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Abstract: Objective: Though sevoflurane has been widely used as an anesthetic in surgery, recent studies have
shown that exposure to sevoflurane alone could lead to postoperative cognitive dysfunction (POCD), of which the
mechanisms still remain largely unknown. The medial prefrontal cortex (MPFC) is known to be implicated in various
cognitive impairments, including working memory and attentional processes. In the present study, we tried to identify
dysregulated gene expression in mPFC and investigate the underlying mechanisms involved in POCD. Methods:
Behavioral tests, including elevated plus-maze, O-maze, and Y-maze tests, were performed on Wistar rats exposed to
sevoflurane. Whole-genome mRNA profiling of mPFC from Wistar rats after exposure to sevoflurane was carried out.
Real-time polymerase chain reaction (PCR) was done to verify the differentially expressed genes. Results: Significant
impairment of working memory of rats after exposure to sevoflurane was observed. A total of 119 of 7319 detected
mRNAs showed significantly different expression between rats with and without sevoflurane exposure (fold change
(FC)>2.0, P<0.05, and false discovery rate (FDR)<0.05), among which 74 mRNAs were down-regulated and 45
mRNAs were up-regulated. Postsynaptic density-95 (PSD95, also named DLG4) showed the most significantly de-
creased expression in mPFC and further investigation indicated that PSD95 expression level was correlated with
spatial working memory performance. Conclusions: Our study revealed that PSD95 might be involved in the mecha-
nism of POCD, which could provide clues for preventing POCD in clinical operations.
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1 Introduction have shown that exposure to inhaled anesthetics,
including isoflurane (Liang et al., 2010) and sevoflu-
Though anesthesia greatly eases the pain of pa-  rane (Xie et al., 2008), could induce neuropathologic
tients undergoing surgical operations, recent studies  changes, such as neuron apoptosis and increased [3-
amyloid protein levels. Besides, evidence from animal
 Corresponding author models suggested that general anesthesia with volatile
¥ The two authors contributed equally to this work anesthetics alone produced abnormal social behaviors
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B004by) and the Bengbu Medical College (No. BYKY 1424ZD), China . . .
# Electronic supplementary materials: The online version of this article 2009) and postoperative cognitive dysfunctlon (POCD)
(http://dx.doi.org/10.1631/jzus.B1500006) contains supplementary (Xie et al., 2008; Dong et al., 2009).
materials, which are available to authorized users Until now, many dysregulated proteins and bi-
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POCD caused by sevoflurane exposure, have been
identified. For example, Chen et al. (2013) demon-
strated that sevoflurane could induce endoplasmic
reticulum stress in hippocampal neurons of aged rats.
Xiong et al. (2013) also reported that the cyclic
adenosine monophosphate (cAMP)/cAMP response
element-binding protein (CREB) signaling pathway
was down-regulated in aged rats after exposure to
sevoflurane. However, the mechanisms underlying
POCD caused by sevoflurane still remain largely
unknown.

The medial prefrontal cortex (mPFC) is ana-
tomically and functionally linked with subcortical
structures including the ventral tegmental area, stria-
tum including nucleus accumbens, and other parts of
the mesocorticolimbic circuit (Seamans et al., 2008;
Chudasama, 2011). Many studies have demonstrated
that mPFC is implicated in various cognitive im-
pairments, including working memory, attentional
processes, decision-making, goal-directed behavior,
and behavior flexibility (Goldman-Rakic, 1995;
Davidson, 2002; Clark et al., 2004). In the present
study, we carried out behavioral tests on Wistar rats
exposed to sevoflurane for different time, and ob-
served significant impairment of working memory.
We further hypothesized that cognitive impairment
caused by sevoflurane exposure was partly due to
mPFC dysfunction. To test our hypothesis, we per-
formed mRNA profiling of mPFC from Wistar rats
after exposure to sevoflurane and found that dozens
of genes were dysregulated, among which was
postsynaptic density-95 (PSD95) that was associated
with cognitive impairment reported by previous
studies (Sultana ef al., 2010; Whitfield ez al., 2014).

2 Materials and methods
2.1 Animals

Wistar rats (12-week old, male, and 300400 g
body weight) were purchased from the Beijing Vital
River Laboratory Animal Limited Company (Beijing,
China). Rats were housed in group cages under a 12-h
alternating light/dark cycle with food and water
ad libitum in the institutional animal facilities. All
housing conditions and experiments were approved
and supervised by the Institutional Animal Care and
Use Committee of the First Affiliated Hospital of

Bengbu Medical College (Anhui, China). All efforts
were made to minimize animal suffering and to re-
duce the number of animals used.

