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Abstract
Alzheimer’s disease is a progressive and age-related neurodegenerative disorder that is manifested by neuropathological 
changes and clinical symptoms. Recently, cell-based therapeutic interventions have been considered as the promising and 
effective strategies in this field. Herein, we investigated therapeutic effects of neural stem cell secretome on Alzheimer’s 
disease-like model by triggering of Wnt/β-catenin signaling pathway. In this study, mice were randomly allocated into three 
different groups as follows: Control, AD + Vehicle, and AD + NSCs-CM groups. To induce mouse model of AD, Aβ1-42 
was injected into intracerebroventricular region. Following AD-like confirmation through thioflavin S staining and Passive 
avoidance test, about 5 µl mouse NSCs-CM was injected into the target areas 21 days after AD induction. For evaluation of 
endogenous proliferation rate (BrdU/Nestin+ cells), 50 µg/kbW BrdU was intraperitoneally injected for 5 consecutive days. 
To track NSC differentiation, percent of BrdU/NeuN+ cells were monitored via immunofluorescence staining. Histological 
Nissl staining was done to neurotoxicity and cell death in AD mice after NSCs-CM injection. Morris Water maze test was 
performed to assess learning and memory performance. Data showed that NSCs-CM could reverse the learning and memory 
deficits associated with Aβ pathology. The reduced expression of Wnt/β-catenin-related genes such as PI3K, Akt, MAPK, and 
ERK in AD mice was increased. Along with these changes, NSCs-CM suppressed overactivity of GSK3β activity induced by 
Aβ deposition. Besides, NSCs increased BrdU/Nestin+ and BrdU/NeuN+ cells in a paracrine manner, indicating prolifera-
tion and neural differentiation of NSCs. Moreover, neurotoxicity rate and cell loss were deceased after NSCs-CM injection. 
In summary, NSCs can regulate adult neurogenesis through modulating of Wnt/β-catenin signaling pathway and enhance 
the behavioral performance in the AD mice. These data present the alternative and effective approach in the management of 
AD and other cognitive impairments.
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NGF	� Nerve growth factor
NSCs-CM	� Neural stem cell condition medium

Background

AD is one of the common forms of neurodegenerative disor-
ders accounting for 70℅ of the dementia cases in the elderly 
populations (Alzheimer’s Association, 2016; Plassman et al., 
2007). AD-related pathologies are associated with neuronal 
loss, synaptic deficiency, cognitive impairments, and lead to 
severe clinical symptoms including learning disability, pro-
gressive memory loss, psychosocial problems, and incapabil-
ity to retain daily activities (Patterson, 2018; Scheltens et al., 
2016; Walsh & Selkoe, 2004). Globally, over 50 million peo-
ple suffer from AD and it is predicted that this number will 
be increased up to quadruplet by 2050 particularly in low-
income countries (Esfandiary et al., 2018; Patterson, 2018). 
Aβ plaques and neurofibrillary tau tangles as the primary 
microscopic neuropathological findings are detectable in the 
early stages of AD. These changes can promote inflammatory 
response, neurotoxicity, and brain atrophy (Terry et al., 1991; 
Iqbal et al., 2016; Chen & Mobley, 2019). The peptide Aβ 
is produced by the enzymatic activity of β and γ-secretases 
on amyloid β-precursor protein. These enzymes are located 
at the extracellular and cytosolic sides of neural cell mem-
brane, respectively (Deng et al., 2013; Wang et al., 2019). In 
AD patients, the aggregation of Aβ monomers, as common 
pathological finding, supports Aβ plaques deposition around 
the neurites, synaptic surface area, and blood vessels periph-
ery (Selkoe & Hardy, 2016; Serrano-Pozo et al., 2011). In 
the normal condition, Tau protein stabilizes and organizes 
the orientation and configuration of the intracellular micro-
tubules, leading to regulation of chemicals, nutrients, and 
axonal transportation (Ameri et al., 2020; Drubin & Kirsch-
ner, 1986; Weingarten et al., 1975). Upon onset of AD, tau 
protein is excessively phosphorylated where the accumula-
tion of tangled clumps inside cytosol induces neurotoxicity 
(Binder et al., 2005; Grundke-Iqbal et al., 1986). Apart from 
this fact, these changes separate microtubule subunits and 
disrupted uniformity inhibits axonal transportation and mes-
sage conduction (Ebneth et al., 1998; Hoover et al., 2010). 
Growing evidence shows that in AD condition, Aβ plaques 
binds to Wnt receptors and lead to activation of GSK-3β and 
Tau protein hyperphosphorylation. (Hernández et al., 2010; 
Hooper et al., 2008; Magdesian et al., 2008). As a correlate, 
the Aβ plaques and NFTs coincided with neuronal loss and 
failure cells communication (Alonso et al., 1997; Gouras 
et al., 2000). Therefore, aberrant cellular and molecular sign-
aling pathways activity, inflamed conditions, lack of trophic 
factors, glial scar formation, extensive cell death, and decline 
of neurogenesis are the main consequences of AD and other 

cognitive impairments (Clevers & Nusse, 2012; Heneka 
et al., 2015; Lempriere, 2019).

