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Abstract
Memory impairment is one of the main characteristics of postoperative cognitive
dysfunction. It remains elusive how postoperative pathological changes of the
brain link to the memory impairment. The clinical setting of perioperation was
mimicked via partial hepatectomy under sevoflurane anaesthesia together with
preoperative restraint stress (Hep-Sev-stress) in mice. Memory changes were
assessed with fear conditioning. The medial prefrontal cortex (mPFC)-dorsal hip-
pocampus connectivity was evaluated with injecting neurotracer 28 days before
surgery. Astrocytic activation was limited via injecting AAV-GFAP-hM4Di-
eGFP into the mPFC. Astrocytic and microglial phagocytosis of synapses were
visualised with co-labelling hippocampal neuronal axon terminals with PSD-95
and S100β or Iba1. Neuroinflammation and oxidative stress status were also
detected. Hep-Sev-stress impaired the memory consolidation (mean [standard
error], 49.91 [2.55]% vs. 35.40 [3.97]% in the contextual memory, p = 0.007; 40.72
[2.78]% vs. 27.77 [2.22]% in cued memory, p = 0.002) and the cued memory
retrieval (39.00 [3.08]% vs. 24.11 [2.06]%, p = 0.001) in mice when compared with
these in the naïve controls. Hep-Sev-stress damaged the connectivity from the dor-
sal hippocampus to mPFC but not from the mPFC to the dorsal hippocampus
and increased the astrocytic but not microglial phagocytosis of hippocampal neu-
ronal axon terminals in the mPFC. The intervention also induced neuroinflam-
mation and oxidative stress in the dorsal hippocampus and the mPFC in a
regional-dependent manner. Limiting astrocyte activation in the mPFC alleviated
memory consolidation impairment induced by Hep-Sev-stress. Postoperative
memory consolidation was impaired due to astrocytic phagocytosis-induced con-
nectivity injury from the dorsal hippocampus to the medial prefrontal cortex.
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1 | INTRODUCTION

Postoperative cognitive dysfunction (POCD), also
namely perioperative neurocognitive disorder, charac-
terised as memory impairment occurs frequently in the
elderly following surgery. This surgical complication
affects the quality of patients’ life and increases the

medical and social burdens [1, 2]. Accumulating evi-
dence suggested that neuroinflammation, oxidative
stress, synaptic dysfunction and blood–brain barrier
dis-integrity all were considered to be the pathogenesis
of POCD [3, 4]. However, how these pathological
changes induce the memory impairment remains
elusive.
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Learning and memory is considered a process including
information acquisition, consolidation, storage, retrieval,
long-term maintenance and fading [5]. During these pro-
cesses, hippocampus-medial prefrontal cortex circuit
(HPC-mPFC) plays an important role [6]. Hippocampus
rapidly encodes new information, then forms short-term
memory, which is then conveyed to mPFC to be consoli-
dated and stored. The mPFC exerts top–down control over
hippocampus to retrieve memories [7]. Glial cells (mainly
including microglia and astrocytes) actively participate in
this process via pruning synapses [8–10]. Uncontrolled syn-
aptic pruning by glial cells damages inter-neuronal connec-
tivity and, hence, leads tomemory impairment [11–13]. Our
previous study demonstrated that POCD is associated with
the damage of HPC-mPFC connectivity [14], but underly-
ing mechanisms remain unknown. Here, we further investi-
gate memory processing damage after surgery and the role
of glial activation related to pruning synapses mediated the
HPC-mPFC connectivity changes.

2 | METHODS AND MATERIALS

2.1 | Animals

All experiments were performed in accordance with the
guidelines for experimental animal use of the Central
South University, Changsha, China, and the ARRIVE
guideline. The protocol (CSU-2022-0010) was approved
by the Ethics committee of the Central South University.
C57BL/6 male mice (8 weeks, 20–25 g) were purchased
from the Central South University. All mice were housed
in pathogen-free cages with free access to food and water
in the unit for which the temperature (24 ± 0.5), humidity
(60%) and 12 h dark–light cycle were tightly controlled.

