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Abstract

Postoperative delirium (POD) occurs in a few days after major surgery under
general anesthesia and may cause serious health problems. However, effective
intervention and treatment remain unavailable because the underlying mechanisms
have far been elucidated. In the present study, we explored the role of the malfunctioned
astrocytes in POD. Our results showed that mice with tibia fracture displayed spatial
and temporal memory impairments, reduced LTP, and activated astrocytes in the
hippocampus in early postoperative stage. Using electrophysiological and Ca?* imaging
techniques in hippocampal slices, we demonstrated the malfunctions of astrocytes in
surgery mice: depolarized resting membrane potential, higher membrane conductance
and capacitance, and attenuated Ca?* elevation in response to external stimulation. The
degraded calcium signaling in hippocampal astrocytes in surgery mice was restored by
correcting the diminution of acetylcholine release with galantamine. Furthermore,
pharmacologically blocking astrocyte activation with fluorocitrate and enhancing
cholinergic inputs with galantamine normalized hippocampal LTP in surgery mice.
Finally, inhibition of astrocyte activation with fluorocitrate in the hippocampus
improved cognitive function in surgery mice. Therefore, the prevention of astrocyte
activation may be a valuable strategy for the intervention of cognitive dysfunction in

POD, and acetylcholine receptors may be valid drug targets for this purpose.
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Synaptic plasticity; Cognitive function



1. Introduction

Postoperative delirium (POD) occurs between 2-5 postoperative days. It is a
subject of great interest since the incidence of POD reaches 50-70% in patients
undergoing major surgeries or suffering from mental problems (Inouye et al., 2014;
Saczynski et al., 2012; Wilson et al., 2020), and POD is a risk factor of long-term
cognitive impairment (Moskowitz et al., 2017; Pandharipande et al., 2013; Saczynski

et al., 2012). However, the mechanisms underlying POD have far been elucidated.

Growing evidence suggests that neuroinflammation is implicated in POD (Lin et
al., 2020; Safavynia and Goldstein, 2018). The peripheral inflammation leads to the
structural and functional damages in the blood brain barrier, through which
inflammatory cells and mediators translocate into the central nervous system and
activate microglia and astrocytes (Li et al., 2020; Skvarc et al., 2018; Terrando et al.,
2011). Astrocytes are well known to shape synapse formation and to modulate synaptic
transmission and plasticity (Allen and Eroglu, 2017). In this regard, astrocytes may be
responsible for the acute changes in synaptic plasticity in POD. However, little has been
known about the pathophysiology of astrocytes in POD. Furthermore, it remains
unclear whether activated astrocytes affect synaptic plasticity and contribute to the

pathogenesis of POD.

Cholinergic system plays an important role in learning and memory (Haam and
Yakel, 2017; Solari and Hangya, 2018). In particular, cholinergic neurons in the medial
septum and diagonal band of Broca provide major cholinergic inputs to the
hippocampus and have a great impact on hippocampal circuits and memory formation
(Araque et al., 2002; Navarrete et al., 2012; Pabst et al., 2016). Recent studies
demonstrated that cardiac and non-cardiac surgery patients with POD exhibit a lower
level of acetylcholinesterase (Adam et al., 2020; Zhao et al., 2019). Our previous study
showed that cholinergic activity was impaired in the hippocampus as increasing
acetylcholine concentration with galantamine reversed cognitive dysfunction in mice
subjected to tibial fracture (Wang et al., 2019). Hippocampal astrocytes express both
nicotinic and muscarinic cholinergic receptors (Hernandez-Morales and Garcia-
Colunga, 2009; Takata et al., 2011) and respond to locally released acetylcholine with
an increase in Ca?* concentration (Takata et al., 2011). These processes may contribute

to cholinergic modulation of synaptic transmission, and learning and memory
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(Navarrete et al., 2012; Pabst et al., 2016). These raise the possibility that the interaction
between astrocytes and cholinergic inputs may participate in early cognitive

dysfunction following peripheral surgery.

A mouse model with tibial fracture exhibits some of the cognitive impairments
commonly observed in patients subjected to orthopedic surgery, and has been used to
study mechanisms of postoperative neuroinflammation and behavioral changes (Hirsch
et al., 2016; Terrando et al., 2011; Wang et al., 2019; Xiong et al., 2018). To shed light
on the relationship between astrocytes and cognitive impairment in POD, we
characterized modifications of hippocampal astrocytes, and measured acetylcholine
release and synaptic plasticity in the hippocampus on postoperative day 3 in mice
subjected to tibial fracture. With multidisciplinary experiments, we provide two
intervention strategies (enhancing cholinergic function and inhibiting astrocyte
activation) to effectively improve deficits in synaptic plasticity in the hippocampus and

cognitive function in POD mice.



2. Materials and methods
2.1. Animals

The care and use of animals and the experimental protocols utilized in this study
were approved by the Institutional Animal Care and Use Committee and the Office of
Laboratory Animal Resources of Xinjiang Medical University and Xuzhou Medical
University under the Regulations for the Administration of Affairs Concerning
Experimental Animals (1988) in China. We used male C57/BL6 wild-type mice (5-7
month old) because there is no sex differences in the development of post-operative
cognitive dysfunction in young adults (Schenning et al., 2019). Mice were group housed
(=< 4)in astandard 12 h light / dark cycle with free access to food and water. All

behavioral experiments were performed in the light cycle. Efforts were made to

minimize animal suffering and to reduce the number of mice used.
2.2. Tibial fracture Surgery

A unilateral stabilized tibial fracture operation with intramedullary pinning was
performed as described previously (Terrando et al., 2013; Wang et al., 2019). Mice
were anesthetized with sodium pentobarbital (40 mg/kg). Briefly, the left hind limb was
shaved and disinfected. A 0.5 cm longitudinal incision was made. Muscles were
detached to expose the tibia and the periosteum was stripped. A 5 mm long stainless-
steel pin (0.38 mm in diameter) was inserted into the tibia intramedullary canal and the
hole was sealed with bone vax. Then, the skin was sutured. The mice were allowed to
recover on a heating pad until woke up before returning to a clean home cage. For
postoperative pain relief, ibuprofen (50 mg/L) was provided in drinking water ad
libitum. Sham mice received anesthesia and analgesia without any surgical operation.

2.3. Contextual fear conditioning

Fear conditioning is a useful behavioral paradigm for assessing learning and
memory (Wang et al., 2019). Contextual fear-conditioning was conducted as reported
previously (Johansen et al., 2011; Shi et al., 2016; Wang et al., 2019). The test includes
training (conditioning) and test sessions (Fig. 1A). Before each training and test session,
mice were brought to the testing room and allowed to habituate for at least 60 min. Mice

were handled daily for 5 days prior to training. In the training session, mice were first



placed in the fear-conditioning chamber (Med Associates, Fairfax, VT) and allowed to
explore for 120 s; a tone (70 dB) (conditional stimulus, CS) was then presented for 20
s and a constant mild foot shock (0.8 mA) (unconditional stimulus, US) was given at
the last 2 s. Three trials of tone-foot shock pairings separated by 2 min intervals were
delivered (Fig. 1A). The mice remained in training chamber for another 30 s before
being returned to home cages. Test session was performed 3 days after the operation
(Fig. 1A). Mice were placed into the same fear-conditioning chamber (the contextual
cue) and allowed to free roaming for 2 min without a tone or a shock. Their movement
in this period was monitored by a tracking system (Med Associates, Fairfax, VT). The
percentage of the total time the mice spent freezing in the chamber and the index of the
contextual memory were calculated by the software of the fear conditioning system
(Med Associates, Fairfax, VT).