Neurogenesis is a physiological and neural structural 
plasticity phenomenon that occurs in the embryonic and 
adult periods in rodents and humans (Eriksson et al., 1998; 
Ming & Song, 2011). This is a multiphase process includes 
proliferation, migration, differentiation of NSCs, and inte-
gration of the new-generating neurons into the pre-existing 
host tissue in the subgranular zone of the dentate gyrus in 
the hippocampus (Gage, 2019; Ming & Song, 2011). Several 
studies and experiments have shown that there is a close cor-
relation between AD development and neurogenesis impair-
ment (Moreno-Jiménez et al., 2019; Zhao et al., 2008). One 
of the therapeutic implications in AD patients is related to 
the regulation of neurogenesis and behavior of NSCs in the 
adult dentate gyrus of hippocampus (Baptista & Andrade, 
2018; Diaz Brinton & Ming Wang, 2006; Kempermann 
et al., 1997). In this regarding, the crucial role of various 
molecular and cellular signaling pathways such as notch, 
sonic hedgehog, (BMP/SMAD), Wnt, and JNK have been 
documented in the in-vitro and in-vivo experiments (Faigle 
& Song, 2013; Kwak et al., 2014).

Because of fundamental role of Wnt/β-catenin signaling 
pathway in neural development, neurogenesis, GSK-3β inac-
tivation, and Tauopathy suppression, this signaling axis is 
at the center of attention (Patapoutian & Reichardt, 2000; 
Wodarz & Nusse, 1998). Besides, Wnt/β-catenin signaling 
pathway regulates the structure and function of neurogenic 
niches and hippocampal neurogenesis; likewise, it seems 
that Wnt/β-catenin can rescue the Aβ-induced functional 
deficits (Rosso & Inestrosa, 2013; Wan et al., 2014). The 
activity of this pathway is regulated by neurotrophic factors 
(Chen et al., 2013; Rosso & Inestrosa, 2013). Considering 
the paracrine activity and potency of NSCs to release the 
neurotrophic factors (Lu et al., 2003), therefore, in the pre-
sent study, we decided to examine the possible efficiency 
of NSCs-CM on Wnt/β-catenin signaling pathway, neuro-
genesis, and functional performance in the in-vivo setting.

Material and Methods

Study Design and Ethical Issues

In this study, 8-week-old BALB/c male mice (n = 36), 
weighing 40–50 gr, were purchased from the animal 
house at Tabriz University of Medical Science. All mice 
were maintained under an air conditioned with constant 
temperature (23 ± 1  °C) and 12-h light–dark cycle for 
2 weeks. All of the animals were accessed to chewing pel-
lets and water during the experiment. All the experiments 
were conducted according to internationally accepted 
guidelines and approved by a local ethics committee of 
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Tabriz University of Medical Sciences (IR.TBZMED.
VCR.REC.1397.239). After adaptation and acclimati-
zation period, mice were randomly assigned into three 
groups, each in 12, as follows: Control (AD + vehicle) and 
(AD + NSCs-CM). In the AD + vehicle group, the mice 
were received just 5 µl PBS. In the AD + NSCs-CM group, 
NSCs-CM was injected into bilateral ventricles following 
confirmation of mice AD-like induction (Supplementary 
Fig. 1).

NSC Isolation

In the current study, three pregnant mice with 14-day 
embryo were sacrificed after anesthesia. The abdominal 
cavity was exposed and the embryos transferred into the 
culture dish containing DMEM/F-12 (Cat no: 21331-020; 
Gibco) plus 5% Pen-Strep solution (Cat no: 15140122; 
Gibco). Under operating microscope, the brains were dis-
sected and ganglionic eminences were removed. After 
several washes with cold PBS, NSCs were isolated using 
mechanical chopping and Trypsin–EDTA enzymatic diges-
tion for 3 min. Next, cell suspension was centrifuged at 
700 rpm for 5 min and harvested single cells were cultured 
(50,000 cells/cm2) in DMEM/F-12 supplemented with 1% 
Pen-Strep, 2% B27 (Cat no: 17504044; Gibco), 20 ng/mL 
EGF (Gibco), 10 ng/mL (Gibco), and 2 μg/ml heparin 
and were incubated at 37 °C with 5% CO2. In the primary 
culture, these cells in 7–10 days after plating produce 
neurospheres with diameter approximately 200–250 µm. 
Following the first passage, the cells were sub-cultured 
and neurospheres were passaged every 5–7 days. NSCs at 
passages 3–5 were used to all analyses (Azari et al., 2011; 
Leeson et al., 2018).

