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Abstract. Alzheimer’s disease (AD), a progressive dementia, is one of the world’s most dangerous and debilitating dis-
eases. Clinical trial results of amyloid-� (A�) and tau regulators based on the pretext of straightforward amyloid and tau
immunotherapy were disappointing. There are currently no effective strategies for slowing the progression of AD. Further
understanding of the mechanisms underlying AD and the development of novel therapeutic options are critical. Neurogenesis
is impaired in AD, which contributes to memory deficits. Transplanted neural stem cells (NSCs) can regenerate degraded
cholinergic neurons, and new neurons derived from NSCs can form synaptic connections with neighboring neurons. In theory,
employing NSCs to replace and restore damaged cholinergic neurons and brain connections may offer new treatment options
for AD. However there remain barriers to surmount before NSC-based therapy can be used clinically. The objective of this
article is to describe recent advances in the treatment of AD models and clinical trials involving NSCs. In addition, we discuss
the challenges and prospects associated with cell transplant therapy for AD.
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BACKGROUND

Alzheimer’s disease (AD), characterized by pro-
gressive dementia, is one of the most life-threatening
and burdensome illnesses [1]. Based on the age of
onset, AD can be divided into two distinct groups:
cases occurring after age 65 are classified as late-
onset AD, whereas cases occurring before age 65
are classified as early-onset AD and account for
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less than 5% of all cases. The majority of cases
are characterized by sporadic onset, while 1%–2%
of cases are inherited in an autosomal dominant
manner [2]. Although countless research has been
conducted on AD pathogenesis, there remains a
lack of effective disease-modifying therapies [3,
4]. Recently approved pharmacological treatments
include the N-methyl-D-aspartate receptor antago-
nist memantine and cholinesterase inhibitors, which
merely relieve associated symptoms [2, 5–7]. Cur-
rent promising pharmaceutical treatments include
anti-inflammatory, anti-amyloid, and immunomodu-
lator therapies [6]. In addition, monoclonal antibodies
capable of serving as disease-modifying drugs are
being developed and tested, such as bapinezumab,
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solanezumab, crenezumab, and aducanumab [2].
Among these drugs, only aducanumab, which targets
conformation-specific amyloid-� (A�) aggregates,
has been approved by United States Food and Drug
Administration (FDA) [8]. With recent data indicat-
ing that the global dementia population will triple by
2050 [6], further understanding of the mechanisms
underlying AD and the development of novel thera-
peutic options are critical.

Tremendous investments have been made to inhibit
processes underlying AD, although the results are
mixed [1]. There are still no effective ways to curb
AD progression [9]. Recently accumulated evidence
suggests that stem cell transplantation may aid in
maintaining brain homeostasis and enhancing cog-
nition, learning, and memory [10–16]. Transplanted
neural stem cells (NSCs) have been demonstrated
to regenerate damaged cholinergic neurons, and
NSC-derived neurons can form synaptic connections
with nearby neurons, suggesting a potential strategy
to slow the progression of AD [10]. Simultane-
ously, neurotrophic support, immunomodulation, and
anti-inflammatory effects play a critical role in hin-
dering AD progression [10]. Here, we evaluate recent
research on NSC transplantation in AD mouse mod-
els and address the obstacles and potential benefits of
cell transplant therapy for AD.

PATHOGENESIS AND
PATHOPHYSIOLOGY OF AD

The pathophysiology of AD is still a mystery.
The amyloid cascade hypothesis has been chal-
lenged because it provides no explanation for the
silent period of AD [17]. Although the pathologi-
cal criteria for AD diagnosis remain the formation of
extracellular A� plaques and intracellular tau accu-
mulation [2], clinical trial results for regulators of A�
and tau under the guise of straightforward amyloid
and tau immunotherapy were disappointing [18–22].
Accordingly, some scholars believe that the focus
on A� peptide may be inappropriate [1]. Indeed,
recent evidence indicates that the real cause of AD
may occur upstream of A� and tau proteinopathies
[17].

Like A� and tau, neuroinflammation plays a cru-
cial role in AD pathogenesis [23, 24]. In an intriguing
study [25], an analysis of gene expression profiles
in the brains of healthy individuals and patients
with AD of a variety of ages was carried out. This
research found that the rise in expression of immune-

or inflammation-related genes with age was consid-
erably greater in patients with AD compared with
healthy individuals. The brain becomes more prone to
inflammatory processes as it ages, which may explain
why ageing is the major driver of AD [17, 26].

Some scientists hold the view that ageing and
age-related neurodegeneration, including AD, are
characterized by the accumulation of damaged mito-
chondria [27, 28]. Indeed, mitochondrial dysfunction
is central to the pathophysiology of AD. Specifi-
cally, mitochondrial dysfunction, such as dysfunction
of mitochondrial axonal transport and mutations in
mitochondrial DNA, plays imperative roles in the
pathogenesis of AD that may result in oxidative
stress, ATP depletion, and synaptic dysfunction [29,
30]. Mitophagy enhancement is a possible therapeu-
tic option for AD-related tau hyperphosphorylation
because it can increase microglial phagocytosis and
decrease neuroinflammation [28].