The chamber was wiped clean with 70% alcohol between mice.
2.4. Novel object recognition

The novel object recognition (NOR) test was used to evaluate cognitive function
in mice, based on the phenomenon that rodents tend to spend longer time exploring a
novel object than a familiar one (Leger et al., 2013). In the familiarization session, the
mice were allowed to explore two identical objects 15 cm apart for 10 min in an open
field arena (40 x 40 x 40 cm). Five hours later, one object was replaced with a novel
one, and the mice were placed in the open field arena again to explore the familiar and
novel objects for 10 min. The time spent exploring each object was recorded. Novel
object discrimination index was calculated as the ratio of the time the mouse spent
exploring novel object to the total time the mouse spent exploring the familiar and novel
objects in the test session. The total distance traveled and the average velocity during
the test session were compared between the two groups to rule out the interference of
object exploration by altered motor function. The video data were analyzed with a
movement tracking system, Ethovision XT 14.0 (Noldus Information Technology,
Wageningen, The Netherlands)

2.5. Measurement of acetylcholine release with an ACh sensor

Individual mice were anesthetized by intraperitoneal injection of sodium

pentobartital (40 mg/kg). The head of the mouse was stabilized on a stereotaxic frame
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(RWD Life Science Co., Ltd, Shenzhen, China) while its body was placed on a heating
pad. The surgery was performed as described previously (Luan et al., 2020). Viral
vector carrying ACh sensor (AAV-hSyn-GACh3.0, 3x10'2 vg/ml, WZ Biosciences Inc.,
Jinan, China) (150 nl) was injected at the speed of 50 nl/min into the dorsal
hippocampus with a microsyringe pump (WPI Inc., Sarasota, FL). The coordinate of
the hippocampus is: —1.90 mm from the Bregma at anterior to posterior axis; 1.80 mm
deep from the Bregma; +1.25 mm from the midline. Three weeks later, acute
hippocampal slices (300 um thick) were prepared for experiments.

GACHh in the CA1 region of the hippocampus was imaged with an epi-fluorescent
microscope (FN-1, Nikon, Tokyo, Japan). Sequence images were acquired (9 frames /
s) with a CCD Camera (Flash LTE 4.0, Hamamatsu, Hamamatsu city, Japan) controlled
by the HCImage 4.0 software (Hamamatsu, Hamamatsu city, Japan), which was also

used for analysis of imaging data.
2.6. Hippocampal slice preparation

The mice were deeply euthanized with COg, and then intracardiac perfusion was
performed with ice-cold modified sucrose-based artificial cerebral spinal fluid (SACSF,
5 ml/min) saturated with 95% Oz / 5% CO: (carbogen) containing (mM): 85 NaCl, 75
sucrose, 2.5 KCI, 1.25 NaH2POa, 4.0 MgCly, 0.5 CaClz, 24 NaHCO3z and 25 glucose
(Luanetal., 2020; Tang etal., 2021; Wang et al., 2019). The brain was rapidly removed
and placed in ice-cold SACSF. 300 um thick coronal hippocampal slices, prepared with
a Leica VT-1200S vibratome (Wetzlar, Germany), were incubated in carbogenated
SACSF at 32 + 1 °C in a holding chamber for an hour. The slices were then transferred
into normal ACSF, containing (mM): 125 NaCl, 2.5 KCl, 1.2 NaH;PQO4, 1.2 MgCl,, 2.4
CaCl,, 26 NaHCOs3, and 11 glucose, and were kept at room temperature for at least 30

min before used for both imaging and electrophysiological experiments.

A borosilicate glass with a 10 um tip, fabricated with a horizontal pipette puller
(P-1000, Sutter Instrument Inc., Novato, CA), was filled with ACSF, connected to a
stimulus isolator (Iso-Flex, AMPI, Jerusalem, Israel), and placed in the stratum oriens
[ alveus area (O/A), where the septohippocampal cholinergic terminals locate (Araque
et al., 2002; Navarrete et al., 2012).

2.7. Sulforhodamine 101 (SR101) loading



Hippocampal slices were stained with a red fluorescent astrocyte marker,
sulforhodamine 101 (SR101, 5 uM), in carbogenated ACSF for 35 min at 34 °C
(Boddum et al., 2016) and were subsequently returned to dye-free ACSF for at least 30

min before imaging.
2.8. Calcium imaging in astrocytes

Calcium levels in astrocytes of the hippocampal CAL region were monitored using
a calcium indicator, Fluo-4 AM (a green fluorophore), as reported previously (Cameron
et al., 2016; Reeves et al., 2011). Fluo-4 AM was dissolved in DMSO containing 1%
pluronic acid-127 into the final concentration of 1 mM and sonicated for 15 min. Brain
slices were incubated with 5 uM Fluo-4 AM and 5 uM SR101 in ACSF oxygenated
continuously with 95% 02-5% CO- at 34 °C in the dark for 45 min. The slices were
then transferred to dye-free ACSF for at least 30 min before imaging.

A hippocampal slice was placed in a recording chamber, perfused with
carbogenated ACSF at 32 °C. SR101-labeled astrocytes were visualized with red
fluorescent illumination and Fluo-4-labeled astrocytes were imaged with green
fluorescent illumination under a microscope (FN-1, Nikon, Tokyo, Japan) equipped
with a 40x water immersion objective (NA = 0.80, WD = 3.5 mm). Time sequence
images (9 frames/s) of Fluo-4 were acquired with a CMOS-CCD camera (Flash 4.0
LTE, Hamamatsu, Hamamatsu city, Japan) controlled by the HCImage 4.0 software
(Hamamatsu, Hamamatsu city, Japan). The fluorescence intensity of Fluo-4 signal from
each astrocyte was plotted versus time. Subsequent electrical stimulation (0.1 ms, 20
Hz, for 1 s)-evoked changes in fluorescence intensity (AF) in each trial was normalized
to the average fluorescence intensity before electrical stimulation (AF/Fo). Astrocytes
were considered responsive to electrical stimulation when AF/Fo increased more than

two times of the standard deviation of Fo.