2.2 | Perioperative scenario model

To simulate the clinical settings of patients with preoper-
ative fasting and concerns about the anaesthesia and sur-
gery, mice were subjected to restraint stress in
transparent tubes without food and water from 6:00 PM
to 9:00 AM 1 day before partial hepatectomy under 2%–

2.5% sevoflurane anaesthesia reported previously.
Briefly, transverse incision was made below the xyphoid.
The left lobe of the liver was securely ligated and
removed, and the incision was then sutured with sterile
sutures. A total of 2.5% lidocaine cream was applied in
the surgical wound area once every 8 h within 48 h after
surgery to relieve postoperative pain.

2.3 | Fear conditioning test

This test consisted of three phases: fear conditioning, con-
textual memory test (hippocampus-dependent) and cued

memory test (hippocampus-independent) [15] on the day
after surgery or on 1st, 3rd, 7th and 14th days after sur-
gery. During fear conditioning, mice were placed in a
conditioning chamber (context A). After 120 s of habita-
tion, they were exposed to three tone-shock pairings con-
sisting of a 20 s tone (2800 Hz, 80 dB) that co-terminated
with a 2 s foot shock (0.5 mA), which were delivered with
a 60 s interval and they were then returned to their home
cages. In contextual memory test, mice were placed back
to context A for 3 min without tone and shock and the
freezing time was calculated as the percentage of freezing
time of these 3-min period. Two hours later, mice were
placed in a new test chamber (context B) to assess cued
memory and received three cycles of the 20 s tone alone
with a 60 s inter-cycle interval (total 3 min). In the fear
conditioning and the cued fear test, the relative freezing
time was calculated as the percentage of freezing time
during three cycles of the tone. The inside of the unit was
cleaned with 70% alcohol between each test [16]. All data
were analysed through offline video recordings by a
researcher who was blinded to the experimental design.

2.4 | Open field test

Open field test was performed in some cohorts to evalu-
ate locomotor activities 6 h after surgery. Mice were
placed in the centre of the open field box with floor
divided into 25 squares and were recorded for 5 min
using a digital camera. The total squares crossed were
calculated off-line.

2.5 | Viral injections

Some cohorts received viral injection into the hippocam-
pus or the mPFC bilaterally under sodium pentobarbital
anaesthesia (50 mg kg�1, i.p. injection) as reported previ-
ously [10] before stress challenge and surgery. For tracing
postsynaptic projection of neurons in the hippocampus
towards the mPFC, mice were micro-injected in the hip-
pocampus (anterior/posterior: �2.18 from bregma;
medial/lateral: ±1.60 from bregma; dorsal/ventral: �2.20
to �1.40 mm; two injections per hemisphere) with
pAAV-CAG-eGFP (TOS272, Cax9X, Suzhou, China)
and in the mPFC (anterior/posterior: +0.30; medial/lat-
eral: ±0.26; dorsal/ventral: �1.50 to �1.38 mm; two
injections per hemisphere) with pAAV5-CAG-
PSD95-mCherry (Vigene biosciences, Shandong, China).
To label the synapses formed from the mPFC to hippo-
campus, viruses pAAV-CAG-eGFP were injected into
the mPFC, and pAAV5-CAG-PSD95-mCherry were
injected into the hippocampus with co-ordinations as
above. Four weeks later, they received with or without
(control) preoperative restraint stress and partial hepatec-
tomy. To quantify the connectivity from the hippocam-
pus to the mPFC, the density of synapses co-labelled
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with eGFP and PSD-95 in the mPFC (per μm) were
counted [17]. To quantify the connectivity from mPFC to
the hippocampus, the number of synapses co-labelled
with eGFP and PSD-95 in the lower half of CA3 pyrami-
dal layer were also counted [18].

