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Background and Objectives: Stem cell therapy shows great promise for treating Alzheimer’s disease (AD). Cholinesterase 
inhibitors (ChEIs) like donepezil are well-established for alleviating AD symptoms. This study aimed to determine if combining 
ChEI treatment with stem cell therapy could improve therapeutic outcomes.
Methods: Neural stem cells (NSCs) were injected into the hippocampus of the 5xFAD AD mice using a stereotactic technique. 
Following this, donepezil or a placebo was administered for one month. We assessed behavioral improvements, survival and health of 
the grafts, and changes in synaptic density.
Results: The AD mice demonstrated cognitive impairment in both the Morris water maze and novel object recognition tests. In groups 
receiving stem cell therapy, donepezil enhanced the survival and neuronal differentiation of grafted NSCs, promoting the establishment 
of synaptic connections with the host brain. The combined treatment with donepezil and NSC transplantation more effectively 
increased synaptic density and improved behavioral performance in AD mice compared to NSC transplantation alone.
Conclusion: Combining ChEIs with NSC transplantation produces synergistic effects in AD treatment. This approach highlights the 
potential of integrating these therapies to develop more effective strategies for managing Alzheimer’s disease.
Keywords: Alzheimer’s disease, cholinesterase inhibitors, donepezil, neural stem cells, transplantation

Introduction
Alzheimer’s disease (AD) is a common neurodegenerative disorder closely linked to aging, characterized by the presence 
of amyloid-β (Aβ) plaques and neurofibrillary tangles.1 Currently, over 25 million people globally are affected by 
dementia, and by 2050, it’s anticipated that nearly 1 million new cases of Alzheimer’s dementia will emerge each year.2 

Despite extensive research, effective treatments for AD remain elusive.
The cholinergic hypothesis suggests that the loss of cholinergic neurons in the basal forebrain and the subsequent 

decrease in central cholinergic transmission are central to the disease, it proposes that cognitive decline in AD is 
primarily due to impaired cholinergic signaling within the brain, resulting from a reduction in acetylcholine (ACh) levels 
and disrupted cholinergic pathways.3 Among the treatments approved by the US Food and Drug Administration, 
cholinesterase inhibitors (ChEIs) such as donepezil, galantamine, and rivastigmine are known to slow disease progression 
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and offer neuroprotective benefits. In rodent models, donepezil has been shown to improve cognitive function,4,5 elevate 
brain-derived neurotrophic factor (BDNF) levels,6,7 reduce Aβ buildup,8 support neurogenesis, and restore synaptic 
density.8 However, the long-term effectiveness of donepezil in severe AD cases remains debated. This highlights the need 
for innovative combined therapies and identification of synergistic factors to improve treatment outcomes.

Stem cell transplantation is a promising strategy for treating various degenerative diseases,9 yet its success has not 
fully met expectations. Our previous studies revealed that neural stem cells (NSCs) engineered to overexpress brain- 
derived neurotrophic factor (BDNF-NSCs) could offer a new therapeutic approach for AD.10 Additionally, we found that 
granulocyte colony-stimulating factor (G-CSF) can mobilize bone marrow mesenchymal stem cells (BM-MSCs) to boost 
neurogenesis in an AD mouse model.11 These results underscore the critical role of neurogenesis in stem cell-based 
therapies for AD and the need for further strategies to maintain this neurogenic effect for effective treatment 
development.

Notably, cholinergic inputs play a crucial role in regulating neural stem cell (NSC) neurogenesis, particularly within 
brain regions such as the hippocampus and subventricular zone (SVZ).12 In the aged dentate gyrus, cholinergic activation 
has been shown to stimulate NSCs, promoting neurogenesis in a region that typically experiences age-related decline. 
Distinct populations of choline acetyltransferase-positive (ChAT+) neurons have been identified, which modulate NSC 
activity in an activity-dependent manner, particularly within the SVZ.13 Activation of cholinergic receptor pathways 
impacts apoptosis, cell proliferation, and neuronal differentiation, suggesting that cholinergic signaling exerts broad 
influence over the survival and maturation of NSCs.14 By enhancing NSC function and differentiation, cholinergic 
pathways contribute to the maintenance of neurogenesis and cognitive resilience, highlighting potential therapeutic 
implications for aging and neurodegenerative conditions. Consequently, we propose that combining cholinesterase 
inhibitor (ChEI) therapy with stem cell transplantation might create a synergistic effect in AD treatment, potentially 
improving behavioral outcomes and reducing synaptic loss in an AD mouse model.

