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Abstract Parvalbumin (PV) interneurons are critically
involved in the cognitive processes. Based on prior in-
vestigations that environmental enrichment reverses im-
paired cognition after anesthetic exposure, we proposed that
environmental enrichment protects PV interneurons and there-
by improves sevoflurane-induced cognitive impairments. Six-
day-old C57BL/6 male mice were exposed to 3 % sevoflurane
or 30 % oxygen/air 2 h daily for 3 days from postnatal day 6
(P6) to P8. The mice were randomly allocated to an enriched
environment for 2 h daily between P8 and P90 or a standard
environment. Western blotting and immunofluorescence were
used for determining PV expression in the prefrontal cortex
and hippocampus. In another set of experiments, cognitive
tests were assessed by the open field test (P41), Morris water
maze test (P54-60), and fear conditioning tests (P42—43 and
P89-90). Exposure of neonatal mice to sevoflurane resulted in
a reduced freezing response in the contextual test at P43 but
not P90. The PV expression in these mice was decreased at P9,
P14, P28, and P42, but not at >P60. No colocalization of
caspase-3 and 5-bromo-2-deoxyuridine or caspase-3 and PV
was observed, suggesting that caspase-independent pathways
may be involved in the mediation of sevoflurane-induced
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down-regulation of PV. The sevoflurane-exposed mice that
were placed in an enriched environment exhibited normal be-
havior and had PV interneurons that did not differ from those
in the control mice at P42—43. Neonatal sevoflurane exposure
induces a reduced freezing response in the contextual test at
P43 and developmental delays in PV interneurons in the pre-
frontal cortex and hippocampus. Placement of the
sevoflurane-exposed mice in an enriched environment can
prevent these abnormalities.
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Introduction

Sevoflurane is currently a common inhalational anesthetic for
general anesthesia induction and maintenance, especially for
obstetric and pediatric patients [1—4]. Several lines of evi-
dence from animal studies suggest the clinically relevant con-
centration of sevoflurane exposure can induce robust
neuroapoptosis in the neonatal brain and cause subsequent
long-term neurobehavioral abnormalities later in life [1-4].
Several mechanisms, including the compromise of mitochon-
drial integrity and neuroapoptosis [5], a decrease in the brain-
derived neurotrophic factor [6], the enhancing of gamma-
aminobutyric acid type A receptor-mediated excitation [7],
an increase in the levels of stress hormones [8], activation of
the inflammatory signaling pathways [9], and inhibition of
neurogenesis [10] have been proposed, but the mechanisms
underlying sevoflurane-induced neurocognitive impairment
remain to be elucidated.

Parvalbumin (PV) interneurons are a subset of inhibitory
GABAergic neurons that control the excitability of post-
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synaptic pyramidal neurons [11]. Abnormalities in PV inter-
neurons are apparent in several neuropsychological diseases,
including epilepsy [12], schizophrenia [13], Alzheimer’s dis-
ease [14], and depression [15]. Disturbances in the functional
maturation of PV interneurons during the peri-adolescent pe-
riod may trigger the occurrence of schizophrenia, while ma-
ternal separation of male rats leads to a reduction of PV ex-
pression in the prefrontal cortex (PFC) and causes subsequent
working memory impairments in adolescence [16]. PV is yet
to be expressed by P7 and PV interneurons undergo final
differentiation within postnatal day 21; hence, their maturation
could be susceptible to environmental insult during this criti-
cal period [17]. Although a single sevoflurane exposure to
neonatal rats causes the loss of pyramidal neurons in the hip-
pocampus [2], whether sevoflurane exposure during brain de-
velopment, especially during the brain growth spurt, affects
PV interneurons is poorly understood.