Because amyloid accumulation may result from
vascular defects, the vascular hypothesis has been
proposed, which posits that breakdown of the blood-
brain barrier (BBB) results in neurotoxic serum
protein accumulation and synaptic dysfunction, ulti-
mately leading to defects in A� and tau clearance
[17, 31]. Numerous risk loci for AD have been iden-
tified by genome-wide association studies (GWAS)
[32]. However, even after many large-scale GWAS,
the apolipoprotein E (APOE) �4 allele remains the
largest genetic risk factor for AD [33–35]. Corre-
sponding conclusions have also been confirmed by
many studies [36–38]. Over the past 5 years, knowl-
edge about the pathophysiology of APOE has grown
beyond A� pathways to include tau neurofibrillary
degeneration, disruption of the BBB, and microglia
and astrocyte responses [33].

In addition, abnormalities in neuronal cholesterol
homeostasis and fatty acid metabolism seem to con-
tribute to the induction of AD. Oxidized cholesterol
is widely acknowledged as one of the main trig-
gers of AD [39, 40]. Cholesterol 24-hydroxylase and
cholesterol 27-hydroxylase (encoded by CYP46a1
and CYP27a1, respectively) play a critical role in reg-
ulating brain cholesterol homeostasis [40]. In a study
by Djelti et al. [39], the cholesterol concentration in
hippocampal neurons of normal mice was increased
by decreasing Cyp46a1 expression, which resulted in
cognitive deficits and hippocampal atrophy.

Collectively, the results described above reveal
that many pathophysiological processes, including
neuroinflammation, abnormal microglia activation,
metabolic failure, oxidative stress, and sustained
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cholesterol-associated neuronal distress, may be
potential targets for intervention [18].

Accumulated evidence has confirmed that AD is
a complex disease with different interacting phases.
Basic scientists divide AD into biochemical, cellular,
and clinical phases [17]. Before cognitive symptoms
are observed, alterations in cells drive the insidious
progression of illness in the cellular phase [6, 17].
Irreversible and significant synaptic and neuronal loss
occur during the preclinical phase [41]. Once home-
ostasis of the cellular phase is broken, the clinical
phase is initiated [17]. Preclinical research is contin-
ually generating fresh information about parts of the
intricate AD jigsaw, and analysis of this data may
show patterns of pharmacological interactions rather
than single prospective therapeutic targets [3].

NEURAL STEM CELL THERAPY FOR AD

Currently approved pharmacological treatments
merely relieve associated symptoms, with a distinct
lack of disease-modifying therapies. The disappoint-
ing results of A�-targeting therapies suggest the
inadequacy of single-directed approaches for treat-
ment of AD, while treatments addressing multiple
mechanisms should be promoted. Recently, stem cell
transplantation has received growing attention for
the treatment of neurodegenerative diseases. Such
therapies provide the possibility to target multi-
ple mechanisms, potentially including the repair of
damaged synapses, modulation inflammation, and
neuroprotection through neurotrophic secretion. At
present, the most often used stem cell types for the
treatment of neurodegenerative illnesses are NSCs,
mesenchymal stromal cells (MSCs), and induced
pluripotent stem cells (iPSCs) [10]. In particular,
NSC transplantation is a potential therapy for AD
with tremendous therapeutic potential, such as pro-
tection of cerebral capillaries, attenuation of A�
and tau pathologies, reduction of inflammation, and
strengthening of neurogenesis. In addition, NSCs
have demonstrated efficacy in treating various pre-
clinical neurodegenerative models and the capacity to
develop into central nervous system (CNS)-relevant
cell types, despite the ongoing controversy over
which kind of stem cell should be used to treat patients
suffering from CNS injury [42]. Indeed, NSCs have
been transplanted into patients with amyotrophic lat-
eral sclerosis and Parkinson’s disease, and the results
were promising [43, 44]. NSCs are ideal candidates
for cell transplantation because they have a definite

destiny and are relatively similar to functional neu-
ronal types throughout their differentiation.

Cholinergic system impairment is expected to have
a significant role in the cognitive and functional diffi-
culties associated with AD [45]. In theory, employing
NSCs to replace and restore damaged cholinergic
neurons and brain connections may provide a new
treatment option for patients with AD.

