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Abstract
Background: Perioperative neurocognitive disorders (PND) are common neurological
consequences after surgery and anesthesia, particularly in the elderly. The purpose
of this study was to examine how PND in old mice induced by isoflurane anesthesia
was affected by the silencing of the Semaphorin 4B (Sema4B) gene. Methods: A
model for PND was created using Sema4B knockout (Sema4B−/−) and wild-type
(WT) aged mice subjected to isoflurane anesthesia and internal fixation following
tibial fracture. Cognitive performance was assessed using the Morris water maze test.
The expression of Sema4B and Ionized calcium-binding adapter molecule 1 (Iba1),
as well as the activity of the Phosphatidylinositol 3-kinase (PI3K)/Protein Kinase B
(AKT) signaling pathway in the hippocampus, were evaluated by Western blotting
and immunofluorescence. Pro-inflammatory cytokine levels in the hippocampus were
assessed using the enzyme-linked immunosorbent assay (ELISA).Results: Our findings
showed that Sema4B expression in the hippocampus was significantly upregulated
in aged PND model mice, and its knockout significantly improved spatial learning
and memory, as indicated by reduced escape latency and increased time spent in
the target quadrant and platform crossings. Additionally, Sema4B deletion inhibited
microglial activation and reduced the hippocampal levels of pro-inflammatory cytokine.
Notably, knockout of Sema4B also led to reactivation of the PI3K/AKT signaling
pathway. Conclusions: These findings show that knocking down Sema4Bmay alleviate
hippocampal neuroinflammation and improve postoperative cognitive impairment.
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1. Introduction

In older patients, perioperative neurocognitive disorders
(PND) is a frequent complication that has been linked
to longer hospital stays, lower quality of life, and higher
mortality rates [1, 2]. Despite its clinical significance,
the underlying mechanisms contributing to PND remain
insufficiently understood. Currently, increasing evidence
are suggesting that neuroinflammation plays a central role in
the pathophysiology of PND. Microglial activation brought
on by anesthesia and surgical trauma might result in the
release of pro-inflammatory cytokines linked to cognitive
impairment, including interleukin (IL)-1β, IL-6, and tumor
necrosis factor-α (TNF-α) [3, 4].

The hippocampus, particularly the Cornu Ammonis 1 (CA1)
region, is critically involved in learning and memory pro-
cesses. Neuronal activity within this area is essential for the
acquisition, storage, and retrieval of memory, and is closely
associated with spatial navigation and goal-directed behaviors

[5]. Notably, microglial activation in the CA1 region has been
linked to cognitive impairments. For instance, in neuropathic
pain models, activated microglia have been shown to reduce
synaptic density, thereby impairing cognitive function [6, 7].

Semaphorin 4B (Sema4B), a member of the class 4
semaphorin family, is evolutionarily conserved and usually
functions as a ligand that attaches itself directly to neuropilins
[8]. Recent studies have identified its involvement in
neuroinflammation and neuronal injury, and increased
expression of Sema4B has been observed in patients with
perioperative cognitive disturbances, suggesting a potential
association with cognitive dysfunction [9]. Additionally, the
absence of Sema4B has been shown to enhance neuronal
protection following cortical injury [10]. Sema4B mediates
astrocyte-microglia communication through Plexin-B2
signaling, regulating microglial responses to neural injury
[11]. Moreover, astrocyte activation profiles have been shown
to be altered in animals lacking Sema4B following neural
insult [12].
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Given the emerging evidence linking Sema4B to
neuroinflammation and cognitive deficits, we hypothesize
that Sema4B may contribute to the pathogenesis of PND
by regulating neuroinflammatory responses and microglial
activation within the hippocampus. Thus, we aimed to clarify
the molecular mechanisms behind the possible involvement
of Sema4B in PND by using an in vivo model of cognitive
impairment in old mice caused by anesthesia and surgery. In
order to prevent and treat postoperative cognitive decline, we
want to uncover new therapeutic targets by elucidating the
relationship between Sema4B and PND.

