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Abstract

Isoflurane is a widely used inhaled anesthetic in the clinical setting. However, the mechanism underlying its effect on consciousness is
under discussion. Therefore, we investigated the effect of isoflurane on the hippocampus and cortex using an in vivo field recording ap-
proach. Our results showed that 1.3%, 0.8%, and 0.4% isoflurane exerted an inhibitory influence on the mouse hippocampus and cortex.
Further, high frequency bands in the cortex and hippocampus showed greater suppression with increasing isoflurane concentration. Our
findings suggest that in vivo field recordings can monitor the effect of isoflurane anesthesia on the mouse cortex and hippocampus.
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Introduction

Isoflurane is a widely used inhaled anesthetic, although its
mechanisms for inducing unconsciousness in the central
nervous system (CNS) are poorly understood. It has been
shown that presynaptic selectivity in conjunction with
postsynaptic and extrasynaptic gamma-aminobutyric acid
(GABA), receptor potentiation are potential CNS synaptic
pathways (Kotani and Akaike, 2013; Westphalen et al., 2013).
However, in vivo field recordings reflecting neural process-
ing of different concentrations of anesthetics have not been
reported.

Therefore, we used an in vivo field recording approach to
determine whether the same mechanism occurs in living
anesthetized animals. Field recording methods enable CNS
recordings in intact animals (Sakmann, 2006; Furue et al,,
2007) in which accumulating extracellular signals due to
synaptic excitation can easily be recorded with a field elec-

trode. Furthermore, this method reflects in vivo neuronal ac-
tivity, and provides sufficient signal quality to define synaptic
events for understanding neural processing during normal
and drug-mediated behavior (Kolb et al., 2013). In this study,
we introduce our in vivo field recording method, and use it
to examine cortical and hippocampal synaptic response after
inhalation of different isoflurane concentrations.

Materials and Methods

Animal preparation
All animal experiments were approved by the Animal Care
Committee of the China-Japan Friendship Hospital and per-
formed in accordance with the United States National Insti-
tutes of Health Guideline for the Care and Use of Laboratory
Animals. All attempts were made to minimize the number of
animals used.

A recording chamber was prepared prior to surgery. A
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conical stone drill bit (CA1063, Minimo Precision Instru-
ments and Tools, Daido Mecha Tronics Co., Ltd., Shanghai,
China) and high speed dental drill (OS-40, Osada Electric.
Co., Ltd., Tokyo, Japan) were used to drill a hole of approx-
imately 2 cm in diameter through a 35 mm plastic dish.
Before craniotomy, the skin above the recording area was cut
using scissors, and the recording chamber placed directly
onto the skull and glued using cyanoacrylic glue (UHU).

