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Abstract
Background  Both social and physical environmental factors influence the progression of Alzheimer’s disease 
(AD), but the underlying mechanisms are not yet fully understood. This study aims to investigate how an enriched 
environment (EE) alleviates the detrimental effects of early social isolation (SI) on AD-like pathophysiology.

Methods  Four-week-old 5×FAD transgenic mice were randomly divided into group-housed and isolated groups. 
After 3 weeks, the mice were further raised in either a physical EE or a standard environment for an additional 3 weeks. 
Subsequently, these experimental subjects underwent a two-week of behavioral tests while maintaining their original 
housing conditions unchanged, followed by neuropathological analyses. A series of experiments were conducted on 
the medial prefrontal cortex (mPFC), including transcriptome sequencing, cellular localization, and knockdown and 
overexpression of a candidate gene, to identify the key molecules through which physical EE alleviates SI-induced 
AD-like alterations. The protective effects of the identified gene on cultured forebrain neurons exposed to β-amyloid 
stimulation, as well as its associated signaling pathways, were also investigated.

Results  EE enhanced cognitive function and alleviated anxiety-like behavior in SI-5×FAD mice, partially reversing 
dendritic and synaptic loss and glial cell activation in the mPFC. However, it did not mitigate deficits in social and 
cooperative behaviors, hypomyelination, or β-amyloid deposition. Notably, group-housed 5×FAD mice raised in 
the EE exhibited alleviation of the aforementioned AD-like phenotypes. Transcriptomic and bioinformatic analyses 
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder with an insidious onset, clinically character-
ized by a range of symptoms including spatial cognitive 
dysfunction, psychiatric and emotional disturbances, and 
social behavioral withdrawal [1, 2]. The incidence of AD 
continues to rise globally, yet we still face rigorous chal-
lenges in effectively treating this condition [3]. Therefore, 

it is crucial to uncover the risk factors of AD and explore 
effective early intervention strategies.

Social isolation (SI) is defined as a state character-
ized by the absence of social interaction and support. 
It not only negatively impacts individuals’ psychologi-
cal and physiological health but may also lead to cogni-
tive dysfunction, social avoidance behaviors, as well as 
mental disorders such as anxiety and depression [4]. An 

pinpointed Rho guanine nucleotide exchange factor 7 (Arhgef7) as a pivotal mediator of the beneficial effects of 
physical EE. Arhgef7 overexpression in mPFC neurons enhanced dendritic and synaptic growth and alleviated spatial 
cognitive impairments and anxiety-like behavior in SI-5×FAD mice, but it did not correct hypomyelination or social 
behavior deficits. Consistently, knockdown of Arhgef7 in mPFC neurons of group-housed 5×FAD mice selectively 
impaired neuronal processes and spatial cognition, and increased anxiety-like behavior. Mechanistically, Arhgef7 
protected cortical neurons from β-amyloid toxicity by activating the Wnt signaling pathway.

Conclusion  Arhgef7 in mPFC neurons is essential for the physical components of EE selectively alleviating spatial 
cognitive deficits and anxiety-like behaviors in early isolated AD model mice, serving as a potential target for the 
prevention and treatment of AD.

Keywords  Social isolation, Enriched physical environment, Cognitive dysfunction, Medial prefrontal cortex, Synaptic 
function
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increasing body of epidemiological evidence suggests 
that SI significantly increases the risk and accelerates the 
progression of AD [5]. Notably, adverse social stressors 
during early life exert profound and long-lasting negative 
impacts on cognitive abilities, social behaviors, and emo-
tional regulation [6]. Exploring the mechanisms by which 
early-life stress influences the AD process and identifying 
potential interventions are crucial for the early preven-
tion and treatment of AD.

Enriched environment (EE), as a safe and non-inva-
sive intervention, can enhance cognitive function, emo-
tional regulation, and neuroplasticity [7]. EE has been 
shown to promote neurogenesis and synaptic plastic-
ity and reduce neuroinflammation and brain oxidative 
damage [8, 9], thereby delaying the progression of neu-
rodegenerative diseases [10]. These benefits underscore 
the broad potential applications of EE. Previous studies 
have demonstrated that EE can ameliorate structural and 
functional impairments in the brain of rodents caused 
by SI [11, 12]. However, it must be emphasized that dur-
ing animal experiments, EE consists of both physical and 
social components. The physical EE encompasses the 
expansion of housing space, the addition of toys, tunnels, 
running wheels, and alterations in the spatial arrange-
ment of these items. Meanwhile, the enrichment of the 
social environment is typically achieved by increasing 
the number of animals housed in group settings [8–12]. 
Whether the physical components of EE alone can miti-
gate the exacerbating influence of SI on early AD, there is 
currently a lack of in-depth research, and its underlying 
mechanisms have not been fully elucidated.

The medial prefrontal cortex (mPFC) is a critical brain 
region for executive function, emotional regulation, cog-
nitive control and social behavior [13]. It is particularly 
vulnerable in AD [14]. The mPFC is also one of the brain 
regions most significantly affected by both SI and EE [15, 
16]. SI disrupts synaptic connectivity, dendritic spine, 
and myelin integrity in the mPFC [17]. In contrast, EE 
enhances synaptic plasticity and myelination, thereby 
mitigating the adverse effects of chronic stress on the 
developing forebrain [18]. These findings suggest that the 
mPFC may be involved in the course of SI and EE affect-
ing AD pathology. However, the key regulatory molecules 
and their underlying mechanisms have not yet been fully 
elucidated.

Among the numerous factors involved in regulating 
synaptic structure and function, Rho guanine nucleo-
tide exchange factor 7 (Arhgef7) has been identified as a 
critical regulator of dendritic spine morphogenesis and 
synaptic plasticity [19, 20]. Dysregulation of Arhgef7 is 
associated with various neuropsychiatric disorders such 
as schizophrenia [21, 22], autism spectrum disorder [23], 
and depression [24]. Yet its role in AD pathology remains 
largely unexplored.

In the current study, young adult 5×FAD transgenic 
mice were utilized to examine the effects and interactions 
of EE and early-life SI on cognitive function, anxiety-like 
phenotypes, and social and cooperative behaviors. The 
synaptic, myelinating glial cell activation, and β-amyloid 
(Aβ) deposition in the mPFC were compared among SI- 
or group-raised 5×FAD mice with or without the physi-
cal EE treatment. Through transcriptome sequencing and 
rescue experiments. Arhgef7 in mPFC neurons has been 
identified as the key target mediating the reversal effects 
of physical EE on cognitive deficits, dendritic atrophy, 
and synaptic degeneration in 5×FAD mice raised in iso-
lation conditions. Our findings indicate that physical EE 
has beneficial effects on the restoration of cognitive and 
synaptic outcomes in previously isolated AD mice, but 
not on social behaviors or myelination.

Materials and methods
Animals and experimental design
5×FAD transgenic mice (carrying mutant human amyloid 
beta (A4) precursor protein 695 (APP) with the Swedish 
(K670N, M671L), Florida (I716V), and London (V717I) 
Familial Alzheimer’s Disease (FAD) mutations along 
with human presenilin 1 (PS1) harboring two FAD muta-
tions, M146L and L286V) were obtained from Jackson 
Laboratories. The mice were raised in the Experimental 
Animal Center of Nanjing Medical University. They were 
maintained in a controlled environment with a constant 
temperature (20–26  °C) and humidity (50–70%), under 
a 12-hour light/dark cycle, with free access to food and 
water.

5×FAD mice at 4 weeks of age were randomly divided 
into two groups: group-housed (GH) group, with five 
mice per cage, and SI group, with one mouse per cage. 
The mice were housed in standard cages (31 cm × 22 cm 
× 15  cm) for three weeks. Subsequently, the GH group 
was further randomly divided into two subgroups: the 
GH-control (GH-con) group, which maintained the 
original housing conditions, and the GH environmental 
enrichment (GH-EE) group, which was provided with an 
enriched physical environment. Similarly, the SI group 
was divided into the SI-control (SI-con) group, maintain-
ing the original housing conditions, and the SI-EE group, 
which was also provided with an enriched physical envi-
ronment. Both mice in the GH-EE and SI-EE groups were 
housed in larger plastic cages (47 cm × 30 cm × 23 cm) 
containing various objects such as running wheels, 
climbing ladders, and wooden huts to enhance sensory 
and motor stimulation. These objects were replaced every 
three to four days to maintain novelty. The experimental 
mice were continuously raised under the aforementioned 
conditions for 3 weeks, followed by a 2-week behavioral 
testing period, during which the original rearing condi-
tions were maintained.
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Furthermore, by conducting RNA sequencing and bio-
informatics analysis on the mPFC of the aforementioned 
four groups of 5×FAD mice, we identified Arhgef7 as a 
candidate gene that is significantly associated with cogni-
tive function. To confirm that Arhgef7 has the potential 
to enhance cognition and related pathologies under SI 
conditions, 1.5-month-old 5×FAD mice were randomly 
assigned to two groups: one group received bilateral 
mPFC injections of an adeno-associated virus 9 (AAV9) 
vector that overexpresses Arhgef7 under the control of 
a neuron-specific hSyn promoter, while the other group 
served as the empty virus control group. After being 
raised under SI conditions for 3 weeks, we evaluated 
its regulatory effects on behavioral performance and 
pathological indicators. To further explore the regula-
tory effects of Arhgef7 on cognitive function and AD-
related pathologies, we selected 1.5-month-old 5×FAD 
mice and randomly divided them into two groups: one 
group received bilateral mPFC injections of an AAV9 
vector expressing a short hairpin RNA (shRNA) target-
ing Arhgef7 under the control of a neuron-specific hSyn 
promoter, and the other group served as the empty virus 
control group. Both groups of mice were raised under 
GH conditions for 3 weeks, followed by behavioral and 
neuropathological analyses.

Each group of mice consisted of an equal number of 
males and females. All animal experiments were con-
ducted in compliance with the Guidelines for the Care 
and Use of Laboratory Animals of Nanjing Medical Uni-
versity (Ethical Approval Number: 1812054-4).