Characterization of NSCs

The morphology of NSC neurospheres was assessed under a 
bright-field microscope for 9 days. To confirm the stemness 
feature of isolated cells, we performed immunofluorescence 
analysis of nestin (Azari, 2013; Leeson et al., 2018; Vafaei 
et al., 2021). NSCs at the 3 passages were detached and 
about 1 × 104 cells seeded at each well of eight-well cham-
ber slide (SPL) pre-coated with laminin 1 µg/CM2. Upon 
70–80% confluence, cells were fixed with 4% paraformal-
dehyde (PFA) for 20 min, permeabilized with Triton-X100 
solution, and blocked with 1% BSA for 30 min. Cells were 
incubated with the PE-conjugated anti-Nestin antibody for 
2 h at RT. After PBS washes, nuclei were stained with DAPI 
stain. Ultimately, the cells were visualized using by Olympus 
microscope (Model: BX41) and the percent of nestin+ cells 
was calculated. Three sets of experiments were performed.

ELISA

To evaluate the paracrine activity of NSCs, we performed 
the ELISA assay (Jahed et al., 2021; Rhee et al., 2016). 
Briefly, the CM was harvested and centrifuged at 300 and 
2000 × g for 10 min at 4 °C, respectively. For sterilization, 
CM was filtered using 0.22-μm-sized filters to eliminate the 
cellular debris. Then, CM was transferred to the Amicon 
Ultra-15 centrifugal filter and centrifuged (with cut off 40 
kD) at 4000 × g at 4 °C for 10 min. Finally, the concentrated 
CM was washed with PBS and stored in − 20 °C until use. 
ELISA assay was applied to determine BDNF and NGF lev-
els according to the manufacturer’s instructions and absorb-
ance was read at 450 nm using microplate reader (BioTek).

AD‑Like Model Induction

For the induction of AD-like mouse model, Aβ1-42 was 
injected into the ICV space using stereotaxic surgery (Kim 
et al., 2016; Lee et al., 2020; Schmid et al., 2017). In brief, 
1 mM Aβ1-42 was dissolved in 0.1 M PBS and aggregated 
by the incubation at 37  °C for 5 days. The mice in the 
(AD + vehicle) and (AD + NSCs-CM) groups were intra-
peritoneally anesthetized with the injection of the 80 mg/
kg Ketamine and 10 mg/kg Xylazine along with the control 
of body temperature using a rectal probe and a thermocou-
ple device throughout the experiments. The animals were 
placed onto stereotaxic apparatus (Stoelting, USA) and the 
target site (AP: − 0.8, ML: ± 1.4, and DV: − 4 mm) was 
localized using the stereotaxic atlas of Paxinos and Watson. 
Then, 100 µM Aβ1-42 (Sigma, St. Louis, MO) was injected 
into ICV bilaterally. After surgery, the mice were placed in 
heated chambers at the recovery room and returned to the 
home cage. Passive avoidance test was performed to assess 
the learning and memory impairment and AD confirmation 
on the 21 days following surgery.

Detection of Aβ Plaques Formation and Deposition

Thioflavin S staining was performed to determine the 
toxic effects of Aβ1-42 on neural cells and amyloid β sheet 
plaques formation (Ly et al., 2011; Rajamohamedsait & Sig-
urdsson, 2012). In brief, 21 days after Ad induction, 3 mice 
were randomly closed from the AD group, sacrificed and 
brain dissected and hippocampus was removed. Following 
fixation, tissue processing, and embedding in paraffin, the 
tissue sections were mounted on glass slides and dried at 
room temperature. Then the sections were deparaffinized, 
hydrated in descending alcohols washed in water, and then 
stained with 1% Thioflavin S for 30 min. Thereafter, the sec-
tions were dehydrated by incubating the sections in ascend-
ing alcohols, cleared in xylene, coverslipped with mounting 
media, and visualized under a fluorescence microscope.
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Passive Avoidance Test

A passive avoidance test was done using the shuttle-box 
apparatus to evaluate the learning capacity and memory 
retention (Esfandiary et al., 2015; Karimipour et al., 2019; 
Xie et al., 2018). This test was scheduled into adaptation, 
training, and probe steps in 3 consecutive days. In the adap-
tation stage, the mice were habituated to a shuttle-box envi-
ronment. In the training step, the mice were placed in the 
light chamber and one minute later, the guillotine door was 
opened and once the animal was entered into the dark cham-
ber, received an electric shock (40 V, 0.5 A. 2 s). On the 
probe test, the mice were placed into the light chamber and 
allowed to enter into the dark chamber in the 5-min period. 
Step-through latency was considered as the memory reten-
tion or retrieval index.

Transplantation of NSCs‑CM

After AD confirmation and completion of passive avoid-
ance test, the NSCs-CM was bilaterally delivered into ICV 
(Nakano et al., 2020). Using stereotaxic apparatus, 5 µl 
NSCs-CM was injected into ICV using micro pump injection 
with 1 µl/min velocity rate. To prevent of backflow, the nee-
dle was kept at the site of injection for 5 additional minutes.

BrdU Administration

For labeling of endogenous NSCs, 10 mg/ml BrdU (Sigma) 
was dissolved in 0.9% normal saline and sterilized using 
0.22-µm microfilters. Then, 50 mg/kbw BrdU was intraperi-
toneally injected for 7 consecutive days.