To limit astrocytes’ activity, some cohorts received
Adeno-associated virus (neurotracer) (AAV)-GFAP-
hM4Di-eGFP (Sunbio Medical Biotechnology, Shanghai,
China) injected into the mPFC 28 days before surgery or
pAAV-GFAP-AB(mC1.1-1)D-eGFP (pMT467, Sunbio
Medical Biotechnology, Shanghai, China) (negative con-
trol) injected in the mPFC of the control and surgery
groups. In addition, Clozapine-N-oxide (CNO; 0.5 mg/kg,
dissolved in 0.9%saline, i.p.; Medhem Express, NJ, USA)
was injected to limit astrocyte activation once a day on the
day of surgery and 1 day after surgery (30 min before sur-
gery and fear memory test).

2.6 | Immunofluorescent staining

One day after surgery or 28 days after viral injection, mice
were euthanized, and brain samples were collected. The
frozen sections were washed with 0.01 M phosphate-
buffered saline (PBS) 10 min each time for three times,
then incubated with blocking solution (5% albumin serum
in 0.01 M PBS) for 1 h at room temperature. Next, they
were incubated in primary antibodies (rabbit anti-Iba1,
1:1000, 019–19741, Wako, Tokyo, Japan; rabbit anti-
S100β, 1:200, 15146-1-AP, Proteintech, Wuhan, China)
overnight at 4�C. The sections were then washed with
0�01 M PBS three times and then incubated in secondary
antibody (1:200, 111-295-144, 111-546-045, Jackson
ImmunoResearch, PA, USA; 1:200, RS3111, Immuno-
way, TX, USA) for 2 h at room temperature. After three
washes in PBS, the sections were coverslipped with Vecta-
mount mounting medium with DAPI (H-1000, Vector
labs, Burlingame, CA, USA). All images were acquired
with LSM800 confocal microscope and Zen2009 image
acquisition software (Carl Zeiss, Jane, Germany). The
stacks were overlaid by 10 images (1 μm per images).

2.7 | Quantitation of TNF-α mRNA and
protein

One day after surgery, both hippocampal and mPFC tis-
sues were harvested for TNF-α mRNA and protein mea-
surements. The level of TNF-α mRNA was detected by
quantitative real-time polymerase chain reaction with the
reported probe sequences (GAPDH: F0-AGGT
CGGTGTGAACGGATTTG, R0-TGTAGACCATGT-
AGTTGAGG-TCA; TNF-α: F0-CCCTCACACTCA-
GATCATCTTCT, R0-GCTACGACGTGGGCTACA
G) [14]. The level of TNF-α protein in the hippocampal
and mPFC was detected according to the protocol of
TNF-α Elisa kit (H002-1-2, NJJCBIO, Nanjing, China).

2.8 | Reactive oxygen species detection

Hippocampal and mPFC frozen sections were incubated
with dihydroethidium (1:500, No.7008, Sigma, CA,
USA) at 37�C for 30 min in the dark. Then the sections
were coverslipped with Vecta mounting medium with
DAPI (Vector labs). Images were acquired using
LSM800 confocal microscope and labelled reactive oxy-
gen species (ROS) positive neurons were quantified [19].

2.9 | Statistical analyses

The sample size was calculated based on our preliminary
data that stress and surgery caused learning and memory
ability decreased by 30%. With a desired power of 80%
and type I error set at 0.05 [14], then minimal n = 3–6/
group was required and used for subsequent formal
experiments. Data were presented as mean (SEM) or
median (inter-quartile range [IQR]) as appropriate. Stu-
dent’s unpaired two-tailed t-test or one-way or two-way
ANOVA followed by Tukey’s test for comparison or
Mann–Whitney U test for comparisons wherever appro-
priate. The statistical significance was set at p < 0.05. All
data statistical analyses were performed with SPSS soft-
ware (version 25.0, SPSS, Chicago, USA) or Prism
5 (Graphpad).