2.9. Electrophysiological recordings in hippocampal astrocytes

Slices were transferred into a chamber, superfused with carbogen saturated ACSF
(2 ml/min, 32 £ 1 °C). Whole-cell patch-clamp signals were recorded from SR101-
stained astrocytes in the CA1 region of the hippocampus with a MultiClamp 700B
amplifier, a Digidata 1552B analog-to-digital (AD) converter, and the pClamp 10.7
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software (Molecular Devices, San Jose, CA). The patch electrode had a resistance of
5 - 8 MQ when filled with an intrapipette solution containing (in mM) 135 K gluconate,
5 KCl, 0.2 EGTA, 0.5 CaCly, 10 HEPES, 2 Mg-ATP, and 0.1 GTP (pH was adjusted to

7.2 with Tris-base; osmolarity was adjusted to 300 mOsm with sucrose). The junction
potential between patch pipette and bath solutions was nulled just before gigaseal
formation. Series resistance was monitored without compensation throughout the
experiment using the MultiClamp 700B commander (Molecular Devices, San Jose,
CA). Data were sampled at 10 kHz and were filtered at 2 kHz.

2.10. Recordings of field excitatory postsynaptic potential

Field excitatory postsynaptic potentials (fEPSPs) were recorded with a
MultiClamp 700B amplifier and a Digidata 1552B AD converter (Molecular Devices,
San Jose, CA) in the current-clamp mode from the CA1 region of the hippocampus with
a glass microelectrode (2-5 MOhm) (Popov et al., 2021). An ACSF-filled electrode
was placed in the Schaffer collateral commissural pathway (SC) to deliver electrical
stimulation (0.1 ms, 0.05 Hz, 20-200 pA) (Iso-Flex, AMPI, Jerusalem, Israel). The high
frequency stimulation (HFS) used to induce LTP consists of 3 trains of 0.2 s 100 Hz
pulses (0.1 ms) with 20 s intervals. Stimulation intensities were adjusted (20—40 pA) to
evoke half-maximal responses. The HFS was applied only if the amplitudes of the
fEPSPs were stable for at least 20 min. After HFS, the fEPSPs were recorded at least
60 min. The wide band signal was digitally low-pass filtered at 2 kHz. The LTP
magnitude was calculated as % increase of the potentiated fEPSP amplitude relative to
the baseline fEPSP amplitude.

2.11 Bilateral intracranial injection of fluorocitrate

Stainless steel guide cannulas (26G, RWD Life Science, Shenzhen, China) were
bilaterally implanted 500 pm above the CA1 region in the dorsal hippocampus and were
fixed to the skull with dental cement (Yuyan, Shanghai, China). The mice were allowed
to recover for a week. For postoperative pain relief, ibuprofen (50 mg/L) was added in
drinking water for 3 days. A 30-gauge injection needle (500 um longer than the cannula)
was inserted in the dorsal hippocampus through the cannula for the delivery of FC (400
nl/side, 50 nl/min) with a microsyringe pump (WPI, Sarasota, FL) while the mice were

lightly anesthetized with an isoflurane evaporator (RWD Life Science Co., Ltd,
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Shenzhen, China). By the end of the infusion, the injection needles remained inside the
guide cannula for 5-10 min to insure adequate absorption of FC by the tissue. Locations

of cannula implants in mice were confirmed histologically after the experiments.
2.12 Immunohistochemistry

Mice were sacrificed in a CO2 chamber and subjected to transcardiac perfusion
with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). The
brains were removed and post-fixed in PFA for 4-6 h followed by gradient sucrose
dehydration for two days at 4 °C. After dehydration, brains were sectioned into 30 um
slices with a Leica CM1950 cryostat (Wetzlar, Germany) and the slices were mounted

onto glass slides, which were kept at -20 °C.

The frozen slices on the glass slides were washed twice (10 min each) with cold
PBS, blocked for 1 h at room temperature in 0.1% Triton X-100 and 4% donkey serum
in PBS, followed by incubation in a primary antibody (1:500, mouse anti-GFAP, Santa
Cruz, Dallas, TX) in 0.1% Triton X-100 and 1% donkey serum in PBS at 4 °C for 24
h. After three washes (10 min each) with PBS, the slices were incubated with secondary
antibody (1:500, donkey anti-mouse, Jackson ImmunoResearch, West Grove, PA) with
PBS at room temperature for 2 h. The sections were washed three times (10 min each)

with PBS, dried at room temperature, and cover-slipped in mounting medium.

The stained slices were imaged under 10x and 20x objectives with a Zeiss LSM
880 confocal microscope (Zeiss, Oberkochen, Germany). The images were processed
with Image J (NIH, Bethesda, MD).

2.12 Drugs

Fluo-4-AM and SR101 were purchased from Thermo Fisher Scientific (Waltham, MA).
DL-fluorocitric acid barium (FC) was from Sigma-Aldrich (Saint Louis, MO). All other
drugs were from MedChemExpress (Monmouth Junction, NJ).

The FC solution was prepared as follows: 8 mg FC was dissolved in 1 mL 0.1
mol/L HCI. Two to three drops of 0.1 mol/L Na,SO4 were added to precipitate the Ba2*.
The suspension was diluted in 0.9% NaCl to the final concentration and the pH was
adjusted to 7.4. For behavioral test, 1 nmol/ul FC (400 nl/side) was injected in the dorsal

hippocampus. For brain slice recording, scopolamine (Scop, 5 uM), galantamine (Gal,
8



10 uM) or FC (100 uM) in ACSF was applied through bath perfusion.

2.13 Statistical analysis

GraphPad Prism 7.0 was used for all statistical analyses. All data were expressed
as mean + SEM. Two-tailed paired or unpaired t-test was used for comparison of
parameters between two groups if the data passed the normality and equal variance
tests. ANOVAs followed by post-hoc Bonferroni tests were used for multiple pair-
wised comparisons. If the equal variance assumptions were not valid, statistical
significance of the difference between groups was evaluated using the Mann—Whitney
test or ANOVA rank tests. A value of P < 0.05 was considered statistically significant.
The mean, SEM, n, the specific statistical test, F, t, and P values were reported in the

figure legends.



3. Results

3.1 Impairment of cognitive function in surgery mice

To study the role of astrocytes in postoperative cognitive dysfunction, we first
established a mouse model subjected to a major surgery under pentobarbital general
anesthesia. We adopted an aseptic tibial fracture with internal fixation and anesthesia-
matched sham procedure on mice. After recovery, we assessed cognitive function in
the mice with two paradigms: aversive memory associated with a conditional stimulus
(electric foot shock paired with a sound cue, fear conditioning) (Fig. 1A) and short-
term visual and spatial memory (novel object recognition, NOR) (Fig. 1E).

In the fear-conditioning paradigm, sham and surgery mice displayed comparable
exploring behavior in the apparatus in pre-conditioning session and freezing behavior
during training session one day before the operation (Fig. 1B, 1C). In the contextual
test session on post-operative day 3, surgery mice showed a significantly shorter
freezing time in the training chamber (Fig. 1D). These data suggest that mice
undergoing tibial fracture experienced hippocampus-dependent cognitive decline.

