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NEUROSCIENCES AND NEUROANAESTHESIA

Single sevoflurane exposure decreases neuronal nitric oxide
synthase levels in the hippocampus of developing rats
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Background. The use of general anaesthetics in young children and infants has raised
concerns regarding the adverse effects of these drugs on brain development. Sevoflurane
might have harmful effects on the developing brain; however, these effects have not
been well investigated.

Editor’s key points

e General anaesthesia is
implicated in
developmental
neurotoxicity in neonatal
animals and in
subsequent cognitive
dysfunction.

Methods. Postnatal day 7 (P7) Sprague-Dawley rats were continuously exposed to 2.3%
sevoflurane for 6 h. We used the Fox battery test and Morris water maze (MWM) to
examine subsequent neurobehavioural performance. Cleaved caspase-3 and neuronal
nitric oxide synthase (nNOS) were quantified by immunoblotting, and the Nissl staining
was used to observe the histopathological changes in the hippocampus.

o The effects of sevoflurane

Results. A single 6 h sevoflurane exposure at P7 rats resulted in increased cleaved caspase-3
on cell death and

expression and decreased nNOS levels in the hippocampus, and induced the loss of pyramidal

neurobehavioural
performance were
studied in neonatal rats.

A single 6 h exposure
produced early evidence
of neuronal death in the

neurones in the CA1 and CA3 subfields of the hippocampus at P7-8. These changes were
accompanied by temporal retardation of sensorimotor reflexes. However, neither the Fox
battery test at P1-21 nor the MWM test at P28-32 showed differences between the air-
and sevoflurane-treated groups.

Conclusions. Although early exposure to sevoflurane increases activated caspase-3
expression and neuronal loss and decreases nNOS in the neonatal hippocampus, it does

hippocampus, but had no
effect on subsequent
neurobehavioural

performance synthase; sevoflurane

not affect subsequent neurobehavioural performances in juvenile rats.
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Animal and human brains grow rapidly during early develop-
ment, making them especially vulnerable to environmental
influences, including general anaesthetics. As anaesthetic and
surgical technology advances, the administration of general
anaesthetics to very young children, including premature
babies, is becoming increasingly common. Accumulating evi-
dence suggests that general anaesthetics administered to neo-
natal animals can have deleterious effects, including
widespread degeneration of neurones and long-term abnormal
social behaviour and cognitive dysfunction.' > This has raised
significant concerns among anaesthesiologists, neuroscientists,
parents, and the media regarding the safety of general anaes-
thetics in infants and neonates.

Sevoflurane is one of the most frequently used inhalation
anaesthetics. It has been used during child labour* and is

especially suitable for infants and children because of its low
blood gas partition coefficient, rapid onset and offset, aromatic
odour, and low pungency into the airway.’ Several studies®
and case reports® have shown epileptiform EEG and seizure ac-
tivity during induction of anaesthesia with sevoflurane. A previ-
ous study reported that no significant neurodegeneration in
primary cortical neurones was found in rats exposed to sevo-
flurane at clinically relevant concentrations.” Conversely, Sato-
moto and colleagues® showed that sevoflurane results in
learning deficits and autism-like abnormal social behaviours
in neonatal mice. Moreover, a study in human volunteers sug-
gested that sevoflurane disrupts human emotional memory
processing.’® These results raise the possibility that sevoflurane
might be harmful to the developing brain. However, the effects
of sevoflurane on immature brains have not been well explored.
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Neuronal nitric oxide synthase (nNOS) is the predominant
NOS isoform in the central nervous system (CNS). During
neuronal development, nNOS is transcriptionally induced in
CNS.'* Furthermore, nNOS in the hippocampus is localized
at sites of neuronal proliferation and migration.*? Nitric
oxide, the product of nNOS, and its downstream effectors
regulate cell proliferation and differentiation in the develop-
ing nervous system by playing a neurotrophic role in neuronal
cell-cell communication.’® * In the hippocampus, nNOS
plays an important role in synaptic plasticity and is involved
in learning and memory.*”