In the current study, we investigated whether the de-
velopmental trajectories of PV interneurons in the PFC
and hippocampus are altered after neonatal sevoflurane
exposure in mice. Because previous studies have shown
that an enriched environment can normalize PV interneu-
rons under many pathological states [18, 19], the second
aim of the present study was to assess whether an
enriched environment can reverse cognitive impairments
and normalize the neurochemical profile of PV interneurons
associated with sevoflurane exposure.

Materials and Methods
Animals and Housing

The present study was performed in accordance with the
ARRIVE guidelines and the Guide for the Care and Use of
Laboratory Animals from the National Institutes of Health
(Bethesda, MD, USA), and was approved by the Ethics
Committee of Jinling Hospital, Nanjing Medical University,
China. C57BL/6 dams (n=42) with litters containing male
pups (n=324) were purchased from Nanjing University,
Nanjing, China, and were housed under controlled illumina-
tion (12-h light/dark, lights on at 7:00 a.m.) and temperature
(24 £ 1 °C) with free access to food and water. To minimize the
influence of litter variability, no more than two pups from each
litter were used for each experimental subgroup. Furthermore,
we used only male offspring to exclude the influence of
estrogen on the biochemical data and neurocognitive
function. Six-day-old male C57BL/6 mice were randomly
assigned to one of the following four groups: control +
standard environment group (n=98), control + enriched
environment group (n=064), sevoflurane + standard envi-
ronment group (n=98), or sevoflurane + enriched
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environment group (n=64). The flow chart of the experimen-
tal protocol is displayed in Fig. 1a.

Anesthesia

Mice in the sevoflurane groups received 3 % sevoflurane
(30 % oxygen/air) for 2 h a day for three consecutive days
in the anesthetizing chamber where the animals were kept
warm on a plate to maintain a rectal temperature of
37+0.5 °C, as described in our previous study [9].
Mice in the control group received 30 % oxygen/air at
the same flow rate in a similar chamber. The mice
breathed spontaneously, and the sevoflurane and oxygen con-
centrations were measured continuously (GE Datex-ohmeda,
Tewksbury, MA, USA). The mice were returned to their
mothers after return of the righting reflex upon termination
of the sevoflurane exposure.

Experimental Design

The enriched environment in the present study was performed
as described in previous study with minor modifications
[18, 19]. The mice in the enriched environment groups were
put into the enriched environment (60 cm > 50 cm x40 cm)
every day for 2 h from P8—P90, while the mice in the standard
environment groups were moved to the new cage
(30 cm %25 cmx 15 cm) with bedding but no toys for 2 h/
day throughout the experiment (Fig. 1b). To maintain novelty,
the objects in the cage were changed two to three times per
week to provide challenging stimulation. The mice were
allowed to stay with mothers from P8 to P21 and were then
weaned from P22 to P90 in all groups. Afterward, the mice
underwent one of the three experimental protocols: (1) eutha-
nized at P9 (short-term effects of sevoflurane exposure on PV
expression), P14 (critical developmental period of PV in-
terneuron), P28 (maturation of PV interneuron), P42 (ad-
olescence), P60 (early adulthood), and P90 (adulthood) to
determine whether sevoflurane exposure affected PV in-
terneurons; (2) euthanized 7 h after the last sevoflurane
exposure to investigate whether sevoflurane exposure-
induced developmental neuroapoptosis affected PV inter-
neurons; and (3) sacrificed 7 h after the last sevoflurane
exposure to define whether sevoflurane exposure affected
neurogenesis. For this purpose, P8 mice were i.p. injected
with 5-bromo-2-deoxyuridine (BrdU, 50 mg kg ', 2x,
4.5 h apart; Sigma-Aldrich, St. Louis, MO, USA) just
prior to the last sevoflurane exposure, and killed for brain
tissue collection 9 h later. We selected this time interval
on the basis of the following two reasons: it is within one
cell cycle and it is near the peak time after sevoflurane
exposure.
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Arterial Blood Gas Analysis

Before blood sampling, all mice received 3 % sevoflurane
in 30 % oxygen for 5 min to prevent pain and hyperpnea.
Arterial blood sampling from the left cardiac ventricle
was performed as previously described with minor modi-
fications [9]. Arterial blood gas analysis was performed
immediately after the last sevoflurane exposure or 30 %
O, exposure (P8) with an arterial blood gas analyzer
(GEM Premier 3000, Instrumentation Laboratory,
Guangzhou, China).