Craniotomies were performed on 10 female and male
C57/BL6 mice, aged 3 to 4 months old (Chinese Academy of
Medical Science Institute of Experimental Animal, Beijing,
China). Mice were placed in a stereotaxic frame (New Stan-
dard 51700, Friends Honestly Life Science Company, Ltd.,
Beijing, China), and deeply anesthetized throughout surgery
using 1.7% isoflurane (YBH40052005; Abbott Laboratories,
Shanghai, China) (Silva et al., 2010) delivered in 2 L/min
oxygen through a securely fitted mask. Erythromycin eye
ointment (150502; Beijing Shuangji Pharmaceuticals, Bei-
jing, China) was applied to protect the eyes from injury. An-
esthesia was obtained when there was no response to pinch-
ing. Mice were allowed to spontaneously breathe, and their
body temperature was monitored with a rectal probe and
maintained at 37°C with a thermostatically-controlled elec-
tric heating pad (CWE, Inc., Ardmore, PA, USA). Hair was
removed using a trimmer and human hair removal cream
(UOreal, Paris, France), and an incision made in the skin
using a scalpel. After subcutaneous injection of 1% xylocaine
(6H98J2, China Otsuka Pharmaceutical Co. Ltd., Tianjin,
China), muscle was exposed using cotton-swab applicators.
The skull was washed using the same xylocaine solution
and dried with compressed air. Fascia was removed using a
scalpel blade. Next, the area around the intended cranioto-
my (center 2.5 mm anterior of bregma, 2.5 mm lateral, and
3-4 mm diameter) was thinned using a high-speed drill
(ZH-GSZ; Anhui Zhenghua Biological Equipment Co. Ltd.,
Anhui, China) with a small tip steel burr (0.5 mm in diam-
eter). The area was then gently perforated with forceps to
disclose the dura mater, which was removed with scissors.
The cortex was cleaned with artificial cerebrospinal fluid
(119 mM NaCl, 26.2 mM NaHCO,;, 2.5 mM KCI, 1 mM
NaH,PO,, 1.3 mM MgCl,, and 10 mM glucose). Subsequent-
ly, 5% CO,/95% O, was administered for 10-15 minutes, and
then 2.5 mM CacCl, added. The filtrate was obtained using a
0.22-pm filter apparatus (597316; Friends Honestly Life Sci-
ence Company, Ltd., Beijing, China) sterilized and stored at
4°C (HW Press, 2011). The cortex was kept humid. The left
and right side of the holders were gently adjusted until they
were parallel to the recording chamber. Artificial cerebrospi-
nal fluid filled the recording chamber and ensured there was
no leakage along the edge between the recording chamber
and cortex.

Electrophysiological recordings

The surface of the exposed brain was irrigated with artificial
cerebrospinal fluid. In vivo field recordings from the cortex
and hippocampus were performed using a patch electrode
(B100-50-7.5-HP; Friends Honestly Life Science Company,
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Ltd.) (thin-walled borosilicate glass capillary, tip 4-5 pm
diameter, and resistance of 2-3 MQ), filled with the follow-
ing internal solution: 110 mM potassium gluconate, 20 mM
KCl, 10 mM HEPES, 10 mM EGTA, 2 mM MgATP, 5 mM
Na,ATP, and 0.1 mM Na-GTP; pH 7.3. The correct electrode
location was determined using physiological and stereotax-
ic indicators. Under positive pressure (100-200 mbar), the
electrode pipette was slowly advanced into the cortex and
hippocampus at a speed of 0.2 mm/min to minimize trauma
to the brain tissue. The hippocampal electrode was inserted
into the CA1 area (2.0 mm posterior, 2.0 lateral to bregma,
and 1.5 mm ventral to the dura mater) (Paxinos and Watson,
2005), with a prominent amplitude oscillation recorded at a
frequency of 6-7 oscillations/second. The cortical electrode
was inserted into the superficial cortical layer (1.2 mm an-
terior, 2.0 lateral to bregma, and 0.5 mm ventral to the dura
mater).

Cortical and hippocampal extracellular field recordings
were monitored under different isoflurane concentrations,
with 1.7%, 1.3%, 0.8%, and 0.4% isoflurane administered via
an anesthesia machine (AS-01-007; Friends Honestly Life
Science Company, Ltd.). The recording time was 15 minutes
except for 0.4% isoflurane, which was only 5 minutes.

Current-clamp recordings were performed using an
Axopatch 200B amplifier (Molecular Devices, Foster City,
CA, USA). Extracellular field potentials were recorded at a
frequency band of 0.05-3,000 Hz and amplified 200 times.
No significant changes in access resistance were observed
throughout the experiments. At the end of the experiment,
mice were deeply anesthetized with supplemental isoflurane.

Data analysis

Data were analyzed using pCLAMP software (version 10,
Axon Instruments/Molecular Devices, Sunnyvale, USA).
Data are expressed as the mean + SD. Group differences
were tested by one-way analysis of variance (ANOVA) and
Dunnett’s test (post hoc test). P < 0.05 was considered statis-
tically significant.