Behavioral tests
Open-field test
The open-field test was conducted to assess general 
locomotor activity, anxiety-like behavior, and explor-
atory willingness [25]. Individual mice were placed in an 
enclosed arena (60 cm × 60 cm × 25 cm) and allowed to 
move freely for 5  min. Their movements were recorded 
using an overhead camera to measure the total distance 
traveled, the time spent in the central area (30  cm × 
30  cm), the number of entries into the central zone as 
well as the number of fecal boli and urine spots produced 
during the testing period.

Elevated plus maze test
The elevated plus maze (EPM) test, a widely used behav-
ioral assay for assessing anxiety-like responses [26], 
consists of a central platform (10  cm × 10  cm), two 
elevated open arms (50 cm × 10 cm), and two enclosed 
arms (50 cm × 10 cm × 40 cm), elevated 100 cm above 
the ground. Mice were placed in the center of the appa-
ratus and allowed to freely explore for 5 min. The num-
ber of entries into the open arms and the time spent in 

the open arms were recorded to evaluate anxiety-related 
behaviors.

Y-maze test
The Y-maze test, conducted using a Y-shaped maze con-
sisting of three arms (30 cm × 15 cm × 8 cm) with each 
arm angled at 120°, was employed to evaluate short-term 
working memory in mice [27]. The test consisted of two 
phases: a training phase and a testing phase, separated 
by an interval of 1 to 2 h. During the training phase, the 
novel arm was blocked with a partition, allowing the 
mice to freely explore the remaining two arms for 5 min. 
In the testing phase, the novel arm was unblocked, and 
the mice were permitted to freely explore all three arms 
for 5 min. The time spent in the novel arm and the num-
bers of entries into the novel arm were recorded using 
tracking software (TopScan, CleverSys, Inc., Reston, VA).

Three-chamber test
The three-chamber social test was conducted to evalu-
ate social preference and social memory in mice. The 
experimental apparatus consisted of three equally sized 
rectangular chambers, each measuring 40 cm × 40 cm × 
30 cm. Two adjacent chambers were separated by trans-
parent polycarbonate walls featuring rectangular door-
ways (8 cm × 8 cm) to permit the mouse to move freely 
between the chambers. Two metal wire cages were placed 
in the outer chambers to house unfamiliar mice of the 
same sex, age, and coat color as the test mouse. The test 
was divided into three phases. In the first phase (habitu-
ation), the test mouse was allowed to explore all three 
chambers freely for 10 min. In the second phase (social 
preference test), an unfamiliar mouse (Stranger 1) was 
placed inside one of the metal-wire cages, and the test 
mouse was allowed to explore the chambers for 5  min. 
In the third phase, the social memory test, an unfamiliar 
second mouse (Stranger 2) was introduced into the oppo-
site metal-wire cage, and the test mouse was permitted to 
explore the chambers for 5 min. The time the test mouse 
spent in each chamber during the social preference and 
social memory tests was recorded and analyzed to assess 
its social interaction and memory capabilities.

Social cooperation test
The cooperative drinking test was employed to evaluate 
the cooperative ability of mice [28]. The apparatus con-
sisted of a polycarbonate cage (60 cm × 40 cm × 35 cm) 
equipped with two water dispensers and two light-sensi-
tive switches that controlled the dispensers. Mice could 
obtain drinking water by activating the light-sensitive 
switches. The experiment was divided into two phases. 
In the initial phase (training phase), each mouse was 
placed in the apparatus following the activation of one 
of the light-sensitive switches. Over a 5-minute period, 
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the mouse was trained to explore and activate the other 
switch to access water. The training lasted for 7 days, with 
two sessions per day, alternating the active switch in each 
session. The latency to the first successful water access 
(drinking latency), the total time spent drinking (drinking 
time), and the number of water accesses (drinking num-
ber) were recorded during each training session. In the 
second phase (testing phase), both switches were deacti-
vated, and two trained mice were placed in the appara-
tus together. Water was accessible only when both mice 
simultaneously activated their respective switches. Each 
pair was observed for 10 min, during which the latency to 
cooperative drinking (co-drinking latency), the total time 
spent drinking together (co-drinking time), and the num-
ber of cooperative drinking events (co-drinking number) 
were recorded. The testing phase lasted for 5 days, with 
one session per day. All mice were maintained in their 
original housing conditions, but were water-deprived for 
8 h prior to each session.

Transcriptomic sequencing
Upon completion of the behavioral tests, the mice were 
euthanized, and their brain tissues were harvested. 
Total RNA was extracted from the mPFC tissues of GH-
con, SI-con, GH-EE, and SI-EE mice using RNAiso Plus 
(Takara, #9109) as per the manufacturer’s guidelines. 
The RNA’s quality and quantity were evaluated using 
a NanoDrop 2000 (Thermo Scientific). RNA libraries 
were then constructed using the BGISEQ-500 platform, 
adhering to the manufacturer’s protocol. Adapters were 
attached to both ends of the RNA molecules, followed by 
reverse transcription to produce single-stranded cDNA. 
Sequencing was conducted on the BGISEQ-500 plat-
form, resulting in reads that were 50 base pairs (bps) in 
length. Subsequently, the mPFC sample datasets from the 
various groups were analyzed. The data from our study 
were deposited in the GEO repository, under the series 
record GSE283678.

Quantitative real-time PCR
Total RNA was extracted from the mPFC brain tissue 
samples of mice using Trizol (Takara, #9109). Following 
the manufacturer’s instructions, 1  µg of total RNA was 
reverse-transcribed into cDNA using a reverse transcrip-
tion kit (Takara, #RR047B). The cDNA was then ampli-
fied for 40 cycles using SYBR Green PCR master mix and 
detected on an ABI Step One Plus Real-Time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). Rela-
tive quantification of target genes was performed using 
the ∆∆Ct method, with GAPDH serving as the internal 
reference.

Plasmids and adeno-associated viruses
The Arhgef7 overexpression plasmid was purchased 
from Tsingke Biotechnology Co., Ltd. (Nanjing, China). 
Arhgef7 siRNA and control siRNA were obtained from 
Ribobio Co., Ltd. (Guangzhou, China). Primary neurons 
were transfected with Arhgef7 siRNA, and the knock-
down efficiency was assessed via Western blot 48 h post-
transfection. The sequence of the mouse Arhgef7 siRNA 
was as follows: 5’-​G​A​U​C​C​U​G​A​A​G​G​U​U​A​U​C​G​A​A-3’, 
while the control siRNA sequence was: 5’-​U​U​C​G​A​U​A​A​
C​C​U​U​C​A​G​G​A​U​C-3’. The adeno-associated virus (AAV) 
for Arhgef7 knockdown, AAV-hSyn-Arhgef7-RNAi-
EGFP(hSyn-siArhgef7-EGFP), and the AAV for Arhgef7 
overexpression, AAV-hSyn-Arhgef7-EGFP, were pur-
chased from GeneChem (Shanghai, China).

Stereotactic injection
Following anesthesia, the mice were secured in a stereo-
taxic apparatus. The cranial surface was disinfected, and 
the scalp was incised to expose the skull. Using a Ham-
ilton syringe, 1.5 µL of AAV-hSyn-Arhgef7-RNAi-EGFP 
was bilaterally injected into the mPFC of GH-hSyn-siAr-
hgef7-EGFP mice, while 1.5 µL of AAV-hSyn-Arhgef7-
EGFP was administered to SI-hSyn-Arhgef7-EGFP mice 
within 10 min. The mPFC coordinates relative to bregma 
were: 1.6  mm anterior, ± 0.25  mm lateral, and 1.8  mm 
ventral. Five minutes after the injection, the needle was 
slowly withdrawn.

Primary neuron culture and cell transfection
Within 24 h after the birth of newborn mice, disinfection 
was performed using 75% ethanol, followed by rapid iso-
lation of brain tissue. The isolated brain tissue was then 
placed in pre-cooled Dulbecco’s Modified Eagle Medium 
(DMEM). The forebrain cortex was then dissected under 
a microscope using fine forceps. The tissues were sec-
tioned and enzymatically digested in a DMEM solution 
containing 1  mg/ml DNase and 2  mg/mL papain, incu-
bated at 37  °C for 15  min. Following digestion, the tis-
sue suspension was transferred into a centrifuge tube. 
After centrifugation at 1000 rpm for 5 min, the pellet was 
resuspended in 2 mL of DMEM. A 200-mesh filter was 
used, and centrifugation was repeated at 1000 rpm for 
5 min. The supernatant was discarded, and the pellet was 
resuspended in a pre-prepared neuronal culture medium. 
This medium consisted of Neurobasal-A supplemented 
with 2% B27, 1% antibiotics (penicillin and streptomy-
cin), and 1% glutamine. The cells were then plated onto 
poly-D-lysine-coated wells and cultured in an incubator. 
The medium was refreshed every 3 days by replacing half 
of its total volume.

On the fifth day of primary neuronal culture, Arh-
gef7 siRNA and control siRNA were transfected into 
the cells using Lipofectamine 2000 (Invitrogen, USA), 
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following the manufacturer’s instructions. Forty-eight 
hours post-transfection, the cell proteins were harvested. 
Concurrently, on the fifth day of the culture, the Arh-
gef7 overexpression plasmid was also transfected into 
the cells. After another 48  h, Aβ1−42 oligomers (Sigma, 
#T1892-25G; 10 µM) were introduced and the cells were 
subjected to treatment for an additional 24 h. Following 
this treatment, the cell proteins were collected for analy-
sis, and coverslips for immunofluorescence experiments 
were prepared.