3 | RESULTS

3.1 | Memory consolidation and cued memory
retrieval were impaired after preoperative
restraint stress followed by partial hepatectomy
under sevoflurane anaesthesia in mice

To investigate postoperative memory changes, mice were
divided into the control group and surgery group (treated
with preoperative restraint stress followed by sevoflurane
anaesthesia and partial hepatectomy). They then received
fear conditioning test (Figure 1A). The mice in the sur-
gery group showed no difference in freezing levels during
fear conditioning compared with the controls
(Figure 1B), indicating that memory acquisition was not
significantly affected. In contrast, during the testing
phase, the freezing levels of both the context- (30.93
[2.03]% vs. 21.51 [1.29]%, p = 0.0010) and tone-
dependent memories (55.15 [2.78]% vs. 39.97 [2.91]%,
p = 0.0014) in the surgery group were significantly
reduced compared with the controls, suggesting a mem-
ory impairment occurred after surgery (Figure 1C,D).

Memory consolidation is the process by which
acquired information is to become persistent long-term
memory (≥24 h) [20]. If a drug/treatment does not affect
information acquisition, but prevents the development to
long-term memory, it is considered to affect memory con-
solidation [21]. Thus, we performed the surgery 2 h after
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conditioning in another cohort and they were then tested
for memory consolidation 24 h after fear conditioning
(Figure 1E). The context- (49.91 [2.55]% vs. 35.40
[3.97]%, p = 0.0065) and tone-dependent memories
(40.72 [2.78]% vs. 27.77 [2.22]%, p = 0.0019) of the sur-
gery group were significantly lower than that of the nor-
mal control group (Figure 1F,G), suggesting memory
consolidation impairment after surgery.

Memory retrieval is to recall memory encoded and
stored previously in the brain [22]. To differentiate the
effect of surgery on memory retrieval, mice received sur-
gery 2 days after conditioning and were subjected to mem-
ory test 6 h later (Figure 1H). There was no significant
difference between groups in the total moving distance in
open field (158.20 [11.90] vs. 149.10 [13.55], p = 0.6192)
(Figure 1I). No significant difference in contextual mem-
ory (17.73 [2.12]% vs. 14.03 [2.05]%, p = 0.2280) but sig-
nificant difference in cued memory tested on the same day
after surgery (39.00 [3.08]% in the control vs. 24.11
[2.06]% in the surgery group, p = 0.0011) was found
between two groups (Figure 1J,K), suggesting an impair-
ment of cued memory retrieval after surgery.

To test the long-term memory maintenance after sur-
gery, surgery was given 1 day after fear conditioning, and
their contextual and cued memory were tested on 1, 3,
7 and 14 days after surgery (Figure 1L). There was no sig-
nificant difference between two groups (F (3, 82) = 0.1891,
p = 0.9035 of contextual memory; F (3, 82) = 0.3039,
p = 0.8225 of the cued memory) (Figure 1M,N).

3.2 | The connectivity from the dorsal
hippocampus to the medial prefrontal cortex was
damaged after preoperative restraint stress
followed by sevoflurane anaesthesia and partial
hepatectomy in mice

The connectivity between the hippocampus and the medial
prefrontal cortex (mPFC) is closely involved in memory
consolidation [23]. The pAAV-CAG-eGFP anterograde
tracer virus was injected into the hippocampus of mice to
label the axon terminals of hippocampal neurons and the
pAAV5-CAG-PSD95-mcherry virus was injected into the
cingulate cortex of mPFC to label the postsynaptic part of
mPFC’s neurons (Figure 2A,B). The co-labelling synapses
in the mPFC were significantly decreased in surgery group
(0.33 [0.02] vs. 0.17 [0.02], p < 0.0001) (Figure 2C,D). To
assess the hippocampal synapses projected from the
mPFC, the pAAV-CAG-eGFP anterograde tracer virus

was injected into the mPFC cingulate cortex to label the
axon terminals of mPFC’s neurons, and the
pAAV5-CAG-PSD95-mcherry virus was injected into the
hippocampus of mice to label the postsynaptic part of hip-
pocampal neurons (Figure 2E,F). No significant change of
the co-labelling synapse numbers in the hippocampus was
found in the surgery group (14.17 [1.20] vs. 13.83 [2.01],
p = 0.8894) (Figure 2G,H). These findings indicated that
the connectivity from the hippocampus to mPFC was
damaged, but not vice versa.