Materials and Methods
Experimental Animals and Procedures
The Institute of Animal Care and Use Committee at I-Shou University (ISU), Taiwan, approved all experimental and 
animal care procedures (IACUC-ISU 109029, valid from 2021/11/01 to 2023/08/30). The 5-familial Alzheimer`s disease 
(5XFAD) transgenic mice (B6SJL-Tg(APPSwFlLon, PSEN1*M146L*L286V)6799Vas/Mmjax) were obtained from the 
Jackson Laboratory (Bar Harbor, ME). These mice were kept on a 12-hour light/dark cycle and were fed ad libitum 
throughout the experiment to ensure unrestricted access to food and water, following the guidelines set by the ISU 
Animal Center. Male 6-month-old heterozygous (Tg+/−) mice were used in the all studies, age-matched Tg−/− (non-Tg 
wild type) mice were served as the control. Neural stem cell (NSC) transplantation was conducted according to our 
established protocol.10 Isoflurane anesthesia was administered to mice for induction and maintenance. For induction, 
a concentration of 3–5% isoflurane in oxygen was used, and for maintenance, 1–2% isoflurane was delivered via a nose 
mask. Anesthesia was monitored by assessing vital signs, and recovery was rapid upon stopping of the anesthetic. For 
transplantation, 100,000 cells suspended in 2 μL of Hank’s Balanced Salt Solution (HBSS) were injected into the 
hippocampal dentate gyrus using a stereotaxic apparatus. After transplantation, AD mice were treated with daily 
intraperitoneal injections of donepezil (0.3 mg/kg, Sigma D6821, St. Louis, MO) for 4 weeks, while the control group 
received saline solution. Behavioral assessments were conducted using the Morris water maze, probe test, and novel 
object recognition.10 Body weight measurements were taken weekly until sacrifice, with data showing no significant 
differences between the experimental groups.

NSCs and Neuron Primary Culture
Green fluorescent protein (GFP)-expressing neural stem cells (NSCs) were obtained from a transgenic mouse line 
engineered to express “enhanced” GFP cDNA (Jackson Laboratories). These GFP-expressing NSCs were isolated 
from the hippocampi of postnatal day 1 pups and expanded in adherent culture according to our previously established 
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protocol.10 Additionally, primary neurons were cultured from postnatal day 1 wild-type C57BL/6 mouse pups, using the 
technique detailed in.15

In vitro Condition Medium Assays
Conditioned media were prepared from neurons that were cultured for 11 days and treated with either 50 μM donepezil or 
PBS for 24 hours. After treatment, this conditioned media was transferred to cultures of neural stem cells (NSCs) 
exposed to Aβ toxicity and maintained for 5 days, with media changes every 2 days. Aβ was prepared using the method 
described in.16 Neurite outgrowth was assessed by counting cells that were positive for both MAP2 and DAPI. Images 
were captured with the ImageXpress System (Molecular Devices, Sunnyvale, CA), and the Neurite Outgrowth Module of 
the MetaXpress software (Molecular Devices) was used to analyze the number of neurons, total neurite length per cell, 
and the number of neurite processes and branches per cell.

Immunofluorescence (IF) Staining
For immunofluorescence (IF) staining, mice were first anesthetized and then perfused through the heart with PBS 
containing 4% paraformaldehyde (PFA). The brains were removed and fixed in 4% PFA for 2 hours, followed by 
dehydration. The tissue was then sectioned using a cryostat to prepare slices. The slides with tissue sections were 
incubated with various primary antibodies: GFP (Genetex GTX26662; Hsinchu, Taiwan), MAP2 (Abcam ab5392; 
Cambridge, UK), calbindin (Millipore PC253L; Burlington, MA), ChAT (Millipore AB143), synaptophysin (Millipore 
MAB5258A4), and PSD95 (Millipore MABN68). For detection, AlexaFluor-conjugated secondary antibodies (Thermo 
Fisher Scientific, Waltham, MA) were used. The sections were then counterstained with DAPI and mounted with 
a coverslip using mounting medium (Dako, Glostrup, Denmark). Quantification of immunoreactive cells was performed 
in a blinded manner. Data were collected from 20 randomly chosen images per mouse, using a 20x objective lens, from 
coronal brain sections.