2.2 Anesthetic methods

For behavioral tests, 40 rats were randomly di-
vided into four groups: 0, 2, 4, and 6 h groups. In four
groups, rats were exposed to 3% sevoflurane for 0, 2,
4, and 6 h, respectively (Fig. 1). For anesthesia, rats
were placed in a plexiglas anesthesia chamber and
exposed to 3% sevoflurane in a gas mixture of 5%
carbon dioxide/21% oxygen/balanced nitrogen at the
speed of 1.5 L/min (Zhou et al., 2013). Sevoflurane,
carbon dioxide, and oxygen concentrations of the gas
mixture were monitored during the anesthesia.

Duration of anesthesia (h) Time after anesthesia (h)
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Fig. 1 Timeline of the experiment
Rats were exposed to 3% sevoflurane for 2, 4, or 6 h. At two
time points, namely 24 and 48 h after anesthesia termination
(A+24 and A+48), rats were subjected to behavioral tests

For gene expression analysis, 100 rats were ex-
posed to 3% sevoflurane for 2 h in the above men-
tioned anesthetizing chamber with the same condition.
At the end of anesthesia, animals exposed to sevoflu-
rane were randomly divided into nine groups: 0, 3, 6,
12, 24, 36, 48, 72, and 96 h, which represented the
time interval from the end of anesthesia to decapita-
tion for gene expression analysis. Another 10 rats
were randomly chosen for untreated controls.

During anesthetic exposure, all anesthetized rats
were breathing spontaneously, and animal tempera-
ture was kept at (37+0.5) °C with a heating pad. An-
esthesia was terminated by discontinuing the anes-
thetics. Rats were allowed to recover for 24 h to avoid
the confounding influence of residual anesthetic.

2.3 Behavioral experiments

Rats were tested in a behavioral test battery in-
cluding the following tasks (in order of testing): ele-
vated plus-maze (EPM), O-maze, and Y-maze. Dur-
ing each test, behaviors were recorded by a video
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camera and then analyzed by an experimenter who
was blind to the condition of the animals. Since rats
are nocturnal animals, all behavioral tests were con-
ducted during the dark (active) phase between
1:00 a.m. and 4:00 p.m. Before test, rats were trans-
ferred, in their home cage, from their housing room to
the testing room, where they were kept for 60 min to
familiarize with the testing room.

2.4 EPM test

EPM is one of the most widely used assessments
to evaluate anxiety-like behavior in rodents (Li et al.,
2006; Zhang et al., 2014). The EPM apparatus con-
sisted of four arms: two open arms and two closed

arms with the same widthxlength size (12 cmx60 cm).

Each arm was attached to a sturdy leg and elevated
60 cm from the ground. The rat was placed in the
center of the maze facing an enclosed arm. Activity in
the EPM was measured over a 5-min period as pre-
viously described (Zhang et al., 2014). The time spent
in and the number of entries into both the open arms
and the closed arms were measured using the Noldus
tracking system.

2.5 O-maze test

The O-maze was a modified apparatus of classic
EPM and also applied to evaluate anxiety and explo-
ration. The maze consists of a gray plastic annular
runway (width 11 cm, outer diameter 93.5 cm, inner
diameter 72 cm). The two closed or open runways
without a center position prevent any ambiguity in
interpretation of the time spent in the different fields.
Two opposing sectors were protected by inner and
outer walls of gray polyvinyl (height 20 cm). Rats
were placed in the center of one open runway and
allowed to explore for 5 min. The locomotor activities
were recorded by View II software automatically. For
statistical analysis, the latency for the first exit and total
time spent in the open compartments were measured.

2.6 Y-maze test

Immediate spatial working memory perfor-
mance was investigated by recording spontaneous
alternation behavior in a Y-maze apparatus consisting
of three black-colored acryl arms (60 cmx10 cmx
45 cm, lengthxwidthxheight), which were positioned
at equal angles as described before (Heo et al., 2009).
Before test, rats were habituated in the Y-maze re-

cording room for 30 min. The rats were placed at the
end of one arm and allowed to freely explore the maze
for 10 min. Consecutive entry into three arms in an
alternative order was defined as a successive entry on
overlapping triplet sets (defined as the total number of
arm entries minus two, multiplied by 100). Alterna-
tion percentage was calculated as the ratio of ob-
served to possible alternations.

2.7 Expression microarray analysis

mPFC tissues from rats were homogenized in
TRIZOL reagent (Invitrogen, USA) using a Qiagen
Tissuelyser (Qiagen, Germany). Total RNA was ex-
tracted in accordance with the manufacturer’s proto-
col and then quantified using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Wal-
tham, USA). Integrity of total RNA was assessed
using formaldehyde-agarose gel electrophoresis.