Brain tissue preparation
After anesthetizing the mice with an intraperitoneal 
injection of ketamine, 0.1  M phosphate-buffered saline 
(PB) was perfused through the heart until the liver was 
blood-free. The brain tissue was then collected into an 
Eppendorf tube, quickly frozen in liquid nitrogen, and 
subsequently stored at -80  °C for protein immunoblot-
ting experiments. For immunohistochemistry and immu-
nofluorescence experiments, the brain was continuously 
perfused with 4% paraformaldehyde (PFA) for 5 min for 
fixation. The brain tissue was then stored in 4% PFA at 
4 °C for 12 h. Some fixed brain samples were dehydrated 
using a gradient ethanol series, treated with xylene and 
embedded in paraffin. Sections with a thickness of 5 μm 
were cut using a Leica paraffin slicer (Leica, Germany). 
The remaining brain samples were dehydrated in a gradi-
ent of 20% and 30% sucrose at 4 °C, followed by embed-
ding in OCT compound. Sections of 20  μm thickness 
were cut using a Leica slicer. For frozen sections, after 
washing with PBS, the tissue was mounted on slides, 
allowed to air dry, and then the subsequent steps were 
carried out promptly.

Thioflavin-S staining
Thioflavin-S is a standard fluorescent dye that specifically 
binds to amyloid protein deposits [29]. We utilized Thio-
flavin-S to detect Aβ plaques. Following deparaffiniza-
tion and rehydration, the sections were stained with 0.1% 
Thioflavin-S (Nanjing Peptide Biotech Ltd.#107761-42-2) 
in the dark for 5 min, then washed under running water 
for 5  min and differentiated in 70% ethanol for another 
5  min. Subsequently, the sections were mounted and 
observed under a fluorescence microscope for imaging.

Immunofluorescence
After deparaffinization and rehydration of the paraf-
fin sections, antigen retrieval was performed using 
sodium citrate buffer via microwave heating for 15 min. 
For immunofluorescence staining, the brain sections 
or cell culture slides were blocked with blocking buffer 
(5% bovine serum albumin, 0.3% PBS-Triton X-100) for 
1  h. The primary antibody (Table S1) was then applied 
and incubated overnight at 4  °C. Following a wash with 

PBS, the corresponding secondary antibody was added 
and incubated for 2 h at room temperature in the dark. 
After washing with PBS, the sections were washed three 
times, with each wash lasting 10 min. The cell nuclei were 
stained with a 4,6-diamidino-2-phenylindole (DAPI) 
solution (diluted 1:1000 in PBS) for 10 min.

Golgi staining
According to the manufacturer’s instructions (FD Rapid 
GolgiStain™ Kit (PK401), the fresh brain tissue was sub-
merged in a solution combining Solution A and Solution 
B for 14 days, followed by a 24-hour incubation in Solu-
tion C. The tissue was subsequently sliced into 100  μm 
thick sections using a cryostat and mounted onto glass 
slides. After air drying, the sections underwent dehy-
dration in a sequence of ethanol solutions (50%, 75%, 
95%, 100% I, and 100% II), were cleared with xylene, and 
mounted with neutral resin. Finally, the stained sections 
were examined under a microscope to observe the pyra-
midal neurons located in layers II/III of the mPFC.

Electron microscopy
Mice were anesthetized and perfused with 0.1  M PB to 
flush out the blood from the brain tissue. Subsequently, 
the brain was perfused with a 4% PFA solution for 7 min 
to fix the tissue. After the brain was removed, the mPFC 
region was dissected and fixed in 2.5% glutaraldehyde at 
4 °C for a minimum of one week. Following the washing 
of the tissue, it was stained with 0.5% uranyl acetate and 
75% ethanol for 1 h, followed by dehydration through a 
graded ethanol series and infiltration with propylene 
oxide. The tissue was then embedded in Epon and incu-
bated at 60 °C for 24 h. The Epon blocks containing the 
mPFC tissue were trimmed and reoriented for section-
ing. Thin sections with a thickness of 70  nm were cut 
using a Leica EM UC7 ultramicrotome. The samples were 
observed under a FEI Tecnai G2 electron microscope at 
an acceleration voltage of 120 kV (FEI, USA).

Image acquisition and quantitative analysis
The protocol for analyzing was as follows: Five mice were 
selected from each group, with at least one ultrathin sec-
tion collected per mouse. Ten random fields of view were 
chosen from each section for investigation, resulting in 
a total analysis of 25 to 40 myelinated axons. Oligoden-
drocytes were identified based on their characteristic 
spindle-shaped morphology, the presence of microtubule 
structures, and the absence of intermediate filaments or 
glycogen granules. When calculating the g-ratio (i.e., the 
ratio of axon diameter to total fiber diameter), reference 
may be made to previous research literature. The thresh-
old tool in ImageJ software (National Institutes of Health, 
USA) was used to select high-signal regions, thereby 
measuring the content of heterochromatin within the 
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Fig. 1 (See legend on next page.)
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nucleus, expressed as a percentage of the total nuclear 
area. For evaluating synaptic ultrastructure, the width of 
the synaptic cleft was measured by uniformly selecting 
ten measurement points per synapse (delimited by the 
boundaries of the postsynaptic density). Synaptic curva-
ture was calculated as the ratio of the arc length to the 
chord length of the presynaptic active zone.

The immunofluorescence micrographs were captured 
using a Zeiss LSM710 confocal microscope. Three non-
repetitive coronal sections (spaced at least 100 μm apart) 
were selected from each mouse, with at least three ran-
domly chosen fields analyzed per section. All micro-
scopic images were processed using ImageJ software. 
For calculating the percentage of fluorescence-positive 
area (%), a uniform threshold was applied to all images 
to determine positive signals, followed by measurement 
of the target fluorophore area, which was expressed as 
a percentage of the total region of interest area. Positive 
cell counting was performed manually using ImageJ’s 
“Cell Counter” plugin. Cells were considered positive 
when NeuN marker localization clearly showed nuclear 
or cytoplasmic staining. Finally, the counting results were 
normalized per square millimeter of tissue area.

The colocalization of fluorescent signals was also quan-
tified using a line profile-based intensity analysis with 
ImageJ. For each representative merged image, the fluo-
rescence channels were initially separated into individual 
single-channel images. Subsequently, a straight line or 
rectangular region of interest (ROI) was manually drawn 
along a fixed orientation (e.g., across a representative cell, 
process, or region with overlapping signals). The fluo-
rescence intensity along the selected line or within the 
defined ROI was then measured separately for each chan-
nel using the “Plot Profile” function in ImageJ. The result-
ing intensity curves were exported and plotted to assess 
the spatial correlation between the two signals. Overlap-
ping peaks in intensity profiles across channels were con-
sidered indicative of potential colocalization.

Western blot
The mPFC region was dissected on ice, homogenized in 
RIPA lysis buffer containing protease and phosphatase 
inhibitors, and lysed on an ice shaker for 30 min. Follow-
ing centrifugation at 12,000 rpm for 15  min, the super-
natant was collected, and the protein concentration was 
measured using a BCA assay. The protein lysate was sub-
sequently mixed with loading buffer, heated at 95 °C for 
5 min, and stored at -20 °C.

For Western blot, 20–30  µg of protein samples were 
loaded onto a 10-15% SDS-polyacrylamide gel. The pro-
teins were initially separated at 80 V for 35 min, followed 
by a run at 120 V for 60 min. After electrophoresis, the 
proteins were transferred onto a PVDF membrane using 
a constant current of 300  mA. Following the transfer, 
the membrane was blocked with 5% non-fat dry milk in 
TBST for 1 h. The membrane was then cut according to 
the molecular weight of the target protein, and the bands 
were incubated overnight at 4  °C with the primary anti-
body. The next day, the membrane was washed three 
times with TBST, for 10 min each time. It was then incu-
bated with the appropriate HRP-conjugated secondary 
antibody at room temperature for 1  h. After thorough 
washing with TBST, protein bands were visualized using 
enhanced chemiluminescence reagents. GAPDH was 
used as the internal control for the protein.

Statistical analysis
Statistical analysis was performed using Prism 8.0 
(GraphPad Software, USA). For comparisons between 
two groups, due to small sample sizes (n = 6 or 10 per 
group), we verified data distribution visually at first and 
performed both parametric (t-test) and non-parametric 
(Mann–Whitney U test) comparisons to ensure statisti-
cal robustness. For comparisons involving three or more 
groups, one-way or two-way ANOVA was applied, fol-
lowed by Tukey’s post hoc test for multiple compari-
sons. Social cooperation test data were analyzed using 
repeated-measures ANOVA. Data are presented as 
mean ± SEM. Statistical significance was set at P < 0.05.

(See figure on previous page.)
Fig. 1  5×FAD mice’s behavior under different housing conditions. AExperimental design schematic. B The heat map of the mouse motion trajectory in 
the Y-maze test and the percentage of time spent in and the number of entering the new arm. C The heat map of the mouse movement in the elevated 
plus maze test and the percentage of time spent in and the number of entering the open arm. D The heat map of the mouse motion track in the open 
field test and the percentage of time spent in and the number of entering the central area, the amount of feces and the traveling speed during the test. 
E The heat map of the social preference test track of mice in the three-chamber test and the percentage of time the mice spent in each of the three 
chambers during the social preference test. F The heat map of the social memory test track of mice in the three-chamber test and the percentage of 
time spent in the three chambers during the social memory test. G The diagram of the training stage of the cooperative drinking water task and the time 
before the first drinking water (drinking latency), the total drinking time, and the number of drinking water during the training period. H The schematic 
diagram of the testing stage of cooperative drinking water task and the drinking latency, the total co-drinking time, and the number of co-drinking water 
during the testing period. n = 10 mice in each group (B-G), n = 10 pairs of mice in each group (H). Representative heatmaps showing mouse locomotor 
trajectories during the behavioral test. Color intensity indicates the frequency of occupancy in a given area, with darker colors representing more frequent 
visits. Significant differences were assessed using two-way ANOVA followed by Tukey’s post hoc test. The within-group differences in the three-chamber 
social interaction test were assessed using unpaired Student’s t-test. The data of cooperative drinking water were analyzed by repeated-measures ANOVA 
and post hoc Student-Newman-Keuls test
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Results
Heterogeneous beneficial effects of physical EE on 
behavioral outcomes in early isolated 5×FAD mice
Behavioral and histopathological analyses were con-
ducted on 5×FAD mice within the GH group, SI group, 
GH-EE group, and SI-EE group to investigate the effects 
of physical EE and early SI on AD-like pathophysiology 
(Fig.  1A). The short-term spatial memory was assessed 
using the Y-maze test. The results indicated that, com-
pared to GH-5×FAD mice, SI-5×FAD mice exhibited a 
significant decrease in both the time spent in the novel 
arm and the number of entries into the novel arm. Con-
versely, physical EE resulted in a notable enhancement 
in both the time spent in the novel arm and the num-
ber of entries into the novel arm for GH-EE and SI-EE 
groups (Fig.  1B). Additionally, we evaluated anxiety-like 
behaviors in mice using the EPM and open-field tests. 
SI-5×FAD mice exhibited a significant decrease in the 
percentage of time spent on the open arms and a reduced 
number of entries into these arms of the EPM, compared 
with GH-5×FAD controls. Conversely, SI-5×FAD mice 
raised under the physical EE demonstrated an increased 
percentage of time on the open arms and a higher num-
ber of entries into them. (Fig.  1C). SI-5×FAD mice dis-
played a significant decline in exploratory behavior in the 
open-field test, evidenced by less time spent in the cen-
ter zone and fewer entries into this zone. SI-5×FAD mice 
raised in the physical EE effectively alleviated the explor-
atory deficits (Fig. 1D). Interestingly, the aforementioned 
short-term memory or anxiety-like phenotypes were not 
different between GH-5×FAD mice and GH-EE-5×FAD 
mice.