Behavioral and Cognitive Tests

The behavioral and cognitive alternations were assessed
by the open field test (P41), Morris water maze test
(P54-60), and fear conditioning tests (P42-43 and
P89-90, respectively). All behavioral procedures were
conducted at daytime from 2:00 PM to 5:00 PM in a
sound-isolated room. All behavioral tests were recorded
by the same investigator, who was blinded to the animal
grouping as previously described [9, 20]. Those animals
were not subjected to further laboratory analysis.

v v .
P7 P8 PSP9 Pl4 P28 P42 P60 P90
e AX A A A A A
WB and/or IF
Control+SE
Control+EE
Sevoflurane+SE

- Sevoflurane+EE

T T T T T T T T T
8 10 14 21 28 35 42 49 60 90
Postnatal day

Open Field Test

The open field test was performed to detect locomotor activity
at P41. Each mouse was released in the center of the arena and
its habituation to an open field was tested systematically within
the same plastic chamber (40 cm x40 cm %45 cm) for 5 min.
The total distance traveled and the time spent in the center of
the open field were recorded. The arena was cleaned with 75 %
ethanol to avoid the presence of olfactory cues.

Fear Conditioning Test

Considering sevoflurane exposure can result in persistent cog-
nitive impairments as assessed in the fear conditioning test
[21], we performed this test at P42 to 43 and then again at
P89 to 90. This test was examined in a black plastic chamber,
with a stainless steel grid floor. The mice were allowed to
explore for 3 min for habituation, then a 30 s, 80 dB, 1 kHz
tone (CS), which co-terminated with a2 s, 0.75 mA foot shock
(US) was delivered through stainless steel bars by a constant
current generator. A contextual test was performed in the con-
ditioning chamber for 5 min without any stimulation 24 h after
the conditioning trial. A cued test was performed by presen-
tation of the cue (80 dB noise, 3 min duration) in another
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context with distinct visual and tactile cues. The cued test was
conducted 2 h after the contextual test.

Morris Water Maze Test

Spatial learning and memory function of the mice was evalu-
ated by the Morris water maze at P54-60. The water maze
pool (120 cm in diameter) contained opaque water and a plat-
form (10 cm in diameter) was placed in one quadrant of the
pool with the top of the platform 1 cm below the water surface.
For spatial training sessions, mice were given four trials per
day to locate the hidden platform for six consecutive days.
Each trial began with the mouse being released facing the side
wall at one of the four quadrants and given 60 s to locate the
hidden platform, the quadrant where the platform was previ-
ously situated was considered as the target quadrant (T) and
the remaining quadrants were defined as opposite (O), right
(R), and left (L), respectively. The mouse was allowed 60 s to
find the platform upon which they sat for 30 s. If the mouse
did not find the platform within 60 s, it was gently guided
there and allowed to stay for 30 s. Twenty-four hours after
the last training session, the platform was removed from the
pool and the mouse was placed in the opposite quadrant, and a
60-s probe trial was performed.