Whole genome expression profiling was per-
formed using a GeneChip® Mouse Genome 430 2.0
Array (Affymetrix, USA). Normally, 1 pg of total
RNA was subjected to ribosomal RNA removal using
RiboMinus Human/Mouse Transcriptome Isolation
Kit (Invitrogen, USA); complementary DNA (cDNA)
was then synthesized using Whole-Transcript Sense
Target Labeling Assay (Affymetrix, USA), according
to the manufacturer’s protocols. After fragmentation,
biotin-labeled cDNAs were hybridized to arrays at
45 °C for 17 h, as described in the Affymetrix Users
Manual, and then washed and stained using
GeneChip® Fluidics Station 450 (Affymetrix, USA).

Upon collection of signal, technical quality
control was performed using dChip Version 2005
(Affymetrix, USA) (Li and Wong, 2001) with the
default setting. Principal component analysis was
performed with Partek Genomics Solution Version
6.5 (Partek, USA). Differential expression analysis
between samples was performed using Limma with
the functions ImFit and eBayes (Smyth, 2004). Gene
lists of differentially expressed genes were controlled
for false discovery rate (FDR) errors using the method
of QVALUE. For fold changes (FCs) of signal between
any two conditions, only probesets with Q-values lower
than 0.1 and P-values lower than 0.05 were retained.

2.8 Real-time polymerase chain reaction (PCR)

Single-strand cDNA was synthesized from total
RNA by AMV Reverse Transcriptase Kit (Promega,
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Madison, USA) following the standard manufactur-
er’s instructions.

Real-time PCR was performed using Light-
Cycler 480 SYBR Green I Master (Roche, Basel,
Switzerland) on a CFX96 Real-Time PCR Detection
System (Bio-Rad, USA). The PCR conditions in-
cluded an initial step at 95 °C for 5 min, followed by
40 cycles of amplification and quantification (95 °C
for 10 s, 60 °C for 20 s, and 72 °C for 30 s). Each
cDNA sample was performed in triplicates in a final
volume of 20 pl containing 1 pl of ¢cDNA and
400 nmol/L of forward and reverse gene-specific
primers. Relative gene expression levels were quan-
tified based on the cycle threshold values and nor-
malized to the reference gene actin. All specific pri-
mers were available upon request.

2.9 Statistical analysis

All statistical analyses were done using SPSS
17.0 software and GraphPad Prism 5. For behavioral
tests, repeated measurement analysis of variance
(ANOVA) was applied for comparison among groups
with Bonferroni post-tests. For real-time PCR, the
statistical significance of the difference among groups
was evaluated by one-way ANOVA with Tukey’s
post hoc multiple comparisons. Correlation analysis
was performed using Pearson’s correlation coeffi-
cients. All data were represented as mean+standard
error of the mean (SEM), and a P-value of <0.05 was
considered statistically significant.

3 Results

3.1 Sevoflurane caused spatial working memory
impairment in aged rats

There was no significant difference of explora-
tion in the open arms in the EPM test either 24 or 48 h
after the termination of anesthesia between rats
with and without 3% sevoflurane exposure (two-way
ANOVA, P>0.05 for each comparison with 0 h
group; Fig. 2a). Total activity, manifested as similar
total number of arm entries, also showed no signifi-
cant difference (two-way ANOVA, P>0.05 for each
comparison with 0 h group; Fig. 2b).

As shown in Figs. 2¢ and 2d, both the latency to
enter the anxiety-related bright compartment and the
time spent on the aversive open sector in the O-maze

test were consistent between rats with and without
sevoflurane exposure for both test time points
(two-way ANOVA, P>0.05 for each comparison with
0 h group).

In the Y-maze task, rats faced a choice in se-
lecting a pathway in the Y-shaped track. Spontaneous
alterations in arm entries were significantly lower in
rats exposed to 3% sevoflurane compared with the
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Fig. 2 Behavioral tests of rats exposed to 3% sevoflurane
for 0, 2, 4, and 6 h, respectively