EFFECTS ON CEREBROVASCULAR
FUNCTION

Several investigations have identified relationships
between cerebrovascular dysfunction and a variety of
AD features [46–48]. However, there is still debate
about whether BBB malfunction is merely a conse-
quence of inflammation and A�, or whether it is the
first pathophysiological step leading to AD [46, 47,
49]. A� can be cleared from the CNS into the circu-
latory system via the BBB and blood-cerebrospinal
fluid barrier [46]. Thus, proper function of the BBB
and cerebrovasculature is critical for the clearance of
A� [17, 31, 46]. Moreover, the protection of BBB
functioning may promote A� clearance to curb AD
progression [46]. The underlying vasculoprotective
mechanism could be triggered by epidermal growth
factor receptor (EGFR) secretion from transplanted
genetically modified NSCs [46]. In addition, NSCs
have the ability to reduce cerebral amyloid angiopa-
thy and protect cerebral capillaries, especially if they
are modified to use neprilysin (NEP) or vascular
endothelial growth factor (VEGF) [46].

ATTENUATING AMYLOID-� AND TAU
PATHOLOGY

The reduction in A� burden following NSC trans-
plantation could be related to lower �-secretase
concentrations [50], as well as a much higher pres-
ence of NEP [46]. Other pathways could include
inducing microglial recruitment and activation, as
well as triggering of immune responses to facili-
tate efficient A� phagocytosis and clearance from
the CNS [46]. Although research has demonstrated
that transplanted human NSCs (hNSCs) in the lat-
eral ventricles of mice can effectively reduce levels of
tau phosphorylation [51], the underlying mechanism
remains unclear [46]. Neurotrophic and degrada-
tion enzymes produced by transplanted NSCs could
prevent additional cognitive decline as the disease
advances. In fact, clearance of A� may only have
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Fig. 1. Neural stem cells therapy for Alzheimer’s disease. Transplantation of neural stem cells protects cerebrovascular function, decreases
amyloid-� and tau pathology, decreases inflammation, and enhances neurogenesis and synaptogenesis, all of which affect behavioral
performance.

a minimal impact on global improvements because
the environment generally remains conducive for A�
production and aggregation [52].

ATTENUATING INFLAMMATION

Age-related changes in low-grade chronic inflam-
mation may assist the neurodegenerative process in
AD [53]. Transplantation of NSCs for AD appears
to have an anti-inflammatory effect in preclinical
studies [46]. Transplanted NSCs have been shown
to lower pro-inflammatory cytokines including inter-
leukin 1 (IL-1), IL-6, tumor necrosis factor �,
and prostaglandin E2, as well as molecular mark-
ers associated with a pro-inflammatory environment
like Toll-like receptor 4 (TLR-4) [54]. However,
decreased inflammation seems to have nothing to do
with A� levels [46]. Despite reduced inflammation
and enhanced cognitive function, A� levels remained
unchanged following NSC therapy [54]. However,
unlike the former study, other research showed
that mouse-derived NSCs can switch microglia
states from pro-inflammatory to anti-inflammatory,
resulting in bidirectional regulation of inflammatory
cytokine levels [55].

EFFECTS ON NEUROGENESIS AND
SYNAPTOGENESIS

The hippocampus has an imperative role in adult
neurogenesis [56] and is one of the most affected
areas in AD [57]. In the adult hippocampus, NSCs
residing in the subgranular zone (SGZ) of the dentate
gyrus (DG) can continually generate new neurons.

The surviving cells later integrate into existing neu-
ronal circuits. Abnormal neurogenesis in the adult
hippocampus is an early important event in the pro-
gression of AD [58]. Dysfunctional neurogenesis
may aggravate neuronal vulnerability to AD and lead
to cognitive impairment [3]. There are still debates
about the neurogenesis in humans. Some believe,
for instance, that human hippocampal neurogenesis
declines significantly from childhood to adulthood,
reaching undetectable levels in adults [59]. Others
maintain that human neurogenesis persists through-
out the aging process [60]. Even in the face of
controversial studies on human neurogenesis, the
ability to stimulate NSCs to generate new neurons
is a promising prospect for neuroreplacement ther-
apy in AD. Multiple molecular players can attune
adult hippocampal neurogenesis (AHN), mainly pre-
senilin (PS1), APOE, amyloid-� protein precursor
(A�PP) and its metabolites [58]. A recent study
demonstrated that AHN is abundant in neurologically
healthy humans, but progressively declines as AD
advances [57]. Impaired neurogenesis seems to be
the underlying mechanism of memory deficits in AD.
The DG of the hippocampus is the primary source
of NSCs that create granule neurons throughout life
in the human brain [61]. Management and mainte-
nance of the brain stem cell pool may be susceptible
to innovative treatment approaches for some neu-
rodegenerative diseases [61]. NSCs are glia-like cells
found in the SGZ of the DG that can be quiescent,
self-renew, or proliferate [56]. In AD, for instance,
the sluggish pace of AHN might be increased by
the awakening of quiescent NSCs to reduce cognitive
impairments [61].
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Table 1
Various mouse models to mimic AD

Mice model Carrying transgenes Express A�/age Express tau/age Cognitive impairment Reference