Western Blotting Analysis

Mice were anesthetized by i.p. injection of sodium pentobar-
bital (50 mg kg ') and the PFC and hippocampus were har-
vested at P9, P14, P28, P42, P60, and P90 for western blotting
analysis. The samples were homogenized in ice-cold lysis
buffer (1 % Nonidet P-40, 0.1 % sodium deoxycholate,
0.1 % SDS, 66 mM EDTA, 10 mM Tris-HCI, pH 7.4) supple-
mented with protease inhibitor cocktail, and centrifuged at 13,
000xg for 10 min at 4 °C. The supernatant was saved and its
protein concentration was determined by Bradford assay.
Forty micrograms of proteins per lane was separated on
SDS-PAGE gels. The separated proteins were then transferred
to polyvinylidine fluoride membranes. After blocking with
5 % skimmed milk in Tris-buffered saline with Tween
(TBST), the membranes were incubated with goat anti-PV
(1:1000; Abcam, Cambridge, UK) and mouse anti-GADPH
(1:1000; Cell Signaling, Boston, MA, USA) overnight at 4 °C
room. After washing in TBST three times, horseradish perox-
idase (HRP) conjugated secondary antibodies (rabbit anti-goat
and goat anti-mouse [Bioworld Technology, Inc., USA]) di-
luted 1:5000 were used to incubate the membranes for 1 h at
room temperature. The protein bands were detected by en-
hanced chemiluminescence, exposed onto X-ray film, and
quantified with Image J software (National Institutes of
Health, Bethesda, MD, USA). The results from animals under
various experimental conditions then were normalized by the
mean values of the corresponding control animals.
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Immunofluorescence

The mice were anesthetized with 2 % sodium pentobarbital
(50 mg kg ', i.p., Sigma) and transcardially perfused with
30 mL of saline followed by 4 % paraformaldehyde in
phosphate-buffered saline (pH 7.4). Brains were immediately
removed, postfixed in the same 4 % paraformaldehyde for 2 h,
and dehydrated in 30 % sucrose at 4 °C overnight. The brains
were embedded in optimum cutting temperature compound,
cut in 10-pum-thick sections on a freezing microtome, and
mounted on glass slides. Slices were blocked with 1 % bovine
serum albumin for 1 h at room temperature followed by incu-
bating the following primary antibodies: rabbit anti-PV
(1:600; Abcam, Cambridge, UK), mouse-anti Brdu (1:200;
Sigma, St. Louis, MO, USA), mouse anti-PV (1:600;
Millipore, MA, USA), and rabbit anti-caspase-3 (1:200; Cell
Signaling, Boston, MA, USA) in 1 % bovine serum albumin
at4 °C overnight. After three washes with phosphate-buffered
saline, sections were incubated with the secondary antibodies,
including goat anti-rabbit IgG-FITC (1:300; Santa Cruz
Biotechnologies, Dallas, TX, USA) and goat anti-mouse
IgG-cy3 (1:600; Bioworld, MN, USA) for 1 h at room tem-
perature. After washing out the secondary antibody, sections
were incubated with 4', 6-diamidino-2-phenylindole (DAPI)
for nuclear staining. The fluorescent images were captured by
a confocal microscope (Olympus, Melville, NY, USA).

Statistical Analysis

Data are presented as mean+ standard error of measurement
(SEM). The Statistical Program for Social Sciences software
(Version 16.0; SPSS Inc., Chicago, IL, USA) was used for
statistical analysis. The normality assumption test was per-
formed using the Shapiro-Wilk test with the P value set at
0.05. Single comparisons were tested using the unpaired ¢ test.
Multiple comparisons used one-way, two-way, or repeated-
measures of analysis of variance (ANOVA) followed by a
Bonferroni test. Bivariate relationship was evaluated by the
Pearson correlation coefficients. A P value of <0.05 was
regarded as a statistically significant difference.

Results

There was no significant difference in body weight gain among
the groups throughout the experiment (P>0.05, two-way
ANOVA; Fig. 1c). In addition, repeated exposure of neonatal
mice to sevoflurane did not significantly change the pH, arte-
rial oxygen (PO,), or carbon dioxide tension (PCO,) values
compared with the control group (all P>0.05, unpaired ¢ test).