In EPM test, there was no significant difference in time spent
in open arms (a) and total arm entries (b) between normal rats
and those exposed to 3% sevoflurane for 2—6 h. In O-maze test,
latencies to venture out on the open arm (c) as well as time
spent in open arms (d) were similar between rats with and
without 3% sevoflurane exposure. In Y-maze test, exposure to
3% sevoflurane did not influence the number of arms visited
per min (f) but led to decreased spontaneous alternations (e).
A+24 and A+48 represented two time points, namely 24 and
48 h after the end of anesthesia. Data are expressed as
mean+SEM (n=8-10 rats per group). The data were analyzed
using repeated measurement ANOVA. * P<0.05, ** P<0.01,
and *** P<0.001, which were determined using Bonferroni’s
post hoc test, represent significant differences versus the 0 h
group. n.s.: not significant
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untreated rats (two-way ANOVA, P<0.05 for each
comparison with 0 h group; Fig. 2e). It is worth noting
that performance in spontaneous alterations improved
slightly in rats tests 48 h after anesthesia termination,
compared with rats tested 24 h after anesthesia
termination, for each anesthesia time, respectively
(Fig. 2e). The number of arm entries was not sub-
stantially different across all groups (Fig. 2f), indi-
cating that alterations in behavior are not caused by
changed movements.

3.2 Sevoflurane induced mRNA profiling
dysregulation in mPFC of aged rats

From Fig. 2e, we knew that exposure to 3%
sevoflurane for 2 h was enough to cause spatial
working memory impairment in aged rats. In order to
investigate the genes responsible for such impairment,
we performed mRNA profiling of mPFC of rats (n=3)
24 h after termination of 3% sevoflurane exposure
(2 h), at which time spatial working memory of rats
was noticeably impaired. Another 3 rats without 3%
sevoflurane exposure were used as background
controls.

From the analysis, we detected a total of 7319
mRNAs, of which 119 showed a significantly dif-
ferent expression between experimental rats and
controls (FC>2.0, P<0.05, and FDR<0.05; Supple-
mentary Table S1). Among them, 74 mRNAs were
down-regulated and 45 were up-regulated. Their distinct

(a)

Controls

Experimental
rats

expression patterns were presented by hierarchical
clustering analysis (Fig. 3a). We randomly selected
10 dysregulated mRNAs, including 5 down-regulated
(DLG4, ILIRLI, CCL8, GLDN, and GRIDI) and
5 up-regulated (RBAK, CFH, CREBRF, CEP350, and
RASEF), for verification in these mPFC tissues. A
general consistency between the real-time PCR and
microarray analysis results was confirmed in 9 se-
lected mRNAs in terms of regulation direction
(up-regulation or down-regulation) and significance
except RBAK (Fig. 3b).

3.3 PSDY5 expression is correlated with spatial
working memory performance of rats after ex-
posure to sevoflurane

Since PSDY5 (also named DLG4) showed dra-
matically decreased expression in mPFC from mi-
croarray data, we further investigated whether PSD95
expression level was correlated with spatial working
memory performance. A total of 90 rats were ran-
domly divided into 9 groups (10 rats in each group)
and exposed to 3% sevoflurane for 2 h. We analyzed
PSD95 expression at 9 time points corresponding to
the 9 groups, namely 0, 3, 6, 12, 24, 36, 48, 72, and
96 h after termination of the 3% sevoflurane exposure.
Since rats were allowed to recover for 24 h to avoid
the confounding influence of residual anesthetic, we
also performed the Y-maze test at 5 time points,
namely 24, 36, 48, 72, and 96 h after anesthesia.

(b) = Real-ime PCR
24 3 Microarray

e
S

&3

Fig. 3 Dysregulated genes in the mPFC of rats after exposure to 3% sevoflurane for 3 h
(a) The hierarchical clustering of partial differentially expressed mRNAs. “Red” indicates high relative expression,
and “green” indicates low relative expression. (b) Real-time PCR validation of 10 differentially expressed mRNAs
from microarray data. Fold changes were calculated by Z’ACT, where ACT=Cr, targer—Cr, actin- Data are expressed as
mean+SEM (n=3) (Note: for interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article)



768 Ling et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2015 16(9):763-771

Interestingly, the expression of PSD95 started to
decrease at 6 h (FC=0.76, P>0.05) after the termina-
tion of anesthesia, reached the lowest level at 36 h
(FC=0.26, P<0.001), and then gradually recovered to
normal levels at the 96-h time point (Fig. 4a). For the
performance of spatial working memory in experi-
mental rats, we observed the most severe impairment
at the 36-h time point (Fig. 4b). Further analysis
showed that the expression of PSD95 was positively
correlated with spatial working memory in experi-
mental rats (+’=0.6529, P=0.046; Fig. 4c). We also
observed that spatial working memory of experi-
mental rats did not recover to normal levels as con-
trols at the 96-h time point, suggesting that, apart
from PSD95, other genes might be involved in the
regulation of spatial working memory.

