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Abstract
Background  Postoperative cognitive dysfunction (POCD) is a prevalent complication following anesthesia and 
surgery, particularly in the elderly, leading to increased mortality and reduced quality of life. Despite its prevalence, 
there are no effective clinical treatments. Exercise has shown cognitive benefits in aging and various diseases, which 
can be transferred to sedentary animals through plasma. However, it is unclear if exercise-conditioned plasma can 
replicate these benefits in the context of POCD.

Methods  Sixteen-month-old male C57BL/6J mice underwent 30 days of voluntary running wheel training or 
received systemic administration of exercise-conditioned plasma, followed by tibial fracture surgery under general 
anesthesia at 17 months of age. Cognitive performance, hippocampal synaptic deficits, neuroinflammation, 
BDNF/TrkB signaling, and medial septum (MS)-hippocampal cholinergic activity were evaluated through 
immunohistochemical staining, transmission electron microscopy, Western blotting, and biochemical assays. To 
investigate the role of hippocampal BDNF signaling and cholinergic activity in the therapeutic effects, the TrkB 
antagonist ANA-12 and the cholinergic receptor muscarinic 1 (CHRM1) antagonist trihexyphenidyl (THP) were 
administered via intraperitoneal injection, and adeno-associated virus (AAV) vectors expressing Chrm1 shRNA were 
delivered via intrahippocampal stereotaxic microinjection.

Results  Exercise-conditioned plasma mimicked the benefits of exercise, alleviating cognitive decline induced 
by anesthesia/surgery, restoring hippocampal synapse formation and levels of regulators for synaptic plasticity, 
inhibiting neuroinflammatory responses to surgery by microglia and astrocytes, augmenting BDNF production 
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Background
Postoperative cognitive dysfunction (POCD) is a com-
mon complication following anesthesia and surgery, 
characterized by a decline in various cognitive domains, 
including attention, learning, memory, information pro-
cessing, and execution, alongside increased confusion 
and anxiety [1–3]. POCD can persist for weeks, months, 
or even years after surgery, leading to prolonged hospital-
ization, decreased quality of life, and increased mortality 
among affected patients [4–6]. POCD occurs in approxi-
mately 10-54% of individuals undergoing anesthetic and 
surgical procedures, with a pooled incidence of 29% 
reported in clinical studies [7, 8]. The causes of POCD 
are not fully understood. Age is the most established risk 
factor, with elderly patients (≥ 65 years) being more sus-
ceptible to POCD [8].

Neuroinflammation is widely recognized as a major 
contributor to POCD, driven by anesthesia/surgery-
induced systemic inflammatory mediators such as blood-
brain barrier-permeable cytokines (TNFα, IL-1β, IL-6, 
etc.) [9]. POCD-associated neuroinflammatory responses 
involve the aberrant activation of microglia and astro-
cytes. Microglia transform from their resting state as 
cerebral homeostasis-keepers and scavengers to a reac-
tive state, producing and releasing inflammatory media-
tors [6, 10], while astrocytes shift from a neuroprotective 
phenotype involved in the regulation of neuronal activity 
and memory processing to a reactive state that may con-
tribute to neuronal degeneration [11–14]. Neuronal dys-
function, considered secondary to neuroinflammation, is 
characterized by abnormal synapse structure and func-
tion, the fundamental units of neuronal communication 
and neural circuits. Specifically, synaptic plasticity, which 
underpins the dynamics of neuronal circuits and serves 
as a critical neurochemical foundation for learning and 
memory, is found to be impaired in the context of POCD 
[6, 15]. Brain-derived neurotrophic factor (BDNF), a 
well-established neurotrophin, exerts key modulatory 
effects on synaptic plasticity, neuronal excitability, and 
cognition via its receptor tropomyosin receptor kinase 

B (TrkB) [16]. Dysregulated BDNF/TrkB signaling is also 
implicated in the development of POCD [5, 17]. How-
ever, the interplay and causal relationships among these 
potential mechanisms mediating the pathogenesis of 
POCD remain to be determined. With the global popu-
lation aging and the consequent rapid increase in the 
number of operations performed on the elderly, effective 
therapies to ameliorate POCD are desperately needed 
[15]. Despite attempts to target potential mechanisms 
of POCD in preclinical trials, there are currently no vali-
dated neurophysiologic biomarkers or effective preven-
tive and therapeutic methods [1, 18], possibly due to the 
complex pathogenesis of POCD, where targeting a sin-
gle mechanism is insufficient to reverse all pathological 
events.

Exercise is beneficial for improving health and cogni-
tive functions in aging and disease states [19]. Regular 
exercise training significantly enhances cognitive per-
formance in aging and Alzheimer’s disease (AD) animal 
models [20] and alleviates both motor and cognitive 
impairments in Parkinson’s disease (PD) models [21, 
22]. Exercise also aids in recovery from cognitive impair-
ments associated with frontotemporal degeneration [23], 
vascular dementia [24], and even disease treatments such 
as radiotherapy [25], chemotherapy [26], and surgery [15, 
27], as reported by preclinical and clinical studies. The 
mechanisms underlying the cognitive benefits of exercise 
are not fully understood, but BDNF signaling is believed 
to play a crucial role [28]. Under physiological condi-
tions, exercise activates the lactate/SIRT1/PCG1/FNDC5 
pathway, enhancing hippocampal BDNF signaling, which 
mediates the enhancement of learning and memory func-
tions [29]. In symptomatic mouse models of AD, hippo-
campal BDNF signaling is essential for exercise training 
to reverse cognitive deficits [30]. Clinical studies also 
use BDNF levels as indicators of exercise-related cogni-
tive recovery [31]. Additionally, exercise-induced shifts in 
microglia and astrocytes from pro-inflammatory to anti-
inflammatory phenotypes might contribute to cognitive 
protection. Exercise training leads to the phenotypes of 

and TrkB phosphorylation in hippocampal neurons, astrocytes, and microglia, upregulating MS expression of 
choline acetyltransferase (CHAT) and hippocampal expression of CHRM1 in neurons and astrocytes, and enhancing 
hippocampal cholinergic innervation and acetylcholine release. Conversely, ANA-12 administration blocked TrkB 
activation and reduced the protective effects on cognition, synaptic deficits, and neuroinflammatory reactivity of 
glial cells post-surgery. Similarly, THP administration or intrahippocampal delivery of AAV-Chrm1 shRNA inhibited the 
activation of the hippocampal cholinergic circuit by exercise plasma, negating the cognitive and neuropathological 
benefits and reducing BDNF/TrkB signaling enhancements.

Conclusion  Exercise-conditioned plasma can replicate the protective effects of exercise against anesthesia/surgery-
induced neuroinflammation, synaptic, and cognitive impairments, at least partly, through CHRM1-dependent 
regulation of hippocampal cholinergic activity and BDNF/TrkB signaling.
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microglia and astrocytes towards neuroprotective and 
neurotrophic states, aiding cognitive function improve-
ment in various cognitive impairment models, including 
AD [32, 33]. Remarkably, several rigorous studies high-
light the role of blood plasma components in mediating 
the cognitive benefits of exercise. Plasma from exercise-
trained elderly mice improves hippocampal neurogenesis 
and cognitive function in sedentary elderly mice, with 
liver-derived phospholipase Gpld1 identified as a key 
mediating factor [34]. Plasma from exercise-trained mice 
also reduces neuroinflammation and enhances memory 
recovery in AD models, with the complement pathway 
inhibitor clusterin playing a crucial role in these effects 
[35]. Exercise activates platelets to secrete platelet factor 
4, promoting hippocampal neuroregeneration and cogni-
tive improvement in aged mice [36]. The identification 
of various exercise-related cognitive-enhancing blood 
factors underscores the complexity of exercise effects, 
as evidenced by changes in the expression of over 200 
secreted proteins across multiple tissues and cell types 
in model mice [37]. Nevertheless, whether exercise-
conditioned blood/plasma can recapitulate the exercise-
induced cognitive benefits under conditions of anesthesia 
and surgery remains to be determined.

In the adult mammalian brain, cholinergic projection 
neurons, which are involved in various cognitive func-
tions such as attention, mood, and memory, primar-
ily cluster in several subregions of the basal forebrain, 
including the medial septum (MS), diagonal band (DB), 
ventral pallidum, substantia innominata, and nucleus 
basalis [38]. Basal forebrain cholinergic neurons (BFCNs) 
act through G protein-coupled muscarinic acetylcho-
line (ACh) receptors (mAChRs); particularly cholinergic 
receptor muscarinic 1, CHRM1) and ionotropic nico-
tinic ACh receptors (nAChRs). BFCNs send extensive 
projections to the prefrontal cortex (PFC), the amygdala, 
and the hippocampus (HPC). Specifically, cholinergic 
neurons located in the MS and DB project to the HPC, 
broadly innervating all cornu ammonis (CA) regions, 
with the densest innervation detected in CA3 [39].

The MS- hippocampal circuit has long been proposed 
to regulate the encoding and consolidation of HPC-
dependent memory [40]. An increase in hippocampal 
ACh release is observed during various memory tasks 
[41]. Blocking hippocampal mAChRs and α7 nAChRs 
through intrahippocampal infusion of cholinergic recep-
tor antagonists or knocking out cholinergic receptors in 
excitatory neurons or interneurons results in abnormal 
cognitive outcomes in mice [42]. Additionally, positive 
allosteric modulation of CHRM1 enhances cognitive 
flexibility and effective salience in nonhuman primates 
[43]. Mechanistically, a surge of work implicates the basal 
forebrain cholinergic input in the sophisticated modu-
lation of hippocampal network functions and synaptic 

plasticity. MS cholinergic neurons promote memory 
formation and consolidation by maintaining high hippo-
campal ACh levels through persistent firing during theta 
epochs [42, 44]. This activity suppresses aberrant net-
work ripples, allows theta oscillations to dominate, and 
increases the signal-to-noise ratio during active explora-
tion and rapid eye movement sleep. Endogenous cholin-
ergic signaling reinforces hippocampal synaptic plasticity 
and long-term potentiation (LTP) by stabilizing GluA1 
receptors on dendritic spines, facilitating learning-
induced increases in the AMPA/NMDA receptor ratio, 
and enhancing axonal excitability in α7 nAChRs and 
CHRM1-dependent manners [45]. Furthermore, hippo-
campal cholinergic activity preserves contextual memory 
by activating BDNF signaling via astrocytic CHRM1 in 
mice [46].