Recent evidence suggests that during the period of rapid
brain development, enhanced degeneration of neurones trig-
gered by anaesthetics is caused by increased intracellular
free calcium,'® a potent activator of nNOS.'” Caspase-3,
a member of the cysteine-aspartic acid protease (caspase)
family, which is essential for normal brain development.
The sequential activation of caspases plays a central role in
the execution phase of apoptosis,’® and cleaved caspase-3
indicates the endogenous levels of activated caspase-3,
a marker of cell apoptosis.’? 2°

To investigate the potential neurotoxicity induced by sevo-
flurane, we exposed neonatal rats to sevoflurane and
assessed the protein expression levels of nNOS and cleaved
caspase-3 in the developing hippocampus. We also exam-
ined neurobehavioural performance to determine whether
a single sevoflurane exposure had deleterious effects on
long-term cognitive function.

Methods

Animals

The use of animals in this study was approved by the Institu-
tional Animal Care and Use Committee at Sun Yat-sen Uni-
versity (Guangzhou, Guangdong, China). All efforts were
made to minimize the number of animals used and their suf-
fering. Male Sprague-Dawley (sp) rats were obtained from
the Experimental Animal Centre of Sun Yat-sen University.
The rats were housed under a 12 h light-dark cycle (light
from 07:00 to 19:00) at 20-22°C. In addition, the rats were
given ad libitum access to water and food. A total of 19
litters consisting of 99 male pups were used in this study.
Each experimental condition had its own group of littermate
controls to minimize variability in the rate of apoptosis.?*

Sevoflurane exposure

Rats at postnatal day 7 (P7, 16-17 g) were randomly divided
into a sevoflurane-treated group (51 rats) and an air-treated
control group (48 rats). Rats in the sevoflurane-treated group
were placed in a plastic container and continuously exposed
to 2.3% sevoflurane for 6 h using air as a carrier with a gas
flow of 2 litre min~ . During sevoflurane exposure, the con-
tainer was heated to 38°C (NPS-A3 heated device, Mideq,
Co., Guangdong, China). Sevoflurane, oxygen, and carbon
dioxide in the chamber were monitored using a gas
monitor (Detex-Ohmeda, Louisville, KY, USA). After 6 h, the
rats were exposed to air only and, when able to move
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freely, were placed back into their maternal cages. During
sevoflurane exposure, an investigator monitored respiratory
frequency and skin colour; if signs of apnoea or hypoxaemia
were detected, the rat was immediately exposed to air and
excluded from the experiment. Rats in the control group
were placed into the container and were exposed to air
only for 6 h.

Arterial blood gas analysis

Arterial blood analysis was performed on P7-8 rats (16-17 g)
from the sevoflurane- and air-treated groups. %* Arterial
blood samples were obtained from the left cardiac ventricle
immediately after removal from the maternal cage (0 h,
n=3 in each subgroup) or after anaesthesia (6 h, n=3 in
each subgroup). Samples were transferred into heparinized
glass capillary tubes and analysed immediately by a blood
gas analyser (Gem premier 3000). The pups were killed by
decapitation at the time of blood sampling and the analysis
of each sample was repeated at least three times.

Behavioural studies

The Fox battery test was used to assess the cerebral matur-
ation of P1-21 rats,”> 2* and the Morris water maze (MWM)
was used to test spatial learning and memory performance
in P28-32 rats.”” %°

The Fox battery test

Fox battery tests were conducted on 12 rats from P1 to P21
(4-55 g) daily between 08:30 and 23:00 which corresponded
to the rats’ active period, as described in previous studies.?® **
At P7, rats were randomly divided into sevoflurane-treated
(n=6) and the air-treated groups (n=6) that were exposed
to sevoflurane or to air for 6 h, respectively. The Fox battery
test was performed after the rats had fully recovered from an-
aesthesia and were able to move freely as described.”® > The
time of the appearance (days) of the eye opening, incisor
eruption, limb grasp, crossed extensor reflex, negative geo-
taxis reflex, and gait reflex was recorded for each rat. Add-
itionally, the time needed to achieve the righting reflex, the
negative geotaxis reflex, and the gait reflex was recorded.
The maximum angle at which the animals could maintain
the position on an inclined board test for 5 s was also
documented.