No significant difference was observed in the total locomo-
tor activity (F3, 44=0.257, P=0.856, one-way ANOVA;
Fig. 2a) and the time spent in the center (F3, 44=0.03,



Mol Neurobiol (2017) 54:3759-3770

3763

Fig. 2 Sevoflurane exposure- A B
induced cognitive impairments =% —
were reversed by enriched é 2 157
- o
environment. a The total ' g — I )
locomotor activity and b the time > 60 g
spent in the center in the open E : 10 T T
field test (n=12). ¢ The freezing - 2 <
time to context and d the freezing P41 § £
time to cue at P43 in the fear s £ 54
conditioning test (n=12). e The £ 20 2
freezing time to context and f the - 3
freezing time to cue at P90 in the - 0 £ 0
fear conditioning test (n=12). g = ' = ' '
Escape latency and h the time
spent in the target quadrant in the C * * D
Morris water maze (n=12). Data 50 S 50 -
are expressed as mean + SEM. X - T =
. N’
SE, standard environment; EE, % 404 é 01 —
enriched environment e g
£ 30+ © 30+
P42-43 ° £
= 204 %0 204
80 =
8= )
N )
o 104 = 104
E =
0 T 0 T T
50+ 40
NS
< &= -
= 40+ S ——
B o — — — e 30A
£ g
§ 30 2
£ 20
P89-90 < | g
= S
S 104 § 10
2 =
= . 0 : ‘
© $ < & < & < $
\X% \XQ) z‘x% QXQ) \X% \XQ) @X% @XQ)
& &L S S &L © & &
& & & & &
of e o8 ot
60 -o- ControHSE - 409 mm ControlSE
- -m- ControHEE < 2 ControHEE
L 507 =i= Sevoflurane+SE ‘g 304 E= Sevoflurane+SE
z -¥- Sevoflurane+EE £ o Sevoflurane+EE
3
P54-60 £
© 30
=3 =1
B o
20+ ]
& £
10+ =

P=0.993, one-way ANOVA; Fig. 2b) among the four groups.
The freezing time of mice exposed to sevoflurane was signif-
icantly reduced in the contextual test when compared with
those of controls at P43 (F5, 44=4.828, P=0.005, one-way
ANOVA; Fig. 2¢). However, there was no significant differ-
ence in the freezing time to tone between the groups at P43

(F3, 44=0.247, P=0.863, one-way ANOVA; Fig. 2d). An
enriched environment significantly reversed the decreased
freezing time to context of the sevoflurane-treated mice.
However, no difference in the freezing time to context
(F3, 44=0.084, P=0.968, one-way ANOVA; Fig. 2e) or
the freezing time to tone (F3, 44=0.303, P=0.823, one-
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way ANOVA; Fig. 2f) was observed among the four
groups at P90. There was no difference in the escape
latency (F5, 44=2.104, P=0.113, repeated-measures of
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ANOVA; Fig. 2g) and the time spent in the target quad-
rant (F3, 44=1.014, P=0.395, one-way ANOVA;
Fig. 2h) among the four groups.
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<« Fig. 3 Effects of sevoflurane and EE on PV levels in the PFC and

hippocampus by western blotting. a Representative images of PV in the
PFC and hippocampus by western blotting at P9 and P14 and b band
density analysis of PV levels in the PFC and hippocampus at P9 and P14
(n=5), *P<0.05 vs. control. ¢ Representative images of PV in the PFC
and hippocampus by western blotting at P28 and d band density analysis
of PV levels in the PFC and hippocampus at P28 (n=5), *P <0.05 vs.
sevoflurane+SE. e Representative images of PV in the PFC and
hippocampus by western blotting at P60 and f band density analysis of
PV levels in the PFC and hippocampus at P60 (n=15). g Representative
images of PV in the PFC and hippocampus by western blotting at P90 and
h band density analysis of PV levels in the PFC and hippocampus at P90
(n=5). Data are expressed as mean+SEM. SE, standard environment;
EF, enriched environment; PV, parvalbumin; PFC, prefrontal cortex; Hip,
hippocampus