In NOR paradigm conducted on post-operative day 3, sham and surgery mice
displayed comparable exploration time on the two identical objects (Fig. 1G) in the
training session. During testing session, sham mice were able to discriminate between
the familiar and novel objects as they spent a longer time in exploring the novel object
than the familiar object (Fig. 1F, 1H). In contrast, surgery mice did not show a
significant difference in time spent exploring the novel and familiar objects (Fig. 1F,
1H). Moreover, a lower discrimination index in NOR in surgery mice indicates worse
performance than sham mice (Fig.11). Note that there was no difference in total distance
travelled or velocity between sham and surgery mice during the testing session (20 min
distance: 27.9 & 1.9 m and 22.3 & 3.0 m in sham and surgery mice, respectively, t =
1.56, P =0.14; Velocity: 4.7 £ 0.3 cm/s and 3.7 = 0.5 cm/s in sham and surgery mice,
respectively, t = 1.54, P = 0.14; 10 sham mice, 11 surgery mice), indicating that motor
function is not affected by surgery.

These results confirm the validity of mice subjected to tibial fracture with internal
fixation as a model to study cellular mechanisms underlying cognitive dysfunction in
postoperative delirium (POD).

3.2 Surgery leads to activation and biophysical modifications in hippocampal
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astrocytes

It has been revealed that astrocytes in the hippocampus respond to peripheral surgery
with hypertrophy and hyperplasia (Li et al., 2020; Zhang et al., 2016). To verify whether
astrocyte activation occurs after surgery, we counted the number of anti-GFAP
antibody-stained astrocytes in the hippocampal CA1 region (Fig. 2A). The number of
GFAP- positive cells (Fig. 2B) and the GFAP immunoreactive area in the hippocampal
CAL1 region significantly increased on post-operative day 3 (Fig. 2C). These data
indicate that the surgery leads to astrogliosis.

Morphological remodeling affects various aspects of the physiology of astrocytes
(Diaz-Castro et al., 2021; Popov et al., 2020). To understand whether CA1 astrocytes
exhibit different biophysical properties between sham and surgery mice, we performed
whole-cell patch-clamp recordings from live hippocampal slices prepared 2-3 days
after surgery and sham operation.

The astrocytes were visualized by sulforhodamine 101 (SR101) staining and
identified by their morphology (small and round cell bodies) (Fig. 2D). First, we
obtained current-voltage relationships (I-V curves) of astrocytes by applying voltage
steps to voltage-clamped astrocytes (Vn = -80 mV) (Fig. 2E). The linear relationship of
I-V curves in astrocytes from sham and surgery groups indicates the passive membrane
property of the astrocyte. However, the slope of the I-V curve in surgery mice increased
relative to that in sham mice (Fig. 2F), indicating an increase in cell conductance (Fig.
2G). We also found that astrocytes in surgery mice had a more depolarized resting
membrane potential than those in sham mice (Fig. 2H). Consistent with the notion that
an activated astrocyte has an enlarged cell body, we observed that astrocytes in surgery
mice displayed higher capacitance than those from sham mice (Fig. 21).

These results suggest that surgery causes the activation of hippocampal astrocytes
with modified biophysical properties.

3.3 Surgery impairs muscarinic receptor activation-evoked Ca?* influx in

hippocampal astrocytes

As Ca?* influx is crucial for physiological function of astrocytes (Allen and Eroglu,
2017), we examined whether surgery affects Ca?* elevation induced by electrical
stimulation on post-operative day 3. Loading a calcium indicator Fluo-4 AM in cells in

hippocampal slices allows real-time imaging of intracellular Ca?*, meanwhile, SR101

11



enables labeling of astrocytes (Fig. 3A). With these two procedures, we were able to
monitor Ca?* concentration in astrocytes in response to electrical stimulation (Fig. 3B).
We observed that electrical stimulation in the stratum oriens / alveus (O/A) of the
hippocampal CAL region caused Ca®" elevation (Fig. 3C, 3D) in about 50% of
astrocytes from sham and surgery mice (Fig. 3E), but with a larger amplitude in sham
mice (Fig. 3F).

It is well-established that astrocytes express a repertoire of receptors for multiple
neurotransmitters, including glutamate, GABA, ACh, and ATP (Otaet al., 2013). Given
that the strong cholinergic afferents from the medial septum and the diagonal band of
Broca are located in the O/A area of the hippocampus and CA1 astrocytes respond to
cholinergic activation by increasing Ca?* mobilization (Araque et al., 2002), we
examined whether inhibition of muscarinic receptors attenuates electrical stimulation-
evoked Ca?* elevation in hippocampal astrocytes. We found that electrical stimulation
of O/A area-evoked Ca?* elevation was reliably inhibited by application of a non-
selective muscarinic receptor antagonist, scopolamine (Scop, 5 uM), by 73.75% + 7.07%
(n=10) and 76.25 + 3.85% (n = 11) in sham and surgery mice, respectively (Fig. 3G -
J). These data suggest that muscarinic receptor activation plays a pivotal role in
mediating electrical stimulation-evoked Ca?* elevation in astrocytes, similar to a
previous report (Araque et al., 2002). We then subtracted electrical stimulation-evoked
Fluo-4 signals in the presence of Scop from that in the absence of Scop and obtained a
Scop-sensitive component (Fig. 3K). The comparison between the peak of stimulation-
evoked Ca?* elevation in astrocytes between sham and surgery mice reveals a
significant impairment in muscarinic receptor function in hippocampal astrocytes in

surgery mice (Fig. 3L).

These results demonstrated that muscarinic receptors mainly mediate the
regulation of astrocytes by cholinergic inputs in the hippocampus, and this connection

is impaired in surgery mice.
3.4 ACh release in the hippocampal CA1 region is reduced in surgery mice

To test whether cholinergic activity in the hippocampus is altered in surgery mice,
we used a rapid, intensity-based ACh-sensing green fluorescent reporter (GACh) (Jing
et al., 2020; Jing et al., 2018) to visualize the spatiotemporal dynamics of extracellular

ACh in the hippocampus. We injected an AAV vector carrying GACh controlled by the
12



synapsin promoter (AAV2/1-hsyn-GACh) into the dorsal hippocampus (Fig. 4A).
Three weeks after GACh expression, acute hippocampal slices were prepared from
sham and surgery mice on post-operative day 3. ACh release was evoked by placing a
stimulating electrode in the O/A of the hippocampal CAL1 region (Fig. 4A), and wide
field GACh responses were imaged with a CCD camera under the green fluorescent
illumination.

A detectable rapid response to a brief burst of 20 pulses of electrical stimulation
(20 pA) at 20 Hz was readily observed in area adjacent to the stimulating electrode in
sham and surgery mice (Fig. 4B). However, the responses in surgery mice were much
smaller than those in sham mice (Fig. 4B-D). These data suggest that reduced
acetylcholine release may be associated with the impairment of cholinergic modulation
of hippocampal astrocytes.