MWM test

Based on a previous study,”> we performed the MWM test on
P28 (80-100 g) rats using the Water Maze Tracking System
(TME; Chengdu, China) with minor modifications (1984).2°
This test was conducted on both sevoflurane-treated (n=9)
and air-treated groups (n=6). The MWM consisted of a grey
circular tank (100 cm diameter, 50 cm in depth), which
was surrounded by several visual cues. Immediately before
the test, the tank was filled with water [22 (1)°C] to a
height of 30 cm. The tank was equally divided into the
target (T, where a plastic platform was submerged), right
(R), opposite (0), and left (L) quadrants, with four starting
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locations that were equidistant from the rim. We conducted
memory-acquisition trials (training) four times daily for 5
days. A single adaptation trial (without the platform) was
performed and the rats were released into the pool for 60 s
in the absence of any escape platform on day 0. On the follow-
ing 4 days (days 1-4, Place Navigation), two blocks of tests
(morning 08:30-11:00 and afternoon 14:30-15:00) were per-
formed with four trials per block per day for each rat. In each
trial, the rat was placed into the water facing the wall from
one of the four starting points. The escape latency (time to
find the submerged platform), the swimming route to reach
the platform, and the swimming speed were measured by a
computer-operated video tracking system. Once the rat had
reached the platform, it was allowed to remain on the plat-
form for 15 s for orientation purposes. Those rats that failed
to independently find the escape platform within 60 s were
placed on to the escape platform by the experimenter. The
rats were removed afterwards to rest in a heated cage until
the next trial. Four daily trials were averaged for each
animal. On day 5, the memory retention tests (Spatial
Probe) were performed in the absence of a submerged plat-
form in the tank. The rat was placed into the water, facing
the wall from one of the four starting points. Within 120 s,
both the time spent in each quadrant and the swimming
route were recorded. The rats were then removed from the
tank and placed back into the heated cage.

Western blot analysis

Immunoblotting was performed on hippocampi obtained
from 48 P7-8 rats (16-17 g) as previously described.”’ 2%
Briefly, rats were killed by decapitation at 0, 2, 6, and 24
h after 6 h sevoflurane or air treatments, with six rats at
each time point per treatment. The rat brain was quickly
dissected, and the hippocampus was quickly removed
and homogenized in 100 mg ml~* RIPA Lysis Buffer (She-
nergy Biocolor Co., China) with 1% (v/v) PMSF (Shenergy
Biocolor Co., China). The homogenate was centrifuged at
13000g for 20 min at 4°C, and the supernatant was sepa-
rated and stored at —80°C until further use. The proteins
extracted from the hippocampus were separated on a
10% gel by electrophoresis and transferred on to polyviny-
lidene fluoride membranes (Pall Co., USA). The blots were
then incubated with anti-cleaved caspase-3 (1:1000,
rabbit polyclonal, Asp175; Cell Signaling Technology, Inc.,

USA) or anti-B-actin (1:2000, mouse monoclonal; Santa
Cruz Biotechnology, USA) antibodies. The changes in the
protein expression levels of nNOS using an anti-nNOS
antibody (1:500, mouse monoclonal; Santa Cruz Biotech-
nology, USA) were examined using the ECL-PLUS system
(CWBIO, China) and imaged. The B-actin levels were used as
a loading control. Optical density was measured by analysing
scanned images using the Image J software (NIH, USA).
Changes in protein expression ratio (compared with B-actin)
were determined by optical density measurements (n=3 for
each rat hippocampus sample).