Dysfunction of the basal forebrain- hippocampal cho-
linergic circuit is implicated in the development of mul-
tiple neurodegenerative and neuroinflammatory diseases, 
which could be promising therapeutic targets. Hippo-
campal cholinergic innervation is vulnerable to prion 
and AD-like pathology in mouse models. Enhancing hip-
pocampal cholinergic signaling by allosteric activation 
of CHRM1 slows prion neurodegeneration and restores 
memory loss [47]. Photoactivating MS-HPC CA1 cholin-
ergic inputs within a critical 3-hour time window during 
memory consolidation efficiently rescues tau-induced 
spatial memory deficits in a θ rhythm-dependent man-
ner [48]. Pharmacological enhancement of cholinergic 
neurotransmission with cholinomimetic molecules alle-
viates the neuroinflammatory response of astrocytes and 
microglia, sustains hippocampal synapses, and improves 
cognitive outcomes in an AD mouse model [49]. The 
MS-hippocampal cholinergic neurotransmission is 
impaired in mice with sepsis, whereas selective optoge-
netic/chemogenetic activation of hippocampal cholin-
ergic innervation alleviates defects in synaptic plasticity 
and memory [50], implying potential protective effects of 
hippocampal cholinergic activity under systemic inflam-
mation-induced central neuroinflammatory conditions. 
Consistently, surgery-induced delirium in mice manifests 
as reduced hippocampal ACh release and impaired LTP 
and synaptic plasticity induced by high-frequency burst 
stimulation [12]. These impairments can be reversed by 
normalizing ACh release with galantamine. Furthermore, 
the hippocampal cholinergic network might benefit from 
exercise and blood factors in aging and neurodegen-
erative models. Regular exercise not only leads to the 
re-emergence of the MS cholinergic/nestin neuronal phe-
notype and the restoration of hippocampal ACh efflux 
and spatial behavior in an nerve growth factor-dependent 
manner in a thiamine deficiency rat model [51, 52] but 
also reverses age-related declines in rat hippocampal 
cholinergic fibers and neurocognitive behaviors [53]. 
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Our previous study reveals that blood from young mice 
(3-month-old) restores mouse hippocampal cholinergic 
activity and improves AD-like pathology and cognitive 
disorder [54]. However, it remains unclear whether exer-
cise-conditioned blood/plasma can reverse the postop-
erative MS-hippocampal cholinergic defect and what role 
hippocampal cholinergic activation plays in the protec-
tive effects of exercise plasma under anesthetic/surgical 
conditions.

Based on the above background information, we 
hypothesized that exercise-conditioned plasma might 
attenuate POCD, which may be mediated by the acti-
vated hippocampal cholinergic circuit and enhanced 
BDNF/TrkB signaling. To test this hypothesis, we estab-
lished a POCD model using aged mice by canonical tibia 
fracture surgery under anesthesia, treated the model 
mice with voluntary exercise or exercise-conditioned 
plasma, and measured cognition, synaptic deficits, neu-
roinflammation, BDNF/TrkB signaling, and cholinergic 
activity. The mediation of cholinergic activity and BDNF/
TrkB transduction for the therapeutic effects of exercise 
plasma was determined by pharmacological antagonism 
and in vivo silencing.

Materials and methods
Animals and experimental designs
Adult C57BL/6J mice were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (China), 
housed on SPF conditions under a 12-hour light/dark 
cycle, with temperature maintained at 21–24  °C and 
humidity at 40-60%, and had ad libitum access to steril-
ized food and water. All animal handling and use were 
approved by Institutional Research Board of Harbin Med-
ical University (No. HMUIRB2023016) and performed in 
strict compliance with the Laboratory animal—Guideline 
for ethical review of animal welfare (GB/T 35892 − 2018) 
and the Animal Research: Reporting of In Vivo Experi-
ments (ARRIVE) guidelines 2.0.

Aged male C57BL/6J mice (16-month old) at the begin-
ning of each experiment were mainly randomized into: 
Control (Con), Surgery (Sur), Exercise (Ex) + Sur, Exer-
cise Plasma (ExP) + Sur, ANA12 + ExP + Sur, Trihexyphe-
nidyl hydrochloride (THP) + ExP + Sur, negative control 
(NC) + ExP + Sur, and shRNA + ExP + Sur groups. Two 
separate cohorts of animals (n = 6/group/cohort) were 
used for each experimental condition: one (Cohort 1) 
for immunohistochemistry (IHC) and another (Cohort 
2) for molecular biological, biochemical, and ultrastruc-
tural analyses. All groups except Con underwent POCD 
model surgery under anesthesia at 17 months of age, 
following a 30-day intervention period. The Ex + Sur 
group were subjected to voluntary exercise in a run-
ning wheel 30 days before surgery, while the ExP + Sur, 
ANA12 + ExP + Sur, THP + ExP + Sur, NC + ExP + Sur, and 

shRNA + ExP + Sur groups were administered with the 
exercised mice-derived plasma during the same period. 
Mice in the ANA12 + ExP + Sur and THP + ExP + Sur 
groups underwent intraperitoneal (i.p.) injection of 
ANA-12 (0.5  mg/kg; diluted to 0.125  mg/mL in saline 
from a 5  mg/mL stock solution in dimethyl sulfoxide 
(DMSO); S7745; Selleck, Shanghai, China) and THP 
(1 mg/kg; diluted to 0.25 mg/mL in saline from a 10 mg/
mL stock solution in DMSO; S4542; Selleck) 30  min 
prior to plasma administration, respectively. Mice in 
the Con, Sur, Ex + Sur and ExP + Sur groups were intra-
peritoneally injected with equal amount of the vehicle 
solution at the same time. To further investigate poten-
tial off-target effects, additional groups were included: 
ANA12 + Ex + Sur and THP + Ex + Sur, where exercise-
trained POCD model mice were treated with ANA12 or 
THP, respectively, at the same dosage and time points as 
the ANA12 + ExP + Sur and THP + ExP + Sur groups. The 
shRNA + ExP + Sur and NC + ExP + Sur groups received 
intrahippocampal microinjections of adeno-associated 
virus (AAV) vectors containing Chrm1 shRNA and NC 
shRNA sequences 2 days prior to the beginning of plasma 
administration, respectively. Cognitive tests including 
open field (OF), novel location recognition (NLR), novel 
object recognition (NOR), and Y maze tests were con-
ducted from 3 days to 6 days post surgery, with one test 
performed each day (Figs. 1A, 5A, 8A and 10A, S6A and 
S9A). Animals were euthanatized immediately 30  min 
after the end of all behavioral tests, and brain tissues were 
collected for subsequent histopathological, biochemical 
or molecular biological assays.

Running paradigms
The mice in the Ex + Sur group and the exercise plasma 
donor mice were subjected to voluntary exercise training 
on running wheels for 30 days, according to the previ-
ously described protocols with minor modifications [30, 
55]. The running wheel (21 cm in diameter and 8 cm in 
width) is made of stainless-steel frames and transparent 
plastic panels and equipped with a magnetic induction 
counter to monitor the exercise intensity. Each mouse 
singly spent 3  h in the running wheels daily and was 
returned to the original cages for the remaining 21 h until 
the completion of the exercise training period. The daily 
running distance was recorded for each mouse to assess 
exercise performance.

Plasma collection and systemic administration
Plasma was collected and administered following pre-
viously reported procedures with slight modifications 
[34–36]. After completing a 30-day exercise training 
regimen on running wheels, the plasma donor mice were 
anesthetized with 1% pentobarbital sodium (50  mg/kg). 
Blood was obtained from right ventricle via intracardial 
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Fig. 1  Exercise-conditioned plasma mimicked the beneficial effects of exercise on postoperative cognitive impairment. (A-B) Schematic illustration 
of the collection of exercise plasma (A) and the experimental design of exercise training, exercise plasma injection, surgery, cognitive tests and tissue 
collection (B). (C-D) Representative locus diagrams and the statistical analyses of the OF tests. (E-J) Representative trajectory heat maps and the related 
statistical analyses of the NLR (E, F), NOR (G, H) and Y maze tests (I, J). Data are expressed as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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bleeding using a Vacutainer Lithium Heparin Tube 
(367884; BD; New Jersey, USA), and then centrifugated at 
1000 g, 4 °C for 15 min. The plasma was pooled together, 
aliquoted and stored at − 80  °C until required. Systemic 
administration of plasma was conducted through intrave-
nous tail vein injection at a dose of 100 µL per injection. 
The administration of every batch of mice was scheduled 
at the same time period, once every 3 days, and adminis-
trated 10 times over a period of 30 days.

Stereotaxic microinjections of AAV vectors
Stereotaxic microinjections of AAV vectors were con-
ducted following the established protocols [50, 56]. Mice 
were anesthetized by i.p. injection of 1% pentobarbital 
sodium (50  mg/kg) and secured on a stereotaxic frame. 
The scalp was shaved, sterilized with povidone-iodine 
plus 75% ethanol, and locally anesthetized with com-
pound lidocaine cream (2.5% lidocaine and 2.5% prilo-
caine; H20063466; TONGFANG PHARMACEUTICAL 
CROUP CO., LTD; Beijing, China). A sagittal incision 
was made, and craniotomies (1–2 mm in diameter) were 
created above the bilateral parietal cortex and HPC using 
a high-speed drill. Viral injections into the hippocampal 
CA1 region were performed using a Hamilton microli-
ter syringe (2.5 µL) with 33-gauge Small Hub RN Needle 
attached to the stereotaxic apparatus. Each side of the 
hippocampal tissue received a single-site viral injection. 
The injections were targeted at the following stereotaxic 
coordinates: anteroposterior (AP) -2.3  mm from the 
bregma, mediolateral (ML) ± 2.0  mm from the midline, 
and dorsoventral (DV) -1.5  mm from the pial surface. 
A volume of 0.5 µL/site of AAV vectors was injected at 
a rate of 50 nL/min. The micropipette was withdrawn 
slowly 10 min after the injection. Surgical wounds were 
disinfected with povidone-iodine plus 75% ethanol, and 
local analgesia was provided with compound lidocaine 
cream. Mice were kept on a heating pad at 37  °C until 
they recovered from anesthesia. The POCD surgery and 
subsequent experiments were carried out in 30 days post 
injection of AAV vectors. The AAV vectors used in this 
study were synthesized by Obio Technology (shanghai) 
Corp Ltd (Shanghai, China), and included: AAV2/5-U6-
Chrm1 shRNA-CMV-EGFP-WPRE (TargetSeq: ​A​T​C​A​A​
G​A​T​G​C​C​T​A​T​G​G​T​A​G​A​T) and AAV2/5-U6-NC shRNA-
CMV-EGFP-WPRE (TargetSeq: ​C​C​T​A​A​G​G​T​T​A​A​G​T​C​
G​C​C​C​T​C​G). Both AAV vectors had titers of ≥ l.0E + 12 
v.g./mL.

Anesthesia and surgery
The surgery to establish the POCD model was performed 
according to published protocols, using 1% pentobarbi-
tal sodium (50 mg/kg, i.p.) to induce general anesthesia, 
which lasted for at least 40 min [3]. The right hind limb of 
mice was shaved and disinfected using povidone-iodine 

plus 75% ethanol. A skin incision was made along the 
medial aspect of the right hind limb to expose the mid-
shaft of the tibia and visualize the tibial plateau. A 0.5-
mm hole was drilled through the tibial plateau into the 
intramedullary canal using a 25-gauge needle, followed 
by the insertion of an intramedullary needle (a 0.38-
mm stainless steel pin) into the medullary cavity. Subse-
quently, the tibia midshaft was fractured using straight 
Bonn scissors, and the stabilization of the fracture sight 
was assessed. Surgical wounds were sutured and disin-
fected with povidone-iodine plus 75% ethanol, and local 
analgesia was administered with compound lidocaine 
cream. Mice were allowed to recover on a heating pad (at 
37 °C) and then returned to clean home cages.

OF
To assess the general learning and exploratory activ-
ity and the anxiety-like behavior of mice, OF test was 
performed in an opaque white plastic OF chamber 
(40 × 40 × 40 cm3). During test phase, each mouse was 
placed in the central area of arena and allowed to explore 
freely for 30 min [57, 58]. Animal behavior was recorded 
by a digital camera mounted right above the chamber. 
The ratio of time each mouse spent on the central zone 
was calculated. Entry into the central zone was defined as 
the moment when all four paws of the mouse crossed the 
boundary into this area. The arena was cleaned with 75% 
ethanol between each test to eliminate odor cues.

