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Abstract

Sevoflurane is an inhalation anaesthetic agent widely used in clinical settings. Despite good surgical outcomes using
sevoflurane, patients frequently develop postoperative cognitive dysfunction (POCD). An enriched environment (EE), as
a rehabilitation technique, could provide objects and tools to facilitate neuromotor and visual stimuli and brain activity,
and is reported to improve cognitive functions. We aim to investigate the impairments of sevoflurane inhalation on cog-
nitive function in mice and determine the benefits of EE in ameliorating POCD. Eighteen-month-old mice were exposed to
sevoflurane inhalation for 2 h and then placed in standard environment (SE) or EE cages. The mice without sevoflurane
exposure in standard or EE cages were used as controls. The behavioural tests include Morris water maze, Y maze and
novel object recognition. Magnetic resonance imaging (MRI) was used to determine the blood circulation in the brains.
The proangiogenic factors (CD31, angiopoietin-1, vascular endothelial growth factor, and N-cadherin) and neurotrophic
(brain-derived neurotrophic factor, post-synaptic density protein 95) expression in hippocampus of aged mice were evalu-
ated by Western blotting and RT-PCR analysis. Sevoflurane-exposed mice demonstrated reduced performance in learning,
memory and spatial memory tests. Enriched environment improved the behavioural performance of sevoflurane-exposed
animals. Sevoflurane exposure reduced the blood flow in the brains, and these effects were ameliorated by EE habitation.
The EE also promoted the expression of angiogenic and neurotropic factors in sevoflurane-exposed animals. In summaty,
EE is effective in ameliorating the side-effects of sevoflurane exposure in aged mice.
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Introduction : . : :
following anaesthesia events using sevoflurane, partic-

Safety and efficacy of sevoflurane, as an inhalation
anaesthetic in clinical settings, have been tested in
numerous studies [2]. Sevoflurane was reported to have
cardioprotective [12] and liver protective [13] effects in
hypoxia environments, contributing to high survival
rates in sevoflurane-managed surgical interventions.
However, cognitive disorders have also been reported

ularly in aged and paediatric patients, forming a com-
plex of symptoms including progressive hypomnesia
(deficiency of short-term memory and recollection),
personality alteration or accentuation following sur-
gery, defined as postoperative cognitive dysfunction
(POCD) [1,18]. The detailed mechanisms of POCD after
sevoflurane sedation are not entirely understood. Ani-
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mal studies indicate microglia activation and micro-
glia-mediated pyroptosis of the neural cells in sevoflu-
rane-exposed animals [21]. The increased expression
of proinflammatory mediators and apoptosis markers
in vivo was found in the brains of the rats after sevoflu-
rane exposure [4]. Brain blood flow is also closely linked
to cognitive function. The decoupling of cerebral blood
flow (CBF) with brain metabolic demands due to vaso-
dilation was reported in sevoflurane application [16].
Brain tissue hypoxia could result in the hyperphosphor-
ylation of Tau protein [15].

An enriched environment (EE) is a set of objects
and tools to provide neuromotor and visual stimuli
to facilitate brain activity. Enriched environment was
reported to alleviate senile cognitive impairments [26]
and protect against post-stroke cognitive dysfunction
[24]. After a neurological injury, EE could help the brain
induce a positive response by enhancing the synaptic
plasticity or trigging neurogenesis [5]. Furthermore,
EE increased cerebral blood flow after an ischemic
event [27]. The current study investigates if EE has ben-
eficial effects against sevoflurane-induced POCD.

Material and methods
Animals

An animal experiment was granted by the Quan-
zhou First Hospital Affiliated to Fujian Medical Univer-
sity. C57BL/6J) mice were obtained from GemPharmat-
ech (Nanjing, China). Mice were fed water and normal
chow diets ad libitum.

Sevoflurane anaesthesia model

The mice were placed in the plexiglass container
connected to the EZ-7000 anaesthesia device (World
Precision Instruments, Sarasota, FL). The mice were
placed on the heating pad maintained at 37°C and sub-
jected to continuous inhalation of sevoflurane (3%, Sig-
ma, St. Louis, MO) in pure oxygen for 2 h. Following the
sevoflurane exposure, mice undergo standard recovery
inside the cage on the heating pad maintained at 38°C
for 2 h until sternal recumbency. Naive mice were used
as controls.