Histopathological examination

Sevoflurane-treated (n=6) and air-treated (n=6) rats (P7-38,
16-17 g) were killed for the Nissl staining at 6 h after a 6 h
exposure to either sevoflurane or air. Animals were anaes-
thetized with a lethal dose of 10% chloral hydrate and trans-
cardially perfused with saline through the left cardiac
ventricle until the liver and lungs were cleared of blood, fol-
lowed by 4% paraformaldehyde in 0.1 M PB (NaH,PO,.2H,0
2.96 g, Na,HPO,.12H,0 29 g dissolved in 1000 ml water,
PH 7.4). The perfusion lasted for 15-25 min. The brains
were removed and incubated overnight in the same fixative.
Paraffin blocks of brain tissue (0.5 mm thick) included sec-
tions of the hippocampus at different levels along the septo-
temporal axis and associated areas.? Coronal hippocampal
sections 5 pwm in thickness were Nissl-stained, and examined
under a light microscope (Nikon ECLIPSE, 50i, Japan) to study
the morphological changes of pyramidal neurones in the CA1
and CA3 regions of the hippocampus. We counted cells
imaged from three sections per animal (n=3 for each
group). Nissl-positive cells were counted only if the structures
were of the appropriate size and shape, possessed a Nissl-
positive nucleus and cytoplasmic Nissl-positive particles.
The number of Nissl-positive neurones in the pyramidal cell
layers of the bilateral CA1 regions was counted at x400
magnification by two individuals in a blinded manner.*°
Questionable structures were examined under x 1000 mag-
nification and were not counted if identification remained
uncertain.

Statistical analysis

Values are presented as mean (sem). The SPSS 13.0 software
was used for statistical analysis. We tested for normality

Table 1 Arterial blood analysis. Neonatal exposure to sevoflurane does not induce significant cardiorespiratory dysfunction. Analysis of arterial
blood gas revealed no significant differences in any of the measured parameters between mice exposed for 6 h in the sevoflurane and control
groups to air (t-test, all P-values>0.05). Paco,, arterial carbon dioxide tension; Pao,, arterial oxygen tension

Time (h) n Arterial blood analysis
pH Paco, (kPa) Pag, (kPa) Glucose (mmol litre™?)
Control 0 3 7.39 (0.08) 3.59 (0.43) 13.4 (0.52) 55 + 0.4
6 3 7.38 (0.07) 3.56 (0.45) 13.3 (0.60) 53 + 0.6
Sevoflurane 0 3 7.39 (0.04) 3.58 (0.39) 13.4 (0.44) 5.4 + 0.7
6 3 7.34 (0.06) 3.61 (0.46) 13.3 (0.59) 52 + 05

227



BJA

Feng et al.

using the Shapiro-Wilk test and homogeneity of variance by
Levene’s test. Comparisons of means between two groups
were performed using Student’s t-test or the Wilcoxon
W-test. Statistical significance was assessed using multivari-
ate analysis of variance followed by the Bonferroni multiple
comparison testing. When appropriate, 2x2 comparisons
were made using a least significant difference test. P-values
of <0.05 were considered statistically significant.

Table 2 Appearance of physical and neurological signs in control
or sevoflurane-exposed rats. The values represent the mean (sem)
in days

Days of appearance
Control (n=6)

Sevoflurane (n=6)

Results
Neurobehavioural development of neonatal rats

Physical development

Arterial blood analysis showed that pH, carbon dioxide
tension, oxygen tension, and glucose levels were not signifi-
cantly different between sevoflurane- and air-treated animal
groups (Table 1). Pups treated with sevoflurane appeared
pink during the 6 h of gas exposure. The appearance of eye
opening or incisor eruption did not differ between sevoflurane-
and air-treated animal groups (Table 2).