3xTg APP Swedish,
MAPT P301 L,
PSEN1 M146 V

Yes/4 months
(intracellular) 6 months
(extracellular)

Yes/12 months Yes/4 months [67]

Tg2576 APP Swedish Yes/6 months No Yes/9 months [11]
APP/ps1 APP

Swedish/PSEN1
(L166P)

Yes/6 weeks (neocortex)
3–4 months
(hippocampus)

No Yes/8 months [66]

5XFAD APP
Swedish/Florida
(I716 V)/London
(V717I)/
PSEN1/M146 L
/L286 V

Yes/6 weeks
(intracellular) 8 weeks
(extracellular)

No Yes/3-6 months [68]

Recently accumulated evidence indicates a criti-
cal role of NSCs in neurogenesis and synaptogenesis
[46]. Multiple gene products are synthesized by
NSCs, including brain-derived neurotrophic factor
(BDNF) and VEGF, which have paracrine effects
that may attenuate AD-related neuronal loss and
improve cognition [46]. Blurton-Jones et al. used
triple-transgenic mice (3xTg-AD) to investigate the
effect of NSC transplantation on AD-related cog-
nitive dysfunction [62]. Their findings showed that
instead of reducing A� and tau pathology, improved
cognition resulted from a significant increase in hip-
pocampal synaptic density mediated by BDNF [62].
Thus, both neurotrophin and BDNF released by trans-
planted NSCs increased synapse density and reversed
cognitive impairments [62]. This study, however, did
not investigate the effects of transplanted NSCs on
AHN, which may benefit from increased axonal out-
growth or synaptic recovery.

NEURAL STEM CELL
TRANSPLANTATION IN MOUSE MODELS

Although an increasing number of researchers are
investigating the involvement of pathogenic proteins
in the development of AD using animal models, the
physiological relevance of these models to humans
is debatable because they have not yet fully recapitu-
lated human AD [52, 63–65]. Multiple limitations
exist in many of these models, such as late onset
of pathology, diverse genetic backgrounds, breeding
issues, gender disparities in pathology, and substan-
tial variability in A� levels [66]. As a result, exact
characterizations of the favorable benefits of NSC
transplantation are difficult [52]. The development
of a transgenic murine model that overcomes the
majority of these difficulties is critical. To mimic

the microenvironment of patients with AD, 3xTg,
Tg2576, APP/PS1, and 5xFAD mice are frequently
employed [52] (Table 1).

In 2003, Oddo et al. developed the 3xTg as a triple-
transgenic AD animal model [67]. The model has
APP Swedish, MAPT P301 L, and PSEN1 M146 V
transgenes associated with familial Alzheimer’s dis-
ease (FAD). As the first transgenic AD model to
display A� aggregation and neurofibrillary tangles
derived from hyperphosphorylated tau protein, the
3xTg mouse model represents a breakthrough in
the field of AD research. In contrast to the 3xTg
model, Tg2576 mice express exclusively human APP
Swedish. These mutations result in a substantial rise
in the amount of A� generated, allowing mice to
exhibit progressive pathogenic protein buildup and
behavioral impairments despite the absence of neu-
rofibrillary tangles or severe neuronal loss [52]. The
APP/PS1 mouse model is one of the most widely
used AD rodent models. Several human APP genes,
including the Swedish mutation and PSEN1 (L166P)
mutation, have been included in this model [52].
Owing to the early start of amyloid lesions in this
model, as well as its established genetic background
and ease of breeding, APP/PS1 mice are ideal for
researching treatment strategies and the pathophysi-
ology of amyloidosis [66]. 5xFAD mice are a subtype
of immune-deficient mice. Because of the absence of
key constituent cells in their adaptive immune sys-
tem (specifically, T cells, B cells, and natural killer
cells), these animals permit longer durability of trans-
planted NSCs. Five mutations have been introduced
into this model, which is capable of generating A�42
and rapidly accumulates huge amounts of A�42 in the
cerebral cortex [68].

Here, we reviewed recent studies related to trans-
plantation of NSCs in AD mouse models and
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summarized the details of transplantation, interven-
tion targets, and effects (Table 2).

The most popular test used to evaluate the effi-
ciency of transplantation was the Morris water maze.
The task is conducted in a 1-m diameter circular
pool filled with opaque water [42]. Mice are trained
to swim to an invisible platform submerged 1.5 cm
beneath the water’s surface.

The most common region for transplantation is the
hippocampus. One to six months after transplanta-
tion, researchers attempted to evaluate the efficacy
of transplantations. Although interventions targeting
A� and tau seem promising for the treatment of AD,
the results of studies shown in Table 2 are mixed.
Indeed, there are a number of studies that show cog-
nitive or behavioral improvements without changes
in A� or tau [42, 54, 62, 69–72]. There could be sev-
eral reasons for this phenomenon. Neurotrophic and
degradation enzymes, such as NEP, matrix metallo-
proteinases, and insulin-degrading enzyme produced
by transplanted NSCs, may aid in the clearance of A�
or tau [55, 73–75], thereby halting or ameliorating
disease progression. However, because the funda-
mental environment continues to be favorable for A�
generation and aggregation, the ultimate improve-
ments in cognition are modest [52, 72]. Moreover,
it is widely recognized that AD is a multifactorial
disease requiring a comprehensive treatment strat-
egy, indicating that treatment for one of the causes
is frequently inadequate.