Enriched environment modelling

In the EE group, the home cage (65 x 75 x 25 c¢m)
contained small toys, running wheels, climbing ladders,
and plastic tunnels and tubes. To maintain environ-
mental novelty, the objects were often changed. In the
standard environment (SE) group, the home cage (21 x
27 x 16 cm) had no objects. Mice were housed in their
SE or EE cages for 28 days before the assessment was
conducted.

Novel object recognition (NOR) test

The mice were placed in the testing cage before
the experiments to habituate. During the training
phase, an individual mouse was placed in the centre of
the apparatus. The mouse was returned to the home
cage after 4 min of free exploration. Then, 2 h or 24 h
later, the mouse was exposed to a novel object and an
identical copy of the object. Animal’s behaviour was
video recorded and analysed.

Y maze test

Spontaneous alternation and novel arm explora-
tion in a Y-maze (SD Instruments, San Diego, CA) were
used to evaluate the learning and memory function.
The experimental procedures were conducted as re-
ported in the literature [31].

Morris water maze

This test was established in a quiet room (back-
ground noise below 20 dB). All tests were conducted
under indirect illumination of 20 lux. The maze con-
sisted of a circular pool with a diameter of 120 cm
and 30 c¢cm deep. Each quadrant’s midpoint was used
as a mouse water entry point. Three signs with differ-
ent shapes and colours were placed in each quadrant
lacking the escape platform to serve as the reference
points. The escape platform quadrant lacked the sign.
The mice were acclimated to the water maze room
the night before the experiment. During the training,
the mouse was randomly placed into any of the 3 quad-
rants lacking the escape platform. After the mouse
stayed on the escape platform for 15 seconds, the
mouse was removed from the platform and placed into
the next entry quadrant. Each mouse was trained in
a different orientation once a day. The video recording
determined escape latency and the mouse movement
trajectory. After each training, the mice were dried and
placed under a 150W incandescent lamp for 3-5 min.
The platform was removed on the fifth day of the
experiment. The area of the platform was marked on
the bottom of the maze with black tape. The mouse
was placed into the pool from the bottom left quad-
rant (farthest quadrant) from where the platform was
present during the training. The 60s video of the mouse
movement was recorded. The average swim speed,
time spent in the escape quadrant, and crossings of
the escape platform area were then determined.

Magnetic resonance imaging

The magnetic resonance imaging (MRI) was con-
ducted as reported previously [9], using the MRI equip-
ment (GE Healthcare). Each mouse was anesthetized
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by an intraperitoneal injection of 20 mg/kg xylazine
20 mg/kg and 50 mg/kg ketamine, and placed in
a supine position. The same parameters were used for
the scanning for all the mice.

Experimental endpoint and tissue
collection

At the endpoint, mice were euthanized by CO,
inhalation with secondary cervical dislocation. After
decapitation, the brains were carefully removed from
the skull, then was cut longitudinally. The hippocampus
tissue complexes were harvested by spatula. The hip-
pocampus tissues intended for Western blotting were
lysed with radioimmunoprecipitation assay buffer with
1 : 100 of Halt Protease and Phosphatase Inhibitor
Cocktail (78440, Thermo Fisher Scientific) and stored
until use at —80°C. The tissues intended for RNA
extraction were preserved with RNAlater solution at
-80°C until RNA isolation.

Western blotting

A BCA kit was employed to determine the total pro-
tein concentrations. Protein lysate (50 pg) was subject-
ed to SDS-PAGE, which was further transferred to PVDF
membranes (EMD Millipore) as a routine procedure.
After blocking, the membranes were incubated with
the corresponding primary antibody, including vascu-
lar endothelial growth factor (VEGF, Santa Cruz, Dallas,
TX), CD31 (Thermo Fisher), N-cadherin (Thermo Fisher),
angiopoietin-1 (Ang-1, Thermo Fisher), brain-derived
neurotrophic factor (BDNF, Abcam, Cambridge, MA),
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B-actin (C4) (Santa Cruz), post-synaptic density protein
95 (PSD-95, Santa Cruz) overnight at 4°C.