We also employed the three-chamber test to examine 
the impact of the physical EE on social interaction in 
5×FAD mice subjected to early-life SI. SI-5×FAD mice 
demonstrated deficits in both social interaction and 
preference for social novelty, whereas the physical EE 
did not alleviate these social impairments. Intriguingly, 
GH-EE-5×FAD mice exhibited better social behavior 
performance compared to GH-5×FAD mice (Fig.  1E, 
F). Subsequently, we employed a cooperative drink-
ing behavioral paradigm, previously established by our 

laboratory [28], to further evaluate the social coopera-
tive abilities of these mice. The training phase results 
indicated that 5×FAD mice from all groups successfully 
learned and mastered the cooperative drinking task, with 
no significant differences in drinking latency, total drink-
ing duration, or the number of drinking bouts (Fig. 1G). 
During the testing phase, compared to GH-5×FAD 
controls, SI-5×FAD mice exhibited increased drinking 
latency and decreased drinking duration and number. 
However, the physical EE did not significantly improve 
the cooperative abilities compromised by SI. Compared 
to GH-5×FAD mice, GH-EE-5×FAD mice showed a 
significant reduction in drinking latency, along with a 
marked increase in both the number of drinking bouts 
and total drinking time (Fig. 1H). Collectively, these find-
ings demonstrate that 3.5-month-old 5×FAD mice that 
previously subjected to SI exhibit significant impairments 
in spatial cognitive, social interaction and coopera-
tive abilities and anxiety-like behaviors. The physical EE 
selectively alleviates SI-induced spatial cognitive deficits 
and anxiety-like behavior.

Physical EE alleviated neuronal degeneration in the mPFC 
of SI-5×FAD mice, but failed to mitigate hypomyelination
Both 6E10 immunofluorescence and Thioflavin-S stain-
ing demonstrated that SI increased Aβ plaque deposi-
tion in the mPFC of 5×FAD mice. Whereas GH-5×FAD 
mice, rather than SI-5×FAD mice, housed in the physi-
cal EE showed reductions in Aβ plaque burden (Figure 
S1A-C). Compared to GH-5×FAD controls, SI-5×FAD 
mice displayed increased proportional areas of glial fibril-
lary acidic protein (GFAP) positive astrocytes and ion-
ized calcium binding adaptor molecule-1 (Iba1) positive 
microglia in the mPFC. Notably, the physical EE inter-
vention reduced activation of astrocytes and microglia in 
both SI- and GH-5×FAD mice (Figure S1D-G).

We further analyzed the effects of SI and/or physi-
cal EE on neuronal number, dendritic morphology, and 
synaptic integrity in the mPFC of 5×FAD mice. No sig-
nificant differences in the number of NeuN-positive neu-
rons in the mPFC were observed among the four groups 
(Fig. 2A, B). However, immunofluorescence and Western 

(See figure on previous page.)
Fig. 2  Pathology of synapses, spines, and myelin in the mPFC of 5×FAD mice under various housing conditions. A-H Representative images of immuno-
fluorescence for NeuN (A), PSD-95 (C), SYP (E), MBP (G) of the four groups. Scale bar: 50 μm. And the number of NeuN positive neurons per unit area (B), 
quantitative analysis of the PSD-95 positive area (D), SYP positive area (F), MBP positive area (H), (n = 6). I Representative Western blot bands of PSD-95, 
SYP, and MBP of the four groups. J-L The gray values of bands for PSD-95 (J), SYP (K), and MBP (L), (n = 6). M Golgi staining of the four groups. Scale bar: 
neurite 50 μm, dendritic spine 2 μm. N The distribution of dendrite length with distance from the cell body. Each group consists of 6 mice, with 5 neurons 
counted for each mouse. O The total length of neurites of the four groups. P Density of dendritic spines. The data came from six mice in each group, each 
with six dendritic spines. Q Representative EM images showing synaptic morphology (top), myelin sheath (middle), and OLs nuclear heterochromatin 
(bottom) of the four groups. Scale bar, 500 nm. R-U Quantification of PSD, synaptic cleft width, active zone length, and synaptic curvature in GH-con (76 
synapses), SI-con (80 synapses), GH-EE (74 synapses) and SI-EE (78 synapses) groups. n = 5 mice per group. V The scatterplot of myelin g-ratio in GH-con 
(122 axons), SI-con (122 axons), GH-EE (111 axons) and SI-EE (117 axons) groups. W The area percentage of OLs nuclear heterochromatin in region of the 
four groups. GH-con (16 nuclei), SI-con (19 nuclei), GH-EE (15 nuclei), and SI-EE (17 nuclei). n = 5 mice per group. Significant differences were assessed 
using two-way ANOVA followed by Tukey’s post hoc test
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blot analyses consistently demonstrated that SI signifi-
cantly reduced the expression levels of synaptic proteins, 
including postsynaptic density protein-95 (PSD-95) and 
synaptophysin (SYP), in the mPFC. These alterations 
were effectively rescued by the physical EE (Fig.  2C-F, 
I-K). Golgi staining also revealed that, compared to the 
GH group, the SI group exhibited significantly reduced 
neurite complexity and dendritic spine density. The phys-
ical EE markedly improved dendritic plasticity in both 
the GH and SI groups (Fig. 2M-P). The EM and quantita-
tive analyses further revealed that SI impaired the ultra-
structural integrity of synapses in the mPFC of 5×FAD 
mice, as evidenced by reductions in postsynaptic density, 
synaptic cleft width, active zone length, and synaptic cur-
vature. Notably, the physical EE restored these ultrastruc-
tural alterations in SI-5×FAD mice and further enhanced 
synaptic parameters in GH-5×FAD mice (Fig. 2Q-U).

To evaluate the myelination status in the mPFC, we 
conducted immunofluorescence and Western blot anal-
yses for myelin basic protein (MBP) across the experi-
mental groups. The findings indicated that SI resulted in 
hypomyelination in the mPFC of 5×FAD mice, evidenced 
by diminished MBP immunopositive intensity. Notably, 
the physical EE enhanced myelination in GH-5×FAD 
mice but did not rescue the hypomyelination phenotype 
in SI-5×FAD mice (Fig.  2G-I, L). The EM and quantita-
tive analyses confirmed the detrimental effect of SI on 
myelination in 5×FAD mice, as evidenced by an elevated 
g-ratio and a reduction in heterochromatin within oli-
godendrocytes. The physical EE improved myelination 
in GH-5×FAD mice, but not in SI-5×FAD mice (Fig. 2Q, 
W).

Physical EE restored downregulated Arhgef7 expression in 
mPFC neurons of SI-5×FAD mice
To investigate the molecular mechanisms underlying 
the ameliorative effects of the physical EE on behavioral 
abnormalities in 5×FAD mice, RNA sequencing (RNA-
seq) was performed on mPFC tissue samples from the 
four groups (Fig. 3A). Differential gene expression analy-
sis was performed between GH-con and GH-EE groups, 

as well as between SI-con and SI-EE groups. Compara-
tive analysis revealed 408 upregulated and 592 down-
regulated genes in GH-con group vs. GH-EE group, and 
1,092 upregulated and 827 downregulated genes in SI-
con group vs. SI-EE group. Subsequently, the intersec-
tion of upregulated and downregulated genes from both 
comparisons was identified, yielding 102 differentially 
expressed genes, including 40 upregulated and 62 down-
regulated genes (Fig.  3B). Protein-protein interaction 
(PPI) network analysis was subsequently applied to pri-
oritize gene clusters with robust functional relevance and 
literature support (Fig.  3C), such as Fbll1, Fance, Imp3, 
Ppp1r26, Rpl3, Rps2, Hbegf, Arhgef7, and Ephb2.