4 Discussion

In the present study, we found that exposure to
3% sevoflurane for 2 h led to spatial impaired work-
ing memory, one of the characteristics of cognitive
function, in rats. Cognitive function is one of the most

(a)
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Time after anesthesia (h)
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basic and important high-level neurological functions
in the brain, and it is a basic indicator of the devel-
opment of human intelligence. Supporting our result,
many previous studies also reported the effect of
sevoflurane, as well as other anesthetics, on cognitive
function (Chen et al., 2001; Millar et al., 2006; Peng
et al., 2011; Gong et al., 2012). Interestingly, Peng
et al. (2011) found that exposure to 1.5% sevoflurane,
for as long as 3 d (2 h/d), did not cause significantly
different cognitive performance, while exposure to
3% sevoflurane for 2 h was enough to induce cogni-
tive impairment. This evidence suggests that the
concentration of sevoflurane used to induce or to
sustain anesthesia should be as low as possible.

It is a quite complex question as to why cogni-
tive function is impaired after exposure to sevoflurane,
and the underlying mechanisms remain largely un-
known. Ji ef al. (2015) reported that sevoflurane ex-
posure could induce cognitive impairment later in life
partly through neural apoptosis, inflammation, and
oxidative nitrosative stress in mouse brain. Hu et al.
(2014) revealed that opening of the blood-brain bar-
rier was related to cognitive decline in aged rats fol-
lowing high concentration of sevoflurane inhalation.
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Fig. 4 Expression of PSD95 in mPFC and performance of spatial working memory of rats after exposure to sevoflurane
(a) Expression of PSD95 in mPFC was analyzed by real-time PCR at 9 time points after exposure to sevoflurane. (b) Analysis of
spontaneous alternations in Y-maze test at 5 time points after the termination of 3% sevoflurane exposure. 0—96 h represent the
time intervals from termination of anesthesia to analysis. Data shown were representative of six independent experiments
and error bars represented mean+SEM (n=10). The data were analyzed using one-way ANOVA. * P<0.05, ** P<0.01, and
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perimental rats (+°=0.6529, P=0.046)

P<0.001, compared with the control. (¢c) PSD95 expression was positively correlated with spatial working memory in ex-



Ling et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2015 16(9):763-771 769

In our study, we found that PSD95 expression in
mPFC was down-regulated 6 h after termination of
sevoflurane exposure and then up-regulated to normal
levels at the 96-h time point. To our knowledge, this
is the first time that decreased PSD95 in mPFC has
been implicated in the mechanisms of sevoflurane-
induced cognitive impairment. PSD95 is predominantly
expressed in the brain (hippocampus CAl region as
well as prefrontal cortex), where it localizes in a so-
matodendritic pattern in the post-synaptic membrane
and in presynaptic axon terminals of inhibitory neu-
rons (Kim et al., 1995). Many studies have investi-
gated the roles of PSD95. For example, it was re-
ported that neuronal nitric-oxide synthase (nNOS)-
PSD95 protein-protein interaction is important in
maintaining hypersensitivity in acute and chronic
pain and disruption of the nNOS-PSD95 interaction
could inhibit acute thermal hyperalgesia and chronic
mechanical allodynia (Florio et al., 2009). PSD95
was also implicated in the regulation of ischemic
injury through nNOS-PSD95 (Hu et al., 2013) inter-
action and the glutamate receptor 6 (GluR6)-PSD95-
calmodulin-dependent protein kinase II (CaMKII)
signaling module (Xu et al., 2010). However, whether
and how decreased PSD95 expression was involved
in cognitive impairment remains elusive. Several
studies have implied that decreased PSD95 could lead
to disrupted synaptic structures (Rubino et al., 2009)
and neuron apoptosis (Sultana er al, 2010). We
believe these observations could provide clues to
investigate the functions of PSD95 in cognitive
function.

Another interesting phenomenon is that even
though the expression of PSD95 recovered to normal
levels, the spatial working memory of rats was still
worse than that of normal rats. We think that this
might be partly due to residual sevoflurane in the
nervous system. Another more reasonable explana-
tion is that, apart from PSD95, many other proteins
are involved in the regulation of cognitive function.
Possible proteins include GRB10 (Xie ef al., 2014),
NGF (Wang et al., 2014), ZNF407 (Kambouris ef al.,
2014). We also could not exclude the possibility that
non-coding RNAs might be involved in the patho-
genesis of cognitive impairment, since previous
studies have shown various regulatory roles (Rinn
and Chang, 2012). It would be meaningful to sys-
tematically investigate the mechanisms underlying

the cognitive impairment induced by sevoflurane
exposure.
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