NLR and NOR
To evaluate the HPC-dependent spatial reference mem-
ory and memory retention, the NLR and NOR tasks 
were conducted in the OF chamber following modified 
protocols based on previous studies [34, 36, 59]. Mice 
were habituated to the arena through the OF task. In 
the training phase, 24 h post OF test, mice were placed 
in the center of the arena with 2 identical objects (yellow 
wood cones: 4.5  cm in base diameter, 7.5  cm in height) 
positioned 10 cm away from the walls. They were given 
10  min to freely explore the arena and objects. Subse-
quently, during the NLR task testing phase (1  h after 
training), one of the familiar objects was relocated to the 
opposite corner, and mice was allowed another 10-min-
ute exploration session. In the NOR task testing phase 
(24  h later), the displaced familiar object was replaced 
with a novel object (red wood cube with sides of 5 cm), 
and mice were placed in the arena center for a 10-minute 
exploration period. Each session was recorded by a digi-
tal camera. Exploration was defined as the mouse directly 
attending to the object with its head positioned within 
2–3  cm of the object, accompanied by active vibris-
sae sweeping or sniffing [60, 61]. To ensure objectivity, 
researchers were blinded to the experimental conditions 
during the scoring process. The following measurements 



Page 7 of 30Lu et al. Cell Communication and Signaling          (2024) 22:551 

were calculated: Discrimination index (NLR) = novel 
location exploration time/ total exploration time; Dis-
crimination index (NOR) = novel object exploration time/ 
total exploration time. Thorough cleaning of the arena 
and objects with 75% ethanol was performed between 
each session.

Y maze
Y maze spontaneous alternation test was conducted 
to evaluate the short-term spatial working memory 
of mice [30]. The Y maze was made of opaque white 
acrylic resin, and consisted of 3 identical arms (30  cm-
long, 6 cm-width and 15 cm-high), 120° apart from each 
other. Mice was placed in one arm and allowed to freely 
explore through the Y maze during an 8-min test ses-
sion, which was videoed by a digital camera. The num-
bers and sequences of arm entries were recorded. An arm 
entry was defined as the moment when all four paws of 
the mouse cross the threshold from the central zone into 
the arm, with the animal’s snout oriented toward the end 
of the arm. The alternation was defined as consecutive 
entries into all three arms, and the spontaneous alter-
nation rate was calculated as: number of actual alterna-
tions / (total number of arm entries − 2). The Y maze was 
cleaned thoroughly with 75% ethanol between tests.

Tissue collection
For Cohort 1, mice were anesthetized with 1% pentobar-
bital sodium (50 mg/kg) and transcardially perfused with 
ice-cold PBS (pH 7.4). The whole brain was removed, 
fixed in 4% paraformaldehyde in PBS (pH 7.4) for 48  h 
at 4  °C before the procedures of immunohistochemi-
cal staining. For Cohort 2, animals were euthanized as 
described for Cohort 1. The fresh HPC was dissected 
rapidly. A small tissue sample (1 × 1 × 1  mm³) microdis-
sected from the CA1 region of one hemisphere was fixed 
using 2.5% glutaraldehyde plus 4% paraformaldehyde in 
0.1 M sodium cacodylate buffer for transmission electron 
microscopy (TEM) analysis. The remaining tissue from 
this hemisphere and the entire contralateral hemisphere 
were snap-frozen in liquid nitrogen and stored at -80 °C 
for ACh assay and Western blotting.

Immunohistochemistry
Tissue processing and IHC was conducted on paraf-
fin sections following standard protocols. The paraffin-
embedded brains were coronally sectioned at 4 μm using 
a microtome (HistoCore NANOCUT R, Leica; Wetzlar, 
Germany). For immunofluorescence (IF) staining, the 
sections were dewaxed and hydrated, and washed with 
0.01 M PBS (pH 7.4) containing 0.01% Tween-20 (PBST), 
which served as the washing buffer for all the IHC wash-
ing steps. Antigen retrieval was carried out using sodium 
citrate buffer (pH 6.0) in a pressure cooker at full pressure 

for 3 min. Subsequently, the sections were blocked in 5% 
BSA in PBST for 1  h, followed by overnight incubation 
with the primary antibodies (as listed in Table S1) in the 
blocking solution at 4  °C. This was followed by incuba-
tion with corresponding fluorescein-conjugated second-
ary antibodies (as listed in Table S2) at 37 °C in the dark 
for 1 h. The sections were then counterstained with DAPI 
(1 µg/mL; Sigma-Aldrich, Merck Millipore; MA, USA) for 
5  min and mounted in 50% glycerol-PBS. Fluorescence 
images were captured under a fluorescence microscope 
(BX51, Olympus; Tokyo, Japan). For HRP-DAB staining 
for CHAT, endogenous peroxidases were blocked using 
with 3% H2O2 at room temperature for 10 min following 
antigen retrieval. After blocking, the sections were incu-
bated overnight with goat anti-CHAT (1:200; AB144P; 
Sigma-Aldrich, Merck Millipore) in blocking solution at 
4  °C, followed by incubation with HRP-conjugated rab-
bit anti-goat IgG H + L (1:200; abs20005; Absin) at 37 °C 
for 1 h [62]. This was succeeded by a 30-minute incuba-
tion in freshly prepared DAB working solution (P0203; 
Beyotime, Shanghai, China), counterstaining with 0.1% 
Mayer hematoxylin, dehydration in ethanol and xylene, 
and mounting in neutral resin. The HRP-DAB-stained 
sections were photographed using a Leica DM4 B micro-
scope equipped with Leica DMC5400 camera.

TEM
After being fixed in a solution of 2.5% glutaraldehyde and 
4% paraformaldehyde for over 24 h, the hippocampal tis-
sue samples (1 × 1 × 1 mm3) microdissected from the CA1 
region underwent a postfixation step in 1% osmic acid 
and 1.5% potassium ferrocyanide for 2  h. Subsequently, 
they were dehydrated in a gradient of ethanol and ace-
tone, immersed, and embedded in epoxy resin before 
being sectioned into 70-nm thick ultrathin slices. These 
sections were then transferred onto copper grids, stained 
with a mixture of 3% uranyl acetate and lead citrate, and 
examined using an HT7700 transmission electron micro-
scope (Hitachi; Osaka, Japan).

Western blotting
For Western blotting (WB) analysis, brain tissues were 
homogenized in RIPA lysis buffer (P0013K; Beyotime) 
supplemented with 1% PMSF (ST506; Beyotime) and 
1% phosphatase inhibitor cocktail (B15001; Selleck). The 
protein concentration was measured using BCA Protein 
Assay Kit (P0012; Beyotime). Subsequently, the protein 
samples were mixed with 5× loading buffer (P0015; Beyo-
time), resolved by SDS polyacrylamide gel electrophore-
sis using a running buffer (25 mM Tris, 190 mM Glycine, 
0.1% SDS), and then electroblotted onto polyvinylidene 
difluoride (PVDF) membranes (Merck Millipore) using 
a transfer buffer (25 mM Tris, 190 mM Glycine, 0.1% 
SDS, 20% Methanol). After thorough washing with 1 × 
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Tris-buffered saline with 0.1% Tween-20 (TBST), which 
was used for all washing steps in WB, the PVDF mem-
branes were blocked with 5% skim milk in TBST at room 
temperature for 1 h. Following this, the membranes were 
incubated with the primary antibodies (as listed in Table 
S1) in the blocking solution at 4  °C overnight, and then 
with the corresponding HRP-conjugated secondary anti-
bodies (as listed in Table S2) in the blocking solution at 
37  °C for 1  h. The protein signals were developed with 
ECL kit (P0018FS; Beyotime) and visualized using the 
Tanon 4600 chemiluminescence image analysis system 
(Tanon; Shanghai, China).

ACh assay
The frozen HPC tissues were homogenized (10% (w/v)) 
on ice in PB (50 mM, pH7.4) and centrifugated at 1000 g, 
4 °C for 10 min. The supernatant was collected and used 
for ACh concentration determination using Amplex™ 
Acetylcholine/Acetylcholinesterase Assay Kit (A12217, 
Thermo Fisher Scientific; MA, USA) in accordance with 
the manufacturer’s instructions. The emission fluores-
cence at 590  nm of reaction system stimulated by the 
560-nm excitation light was measured using an Spec-
traMax M2 microplate reader (Molecular Devices Cor-
poration; CA, USA). The ACh level was calculated by 
the standard curve and expressed as µmol per mg tissue 
protein.

Data processing and statistical analyses
Videos of behavioral tests were analyzed by the Animapp 
software [63], and visualized by the Seaborn library in 
Python environment. IF/IHC images, TEM images, and 
Western blots were processed and analyzed using the Fiji.
app/Image J software. All the quantitative analyses were 
performed by the investigators blind to the related exper-
imental conditions. For IF staining, the fluorescence 
intensity of synaptophysin (SYP; a presynaptic marker of 
synaptic vesicles), postsynaptic density protein 95 (PSD-
95; a scaffolding protein located at excitatory synapses), 
phosphorylated cAMP response element-binding pro-
tein (CREB) (p-CREB), c-fos, glial fibrillary acidic protein 
(GFAP), complement component 3 (C3), ionized cal-
cium-binding adapter molecule 1 (IBA1), inducible nitric 
oxide synthase (iNOS), BDNF, p-TrkB (Tyr816), and 
CHRM1 was measured in the CA1 area of the hippocam-
pus, the primary region of interest. Colocalization analy-
ses in the CA1 region were performed using the Coloc 2 
plugin of Fiji.app/Image J software, calculating the Pear-
son correlation coefficients and Manders coefficients 
for C3 with GFAP, iNOS with IBA1, BDNF with NeuN, 
GFAP or IBA1, p-TrkB (Tyr816) with NeuN, GFAP or 
IBA1, and CHRM1 with NeuN or GFAP. CHAT fluo-
rescence intensity was primarily measured in the medial 
septum. For HRP-DAB staining, the integrated intensity 

of CHAT was measured in the CA3 area of the hippo-
campus. In the TEM images of the CA1 region, synapses 
were identified by the presence of presynaptic vesicles 
and characteristic postsynaptic density using the Wand 
tool of Fiji.app/Image J software and quantified manually. 
For Western blot analyses, the integrated density of the 
target protein blots was measured and normalized to that 
of β-actin, which served as the internal loading control, 
to account for variations in protein loading and transfer 
efficiency. Schematics were generated using Medpeer.cn 
and Affinity Photo 2 software.

Data were expressed as mean ± standard deviation (SD). 
Statistical analyses were performed using the Pingouin 
library and visualized using the Seaborn library in Python 
environment. The comparisons of means between two 
groups were conducted using independent Student’s 
t-test (two-tailed). The between-group comparisons of 
means from multiple groups were analyzed using one-
way analysis of variance (ANOVA) followed by post hoc 
Bonferroni’s multiple comparison test. P < 0.05 was con-
sidered statistically significant.