Results

Electroencephalogram (EEG) of the cortex and
hippocampus

Eight stable in vivo field recordings of the cortex and hippo-
campus were obtained. Figure 1 shows in vivo cortical and
hippocampal field recordings in mice under 0.4% isoflurane
anesthesia.

Next, the effect of isoflurane on cortical and hippocampal
field recordings was investigated. As shown in Figure 2,
under different isoflurane concentrations, hippocampal and
cortical field recordings had different discharge levels. Fur-
ther, with increasing isoflurane, the discharge reduced.

Hippocampal and cortical frequency bands

The isoflurane dose-response on hippocampal and cortical
frequency bands was examined. In the cortex, there were sig-
nificant differences in {, 0, and a signals between 1.7% and
1.3% isoflurane. Further, 1.3% and 0.8% isoflurane showed
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Table 1 Power spectrum in the hippocampus and cortex using different isoflurane concentrations

Concentration of isoflurane (%) Delta (Hz) Theta (Hz) Alpha (Hz) Beta (Hz) Gamma (Hz)
Cortex
1.70 2.6le +4.13¢” 1.35e7+2.00e™ 6.32¢7+1.0le”  1.4le+1.76e” 3.02¢°+6.86e”
1.30 4.57e7+596e"  4.05¢°+5.81e”" 1.43e7°+1.89¢™"  2.11e°+2.29¢ 3.89¢ °+1.05¢”°
0.80 5.82¢°+1.20e” 2.31e+4.05¢ " 1.13e7+1.96e°  3.12¢°+3.8l¢® 3.87¢ °+8.38¢ 7
0.40 1.16e7°+2.76¢” 3.39¢7+5.16¢e” 1.21e7+1.68¢°  2.35¢°+2.35¢”° 3.13¢ °+8.35¢ 7"
Hippocampus
1.70 1.00e°+1.80e™ 6.10e”+1.31¢” 2.02e7+4.67e°  2.58¢°+3.69¢” 2.26e°+7.29¢”
1.30 421e’+6.41e™  3.73e°+6.37e " 1.21e7+2.13¢™  1.53e¢°+1.94e 3.54e°+1.05¢ "
0.80 3.42¢7°+9.44e” 1.37¢7+3.35¢ " 5.76e "+1.44e"  1.59¢7+2.48¢ %" 2.98¢°+8.33e7"
0.40 9.15¢7°+2.58¢”"  2.13e°+3.81e” 7.48¢°+1.23e”  1.88¢7+1.93¢ 2.90e°+8.35¢ 7"

Data are expressed as the mean + SD. Drug effects were analyzed by one way analysis of variance, followed by Dunnett’s test (post hoc test). *P < 0.05,

vs. 1.7% isoflurane; #P < 0.05, vs. 1.3% isoflurane.

significant differences in 0 signal frequency, with y signal
differences also observed between 1.7%, 1.3%, and 0.8% iso-
flurane. In the hippocampus, § signal power increased as iso-
flurane changed from 1.7% to 1.3% and 0.4%. Significant dif-
ferences were found between 1.7% and 1.3% isoflurane, and
1.3% and 0.8% isoflurane in 0 and a signals. Hippocampal
B and y signal power increased as isoflurane changed from
1.7% to 0.4%. Additionally, there was a significant difference
in f signal between 1.3% and 0.8% isoflurane (Table 1). Fig-
ure 3 shows the relationship between power and different
frequency bands under different isoflurane concentrations
delivered within the cortical and hippocampal area. There
was an increase in power at about 40 Hz under all isoflurane
concentrations, however this did not differ significantly be-
tween each group.

In summary, low frequency bands were relatively resistant
to isoflurane in both hippocampal and cortical recordings,
except for 1.7% isoflurane. The suppression effect of isoflu-
rane on high frequency bands was dose-dependent.