Sevoflurane exposure decreased PV expression at P9 (PFC:
t=5.88, P<0.001; hippocampus: ¢t=7.571, P<0.001, un-
paired ¢ test; Fig. 3a, b), P14 (PFC: t=6.424, P<0.001; hip-
pocampus: =15.807, P<0.001, unpaired ¢ test; Fig. 3a, b), P28
(PFC: F5, 16=15.749, P<0.001; hippocampus: F5_16=15.828,
P=0.007, one-way ANOVA; Fig. 3c, d), and P42 (PFC: F;,
16=13.206, P<0.001; hippocampus: F3_ 1=3.592, P=0.037,
one-way ANOVA; Fig. 5c, d) compared with those of con-
trols, whereas an enriched environment was able to re-
verse the decreased PV expression for the sevoflurane-treated
mice at both P28 and P42. However, the decreased PV expres-
sion recovered at P60 (PFC: t=0.535, P=0.608; hippocam-
pus: t=0.48, P=0.644, unpaired ¢ test; Fig. 3g, h) and there-
after at P90 (PFC: r=0.885, P=0.402; hippocampus:
t=0.613, P=0.701, unpaired ¢ test; Fig. 3g, h).

Consistent with the western blotting data, the immunoflu-
orescence results also revealed sevoflurane exposure induced
a significant decrease in PV expression at P9 (PFC: 1=9.892,
P<0.001; CA1l: t=6.608, P<0.001; CA3: t=12.408,
P<0.001, unpaired ¢ test), P14 (PFC: t=8.44, P<0.001;
CAl:¢=4.448, P<0.001; CA3: t=6.897, P<0.001, unpaired
ttest; Fig. 4a, b), P28 (PFC: F3 ,5=8.671,P<0.001; CAl: F;,
28=8.53, P<0.001; CA3: F5 »3=19.921, P<0.001, one-way
ANOVA; Fig. 3¢, d), and P42 (PFC: F5, ,3=8.413, P<0.001;
CAl: F; ,3=12.18,P<0.001; CA3: F5 ,3=17.46, P<0.001,
one-way ANOVA; Fig. 5a, b) when compared with those of
controls. An enriched environment was sufficient to normalize
the decreased PV expression for the sevoflurane-treated mice
at both P28 and P42. In addition, the linear regression analysis
showed that PV expression in the PFC and hippocampus was
positively correlated with the freezing time to context at P42
(P<0.001; Fig. 5e, f). However, we found that sevoflurane or
EE did not affect the number of PV interneurons in the PFC
and hippocampus (data not shown).

The immunofluorescence data did not show colocalization
of caspase-3 in the majority of PV-positive neurons in the PFC
(Fig. 6a), indicating the abnormalities in PV interneurons are
not due to the apoptotic effects of sevoflurane exposure. Also,
there was no colocalization of caspase-3 or BrdU in the PFC

(Fig. 6b), suggesting sevoflurane exposure did not target the
proliferating neurons during this stage of development.

Discussion

In this study, we found that repeated exposure of neonatal
mice to sevoflurane resulted in unaltered behavior in the open
field and Morris water maze tests. These findings are in agree-
ment with reports from other laboratories suggesting that mice
could be more resistant to the developmental effects of general
anesthetics when compared to neonatal rats [22]. Despite ob-
vious resistivity of neonatal mice to the developmental effects
of sevoflurane, we did find a significant impairment in freez-
ing response in the contextual test at P43 that was accompa-
nied by neurochemical disturbances in PV interneurons in the
PFC and hippocampus. Development of these abnormalities
was precluded in mice periodically exposed to the enriched
environment providing indirect evidence that impairments in
PV expression and freezing response in the contextual test
may be causally linked. Importantly, our findings indicate that
these sevoflurane-induced developmental effects in neonatal
mice are transient in nature. The transient effects of
sevoflurane could be another reason why we were not able
to detect behavioral changes in the Morris water maze at P54.
Thus, another study in mice using similar protocol, anesthesia
with 3 % sevoflurane at P6, found spatial learning and
memory impairments in the Morris water maze test performed
at P30-P36 [3].