MWM Performance Procedure

MWM task was conducted to explore the spatial learning 
and memory capacity on the 28 days after the last BrdU 
injection (Esfandiary et al., 2014; Karimipour et al., 2019; 
Nakano et al., 2016, 2020). Briefly, in the maze room, a 
tank (180 cm in diameter and 60 cm in high) was filled with 
water (22 ± 1 °C) and a platform was submerged in the tank 
below 2 cm the water surface. The tank virtually was divided 
into 4 identical quadrants and visual cues and signs were 
included in all directions in the maze room. In the habitu-
ation phase, the mice were placed in a random direction 
and allowed to swim in the pool without a platform for the 
60 s. The training phase was designed into 5 blocks and 4 
trials in every block for 5 consecutive days. In all trials, the 
mice were placed in the tank in a randomly starting position 
and allowed to find the hidden platform in the 60 s. After 
reaching the platform, they were allowed to stay there for 
the 30 s and then returned to the holding cage for 10 min 
until the next task. If the animal could not find the platform, 

they were gently guided to the platform and allowed to stay 
there for the 30 s. In all trials, escape latency (taking time 
to reach and find the platform) and the distance traveled 
by the mice were evaluated. In the probe trial (Test day), 
the platform was removed and the average time spent in the 
target quadrant was measured where the platform located in 
the training trials.

Tissue Sampling and Preparation

In the current study, tissue sampling was done in two dis-
tinctive time periods and the mice were sacrificed and hip-
pocampus subjected to molecular, cellular, and histological 
analyses as previously described (Karimipour et al., 2019). 
The first tissue sampling (3 per group) was performed 1 
day following the last BrdU injection for evaluation of the 
endogenous NSCs proliferation indicated by BrdU/Nestin 
double immunofluorescence (IF) staining. The second tis-
sue sampling was performed after the MWM test to inves-
tigate the Real-time RT-PCR analysis (n = 3 per group), 
Nissl staining (3 per group), and neurogenesis (3 per group) 
indicated by BrdU/NeuN-double labeling. For histologi-
cal and cellular investigations, the mice were anesthetized 
and perfused with normal saline and followed by 4℅ para-
formaldehyde. Following decapitation and brain dissection, 
the right hippocampi were removed and post-fixed in 4℅ 
paraformaldehyde overnight at 4 °C. The next day, samples 
were washed in tap water and processed using Benchtop 
Tissue Processor and embedded in paraffin. For immuno-
fluorescence and Nissl staining, 12 coronal serial sections 
were prepared using systematic uniform random sampling 
design. For gene expression analysis, mice were generally 
anesthetized and decapitated. Brains were removed, the right 
hemispheres dissected, and hippocampi stored at − 80 °C 
until use.

Double‑IF Staining

To assess the potential effect of NSCs-CM on endogenous 
NSCs proliferation and neurogenesis, we monitored the 
percent of BrdU/Nestin and BrdU/NeuN double-IF stain-
ing on days 1 and 35 days after last BrdU injection. In 
brief, 5-µm-thick sections were mounted on the slides 
pre-coated with Poly-l-lysine. Then, the slides were 
deparaffinized, rehydrated in decreasing ethanol solu-
tions, and incubated in Tris-buffered saline (TBS; 0.1 M 
Tris–HCl, pH 7.4, and 0.9% NaCl) for 10 min. For anti-
gen retrieval, the sections were incubated in pre-heated 
10 mM sodium citrate buffer for 10 min at 100 °C, and 
then the sections incubated in 2 N HCL at 37  °C for 
30 min to promote DNA denaturation. The samples were 
neutralized by incubating the slides in 0.1 M boric acid 
(pH 8.5) solution for 10 min at RT followed by washing 



428	 NeuroMolecular Medicine (2022) 24:424–436

1 3

TBS. To reduce non-specific binding, the slides were 
incubated in blocking solution TBS++ (TBS + 3% goat 
serum + 0.3% Triton-X 100) for 30 min at RT. Then, the 
sections were incubated in a mixture of primary anti-
bodies (mouse monoclonal anti-Nestin antibody, Clone: 
10C2, Cat#: MA1-110, Dilution: 1:100, and mouse mono-
clonal anti-BrdU antibody, Clone: ZBU30, Cat#: 03-390, 
Dilution: 1:100). The next day, the sections were incu-
bated in a mixture of secondary antibodies (Alexa Fluor 
594 conjugated goat anti-mouse secondary antibody, Cat 
# A-11032, Dilution: 1:1000 and Alexa Fluor 488 conju-
gated goat anti-mouse secondary antibody, Cat # A28175, 
Dilution: 1:2000) after several washes with TBS in a dark 
place at RT for 1 h. For nuclear counterstaining, the slides 
were incubated with DAPI (Sigma-Aldrich) for 3 min. 
After two washes with TBS, the slides were mounted, 
coverslipped, and visualized with a fluorescence micro-
scope (Zeiss, Axiophot, Germany). To examine the neu-
rogenesis phenomenon and BrdU/NeuN double-IF stain-
ing, the same protocol was used. In this case, all of the 
above-mentioned antibodies were used except the primary 
mouse antibody anti-NeuN (Millipore, clone A60, cat#: 
MAB377, Dilution: 1:100), which was replaced by the 
Nestin Mouse Monoclonal Antibody. For quantification, 
ten serial coronal sections with identical interval through 
the entire of the dentate gyrus were selected using sys-
tematic uniform random sampling based on un-biased 
stereological methods and Cavalieri’s principle (Gun-
dersen et al., 1988; Williams & Rakic, 1988). Finally, the 
number of BrdU/Nestin and BrdU/NeuN co-expressing 
cells was counted in the 100 BrdU-positive cells under 
fluorescence microscopy and presented as a percentage 
(Thuret et al., 2009).