RNA isolation and quantitative RT-PCR
(qRT-PCR)

A RNeasy Plus Mini Kit (Qiagen, Germantown, MD)
was employed to extract the total RNA. Power SYBR
Green Master Mix (Thermo Fisher Scientific) was used
to detect the gene expression. Gene expression was
normalized to the expression of GAPDH, and was cal-
culated using the 2-24CT method.

Statistics

The data were presented as mean and standard
deviation (SD). Statistical analysis was performed by
GraphPad Prism software. Two-way ANOVA followed
Tukey’s multiple comparisons test, and one-way ANOVA
followed Dunn’s multiple comparisons test were
employed for the analysis.

Results

Enriched environment ameliorated
sevoflurane-induced recognition
memory impairments of aged mice

The sevoflurane exposure has significantly reduced
NOR scores at 2 h (Fig. 1A) and 24 h (Fig. 1B) after expo-
sure to the new object at the indicated experimental time
points compared to control mice housed in standard and
enriched environments without sevoflurane exposure.
The EE has significantly increased the novel object rec-
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Fig. 1. Enriched environment ameliorated sevoflurane-induced recognition memory impairments of aged
mice. Novel object recognition (NOR) tasks were carried out 2 h (A) and 24 h (B) after exposure to objects.
The recognition index was calculated as the proportion of time with the target or novel object out of the
total time. Data were presented as mean + SD. *p < 0.05, ***p < 0.001 compared to C-SE, #¥p < 0.01 com-
pared to SEV-SE. One-way ANOVA followed Dunn’s multiple comparisons test. N = 12 mice for each group.
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Fig. 2. Enriched environment ameliorated sevoflurane-induced learning and memory function impairments
of aged mice. Time spent in the novel arm (A) and spontaneous alternation (B) in the Y-maze test. Data were
presented as mean = SD. *p < 0.05, ***p < 0.001 compared to C-SE, #p < 0.01 compared to SEV-SE. One-way
ANOVA followed Dunn’s multiple comparisons test. N = 12 mice for each group.

ognition in sevoflurane-exposed mice in the enriched
environment (SEV-EE) compared to sevoflurane-ex-
posed mice in the standard environment (SEV-SE).
No significant differences were identified between mice
in SE and EE without sevoflurane exposure, p > 0.05.
Interestingly, however, there was a slight tendency to
have an increased score in control mice without sevoflu-
rane exposure in an EE environment. This tendency was
observed in several subsequent experiments.

Enriched environment ameliorated
sevoflurane-induced learning memory
impairments of aged mice

The sevoflurane exposure had negative effects
on both learning and memory function with the time
spent in the novel arm of the Y-maze (Fig. 2A) and spon-
taneous alterations between the maze arms (Fig. 2B),
which were significantly decreased when compared to
controls. The SEV-EE mice demonstrated significantly
(p < 0.01) higher scores for the same experiment. An
enriched environment has benefits for reducing the
deficit of learning and memory function caused by sevo-
flurane, as evidenced by the results of the Y-maze test.

An enriched environment improved
cognitive recovery and the spatial
memory of sevoflurane-exposed aged
mice

Compared to control mice, sevoflurane exposure
has significantly increased escape latency in the train-
ing sessions (Fig. 3A). The EE, however, significantly
decreased the escape latency curve to nearly normal
values by day 4 of the training. No noticeable differ-

ence was found in the escape latency curve in the con-
trol mice without sevoflurane exposure. Interestingly
the mice’s average swimming speed was also affected
by sevoflurane exposure (Fig. 3B), while sevoflurane is
not reported to have substantial lasting effects on mus-
cle strength or physical endurance. However, reduced
cognitive function and overall animal confusion on
the direction of swimming may have affected this
result as SEV-EE mice have demonstrated significantly
(p < 0.01) improved performance in the swimming
speed. The effects of sevoflurane on spatial memory
are even more apparent, with SEV-SE having a signifi-
cant (p < 0.001) decrease in mice reaching the water
maze area where the escape platform is expected to be
(Fig. 3C) and a similar decline in the time spend in the
quadrant of the escape platform indicating a deficit in
spatial learning and memory (Fig. 3D). Consistent with
other observations of beneficial effects of the environ-
mental enrichment, the SEV-EE mice demonstrated
significantly improved performance in reaching the
escape platform area and spent significantly more time
in the escape platform quadrant.