2. Methods

2.1 Animals
The initial heterozygous Sema4B mice were obtained from
the Jackson Laboratory (United States). Homozygous
(Sema4B−/−) and wild-type (WT) littermates were generated
through heterozygous intercrossing. Genotypes were
identified by Polymerase Chain Reaction (PCR) analysis
of genomic DNA extracted from auricular tissue. The
WT Sema4B allele was detected using Primer 1 (5′-
AGACATGGTGCTGGAGAGGT-3′), while the mutant
Sema4B−/− allele was confirmed using Primer 3 (5′-
TGCACATGCTTTACGTGTG-3′).
Every animal procedure was carried out in compliance with

the U.S. National Institutes of Health’s published standards
for the use and care of laboratory animals. The Qingdao
Chengyang People’s Hospital Animal Experimentation Ethics
Committee gave its approval to the study protocol. A total of
24 male mice, including 12 Sema4B−/− and 12 WT mice aged
18–22 months and weighing 26–33 g, were randomly assigned
to four groups. Every mouse had unlimited access to food and
water in a controlled environment (22–24 ◦C, 12/12 h light-
dark cycle).

2.2 Animal groups and treatment
The mice were randomly divided into four groups (n = 6
per group): (1) WT control, (2) anesthesia/surgery (A/S), (3)
Sema4B−/− control, and (4) A/S+ Sema4B−/− Mice in the
WT and Sema4B−/− groups did not undergo anesthesia or
surgery. In the A/S and A/S + Sema4B−/− groups, anesthesia
was induced using 3.0% isoflurane and maintained with 1.5%
isoflurane. A surgical incision was made along the lateral
aspect of the tibia, after which a stainless-steel intramedullary
fixation pin (0.8 mm diameter, 10 mm length) was inserted
through the distal tibial plateau into the medullary cavity,
traversing the fracture site to the distal end to complete internal
fixation.
During the surgical procedure, the physiological parame-

ters of the mice, including respiratory rate, heart rate and
body temperature, were continuously monitored in real-time
using dedicated respiratory monitors, heart rate monitors, and
temperature probes to ensure physiological stability. Post-
operative analgesia was administered by topical application
of 2% lidocaine at the surgical incision site. Specifically,
immediately after suturing the incision, a single dose of 2%
lidocaine solution was applied to the lateral tibial incision

and its surrounding area. Based on the observed pain-related
behaviors, additional applications were performed at 2 hours
and 4 hours postoperatively to sustain the analgesic effect [4].

2.3 Immunofluorescence
After 4% Paraformaldehyde (PFA) was used to preserve the
hippocampal tissue, 40 µm cryosections were prepared. The
sections were blocked in bovine serum albumin (BSA) for one
hour at room temperature. After that, they were incubated
with primary antibodies against Sema4B (1:500, ab118458,
Abcam, Cambridge, UK) and Iba1 (1:500, ab178846, Abcam,
Cambridge, UK). Following incubation, the sections were
subjected to three Phosphate Buffered Saline (PBS) washes
before being incubated for two hours at room temperature
with secondary antibodies (goat anti-rabbit Immunoglobulin
G (IgG), 1:500, Abcam, ab150080, Cambridge, UK). In order
to prepare the sections for confocal imaging, they were lastly
sealed and dried for 10 to 15 minutes at 30 to 32 ◦C (Thermo
Fisher, USA).

2.4 Morris water maze (MWZ) test
The behavioral test was conducted in a circular pool measuring
120 cm in diameter and 50 cm in height, with the water
temperature maintained at 22 ± 1 ◦C. Briefly, the mice were
trained for five consecutive days beginning one week before
surgery. During each training session, the mice were guided
to locate a hidden platform, and the time taken to reach the
platformwas recorded. To evaluate spatial memory, the hidden
platform was taken away on the sixth day, and the number
of times the mice crossed the platform’s original location was
noted [13].

2.5 Enzyme-linked immunosorbent assay
(ELISA)
After the hippocampal tissue was homogenized, the super-
natant was collected by centrifugation at 10,000 g for 10
minutes at 4 ◦C. According to the manufacturer’s instructions,
the concentrations of TNF-α, IL-1β, and IL-6 (Elabscience)
in the supernatant were measured using ELISA kits. Using an
ELISA plate reader (Multiskan GO, Thermo Fisher Scientific,
Waltham, MA, USA), the optical density (OD) at 450 nm was
measured.