3.3 | The astrocytic phagocytosis of dorsal
hippocampal neuronal axon terminals in the
medial prefrontal cortex was increased after
preoperative restraint stress followed by
sevoflurane anaesthesia and partial hepatectomy
in mice

Astrocytes and microglia modulate brain function and
the connectivity of interbrain regions by pruning synap-
ses [24, 25]. Astrocytes and microglia were activated in
the mPFC following surgery (p < 0.0001, respectively)
(Figure 3A,B; Figure 4A,B). The number of the hippo-
campal neurons’ axon terminals engulfed in each astro-
cyte (median [IQR], 2 [2] vs. 3 [2], p = 0.01) and the
percentage of astrocytes engulfing hippocampal neurons’
axon terminals (37.94 [4.08]% vs. 61.80 [5.52]%,
p = 0.0037) was significantly increased in the surgery
group compared with the controls (Figure 3C,D,F). No
significant inter-group difference in the astrocyte phago-
cytosis of PSD-95 (a marker of postsynaptic structure)
was detected (Figure 3C,E,F). No significant inter-group
difference was also detected in microglial phagocytosis of
hippocampal neurons’ axon terminals and PSD-95
of mPFC (Figure 4C–F). These suggested that astrocyte’s
phagocytosis of hippocampal neuronal axon terminals in
the mPFC contributed to the connectivity damage from
the hippocampus to mPFC after surgery.

3.4 | Neuroinflammatory response and
oxidative stress in the dorsal hippocampus
and the medial prefrontal cortex were induced
after surgery in a region-dependent manner

Neuroinflammation and oxidative stress play an impor-
tant role in POCD pathogenesis [26]. Thus, the neuroin-
flammatory response and oxidative stress in the

F I GURE 1 Memory consolidation and cued memory retrieval were impaired after preoperative restraint stress followed by sevoflurane
anaesthesia and partial hepatectomy in mice. (A) Time schedule for surgery, perioperative stress, fear conditioning and tests. (B) Freezing levels in
fear conditioning. Freezing levels in contextual (C) and cued (D) fear tests. (E) Time schedule for surgery, perioperative stress, fear conditioning and
tests of memory consolidation. Freezing levels in contextual (F) and cued (G) fear tests. (H) Time schedule for perioperative stress, surgery, open
field, fear conditioning and tests of memory retrieval. (I) Total distance of mice 6 h after surgery. Freezing levels in contextual (J) and cued (K) fear
tests. (L) Time schedule for perioperative stress, surgery, fear conditioning and tests at 1, 3, 7, 14 days after surgery. Freezing levels in contextual
(M) and cued (N) fear tests. Data are represented as mean ± SEM (n = 9–10) and analysed with Student t-test (for sub-figure C, D, F, G, I–K) or
two-way ANOVA followed by Tukey’s test for comparison (for sub-figure B, M and N) where appropriate; **p < 0.01.
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hippocampus and mPFC after surgery were investigated
to see whether they were related to the connectivity dam-
age from the hippocampus to mPFC after surgery. TNF-
α and ROS in the hippocampus and mPFC were signifi-
cantly increased after surgery (Figure 5). The increase of
inflammatory factors in the mPFC was greater than those
of the hippocampus (TNFα mRNA: p < 0.0001 in mPFC
and p < 0.0001 in hippocampus, Figure 5A; TNFα pro-
tein: p = 0.0020 in mPFC and p = 0.0178 in hippocam-
pus, Figure 5B). In contrast, the increase of ROS level in
the mPFC was lower than that of hippocampus
(p < 0.0001 in mPFC and p = 0.0170 in hippocampus,
Figure 5C,D).