Western Blotting
Tissue extracts were obtained from the hippocampus following our established protocol.10 Protein concentrations were 
measured using a Bioray assay. Proteins were then separated by electrophoresis on a 10% sodium dodecyl sulfate- 
polyacrylamide gel (SDS-PAGE) and transferred to a membrane for Western blot analysis. Detection was carried out 
using primary antibodies against PSD95, synaptophysin, brain-derived neurotrophic factor (BDNF) (GeneTex 
GTX17884), and β-actin (Sigma A5316). The bands were visualized and quantified with ImageJ software. To ensure 
accurate comparison of protein levels, the intensity of each band was normalized to β-actin.

Statistical Analysis
All data are expressed as the mean ± standard error of the mean (SEM). Data with a normal distribution were analyzed 
using one-way ANOVA, followed by Tukey’s post hoc test for multiple comparisons, or Student’s t-test for comparing 
two groups. Data that did not follow a normal distribution were analyzed using the Kruskal–Wallis test with Dunn’s post 
hoc test for multiple comparisons, or the Mann–Whitney U-test for comparing two groups. Statistical significance was set 
at P < 0.05.

Results
Assessment of the Combined Effect of ChEI Treatment and Stem Cell Transplantation 
in Alzheimer’s Disease Mice
In the experimental design, five groups were established: (1) Wildtype (WT) mice + vehicle (Veh), (2) 5xFAD transgenic 
(Tg) mice + Veh, (3) Tg + donepezil, (4) Tg + NSC transplantation, and (5) Tg + NSC + donepezil. GFP-expressing 
NSCs were transplanted into the hippocampal dentate gyrus of 6-month-old Tg mice. Donepezil was administered via 
daily subcutaneous injections at a dose of 0.3 mg/kg for 4 weeks, with saline used as the vehicle control. Together, 
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4 weeks post-NSC transplantation and donepezil/vehicle administration, the mice underwent behavioral testing and were 
then sacrificed for subsequent biochemical analyses.

To determine the impact of combining cholinesterase inhibitor (ChEI) treatment with stem cell transplantation in 
Alzheimer’s disease (AD) mice, we first evaluated spatial memory in AD mice post-treatment using the Morris water 
maze task. Results demonstrated that AD mice showed significant cognitive impairment in escape latency. Both NSC 
transplantation and donepezil treatment individually improved escape latency, but the combination therapy provided an 
even greater recovery in spatial memory (Figure 1A). Next, we performed the probe test to measure memory retention 
and consolidation after escape training. Results indicated that the combination of NSCs and donepezil significantly 
enhanced memory retention and consolidation (Figure 1B and C). Additionally, the novel object recognition test was 
used to assess recognition abilities in AD mice following treatment. Data indicated that the combined therapy was the 
most effective approach for improving recognition abilities in AD mice (Figure 1D). Overall, these findings suggest that 
the combined therapy of NSCs and donepezil produces synergistic effects, offering superior efficacy in improving 
behavioral outcomes in AD mice compared to individual treatments.