Results
Systemic plasma administration mimics the beneficial 
effects of exercise on postoperative cognitive decline
To assess the efficacy of exercise and plasma from exer-
cised mice in counteracting deficits in hippocampal-
dependent learning and memory induced by anesthesia/
surgery, we conducted the OF, NLR, NOR and Y maze 
tests sequentially from days 3 to 6 post-surgery (Fig. 1A-
B). To rule out potential confounding effects of surgery 
on motor performance, we analyzed the average veloc-
ity of mice during the OF test, which showed no sig-
nificant differences between groups (Fig.S1). In the OF 
test (Fig.  1C-D), aged mice (17 months old) in the Sur-
gery (Sur) group, subjected to a standard POCD model 
surgery (tibia fracture) without any treatment, showed a 
significant decrease in time spent in the central zone of 
the OF arena (P < 0.05) compared to the Con group. This 
reduction indicates a lower exploratory drive and learn-
ing propensity, along with increased anxiety-like behavior 
levels. In contrast, aged mice in the Ex + Sur group, which 
had engaged in a 30-day voluntary exercise regimen on a 
running wheel before surgery (P < 0.01 vs. Sur), and those 
in the ExP + Sur group, which received systemic infu-
sions of exercise-conditioned plasma instead of physical 
exercise for 30 days pre-surgery, exhibited normalized 
exploratory behavior in the central zone and decreased 
anxiety-like behavior (P < 0.05 vs. Sur). The NLR and 
subsequent NOR tests conducted 24 h later (Fig. 1E-H), 
showed that the Sur group spent less time with objects 
in novel locations and with novel objects (P values < 0.01 
vs. Con), suggesting impaired spatial reference memory 
and retention [34, 36, 59]. Conversely, the Ex + Sur group 
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displayed a preference for the relocated and novel objects 
(P values < 0.01 vs. Sur), and the ExP + Sur group showed 
similar recovery in discriminating locations and objects 
(P values < 0.01 vs. Sur). During the Y maze test (Fig. 1I-
J), the Sur group exhibited a reduced spontaneous alter-
nation frequency compared to the Con group (P < 0.01), 
indicating a negative effect on spatial working memory 
attributable to anesthesia and surgery [30]. In compari-
son, both the Ex + Sur (P < 0.01 vs. Sur) and ExP + Sur 
groups (P < 0.05 vs. Sur) showed significant improve-
ments in spontaneous alternation behavior and working 
memory. Collectively, these behavioral test results sug-
gest that tibia fracture surgery under anesthesia leads 
to impairments in HPC-dependent cognitive domains 
in aged mice. Furthermore, systemic administration of 
plasma appears to mimic the cognitive benefits of physi-
cal exercise, mitigating postoperative cognitive distur-
bances in non-exercised animals.

Systemic plasma administration mimics the protective 
effects of exercise against postoperative hippocampal 
synaptic deficits
To assess the influence of physical activity and the infu-
sion of exercise-conditioned plasma on neuropatho-
logical alterations within the HPC post-anesthesia and 
surgery, the expression of synaptic proteins and the 
ultrastructure of synapses were analyzed using IF, WB 
and TEM. As depicted in IF staining (Fig. 2A-D) and WB 
(Fig.  2K-M), anesthesia and surgery led to a decline in 
hippocampal levels of SYP and PSD-95 in the Sur group 
(P values < 0.001 vs. Con) rather than the Ex + Sur (P val-
ues < 0.001 vs. Sur) and ExP + Sur groups (P values < 0.001 
vs. Sur), which was consistent with behavioral changes. 
Further, TEM image analysis (Fig.  2E-F) corroborated 
these findings, revealing similar patterns in hippocampal 
synapse density alterations across the groups. Synaptic 
plasticity, the adaptive capacity of neuronal networks that 
is fundamental to learning and memory, is known to be 
compromised under POCD conditions [6, 15]. To eluci-
date the effects of exercise and exercise plasma on syn-
aptic plasticity within the HPC following anesthesia and 
surgery, we conducted IF (Fig. 2G-J) and WB (Fig. 2N-P) 
to evaluate the phosphorylation state and activation of 
CREB, a pivotal mediator of synaptic plasticity [64], and 
the expression levels of c-fos, product of the immediate 
early gene Fos implicated in modulating neuronal excit-
ability and synaptic potency [65]. Comparative analysis 
revealed that the Sur group exhibited a marked reduc-
tion in p-CREB and c-fos expression within the HPC 
relative to the Con group (P values < 0.001). The decrease 
was notably prevented to a similar extent in the Ex + Sur 
(P values < 0.001 vs. Sur) and ExP + Sur groups (P val-
ues < 0.05 vs. Sur). Altogether, these data indicate that 
physical exercise confers neuroprotective effects against 

surgery-induced synaptic deficits, an effect that can be 
recapitulated through the systemic delivery of plasma 
derived from exercised mice.

Systemic plasma administration mimics the inhibitory 
effects of exercise on postoperative hippocampal 
neuroinflammation
Neuroinflammation, a crucial mechanism in senescence-
related neuroinflammatory and neurodegenerative dis-
eases, involves the activation and proinflammatory/ 
potentially detrimental phenotypes of microglia and 
astrocytes [14, 28]. To assess the impact of exercise and 
exercise-conditioned plasma on anesthesia/surgery-
induced neuroinflammation, we measured the expres-
sion and localization of canonical microglia marker IBA1, 
proinflammatory microglial marker iNOS, well-estab-
lished astrocyte marker GFAP, and reactive astrocyte 
marker C3 within the HPC [10, 13]. IF combined with 
WB analyses revealed elevated hippocampal expression 
of IBA1, iNOS, GFAP, and C3 in the Sur group com-
pared to the Con group (Fig. 3A-D, F-H, I-L, N-P; all P 
values < 0.05 vs. Con). Colocalization analyses showed 
increased Pearson correlation coefficients for iNOS 
with IBA1 (Fig. 3E; P < 0.001 vs. Con) and C3 with GFAP 
(Fig. 3M; P < 0.001 vs. Con) in the Sur group, indicating 
anesthesia/surgery-induced activation of pro-inflamma-
tory microglia and reactive astrocytes. In contrast, these 
glial responses within the HPC were nearly abolished in 
the Ex + Sur group (all P values < 0.05 vs. Sur). While the 
absolute R values suggest weak to moderate correlations, 
the consistent and statistically significant differences 
between groups provide meaningful insights into relative 
changes in protein colocalization under various condi-
tions. Furthermore, these intergroup differences in Pear-
son correlation R values align with and are supported by 
the trends observed in the analysis results of the Manders 
coefficient (Fig.S2), another robust indicator for fluo-
rescence colocalization analysis. Similarly, the ExP + Sur 
group also exhibited reduced proinflammatory microglia 
and reactive astrocytes (all P values < 0.05 vs. Sur). These 
findings suggest that the inhibitory effects of exercise on 
anesthesia/surgery-induced hippocampal neuroinflam-
mation can be mimicked via systemic plasma infusion in 
sedentary mice.

Systemic plasma administration mimics the recuperative 
benefits of exercise on the dysregulation of hippocampal 
BDNF/TrkB signaling following surgery
BDNF is a pivotal regulatory molecule for synaptic 
plasticity and cognitive function [5, 16]. Additionally, 
BDNF/ BDNF receptor TrkB signaling, the core mecha-
nism mediating the exercise-triggered cognitive ben-
efits [30], is established to be impaired in POCD [5, 17]. 
In this study, we explored the effects of exercise and 
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Fig. 2  Exercise-conditioned plasma mimicked the protective effects of exercise on postoperative hippocampal synaptic pathology. (A-D, G-J) Repre-
sentative images of the IF staining to evaluate the expressions of synaptophysin (SYP) (A), PSD-95 (C), p-CREB (G) and c-fos (I) in the hippocampal CA1 
region and the related statistical analyses (B, D, H, J). Scale bars: 50 μm. (E-F) Representative TEM images of the hippocampal CA1 region with the synapses 
outlined in yellow and denoted by red arrows (E) and the statistical analyses of synapse density (F). Scale bars: 1 μm. (K-P) Representative Western blots 
of hippocampal SYP, PSD-95 (K), p-CREB and c-fos (N) and the related statistical analyses (L-M, O-P). Data are expressed as mean ± SD; n = 6 per group; * 
P < 0.05, ** P < 0.01, *** P < 0.001

 



Page 11 of 30Lu et al. Cell Communication and Signaling          (2024) 22:551 

Fig. 3  Exercise-conditioned plasma mimicked the inhibitory effects of exercise on postoperative hippocampal neuroinflammation. (A-B, I-J) Representa-
tive images of the IF staining to evaluate the colocalization of iNOS with IBA1 (A), and C3 with GFAP (I) in the hippocampal CA1 region, and the related 
lineplots of fluorescence intensity (B, J). Scale bars: 50 μm. (C-D, K-L) Statistical analyses of the fluorescence intensity of IBA1 (C), iNOS (D), GFAP (K) and 
C3 (L) in the hippocampal CA1 region. (E, M) Statistical analyses of the Pearson R value for colocalization of iNOS with IBA1 (E), and C3 with GFAP (M) in 
the hippocampal CA1 region. (F-H, N-P) Representative Western blots of hippocampal iNOS, IBA1 (F), C3 and GFAP (N), and the related statistical analyses 
(G-H, O-P). Data are expressed as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 4 (See legend on next page.)
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exercise-conditioned plasma on hippocampal BDNF/
TrkB signaling as well as the distribution and potential 
targets of BDNF under conditions of anesthesia/sur-
gery. As revealed by IF and WB analyses, the Sur group 
showed marked downregulation in the hippocampal 
levels of BDNF (Fig.  4A-F, M,Q, V) and activated TrkB 
(phosphorylated TrkB, p-TrkB (Tyr816)) (Fig. 4G-L, R,Q, 
W) when compared to the Con group (all P values < 0.01). 
Furthermore, the diminished Pearson correlation coeffi-
cients and Manders coefficients for the colocalization of 
BDNF with NeuN (a canonical neuron marker), GFAP 
and IBA1 in the Sur group (Fig.  4N-P, Fig. S3A-C; all P 
values < 0.05) suggested surgery-induced reduction in 
BDNF distribution in neurons, which are the primary 
source of cerebral BDNF, as well as in astrocytes and 
microglia, which can also contribute to BDNF produc-
tion upon stimulation [16, 66]. Whereas, the decreased 
colocalization correlation coefficients of p-TrkB (Tyr816) 
with neuronal and glial markers (Fig.  4S-U, Fig. S3D-
F; all P values < 0.05) indicated a postoperative decline 
in BDNF responsiveness by hippocampal neurons and 
potentially by glial cells. In contrast, the BDNF distribu-
tion in these cellular populations and the neuronal and 
glial colocalization with activated TrkB in the HPC were 
nearly restored in the Ex + Sur group (all P values < 0.05 
vs. Sur). Similar recovery in hippocampal BDNF distri-
bution and TrkB activation was detected in the ExP + Sur 
group (all P values < 0.05 vs. Sur). These data suggest that 
exercise mitigates the adverse effects of anesthesia/sur-
gery on BDNF/TrkB signaling, an effect which could be 
mimicked by systemic infusion of plasma to sedentary 
mice.