3.5 Galantamine enhances electrical stimulation-evoked astrocytic Ca?* elevations

in surgery mice

Next we sought to test whether galantamine (Gal), a cholinesterase inhibitor and a
positive allosteric modulator of nicotinic acetylcholine receptors (NAChRs) (Coyle and
Kershaw, 2001), repairs astrocytic Ca?* elevation evoked by electrical stimulation in
the hippocampal slices from surgery mice on post-operative day 3. Gal (10 uM) was
chosen based on our previous study (Wang et al., 2019). To achieve this goal, we
performed calcium imaging as shown in Fig. 3. We monitored Ca®* elevation in
individual CA1 astrocytes upon electrical stimulation (Fig. 3A, 3B). In control
experiments, Ca®" elevation in CA1 astrocytes was reliably induced by electrical
stimulation in the O/A area of the hippocampal CA1 region in both sham and surgery
mice (Fig. 5A, 5C). In the presence of Gal, electrical stimulation-evoked Ca?* elevation
in astrocytes was monitored every 2 min. The data showed that 10 min perfusion of Gal
enhanced Ca?* elevation in response to electrical stimulation in both sham and surgery
mice (Fig. 5A - D). Interestingly, the enhancement of Ca?* elevation by Gal was

significantly stronger in surgery mice than in sham mice (Fig. 5E).

The data suggest that Gal may restore the cholinergic impairment-induced

dysfunction in astrocytic Ca?* elevations in surgery mice.

3.6 Astrocyte activation parallels impaired synaptic plasticity in surgery mice
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Calcium signaling in astrocytes plays an important role in facilitating bidirectional
communication between neurons and astrocytes (Allen and Eroglu, 2017). The
dysfunction of astrocytic Ca?* signaling in surgery mice led us to hypothesize that
astrocytes may contribute to deficit in synaptic plasticity. Therefore, we examined
whether dysfunction in astrocyte in surgery mice is associated with the impaired long-
term potentiation (LTP) in the hippocampus, a major cellular mechanism underlying

learning and memory (Bliss and Collingridge, 1993; Cooke and Bliss, 2006).

We recorded fEPSPs in acute hippocampal slices from sham and surgery mice on
post-operative day 3 by placing a recording electrode in CA1 area and a stimulating
electrode in the Schaffer collaterals (SC) pathway (Fig. 6A). The LTP was induced with
high-frequency burst stimulation (HFS, 0.2 s 100 Hz repeated 3 times with 20 s
intervals) (Fig. 6B). The fEPSP amplitude was transformed into % baseline (pre-HFS)
fEPSP amplitude (Fig. 6C). We observed that HFS caused an enhancement in fEPSPs,
which lasted for more than an hour in hippocampal slices from both sham and surgery
mice (Fig. 6C). These data indicate that under our recording condition, HFS induces
LTP. As expected, HFS-induced LTP in hippocampal slices was significantly
attenuated in surgery mice than in sham control mice (Fig. 6D). To discriminate
whether a presynaptic mechanism is involved in the degraded LTP in surgery mice, we
evoked fEPSPs with pairs of electrical stimuli (separated by 100 ms, stimulated once
every 20 s) and calculated paired-pulse ratios (Fig. 6E). We found that HFS did not
change paired-pulse ratio in both sham and surgery mice (Fig. 6F). These data suggest

that surgery impairs LTP likely through postsynaptic mechanisms.

To examine whether astrocyte activation is involved in the impairment of
hippocampal LTP, we pre-incubated hippocampal slices in fluorocitrate (FC, 100 uM)
for at least 20 min and then added FC in ACSF for bath perfusion to block the activation
of glial cells. We observed that FC enhanced HFS-induced LTP in both sham and
surgery mice (Fig. 6G, 6J, 6H, 61, 6K, 6L). Interestingly, it enhanced HFS-triggered
LTP in surgery mice to a level close to that in sham mice without FC (Surgery with FC:
211.5 £ 8.5, n = 6; Sham without FC: 201.6 £ 13.1, n = 10; t = 0.54, P = 0.6, two-tailed
t-test; Fig 61 and 6L). As dysfunction of astrocytic Ca?" elevation was restored by
application of Gal in surgery mice (Fig. 5), we also investigated the effect of Gal on

hippocampal LTP from sham and surgery mice in another set of experiments. Gal (10
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uM) was applied 5 min before HFS and included in the perfusion throughout the
experiments. The LTP triggered by HFS in the SC pathway was enhanced in the
presence of Gal in both sham and surgery mice (Fig. 6G - 6L). In addition, LTP
enhancement with Gal treatment was similar to that with FC treatment in sham and

surgery mice, respectively (Fig. 61 and 6L).

Overall, our in vitro hippocampal slice data demonstrate that surgery mice exhibit
weaker LTP than sham controls, but either blockade of astrocyte activation or

enhancement of cholinergic inputs is sufficient to restore normal synaptic plasticity.

3.7 FC facilitates learning and memory in surgery mice

Since FC facilitated hippocampal LTP in surgery mice (Fig. 6), next we explored
whether FC improves cognitive deficits in surgery mice. We performed bilateral
cannula implantation in the dorsal hippocampus (Fig. 7A, 7B). Unilateral tibial fracture
was performed one week after cannula implantation. We divided surgery mice into two
subgroups, respectively received intra-hippocampal injection of FC (0.4 nmol, 400 nl
in each side) and the same volume of saline once daily after surgery. The dose of FC

(= 1nmol) was chosen according to previous studies (Hassel et al., 1992; Hennes et al.,

2020). We observed that this procedure significantly reduced astrocyte activation in the
hippocampal CA1 region (Fig. 7C, 7D). Fear conditioning was performed with the same
paradigm as that shown in Fig. 1A. Before surgery, we confirmed that the mice in
different groups were similarly active (Fig. 7E). As illustrated in Fig. 7F, 3 days’ intra-
hippocampal injection of FC improved contextual memory in surgery mice. NOR was
performed as the same paradigm shown in Fig. 1E. Both groups of mice did not show
preference to either of two identical objects in training session (Fig. 7G), but surgery
mice with 3 days’ intra-hippocampal injection of FC spent a longer time in exploring
the novel object than the familiar object and exhibited a higher novel object
discrimination index (Fig. 7H, 71). In contrast, surgery mice with saline treatment
showed similar exploration time around familiar object and novel object and displayed
a lower novel object discrimination index (Fig. 7H-7J). Additionally, the effect of FC
injection in the hippocampus on motor function was not significantly different from
that of saline injection in the hippocampus in surgery mice. Specifically, total distance
traveled and velocity of movement in the test session were comparable between the two

groups (Distance: 35.2 + 2.9 mand 27.8 *+ 2.4 min saline and FC groups, respectively,
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t=1.98, P =0.07; Velocity: 5.9 = 0.5 cm/s and 4.6 &= 0.5 cm/s in saline and FC mice,
respectively, t = 1.96, P = 0.07; those data were from 8 saline injection mice and 7 FC
injection mice). Therefore, the data suggest that inhibition of astrocyte activation may

be a potential therapeutic strategy for the intervention of cognitive deficit in POD.
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4. Discussion