Additionally, researchers have debated the optimal
phase of disease for stem cell transplantation. Kim
et al. [55] established that administering stem cell
therapy at the optimal time is critical for achieving
maximum therapeutic effects. In their study, NSCs
were transplanted into 12-month-old and 15-month-
old Tg2576 mice, and the outcomes were noteworthy.
The group injected at 12 months demonstrated sig-
nificant improvements in both cognitive impairments
and neuropathological characteristics. In contrast, the
group injected at 15 months demonstrated no signif-
icant improvement in cognitive dysfunction or A�
neuropathology. They concluded that it was too late to
intervene in disease progression once the symptoms
of memory loss became apparent. Indeed, because
AD takes so long to develop, it is crucial to pri-
oritize treatment interventions based on the disease
progression in each patient. It remains a major chal-
lenge in the treatment of AD to provide the correct
medication to the correct patient at the correct time.
Future research should focus on when and how to
intervene in the AD process, as well as identifica-

tion of early markers indicative of the onset of AD
pathogenesis.

Numerous studies have established the critical role
of NSCs in cognitive improvements associated with
AD. However, prior studies [42, 54, 55, 62, 69–71,
74, 76] focused exclusively on short-term effects.
Marsh et al. examined long-term transplantation of
human NSCs using 5xFAD mice and conducted
behavioral testing and histological examination 5
months after transplantation [72]. The final analy-
sis revealed no proof of improved cognition, change
in BDNF levels, or enhancement of synaptic den-
sity. Their research emphasized the critical nature
of rigorously evaluating the efficacy and safety of
NSC transplantation in appropriate long-term mod-
els. Contrary to expectations, a similar experiment
conducted 3 years later yielded the opposite findings
[75]. The same 5xFAD mouse model was employed
by Zhang et al. to investigate the therapeutic poten-
tial of human induced neural progenitor/stem cells
(hiNPCs) for AD [75]. Unexpectedly, they found
that the grafted hiNPCs successfully differentiated
into neurons with long-term survival and gener-
ated graft-host synaptic connections that ultimately
strengthened and restored the host hippocampal neu-
ral networks. As a result, AD mice implanted with
hiNPCs had increased synaptic plasticity and cogni-
tive abilities. These radically divergent outcomes may
be explained by differences in the source of stem cells
used in these two studies. Indeed, it is reasonable that
reprogrammed somatic cells, such as hiNPCs, have a
stronger capacity for brain differentiation [52].

CHALLENGES OF NSC-BASED THERAPY
IN AD

Although stem cell treatments have shown effi-
cacy in animal models, various human studies in
AD patients have had unfavorable outcomes [77].
To date, there have been no clinical trials involving
NSCs the treatment of AD. It remains crucial to accel-
erate stem cell-based translational research for AD
[78]. When it comes to cell transplantation, NSCs
should be the best choice because they have a clear
fate and are relatively similar to functional neuronal
types throughout their differentiation. Because NSCs
are capable of differentiating into astrocytes, it is vital
to explore how to guarantee preferential development
of NSCs into neurons. Moreover, there are restricted
cell sources for NSCs, which exhibit variations in
differentiation plasticity [45]. Identifying the optimal
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Table 2
Neural stem cells transplantation in mice models

Mice

model

NSC type Sex/Age Transplantation

Surgery

Transplant region Test method/ time Target Effect Pathological

change (A� or

Tau)

reference

3xTg mice hCNS-SCs Female/19 months 1.0 × 105 cells

/2 �L/injection,

1 �L/min

Hippocampus bilaterally MWM and NOR/ 1 month

later

Promote synaptic growth,

enhancing endogenous

synaptogenesis

Ameliorates

Context and Spatial

Learning and Memory

Impairments

No [42]

GFP-NSCs

mice

NM/18 months 1.0 × 105 cells Hippocampus bilaterally MWM and NOR/ 1 month

later

Increase BDNF, enhance

synaptic density

Rescues the spatial

learning

and memory deficits

No [62]

GFP-NSCs

mice

Male/ 12months 1.0 × 106 cells/ � L,

2 �L/10 min

Hippocampus bilaterally MWM/ 2 months later Neuronal regeneration Improve spatial learning

and memory

NM [69]

GFP-NSCs

mice

NM 1.0 × 105 cells,

0.5 �L/min

Hippocampus subiculum Histological examination/3

months later

Secrete neprilysin Enhance synaptic density/

degrade A�

Yes [73]