Nissl Staining

Following deparaffinization and rehydration, the slides were 
washed in tap water for 5 min and then incubated in pre-
warmed (37–50 °C oven) 0.1% Cresyl violet solution for 
7 min. Then, the slides were rinsed quickly in distilled water 
and differentiated in 95% ethyl alcohol for 5 min. In the next 
step, the slides were dehydrated in the ascending series of 
alcohols, cleared in xylene, and immediately mounted. After 
overnight drying, the slides were visualized and examined 
under a light microscope (Wang et al., 2017). In this case, 
ten serial coronal sections were selected using systematic 
uniform sampling and then the mean number of dead cells 
in 1 mm2 was measured using Image j software.

Real‑Time RT‑PCR Analysis

For gene expression analysis, total RNA was isolated from 
the frozen samples using RNeasy mini-kit (Qiagen). In brief, 
cDNA synthesis was done using Revert AidTM First Strand 
cDNA Synthesis kit (Fermentas, K1621, K1622) accord-
ing to the manufacturer’s instructions. In this study, the 
expression of Akt, Erk1/2, Wnt3a, β-Catenin, and GSK3β 
were measured (Table 1). Relative gene expression analysis 
was performed using Maxima™ SYBR Green/ROX qPCR 
Master Mix (2X) kit (Fermentas, K0221). This assay was 
done in triplicate.

Statistical Analysis

Using GraphPad Prism software and p < 0.05 was consid-
ered statistically significant. The escape latency and swim 
distance in the water maze were analyzed by two-way 
repeated measures ANOVA followed by Tukey’s HSD test 

Table 1   Primer list

F forward, R reverse

Gene Primer Tm (°C)

Wnt3a F: 5′-CAC​CAC​CGT​CAG​CAA​CAG​CC-3′
R: 5′-AGG​AGC​GTG​TCA​CTG​CGA​AAG-3′

58

Β-catenin F: 5′-TCG​TTC​TTT​TCA​CTC​TGG​TGGAT-3′
R: 5′-GTG​GAT​ACC​CCC​TCCCC CAG​CCT​AGACC-3′

63

Gsk3b F: 5′-GAG​CCA​CTG​ATT​ACA​CGT​CCAG-3′
R: 5′-CCA​ACT​GAT​CCA​CAC​CAC​TGTC-3′

63

Akt1 F: 5′-GCT​TCT​ATG​GTG​CGG​AGA​TTGT-3′
R: 5′-CGT​CCT​TGA​TCC​CCT​CCT​TG-3′

63

MAPK F: 5′-ATT​GAT​ATT​TGG​TCT​GTG​GGCT-3′
R: 5′-CCT​GTT​CCA​TGG​CAC​CTT​ATTT-3′

63

ERK F: 5′-TCT​GGT​CTG​TGG​GCT​GCA​TTC-3′
R: 5′-GGT​AGT​TTC​GGG​CCT​TCA​TGT-3′

63

PI3K F: 5′-AGT​AAC​AGA​CTA​GCC​AGA​GACAA-3′
R: 5′-TTG​ACA​GAC​AGA​AGC​AAT​TTGGG-3′

60

β-actin F: 5′-GGC​TGT​ATT​CCC​CTC​CAT​CG-3′
R: 5′-CCA​GTT​GGT​AAC​AAT​GCC​ATGT-3′

60
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for between-subject difference among groups and (within 
subjects) for effects across block interval 1–5 (“BLOCK” 
effect). The probe trial data for percentage of time spent 
in target quadrant were analyzed by multivariate ANOVA 
followed by Tukey’s HSD test as a post hoc analysis. Paired 
t test followed by Tukey’s HSD test as a post hoc analysis 
were performed for evaluation of training and retention tri-
als of passive avoidance test. For other analyses, we used 
One-way ANOVA followed by Tukey’s HSD multiple com-
parison tests unless mentioned.

Results

NSCs Characterization

In this study, the NSCs were isolated from the ganglionic 
eminences of the 14-day-old mouse embryos. Bright-field 
microscopic observations displayed that isolated NSCs 
developed the cell colonies, namely neurospheres 4 to 
5 days after platting. These colonies were grown and reached 
200–250 µm in diameter. In this step, neurospheres were 
subjected to sub-culture procedure (Fig. 1A). Immunocyto-
chemistry analysis showed near 81℅ of isolated NSCs was 
positive for pluripotency marker Nestin (Fig. 1B). These 
data showed the suitability of current protocol in isolation 
of mouse NSCs.