To validate these findings, quantitative real-time PCR 
(qPCR) was performed on mPFC tissues from all four 
experimental groups. The results revealed that the physi-
cal EE downregulated Imp3 and Rps2 while upregulating 
Arhgef7 and Ephb2 both in GH and SI groups. Addition-
ally, the transcription levels of Ppp1r26 and Rpl3 were 
downregulated, and Hbegf was upregulated, but this was 
observed only in the SI group. Intriguingly, compared to 
GH-5×FAD mice, SI-5×FAD mice also showed down-
regulated the transcription levels of Arhgef7, Ephb2, and 
Rpl3 (Fig.  3D). Among these genes, Imp3 and Rps2 are 
primarily implicated in RNA transport, translation, and 
ribosome biogenesis [30, 31]. In contrast, Arhgef7 and 
Ephb2 are predominantly localized to synapses, where 
they regulate synaptic function and dendritic spine mor-
phogenesis [32–34]. Western blot analysis further dem-
onstrated that Arhgef7 protein levels were markedly 
reduced in SI-5×FAD mice but restored by the physical 
EE (Fig.  3E-G). To ascertain the cellular localization of 
Arhgef7, double immunofluorescence staining was con-
ducted using markers for microglia (Iba1), astrocytes 
(GFAP), oligodendrocytes (O4), and neurons (NeuN, a 
neuronal nuclear antigen), in conjunction with Arhgef7. 
The results indicated that Arhgef7 was predominantly 
expressed in mPFC neurons (Fig.  3H-O), aligning with 
previous reports [35]. Additionally, analysis of cumulative 
fluorescence intensity demonstrated that SI decreased 
Arhgef7 expression in mPFC neurons of 5×FAD mice, 

(See figure on previous page.)
Fig. 3  Screening and identification of potential genes for EE improving cognitive function in 5×FAD mice. A Venn diagram showing the overlap analysis 
of differentially expressed genes (DEGs) between the GH and SI groups after EE treatment, with 40 upregulated genes and 62 downregulated genes. 
B Protein-protein interaction (PPI) network of the DEGs. C Gene clusters selected from the screening. D The qPCR validation of the transcriptional level 
changes of the selected genes in the mPFC of the four groups (n = 6). E Western blot of Arhgef7 and EphB2 in the mPFC of each group. F-G Statistical 
analysis of gray values of bands for Arhgef7 (F) and EphB2 (G) (n = 6). H Immunofluorescence images showing co-localization of Arhgef7 with Iba1-posi-
tive microglia. I Left: Volcano plot showing co-localization of Arhgef7 with Iba1 (H); Right: Percentage of co-localization area between Arhgef7 and Iba1. 
J Immunofluorescence images showing co-localization of Arhgef7 with GFAP-positive astrocytes. K Left: Volcano plot showing co-localization of Arhgef7 
with GFAP (J); Right: Percentage of co-localization area between Arhgef7 and GFAP. L Immunofluorescence images showing co-localization of Arhgef7 
with O4-positive oligodendrocytes. M Left: Volcano plot showing co-localization of Arhgef7 with O4 (L); Right: Percentage of co-localization area between 
Arhgef7 and O4. N Immunofluorescence images showing co-localization of Arhgef7 with NeuN-positive neurons. Left: Scale bar bar: 50 μm; Right: Scale 
bar: 20 μm. O Left: Volcano plot showing co-localization of Arhgef7 with NeuN (N); Right: Percentage of co-localization area between Arhgef7 and NeuN. 
P Immunofluorescence images of NeuN and Arhgef7 in the mPFC of the four groups. Scale bar: 50 μm. Q The relative integrated fluorescence signal of 
Arhgef7-positive area in the mPFC of each group (n = 6). Significance differences were assessed using two-way ANOVA followed by Tukey’s post hoc test 
(D, F, G, Q) or two-tailed Student’s t-test (I, K, M, O)
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whereas EE elevated Arhgef7 expression in both GH- and 
SI-5×FAD mice (Fig. 3P, Q).

Arhgef7 overexpression in mPFC neurons rescued spatial 
cognitive dysfunction and anxiety-like behavior in 
SI-5×FAD mice without affecting social behavior
To clarify the role of Arhgef7 in early SI-induced behav-
ioral and structural alterations, 1.5-month-old 5×FAD 
mice were administered bilateral injections of an AAV9 
vector that specifically overexpresses Arhgef7 in neurons 
into the bilateral mPFC. The mice were then individu-
ally raised for 3 weeks, followed by a series of behavioral 
tests and pathological analyses (Fig.  4A; Figure S2A-C). 
Y-maze testing revealed that compared to SI-hSyn-EGFP 
controls, SI-hSyn-Arhgef7-EGFP mice showed enhanced 
short-term memory, as evidenced by a greater duration 
spent in the novel arm and a higher frequency of entries 
into the novel arm (Fig.  4B). Furthermore, during the 
EPM and open field tests, SI-hSyn-Arhgef7-EGFP mice 
exhibited increased percentages of time spent in the open 
arms and a greater number of entries into these arms 
(Fig.  4C), as well as extended time spent and more fre-
quent entries into the center zone (Fig. 4D), suggesting a 
reduction in anxiety-like behaviors. However, the three-
chamber test and social cooperation test demonstrated 
that overexpression of Arhgef7 did not alleviate social 
interaction deficits or cooperative abilities in SI mice 
(Fig. 4E-G).

Arhgef7 overexpression in mPFC neurons improved 
dendritic and synaptic integrity, but not myelin, in 
SI-5×FAD mice
Consistent with behavioral outcomes, overexpression of 
Arhgef7 did not impact the quantity of NeuN-positive 
neurons (Fig. 5A-B). However, it improved dendritic and 
synaptic structural parameters in SI-5×FAD mice, such 
as the fluorescence-positive area and protein expres-
sion levels of PSD-95 and SYP, axonal complexity, den-
dritic spine density, postsynaptic density, and synaptic 
curvature (Fig.  5C-F, I-K, M-U). Nevertheless, Arhgef7 
overexpression in SI-5×FAD mice did not significantly 
affect oligodendrocyte morphology, myelin g-ratio, het-
erochromatin levels, or MBP expression (Fig.  5G-I, L, 

V-Y). Additionally, Arhgef7 overexpression did not alter 
Aβ plaque deposition or the activation of microglia 
and astrocytes in the mPFC of SI-5×FAD mice (Figure 
S2D-K).

Arhgef7 knockdown in mPFC neurons caused spatial 
cognitive dysfunction and anxiety-like behavior in 5×FAD 
mice without affecting social behavior
Previous studies have shown that Arhgef7 promotes neu-
rite outgrowth in primary cortical neurons [36], and its 
conditional knockout in dorsal root ganglia diminishes 
neurite elongation [37]. To further ascertain the necessity 
of Arhgef7 for sustaining neuronal processes integrity 
during the early stages of 5×FAD mice, we engineered 
an AAV9 vector encoding a short hairpin RNA (shRNA) 
against Arhgef7, regulated by a neuron-specific hSyn pro-
moter, and incorporating a separate GFP expression cas-
sette. The siArhgef7 virus was bilaterally injected into the 
mPFC of 1.5-month-old 5×FAD mice. Subsequently, the 
mice underwent group housing for three weeks, followed 
by behavioral tests and pathological analyses (Fig.  6A). 
GFP fluorescence was clearly observed in mPFC neurons, 
indicating successful viral transduction (Figure S3A). 
Western blot analysis also confirmed the effectiveness of 
Arhgef7 knockdown (Figure S3B-C).

The Y-maze test revealed that hSyn-siArhgef7-EGFP-
5×FAD mice exhibited impaired short-term memory 
compared to hSyn-EGFP-5×FAD controls, as evidenced 
by reduced time spent in the novel arm and fewer 
entries into the novel arm (Fig.  6B). Similarly, Arh-
gef7 knockdown also decreased the percentage of time 
spent in the open arms of the elevated plus maze and 
reduced entries into the open arms (Fig. 6C), along with 
decreased time and entries into the center zone of the 
open field (Fig.  6D). However, the three-chamber test 
and social cooperation test demonstrated that Arhgef7 
knockdown did not exacerbate deficits in social memory, 
social preference, or cooperative abilities in 5×FAD mice 
(Fig. 6E-G).

(See figure on previous page.)
Fig. 4  Arhgef7 overexpression alleviated cognitive deficits and anxiety-like behavior but did not improve social impairments in the SI group. A Experi-
mental design schematic. B Left: the heatmap showing the movement trajectory of 5×FAD mice in SI-hSyn-EGFP group and SI-hSyn-Arhgef7-EGFP group 
in the Y-maze test; Right: the percentage of time spent in and number of entries into the novel arm. C Left: the heatmap of mouse movement trajectories 
in the elevated plus maze test; Right: the percentage of time spent in and number of entries into the open arms. D Left: the heatmap of mouse movement 
trajectories in the open field test; Right: the percentage of time spent in the center area, number of entries into the center, fecal count, and travel speed. E 
Left: the heatmap of mouse trajectories during social preference and social memory tests in the three-chamber test; Right: the percentage of time spent 
in each chamber during the social preference and social memory tests. F The graphs showing latency to first drink, total drinking time, and number of 
drinking events during the training stage of the social cooperation test. G The graphs showing latency to first drink, total co-drinking time, and number 
of co-drinking events during the test stage of the social cooperation test. SI-hSyn-EGFP group, n = 10; SI-hSyn-Arhgef7-EGFP group, n = 12 in (B-E). SI-hSyn-
EGFP, n = 10 pairs; hSyn-Arhgef7-RNAi-EGFP group, n = 12 pairs in (G). Significant differences were assessed using two-tailed Student’s t-tests. The data of 
cooperative drinking water test were analyzed by repeated-measures ANOVA and post hoc Student-Newman-Keuls test
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Arhgef7 knockdown exacerbated dendritic and synaptic, 
but not myelin, damage in the mPFC of GH-5×FAD mice
Histopathological analysis was conducted to explore 
whether there was heterogeneity in the protective effect 
of the Arhgef7 gene on neurons and oligodendrocytes 
during the progression of AD. Knockdown of Arhgef7 
did not alter the number of NeuN-positive neurons 
(Fig. 7A-B), but it significantly reduced the fluorescence-
positive area and the protein expression levels of PSD-
95, SYP, and MBP (Fig. 7C-F, I-K). Furthermore, Arhgef7 
knockdown markedly decreased axonal complexity and 
dendritic spine density (Fig.  7M–P). The EM revealed 
reductions in postsynaptic density, synaptic cleft width, 
active zone length, and synaptic curvature in the mPFC 
of hSyn-siArhgef7-EGFP mice (Fig. 7Q-U). However, no 
significant differences were observed in MBP expression, 
myelin g-ratio, or heterochromatin levels of oligodendro-
cyte nuclei between the hSyn-siArhgef7-EGFP and hSyn-
EGFP groups (Fig. 7G-I, L, V-Y). These findings suggest 
that Arhgef7 knockdown selectively impairs neuronal 
processes and synaptic integrity without significantly 
affecting myelination.