3.5 | Limiting astrocyte activation in the
medial prefrontal cortex alleviated contextual
memory consolidation impairment induced by
sevoflurane anaesthesia combined with partial
hepatectomy and preoperative restraint stress

To further investigate the role of astrocyte’s phagocytosis of
the mPFC on postoperative memory consolidation impair-
ment, pAAV-GFAP-hM4Di-eGFP was injected into
mPFC 28 days before partial hepatectomy and fear mem-
ory test (Figure 6A). No significant difference was detected

in freezing level between the Controls + Vehicle, Surgery
+ Vehicle and Surgery + hM4Di groups during fear condi-
tioning (all p > 0.05) (Figure 6B). However, there were sig-
nificant differences of freezing time between three groups in
fear memory test (contextual memory: F (2, 32) = 17.85,
p < 0.0001; cued memory: F (2, 31) = 3.969, p = 0.0292).
The freezing time of the Control + Vehicle group was sig-
nificantly higher than that of the Surgery + Vehicle group
in the contextual memory test (34.01 [2.37]% vs. 15.55
[1.37]%, p < 0.0001) and cued memory test (55.99 [3.93]%
vs. 45.1 [1.82]%, p = 0.040) (Figure 6C,D), and the freezing
time in the contextual memory test (28.18 [2.57]% vs. 15.55
[1.37]%, p = 0.001) in the Surgery + hM4Di group was sig-
nificantly higher than that of the Surgery + Vehicle group
(Figure 6C), indicating that limiting astrocyte activation
ameliorated postoperative contextual memory consolida-
tion impairment.

4 | DISCUSSION

In the current study, we found that anaesthesia and sur-
gery together impaired memory consolidation and cued
memory retrieval. However, the contextual memory
retrieval as well as memory acquisition, storage and long-
term maintenance were not affected.