Tg2576

mice

hNSCs Both/6-9 months 2.5 × 104

cells/hemisphere,

1 �L

Hippocampus bilaterally MWM/5 weeks later Increase �7 nAChR-expressing

astrocytes

Endogenous neurogenesis No [70]

Mice

embryos

Both/13 months 1.0 × 105 cells/2 �L,

0.4 �l/min

Hippocampus dentate gyrus

bilaterally

MWM, Histological

examination/2 months

later

Upregulating clearance of A�,

anti-inflammatory cytokines,

endogenous neurogenesis,

synapse formation

Improve cognition Yes [55]

APP/ps1 tg

mice

hNSCs Male/12 weeks 1.8 × 105 cells/6 � L Hippocampus fmbria fornix

bilaterally

MWM and NOR/4 weeks

and 16 weeks

respectively

Induced microglial activation

and amyloid phagocytosis

Improve cognition Yes [74]

(Continued)
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Table 2
(Continued)

Mice

model

NSC type Sex/Age Transplantation

Surgery

Transplant region Test method/ time Target Effect Pathological

change (A� or

Tau)

reference

Mice

embryos

Both/12 months 1.0 × 105 cells/3 �L,

1 �L/min

Hippocampus bilaterally MWM/10 weeks later Suppress glial and

TLR4-mediated inflammatory

pathway

Improve cognition,

attenuation of

inflammatory

No [54]

GFP-NSCs Male/ 9 months 1.0 × 105

cells/2 �L/5min

Hippocampus bilaterally MWM/4 weeks later Improve ChAT activity and ACh

concentration

Improve cognition No [71]

Mice

embryos

Both/ 12months 1.0 × 106 cells/5 �L,

1 �L/min

Hippocampus bilaterally MWM/8 weeks later Enhance long-term potentiation,

neuron expressing protein,

synaptogenesis, BDNF

Improve cognition No [76]

5XFAD

mice

hCNS-SCs Both/2 months 1.0 × 105 cells

total/hemisphere/2 �L/2

min

Hippocampus bilaterally MWM and NOR/ 5 months

later

Neuronal regeneration and

differentiation

No evidence of improved

cognition, no changes in

BDNF, no increase in

synaptic density

No [72]

hiNPCs Male/ 4 months 1.0 × 105

cells/2 �L/hemisphere,

0.4 �L/min

Hippocampus dentate gyrus

bilaterally

Y-Maze and Barnes

Maze/5-6 months later

Enhance synaptic density,

increase BDNF, neuronal

regeneration

Reinforce synaptic network

and rescue cognitive

deficits

Yes [75]

A�, amyloid �; GFP, green fluorescent protein; MWM, Morris water maze; NOR, novel object recognition; ChAT, cholinergic acetyl transferase; hiNPCs, human induced neural progenitor/stem
cells; BDNF, Brain-derived neurotrophic factor; NM, not mentioned.
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Fig. 2. Challenges of neural stem cell-based therapy in Alzheimer’s disease. The source, adequate differentiation, isolation, cell dose, delivery
region, time frame, immune rejection, and location of transplantation are all challenges requiring further study.

technique for stem cell transplantation is likewise a
formidable obstacle. The proper transplantation tech-
nique can increase the number of transplanted cells
that survive and function. Accordingly, future clin-
ical trials must investigate transplantation methods,
such as intravenous injection, intracerebral transplan-
tation, and the use of biological materials. In addition,
investigations attempting to elucidate the function of
NSCs in AD must address concerns such as ade-
quate differentiation, isolation, cell dose, time frame,
immune rejection, environment, and location of trans-
plantation, all of which need further study [45, 79, 80]
(Fig. 2).

SOURCE OF NSCS

Preclinical research on human and mouse NSCs
has been conducted to determine the effectiveness
of NSC treatment for neurodegenerative diseases.
No conclusion on the optimal type of NSCs can be
made at present because no clinical trials have eval-
uated NSCs for the treatment of AD. However, we
can provide a list of probable sources that might be
used in AD. hNSCs may be produced from embry-
onic stem cell (ESC) lines or human fetal cadaver
brain tissues containing neurogenic areas (like the
SVZ) [81]. The safety of ESC-derived NSCs for
transplantation has been established [81, 82], as they
do not develop tumors when implanted into normal
nude animals. However, when ESCs are implanted
as donor cells, immunological incompatibility issues
must be addressed. Although iPSC-based treatments
will have fewer immunological problems, the fact
that FAD patients may lack healthy somatic cells
that can be used for reprogramming is a concern

[83]. iPSCs are a type of pluripotent stem cells,
meaning they can differentiate into all cell types.
However, incomplete differentiation may cause the
failure of transplantation. In addition, the potential
risk for tumorigenesis remains a major challenge for
iPSC-based clinical trials. Accordingly, high levels
of quality control are needed before transplanta-
tion to avoid possible uncontrolled differentiation
or proliferation within patient tissue. In summary,
many characteristics, including safety, immunolog-
ical response in the host environment, markers to
characterize hNPCs, accessibility, and operability
must be dealt with to effectively translate NSC-based
treatments to clinical investigations.