Reflexes and motor development

In the Fox battery test on P1-21 neonatal rats (Table 2), the
appearance of hindlimb grasp and extensor reflexes was
slightly delayed, but no significant differences were detected
in the sevoflurane-treated group compared with the air-

Eye opening 12.2 (0.09) 12.2 (0.15) treated group. The appearance of the forelimb grasp reflex,
Incisor eruption 5.6 (0.90) 5.6 (0.30) negative geotaxis reflex, or the gait reflex was not altered
Forelimb grasp 2.4 (0.30) 2.5 (0.34) in sevoflurane-treated rats (Table 2). From P1 to P21, the
Hindlimb grasp 10.8 (0.90) 9.3 (0.30) time required by the pups to achieve the righting reflex
Crossed extensor reflex  12.4 (0.40) 11.3 (0.30) (Fig. 1a), negative taxis (Fig. 18), and gait reflexes (Fig. 1c)
Negative geotaxis 20° 5.4 (0.10) 5.4 (0.05) decreased with age in both the air- and sevoflurane-treated
Negative geotaxis 45° 10.4 (1.00) 10.0 (1.00) groups. Although sevoflurane-treated rats at P7 and P9-12
Gait reflex 11.1 (1.02) 10.0 (0.83) displayed slightly lower performance in the righting reflex
(Fig. 1a) and displayed a 20° negative geotaxis (Fig. 1),
A 9.0+ B 48+
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Fig 1 Effects of sevoflurane exposure at P7 on sensorimotor neurobehaviour of neonatal rats from P1 to P28 in the Fox battery test. Daily
performance in the righting reflex (a); in the negative geotaxis on a 20°-tilted (g), and 45°-tilted board (c); and in the gait reflex (p). The
time to achieve the righting reflex (in seconds) is expressed as mean (sem). (e) Daily performance on the inclined board test. The results are

expressed as mean (sem) angle.
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these differences were not statistically significant compared
with air-treated rats in their performances of the 40° nega-
tive geotaxis reflex (Fig. 1c), the gait reflex (Fig. 1p), or the
inclined board test (Fig. 1€). The performance of sevoflurane-
treated rats in the Fox battery test returned to the level of
air-treated control rats at P13 (Fig. 1a-E).

Spatial learning and memory development

During place navigation in the MWM test, P28-32 rats had an
escape latency that was longer in the first trial (Fig. 2a) and
shorter in the last trial (Fig. 28) for every rat tested (n=15) in
air- and sevoflurane-treated groups. This indicated the en-
hancement of escape acquisition (Fig. 2c). No significant differ-
ences were found between these two groups in escape latency
at each time point (Fig. 2c). During the spatial bias of the MWM
test, the average percentage of the swimming distance of
sevoflurane-treated rats (Fig. 2p) compared with that of air-
treated control rats (Fig. 2e) was 38.4% (13.2%) [mean (sem)]
vs 44.5% (6.1%) in target, 21.3% (7.5%) vs 23.8% (5.5%) in
right, 19.3% (9.6%) vs 12.8% (0.7%) in opposite, and 21.0%
(6.9%) vs 19.0% (8.4%) in the left quadrants. Statistical ana-
lyses showed that the average percentage of the swimming
distance in the target quadrant was significantly longer than
in any of the other quadrants of either sevoflurane- or air-
treated control groups (all P<0.05, Fig. 2F). The percentage of
the swimming distance in sevoflurane-treated rats was not sig-
nificantly different from that of air-treated control rats in every
quadrant, including the target quadrant (all P>0.05, Fig. 2F).
The swimming speed measured during the place navigation
trial was not significantly different between sevoflurane-treated
[13.1 (1.9) m min~Y)] and air-treated control rats [12.5 (2.2) m
min~1]. This ruled out the possibility that differences obtained
during place navigation and spatial probe trials were due to
physical impairments.