Discussion

Here, we have used in vivo field recording to monitor chang-
es in the mouse cortex and hippocampus. Cortical and hip-
pocampal neurons are involved in physiological CNS pro-
cesses such as learning and memory. Consequently, studying
the effect of isoflurane on spontaneous electrical brain activi-
ty may help understanding of neural events during anesthet-
ic-induced unconsciousness. We found that with increasing
isoflurane concentration, spontaneous cortical and hippo-
campal activity was suppressed. Specifically, we observed
a decrease in low frequency bands in the hippocampus
(including §, 6, and a signals) between 1.7% and 1.3% iso-
flurane, and 1.3% and 0.8% isoflurane. Similarly, higher fre-
quency bands showed a declining trend in a dose-dependent
manner. With regards cortical frequency bands, only higher
frequency bands showed a decrease between 1.7% and 1.3%
isoflurane. Further, we also found an increasing trend at 40
Hz under all isoflurane concentrations in both the hippo-
campus and cortex, although none were significantly differ-
ent. These findings are consistent with our unpublished data

on EEG recordings in the mouse hippocampus and cortex
following midazolam treatment.

It is known that the §, 0, and a powers are commonly used
signal variables for assessing cognitive function. Accumu-
lative evidence supports hippocampal 6 as a synchronized
rhythmic oscillation of field potentials at 14-12 Hz in mem-
ory formation (Luft et al., 2013). In this study, we found that
high isoflurane concentrations depressed 6, 6, and o power,
which contributes to anesthetic-induced amnesia (Perouan-
sky et al., 2010). In the mammalian cortex, neural commu-
nication is organized by 30-100 Hz y oscillation, with vy
frequency related to processing speed in neural networks
(Insel et al., 2012). Indeed, 40-Hz oscillation is associated
with various aspects of the conscious process (Desmedt
and Tomberg, 1994; Joliot et al.,1994; Tallon-Baudry et al.,
1996). Numerous studies have addressed the effect of an-
esthetic agents on oscillations in both humans and animals
(Uchida et al., 2000; John et al., 2001; Sleigh et al., 2001).
Hudetz et al. (2011) found that isoflurane at moderate con-
centrations did not suppress cortical oscillations at the 40
Hz frequency. In contrast, high-frequency y power activity
at 70-140 Hz was notably suppressed by isoflurane in a
concentration-dependent manner. Similar observations
were previously shown in the rat hippocampus (Ma et al.,
2002). Sensory stimulation may produce cortical arousal
even during isoflurane anesthesia, which may be responsi-
ble for enhanced y oscillations under anesthesia (Hudetz,
2008). Consistent with these studies, we show that cortical
and hippocampal y signals are sensitive to isoflurane and
decreased with increasing concentration, thereby inducing
unconsciousness.

We also applied electrophysiological methods to examine
CNS mechanisms underlying anesthetic agents. Intracranial
techniques such as local field potentials (LFPs) are not influ-
enced by electromyographic activity, and can analyze higher
frequencies such as y-bands. Thus, LFPs may more accurate-
ly reflect the effect of anesthetics on the brain than electro-
encephalograms, which enables them to precisely examine
anesthetic performance (Silva et al., 2010). There are three
points to attain a successful stable recording: first, during
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recordings, experimental animals should be maintained in a
physiological situation; second, setting of recording cham-
bers should be accurate and careful; third, placing of record-
ing electrodes onto designated areas must be based on good
anatomical knowledge and recognition of characteristic neu-
ronal rhythms. Although we examined features and changes
in electrophysiological activity of cortical and hippocampal
neurons following isoflurane anesthesia, behavioral manifes-
tations or single cell electrophysiological changes still needs
to be investigated in detail.

In conclusion, our study provides a successful method to
obtain stable in vivo field recordings in the mouse cortex and
hippocampus under isoflurane anesthesia. Furthermore, we
show that high frequency cortical and hippocampal bands
are more sensitive to the suppression of different isoflurane
concentrations.
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