2.6 Western blotting
After hippocampal tissue lysis using Radioimmunoprecip-
itation Assay (R0278, Millipore, Burlington, MA, USA),
equal amounts of protein (20 µg) were loaded onto an 8%
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) gel for electrophoresis and transferred to a
Polyvinylidene Fluoride (PVDF) membrane (Millipore).
The membrane was blocked with 5% skim milk at room
temperature for two hours and then incubated overnight
at 4 ◦C with the following primary antibodies: Sema4B
(1:1000, ab118458, Abcam, Cambridge, UK), Phospho-
Phosphatidylinositol 3-Kinase (p-PI3K, 1:1000, ab278545,
Abcam, Cambridge, UK), Phospho-Protein Kinase B (p-
AKT, 1:1000, ab8805, Abcam, Cambridge, UK), PI3K
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(1:1000, ab302958, Abcam, Cambridge, UK), AKT (1:1000,
ab283852, Abcam, Cambridge, UK), and Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH, 1:1000, ab8245,
Abcam, Cambridge, UK). After primary incubation, the
membranes were incubated with Horseradish Peroxidase
(HRP)-conjugated secondary antibodies specific to rabbit or
mouse IgG (1:5000, ab205718, ab6728, Abcam, Cambridge,
UK) for one hour at room temperature. Chemiluminescent
detection was performed using substrate (34580, Waltham,
MA, USA) from Thermo Fisher, and band intensity was
quantified using ImageJ software, with GAPDH used as an
internal reference.

2.7 Statistical analysis
All statistical analyses were conducted using GraphPad Prism
version 8.0 (GraphPad Software, Inc., San Diego, CA, USA).
Data are presented as mean ± SD. The Student’s t-test was
used to assess comparisons between two groups. Tukey’s post
hoc test was used after one-way analysis of variance (ANOVA)
for comparisons between different groups. A p-values below
0.05 were regarded as statistically significant.

3. Results

3.1 Sema4B is upregulated in the aged
mouse PND model
To determine the expression pattern of Sema4B in aged mice
with PND, Western blot analysis was first performed to as-
sess Sema4B protein levels in the hippocampus. The results
revealed a significant increase in Sema4B expression in the
hippocampus of mice subjected to A/S compared with the con-
trol group (Fig. 1A). Consistent with this, immunofluorescence
staining demonstrated strong Sema4B fluorescence in the CA1
region of the hippocampus in the A/S group relative to the
control group (Fig. 1B). These findings suggest that elevated
Sema4B expression in the hippocampus may play a role in
the development of anesthesia-induced cognitive impairment
following surgery.

3.2 Knockout of Sema4B improves cognitive
decline in PND aged mice
To investigate whether the increased hippocampal expression
of Sema4B is associated with cognitive impairment, aged mice
with Sema4B knockout were utilized. Western blot analysis
confirmed that Sema4B expression was significantly reduced
in the hippocampus of Sema4B−/− mice (Fig. 2A), validating
the effectiveness of the knockout. To assess the impact of
Sema4B deficiency on cognitive function, the MWZ test was
performed to evaluate spatial learning and memory in the A/S
mouse model. A representative swimming trajectory on day
six is presented in Fig. 2B. Compared with the WT group, the
A/S group exhibited significantly longer escape latency, along
with fewer platform crossings and a shorter duration spent
in the target quadrant, indicating impaired spatial memory.
Notably, these deficits were markedly reversed in the A/S +
Sema4B−/− group, suggesting that Sema4B deficiency miti-
gates surgery-induced cognitive decline. In contrast, Sema4B

knockout in control mice did not produce significant changes
in escape latency or other behavioral indicators (Fig. 2C–
E). Taken together, these findings demonstrate that Sema4B
knockout improves cognitive performance in aged mice with
PND.

3.3 Knockout of Sema4B inhibits
hippocampal microglial activation and
neuroinflammation in aged PND mice
Microglia serve as resident immune cells in the central nervous
system, and their activation is a key contributor to neuroin-
flammation. Upon activation, microglia release a range of
pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-
6, which can compromise synaptic structure and function,
ultimately resulting in cognitive dysfunction [14]. To deter-
mine whether Sema4B deletion influences neuroinflammation
in the PND model, we assessed the expression of inflam-
matory markers and Iba1 in the hippocampus. Iba1 is a
well-established and specific marker for microglial activation,
which is considered an early and prominent feature of hip-
pocampal neuroinflammation in PND [15]. Comparedwith the
WT group, the A/S group exhibited significantly elevated lev-
els of TNF-α, IL-1β, and IL-6 in the hippocampus. Notably,
Sema4B knockout effectively suppressed the increase in these
inflammatory cytokines (Fig. 3A). Consistently, immunoflu-
orescence staining revealed increased Iba1 expression in the
CA1 region of the hippocampus in the A/S group, whereas
Sema4B deletion attenuated this elevation (Fig. 3B). Together,
these findings suggest that Sema4B knockout reduces hip-
pocampal neuroinflammation andmicroglial activation in aged
mice with PND.