Sevoflurane-induced expression of cleaved caspase-3
and reduction in nNOS protein in neonatal rat
hippocampus

Expression levels of cleaved caspase-3 (Fig. 3a) and nNOS
(Fig. 38) were examined by western blotting at four time
points (0, 2, 6, and 24 h) after 6 h of sevoflurane or air expos-
ure (Fig. 3c and p). Cleaved caspase-3 protein expression
levels in the hippocampus of sevoflurane-treated rats signifi-
cantly increased from 0 to 6 h, then declined, and was sub-
sequently maintained at a level higher than that of control
rats at 24 h (Fig. 3a). A quantitative study showed that ex-
pression levels of cleaved caspase-3 in the hippocampus of
sevoflurane-treated rats were significantly higher than in air-
treated control rats at each time point (all P<0.01, Fig. 3c).
Expression of cleaved caspase-3 in sevoflurane-treated rats
was significantly higher at 2 and 6 h, compared with any
other time point (all P<0.01, Fig. 3c). There were no signifi-
cant differences between the 2 and 6 h time points (all
P>0.05, Fig. 3¢).

Average escape latency (s)

Swimming distance in
quadrants (%)

Sevo Control

Fig 2 Effects of sevoflurane exposure at P7 on spatial learning
and memory abilities of P28-32 rats in the MWM test. The learn-
ing and memory abilities of sevoflurane- (n=9) and air-treated
(control, n=9) rats were assessed using place navigation (a-c)
and spatial probe trials (o-f). A representative route of a
control rat to reach the escape platform on day 1 (a) and day
4 (). (c) The latencies to reach the escape platform in the 4
day place navigation trials, which show no significant differences
between the control and sevoflurane groups. The results are
expressed as the mean (sem) time in seconds. (b and E) A repre-
sentative route of a sevoflurane-treated rat (p) and a control
rat (g) in search of the escape platform on day 5. T, target quad-
rant; R, O, L, quadrants which were to the right, opposite, or left
of the target quadrant. (F) A comparison of the average percent-
age of the swimming distance in each quadrant of the MWM for
the sevoflurane and control groups. The target quadrant (T) in
the spatial probe trial demonstrates the retention ability of
spatial learning and memory in MWM. ®P<0.05 compared
with the T quadrant within the sevoflurane group; ™P<0.05 com-
pared with the T quadrant within the control group. There were
no significant differences between the control and sevoflurane
groups in any of the quadrants of the MWM.
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Fig 3 Western blot analysis showed that sevoflurane exposure induced an increase in cleaved caspase-3, but a reduction in the nNOS at P7.
(A and 8) Samples were obtained from the hippocampi of rats subjected to air (control, lanes 1-4) or sevoflurane treatment (lanes 2-5, respect-
ively) at 0, 2, 6, and 24 h after treatment. Representative graphs of the effects of sevoflurane on cleaved caspase-3 and nNOS levels are shown. (c)
Expression of cleaved caspase-3 in the sevoflurane group was significantly higher than that in the control group at each time point. The highest
levels of cleaved caspase-3 expression occurred at 6 h, then 2, 0, and 24 h after sevoflurane exposure. There was no significant difference between
each time point. (o) The expression of nNNOS in the sevoflurane group at 24 h after exposure was significantly lower than that in the control group.
The lowest level of NANOS occurred at 24 h, which was significantly lower than at other time points. There were no differences between each control
group. (cand p) *P<<0.05 vs control, 0 h; °P<0.05 vs control, 2 h; ®P<0.05 vs control, 6 h; YP<0.05 vs control, 24 h; and #P<0.05 vs sevoflurane, 0 h;

5p<0.05 vs sevoflurane, 2 h; “P<0.05 vs sevoflurane, 6 h.