Enhancement of Neural Stem Cell Survival and Neuronal Differentiation in 
Alzheimer’s Disease Mice by Donepezil Treatment
To understand how donepezil improves the effectiveness of combined therapy, we first investigated its impact on the 
survival and development of transplanted NSCs. We measured the number of surviving engrafted cells using immuno
fluorescence (IF) staining to detect GFP-expressing cells at 4 weeks after transplantation. Our results indicated that 
donepezil significantly enhanced the survival of these cells in the hippocampal dentate gyrus of Alzheimer’s disease 
(AD) mice (Figure 2A). We then analyzed the neuronal differentiation of the engrafted cells by staining for both GFP and 
the neuronal dendritic marker MAP2. Donepezil treatment led to a greater number of NSC-derived neurons and improved 
neuronal differentiation (Figure 2B). Furthermore, we assessed the potential for the engrafted cells to become granular 
neurons by staining for the granular cell marker calbindin (Figure 2C). The combination of donepezil with the NSCs 
resulted in increased cell survival and a higher proportion of granular neurons. These findings suggest that donepezil 
plays a key role in boosting the survival, neuronal differentiation, and development of granular neurons from transplanted 
NSCs in the AD brain.

Donepezil Enhances Neural Stem Cell Survival and Differentiation Under Aβ Toxicity 
by Increasing ACh and BDNF Levels in Cultured Neurons
To explore how donepezil enhances the effects of transplanted neural stem cells (NSCs), we conducted a conditioned 
medium assay to analyze donepezil’s impact while NSCs present in Aβ toxicity. We first cultured primary neurons and 
evaluated their cell viability after donepezil treatment (Figure 3A). Furthermore, donepezil treatment elevated both ACh 
and brain-derived neurotrophic factor (BDNF) levels in these neurons (Figure 3B and C). We then collected conditioned 
medium from neurons treated with or without donepezil and applied it to NSCs exposed to Aβ toxicity, and conducted IF 
staining for MAP2 to evaluate levels of neuronal differentiation and neurite outgrowth (Figure 3D). The quantified results 
indicated that Aβ exposure severely impaired NSC survival, neuronal differentiation, and neurite outgrowth. However, 
the conditioned medium from donepezil-treated neurons preserved NSC survival and differentiation, and improved 
neurite outgrowth, including total neurite length and the number of branches. Importantly, the positive effects of the 
conditioned medium were reversed when ACh receptors of NSCs were blocked by atropine (Figure 3E). These results 
suggest that donepezil supports NSC survival, neuronal differentiation, and neurite development under Aβ toxicity by 
boosting ACh and BDNF levels from adjacent neurons.

Integration and Functionality of Engrafted Neural Stem Cells in the Hippocampal 
Circuits of Alzheimer’s Disease Mice
To explore the ability of engrafted cells to integrate into endogenous hippocampal circuits, we performed IF staining for 
GFP, PSD95, and ChAT in NSCs transplanted into AD mice, assessed 4 weeks post-transplantation (Figure 4A). The 
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transplanted cells successfully integrated into the granular cell layer of the hippocampal dentate gyrus, extending 
dendrites into the molecular layer and expressing the post-synaptic marker PSD95. Notably, the PSD95 staining from 
engrafted cells colocalized with ChAT immunoreactivity, indicating that these cells are receiving cholinergic inputs from 

Figure 1 Donepezil treatment enhanced the effectiveness of NSC transplantation in improving behavioral outcomes in AD mice. (A) The Morris water maze escape 
latency was measured 4 weeks after NSC transplantation and donepezil treatment. *Transgenic (Tg) + Veh mice vs Wiltype (WT) + Vehicle (Veh) mice, @Tg + Veh 
mice vs Tg + NSC + Donepezil mice, $Tg + Veh mice vs Tg + NSC mice, #Tg + NSC mice vs Tg + NSC + Donepezil mice, &Tg + NSC mice vs Tg + NSC + 
Donepezil mice. Statistical significance is indicated by *, @, $, #, & for p < 0.05. **, $$ for p < 0.01. ***, @@@ for p < 0.001, as determined by the Kruskal–Wallis test 
with the Dunn post hoc test. (B) Representative paths from the probe trial test, captured from video recordings. (C) Quantitative results showing time spent in the 
target quadrant (left panel) and the number of times the hidden platform was crossed (right panel) in the probe test. (D) The novel object recognition test was 
conducted 4 weeks after NSC transplantation and donepezil treatment. Data are presented as mean ± SEM with N=6 per group. Statistical significance is indicated by 
* for p < 0.05, ** for p < 0.01, and *** for p < 0.001, as determined by the Kruskal–Wallis test with the Dunn post hoc test.
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the host brain. This was observed in AD mice with or without donepezil treatment, suggesting that the engrafted cells can 
integrate into the hippocampal dentate gyrus and interact with the host’s cholinergic system.