REGIONS OF TRANSPLANTATION

Because AD affects numerous brain areas, includ-
ing the parietal lobe, temporal lobe, sections of the
cingulate gyrus, and frontal cortex, it is difficult to
establish the best target for transplantation [83]. As
summarized in Table 2, the most common region for
transplantation is the hippocampus. Adult neurogen-
esis occurs in the DG of the hippocampus, which is
critical to learning and memory [57, 84]. Although the
basal forebrain and hippocampus are thought to be the
best areas for cell transplantation, these regions are
also prone to the most microenvironmental modifica-
tions [45]. Because of the altered microenvironment,
transplanted NSCs may be unable to flourish in these
locations. Although increasing the number of trans-
planted cells or repeating injections may solve the
propagation problem, scientists continue to express
reservations about the safety and invasiveness of
repeated parenchymal injections performed using a
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stereotactic technique [85]. Consequently, numer-
ous initiatives have been taken to develop promising
techniques for minimizing treatment-related injuries
[85]. Kim et al. conducted a phase I clinical trial
in nine patients with AD to determine the safety
and dose-limiting toxicity of MSCs generated from
human umbilical cord blood [85]. To minimize
transplantation-related harm, researchers implanted
an Ommaya reservoir into the lateral ventricle to
distribute the MSCs. The results indicated that this
strategy was practicable, safe, and well tolerated.

TIMING OF TRANSPLANTATION

Because AD is an age-related disease, the tim-
ing of NSC transplantation is also critical. Prior
animal studies have established that optimal timing
of transplantation is critical for achieving the max-
imum therapeutic effect [55, 72]. When cognitive
impairment and A� neuropathology exist, stem cell
transplantation may be ineffective [55]. However,
once the chronic course of AD is stopped or dis-
rupted, the cognitive function of patients will improve
or no longer deteriorate. Patients enrolled in future
clinical trials may meet criteria for having a signif-
icant amyloid burden or neuronal degeneration, as
determined by brain magnetic resonance imaging or
positron emission tomography [85]. Because AHN is
essential to the progression of AD, it may be possible
to use it as an early indicator of AD to determine the
optimal intervention window.

ENVIRONMENT

The environment into which NSCs are be trans-
planted is quite significant. Quiescent NSCs have
a low metabolic rate and are sensitive to their sur-
rounding signaling environment [86]. A variety of
stressors, including A� or inflammatory molecules,
can force neurons in the SVZ to leave or remain qui-
escent, leading to neuronal death rather than division
[87]. Inflammation is thought to drive AD pathogen-
esis because it increases the A� burden [88]. The
neuroinflammation in AD is considered to be medi-
ated by the immune system [89], in which abnormal
microglial activation is thought to play a crucial role
[90]. Thus, controlling the level of inflammation or
providing a harmonious environment for transplanted
NSCs in AD brains might be beneficial to their neural
differentiation.

FATE OF TRANSPLANTED NSCS

Even if we overcome all the previously mentioned
obstacles, an uncontrollable cell fate would jeopar-
dize the entire effort. To investigate the differentiation
and migration of stem cells, immunofluorescence
and confocal microscopy are two main technologies.
Recent research indicates that modulating the Notch
signaling system makes it feasible to precisely con-
trol the process and proportion of NSCs that develop
into neural functional cells [91]. In addition to their
therapeutic effectiveness, monitoring the interactions
of implanted NSCs and their reactivity to the tissue
environment all crucial considerations.

In addition to differentiating into CNS cells, stem
cells can migrate beyond the transplantation region
and form synapses with local CNS cells. Relevant
synaptic markers, such as synaptophysin, synapsin,
and growth-associated protein-43 (GAP-43) are fre-
quently tested to evaluate synaptic integrity. Indeed,
many of the experiments in Table 2 observed that
transplantation of NSCs could improve cognition.
However, the mechanism for this modulation is cur-
rently unclear. Moreover, whether transplanted NSCs
could join the correct circuits and perform correctly
requires more research. Given the incomplete under-
standing of AD pathophysiology, it remains debatable
whether to direct NSC differentiation in only a single
direction. Although recent research has established
the significance of nanotechnology in monitoring and
guided differentiation of NSC transplantation [5, 92–
94], the safety of this technology in the human body
requires additional investigation. In addition, trans-
planted cells may exist in the patient for more than 10
years, whereas the majority of current stem cell trans-
plantation studies in mice are observed for only 3–6
months. Potential risks, such as incomplete differen-
tiation of stem cells, might require longer observation
periods in future research.