Sevoflurane treatment induced a higher level of cleaved
caspase-3 and nNOS protein were lower in sevoflurane-
treated rats from 0 to 24 h compared with control (Fig. 38).
Quantitative studies showed that levels of nNOS in the hippo-
campus of sevoflurane-treated rats were lower than in the
control group at each time point (all P<0.01, Fig. 3p). In
the sevoflurane-treated group, nNOS levels were the
highest at 0 h but the lowest at 24 h (Fig. 3p). The difference
in NNOS expression was significant between all time points of
sevoflurane-treated subgroups (all P<<0.05, Fig. 3p).

Sevoflurane results in histopathological changes
in neonatal rat hippocampus

The Nissl staining revealed neuronal morphology changes
that were apparent in the subfields of the hippocampus at
6 h after sevoflurane exposure. Compared with pyramidal
neurones in the hippocampus of air-treated control rats
(Fig. 4a-b), there were remarkable neuropathological
changes including neuronal loss and nucleus shrinkage in
the CA1 region (Fig. 4 and ). Oedema resulting from the
neuronal cell bodies and cytoplasmic Nissl body loss were
also found in the CA3 region (Fig. 46 and H) of the hippocam-
pus of sevoflurane-treated rats. Statistical analysis showed a
significant decrease in the density of healthy pyramidal neu-
rones in CA1l and CA3 regions of the hippocampus in
sevoflurane-treated rats compared with control rats (all
P<0.05, Fig. 41). These results indicate that sevoflurane ex-
posure induced a reduction in the number of healthy pyram-
idal neurones in the hippocampus.
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Discussion

In this study, we used 2.3% sevoflurane as the highest con-
centration that did not inhibit respiration and circulation in
rat pups under our experimental conditions, compared with
3.28%, which is the minimum alveolar concentration of sevo-
flurane in neonatal rats.>* Thus, 2.3% sevoflurane is compar-
able with that used in the clinical setting. The arterial blood
analysis further confirmed that none of the rats suffered
from apnoea or hypoxaemia during the 6 h sevoflurane
exposure.

Neurones in the developing brain appear to be specifically
vulnerable to neurotoxicity induced by general anaesthetics.
Several studies have shown that sevoflurane exposure of
neonatal animals significantly increases neurone apoptosis
in several brain regions.? 32 33 Consistent with these findings,
this study demonstrated that a single sevoflurane exposure
to neonatal (P7) rats significantly increased the loss of pyr-
amidal neurones in both the CA1 and CA3 subfields of the
hippocampus. This study also showed that nNOS expression
in hippocampal neurones was significantly decreased after
sevoflurane exposure. We found that down-regulation of
nNOS peaked at 24 h and up-regulation of activated
caspase-3 peaked at 2-6 h after sevoflurane exposure.
Because caspases are considered inducers of apoptotic cell
death,?® 32 33 our data suggest that the reduction in nNOS
might result from sevoflurane-induced death of nNOS-
positive neurones. Our results are consistent with results of
a previous report demonstrating that prenatal stress
reduces the density of nNOS-positive neurones in the fascia
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Fig & Sevoflurane exposure-induced histopathological changes in the hippocampus of P7 neonatal rats at 6 h after the 6 h sevoflurane treat-
ment as shown by the Nissl staining. (A-£) Representative photomicrographs of coronal sections of the hippocampus of P7 rats (magnification,
x 100, scale bar, 50 pm in 4, ¢, £, and 6; magnification, x 400, scale bar, 200 pm in 8, b, F, and H). The Nissl-stained normal pyramidal neurones in
the CA1 (a and 8) and CA3 (c and b) regions of air-treated rats. Histopathological changes of the Nissl-stained pyramidal neurones in the CA1
(e and r) and CA3 (e and H) regions of the hippocampus of sevoflurane-treated rats. (1) Comparison of the Nissl-positive pyramidal neurones in
the CA1 and CA3 regions of the hippocampus between sevoflurane- and air-treated rats. Each value represents the mean (sem) (=5 rats per

group). *P<<0.05 compared with air-treated controls in the same region.