3.4 Knockout of Sema4B activates the
PI3K/AKT signaling pathway
To further explore the potential mechanisms through which
Sema4B modulates PND in aged mice, we examined the
PI3K/AKT signaling pathway. Western blot analysis revealed
that the phosphorylation levels of PI3K and AKT were
significantly reduced in the A/S group, indicating suppression
of this pathway, but Sema4B knockout could reverse this
effect and reactivate PI3K and AKT phosphorylation (Fig. 4),
supporting the beneficial effect of Sema4B knockout in
improving PND may be mediated, at least in part, through
activation of the PI3K/AKT signaling pathway.

4. Discussion

It is well recognized that cognitive impairment is common
among older individuals following anesthesia and surgery [2].
Although the precise mechanisms remain unclear, preclinical
studies have demonstrated that memory deficits can occur after
tibial fracture surgery under isoflurane anesthesia [16]. In
this study, we successfully established a PND model in aged
mice by performing tibial fracture surgery under isoflurane
anesthesia, which allowed for further investigation into the
molecular contributors to postoperative cognitive decline.
Recent data points to a role for dysregulated Sema4B ex-

pression in the etiology of a number of illnesses, including
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FIGURE 1. Sema4B is upregulated in the aged mouse PND model. (A) Western blotting showing Sema4B protein
expression in mice hippocampus tissues. (B) Immunofluorescence detection of Sema4B fluorescence expression in hippocampal
tissue. Values are presented as mean ± SD. **: p < 0.01. n = 6. Sema4B: Semaphorin 4B; WT: wild-type; A/S:
anesthesia/surgery; DAPI: 4′,6-Diamidino-2-phenylindole; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase.

FIGURE 2. Knockout of Sema4B improves cognitive decline in PND-aged mice. (A) Western blotting showing Sema4B
protein expression in mice hippocampus tissues. (B) Swimming path detected by MWM. (C–E) Escape time, time spent in the
target quadrant, and number of times the mouse crossed the original platform as measured byMWM. Values are presented as mean
± SD. **: p < 0.01. n = 6. Sema4B: Semaphorin 4B; WT: wild-type; A/S: anesthesia/surgery; Sema4B−/−: Sema4B knockout;
GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase.
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FIGURE 3. Knockout of Sema4B inhibits hippocampal microglial activation and neuroinflammation in aged PND
mice. (A) ELISA was performed to measure the levels of inflammatory factors TNF-α, IL-1β, and IL-6 in hippocampal tissue.
(B) Immunofluorescence detection of Iba1 fluorescence expression in hippocampal tissue. Values are presented as mean ±
SD. **: p < 0.01. n = 6. TNF-α: tumor necrosis factor-α; IL: interleukin; Sema4B: Semaphorin 4B; WT: wild-type; A/S:
anesthesia/surgery; Sema4B−/−: Sema4B knockout; Iba1: Ionized calcium-binding adapter molecule 1; DAPI: 4′,6-Diamidino-
2-phenylindole.

FIGURE 4. Knockout of Sema4B activates the PI3K/AKT signaling pathway. Western blotting showing PI3K, p-PI3K,
AKT, p-AKT protein expressions in mice hippocampus tissues. Values are presented as mean ± SD. **: p < 0.01. n = 6. WT:
wild-type; A/S: anesthesia/surgery; Sema4B−/−: Sema4B knockout; p-PI3K: Phospho-Phosphatidylinositol 3-Kinase; p-AKT:
Phospho-Protein Kinase B; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase.
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cancer [17], brain damage [11], metabolic diseases [18], im-
mune diseases [19], and more. The function of Sema4B in
the emergence of cognitive impairment after anesthesia and
surgery has, however, not received much attention. Notably, in
our PND mouse model, we observed upregulation of Sema4B
in the hippocampus, a region of the brain critically involved
in memory and learning processes. To determine whether this
increase was causally linked to postoperative cognitive impair-
ment, we generated hippocampal Sema4B-knockout mice via
gene knockout. ComparedwithWT controls, Sema4B−/−mice
exhibited significantly improved learning and memory perfor-
mance after surgery, supporting the hypothesis that elevated
Sema4B contributes to cognitive decline in the postoperative
setting.
In addition to Sema4B, extensive research has implicated