NSCs Released the BDNF and NGF into the CM

To explore whether the NSCs could secrete the neurotrophic 
factors in the CM, we conducted the ELISA assay to meas-
ure BDNF and NGF levels in the CM (Fig. 1C). Our results 
showed that the NSCs release the BDNF and NGF at an 
average of 220 pg/ml ± 72 and 154 pg/ml ± 64, respectively 
(Fig. 1C).

Confirmation of Deposition of Aβ plaques

Thioflavin S staining was used to detect the formation 
and deposition of Aβ plaques. Thioflavin S binds to these 
plaques and is observed in green color under fluorescence 
microscopy which is indicated by yellow arrows (Fig. 2A). 
In the current study, the existence and overexpression of the 
Aβ plaques were increased in the AD group.

Aβ Injection Induced the Impairment of Learning 
and Memory Performance

Data from the passive avoidance test indicated that there 
are significant differences among groups in the duration 
time of step-through latency in the retention (Probe) trial 
on the 21 days after the AD-like induction model (p < 0.05; 

Fig.  2B). Aβ administration significantly increased the 
step-through latency time in the Aβ-injected groups, indi-
cating that Aβ could affect the learning ability and memory 
retrieval.

NSCs‑CM Enhanced the Learning and Memory 
Performance

This task was performed using MWM test. Our results 
showed that there was a significant difference in escape 
latency and swim distance to find the platform in the acqui-
sition phase (Fig. 2B, C). Escape latency and swim distance 
significantly were reduced in the control and (AD + NSCs-
CM) groups relative to the (AD + Vehicle) group during the 
course of the training acquisition phase (BLOCK effect; 
p < 0.001; Fig. 2B, C). In the probe section, the time spent 
in the target quadrant and the average time spent in the other 
non-target quadrants were measured. The statistical analysis 

Fig. 1   Bright-field imaging of NSC culture during 9  days in-vitro 
condition (A). After 5-day incubation, NSCs generated small-size 
spheroids and their sizes reached maximum levels after 9 days. These 
features showed morphological appearance which is typical to neu-
rospheres assay. Immunofluorescence staining of Nestin-positive 
NSCs (B). Data exhibited the expression of Nestin marker, indicating 
the multipotentiality of isolated cells. Measuring levels of NGF and 
BDNF in NSCs-CM after 7 days at passage three, showing the pro-
duction of regenerative factor in NSCs secretome (C).
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revealed that the mean time spent in the target quadrants 
significantly increased in the control and (AD + NSCs-CM) 
groups compared to the (AD + Vehicle) group during the 
probe trial (p < 0.001; Fig. 2D). Taken together, this panel 
implied that the NSCs-CM could promote learning capacity 
and memory retention.

NSCs‑CM Stimulated the NSCs Proliferation 
and Adult Neurogenesis

To investigate the proliferation and neural differentiation of 
endogenous NSCs in the SGZ of the dentate gyrus after 
NSCs-CM injection, we did the BrdU/Nestin and BrdU/
NeuN double-IF staining 1 and 35  days following the 
last BrdU injection, respectively (Fig. 3A, B). The results 
from this panel showed that the number of BrdU/Nes-
tin and BrdU/NeuN co-expressing cells was significantly 
decreased in AD + Vehicle mice compared to the control 
group (p < 0.001; Fig. 3A, B). Administration of NSCs-CM 

in the AD mice increased BrdU/Nestin and BrdU/NeuN-
positive cells, indicating promoted proliferation and neu-
ral differentiation of endogenous NSCs as compared to the 
AD + Vehicle mice. Cumulatively, these findings showed 
that NSC secretome can regulate the proliferation and neu-
rogenesis in the dentate gyrus of the hippocampus after AD 
changes in a paracrine manner.

NSCs‑CM Suppressed the Neuronal Cell Death 
Induced by Aβ Injection

To evaluate the effects of NSCs-CM on neurotoxicity 
induced by Aβ, Nissl staining was performed. In normal con-
dition, the neurons and nuclei appeared as round morphol-
ogy with pale blue color, respectively (p < 0.0001; Fig. 4A). 
In the current study, we found that Aβ can induce neurotox-
icity, cell death, and disrupted neural integrity compared to 
the control group (p < 0.001; Fig. 4A). In the AD + Vehi-
cle group, profound histopathological changes including 

Fig. 2   Thioflavin S staining evaluation and assessment of behavioral 
performance (A–E). Thioflavin S staining (A). Thioflavin S stain-
ing showed that the Aβ injection induced the Aβ plaques formation 
and deposition in the hippocampus and was observed in green color 
under fluorescence microscopy which herein is indicated by yellow 
arrows. Passive avoidance test (B). Learning and memory impairment 
were evident in mice following AD-like induction. Data displayed the 
reduction of step-through latency assessed during retention trial in the 
AD mice compared to control group (p < 0.001). Morris Water Maze 

test (C–E). According to the data, NSCs-CM reduced the escape 
latency over 5 days compared to the AD-Vehicle group (p < 0.05; C 
NSCs-CM was potential to diminish the cumulative distance to the 
platform in AD mice compared to the AD-Vehicle group (p < 0.05); 
D In addition, the time spent in target quadrants was reduced in AD 
mice and administration of NSCs-CM blunted these effects and 
closed to near-to-levels (E). Paired t test, Two-way repeated meas-
ures ANOVA, multivariate ANOVA, and Tukey post-hoc analysis. 
*p < 0.05; **p < 0.01; and p < 0.001
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scattered and shrunken neuronal cells as well as condensed 
nuclei and tissue disintegration were indicated. Based on 
our findings, NSC-derived CM rescued these pathological 
alterations. In this regard, NSCs-CM significantly decreased 

the rate of dead neuronal cells relative to the AD + Vehicle 
group (p < 0.001; Fig. 4A). Despite these advantages, the 
neurotoxicity level was NSCs-CM group compared to the 
control mice (p < 0.001; Fig. 4A). These findings support 