F I GURE 2 The co-labelling synapses in medial prefrontal cortex (mPFC) were damaged after preoperative restraint stress followed by
sevoflurane anaesthesia and partial hepatectomy in mice. (A and B) Schematic and confocal images of coronal sections to show virus injection sites
and the connection from hippocampus to mPFC. Scale bar: 200 μm (upper panel), 20 μm (lower panel). (C) Confocal images of eGFP (green) and
PSD-95 (red) in mPFC. Scale bar: 5 μm. (D) Quantification of co-labelling synapses (eGFP+PSD-95) in density using ZEN and Image J. n = 4 mice,
6–9 dendrites from each mouse were counted. Student t-test. (E and F) Schematic and confocal images of coronal sections to show virus injection sites
and the connection from mPFC to CA3 of hippocampus. Scale bar: 100 μm (upper panel), 20 μm (lower panel). (G) Confocal images of eGFP (green)
and PSD-95 (red) in CA3. (G) Confocal images of eGFP (green) and PSD-95 (red) in CA3. Scale bar: 5 μm. (H)Quantification of co-labelling
synapses (eGFP+PSD-95) numbers. Data are represented as mean ± SEM (n = 6) and analysed with Student t-test. ****p < 0.0001.
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F I GURE 3 Preoperative restraint stress followed by sevoflurane anaesthesia and partial hepatectomy increased the astrocytic phagocytosis of
dorsal hippocampal neuronal axon terminals in the medial prefrontal cortex (mPFC). (A) Confocal images of S100β (green) staining (scale bars: 20 μm).
(B) Positive area percentage of astrocytes in the mPFC 1 day after surgery (n = 3 mice, 3 images from each mouse were counted). (C) Representative
confocal images of engulfed eGFP (green) and PSD-95 (red) in astrocytes (blue) in mPFC of control and surgery group. Scale bars: 5 μm. Quantification
of engulfed eGFP (D) and engulfed PSD-95 (E) in astrocytes (n = 8 mice, 3–6 cells from each mouse were counted). (F) The percentage of astrocytes
engulfing eGFP and (or) PSD-95 in fields (160 μm � 160 μm) using ZEN and ImageJ (n = 8). Data are represented as mean ± SEM or median (1–99
percentile) and analysed with Student t-test or Mann–Whitney U test where appropriate. *p < 0.05, **p < 0.01, ****p < 0.0001.
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F I GURE 4 Sevoflurane anaesthesia combined with partial hepatectomy and preoperative restraint stress did not change the microglial
phagocytosis in medial prefrontal cortex (mPFC). (A) Confocal images of Iba1 (red) staining. (B) Positive area percentage of microglial cells in the
mPFC 1 day after surgery (scale bars: 20 μm, n = 3 mice, 3 images from each mouse were counted). (C)Representative confocal images of engulfed
eGFP (green) and PSD-95 (red) in microglia (blue) in mPFC. Scale bars: 5 μm. Quantification of engulfed eGFP (D) and engulfed PSD-95 (E) in
microglia (n = 8 mice, 3–6 cells from each mouse were counted. (F) Quantifying the percentage of microglia engulfing eGFP and (or) PSD-95 in
fields (160 μm � 160 μm) using ZEN and ImageJ (n = 8). Data are represented as mean ± SEM or median (1–99 percentile). Data are represented as
mean ± SEM or median (1–99 percentile) and analysed with Student t-test or Mann–Whitney U test where appropriate. ****p < 0.0001.
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Contextual memory consolidation was reported to be
dependent on the connectivity from the dorsal hippocam-
pus to the mPFC [5] whilst contextual memory retrieval
depends on the connectivity from the mPFC to the dorsal
hippocampus [18]. Moreover, cued memory consolida-
tion and retrieval likely depend on the connectivity from
the mPFC to amygdala [27]. In this study, we found that
anaesthesia and surgery damaged the connectivity from
the dorsal hippocampus to mPFC, but not from the
mPFC to dorsal hippocampus, corresponding to
the impairment of memory consolidation reported here.
The underlying mechanisms of this discrepancy are
unknown. However, interestingly, an increase in ROS
level of the hippocampus was significantly higher than
that of the mPFC. Thus, it is possible that ROS induced
more injury to vulnerable neurons in the hippocampus
and hence caused the relatively more damage to the
‘dynamic’ projections from the dorsal hippocampus to
mPFC but this warrants further study.

The synaptic remodelling modulated by glial cells has
well been recognised in physiological and pathological

conditions [24]; In particular, microglial cells were con-
sidered to play a main role of synaptic remodelling as a
sole mediator of synapse elimination [28].For instance,
microglia mediated the synaptic loss in Alzheimer’s dis-
ease [12]; the phagocytosis of microglia led to depressive
disorder [29]. Recent studies showed that astrocytes also
were able to eliminate synapses in the developing and
mature brain [11]. In this study, anaesthesia and surgery
induced a significant increase of astrocytic engulfment of
hippocampal neuronal axon terminals in the mPFC, but
not microglial engulfment. Limiting astrocyte activation
in the mPFC also alleviated contextual memory consoli-
dation impairment induced by anaesthesia and surgery.
This is in line with the findings from the previous studies
of POCD and ischemic stroke [13, 30, 31]. Hippocampal
microglial activation triggered a neurotoxic-specific
astrocyte response during POCD development [30] and
limiting neuroinflammation through inhibiting astrocytic
activation attenuated postoperative cognitive impairment
in aged mice [31]. In ischemic stroke, microglial synapse
engulfment was evident during the early phase within the