Exercise-conditioned plasma rescues POCD via BDNF/TrkB 
signaling
To further investigate whether regulation of BDNF sig-
naling is a potential mechanism underlying the thera-
peutic benefits of exercise-conditioned plasma under 
conditions of POCD, TrkB was pharmacologically 
blocked in the ANA12 + ExP + Sur group immediately 
prior to plasma infusion with ANA-12 (Fig.  5A), which 
is a blood–brain barrier-permeable, highly selective 
antagonist against TrkB [46, 67]. As expected, ANA-12 
administration attenuated the increase in hippocampal 
p-TrkB (Tyr816) levels and TrkB activation in neuron, 
and potentially in astrocytes and microglia, induced by 

exercise-conditioned plasma (Fig.  5J-O, V-Z, AE; Fig. 
S4A-C; all P values < 0.05 vs. ExP + Sur). Remarkably, 
the inhibition of TrkB with ANA-12 also suppressed the 
increase in BDNF distribution in neurons, astrocytes, 
and microglia within the HPC following exercise plasma 
administration (Fig.  5P-U, Z-AD, AF; Fig. S4D-F; all P 
values < 0.05 vs. ExP + Sur), which implies the disturbed 
autocrine and paracrine effects of hippocampal BDNF. 
Consistently, mice in the ANA12 + ExP + Sur group 
exhibited significantly reduced exploration in the central 
zone of OF arena and exaggerated anxiety-like behavior 
(Fig. 5B, F; P < 0.001 vs. ExP + Sur), impaired bias towards 
the displaced and novel objects in NLR and NOR tasks 
(Fig. 5C-D, G-H; both P values < 0.05 vs. ExP + Sur), and 
vanished spontaneous alternation in Y maze task (Fig. 5E, 
I; P < 0.05 vs. ExP + Sur), which suggests that TrkB antag-
onism with ANA-12 abrogated the preventive effects of 
exercise-conditioned plasma on postoperative decline 
in HPC-dependent learning and memories. Moreover, 
inhibiting BDNF/TrkB signaling with ANA-12 hindered 
the restoration of synaptic protein expression (Fig.  6A-
D, K-M; all P values < 0.05 vs. ExP + Sur), synapse den-
sity and synaptogenesis (Fig. 6E-F; P < 0.05 vs. ExP + Sur), 
and synaptic plasticity regulators (Fig.  6G-J, K,R-S; all 
P values < 0.001 vs. ExP + Sur) in the HPC, triggered by 
exercise-conditioned plasma. Additionally, the phar-
macological antagonism of BDNF/TrkB signaling with 
ANA-12 nullified the protective effects of exercise plasma 
against postoperative astrogliosis, microgliosis, and acti-
vation of potentially detrimental astrocytes and proin-
flammatory microglia in the HPC (Fig. 6N-Q, T-AD; Fig. 
S4G-H; all P values < 0.05 vs. ExP + Sur). Similar effects 
were observed in the ANA12 + Ex + Sur group, where reg-
ular exercise training benefits were also negated (Fig. S5-
S6; all P values < 0.05 vs. Ex + Sur). The consistent results 
between the ANA12 + ExP + Sur and ANA12 + Ex + Sur 
groups further corroborate the specificity of ANA-12 in 
targeting TrkB and underscore the crucial role of BDNF/
TrkB signaling in mediating the cognitive preservation 
effects of both exercise-conditioned plasma and regular 
exercise. Collectively, these findings suggest that exercise-
conditioned plasma rescues anesthesia/surgery-induced 
cognitive disorder and the corresponding hippocampal 
synaptic deficits and neuroinflammation, at least partly 
via BDNF/TrkB signaling.

(See figure on previous page.)
Fig. 4  Exercise-conditioned plasma mimicked the restoration of postoperative hippocampal BDNF/TrkB signaling by exercise. (A-L) Representative im-
ages of the IF staining to evaluate the colocalization of BDNF with NeuN (A), BDNF with GFAP (C), BDNF with IBA1 (E), p-TrkB (Tyr816) with NeuN (G), 
p-TrkB (Tyr816) with GFAP (I) and p-TrkB (Tyr816) with IBA1 (K) in the hippocampal CA1 region, and the related lineplots of fluorescence intensity (B, D, 
F, H, J, L). Scale bars: 50 μm. (M, R) Statistical analyses of the total fluorescence intensity of BDNF (M) and p-TrkB (Tyr816) (R) in the hippocampal CA1 
region. (N-P, S-U) Statistical analyses of the Pearson R value for the colocalization of BDNF with NeuN (N), BDNF with GFAP (O), BDNF with IBA1 (P), p-TrkB 
(Tyr816) with NeuN (S), p-TrkB (Tyr816) with GFAP (T), and p-TrkB (Tyr816) with IBA1 (U) in the hippocampal CA1 region. (Q, V-W) Representative Western 
blots of hippocampal BDNF and p-TrkB (Tyr816) (Q) and the related statistical analyses (V-W). Data are expressed as mean ± SD; n = 6 per group; * P < 0.05, 
** P < 0.01, *** P < 0.001



Page 14 of 30Lu et al. Cell Communication and Signaling          (2024) 22:551 

Fig. 5 (See legend on next page.)
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Systemic plasma administration mimics the protective 
benefits of exercise on postoperative hippocampal 
cholinergic dysfunction
Cholinergic networks play a crucial role in the complex 
regulation of neural oscillation and synaptic plasticity, 
which are essential for cognition [38]. Enhancing cho-
linergic signaling in non-human primates and mice with 
Prion neurodegeneration or sepsis-induced encepha-
lopathy has been shown to improve various cognitive 
domains [43, 47, 50]. The cholinergic circuits in the 
MS-HPC are susceptible to aging, neurodegenerative 
diseases, and POCD [12, 53, 54]. Notably, sustained mod-
erate physical exercise training or exposure to youthful 
blood with rejuvenating properties can ameliorate senes-
cence and AD-related cholinergic defects in the HPC 
[53, 54]. To evaluate the effects of exercise and exercise-
conditioned plasma on the hippocampal cholinergic cir-
cuit in the context of POCD, we analyzed hippocampal 
cholinergic innervation and its neuronal sources in the 
basal forebrain. Using IHC and WB analyses, we found 
a significant decrease in the integrated density of CHAT 
in hippocampal cholinergic afferent fibers and MS cho-
linergic neurons in the surgery group (Fig.  7A-D, L-M; 
all P values < 0.01 vs. Con). The deficits in hippocampal 
cholinergic innervation and degeneration of MS cholin-
ergic neurons induced by anesthesia/surgery were sig-
nificantly mitigated in the Ex + Sur (all P values < 0.001 vs. 
Sur) and ExP + Sur groups (all P values < 0.05 vs. Sur). To 
assess hippocampal responsiveness to cholinergic input, 
we examined the expression and localization of CHRM1, 
a key hippocampal cholinergic receptor involved in cog-
nitive modulation [38, 43, 46]. We observed reduced 
total levels of hippocampal CHRM1 and its diminished 
colocalization with neuron and astrocyte markers in the 
Sur group (Fig. 7E-K, L,N; Fig. S7; all P values < 0.01 vs. 
Con). Conversely, the downregulated total, neuronal, and 
astroglial expressions of CHRM1 following surgery were 
restored by exercise training (Ex + Sur: all P values < 0.01 
vs. Sur) or systemic infusion of exercise-conditioned 
plasma from exercised mice (ExP + Sur: all P values < 0.05 
vs. Sur). To evaluate the activity of the hippocampal cho-
linergic system, we measured ACh levels. Consistent with 
changes in cognition and the structure of the hippocam-
pal cholinergic circuit, the anesthesia/surgery-induced 
decline in ACh release (Fig.  7O; Sur: P < 0.001 vs. Con) 

was normalized by treatments with exercise (Ex + Sur: 
P < 0.001 vs. Sur) and exercise-conditioned plasma 
(ExP + Sur: P < 0.01 vs. Sur). These findings collectively 
indicate that exercise-conditioned plasma reproduces the 
protective effects of exercise on postoperative hippocam-
pal cholinergic dysfunction.

Exercise-conditioned plasma rescues POCD by activating 
the hippocampal cholinergic circuit
To explore whether activation of the basal forebrain-
hippocampal cholinergic circuit is a potential mediator 
underpinning the beneficial effects of exercise-condi-
tioned plasma on POCD, CHRM1 was pharmacologically 
blocked with THP in the THP + ExP + Sur group immedi-
ately prior to plasma administration (Fig. 8A). THP is a 
blood-brain barrier-permeable, highly selective antago-
nist against CHRM1, without risks of impairing cogni-
tive function itself [68]. CHRM1 antagonism with THP 
significantly impaired the exercise-conditioned plasma-
boosted recovery of exploratory activity and anxiety-like 
behavior (OF; Fig.  8B, F), preference for novel stimuli 
and retention of discriminative memory (NLR and NOR; 
Fig.  8C-D, G-H), and spontaneous alternation behav-
ior and spatial working memory (Y maze; Fig.  8E, I) in 
mice receiving POCD surgery (THP + ExP + Sur: all P 
values < 0.01 vs. ExP + Sur). Intriguingly, THP admin-
istration under conditions of POCD notably abolished 
the exercise-conditioned plasma-induced reversal of 
the density of hippocampal CHAT+ cholinergic afferent 
fibers (Fig.  8J, P,Q, X), CHAT expression in the sources 
of hippocampal cholinergic input (MS; Fig.  8K, R), hip-
pocampal levels and neuronal and astroglial localization 
of CHRM1 (Fig.  8L-O, S-V, X; Fig. S8A-B), and hippo-
campal ACh release and cholinergic activation (Fig. 8W) 
(THP + ExP + Sur: all P values < 0.01 vs. ExP + Sur). Fur-
thermore, blocking hippocampal cholinergic activity 
using THP hindered the postoperative recovery of hippo-
campal synapse formation (Fig. 8X-Z, AD-AG), synapse 
ultrastructure (Fig.  8AA, AH), and synaptic plasticity 
(Fig.  8X, AB-AC, AI-AL) in response to exercise-condi-
tioned plasma, and impeded the preventive benefits of 
exercise plasma on surgery-induced gliosis, reactive state 
of astrocytes, and pro-inflammatory state of microglia 
(Fig. 9A-E, R-AA; Fig. S8C-D) (THP + ExP + Sur: all P val-
ues < 0.05 vs. ExP + Sur). Mechanistically, inhibition of the 

(See figure on previous page.)
Fig. 5  ANA-12 blocks hippocampal BDNF/TrkB signaling, attenuating cognitive recovery by exercise plasma. (A) Schematic illustration of the experimen-
tal design of ANA-12 administration. (B, F) Representative locus diagrams and the statistical analyses of the OF tests. (C-E, G-I) Representative trajectory 
heat maps and the related statistical analyses of the NLR (C, G), NOR (D, H) and Y maze tests (E, I). (J-U) Representative images of the IF staining to evaluate 
the colocalization of p-TrkB (Tyr816) with NeuN (J), p-TrkB (Tyr816) with GFAP (L), p-TrkB (Tyr816) with IBA1 (N), BDNF with NeuN (P), BDNF with GFAP (R) 
and BDNF with IBA1 (T) in the hippocampal CA1 region, and the related lineplots of fluorescence intensity (K, M, O, Q, S, U). Scale bars: 50 μm. (V, AA) Sta-
tistical analyses of the total fluorescence intensity of p-TrkB (Tyr816) (V) and BDNF (AA) in the hippocampal CA1 region. (W-Y, AB-AD) Statistical analyses 
of the Pearson R value for the colocalization of p-TrkB (Tyr816) with NeuN (W), p-TrkB (Tyr816) with GFAP (X), p-TrkB (Tyr816) with IBA1 (Y), BDNF with NeuN 
(AB), BDNF with GFAP (AC), and BDNF with IBA1 (AD) in the hippocampal CA1 region. (Z, AE-AF) Representative Western blots of hippocampal p-TrkB 
(Tyr816) and BDNF (Z) and the related statistical analyses (AE-AF). Data are expressed as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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hippocampal cholinergic system by THP attenuated the 
exercise-conditioned plasma-induced increase in total 
hippocampal BDNF levels as well as BDNF distribution 
in neurons, astrocytes, and microglia, and consequently 

the neuronal TrkB activation and potential BDNF-
related effects on glial cells (Fig. 9E-Q, AB-AK; Fig. S8E-J; 
THP + ExP + Sur: all P values < 0.05 vs. ExP + Sur). Simi-
lar effects were observed in the THP + Ex + Sur control 