Fig. 3   IF imaging of double-labeled BrdU/Nestin and BrdU/NeuN 
cells in dentate gyrus of hippocampus in AD mice after NSCs-CM 
administration (A, B). NSCs-CM can increase the percent of BrdU/
Nestin and BrdU/NeuN cells, showing enhanced proliferation and 

neural differentiation following 1 and 35 days last BrdU injection 
time. One-Way ANOVA and Tukey post-hoc analysis. ***p < 0.001 
and ****p < 0.0001
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a notion that NSCs-CM could promote cell survival and 
reorganize the integrity of neural tissue structure in the AD 
hippocampus.

NSCs‑CM Modulated the Expression of Wnt/
β‑Catenin Signaling Pathway Effectors in AD Brain 
Tissue

In this panel, we aimed to explore whether NSCs-CM could 
modulate the expression level of the PI3K, Akt, MAPK, 
ERK, Wnt, GSK-3β, and β-catenin genes in the mouse den-
tate gyrus after AD changes (Fig. 4B). Data showed statisti-
cally significant differences in the transcription level of the 
above-mentioned genes pre- and post-NSCs-CM administra-
tion in AD mice (p < 0.05). The expression of PI3K, Akt, 
MAPK, ERK, Wnt, and β-catenin genes were significantly 

down-regulated 56 days AD induction compared to the 
control (p < 0.05). By contrast, the promotion of AD-like 
condition led to overexpression of GSK-3β related to the 
control mice (p < 0.05; Fig. 4B). We noted that the injection 
of NSCs-CM reversed the expression of PI3K, Akt, MAPK, 
ERK, Wnt, and β-catenin genes and closed near-to-normal 
levels (pAD+NSCs-CM vs. AD+ Vehicle < 0.05). Expression of these 
genes in the AD + NSCs-CM group was less compared to the 
control mice (p < 0.05; Fig. 4B). In contrast to these changes, 
the injection of NSCs-CM reduced AD-induced overactiv-
ity of GSK-3β compared to the AD-Vehicle mice. Taken 
together, these results indicated that Aβ induced AD-like 
condition indicated by the induction of GSK-3β and sup-
pression of PI3K, Akt, MAPK, ERK, Wnt, and β-catenin, 
showing that the participation of Wnt/β-catenin signaling 

Fig. 4   Nissl staining. Aβ induced neural loss and degeneration in 
the hippocampus and treatment with NSC secretome decreased 
toxicity rate and neural tissue integrity indicated by the increase of 
blue colored soma juxtaposed to each other (A). Measuring the lev-
els of PI3K, Akt, MAPK, Erk, Wnt3a, β-Catenin, and GSK3β using 

real-time PCR analysis in AD mice after injection of NSCs-CM (B). 
NSCs-CM increased reduced expression of PI3K, Akt, MAPK, Erk, 
Wnt3a, β-Catenin in AD mice and closed to near-to-control levels. 
One-Way ANOVA and Tukey post-hoc analysis. ***p < 0.001 and 
****p < 0.0001
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pathway in pathogenesis of AD and NSCs secretome can 
reduce these changes (Fig. 4).