Pathophysiology of postoperative cognitive dysfunction remain unclear.
Accumulating evidence has revealed that various modifications in neurotransmitters,
astrocytes, neurons, synaptic transmission, and synaptic plasticity in the central nervous
system result from the combination of anesthesia and major surgeries (Lin et al., 2020;
Safavynia and Goldstein, 2018). In the present study, we demonstrate the link among
activation and malfunction of astrocytes, reduced acetylcholine release, and impaired
synaptic plasticity and cognitive function in mice subjected to a major surgery under
general anesthesia. Our results showed that mice with tibial fracture displayed cognitive
impairments, reduced cholinergic inputs and LTP, the activation of hippocampal
astrocytes in early post-operative stages. Using electrophysiological recordings and
Ca?" imaging in hippocampal slices, we observed malfunction in hippocampal
astrocytes in surgery mice: depolarized resting membrane potential, higher membrane
conductance and capacitance, and weakened calcium signaling. In the hippocampus,
reversal of the reduced acetylcholine release restored calcium signaling in astrocytes,
while blockade of astrocyte activation and enhancement of cholinergic innnervation
repaired LTP in surgery mice. Finally, blockade of astrocyte activation improved
cognitive dysfunction in surgery mice. These results provide new evidence to support
that the maintenance of normal function in cholinergic inputs and astrocytes may be
valuable strategies for the intervention of POD.

Neuroinflammation is considered a major contributor to POD (Lin et al., 2020;
Safavynia and Goldstein, 2018). But many open questions remain at the interface
between the immune system and the brain. It is well known that astrocytes play a crucial
role in maintaining CNS homeostasis by cross talk with neurons and microglia (Allen
and Eroglu, 2017; Kofuji and Araque, 2021). Intriguingly, in pathological conditions,
the alterations in the morphology and biophysical properties of astrocytes result in a
reduced capability to perform these homeostatic functions (Joe et al., 2018; Kofuji and
Araqgue, 2021). In mice subjected to tibial fracture, we observed astrocytic gliosis in the
hippocampus at early stage of POD (Fig. 2A-2C). Reactive astrogliosis induces
morphological, molecular, and physiological changes (McNeill et al., 2021).
Furthermore, previous studies demonstrated that electrophysiological properties of
astrocytes change in response to CNS damage (Bordey et al., 2001; McNeill et al.,
2021; Stephan et al., 2012). As the electrophysiological properties of astrocytes may
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vary across different brain regions under physiological and disease conditions (McNeill
et al., 2021), it is necessary to characterize these properties in astrocytes after major
surgeries. Our data show that the physiological properties of CALl astrocytes in surgery
mice were similar to those seen in reactive astrocytes; they have depolarized resting
membrane potential and higher membrane conductance and capacitance. These results
suggest that the physiological functions of CA1 astrocytes are disrupted by peripheral
surgery. However, further investigations are warranted to understand the mechanisms
underlying the change of electrophysiological properties of astrocytes in surgery mice.
Excessive reactive astrocytes lead to numerous consequences in the function of
the brain, in particular, substantially cause synaptic imbalances that induce cognitive
impairment (Joe et al., 2018; Kofuji and Araque, 2021). We observed dramatic deficit
in hippocampal LTP in surgery mice, which most likely resulted from impairment of
glutamatergic synaptic transmission, as demonstrated by our previous study (Wang et
al., 2019). Our observation that paired-pulse ratio of fEPSPs in the hippocampus were
similar between sham and surgery mice, which is consistent with our previous study
(Wang et al., 2019), demonstrating that impairment of glutamatergic synaptic
transmission by surgery may not involve presynaptic mechanisms. We provided
evidence to support that the attenuated hippocampal LTP and cognitive dysfunction in
surgery mice may be associated with astrocyte activation. That is, FC, a widely used
inhibitor for astrocyte activation (Hassel et al., 1992; Hennes et al., 2020), not only
restored hippocampal LTP but also facilitated cognitive function in surgery mice.
Interestingly, LTP in sham mice was also potentiated by FC application. These data
suggest that astrocytes modulate hippocampal LTP in both naive mice and POD mice.
It has been shown that astrocytic inflammatory factors, including TNF-a, IL-1, etc, in
the hippocampus attenuate LTP induction (Butler et al., 2004; Li et al., 2016; Vereker
et al., 2000). Inhibition of astrocytes with FC may lead to reduced secretion of
inflammatory factors and release the inhibition of LTP in the hippocampus by these
substances. Overall, our results suggest that surgery-induced cognitive impairment may
originate from attenuated synaptic plasticity associated with astrocyte reactivity.
Cholinergic signaling involving neurons and non-neuronal cells participates in
hippocampal synaptic transmission as well as learning and memory (Haam and Yakel,
2017; Navarrete et al., 2012; Pabst et al., 2016). In mice suffered from tibial fracture

surgery, astrocyte dysfunction was accompanied by reduction of acetylcholine release
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and muscarinic receptor activation in the hippocampus. It suggests that presynaptic
mechanisms underlying acetylcholine release may play a significant role in cholinergic
deficits following peripheral surgery.

Astrocytes in the hippocampal CA1 region are regulated by acetylcholine (Lopez-
Hidalgo et al., 2012; Pabst et al., 2016) mainly through muscarinic receptors (Navarrete
et al.,, 2012; Takata et al., 2011). In the present study, we observed that electrical
stimulation evoked Ca?* elevation in hippocampal astrocytes, which were mainly
mediated by muscarinic receptor activation. We also observed that the surgery mice
displayed compromised cholinergic transmission (Fig. 4) and concurrently reduced
muscarinic receptor-mediated Ca?* elevation in hippocampal astrocytes (Fig. 3), and
galantamine restored electrical stimulation-evoked Ca?* elevation in astrocytes in
surgery mice (Fig. 5).

Although it is well established that both acetylcholine and astrocytes modulate
LTP (Picciotto et al., 2012; Robert et al., 2020), it is unknown about the role that
acetylcholine may play in astrocytic regulation of LTP. Our results that galantamine
was sufficient to restore glutamatergic synaptic transmission (Wang et al., 2019) and
LTP in the hippocampus in surgery mice (Fig. 6) support that repairing dysfunction in
cholinergic signaling may be an underlying mechanism for the enhancement of
glutamatergic synaptic transmission by galantamine. Astrocytes play active roles in
synaptic transmission and plasticity through multiple signaling process including Ca?*-
dependent gliotransmission (Fiacco and McCarthy, 2018; Savtchouk and Volterra,
2018). Besides this, other structural, molecular and functional features of astrocytes
contribute to astrocyte-neuronal interaction in different physiological and disease
conditions (Lawal et al., 2022; Savtchouk and Volterra, 2018). Although our results
about the effects of galantamine on astrocytic Ca®* signaling, LTP, and synaptic
transmission (Fig. 5, Fig. 6, and (Wang et al., 2019)) suggest that Ca?* signaling may
be involved in synaptic function in the hippocampus, further investigations are
warranted to elucidate this issue.