Fig. 6  ANA-12 blocks BDNF/TrkB signaling, reducing synaptic and anti-inflammatory benefits of exercise plasma. (A-D, G-J) Representative images of the 
IF staining to evaluate the expressions of SYP (A), PSD-95 (C), p-CREB (G) and c-fos (I) in the hippocampal CA1 region and the related statistical analyses 
(B-D, H-J). Scale bars: 50 μm. (E-F) Representative TEM images of the the hippocampal CA1 region with the synapses outlined in yellow and denoted by 
red arrows (E) and the statistical analyses of synapse density (F). Scale bars: 1 μm. (K-M, R-S, Z-AD) Representative Western blots of hippocampal SYP, PSD-
95, p-CREB, c-fos (K), GFAP, C3, iNOS and IBA1 (Z), and the related statistical analyses (L-M, R-S, AA-AD). (N-Q) Representative images of the IF staining to 
evaluate the colocalization of C3 with GFAP (N), and iNOS with IBA1 (P) in the hippocampal CA1 region, and the related lineplots of fluorescence intensity 
(O, Q). Scale bars: 50 μm. (T-U, W-X) Statistical analyses of the fluorescence intensity of GFAP (T), C3 (U), IBA1 (W) and iNOS (X) in the hippocampal CA1 
region. (V, Y) Statistical analyses of the Pearson R value for colocalization of C3 with GFAP (V), and iNOS with IBA1 (Y) in the hippocampal CA1 region. Data 
are expressed as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 7  Exercise-conditioned plasma mitigated postoperative dysfunction of MS-hippocampal cholinergic circuit. (A, C) Representative images of the 
IHC staining to evaluate the expressions of CHAT (A) in the hippocampal CA3 region and the related statistical analyses (C). Scale bars (A1-A4): 200 µm; 
(A1’-A4’): 50 μm. (B, D) Representative images of the IF staining to evaluate the expressions of CHAT (B) in the MS and the related statistical analyses (D). 
Scale bars: 50 μm. (E-H) Representative images of the IF staining to evaluate the colocalization of CHRM1 with NeuN (E), and CHRM1 with GFAP (G) in 
the hippocampal CA1 region, and the related lineplots of fluorescence intensity (F, H). Scale bars: 50 μm. (I) Statistical analyses of the total fluorescence 
intensity of CHRM1 in the hippocampal CA1 region. (J, K) Statistical analyses of the Pearson R value for colocalization of CHRM1 with NeuN (J), and CHRM1 
with GFAP (K) in the hippocampal CA1 region. (L-N) Representative Western blots of hippocampal CHAT and CHRM1 (L), and the related statistical analy-
ses (M-N). (O) Statistical analyses of the levels of hippocampal ACh. Data are expressed as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 8 (See legend on next page.)

 



Page 19 of 30Lu et al. Cell Communication and Signaling          (2024) 22:551 

group, where regular exercise training benefits were also 
negated (Fig. S9-S10; all P values < 0.05 vs. Ex + Sur). The 
consistency of results between the THP + ExP + Sur and 
THP + Ex + Sur groups further supports the specific-
ity of THP in targeting CHRM1 activity and the role of 
CHRM1 in mediating exercise/ exercise-conditioned 
plasma-related cognitive benefits.

Given the exercise-conditioned plasma-induced hip-
pocampal CHRM1 expression parallel to cognitive 
recovery, to investigate whether CHRM1-mediated 
cholinergic activity is a potential mechanism underly-
ing the therapeutic effects of exercise plasma on POCD, 
in vivo knockdown of Chrm1 expression was performed 
in the shRNA + ExP + Sur group by stereotaxic injec-
tion of AAV2/5-U6-Chrm1 shRNA-CMV-EGFP-WPRE 
into bilateral HPC (Fig.  10A). Expectedly, injection of 
the AAV vector expressing Chrm1 shRNA silenced the 
CHRM1 expression in the infected HPC and abrogated 
the upregulation of neuronal and astrocyte CHRM1 in 
response to exercise-conditioned plasma (Fig. 10J-N, P-S, 
AC; Fig. S11A-B; shRNA + ExP + Sur: all P values < 0.01 
vs. NC + ExP + Sur). Notably, in vivo knockdown of hip-
pocampal Chrm1 attenuated the exercise-conditioned 
plasma-induced restoration of CHAT+ cholinergic inner-
vation and ACh release in hippocampal under conditions 
of POCD (Fig.  10O, T,W, AC, AK; shRNA + ExP + Sur: 
all P values < 0.05 vs. NC + ExP + Sur). Analogous to 
pharmacological antagonism, silencing of hippocampal 
Chrm1 with the AAV vector significantly restrained the 
improvement in learning and exploratory behavior and 
anxiety-like behavior (OF), spatial reference memory 
and retention-based discrimination (NLR and NOR), 
and spatial working memory-dependent spontaneous 
alternation (Y maze) triggered by exercise-conditioned 
plasma in mice subjected to POCD surgery (Fig.  10B-I; 
shRNA + ExP + Sur: all P values < 0.05 vs. NC + ExP + Sur). 
Moreover, Chrm1 silencing in the HPC led to failures 
in the exercise-conditioned plasma-responsive rever-
sal of hippocampal synaptogenesis (Fig.  10U-V, X-Z, 
AC-AF), synaptic plasticity (Fig. 10AA-AC, AG-AJ), and 
neuroinflammation-related proliferation and activation 

of reactive astrocytes and proinflammatory microg-
lia following surgery (Fig.  11A-E, R-AA; Fig. S11C-D) 
(shRNA + ExP + Sur: all P values < 0.05 vs. NC + ExP + Sur). 
Mechanistically, Chrm1 knockdown suppressed the exer-
cise plasma-promoted postoperative recovery of hip-
pocampal BDNF distribution in neurons, astrocytes, 
and microglia, and accordingly BDNF-stimulated neu-
ronal TrkB activation and potential effects on glial cells 
(Fig. 11E-Q, AB-AL; Fig. S11E-I; shRNA + ExP + Sur: the 
main P values < 0.01 vs. NC + ExP + Sur). Collectively, 
these data suggest that exercise-conditioned plasma 
exerts protective effects on POCD at least partly via 
CHRM1-mediated hippocampal cholinergic activity.

Discussion
Cumulatively, our data confirm that exercise-conditioned 
plasma mimics the protective effects of exercise on anes-
thesia/surgery-induced neuroinflammation and impair-
ments in synaptic functions and hippocampal-dependent 
learning and memory to sedentary aged mice. Mechanis-
tically, we identified CHRM1-dependent hippocampal 
cholinergic activity-regulated BDNF/TrkB signaling as 
the mediator of exercise plasma that attenuates postop-
erative hippocampal neuropathological events and cogni-
tive decline.

POCD is a common complication after anesthesia and 
surgery, affecting multiple cognitive functions (such as 
memory and mood), and can last for weeks to years [1–
3, 5]. It occurs in 10-54% of surgery patients, especially 
those aged 65 and older, leading to increased postopera-
tive mortality and decreased quality of life [6–8]. Neu-
roinflammation is established as the vital mediator in 
POCD, triggered by anesthesia/surgery-induced systemic 
inflammation effectors (such as TNFα, IL-1β, and IL-6). 
These effectors cause abnormal activation of microglia 
and astrocytes, shifting them to pro-inflammatory and 
potentially detrimental states, leading to neuronal dys-
function [6, 10–14]. The resulting neuronal dysfunction, 
marked by impaired synaptic plasticity, affects learn-
ing and memory, as synapses are crucial for neuronal 
communication and circuit dynamics [6, 15]. Common 

(See figure on previous page.)
Fig. 8  THP inhibits MS-hippocampal cholinergic activity, reducing cognitive and synaptic recovery by exercise plasma. (A) Schematic illustration of the 
experimental design of THP administration. (B, F) Representative locus diagrams and the statistical analyses of the OF tests. (C-E, G-I) Representative tra-
jectory heat maps and the related statistical analyses of the NLR (C, G), NOR (D, H) and Y maze tests (E, I). (J, P) Representative images of the IHC staining 
to evaluate the expressions of CHAT (J) in the hippocampal CA3 region and the related statistical analyses (P). Scale bars (J1-J2): 200 µm; (J1’-J2’): 50 μm. 
(K, R) Representative images of the IF staining to evaluate the expressions of CHAT (K) in the MS and the related statistical analyses (R). Scale bars: 50 μm. 
(L-O) Representative images of the IF staining to evaluate the colocalization of CHRM1 with NeuN (L), and CHRM1 with GFAP (N) in the hippocampal CA1 
region, and the related lineplots of fluorescence intensity (M, O). Scale bars: 50 μm. (T) Statistical analyses of the total fluorescence intensity of CHRM1 in 
the hippocampal CA1 region. (U, V) Statistical analyses of the Pearson R value for colocalization of CHRM1 with NeuN (U), and CHRM1 with GFAP (V) in the 
hippocampal CA1 region. (W) Statistical analyses of the levels of hippocampal ACh. (Q, S, X, AD-AE, AK-AL) Representative Western blots of hippocampal 
CHAT, CHRM1, SYP, PSD-95, p-CREB and c-fos (X), and the related statistical analyses (Q, S, AD-AE, AK-AL). (Y-Z, AB-AC, AF-AG, AI-AJ) Representative 
images of the IF staining to evaluate the expressions of SYP (Y), PSD-95 (Z), p-CREB (AB) and c-fos (AC) in the hippocampal CA1 region and the related 
statistical analyses (AF-AG, AI-AJ). Scale bars: 50 μm. (AA, AH) Representative TEM images of the hippocampal CA1 region with the synapses outlined in 
yellow and denoted by red arrows (AA) and the statistical analyses of synapse density (AH). Scale bars: 1 μm. Data are expressed as mean ± SD; n = 6 per 
group; * P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 9 (See legend on next page.)
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rodent models used for POCD studies include carotid 
artery exposure surgery [27], exploratory laparotomy 
[18], and tibial fracture surgery under anesthesia [3, 6, 
69]. In this study, we performed the canonical tibia frac-
ture surgery under general anesthesia on aging male mice 
(17 months) to establish the POCD model. This proce-
dure requires only about 15  min per animal, resulting 
in zero to minimal mortality, without significantly con-
founding tasks in behavioral paradigms due to adequate 
locomotor stabilization [3, 69]. To address potential 
confounding effects of surgery on motor performance, 
we analyzed the average velocity of mice during the OF 
test (Fig.S1), which showed no significant differences 
between groups. This suggests that the observed cogni-
tive effects are not due to changes in general locomotor 
activity. The timeline for behavioral tests (days 3–6 post-
surgery) was chosen based on previous studies showing 
significant cognitive impairment and neuroinflammation 
in aged mice within 72 h after POCD model surgery [27, 
70], persisting for at least 5–7 days [27, 71]. This time-
frame allows for the detection of cognitive changes simi-
lar to those observed in early stages of clinical POCD. 
While our model cannot fully replicate the long-term 
effects seen in humans, where POCD can last for weeks 
to years [4, 5], it offers valuable insights into the early 
mechanisms of POCD, which are critical for under-
standing its onset and progression. We selected this age 
model to reflect the human elderly population suscep-
tible to POCD, as 17-month-old mice are approximately 
equivalent to 69-year-old humans in terms of age-related 
biological processes [72]. Although this model provides 
significant insights into POCD in aging, we acknowledge 
that additional research may be necessary to fully eluci-
date the translational implications of our findings to the 
diverse elderly human population. Aged mice receiv-
ing pure tibial fracture under general anesthesia surgery 
in the absence of any therapeutic treatment exhibited 
decreased overall exploratory activity, elevated anxiety-
like behavior levels, impaired bias towards novel stimuli 
and retention of discrimination memory, and negatively 
affected spatial working memory as shown in behav-
ioral tests (Fig.  1). This is consistent with the decrease 
in expressions of pre- (SYP) and post-synaptic (PSD-95) 
markers, density of synaptic ultrastructure, and levels of 
synaptic plasticity regulators (p-CREB and c-fos; Fig. 2), 

as well as the increase in the activated iNOS+ pro-inflam-
matory microglia and C3+ reactive astrocytes within the 
HPC (Fig. 3). Taken together, the animal model used in 
this study recapitulated the main functional and patho-
logical features of POCD. Despite numerous attempts in 
preclinical studies, there are currently no effective clini-
cal preventive or therapeutic strategies.