An enriched environment ameliorates
sevoflurane exposure-induced reduction
in the brain blood flow in the brain

Magnetic resonance imaging analysis of the brain
circulation indicated a significant reduction (p < 0.001)
in CBF of sevoflurane-exposed mice maintained in the
standard environment (Fig. 4A) in both right (Fig. 4B)
and left hemispheres (Fig. 4C). The mice, after sevoflu-
rane exposure, habituated to the enriched environment
and demonstrated a significant (p < 0.05) increase in
brain circulation.
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Fig. 3. By the Morris Water Maze test, an enriched environment promoted cognitive recovery in aged mice
under sevoflurane anaesthesia. In 4 training sessions, the mouse escape latencies (A) and the average
swim speed (B) were recorded. The probe trial recorded the number of platform site crossings (C) and the
time in the target quadrant in 60 s (D). N = 12 mice for each group. Data were presented as mean + SD.
*p < 0.05,**p < 0.01, ***p < 0.001 compared to C-SE, #p < 0.05, #p < 0.01, ##p < 0.001 compared to SEV-SE.
Two-way ANOVA followed Tukey’s multiple comparisons test, and One-way ANOVA followed Dunn’s multi-
ple comparisons test.
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Fig. 4. An enriched environment promoted cerebral blood flow in aged mice under sevoflurane anaesthesia.
The relative cerebral blood flows from the whole brain (A), right hemisphere (B) and left hemisphere (C)
were normalized to C-SE. N = 10 mice for each group. Data were presented as mean + SD. *p < 0.05,
***p < 0.001 compared to C-SE, #p < 0.05, #¥p < 0.01 compared to SEV-SE. One-way ANOVA followed Dunn’s

multiple com

parisons test.
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Fig. 5. An enriched environment promoted the expressions of proangiogenic factors in the hippocampi of
aged mice under sevoflurane anaesthesia. Western blotting showed protein levels of CD31, VEGF, N-cad-
herin and Ang-1 from different groups (A). B-actin was used as a loading control, and the expressions were
normalized to C-SE (B-E). N = 3 repeats for each group (10 hippocampus homogenates were mixed for each
group). Data were presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared to C-SE, #p < 0.05,
##p < 0.01 compared to SEV-SE. One-way ANOVA followed Dunn’s multiple comparisons test.

An enriched environment improves
sevoflurane exposure and reduces
angiogenic factors and N-cadherin
expression

The Western blotting analysis of the hippocampus
tissues indicates that sevoflurane exposure signifi-
cantly reduced the expression of CD31 (Fig. 5A, B),
VEGF (Fig. 5A, C), N-cadherin (Fig. 5A, D) and angio-
tensin-1 (Fig. 5A, E). The enriched environment signifi-
cantly ameliorated the decrease in expression of these
factors. These results indicate that sevoflurane expo-
sure reduces angiogenic factors in the hippocampus of
aged mice, consistent with the observed reduced brain
circulation in sevoflurane-exposed mice in vivo.

An enriched environment ameliorates
sevoflurane exposure-induced
decrease in BDNF and PSD-95

Western blotting of the hippocampus tissues also
revealed that sevoflurane exposure in aged mice habit-
uated in a standard environment induces a signifi-
cant reduction in the expression of PSD-95 (p < 0.001,
Fig. 6A, B) and neurotrophic BDNF (Fig. 6A, C). RT-PCR

further confirmed these results on the RNA transcrip-
tion level and was fully consistent with the protein level
observation, with both Psd95 and Bdnf transcripts sig-
nificantly reduced (Fig. 6E). The mice exposed to sevo-
flurane but habituated in the enriched environment
cages demonstrated an ameliorative effect on PSD95
and BDNF expression.