To further investigate the potential of engrafted cells and the impact of donepezil treatment, we assessed dendritic 
spine formation in these cells 4 weeks post-transplantation. The engrafted cells displayed dendritic spine structures, and 

Figure 2 Donepezil treatment enhanced the survival, neuronal differentiation, and granular neuron formation of transplanted NSCs 4 weeks post-transplantation. (A) Representative 
images showing immunofluorescence (IF) staining of engrafted NSCs in the hippocampus of AD mice, with or without donepezil treatment. DAPI staining (blue) highlights the nuclei (left 
top and left bottom). Scale bar: 50 μm. The area outlined by the white dashed line is further magnified for presentation (right top and right bottom). Scale bar: 25 μm. (B) Quantification 
of green fluorescent protein (GFP)-expressing cells that survived, based on IF staining data (right panel). (C) IF staining for GFP and microtubule-associated protein 2 (MAP2) to assess 
neuronal differentiation 4 weeks after transplantation with or without donepezil treatment (left top). Scale bar: 50 μm. The area outlined by the white dashed line is further magnified for 
presentation (right top, left bottom, and right bottom). Scale bar: 25 μm. (D) Quantification of cells that are positive for both MAP2 and GFP (right panel). (E) IF staining for GFP and 
calbindin to evaluate granular neuron differentiation 4 weeks post-transplantation with or without donepezil treatment (left top). Scale bar: 50 μm. The area outlined by the white 
dashed line is further magnified for presentation (right top, left bottom, and right bottom). Scale bar: 25 μm. (F) Quantification of cells positive for both calbindin and GFP (right panel). 
Data are presented as mean ± SEM with N=6 per group. Statistical significance is indicated by * for p < 0.05 and ** for p < 0.01, as analyzed by the Mann–Whitney test.
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Figure 3 Donepezil-conditioned medium enhanced the survival, neuronal differentiation, and neurite outgrowth of NSCs exposed to Aβ toxicity. (A) Determination of the 
dose and cell viability for primary neuronal response to donepezil in vitro. (B) Enzyme-Linked Immunosorbent Assay (ELISA) results showing acetylcholine (ACh) levels in 
the culture medium from primary neurons with or without donepezil treatment. Data are presented as mean ± SEM with N=5 independent experiments per group. 
Statistical significance is indicated by * for p < 0.05, analyzed by the Mann–Whitney test. (C) ELISA results showing brain-derived neurotrophic factor (BDNF) levels in the 
culture medium from primary neurons with or without donepezil treatment. Data are presented as mean ± SEM with N=5 per group. Statistical significance is indicated by 
*** for p < 0.001, analyzed by the Mann–Whitney test. (D) Representative images of immunofluorescence (IF) staining for MAP2 in NSCs treated with Aβ for 5 days to 
assess neuronal differentiation. The effects of donepezil-conditioned medium on neuronal viability, differentiation, and neurite outgrowth were evaluated. Scale bar: 50 μm. 
(E) Quantification of cell viability, neuronal differentiation, total dendrite length, and number of branches per cell. Data are presented as mean ± SEM with N=5 independent 
experiments per group. Statistical significance is indicated by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, analyzed by the Kruskal–Wallis test with the Dunn post hoc 
test. 
Abbreviations: Veh, vehicle; Don, donepezil; ATR, atropine.
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Figure 4 Engrafted cells received synaptic input from endogenous cholinergic neurons, developed dendritic spines, and established synaptic connections with native neurons in the 
brains of AD mice. (A) Left: IF staining for choline acetyl transferase (ChAT), postsynaptic density protein 95 (PSD95), and GFP in engrafted cells 4 weeks post-transplantation. Right: 
Magnified images from the boxed area in the left panel show PSD95 distribution on the dendrites of engrafted cells and its colocalization with ChAT immunoreactivity from endogenous 
neurons. Scale bar: 25 μm. (B) Left upper: Representative confocal microscopy image showing the structure of dendritic spines in engrafted cells. Scale bar: 10 μm. Left lower: Magnified 
images from the boxed area in the left upper panel. Right: Quantification of the number of dendritic spines in NSCs transplanted into AD mice, with or without donepezil treatment. 
Data are presented as mean ± SEM with N=6 per group. Statistical significance is indicated by * for p < 0.05, analyzed by the Mann–Whitney test. (C) Left: IF staining for GFP and 
synaptophysin (SYP) in NSCs transplanted into AD mice. Scale bar: 100 μm. Right Upper: Magnified image from the boxed area in the left panel. Scale bar: 25 μm. Right Lower: Magnified 
image focusing solely on SYP immunoreactivity from the same boxed area. Scale bar: 25 μm.
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donepezil treatment enhanced dendritic spine density (Figure 4B), indicating an increased capacity for the development 
of excitatory synaptic structures.17 Additionally, we performed IF staining for GFP and synaptophysin to examine the 
capability of the engrafted cells to establish synaptic connections with host neurons. The co-localization of GFP 
immunoreactivity from engrafted cells and synaptophysin immunoreactivity from endogenous neurons was observed 
in NSC-transplanted mice, both with and without donepezil treatment (Figure 4C). These findings suggest that donepezil 
treatment enhances dendritic spine formation in engrafted cells and that these cells are capable of forming synaptic 
connections with the host brain circuits.