CONCLUSIONS AND FUTURE PROSPECT

Growing numbers of studies employing animal
models are examining the role of pathogenic proteins
in the development of AD. At present, none of the
available animal models has been able to properly
imitate human AD. As a result, it is difficult to exactly
quantify the positive effects of NSCs in patients with
AD. Although stem cell therapies have been demon-
strated as effective in animal models, several human
research studies on AD patients have had negative
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results. Thus, additional research and development of
better animal or cell models should be encouraged.

It has been shown repeatedly that transplanting of
NSCs for AD has some benefits, although the draw-
backs and risks cannot be ignored. Ethical issues,
immune rejection, genetic mutations, and the poten-
tial risk of tumorigenesis are all issues that need to be
urgently addressed. Accordingly, no clinical studies
employing NSCs in the treatment of AD patients have
been conducted and more work must be done before
NSC-based therapy can be used to benefit patients.
Important factors include the cell source, cell dose,
mode of dissemination, and timing of transplantation.

Prior animal research has shown that the appro-
priate timing of cell transplantation is crucial for
attaining the maximal therapeutic impact. Current
treatment studies are almost certainly predicated on
early detection and intervention to avert future severe
synapse and neuronal loss. Because AD is a compli-
cated condition, it needs multiple interventions. Thus,
combining NSC transplantation with already autho-
rized medicines may pave a promising road for future
treatment of AD.
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[41] Gómez-Isla T, Price JL, McKeel DW, Jr., Morris JC, Grow-
don JH, Hyman BT (1996) Profound loss of layer II
entorhinal cortex neurons occurs in very mild Alzheimer’s
disease. J Neurosci 16, 4491-4500.

[42] Ager RR, Davis JL, Agazaryan A, Benavente F, Poon WW,
LaFerla FM, Blurton-Jones M (2015) Human neural stem
cells improve cognition and promote synaptic growth in two
complementary transgenic models of Alzheimer’s disease
and neuronal loss. Hippocampus 25, 813-826.

[43] Madrazo I, Kopyov O, Avila-Rodriguez MA, Ostrosky
F, Carrasco H, Kopyov A, Avendano-Estrada A, Jimenez
F, Magallon E, Zamorano C, Gonzalez G, Valenzuela
T, Carrillo R, Palma F, Rivera R, Franco-Bourland RE,
Guizar-Sahagun G (2019) Transplantation of human neu-
ral progenitor cells (NPC) into putamina of parkinsonian
patients: A case series study, safety and efficacy four years
after surgery. Cell Transplant 28, 269-285.

[44] Mazzini L, Gelati M, Profico DC, Sgaravizzi G, Projetti
Pensi M, Muzi G, Ricciolini C, Rota Nodari L, Carletti S,
Giorgi C, Spera C, Domenico F, Bersano E, Petruzzelli F,
Cisari C, Maglione A, Sarnelli MF, Stecco A, Querin G,
Masiero S, Cantello R, Ferrari D, Zalfa C, Binda E, Visioli
A, Trombetta D, Novelli A, Torres B, Bernardini L, Car-
riero A, Prandi P, Servo S, Cerino A, Cima V, Gaiani A,
Nasuelli N, Massara M, Glass J, Soraru G, Boulis NM,
Vescovi AL (2015) Human neural stem cell transplantation
in ALS: Initial results from a phase I trial. J Transl Med 13,
17.

[45] Li XY, Bao XJ, Wang RZ (2015) Potential of neural stem
cell-based therapies for Alzheimer’s disease. J Neurosci Res
93, 1313-1324.

[46] Boese AC, Hamblin MH, Lee JP (2020) Neural stem cell
therapy for neurovascular injury in Alzheimer’s disease. Exp
Neurol 324, 113112.

[47] Nation DA, Sweeney MD, Montagne A, Sagare AP,
D’Orazio LM, Pachicano M, Sepehrband F, Nelson AR,
Buennagel DP, Harrington MG, Benzinger TLS, Fagan AM,
Ringman JM, Schneider LS, Morris JC, Chui HC, Law M,
Toga AW, Zlokovic BV (2019) Blood-brain barrier break-
down is an early biomarker of human cognitive dysfunction.
Nat Med 25, 270-276.

[48] Sweeney MD, Montagne A, Sagare AP, Nation DA, Schnei-
der LS, Chui HC, Harrington MG, Pa J, Law M, Wang DJJ,
Jacobs RE, Doubal FN, Ramirez J, Black SE, Nedergaard
M, Benveniste H, Dichgans M, Iadecola C, Love S, Bath
PM, Markus HS, Salman RA, Allan SM, Quinn TJ, Kalaria
RN, Werring DJ, Carare RO, Touyz RM, Williams SCR,
Moskowitz MA, Katusic ZS, Lutz SE, Lazarov O, Minshall
RD, Rehman J, Davis TP, Wellington CL, González HM,
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