonged the emergence from anesthesia induced
by volatile or injectable anesthetics, which is consistent with
the prolonged emergence from isoflurane reported here.
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Fig. 4. Change in integrated power of electroencephalogram frequency bands (mean + SEM) in the frontal cortex (left, column
1) and hippocampus (right, column 2) for different frequency bands (delta, theta, beta, low gamma vy1, high gamma 2) in 192
IgG-saporin lesioned (Les) and sham-lesioned control (Con) groups of rats. Power change for each frequency band was the in-
tegrated logarithmic power of a condition minus the integrated logarithmic power during no-drug immobility baseline (Imm), and
plotted horizontally from left to right: walk before isoflurane, Imm, and 15 min after 0.5, 0.625, and 0.75% isoflurane concentration.
(A) Left, frontal delta power increased by 0.5% isoflurane in both lesioned and control rats, but not significantly isoflurane dose-
dependent. Frontal theta power did not change significantly with isoflurane doses. Right, hippocampal delta was not significantly
different between groups, whereas hippocampal theta decreased with isoflurane dose only in control but not lesioned group.
(B) Frontal beta power (left) was not significantly altered by isoflurane, whereas hippocampal beta (right) decreased with isoflu-
rane dose only in control but not lesioned group. (C) Left, frontal y1 (30-58 Hz) and y2 (62-100 Hz) were higher during baseline
walk than Imm, but not significantly different between groups or isoflurane doses. Hippocampal y1 or y2 power (right) was gen-
erally higher during walk than Imm. v2, but not y1, was isoflurane-dose dependent and significantly different between groups.
**P < 0.01, *P < 0.05, isoflurane response was significantly different between lesioned and control groups, two-factor repeated-
measures ANOVA. TP < 0.05, control group, different from baseline Imm; #P < 0.05, lesioned group, different from baseline Imm.

However, quantitative comparisons of cholinergic lesioned General anesthetics and slow-wave sleep have been sug-
rats with muscimol-inactivated or electrolytically lesioned  gested to share similarities in the mechanism of loss of con-
rats could not be made because the procedures (dose and  sciousness.!??2%2” However, the cholinergic medial septal
duration of isoflurane) used for induction and emergence  neurons do not regulate wakefulness and sleep, as seen from
tests were not standardized. the lack of change of sleep and wake patterns after septal
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192 IgG-saporin lesion.”® The cholinergic septohippocampal
neurons are, however, critically involved in activation of the
hippocampus. Cholinergic neurons in the basal forebrain
fired maximally during active waking as compared with quiet
waking or slow-wave sleep,” causing more release of acetyl-
choline in the hippocampus during active than quiet wak-
ing.*?? The hippocampus is proposed to initiate movements,
partly by activating dopaminergic release in the nucleus
accumbens.’® We suggest that there is a septohippocampal
activation that normally opposes isoflurane anesthesia and
promotes emergence from anesthesia. The latter septohip-
pocampal activation is suggested to be deficient after lesion
of cholinergic neurons in the medial septum. However,
behavioral activation was not different between lesioned
and control rats when assessed by an enhanced hippocampal
and frontal gamma power during walking as compared with
immobility (fig. 4C), and lower hippocampal activation was
suggested only by a smaller hippocampal theta rhythm dur-
ing walking in lesioned as compared with control rats.?°
This study reported that rats with lesion of septal cho-
linergic neurons showed shorter induction time, longer
emergence time, and a leftward shift of the LORR-isoflu-
rane dose—response curve as compared with control rats
(fig. 2A). However, induction and emergence times may
be differentially affected after a brain lesion. In mice with
genetically ablated orexin neurons®® and in rats with his-

taminergic tuberomammillary nucleus lesion,?

emergence
time was prolonged but induction time was similar when
compared with the respective controls.