Regular exercise significantly enhances cognitive per-
formance in patients and animal models with aging 
conditions and neurodegenerative or cerebrovascular 
diseases, including AD, PD, frontotemporal degenera-
tion, and vascular dementia [19–21, 23, 24]. It also aids 
recovery from cognitive impairments associated with 
treatments like radiotherapy, chemotherapy, and surgery, 
as shown by preclinical and clinical studies [15, 25–27]. 
Consistent with previous reports, we observed in this 
study that 30-day voluntary exercise on running wheels 
prior to surgery prevented dysfunction in multiple HPC-
dependent cognitive functions (Fig.  1) and contempo-
raneously mitigated compromised synaptogenesis and 
synaptic plasticity following anesthesia/surgery (Fig.  2). 
The anti-neuroinflammatory effects of exercise may con-
tribute to cognitive protection. Exercise training modu-
lates the activation states of microglia and astrocytes, 
shifting them from pro-inflammatory towards neuro-
protective and neurotrophic states, thereby improving 
cognitive function [32, 33]. Our data reveal that exercise 
training on running wheels resulted in diminished post-
operative activation of pro-inflammatory microglia and 
reactive astrocytes in the HPC, in parallel with cognitive 
and synaptic recovery (Fig. 3). These findings confirm the 
therapeutic potential of the exercise paradigms utilized in 
this study.

Noteworthily, several rigorous studies implicate blood 
factors in the cognitive benefits of exercise. Plasma from 
exercise-trained mice improves hippocampal neurogen-
esis, reduces neuroinflammation, and enhances cognitive 
functions in sedentary model mice of aging, acute brain 
inflammation, and AD, with Gpld1, clusterin, and plate-
let factor 4 recognized as crucial mediators [34–36]. The 
identification of various exercise-related pro-cognitive 
blood factors in different studies may be attributable to 
the complexity of exercise effects, as exercise induces 
changes in the expression of over 200 secreted protein 
pairs across multiple tissues and cell types in mice [37]. 

(See figure on previous page.)
Fig. 9  THP administration attenuates the exercise-conditioned plasma-induced postoperative recovery from neuroinflammation and BDNF/TrkB dys-
function. (A-D, F-Q) Representative images of the IF staining to evaluate the colocalization of C3 with GFAP (A), and iNOS with IBA1 (C), BDNF with NeuN 
(F), BDNF with GFAP (H), BDNF with IBA1 (J), p-TrkB (Tyr816) with NeuN (L), p-TrkB (Tyr816) with GFAP (N) and p-TrkB (Tyr816) with IBA1 (P) in the hippo-
campal CA1 region, and the related lineplots of fluorescence intensity (B, D, G, I, K, M, O, Q). Scale bars: 50 μm. (E, X-AA, AJ-AK) Representative Western 
blots of hippocampal C3, GFAP, iNOS, IBA1, BDNF and p-TrkB (Tyr816) (E), and the related statistical analyses (X-AA, AJ-AK). (R-S, U-V, AB, AF) Statistical 
analyses of the total fluorescence intensity of GFAP (R), C3 (S), IBA1 (U), iNOS (V), BDNF (AB) and p-TrkB (Tyr816) (AF) in the hippocampal CA1 region. (T, W, 
AC-AE, AG-AI) Statistical analyses of the Pearson R value for the colocalization of C3 with GFAP (T), iNOS with IBA1 (W), BDNF with NeuN (AC), BDNF with 
GFAP (AD), BDNF with IBA1 (AE), p-TrkB (Tyr816) with NeuN (AG), p-TrkB (Tyr816) with GFAP (AH), and p-TrkB (Tyr816) with IBA1 (AI) in the hippocampal 
CA1 region. Data are expressed as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 10 (See legend on next page.)
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The cognitive benefits of exercise plasma likely result 
from the combined action of multiple plasma factors 
rather than a single dominant factor. However, whether 
exercise-conditioned blood/plasma can replicate exer-
cise-induced cognitive benefits under anesthesia and 
surgery remains undetermined. In this study, we found 
that systemic administration of plasma derived from 
mice undergoing 30-day running wheel training accord-
ing to the exercise paradigms of this study mimicked the 
exercise-promoted restoration of postoperative HPC-
dependent memory and HPC synaptic structure/func-
tion (Figs.  1 and 2), and inhibited neuroinflammatory 
responses to the surgical procedure by microglia and 
astrocytes (Fig.  3). These results extend previous stud-
ies on exercise-based interventions for POCD [15, 27] 
by offering a novel approach that addresses the limited 
capacity for perioperative exercise in elderly patients. 
Our study suggest that exercise-conditioned plasma can 
transfer the therapeutic benefits of exercise for POCD 
and associated neuropathological events to sedentary 
subjects, potentially benefiting elderly surgical patients at 
high risk of POCD.

BDNF, one of the best-established neurotrophins, is 
synthesized primarily in neurons across the brain, with 
particularly enriched expressions in the HPC and cortex 
[16]. Glial cells, especially astrocytes, can also contrib-
ute to BDNF production, typically upon stimulation [66]. 
BDNF functions as the pivotal regulator of synaptogen-
esis, synaptic plasticity, and cognition via its receptor 
TrkB. BDNF is highly responsive to stress and patho-
physiological challenges [5]. Aged rodents are especially 
vulnerable to dysregulation of BDNF signaling pathways, 
leading to cognitive disorders. Furthermore, deficient 
BDNF/TrkB activity is involved in the pathogenesis of 
POCD. Previous rodent model studies have observed 
a decrease in BDNF levels and the activation level of its 
receptor TrkB in the brains of POCD model animals, 
paralleling cognitive impairment and synaptic dysfunc-
tion [5, 17]. In our study, we detected a similar anesthe-
sia/surgery-induced decrease in total BDNF levels and 
TrkB activation within the HPC (Fig.  4). We propose 

that this widespread reduction in BDNF/TrkB signal-
ing may be attributable to decreased BDNF synthesis in 
neurons and glial cells, potentially resulting from neuro-
inflammation secondary to anesthesia stress and surgery 
trauma (Fig. 3), as this neuroinflammatory state is char-
acterized by neuronal dysfunction and abnormal glial 
reactivity with impaired neurotrophic effects [6, 10–14]. 
Additionally, the reduced hippocampal BDNF synthe-
sis and release may be further exacerbated by affected 
activity of local neural circuits and innervation, such as 
the cholinergic neural circuit, which shows potential to 
enhance BDNF production (Fig.  9) but is susceptible to 
neuroinflammation (Fig. 7) [12, 46, 50].

Increasing evidence supports the notion that BDNF 
signaling contributes to exercise-induced cognitive ben-
efits [28]. In healthy mice, exercise is confirmed to pro-
mote hippocampal-dependent learning and memory in 
a BDNF-dependent manner by activating the lactate/
SIRT1/PCG1/FNDC5 pathway [29]. In mice at early 
stages of AD, hippocampal BDNF signaling is identi-
fied as an indispensable factor mediating the beneficial 
effects of exercise on cognition [30]. In some clinical 
trials, neuron-derived BDNF levels are even treated as 
biomarkers of cognitive improvement responsive to 
exercise [31]. In this study, we discovered that anesthe-
sia/surgery-induced declines in BDNF distribution and 
BDNF-stimulated TrkB phosphorylation in hippocam-
pal neurons, and potentially in astrocytes and microg-
lia, were reversed by exercise and exercise-conditioned 
plasma similarly (Fig.  4). Changes in the distribution 
and potential responsiveness to hippocampal BDNF 
occurred in neurons and glial cells under surgical con-
ditions, with or without exercise paradigms or exercise 
plasma administration. Neuronal BDNF distribution and 
responsiveness were positively related to synaptic forma-
tion, plasticity (Fig. 2), and cognitive status (Fig. 1), while 
glial BDNF distribution and potential reactivity showed a 
negative correlation to the proinflammatory activation or 
potentially detrimental phenotypes of glial cells (Fig. 3). 
These findings extend previous observations of decreased 
BDNF levels and TrkB activation in POCD models [5, 

(See figure on previous page.)
Fig. 10  AAV2/5-Chrm1 shRNA silences Chrm1, reducing cognitive and synaptic recovery by exercise plasma. (A) Schematic illustration of the experimen-
tal design of intrahippocampal injection of AAV2/5-Chrm1 shRNA-GFAP. (B, F) Representative locus diagrams and the statistical analyses of the OF tests. 
(C-E, G-I) Representative trajectory heat maps and the related statistical analyses of the NLR (C, G), NOR (D, H) and Y maze tests (E, I). (J, P) Representative 
images of the IF staining to evaluate the expressions of hippocampal GFP and CHRM1 (J), and the statistical analyses of the fluorescence intensity of hip-
pocampal CHRM1 (P) in the hippocampal CA1 region. Scale bars: 50 µm. (O, W) Representative images of the IHC staining to evaluate the expressions of 
CHAT (O) in the hippocampal CA3 region and the related statistical analyses (W). Scale bars (O1-O2): 200 µm; (O1’-O2’): 50 μm. (K-N) Representative im-
ages of the IF staining to evaluate the colocalization of CHRM1 with NeuN (K), and CHRM1 with GFAP (M) in the hippocampal CA1 region, and the related 
lineplots of fluorescence intensity (L, N). Scale bars: 50 μm. (S-V, AC, AI-AJ) Representative Western blots of hippocampal CHRM1, CHAT, SYP, PSD-95, 
p-CREB and c-fos (AC), and the related statistical analyses (S-V, AI-AJ). (X-Y, AA-AB, AD-AE, AG-AH) Representative images of the IF staining to evaluate 
the expressions of SYP (X), PSD-95 (Y), p-CREB (AA) and c-fos (AB) in the hippocampal CA1 region and the related statistical analyses (AD-AE, AG-AH). 
Scale bars: 50 μm. (Z, AF) Representative TEM images of the hippocampal CA3 region with the synapses outlined in yellow and denoted by red arrows 
(Z) and the statistical analyses of synapse density (AF). Scale bars: 1 μm. (Q-R) Statistical analyses of the Pearson R value for the colocalization of CHRM1 
with NeuN (Q) and CHRM1 with GFAP (R) in the hippocampal CA1 region. (AK) Statistical analyses of the levels of hippocampal ACh. Data are expressed 
as mean ± SD; n = 6 per group; * P < 0.05, ** P < 0.01, *** P < 0.001
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17] by providing a more detailed characterization of 
BDNF/TrkB signaling changes across different cell types 
and their relationship to neuroinflammation and cogni-
tive outcomes. To further investigate whether BDNF 
signaling mediates the benefits of exercise-conditioned 
plasma, in this study, TrkB was pharmacologically inhib-
ited with ANA-12 (Fig.  5A), a blood–brain barrier-per-
meable, highly selective TrkB antagonist routinely used 
in animal studies [46, 67, 73]. ANA-12 specifically binds 
and potently inhibits TrkB rather than TrkA or TrkC 
[74]. To address potential off-target effects, we included 
an ANA12 + Ex + Sur group to compare the effects of 
ANA-12 on voluntary exercise training (Fig. S5-S6). As 
expected, ANA-12 administration attenuated the exer-
cise-conditioned plasma-induced neuronal BDNF distri-
bution and activation of BDNF/TrkB signaling, as well as 
potential effects on glial cells (Fig. 5J-AF), consequently 
abolishing the therapeutic effects on postoperative cog-
nitive impairment (Fig.  5B-I) and the associated hippo-
campal synaptic deficits and neuroinflammation (Fig. 6). 
Similar effects were observed in the ANA12 + Ex + Sur 
group (Fig. S5-S6), further supporting the specificity of 
ANA-12 in targeting TrkB signaling. These data support 
the autocrine and paracrine regulation of hippocam-
pal BDNF and the role of BDNF/TrkB signaling as the 
critical mediator of neuroprotection by exercise plasma 
under conditions of POCD. Intriguingly, while BDNF has 
been shown to alleviate neuroinflammation in models 
of diabetes and radiation-induced brain injury [75, 76], 
the present study provides evidence for potential anti-
neuroinflammatory effects of the BDNF/TrkB pathway in 
the context of POCD for the first time. This is suggested 
by the reverse correlation of BDNF expression and TrkB 
activation with glial inflammatory responses (Figs. 4 and 
5), as well as the reemergence of hippocampal neuroin-
flammation following TrkB blockage (Fig. 6N-Q, T-AD). 
It’s important to note that while the distribution of full-
length TrkB in glial cells, particularly microglia, remains 
a subject of ongoing research [66, 77, 78], our findings 
indicate a potential role for BDNF/TrkB signaling in 
modulating neuroinflammatory responses in the POCD 
context, addressing a gap in our understanding of POCD 
pathology.