Discussion

Adult neurogenesis is a finely dynamic phenomenon in the 
adult brain and its rate can be modulated under physiologi-
cal and pathological conditions (Gould, 2007). Regulation 
of such a critical process is a key and integral subject in 
introduction and development of therapeutic approaches 
for neurological disorders (Kempermann et al., 1997; Song 
et al., 2012). A plethora of studies and experiments have 
indicated that the intrinsic signaling pathways combined 
with extrinsic modalities regulate neurogenesis by chang-
ing the balance between the quiescent and differentiation 
states of NSCs (de la Torre-Ubieta & Bonni, 2011; Faigle 
& Song, 2013; Gonçalves et al., 2016; Song et al., 2012). 
Among several intracellular cascades, Wnt/β-catenin axis 
plays a major role in the neural development and regulation 
of adult hippocampal neurogenesis (Faigle & Song, 2013; 
Patapoutian & Reichardt, 2000; Schwarz et al., 2012). It 
should be considered that this signaling pathway, in turn, 
could be promoted by extrinsic cues including exercise, 
growth factors, neurotrophins, environmental enrichment, 
and pharmacological agents (Kempermann et al., 1997; 
Faigle & Song, 2013; B. Y. Chen et al., 2013; Rosso & Ine-
strosa, 2013). In the current study, we aimed to investigate 
the potential effects of NSCs-CM on adult neurogenesis in 
the mouse model of AD-like pathology by altering the Wnt/
β-catenin signaling pathway. To this end, we indicated that 
the intracerebroventricular injection of Aβ induced learning 
and memory impairment assessed by the passive avoidance 
platform test which is in accordance with our previous data 
and other experiments (Esfandiary et al., 2015; Karimipour 
et al., 2019; Lee et al., 2020; Yeung et al., 2020). In the 
next step, we isolated and expanded embryonic NSCs from 
14-day-old ganglionic eminences to harvest CM. We admin-
istrated NSCs secretome into intracerebroventricular of the 
lateral ventricle to assess functional deficits and cognitive 
disabilities induced by AD. Bilateral injection of Aβ led to 
abortion of neurogenesis via the overexpression of GSK-3β. 
It was suggested that overactivity of this factor can induce 
neurotoxicity, neuronal cell death, and eventually led to the 
cognitive deficits. Besides, the promotion of inflammatory 
conditions after Aβ injection can increase the incidence of 
cognitive deficits. The reduced neurogenesis rate would be 
due to inflammatory cytokines in the extracellular matrix 
particularly in the perineuronal net (PNNs), disruption of 
the neurotrophin-related signaling pathway, and oxidative 
stress (Crapser et al., 2020; Harland et al., 2020; Pirbhoy 
et al., 2020; Rehman et al., 2021). In normal condition, 20% 
of the whole brain volume consists of PNNs which provides 

the unique milieu for neuronal communication and synaptic 
plasticity. Along with these descriptions, regulated struc-
tural remodeling and reconstruction of PNNs have been 
considered as alternative approaches in tissue engineering 
strategies (Bosiacki et al., 2019; Harris & Weinberg, 2012; 
Reichelt et al., 2019). Abnormal Aβ targets the presynaptic 
and postsynaptic areas in the PNNs, leading to the release 
of glutamate and neurotoxicity (Rehman et al., 2021; Yeung 
et al., 2020). It is believed that aggregated Tau and NFTs 
can induce DNA fragmentation (Lassmann et al., 1995). 
Moreover, Tau protein binds to presynaptic protein namely 
synaptogyrin-3 hence disrupts the synaptic transmission. In 
addition, the interaction of Tau with PSD-95 on the post-
synaptic membrane leads to NMDA receptor over activation 
and high Ca2+ influxes, resulting in excitotoxicity, mitochon-
drial dysfunction, and neuronal cell death (Ittner et al., 2016; 
McInnes et al., 2018). According to our data, we found that 
the NSCs-CM reversed the Aβ-induced behavioral deficits 
and promoted the learning ability and memory establishment 
in the learning acquisition and probe trials of the MWM test.

It is well documented that there was a correlation 
between neurogenesis and learning and memory func-
tions (Abrous & Wojtowicz, 2015; Stuchlik, 2014). In 
this regard, the regulation of neurogenesis and synaptic 
plasticity through molecular and cellular signaling path-
ways is a key and critical subject in the field of regenera-
tive medicine (Baptista & Andrade, 2018; Berdugo-Vega 
et al., 2020; Faigle & Song, 2013). Real-time PCR analysis 
revealed that the NSCs secretome triggered Wnt/β-catenin 
signaling pathway via the alteration of different effectors 
such as PI3K, Akt, MAPK, ERK, Wnt, and β-catenin in 
AD mice. These changes coincided with the suppression of 
GSK-3β after CM injection. The close association of Wnt 
signaling pathway with GSK-3β has been shown in the 
context of NSC bioactivity. To be specific, the activation 
of Wnt signaling subsets such as Wnt3 and 7 promoted 
NSCs proliferation and differentiation via the inhibition of 
GSK-3β. These effects, if not completely but in part, are 
associated with the presence of specific factors BDNF and 
NGF as indicated in CM (Adachi et al., 2007). Notewor-
thy, the expression of different factors such as PI3K, Akt, 
MAPK, and ERK along with Wnt can trigger β-catenin 
via separate pathways which is indicated by real-time 
PCR analysis (Cho et al., 2018). Previous experiments 
have shown that stem cells can release nano-sized vesi-
cles harboring an array of growth factors with potential 
to alter in situ immune system response, and increasing 
Aβ clearance (Guo et al., 2020). There are some limita-
tions in the current experiment that need further inves-
tigations. It is suggested that the type and levels of dif-
ferent growth factors released by NSCs into the culture 
medium should be determined. The application of AD 
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mouse model (transgenic AD model) is recommended for 
precise molecular analysis after NSCs-CM administration.

Conclusion

Taken together, these data show that NSCs-derived 
secretome can ameliorate AD-like changes in mouse model 
in a paracrine manner via the engaging Wnt/β-catenin path-
way which highlights the crucial role of this signaling cas-
cade in the pathogenesis of AD. For more elucidation and 
targeting this signaling pathway in AD conditions and other 
cognitive impairments, extra reliable and complementary 
studies should be done.
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