dentata and Ammon’s horn of rats.?* However, Cattano and
colleagues found that nitrous oxide induces a pro-apoptotic
effect, which is associated with increased levels of intracellu-
lar free calcium, and followed by the up-regulation of nNOS
and p53 in neonatal rat brain.** > These differences might
be due to tissue-specificity of nNOS gene expression in re-
sponse to anaesthetics. While Cattano and colleagues ana-
lysed NNOS mRNA expression levels in the forebrain, we
investigated nNOS protein expression levels in the hippocam-
pus. Importantly, when applied alone, nitrous oxide failed to
induce robust neuronal cell death,*® 3 whereas sevoflurane,
which potentiates y-aminobutyric acid type A (GABA,) recep-
tors,*® exhibits deleterious effects including widespread de-
generation of neurones and long-term abnormal social
behaviour and cognitive dysfunction when applied to neo-
natal animals.® * 3° Therefore, these two inhaled anaes-
thetics might affect cellular survival and cell death via
different pathways, which could induce changes in nNOS
expression.

Despite the increase in activated caspase-3 expression, the
decrease in NNOS expression, and the neuronal loss in neonatal

hippocampus around P7-8, there were no differences in be-
havioural performances in the MWM test at P28-32. This was
consistent with findings obtained in P7-12 rats on the day of
sevoflurane exposure, where sevoflurane-exposed pups did
not show lower performance in sensorimotor reflexes. Our
results are consistent with previous studies that showed that
prenatal methylenedioxymethamphetamine-exposed pups
displayed lower performances in the Fox battery test from
P2 to P12 and were able to completely recover by P19 to
P28.%* “0 Recovery of neurobehavioural performance of neo-
natal pups indicates a high degree of plasticity of neonatal
rat brain.?* “° This hypothesis was further supported by our
present results from the MWM test, which confirmed that
sevoflurane exposure at P7 does not affect spatial learning
and memory activities at P28-32. Several previous reports
also indicated that sevoflurane exposure induced only short-
term dysfunctions of learning and memory.”* “? Previous
studies showed that a reduction in nNOS expression contri-
butes to deficits in hippocampal-dependent learning and long-
term potentiation,** > and deletion of the nNOS gene in mice
resulted in abnormal social behaviour and impaired remote

231



BJA

Feng et al.

spatial memory.*® Spatial learning and memory are complex,
and involve different brain areas such as the cerebellum,
striatum, cerebral cortex, amygdala, and hippocampus.
The hippocampus has been extensively studied as a part of
the brain system responsible for spatial learning and
memory, the function of which can be specifically detected
by the MWM test.?® Given that sevoflurane exposure can lead
to persistent learning deficits in fear conditioning,® which is
thought to mainly depend upon amygdala function, we
assume that spatial learning and memory functions are less
vulnerable to sevoflurane-induced neurotoxicity. Finally and
most importantly, our data show that sevoflurane-induced
activation of caspase-3 was temporary (peaked at 6 h, but
declined at 24 h). It is possible that nNOS protein expression
in the hippocampus might have returned to levels that
support learning and memory functions at P28-32. Taken
together, the roles of these factors in learning, memory,
and cognitive dysfunction are still unknown and warrant
further study.

In summary, this study demonstrated that a single 6 h ex-
posure of 2.3% sevoflurane in neonatal rats induced neuro-
apoptosis and a reduction in nNOS protein expression in the
hippocampus within 24 h of sevoflurane exposure. However,
sevoflurane exposure did not cause persistent changes in sen-
sorimotor neurobehavioural performance. Moreover, sevoflur-
ane did not affect learning and memory abilities of treated
rats at juvenile ages. Given the serious implications for
public health, further investigations, in particular, clinical
trials, are needed to determine effects of the exposure of
sevoflurane in early life on learning and memory abilities.
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