The MS-hippocampal circuit is crucial for encoding 
and consolidating HPC-dependent memory [40]. Dur-
ing memory tasks, increased ACh release in the HPC is 
observed [41]. Blocking hippocampal mAChRs and α7 
nAChRs receptors, either through cholinergic recep-
tor antagonists or genetic knockout, leads to cognitive 
deficits in mice [42]. Positive modulation of CHRM1 
enhances cognitive flexibility in primates [43]. Mecha-
nistically, basal forebrain cholinergic input modulates 
hippocampal functions and synaptic plasticity by main-
taining high ACh levels, which suppresses abnormal 
network activity, promotes theta oscillations, enhances 
signal-to-noise ratio, stabilizes GluA1 receptors, and 
boosts axonal excitability [44, 45]. Additionally, cholin-
ergic activity activates BDNF signaling through astro-
cytic CHRM1, preserving contextual memory [46]. 
Dysfunction in this circuit is linked to neurodegenera-
tive and neuroinflammatory diseases, presenting poten-
tial therapeutic targets. Enhancing cholinergic signaling 
can slow prion neurodegeneration and restore memory 
loss [47]. Photoactivation of MS-CA1 cholinergic inputs 
during memory consolidation rescues tau-induced spa-
tial memory deficits in a θ rhythm-dependent manner 
[48]. Cholinomimetic drugs alleviate neuroinflamma-
tion, sustain synapses, and improve cognition in AD 
models [49]. In sepsis-associated encephalopathy and 
surgery-induced delirium models, selective activation 
of hippocampal cholinergic innervation restores synap-
tic plasticity and memory, suggesting neuroprotective 
effects under systemic inflammation [12, 50]. Exercise 
and blood factors also benefit the hippocampal cholin-
ergic network in aging and neurodegenerative condi-
tions. Exercise re-emerges the MS cholinergic phenotype, 
restores ACh efflux, and reverses age-related declines 
in hippocampal fibers and cognitive behaviors [51–53]. 
Our previous study proposed that blood from young 
mice (3-month-old) improves hippocampal cholinergic 
activity and AD-like pathology [54], though the effects 
of exercise-conditioned blood on postoperative choliner-
gic defects remain unclear. In this study, we found that 
postoperative defects in the MS-hippocampal cholinergic 
circuit, characterized by decreases in CHAT+ cholinergic 
neurons within the MS and CHAT+ cholinergic afferent 
fibers, neuronal and astroglial expressions of CHRM1, 

(See figure on previous page.)
Fig. 11  AAV2/5-Chrm1 shRNA silences Chrm1, reducing neuroinflammatory and BDNF/TrkB normalization by exercise plasma. (A-D, F-Q) Representative 
images of the IF staining to evaluate the colocalization of C3 with GFAP (A), and iNOS with IBA1 (C), BDNF with NeuN (F), BDNF with GFAP (H), BDNF with 
IBA1 (J), p-TrkB (Tyr816) with NeuN (L), p-TrkB (Tyr816) with GFAP (N) and p-TrkB (Tyr816) with IBA1 (P) in the hippocampal CA1 region, and the related 
lineplots of fluorescence intensity (B, D, G, I, K, M, O, Q). Scale bars: 50 μm. (E, X-AA, AK-AL) Representative Western blots of hippocampal C3, GFAP, iNOS, 
IBA1, BDNF and p-TrkB (Tyr816) (E), and the related statistical analyses (X-AA, AK-AL). (R-S, U-V, AB, AF) Statistical analyses of the total fluorescence inten-
sity of GFAP (R), C3 (S), IBA1 (U), iNOS (V), BDNF (AB) and p-TrkB (Tyr816) (AF) in the hippocampal CA1 region. (T, W, AC-AE, AG, AI-AJ) Statistical analyses 
of the Pearson R value for the colocalization of C3 with GFAP (T), iNOS with IBA1 (W), BDNF with NeuN (AC), BDNF with GFAP (AD), BDNF with IBA1 (AE), 
p-TrkB (Tyr816) with NeuN (AG), p-TrkB (Tyr816) with GFAP (AI), and p-TrkB (Tyr816) with IBA1 (AJ) in the hippocampal CA1 region. (AH) Statistical analyses 
of the Manders coefficient of the colocalization of p-TrkB (Tyr816) with NeuN in the hippocampal CA1 region. Data are expressed as mean ± SD; n = 6 per 
group; ns, nonsignificant, * P < 0.05, ** P < 0.01, *** P < 0.001
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and ACh release within the HPC, were normalized by 
exercise on a running wheel or intravenous infusion of 

exercise-conditioned plasma (Fig.  7). Given no evident 
changes in cell density detected in the MS (Fig.  7B), 

Fig. 12  Exercise-conditioned plasma benefits POCD via CHRM1-dependent hippocampal cholinergic activity-regulated BDNF/TrkB signaling
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which is not the niche of adult neurogenesis, the down-
regulated CHAT level within the MS following surgery 
might be attributable to the loss of the CHAT+ phenotype 
rather than rapid cell death [51, 52]. The deteriorated 
CHAT expression and degeneration of MS cholinergic 
neurons were accompanied by dysfunction in projec-
tion to the HPC (Fig. 7A, C). This dysfunction could be 
reversed by chronic exposure to prolonged exercise or 
exercise plasma-induced neurotrophic/neuroprotec-
tive microenvironment. CHRM1, a well-established hip-
pocampal cholinergic receptor, is involved in cognitive 
mechanisms [43, 46] and mediates the neuroprotection 
of youthful blood factors in AD [54]. Our results show 
that CHRM1 was altered by surgery, exercise, and exer-
cise plasma (Fig. 7E-N) in parallel with cognition (Fig. 1) 
and synaptic deficits (Figs.  2 and 3). Thus, CHRM1 
was selected as one of the major targets in this study. 
We pharmacologically blocked its activity using THP 
(Fig. 8A), an antagonist with high affinity and specificity 
for CHRM1, capable of crossing the blood-brain barrier, 
and without risks of cognitive disturbance [68]. THP is 
not only a reliable tool for studying CHRM1-mediated 
cholinergic transmission but also an FDA-approved med-
ication for managing Parkinsonism symptoms [79]. To 
validate THP specificity and exclude potential off-target 
effects, we included a THP + Ex + Sur group to compare 
the effects of THP on regular exercise training (Fig. S9-
S10). Additionally, we silenced hippocampal Chrm1 
expression in vivo through intrahippocampal injection 
of AAV vectors expressing Chrm1 shRNA (Fig. 10A). As 
anticipated, pharmacological antagonism (Figs. 8 and 9) 
or in vivo knockdown targeting CHRM1 (Figs.  10 and 
11) abrogated the exercise plasma-boosted restoration of 
hippocampal synaptogenesis, synaptic plasticity, and the 
inhibition of neuroinflammatory reaction by glial cells 
following anesthesia and surgery, resulting in the failure 
of cognitive recovery. The consistent results observed 
between the THP + ExP + Sur and THP + Ex + Sur groups 
not only rule out potential off-target effects of THP but 
also reinforce the critical role of CHRM1 in mediating 
the cognitive benefits induced by both exercise-condi-
tioned plasma and regular exercise. Collectively, these 
findings prove that CHRM1-mediated hippocampal cho-
linergic activity at least partly underlies the therapeutic 
effects of exercise-conditioned plasma on postoperative 
cognitive impairments and related pathological changes 
(Fig.  12). Interestingly, the consistency of hippocam-
pal cholinergic innervation with CHRM1 levels and 
the THP administration or Chrm1 silencing-induced 
decrease in hippocampal cholinergic fibers and ACh lev-
els observed in this study might provide novel evidence 
for cholinergic receptor-guided axon targeting within the 
HPC [80]. Concerning molecular mechanisms, our data 
reveal a novel role of hippocampal cholinergic activity in 

anti-neuroinflammation and regulating BDNF/TrkB sig-
naling in the context of POCD (Fig. 12). This is evidenced 
by positive correlations between hippocampal choliner-
gic activity and BDNF/TrkB signaling, and the attenu-
ated exercise plasma-promoted BDNF distribution and 
TrkB activation in hippocampal neurons, with potential 
effects on glial cells, by cholinergic antagonism or Chrm1 
knockdown (Figs. 9 and 11). While previous studies have 
shown the involvement of cholinergic signaling in cog-
nitive function and neuroplasticity [12], our findings 
extend this understanding by demonstrating the roles 
of specific cholinergic receptor (CHRM1)-dependent 
hippocampal cholinergic activity in modulating neuro-
inflammation and BDNF/TrkB signaling in POCD. This 
provides a more comprehensive mechanistic insight into 
how cholinergic activity contributes to cognitive recovery 
in the postoperative context, offering potential new tar-
gets for POCD prevention and treatment.

Despite demonstrating the protective effects of exer-
cise-conditioned plasma on hippocampal-dependent 
learning, memory, and associated pathology under sur-
gical conditions, and elucidating the role of the MS-
hippocampal circuit and BDNF/TrkB signaling, this 
study has several limitations: (1) The study included only 
16-17-month-old male C57BL/6J mice, leaving the effects 
of sex, species, and strains variations unexplored. (2) 
While we examined the brain cell and cholinergic circuit 
responses to exercise and exercise-conditioned plasma, 
the exercise-induced alterations in plasma components 
underlying neuroprotection in the context of POCD 
require further investigation. (3) Future studies should 
explore the molecular mechanisms driving the exer-
cise/exercise plasma-induced increase in hippocampal 
CHRM1 expression and cholinergic innervation. inner-
vation. (4) The precise mechanisms of BDNF’s effects on 
various cell types, especially glial cells, warrant additional 
research. Our BDNF staining results indicate protein 
distribution but not necessarily synthesis. Moreover, the 
functional significance of full-length TrkB in astrocytes 
and microglia within the context of POCD and exercise/ 
exercise-conditioned plasma intervention needs further 
exploration.

Conclusion
In summary, our data indicate that exercise-conditioned 
plasma mimics the protection by exercise against anes-
thesia/surgery-induced neuroinflammation, synaptic 
deficits, and cognitive decline, at least partly, by CHRM1-
dependent hippocampal cholinergic activity-regulated 
BDNF/TrkB signaling.
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