Our pharmacological experiments used several chemicals, such as, Scop, Gal, and
FC, to study mechanisms underlying dysfunction in synaptic plasticity and learning and
memory in tibial fracture mice. Noteworthy is that these drugs at higher concentrations
may regulate molecules other than the proposed targets. For instance, galantamine, a

cholinesterase inhibitor, is an allosteric modulator of nicotinic receptors (Ago et al.,
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2011); Scopolamine, a muscarinic receptor antagonist, acts as a competitive antagonist
of 5-HT3 receptor (Lochner and Thompson, 2016); Fluorocitrate, a metabolic inhibitor
for astrocytes, affects the synthesis of glutamine and then glutamatergic transmission
(Fonnum et al., 1997; Swanson and Graham, 1994). In the present study, we chose
doses of these drugs based on the literature to limit the off-target effects and cautiously

drew conclusion according to these literature.

In summary, the present study shows that mice with POD exhibited multiple
pathophysiological outcomes in the hippocampus, including activation and malfunction
of astrocytes, reduction of acetylcholine release, impairment of muscarinic receptor
function in astrocytes, and attenuated LTP in the CAL region. These pathophysiological
outcomes were reversed by restoring cholinergic inputs with galantamine and blocking
astrocyte activation with fluorocitrate. These drugs improved cognitive function in
POD mice. Therefore, this study provides evidence to support the notion that
enhancement of cholinergic inputs to the hippocampus and blockade of astrogliosis are

potential therapeutic strategies to improve cognitive function in POD.
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Figure legends

Figure 1 Surgery mice exhibit memory impairment.

(A) Schematic diagram showing a context dependent fear-conditioning protocol for (B)
— (D) (see Methods and Materials). Conditioning and testing sessions were respectively
performed 1 day before (Day -1) and 3 days after (Day 3) sham or surgery. (B - C)
Freezing behavior of sham and surgery mice during baseline (pre-conditioning) and
three trials of fear conditioning. (B) t =0.89, P = 0.39, n = 8 in each group. (C) Group,
Fa, 14)=2.12, P =0.17; Trial, F3,42) = 150.3, P < 0.0001; Interaction, F, 42) = 1.17, P =
0.33, n = 8 in each group. (D) Freezing behavior during testing session. t = 5.01, P =
0.0002, n = 8 in each group. (E) Schematic diagram showing a protocol for novel object
recognition test (NOR) in (F-I). (F) Examples of movement tracks of sham and surgery
mice in the test arena during testing session. (G-H) The total time that sham and surgery
mice spent exploring objects during 10 min training session (G, F3, 38 = 0.76, P = 0.52)
and testing session (H, F, 38 = 5.31, P = 0.004). (I) The ratio of time spent in exploring
the novel object to total time spent exploring the novel and familiar objects. t = 3.3, P
=0.004. n =10 in sham group, n = 11 in surgery group in (E)—(I). ** P <0.01, Unpaired
t-test in (B), (D) and (I); Two way ANOVA with Bonferroni post-hoc analysis in (C);
One way ANOVA with Bonferroni post-hoc analysis in (G), (H).
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Figure 2 Surgery leads to activation and biophysical modification of astrocytes in

the hippocampus.

(A) Representative images showing GFAP-staining of the hippocampal CA1 Stratum
Radiatum from sham and surgery mice 3 days after operation. (B) Quantification of the

density of GFAP-positive astrocytes measured in 100 x 100 um? area from sham and

surgery mice. t = 3.05, P = 0.0087, n = 8 mice in each group. (C) Relative total GFAP-
immunoreactive area in the hippocampal CAL region, normalized to the average of the
area in sham mice. t = 4.31, P = 0.0005, surgery vs. sham, n = 9 mice in each group. **
P < 0.01, unpaired t-test was used in (B) and (C). (D) Upper panel: diagram showing
recording of astrocytes in the alveus of the hippocampal CAL region. Lower panel:
Example image of a patch-clamp recorded astrocyte labeled with sulforhodamine 101
(SR101) in the alveus. (E) Recordings of currents in response to voltage steps from -
100 mV to +40 mV with a 10 mV increment delivered through the patch pipette to
voltage-clamped astrocytes (held at -80 mV) from sham and surgery mice. (F) Current-
voltage (I-V) relationships in hippocampal astrocytes in sham and surgery mice. Sham
vs surgery: Fa, 13 = 5.84, P = 0.031; Voltage step: Fqa4, 182) = 356.9, P < 0.0001;
Interaction: F4,182) = 1.47, P < 0.0001. (G - 1) Quantification of the resting membrane
potential (Vm) (G, t=0.38, P =0.004, n = 10 from 4 mice in each group), conductance
(H, t =248, P = 0.02, n = 10 from 4 mice in each group), and capacitance of
hippocampal astrocytes from sham and surgery mice (I, t=2.60, P =0.017, n = 10 from
4 mice in each group). Unpaired t-test in (G-1), two way ANOV A with Bonferroni post-

hoc analysis in (F).
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Figure 3 Surgery impairs electrically evoked calcium elevation in hippocampal

astrocytes.

(A) Example images of astrocytes labeled with SR101 and filled with Fluo-4, a calcium
indicator. Arrows indicate astrocytes co-labeled with SR101 and Fluo-4. (B) Schematic
diagram showing electrical stimulation of the Stratum oriens / alveus (O/A) in the
hippocampal CA1 region used for Ca?* imaging in astrocytes. (C) Pseudocolor images
of fluorescence intensity of Fluo-4 in astrocytes before, during and after O/A
stimulation. (D) Electrical stimulation evoked an enhancement of Fluo-4 fluorescence
in astrocytes. (E) Percentage of astrocytes responded to electrical stimulation in sham
and surgery mice. 54.8% =+ 2.35%, n = 8 regions from 5 sham mice; 52.9% + 6.36%,
n = 6 regions from 5 surgery mice, t = 0.32, P = 0.75. (F) Quantification of electrical
stimulation-evoked peak responses in astrocytes. t = 4.58, P < 0.0001, n = 23 cells from
5 sham mice, n = 18 cells from 5 surgery mice. (G - J) Normalized average traces (G
and 1) and peak responses (H and J) of Fluo-4 fluorescence in hippocampal astrocytes
from sham and surgery mice evoked by O/A stimulation in control and presence of
scopolamine (Scop, 5 uM). (H) sham: t = 6.6, P < 0.0001, n = 10. (J) surgery: t = 5.74,
P < 0.0001, n = 11. (K) Electrical stimulation-evoked Scop-sensitive component of
Fluo-4 responses. (L) Quantification of Scop-sensitive components of stimulation-
evoked Fluo-4 peak responses. t = 3.37, P = 0.003, n = 10 in sham group, n = 11 in
surgery group. ** P < 0.01, Two-tailed unpaired t-test in (E), (F), (H), (J) and (L).
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Figure 4 Surgery impairs acetylcholine release in the hippocampus.