Synergistic Effects of Combined Therapy on Synaptic Density and BDNF Levels in 
Alzheimer’s Disease Mice
To further assess the contribution of engrafted cells to synaptic formation, we measured synaptic density in AD mice to 
evaluate the therapeutic potential of our strategies. Immunofluorescence (IF) staining for synaptophysin was conducted to 
quantify synaptic density. The data revealed that AD mice exhibited a significant reduction in synaptic density within the 
molecular layer of the hippocampus. Both donepezil injection and NSC transplantation alone had modest effects in 
promoting the recovery of synaptic density. However, the combination therapy demonstrated a significant improvement 
in synaptic density (Figure 5).

Additionally, we performed Western blot analysis on hippocampal lysates to measure the levels of synaptophysin, 
PSD95, and BDNF in vivo. The Western blot results were consistent with the immunostaining findings; the combined 
therapy showed a marked positive effect in mitigating synaptic loss in AD mice (Figure 6). Furthermore, BDNF levels 

Figure 5 Combined donepezil and NSC transplantation treatment demonstrated the most effective recovery of synaptic density in AD mice. (A) Upper Panel: 
Representative confocal microscopy image showing SYP immunoreactivity in the hippocampus of AD mice 4 weeks after NSC transplantation. Scale bar: 50 μm. Lower 
Panel: Magnified images from the boxed region in the upper panel, highlighting details of SYP immunoreactivity. Scale bar: 25 μm. (B) Quantification of synaptic density from 
the immunofluorescence-stained images (lower panel). Data are shown as mean ± SEM (%), with N=6 per group. Statistical significance is indicated by * for p < 0.05 and *** 
for p < 0.001, analyzed by the Kruskal–Wallis test with the Dunn post hoc test. 
Abbreviations: GL, granule cell layer; ML, molecular layer.
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were elevated in AD mice following the combined therapy. These results confirm that the combined therapy exerts 
a synergistic effect in ameliorating synaptic loss and increasing BDNF levels in AD mice.

Discussion
This study highlights the synergistic effects of combining donepezil treatment with NSC transplantation, demonstrating 
that this approach enhances cognitive function and restores synaptic density in AD mice. Notably, donepezil treatment 
improved both the survival and neuronal differentiation of the transplanted cells. To our knowledge, this is the first study 
to report such a synergistic effect between donepezil and NSC transplantation. Given the current lack of effective 
therapies for AD and the pressing healthcare needs, our findings offer valuable insights for developing new treatment 
strategies.