We further assessed Aβ plaque deposition and glial 
activation in the mPFC of 5×FAD mice, with or without 
Arhgef7 knockdown. No significant increase in Aβ plaque 
burden was observed in the hSyn-siArhgef7-EGFP group 
compared to the control group (Figure S3D-G). Addi-
tionally, Arhgef7 knockdown did not significantly alter 
the activation levels of microglia or astrocytes, as quanti-
fied by Iba1 and GFAP immunofluorescence intensities, 
respectively (Figure S3H-K).

Arhgef7 protected cortical neurons against Aβ toxicity 
through Wnt signaling
To validate the functional role of Arhgef7 in cortical neu-
rons, we transfected primary cortical neurons with Arh-
gef7 siRNA, achieving efficient knockdown (Fig. 8A, B). 
Neurons with Arhgef7 knockdown exhibited significantly 
reduced axonal length and branching (Fig. 8C-E). We also 
treated cortical neurons with Aβ1−42 oligomers (10 µM) 
to investigate whether Arhgef7 mitigates Aβ-induced 
neuronal toxicity. Overexpression of Arhgef7 via plasmid 
transfection markedly enhanced neurite outgrowth and 
rescued Aβ1−42-induced neuronal degeneration (Fig.  8F-
H). These findings underscore the critical role of Arhgef7 
in promoting neurite growth and protecting neurons 
against Aβ toxicity. Aβ deposition is strongly associated 
with synaptic dysfunction in AD [38]. Multiple signaling 
pathways, including Hippo, MAPK, NMDA, PI3K/AKT, 
and Wnt/β-catenin, have been implicated in synaptic reg-
ulation during AD pathogenesis [39–43]. To explore the 
molecular mechanisms underlying Arhgef7’s resistance 
to Aβ neurotoxicity and the enhancement of synaptic 
function, we analyzed pathway alterations in vitro and 

in vivo through Western blot assays. Aβ1−42 treatment 
increased the phosphorylation of MST1, ERK1/2, NR2B, 
and β-catenin, while decreasing the phosphorylated lev-
els of PI3K and AKT in primary cortical neurons. In con-
trast, the overexpression plasmid of Arhgef7 markedly 
activated the Wnt-β-catenin and PI3K-AKT signaling 
pathways in primary cortical neurons, counteracting the 
inhibitory effects on these pathways induced by Aβ treat-
ment (Fig. 8I, J, S4A). Additionally, the critical regulatory 
role of Arhgef7 in the Wnt/β-catenin signaling pathway 
and the PI3K/AKT signaling pathway was further con-
firmed in primary cortical neurons treated with Arhgef7 
siRNA (Fig. 8K, L, S4B). In the mPFC of SI-5×FAD mice, 
the phosphorylation level of β-catenin was significantly 
increased, whereas the levels of p-PI3K and p-AKT were 
markedly decreased, indicating suppression of both 
the Wnt/β-catenin and PI3K/AKT signaling pathways. 
Conversely, the physical EE significantly activated these 
pathways in both GH and SI groups (Fig.  8M, N, S4C). 
Furthermore, overexpression of Arhgef7 in mPFC neu-
rons of SI-5×FAD mice significantly suppressed β-catenin 
phosphorylation and enhanced PI3K/AKT phosphoryla-
tion (Fig.  8O, P, S4D). Conversely, in GH-5×FAD mice, 
knockdown of Arhgef7 increased β-catenin phosphory-
lation but did not significantly inhibit PI3K/AKT sig-
naling (Fig. 8Q, R, S4E). In summary, these data suggest 
that Arhgef7 may primarily alleviate Aβ-induced synap-
tic damage in the cortex by activating the Wnt/β-catenin 
signaling pathway, thereby improving cognitive dysfunc-
tion in AD and delaying the pathological progression of 
the disease.

Discussion
AD remains an unresolved major medical challenge in 
modern society, with its pathogenesis not fully under-
stood [44]. Current research indicates that the onset of 
AD is associated with multiple factors, including genet-
ics, aging, environmental influences, and social behaviors 
[44, 45]. As a detrimental environmental factor, SI has 
been identified as a strong risk factor for AD progression 
[46]. Conversely, healthy lifestyles have shown significant 
benefits in AD prevention and intervention [47]. This 
study investigated the ameliorating effects of physical 
components of EE on SI-induced behavioral and patho-
logical alterations in the early stage of 5×FAD mice.

Negative social experiences during childhood, such 
as social abuse and neglect, have profound effects that 
persist into adulthood. Synapse development is com-
pleted in three-week-old mice, while myelination in the 
central nervous system occurs later and lasts until the 
end of adolescence [48]. 5×FAD mice are a transgenic 
model widely used in AD research. Aβ plaques began to 
be deposited in the cortex of 5×FAD mice at 1.5 months 
of age; at 2 months of age, obvious activation of glial 
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cells was observed; at 3 months of age, the mice gradu-
ally exhibited a decline in social behavior and emotional 
disorders; and at 4 months of age, a significant decline 
in cognitive function began to manifest [49–51]. Con-
sequently, this study selected 4-week-old 5×FAD mice 
for a 3-week period of SI, followed by a 3-week period 
of physical EE intervention. Behavioral testing was then 
conducted for 2 weeks. At this point, the study mice were 
about 3.5 months old. Therefore, this experimental pro-
tocol is available to investigate the impact of early-life SI 
on the onset of AD and to evaluate whether timely EE 
can correct or alleviate this exacerbating effect.

As previously stated, the synaptic development in mice 
is largely accomplished by about 3 weeks post-birth, 
with myelin development continuing into adulthood. 
By selecting 1.5-month-old 5×FAD mice for Arhgef7 
overexpression or knockdown in mPFC neurons, the 
normal development and formation of synapses were 
not disrupted. Following viral treatment, the mice were 
kept for an additional three weeks, succeeded by a two-
week behavioral testing period, by which time the mice 
had reached 11 weeks of age. This experimental protocol 
enables us to specifically delineate the effects of Arhgef7 
overexpression on SI-5×FAD mice and the effects of Arh-
gef7 knockdown on GH-5×FAD mice in terms of cogni-
tive and synaptic function.

SI has become a widespread societal issue due to struc-
tural disruptions caused by pandemics, wars, and other 
global crises [52]. The detrimental effects of SI on brain 
function are hypothesized to accelerate AD progres-
sion through various mechanisms [46]. For example, SI 
induces chronic stress states that activate the hypotha-
lamic-pituitary-adrenal axis, leading to increased gluco-
corticoid levels. These levels impair synaptic plasticity, 
promote neuroinflammation, and disrupt myelination 
[53, 54]. Furthermore, SI may exacerbate AD-related 
pathology by suppressing brain-derived neurotrophic 
factor (BDNF) expression and increasing the produc-
tion of pro-inflammatory cytokines, such as interleukin-6 
[55]. Previous studies from our laboratory have shown 
that early-life SI triggers cognitive deficits, anxiety-like 
behavior, and social-cooperative impairments in mice, 

with transgenerational effects observed in offspring [11, 
56, 57]. In this study, we further demonstrate that early-
life SI accelerates spatial cognitive decline, exacerbates 
anxiety-like behaviors, and impairs social interaction 
and cooperation skills in 5×FAD mice. Pathologically, 
SI aggravates synaptic dysfunction, dendritic spine loss, 
axonal structural damage, hypomyelination, and glial 
reactivity in the mPFC of 5×FAD mice. These findings are 
consistent with our earlier observations in young APP/
PS1 mice [11], reinforcing the role of SI as a critical envi-
ronmental factor that accelerates AD-related neurobe-
havioral and neuropathological deficits.

In contrast to SI, EE confers significant health ben-
efits in both animals and humans [58]. Multisensory 
stimulations—such as tactile experiences (e.g., artistic 
creation), visual engagement (e.g., natural landscapes or 
artwork), and auditory stimuli (e.g., music)—have been 
shown to activate neural networks, enhance neuroplas-
ticity, improve learning capacity, and facilitate emotional 
regulation [59–61]. Additionally, physical exercise, a 
critical component of EE, not only enhances cognitive 
function by promoting cerebral blood flow and increas-
ing BDNF secretion but also mitigates neurodegenerative 
changes in brain structure and function in individuals 
with mild cognitive impairment [62, 63]. A growing body 
of research has explored the potential of EE as a non-
pharmacological intervention for AD [64]. In the pres-
ent study, the physical EE showed heterogeneous efficacy 
in early isolated AD mice: it restored spatial cognition, 
alleviated anxiety-like behaviors, and maintained neuro-
nal axonal and dendritic integrity, yet it did not improve 
social behavioral deficits and hypomyelination.