Discussion

Our study confirms the cognitive deficit and neu-
rological changes in the brains of the aged mice after
prolonged exposure to sevoflurane. The EE is found to
have an ameliorative effect on both behavioural per-
formances, brain circulation, and the expression of the
angiogenic and neurotropic factors PSD95 and BDNF
in the hippocampus of sevoflurane-exposed animals.
As a structural scaffolding protein, PSD95 modulates
the synaptic localization of various signalling proteins,
channels and receptors [8]. The dysfunction of PSD95
was implicated in many neurological disorders, such as
Alzheimer’s disease [20], and schizophrenia [3]. Indeed,
our behavioural experiment observation indicates sim-
ilarities in the reduced cognitive performance of the
sevoflurane-exposed mice to early dementia in the Alz-
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Fig. 6. An enriched environment promoted the expressions of postsynaptic density-95 (PSD-95) and
brain-derived neurotrophic factor (BDNF) in the hippocampi of aged mice under sevoflurane anaesthesia.
Western blotting showed protein levels of PSD-95 and BDNF from different groups (A). B-actin was used
as a loading control, and the expressions were normalized to C-SE (B, C). The mRNA levels of Psd95 (D)
and Bdnf (E) in the hippocampus of aged mice after sevoflurane anaesthesia were tested by RT-PCR. N = 3
repeats for each group (10 hippocampus homogenates were mixed for each group). Data were presented as
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared to C-SE, #p < 0.05, #p < 0.01 compared to SEV-SE.
One-way ANOVA followed Dunn’s multiple comparisons test.

heimer’s disease model animals such as 3xTg-AD mice
[19]. The decrease in the expression of BDNF indicates
a reduced neuronal function and potential cell death
in the hippocampus of the sevoflurane-exposed mice.
The neuronal cell death was confirmed in sevoflu-
rane-exposed animals [30], and correlated well with
the clinical reports on memory and learning deficits
observed in patients [22].

There are several potential mechanisms of neuro-
nal loss due to sevoflurane exposure. The increase of
pro-inflammatory cytokine and microglia activation
were recorded in animal studies of sevoflurane expo-
sure. The microglia inhibitor minocycline demonstrated
ameliorative effects on sevoflurane-induced cognitive
impairment, associating microglia activation with the
observed cognitive deficits [7].

The initial studies on the cerebral blood during
sevoflurane anaesthesia indicate decreased oxygen
consumption and increased cerebral blood flow, lead-
ing to the expectation of neuroprotective properties of
sevoflurane [14]. However, the subsequent subacute
neuroinflammation induced by sevoflurane microves-
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sel damage by the microglia cytokine release and
local perivascular brain oedema may contribute to the
reduced blood perfusion through the brain of the affect-
ed animals we observed in the MRI blood flow evalua-
tion. In vitro studies indicated that sevoflurane had an
inhibitory effect on the proangiogenic factors, including
VEGF [25]. The reduced regulation of the microvascu-
lature network in the brain may further contribute to
neuronal hypoxia and death.

Recent studies demonstrated that EE exhibited
anti-inflammatory effects in the brains [29]. Enriched
environment ameliorated lipopolysaccharide-induced
impairments of spatial learning and memory [11], the
over-production of inflammatory cytokines, and brain
infection with the influenza virus [10]. The molecu-
lar mechanisms of EE on neuroinflammation are not
entirely understood. However, reports showed that
EE chronically enhanced B adrenergic signalling, then
reduced the microglia activation [28]. Neuromodulato-
ry effects on circulating immune cells such as T lym-
phocytes and NK cells were also reported [17]. Further-
more, EE modulated the brain plasticity in Alzheimer’s
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disease model animals [6]. Consistent with our West-
ern blotting results, EE successfully upregulated sev-
eral neurotrophic signalling pathways [6]. These neu-
rotrophic factors are also associated with the increase
in CAMP response element-binding (CREB) transcripts,
which is believed to be a critical step for the initiation
of learning and memory [23]. These reports correlate
well with the observed increase in learning and spatial
memory performance of sevoflurane-exposed animals
habituated in the EE in the current study.

Our study has several limitations. First, the pre-syn-
aptic events have not been explored under EE treat-
ment. Second, electrophysiological recording has not
been employed to verify the effects of EE on the synap-
tic transmission.

Conclusions

Our findings suggest that sevoflurane should be
used with caution and that prolonged sevoflurane
anaesthesia should be avoided, especially in geriatric
patients or patients with underlying neurological or
psychiatric disorders. Patients who undertook sevoflu-
rane anaesthesia should be followed up with a neuro-
logical assessment, and the cognitive deficit symptoms
after sevoflurane anaesthesia should be managed as
mild neuroinflammation. EE can be an efficient thera-
peutic strategy to ameliorate or mitigate the negative
effects of sevoflurane exposure.
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