neuroinflammation as a key factor underlying memory and
learning deficits following anesthesia and surgery [3]. The
primary immune cells of the central nervous system, microglia,
are especially vulnerable to anesthetic and surgical insults
and are essential in mediating neuroinflammatory reactions.
Upon activation, microglia release large quantities of pro-
inflammatory mediators and undergo marked morphological
changes [20, 21]. Numerous clinical and experimental studies
have confirmed the critical roles of cytokines in the patho-
physiology of PND. Peripheral surgical trauma can set off a
chain reaction of systemic inflammation that releases cytokines
into the bloodstream, which in turn causes the central nervous
system to overexpress IL-1β and impair cognitive function
[22].
Crucially, prior research has shown that Sema4B overex-

pression is linked to microglial activation [11]. Moreover,
recent research has shown that irisin can prevent surgery-
induced cognitive dysfunction in mice by suppressing mi-
croglial activation and reducing neuroinflammation [23]. Con-
sistent with these findings, our results demonstrate that lev-
els of pro-inflammatory cytokines were markedly elevated in
aged mice subjected to tibial fracture surgery. However, in
mice with Sema4B knockout, the inflammatory response in
the hippocampus was significantly attenuated, accompanied
by inhibition of microglial activation. These changes were
associated with improved cognitive function, suggesting that
deletion of Sema4B exerts neuroprotective effects by suppress-
ing hippocampal neuroinflammation and microglial reactivity
in the context of PND.
It has been demonstrated that activation of the PI3K/AKT

signaling pathway generally exerts protective effects against
neurological damage induced by anesthesia [24, 25]. Sema4B
has been implicated in the regulation of this pathway and
has been associated with several diseases, including diabetic
retinopathy and non-small cell lung cancer [26, 27]. For exam-
ple, activation of Triggering Receptor Expressed on Myeloid
cells 2 (TREM2) has been shown to alleviate neuroinflamma-
tion through the PI3K/AKT pathway, thereby improving PND
[24]. Based on this, it can be speculated that the neuropro-
tective effect observed after Sema4B knockout may be medi-
ated through activation of the PI3K/AKT signaling cascade.
Supporting this hypothesis, further mechanistic analysis using
Western blot revealed that Sema4B knockout increased the
levels of phosphorylated PI3K and AKT in the hippocampus

of PND mice, suggesting that Sema4B deletion may improve
cognitive impairment by reactivating this signaling pathway.
This study is the first to propose Sema4B as a potential ther-

apeutic target for PND. Using gene knockout technology, we
demonstrated the pivotal role of Sema4B in the pathogenesis
of PND and elucidated its mechanism of action in improving
cognitive function through suppression of neuroinflammation
and activation of the PI3K/AKT signaling pathway. These
findings provide a novel perspective and molecular target for
the treatment of PND, with potential implications for the de-
velopment of drugs specifically targeting Sema4B.
This study does have some drawbacks, though. First, the

protective effect of Sema4B knockout has not been validated in
other PND models, such as those involving abdominal surgery
or chronic pain. Second, the absence of clinical trial data limits
translational applicability. Additionally, potential off-target
effects of gene knockout technology may have influenced
the experimental results. Although the aged mouse model
is widely used in PND research, it does not fully replicate
the complex pathophysiological processes observed in human
patients. Moreover, the choice of anesthesia regimenmay have
influenced the physiological responses of mice. Other limita-
tions include the relatively small sample size, short observation
period, and the exclusive use of male mice, which may reduce
the generalizability and completeness of the findings. Future
studies could further verify the specificity of Sema4B gene
knockout, enhance the clinical relevance of the PND model,
and optimize anesthesia protocols. Additionally, efforts could
bemade to increase sample size, extend the observation period,
and include female subjects in order to better characterize the
role of Sema4B in PND and provide a more robust foundation
for clinical translation.

5. Conclusions

In summary, our study demonstrated that Sema4B knockout
significantly improved cognitive impairment in agedmice with
PND, potentially through multiple mechanisms, including the
suppression of hippocampal neuroinflammation andmicroglial
activation, as well as the activation of the PI3K/AKT signaling
pathway. By elucidating the role of Sema4B in the pathogene-
sis of PND, these findings provide a foundation for identifying
novel therapeutic targets and support the potential of Sema4B
as an intervention point for the prevention or treatment of PND
in clinical settings.
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