Accumulating evidence has suggested drugs that block V-
methyl-D-aspartate (NMDA) receptors and/or activation of
gamma-aminobutyric acid receptors can cause widespread
neuroapoptosis in the developing brain and result in subse-
quent long-term neurobehavioral abnormalities later in life
[1, 23]. Sevoflurane is an inhalation anesthetic commonly
used in obstetric or pediatric surgery and has been shown as
a NMDA receptor antagonist [1]. It has been proposed that
3 % sevoflurane exposure to P6 mice for 6 h causes long-
lasting neurocognitive dysfunction [1]. However, in another
study comparing isoflurane to sevoflurane exposure in P7 rats,
neither isoflurane nor sevoflurane was associated with im-
paired cognitive impairments when tested from 31 to 40 days
after the anesthetics exposure [24]. Moreover, one recent
study suggested that sevoflurane anesthesia even improves
cognitive impairments, as reflected by reduced latency to find
the hidden platform in both young adult and aged rats treat-
ment when tested 1 week after exposure [25]. These discrep-
ancies might be attributed to the differences in methods of
anesthetic exposure, animal species (rats vs. mice), pharma-
cology (sevoflurane vs. isoflurane), anesthetic concentrations,
anesthetic durations, and time to perform the cognition tests.
However, the mechanism by which neonatal sevoflurane
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Fig. 4 Effects of sevoflurane and A Day 9

o"

Day 14

EE on PV expression in the PFC
and CAl and CA3 regions of
hippocampus by
immunofluorescence staining.
Representative images of a PV in
the PFC, the CAl, and CA3
regions of the hippocampus at P9
and P14 (nuclei counterstained
with DAPI, scale bar 100 pum).
Fluorescence intensity of b PV in
the PFC, CALl, and CA3 regions
of'the hippocampus at P9 and P14
(n=38), *P<0.05 vs. control.
Representative images of ¢ PV in
the PFC, the CAl, and CA3
regions of the hippocampus at
P28 (nuclei counterstained with
DAPI, scale bar 100 pm).
Fluorescence intensity of d PV in
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exposure induces cognitive impairments remains poorly
understood.

PV interneurons represent a subpopulation of GABAergic
interneurons that have been shown to play a key role in the
generation of gamma oscillations, which provide a fundamen-
tal mechanism of information processing during sensory per-
ception, motor behavior, and memory formation by
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coordinating neuronal activity in networks of the hippocampus
and neocortex [11]. Dysfunction of PV interneurons, as evi-
denced by decreased expression of GABA-related genes such
as the 67-kDa isoform of glutamate decarboxylase or PV, is
closely linked to the cognitive deficits in schizophrenia [26]
and Alzheimer’s disease [14]. This apparent phenotype loss
(represented by decreased expression of PV) in PV
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Fig. 5 Effects of sevoflurane and
EE on PV levels in the PFC and
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CA1 and CA3 regions of
hippocampus at P42—-43.
Representative images of a PV in
the PFC, CALl, and CA3 regions
of the hippocampus at P42 (nuclei
counterstained with DAPI, scale
bar 100 pum). Fluorescence
intensity of b PV in the PFC,
CA1, and CA3 regions of the
hippocampus at P42 (n=8). ¢
Representative image of a single
western blotting and d band
density analysis of PV levels in
the PFC and hippocampus at P42
(n=75). e, f Correlation analysis of
the freezing time to context and C
PV levels in the PFC and