The current study confirmed and extended the rela-
tion of gamma activity with behavioral activation and gen-
eral anesthesia. We showed that hippocampal and frontal
gamma activity increased with behavioral activation"* and
decreased with isoflurane anesthesia (fig. 4C). Previous stud-
ies showed that the high-frequency hippocampal gamma
(y2) was suppressed during deep anesthesia with different
anesthetics, including isoflurane, halothane, propofol, and
pentobarbital, 424
encephalogram was suppressed with sevoflurane anesthesia.?!

and human temporal lobe gamma electro-

The current study showed an isoflurane dose dependence for
the hippocampal but not frontal high-frequency gamma,
whereas Hudetz et al.,>* using bilateral epidural recordings
from the frontal cortex and a larger dose range of 0-1.2%
isoflurane, showed that high-frequency (70-140 Hz) gamma
decreased with isoflurane dose in both the frontal cortex and
hippocampus. A lack of change of low-frequency gamma
in frontal cortex and hippocampus with isoflurane was also
reported by Hudetz et 2/3* Other than gamma, large slow
delta power in the frontal and hippocampal electroencepha-
logram accompanied hypnotic doses of isoflurane (figs. 3 and
4), but the delta power was not significantly dose dependent.
However, hippocampal theta and beta power decreased with
isoflurane dose in control but not lesioned rats (fig. 4, A and
B), suggesting that an isoflurane-sensitive, low-frequency
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electroencephalogram component (theta and beta) was not
present in lesioned rats.

Lesioned rats, as compared with control sham-lesioned
rats, showed a stronger decrease in hippocampal v* power
at 0.5-0.75% isofluranc. However, bascline gamma (includ-
ing %) power was not significantly different between septal
cholinergic lesioned and control rats, confirming previous
studies.?®?! The sensitivity of hippocampal y? power to iso-
flurane appears to indicate anesthesia (LORR) sensitivity.
Lesioned rats showed a greater isoflurane-induced decrease
in hippocampal y? power than control rats, in correspon-
dence with a lower isoflurane ED50 (LORR) in lesioned as
compared with control rats.

Septal cholinergic lesion failed to affect LORR response to
ketamine. This suggests that the anesthesia actions of ketamine
and isoflurane were different, as has been suggested in other
studies.?” In particular, selective lesion of y-aminobutyric aci-
dergic neurons in the medial septum suppressed the behav-
ioral hyperactivity induced by ketamine,®® whereas selective
lesion of cholinergic neurons did not alter behavioral hyperac-
tivity or hippocampal gamma induced by another N-methyl-
p-aspartate receptor antagonist phencyclidine.?! This suggests
that ketamine actions on behavioral hyperactivity and LORR
are not critically dependent on septal cholinergic neurons.

Our study has several limitations. First, the extent of cho-
linergic dysfunction in 192 IgG-saporin lesioned rats was
not fully established. In rats with 192 IgG-saporin lesion,
administration of anticholinesterase physostigmine could
induce acetylcholine release,** which may suggest function
of the medial septal cholinergic neurons despite a near-com-
plete lack of choline acetyltransferase-immunoreactive septal
neurons. However, because the current study already found
robust differences in isoflurane anesthesia response between
192 IgG-saporin lesioned rats as compared with control rats,
it is possible that complete depletion of acetylcholine release
in the hippocampus may have even more severe effects. Sec-
ond, brain isoflurane concentrations, which may determine
LORR, were not measured. Third, minute ventilation rate
and respiratory rate during induction and emergence from
isoflurane were not determined; respiratory rate may affect
induction or emergence times, but probably not ED50
(steady-state) determination. Fourth, isoflurane was the only
inhalational anesthetic used, and a general role of septal cho-
linergic neurons in mediating hypnosis by other inhalational
anesthetics remains to be studied. Fifth, the determination
of LORR after ketamine was difficult because at the point of
LORR, as operationally defined earlier, a typical rat was able
to turn its head and body in a supine position, without land-
ing on its feet. In addition, cumulative intraperitoneal doses
of ketamine were expected to show complex pharmacokinet-
ics such that interpretation of results determined by cumula-
tive intraperitoneal doses must be taken with caution.

Decline in cholinergic neurons in both the medial septum
and nucleus basalis occurs during aging and more drastically
in Alzheimer disease in humans.®> On the basis of the strong
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effects on anesthesia response caused by selective decrease of
septal cholinergic neurons in the current study, it may be
suggested that natural or pathological decrease in septal cho-
linergic neurons will contribute to the anesthesia sensitivity
in the aged population®® and in Alzheimer patients.

In summary, the current results suggest that medial septal
cholinergic neurons are involved in the modulation of iso-
flurane anesthesia. The results also suggest that hippocampal
gamma activation is an indicator of the anesthesia effect of
isoflurane, and the neural circuit for isoflurane anesthesia
may differ from that for ketamine anesthesia.
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