Beyond enriched sensory stimulation and physical 
activity, social enrichment constitutes another critical 
component of EE that cannot be overlooked [58]. Social 
behavior serves as both a cornerstone of maintaining 
social operations and a key determinant in promoting 
the healthy development of individuals and collectives 
[65]. Social enrichment has been demonstrated to confer 
benefits such as improving cognitive function, enhanc-
ing emotional regulation, promoting mental and physi-
cal well-being, increasing life satisfaction, and reducing 

(See figure on previous page.)
Fig. 5  Arhgef7 overexpression prevented dendritic and synaptic impairments but failed to preserve myelin sheath integrity in the mPFC of SI groups. 
A-H Representative images of immunofluorescence for NeuN (A), PSD-95 (C), SYP (E), MBP (G) of 5×FAD mice in SI-hSyn-EGFP group and SI-hSyn-Arhgef7-
EGFP group. Scale bar: 50 μm. And the number of NeuN positive neurons per unit area (B), quantitative analysis of the PSD-95 positive area (D), SYP posi-
tive area (F), MBP positive area (H), (n = 6). I Representative Western blot bands of PSD-95, SYP, and MBP of the two groups. J-L The gray values of bands for 
PSD-95 (J), SYP (K), and MBP (L) (n = 6). M Golgi staining of the two groups. Scale bar: neurite 50 μm, dendritic spine 2 μm. N The distribution of dendrite 
length with distance from the cell body. Each group consists of 6 mice, with 5 neurons counted for each mouse. O The total length of neurites of the 
two groups. P Density of dendritic spines. The data came from six mice in each group, each with six dendritic spines. Q Representative EM images show-
ing synaptic morphology of 5×FAD mice in the two groups. Scale bar, 500 nm. R-U Quantification of PSD, synaptic cleft width, active zone length, and 
synaptic curvature in SI-hSyn-EGFP group and SI-hSyn-Arhgef7-EGFP group. 75 synapses per mouse, n = 5 mice per group. V Representative EM images 
showing myelin sheath of 5×FAD mice in the two groups. Scale bar, 500 nm. W The scatterplot of myelin g-ratio in SI-hSyn-EGFP group (110 axons) and 
SI-hSyn-Arhgef7-EGFP group (112 axons) (n = 5). X Representative EM images showing OLs nuclear heterochromatin of 5×FAD mice in the two groups. 
Scale bar, 500 nm. Y The area percentage of OLs nuclear heterochromatin of 5×FAD mice in the two groups. 25 synapses per mouse, n = 5 mice per group. 
Significant differences were assessed using two-tailed Student’s t-tests
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Fig. 6 (See legend on next page.)
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the risk of dementia and other neurodegenerative disor-
ders [66–68]. In individuals with AD, social withdrawal 
frequently manifests in early stages, characterized by 
reduced social interaction and avoidance of communal 
activities. This withdrawal exacerbates social competency 
deficits, thereby forming a vicious cycle that acceler-
ates AD progression [69]. In our study, both GH-5×FAD 
mice and SI-5×FAD mice were housed in an EE with 
larger spaces and diverse stimuli; however, improved 
social interaction and cooperative behaviors were only 
observed in the GH-5×FAD mice. These results under-
score the crucial role of social factors in sustaining social 
behavioral competence and highlight their indispensable 
contribution to combating the progression of AD. An 
ongoing study in our laboratory primarily suggests that 
resocializing SI-5×FAD mice with wild-type mice leads to 
improvements in social behaviors and myelination. Col-
lectively, the social component of EE seems to be critical 
and irreplaceable in counteracting the progression of AD.

Moreover, studies from our laboratory and others 
have demonstrated that social living is essential for the 
formation and long-term maintenance of myelin, while 
higher-order brain functions, such as social interaction 
and cooperation, critically depend on normal myelin 
plasticity [18, 56]. In this study, histopathological analy-
ses revealed that EE exerted protective effects on neu-
ronal processes, synaptic integrity, and myelination in 
the mPFC of GH-5×FAD mice; however, it only restored 
mPFC neuronal plasticity in SI mice. Therefore, it is cru-
cial to prevent SI in AD patients, maintain their existing 
social relationships, and enhance their social interactions 
throughout the prevention and treatment period.

On the other hand, myelination plays a distinct and 
essential role in regulating social behavior [70]. Disrup-
tions in myelination within the mPFC may impair neural 
circuit integrity and temporal synchrony, thereby com-
promising the processing of social cues and appropriate 
behavioral responses [71–73]. Increasing evidence sug-
gests that myelination is highly experience-dependent, 
with social interaction during critical developmental 
windows acting as a key modulator of myelin plastic-
ity, although the specific mechanisms remain unclear 
[74]. Therefore, the social behavioral deficits observed in 

young adult SI-5×FAD mice may, at least in part, result 
from persistent abnormalities in myelination.

The emergence of Aβ plaques is one of the earliest 
pathological hallmarks of AD, initiating a cascade of 
downstream neurodegenerative events. Consequently, 
the mechanisms of Aβ production and clearance remain 
central to AD research [75]. For example, our previous 
studies demonstrated that 3 months of SI exacerbates 
Aβ plaque burden in the hippocampus of aged APP/PS1 
mice [76]. In the current study, we further found that 
early-life SI significantly exacerbated Aβ deposition in the 
mPFC of 5×FAD mice. Moreover, previous research from 
our laboratory indicates that 1-month-old APP/PS1 mice 
subjected to 8-week SI exhibit an increase in cortical 
and hippocampal Aβ deposition [11], likely because Aβ 
plaques in this AD model typically emerge at 5–6 months 
of age. In contrast, 5×FAD mice exhibit accelerated Aβ 
pathology, with plaque deposition starting as early as 
1.5 months of age [77]. These differences underscore the 
importance of considering temporal and regional speci-
ficity in Aβ pathology when designing interventions for 
various stages of AD.

Intriguingly, the physical EE exhibited heterogeneous 
effects on Aβ deposition: it significantly reduced Aβ bur-
den in the mPFC of GH-5×FAD mice but showed no effi-
cacy in SI-5×FAD mice. A possible explanation for this 
phenomenon is that myelin also plays a crucial role in 
maintaining the homeostasis of brain Aβ. Recent stud-
ies suggest that myelin dysfunction or demyelination 
worsens Aβ accumulation [78], while appropriate myelin 
wrapping and healthy myelin initially inhibit plaque for-
mation [79]. Thus, myelin damage induced by SI may 
counteract the benefits of the physical EE in clearing Aβ 
in SI-5×FAD mice, while EE’s capacity to maintain myelin 
integrity in GH mice likely acts as a prerequisite for its 
protective effects against Aβ deposition.

Upon analyzing the transcriptomic data, we identified 
genes that were consistently up-regulated or down-regu-
lated in both the GH and SI groups following the physical 
EE intervention. This enabled us to pinpoint key candi-
dates that might enhance cognitive function. We discov-
ered that alterations in the Arhgef7 gene were associated 
with behavioral and pathological changes linked to SI and 

(See figure on previous page.)
Fig. 6  Knocking down Arhgef7 in the mPFC impaired cognitive function and increased anxiety-like behavior in 5×FAD mice. A Experimental design 
schematic. B Left: the heatmap showing the movement trajectory of 5×FAD mice in hSyn-EGFP group and hSyn-siArhgef7-EGFP group in the Y-maze test; 
Right: the percentage of time spent in and number of entries into the novel arm. C Left: the heatmap of mouse movement trajectories in the elevated 
plus maze test; Right: the percentage of time spent in and number of entries into the open arms. D Left: the heatmap of mouse movement trajectories 
in the open field test; Right: the percentage of time spent in the center area, number of entries into the center, fecal count, and travel speed. E Left: the 
heatmap of mouse trajectories during social preference and social memory tests in the three-chamber test; Right: the percentage of time spent in each 
chamber during the social preference and social memory tests. F The graphs showing latency to first drink, total drinking time, and number of drinking 
events during the training stage of the cooperative drinking water task. G The graphs showing latency to first drink, total co-drinking time, and number 
of co-drinking events during the testing stage of the cooperative drinking water task. hSyn-EGFP group, n = 10; hSyn-siArhgef7-EGFP group, n = 12 in (B-E). 
hSyn-EGFP, n = 10 pairs; hSyn-siArhgef7-EGFP group, n = 12 pairs in (G). Significant differences were assessed using two-tailed Student’s t-tests. The data of 
cooperative drinking water test were analyzed by repeated-measures ANOVA and post hoc Student-Newman-Keuls test
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EE exposure. Arhgef7 serves as a central node, exhibit-
ing extensive connections with synaptic and cytoskel-
etal regulators. Its established biological functions are 
directly associated with processes pertinent to our phe-
notypes of interest, such as synaptic structure, inhibitory 

neurotransmission, and axonal integrity. In comparison, 
other candidates within the network either had limited 
prior functional annotations related to AD-relevant path-
ways or displayed less consistent regulation across differ-
ent datasets.

Fig. 7 (See legend on next page.)
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Arhgef7 encodes a guanine nucleotide exchange factor 
(GEF) for CDC42 and Rac1, belonging to the cytoplas-
mic protein family. It activates Ras-like Rho GTPases by 
catalyzing the exchange of bound GDP for GTP [80]. This 
protein regulates diverse biological processes, includ-
ing cytoskeletal remodeling, cell migration, intracellular 
signaling, and synaptic development [81, 82]. Notably, it 
functions as a scaffolding protein for gamma-aminobu-
tyric acid (GABA) receptor localization, playing a pivotal 
role in maintaining synaptic integrity and axonal function 
[83]. GABA, the primary inhibitory neurotransmitter, 
modulates the excitatory-inhibitory balance in the brain 
and is essential for neural network stability and synap-
tic plasticity. However, patients with AD often exhibit 
impaired GABA receptor function, leading to reduced 
neural inhibition, which is closely associated with cogni-
tive impairment [84, 85]. Restoring GABAergic signaling 
has shown promise in reversing early-stage cognitive def-
icits in AD [86]. Simultaneously, stress-induced hyperac-
tivity exacerbates GABA receptor dysfunction [87].

The experimental results indicate that the overexpres-
sion of Arhgef7 in mPFC neurons leads to an increase 
in dendritic spine density and synaptic complexity in 
SI-5×FAD mice, which is accompanied by improved 
cognitive performance and a reduction in anxiety-like 
behaviors. These positive outcomes may be attributed to 
enhanced GABA receptor function, rather than altera-
tions in Aβ plaque load. Interestingly, previous research 
has shown that Arhgef7 heterozygous mice display 
impaired social interaction, and a decrease in Arhgef7 
protein expression is associated with deficits in social 
behavior [88]. However, in this study, neither knockdown 
nor overexpression of the Arhgef7 gene in mPFC neurons 
significantly altered social behaviors in mice. This may be 
due to our intervention being limited to the mPFC region 
of the brain, without affecting the functionality of other 
brain areas. Additionally, we specifically targeted Arh-
gef7 in neuronal cells, rather than conducting a complete 
knockdown of Arhgef7, which may also lead to different 
regulatory effects on social behavior.