hippocampus (n = 16). Data are
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interneurons led to the suggestion that dysfunction of these PV
interneurons may have substantial functional repercussions on
local inhibitory processes in the hippocampus and neocortex.
Interestingly, sevoflurane is reported to cause epileptiform
electroencephalographic activity [8], which may reflect a dis-
ruption in the normal balance of excitation and inhibition in the
brain. The hyperexcitatory events raise significant concerns
because they may potentially lead to subsequent cognitive im-
pairments [21]. Because PV interneurons control the excitabil-
ity of post-synaptic pyramidal neurons, it is possible that re-
duced PV expression results in diminished cortical inhibitory
drive, which ultimately may lead to epileptiform electroen-
cephalogram and consequent cognitive impairments.
Convergent evidence suggests the balance between excita-
tion and inhibition is fundamental for the development of
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functional neuronal networks throughout the period of post-
natal development [27, 28]. In contrast to excitatory neurons,
inhibitory interneurons have multiple phenotypes that vary in
morphology, neurochemistry, and physiology, and represent
only 20 to 30 % of neurons in the cortex [11]. In addition,
inhibitory networks play a key role in the experience-
dependent refinement of neural networks that last through
the first postnatal 4 weeks [29, 30]. In the present study, we
show that repeated sevoflurane exposure caused a significant-
ly decreased PV expression. It has been demonstrated that
acute ketamine administration induces PV interneuron pheno-
type loss during the period of highest vulnerability to prenatal
stress [31]. Because sevoflurane can function as an NMDA
receptor antagonist, it is not surprising that sevoflurane expo-
sure can also result in PV interneuron phenotype loss.
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Fig. 6 Double-
immunofluorescence staining to
detect colocalization of PV and
caspase-3 or caspase-3 and BrdU
in the PFC. a Representative
images of PV (green) and
caspase-3 (red) in the PFC (nuclei
counterstained with DAPI (blue),
scale bar 30 um, n=28). b
Representative images of
caspase-3 (green) and BrdU (red)
in the PFC (nuclei counterstained
with DAPI, scale bar 30 um,
n=38). PV, parvalbumin; Brdu,
5-bromo-2-deoxyuridine

Importantly, we report here that this PV interneuron pheno-
type loss co-occurs with the appearance of cognitive impair-
ments, highlighting a possible association between PV inter-
neuron dysfunction and consequent cognitive impairments as-
sociated with sevoflurane exposure.

Because it has been suggested that an enriched environ-
ment can normalize PV interneurons under many pathological
states [18, 19], we compared mice reared in an enriched envi-
ronment to those reared in standard housing. An enriched
environment is a non-invasive, non-pharmacological inter-
vention that exerts beneficial effects on cognitive impairments
in various brain diseases [32], including inhalational anes-
thetics exposure-induced cognitive impairments [33, 34].
Notably, we found that the sevoflurane-exposed mice that
were placed in an enriched environment exhibited almost nor-
mal PV expression, while 1 month of an enriched environment
was sufficient to reverse sevoflurane exposure-induced cogni-
tive impairments and prevent the decrease in PV expression
compared to housing in a standard environment. By contrast,
early life stress such as maternal separation leads to a reduc-
tion of PV expression in the PFC and causes subsequent work-
ing memory impairments in adolescence [16]. Since activity-
dependent regulation of gene expression is critical for inhibi-
tory network remodeling through life experiences [29, 30], it
is possible that beneficial effects of an enriched environment
might be related to its ability to enhance neuronal viability or
possibly by providing sufficient compensatory inhibition to
the overexcited hippocampal circuitry. Finally, our results re-
vealed that there was no colocalization of caspase-3 and PV
interneurons, suggesting that caspase-independent pathways
may be involved in mediation of the decreased PV expression

@ Springer
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induced by sevoflurane [35]. Also, there was no colocalization
of BrdU and PV interneuron, indicating the abnormalities of
PV interneurons were not due to the effect of sevoflurane on
the proliferating cells.

In summary, our results show that repeated exposure of
neonatal mice to sevoflurane resulted in altered PV expression
and freezing response in the contextual test later in life, while
enriched environment ameliorated all these abnormalities.
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