F I GURE 5 Neuro-
inflammatory reaction and
oxidative stress in dorsal
hippocampus and medial
prefrontal cortex (mPFC) were
induced after surgery in a region
dependent manner. (A) and
(B) The levels of TNF-α mRNA
and protein in the mPFC and
hippocampus. (C) Confocal
images of ROS in mPFC and
hippocampus. Scale bars: �5:
200 μm; �20: 50 μm. (D) The fold
change of ROS level in the mPFC.
(E) The fold change of ROS level
in the CA1. Data are represented
as mean ± SEM (n = 4–5) and
analysed with Student t-test.
*p < 0.05, ***p < 0.001,
****p < 0.0001.
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ischemic core region, whereas phagocytic astrocytes were
also found within the ischemic perifocal region at day
7 after ischemic stroke [13], suggesting that a damage
magnitude may depend on the characteristics of astro-
cytic and microglial engulfment related to injurious
nature of brain cell. Thus, it is possible that brain injury
induced by anaesthesia and surgery is enough to activate
astrocytic phagocytosis, but not enough to
activate microglial phagocytosis reported herein per se.

Our study had some limitations. First, anaesthesia
alone group was not included in the current study and
which part, either anaesthesia or surgery, caused more
changes found in this currently is unknown. However,
both anaesthesia and surgery are always parallel together
in clinical settings and, hence, our data are valid simulat-
ing clinical practice improvement. Second, our study only
focused on the changes in the hippocampus-dependent
memory and how both anaesthesia and surgery affect
hippocampus-independent memory and associated neural
circuit changes remains elusive and warrants further
study. Third, GFAP, a classic marker of astrocytes, was
not used to detect astrocyte phagocytosis, because it
labelled too few astrocytes in the mPFC of mice for
objective quantification of astrocyte phagocytosis. In
contrast, S100β, which was used in our study, is widely
used to detect astrocytes in mice brain [32]. Fourth, inter-
estingly, we found that cued memory was impaired

immediately after surgery (Figure 1K) but this was not
the case 1 day after surgery (Figure 1N). This was due to
the transit effect of anaesthesia and surgery or due to its
quick recovery from damage is open to a question.
Finally, this study was only focused on the impact of
anaesthesia/surgery on the memory processing and the
underlying mechanisms including neuroinflammation.
Systemic inflammatory biomarkers, for example, blood
cytokines, following treatments were not measured but
the correlation between peripheral and central inflamma-
tion in this area of study has been well established [31].

In conclusion, our work demonstrated that anaesthe-
sia and surgery impaired both consolidation and
retrieval of memory. Mechanistically, anaesthesia and
surgery activated astrocytic engulfment, but not micro-
glial engulfment, of hippocampal neuronal axon termi-
nals in the mPFC and caused connectivity damage from
the dorsal hippocampus to mPFC and consequently
impaired memory consolidation. Our work, for the first
time, demonstrated that both anaesthesia and surgery
caused astrocyte phagocytosis, further resulted in the
dorsal hippocampus to mPFC neural circuit damage
and, consequently, impaired both consolidation and
retrieval of memory. Protecting astrocytes to avoid their
phagocytosis may become new therapeutic target for
developing strategy in preventing and treating POCD
development.

F I GURE 6 Inhibition of astrocyte activation in the medial prefrontal cortex (mPFC) alleviated contextual memory consolidation impairment
induced by preoperative restraint stress followed by sevoflurane anaesthesia and partial hepatectomy. (A) Timelines and pAAV-GFAP-hM4Di
labelling. pAAV-GFAP-hM4Di was injected in mPFC 28 days before fear memory behaviour for memory consolidation test. Co-localization of
eGFP labelling with the S100+ astrocytes. Scale bar: 100 μm (upper left panel); 10 μm (upper right panel). (B) Freezing levels in fear conditioning.
(C) Freezing levels in contextual tests. (D) Freezing levels in cued tests. Data are represented as mean ± SEM (n = 11–12) and analysed with one-way
or two-way ANOVA followed by Tukey’s test for comparison where appropriate. *p < 0.05, ***p < 0.005, ****p < 0.0001.
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