Signaling pathways that regulate synaptic plasticity 
play a pivotal role in maintaining neurological function. 

Numerous studies have shown the involvement of mul-
tiple pathways in modulating synaptic plasticity, and their 
roles in resisting AD-related pathology have become 
increasingly prominent. In the nervous system, the Wnt 
pathway regulates synaptic plasticity, neuroprotection, 
and repair, critically influencing neuronal growth, main-
tenance, and remodeling. Dysregulation of Wnt signaling 
is closely associated with core AD pathologies, including 
tau hyperphosphorylation, Aβ plaque accumulation, syn-
aptic dysfunction, and cognitive deficits [43, 89, 90]. In 
our study, SI increased β-catenin phosphorylation in the 
mPFC of 5×FAD mice. We identified that overexpressing 
Arhgef7 counteracts Aβ toxicity by suppressing β-catenin 
phosphorylation, thereby activating Wnt signaling and 
promoting synaptogenesis. This clue suggests that the 
regulation of Wnt signaling by Arhgef7 is implicated in 
the physical EE resistance to AD pathology.

Notably, our previous studies demonstrated that 
8-week of the physical EE failed to ameliorate synap-
tic impairments in the mPFC of 1-month-old SI-CD1 
mice [91]. In contrast, our study observed that 3 weeks 
of the physical EE significantly improved synaptic func-
tion in 3.5-month-old 5×FAD mice previously subjected 
to 3-week SI. In normally developing mice, the neuronal 
dendrites and axons maintain thriving plasticity. In con-
trast, 5×FAD mice exhibit synaptic dysfunction, which 
worsens with progressive Aβ accumulation [92, 93]. This 
discrepancy indicates that the degree of damage to the 
neural networks caused by SI may vary among different 
conditions, leading to differences in their sensitivity to 
the physical EE interventions. In addition, as described 
above, oligodendrocyte maturation and myelination play 
critical roles in regulating social memory and coopera-
tive behaviors [56, 94, 95]. On the other hand, the main-
tenance of myelin sheaths in social animals, including 
humans, is highly dependent on normal social activities.

In line with this perspective, the findings of this study 
indicate that merely enhancing the physical environ-
ment or restoring the plasticity of neuronal processes 
cannot rectify the damage to myelin sheaths inflicted by 
SI. Our previous work identified early growth response 
2 (Egr2) in mPFC oligodendrocytes as a key regulator 

(See figure on previous page.)
Fig. 7  Arhgef7 knockdown impaired dendritic and synaptic structures but not myelin sheath integrity in the mPFC. A-H Representative images of immu-
nofluorescence for NeuN (A), PSD-95 (C), SYP (E), MBP (G) of 5×FAD mice in hSyn-EGFP group and hSyn-siArhgef7-EGFP group. Scale bar: 50 μm. And the 
number of NeuN positive neurons per unit area (B), statistical analysis of the PSD-95 positive area (D), SYP positive area (F), MBP positive area (H), (n = 6). I 
Representative Western blot bands of PSD-95, SYP, and MBP of the two groups. J-L The gray values of bands for PSD-95 (J), SYP (K), and MBP (L) (n = 6). M 
Golgi staining showed neurite complexity and dendrite spine density of the two groups. Scale bar: neurite 50 μm, dendritic spine 2 μm. N The distribution 
of dendrite length with distance from the cell body. Each group consists of 6 mice, with 5 neurons counted for each mouse. O The total length of neurites 
in the two groups. P Density of dendritic spines. The data came from six mice in each group, each with six dendritic spines. Q Representative EM images 
showing synaptic morphology in the two groups. Scale bar, 500 nm. R-U Quantification of PSD, synaptic cleft width, active zone length, and synaptic 
curvature in hSyn-EGFP group and hSyn-siArhgef7-EGFP group. 75 synapses per mouse, n = 5 mice per group. V Representative EM images showing 
myelin sheath in the two groups. Scale bar, 500 nm. W The scatterplot of myelin g-ratio in hSyn-EGFP group (110 axons) and hSyn-siArhgef7-EGFP group 
(112 axons) (n = 5). X Representative EM images showing OLs nuclear heterochromatin in the two groups. Scale bar, 500 nm. Y The area percentage of 
OLs nuclear heterochromatin in the two groups. 25 synapses per mouse, n = 5 mice per group. Significant differences were assessed using two-tailed 
Student’s t-tests



Page 22 of 26Wang et al. Alzheimer's Research & Therapy          (2025) 17:143 

Fig. 8 (See legend on next page.)
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of social interaction and cooperative deficits in SI mice 
[56]. The transcription factor Egr2 is proposed as a 
potential upstream regulator of miRNA expression in 
15-month-old APP/PS1 mice. Egr2’s involvement in 
both transcriptional and epigenetic regulation suggests 
it may contribute to AD-related transcriptomic remod-
eling by modulating non-coding RNA networks. Impor-
tantly, Egr2 dysregulation could underline the observed 
demyelination and social deficits in AD, positioning it 
as a critical node connecting myelin integrity, behav-
ioral dysfunction, and neurodegenerative pathology [96]. 
However, whether regulating Egr2 is involved in the 
exacerbating effect of early SI on myelin degeneration in 
the AD process remains to be determined.

The current study has several limitations. Both male 
and female 5×FAD mice were used, but the data was not 
stratified by sex. The reanalysis of the behavioral data 
uncovered trends in sex-related differences; however, 
these differences did not reach statistical significance, 
except for the number of entries into the open arms dur-
ing the EPM test (Figures S5). Future research necessi-
tates larger sample sizes to clarify the potential influence 
of gender factors on the interaction between social and 
environmental factors in the pathogenesis of AD.

In addition, our in vivo data suggest correlations rather 
than direct causal relationships between Arhgef7 and 
the Wnt/PI3K signaling pathways. It remains unclear 
whether the Wnt/PI3K signaling operates downstream 
of Arhgef7 or if it represents a parallel mechanism that is 
independently activated by the physical EE. Nevertheless, 
further research involving targeted genetic or pharma-
cological manipulation of Wnt/PI3K components, both 
in the presence and absence of Arhgef7, is necessary to 
clarify their precise relationship.

Moreover, while the mPFC is pivotal in social behavior, 
the process is intricate and involves the concerted efforts 
of various brain regions, such as the anterior cingulate 
cortex, amygdala, and striatum. Each of these regions 
also plays a critical role in emotional processing, reward 
valuation, and social motivation [97–99]. Consequently, 
alterations in Arhgef7 that occur exclusively within 
the mPFC may not be sufficient to substantially modify 

overall social ability. Dysfunction in any of these brain 
regions may contribute to persistent social impairments. 
Thus, future strategies aiming to restore social behavior 
may require broader, multi-regional interventions that 
target key hubs within the social brain network, extend-
ing beyond the mPFC.

Conclusion
This study focused on the AD-like early stages, incor-
porating environmental and social factors, and explored 
the impact of the physical EE on the behavioral pathol-
ogy of early-life isolated 5×FAD mice. The results indi-
cate that early-life SI has a detrimental effect on spatial 
cognition, anxiety levels, social interaction, and coopera-
tive behavior in the early stages of AD, while the physi-
cal EE can only have a corrective effect on the first two. 
The pathological results have revealed that the physical 
EE can mitigate SI-induced alterations in synapses rather 
than myelin sheaths in the mPFC. Our study also identi-
fied Arhgef7 as a key mediator of the beneficial effects of 
physical stimuli on spatial cognition, emotion, and neu-
ronal processes in the mPFC, potentially via the Wnt sig-
naling pathway. Collectively, this work provides evidence 
supporting the use of the physical EE as a non-pharma-
cological strategy to delay cognitive decline in early AD 
and proposes Arhgef7 as a novel therapeutic target for 
early intervention and treatment.
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Fig. 8  Arhgef7 promoted primary neurite growth and modulated Aβ1−42 toxicity via Wnt signaling pathways. A Western blot analysis showing success-
ful knockdown of Arhgef7 expression in primary cortical neurons by siRNA. B The gray values of bands for Arhgef7 (n = 6). C-E Representative images of 
dendrites from primary cortical neurons cultured from Control (NC) and siArhgef7 groups (C), along with quantitative analysis of dendrite length (D) and 
branching number (E). Scale bar: 20 μm. F-H Primary cortical neurons from mice in NC and siArhgef7 groups were treated with Aβ1−42 (10 µM) for 24 h. 
Representative MAP2 immunofluorescence images of dendrites (F) and quantitative analysis of dendrite length (G) and branching number for each group 
(H). Scale bar: 20 μm. I-J Representative Western blot bands and statistical analysis of MST1, p-MST1, NR2B, p-NR2B, ERK, p-ERK, β-catenin, p-β-catenin, 
PI3K, p-PI3K, AKT, and p-AKT in primary cortical neurons. (n = 6 per group). K-L Western blot bands and statistical analysis of β-catenin, p-β-catenin, PI3K, 
p-PI3K, AKT, and p-AKT in siRNA-treated primary cortical neurons (n = 6). M-N Representative Western blot bands and statistical analysis of β-catenin, p-β-
catenin, PI3K, p-PI3K, AKT, and p-AKT in the mPFC of GH-con, SI-con, GH-EE, and SI-EE groups of mice (n = 6). O-P Representative Western blot bands and 
statistical analysis of β-catenin, p-β-catenin, PI3K, p-PI3K, AKT, and p-AKT in the mPFC of SI-hSyn-EGFP and SI-hSyn-Arhgef7-EGFP groups of mice (n = 6). 
Q-R Representative Western blot bands and statistical analysis of β-catenin, p-β-catenin, PI3K, p-PI3K, AKT, and p-AKT in the mPFC of hSyn-EGFP and 
hSyn-siArhgef7-EGFP groups of mice (n = 8). Significant differences were assessed using unpaired two-tailed Student’s t-tests (B, D, E, L, P, R) and two-way 
ANOVA followed by Tukey’s post hoc test (G, H, J, N), respectively
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