Emerging evidence indicates that impaired neurogenesis contributes to AD progression.18 Significant neuronal loss is 
observed even in early stages of AD,19 and various molecules involved in AD, such as ApoE, PS1, and APP, have been 
linked to the modulation of neurogenesis.20 Several existing drugs, including erythropoietin,21 granulocyte colony- 
stimulating factor,16 and certain antidepressants,22,23 have shown potential to promote neurogenesis in animal models. 
Notably, donepezil also appears to support neurogenesis,24 making it a promising candidate for AD intervention or 
prevention. Our previous research emphasized the importance of neurogenesis in NSC-based therapies for AD, particu
larly for the survival and integration of transplanted NSCs into the hippocampal circuitry.10,11 This suggests that the 
effectiveness of such therapies is closely tied to the neuronal fate of the transplanted cells. Our data demonstrate that 
donepezil treatment enhances cell survival and neuronal differentiation in AD mice, leading to significant improvements 
in behavioral outcomes. Additionally, environmental factors influence the survival, differentiation, and functional 
maturation of NSCs,25 and the adverse conditions in the AD brain, such as harmful proteins and inflammatory factors, 

Figure 6 Combined donepezil treatment and NSC transplantation exhibited synergistic effects in restoring synaptic density and brain-derived trophic factor (BDNF) levels. 
(A) Representative Western blot images showing the expression of PSD95, SYP, and BDNF in the hippocampus 4 weeks after NSC transplantation. (B) Quantification of the 
protein levels for PSD95, SYP, and BDNF. Data are presented as mean ± SEM (%), with N=6 per group. Statistical significance is indicated by * for p < 0.05, ** for p < 0.01, 
and *** for p < 0.001, analyzed by the Kruskal–Wallis test with the Dunn post hoc test.
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can reduce the effectiveness of NSC transplantation.10 Our study shows that donepezil supplementation improves the 
survival, neuronal specification, and growth of engrafted cells, supporting the viability and effectiveness of NSC-based 
therapies for AD.

Cholinergic projections play a role in regulating the activity of resident NSCs, affecting their proliferation, survival, 
and neurogenesis.13 Acetylcholine (ACh) is known to influence neuronal differentiation during development. Both 
muscarinic and nicotinic ACh receptors affect processes like apoptosis, cellular proliferation, and neuronal differentiation 
by activating downstream signaling pathways such as Ras-mitogen activated protein kinase, phosphatidylinositol 
3-kinase-Akt, protein kinase C, and c-Src.14 Our study shows that transplanted cells form synaptic connections with 
endogenous cholinergic terminals, and we propose that donepezil enhances these cells’ survival and differentiation 
through these signaling pathways.

Previous studies have shown that donepezil can increase levels of brain-derived neurotrophic factor (BDNF) and 
restore synaptic density,6–8,26 which are important for mitigating AD-related pathogenesis. We confirmed that donepezil 
treatment raises BDNF levels both in vivo and in vitro. We propose that BDNF, released by engrafted cells and enhanced 
by donepezil, plays a crucial role in the synergistic effects of combined donepezil and NSC transplantation. BDNF is 
vital for synaptic plasticity, neuronal survival, differentiation, and learning/memory processes.27 It also has neuropro
tective properties, helping neurons resist Aβ toxicity and reducing Aβ deposition via the APOE receptor SORL1.28 

Additionally, BDNF supports neurite outgrowth and synaptic plasticity.29 Given its role in synaptic plasticity, which is 
closely linked to AD progression and is reversible and dynamic,30–32 BDNF’s involvement in restoring synaptic density 
and cognitive function suggests that it is a key player in the combined therapeutic effects of donepezil and NSC 
transplantation.

Conclusions
Our findings indicate that donepezil enhances the effectiveness of NSC-based therapies. Donepezil treatment improves 
the survival and neuronal differentiation of transplanted NSCs by interacting with endogenous cholinergic neurons 
through synaptic connections. This results in a synergistic effect that leads to better behavioral outcomes in AD mice. 
Additionally, the combined therapy helps restore key pathological features, such as synaptic density and BDNF levels. 
Overall, these results offer valuable insights for developing new treatment strategies for AD and emphasize the potential 
of using ChEIs to boost the effectiveness of NSC-based therapies.
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