(A) AAV-hSyn-GACh3.0 was injected in the hippocampus. Upper panel, the diagram
of viral injection and a typical image showing efficient transfection of the GACh vector
in the hippocampus. Lower panel, electrical stimulation was applied to evoke
acetylcholine (ACh) release. (B) Pseudocolor images showing GACh fluorescence
signal recorded before, during, and after electrical stimulation. (C-D) Averaged
normalized traces (C) and summary (D) of peak responses in sham and surgery mice.
(D) t=2.87,P =0.008, n =15 from 5 sham mice, n = 15 from 5 surgery mice, unpaired
two-tailed t-test. Dashed vertical line in (C) indicates the time point of O/A stimulation.
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Figure 5 Accumulation of ACh enhances electrical stimulation-evoked calcium

elevation in hippocampal astrocytes.

Example traces (A and C) and quantification (B and D) of O/A stimulation-evoked
changes in Fluo-4 signals in hippocampal astrocytes from sham and surgery mice in the
absence and presence of galantamine (Gal, 5 uM). Dashed line indicates electrical
stimulation of the O/A area of the hippocampal CAL region. (B) t = 6.51, P < 0.0001,
n = 11 regions from 5 sham mice, two-tailed paired t-test. (D) t = 10.76, P < 0.0001, n
= 12 regions from 5 surgery mice, two-tailed paired t-test. (E) Electrical stimulation-
induced enhancement of Fluo-4 signal. 28.07% + 4.72%, n = 11 regions from 5 sham
mice; 61.21% + 6.21%, n = 12 regions from 5 surgery mice. t = 4.19, P = 0.0004, sham

Vs. surgery, unpaired two-tailed t-test.
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Figure 6 Fluorocitrate and galantamine restore synaptic plasticity in the

hippocampus of surgery mice.

(A) Example image showing the stimulating electrode in the Schaffer collaterals (SC)
and the recording electrode in CAL in hippocampal slice (upper panel). Schematic
diagram showing high frequency stimulation (HFS) protocol for recording fEPSPs in
hippocampal CAL region (lower panel). (B) Example traces of fEPSPs before and 40
min after HFS (see Methods and Materials). (C) Time courses of fEPSP amplitude
before and after HFS in hippocampal slices from sham and surgery mice. fEPSP
amplitude is normalized to the mean of fEPSP amplitude prior to HFS. (D) Summary
of LTP amplitude 40 - 60 min after stimulation. t = 4.48, P = 0.0003, n = 10 slices from
5 mice in each group. (E) Example traces of fEPSPs evoked by paired-pulse stimulation
(100 ms interval) before and 40 min after HFS. (F) The paired-pulse ratio (PPR) before
and 40 min after HFS in sham and surgery mice. Group: F, 32) = 10.09, P = 0.0033;
Baseline vs post-HFS: F(, 32 = 0.10, P = 0.75; Interaction: F(, 32 =0.0011, P =0.97; n
=9 slices from 5 mice in each group. (G) Example traces of fEPSPs before and 40 min
after HFS from hippocampal slices without (ACSF) and with treatment of FC (100 uM,
an inhibitor of astrocyte activation) or Gal (10 uM) from sham mice. (H) fEPSP
amplitudes relative to the baseline levels versus time in control (ACSF) and in the
presence of fluorocitrate (FC) or galantamine (Gal) in hippocampal slices from sham
mice. (I) Summary of LTP amplitudes 40 - 60 min after HFS in normal ACSF (ACSF,
n = 10) and in the presence of FC (n = 6) or Gal (n = 6). F, 190 = 11.1, P = 0.0006. (J)
Example traces of fEPSPs in hippocampal slices from surgery mice before and 40 min
after HFS without (ACSF) and with treatment of FC (100 uM) or Gal (10 uM). (K)
fEPSP amplitudes relative to baseline level versus time in ACSF and in the presence of
FC or Gal in surgery hippocampal slices. (L) Summary of LTP amplitudes 40 - 60 min
after HFS in control (n = 10), FC (n = 6), and Gal (n =5) in surgery hippocampal slices.
Fe, 18 = 26.99, P < 0.0001. Unpaired t-test used in (D), two-way ANOVA with
Bonferroni post-hoc analysis in (F), one way ANOVA with Bonferroni post-hoc

analysis in (I) and (L).
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Figure 7 Intra-hippocampal injection of fluorocitrate facilitated learning and

memory in surgery mice

(A) Schematic diagram of cannula implantation and drug injection in the hippocampus
of surgery mice. (B) Left panel, a representative brain section showing cannula
placement above the dorsal hippocampus. Right panel, locations of the tips of the
cannulas in all surgery mice. Each red circle represents the location of a cannula. (C)
Representative images showing that FC local injection for 3 days reduced astrocyte
activation. Green, GFAP-immunoreactive. Scale bar: 50 um. (D) GFAP-positive cells
were counted and GFAP-positive areas were measured in each images acquired under
a 20x objective. A total of 15 images from 5 mice, 3 from each, were included. Left
panel: t = 7.237, df = 28, P < 0.0001, sham vs. surgery. Right panel: t = 5.607 df = 28,
P < 0.0001, sham vs. surgery. (E-F) Fear-conditioning test were performed in surgery
mice received 3 day saline or fluorocitrate (FC) injection in the hippocampus. Freezing
behaviors in pre-conditioning and testing sessions were summarized. (E) Pre-
conditioning, t = 0.33, P =0.75; n = 8 in each group. (F) Testing session, t = 2.66, P =
0.018, n = 8 in each group. (G) The total time that saline and FC mice spent exploring
objects during 10 min training session (Saline: t =1.02, P =0.32; FC: t=0.49, P = 0.63;
n =8 in saline group, n = 7 in FC group) (H) Examples of movement tracks in the test
arena during testing session. (I) The total time that saline and FC mice spent exploring
objects during testing session. Saline: t = 0.005, P =1.0; FC:t=2.62, P =0.02; n =8
in saline group, n = 7 in FC group. (J) Novel object discrimination index in saline and
FC surgery mice. t = 2.87, P = 0.013; n = 8 in saline group, n = 7 in FC group. * P <
0.05, two-tailed, unpaired t-test in (D-G), (I) and (J).
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Highlights:

Peripheral surgery attenuates acetylcholine release, activates astrocytes, restrains
acetylcholine-evoked calcium signaling in astrocytes, and impairs LTP in the
hippocampus.

The restrained calcium signaling in the astrocytes is restored by correcting the
diminution of acetylcholine release in the hippocampus of surgery mice.

Blocking astrocyte activation normalized hippocampal LTP and cognitive function
in surgery mice.

The maintenance of normal function in astrocytes and cholinergic inputs may be
valuable strategies for the intervention of cognitive dysfunction in postoperative

delirium.



