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Abstract
Currently there are no therapies for treating Alzheimer’s disease (AD) that can effectively halt disease progression.
Existing drugs such as acetylcholinesterase inhibitors or NMDA receptor antagonists offers only symptomatic benefit.
More recently, transplantation of neural stem cells (NSCs) to treat neurodegenerative diseases, including AD, has been
investigated as a new therapeutic approach. Transplanted cells have the potential to replace damaged neural circuitry
and secrete neurotrophic factors to counter symptomatic deterioration or to alter lesion protein levels. However, since
there are animal models that can recapitulate AD in its entirety, it is challenging to precisely characterize the positive
effects of transplanting NSCs. In the present review, we discuss the types of mouse modeling system that are available
and the effect in each model after human-derived NSC (hNSC) or murine-derived NSC (mNSC) transplantation. Taken
together, results from studies involving NSC transplantation in AD models indicate that this strategy could serve as a
new therapeutic approach.
Keywords: Alzheimer’s disease, Neural stem cell, Synaptogenesis, Neurogenesis, Inflammation, Cognitive impairment,
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Introduction
Alzheimer’s disease (AD) is a common progressive neurodegenerative disorder that has been studied by scientists for
over a century. It was first named by Alois Alzheimer in
1906 [1]. The symptoms of AD include memory loss and
cognitive impairment caused by significant losses in the
number of neurons in the cortical and subcortical regions
[2]. A large proportion of the elderly population suffers
from AD, exacerbating the economic burden associated
with an ageing society. Indeed, the number of patients continues to grow and is estimated to double or triple within
the next few decades [3]. Therefore, optimizing the treatment for AD is of great priority.
Models of Alzheimer’s disease

Although the volume of studies that has been undertaken
is considerable, elements of the disease mechanism and
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the relationship of pathological proteins in AD development remain uncertain. Several studies have used AD
mouse models to address some of these questions. However, their physiological relevance to humans is questionable, since animal models have yet to fully recapitulate
human AD. The dominant hypothesis for AD development is amyloid-beta (Aβ) aggregation in the extracellular
region and neurofibrillary tangles caused by tau hyperphosphorylation in the intracellular space. These irregular
protein aggregations are followed by neuron degeneration
and synaptic loss. Notably, patients with early on-set AD
carry only the Aβ mutation, not the tau mutation [4]. In
order to closely mimic the intracellular and extracellular
microenvironment of patients with AD, it is necessary to
introduce additional mutations to genes encoding amyloid
precursor protein (APP) and presenilin-1 (PS1), as well as
an extra tau mutation into triple-transgenic (3xTg) mice.
This extra tau mutation in 3xTg mice has reduced the
reliability of the model. Other alternatives include the
Tg2576, APP/PS1 and 5xfAD mouse models, but in these
instances only Aβ aggregation is observed but no neurofibrillary tangles. Moreover, in mice models, no significant
neuron loss or cognitive dysfunction occurs before Aβ
deposition as observed in actual AD patients [5, 6]. It
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remains unclear the extent to which these discrepancies in
observation are attributable to the different genetic composition of these mouse models of AD.
More recently, induced pluripotent stem cells (iPSCs)
have been derived from patients with AD and established
as a disease model. Numerous studies in AD-iPSCs have
reported that levels of toxic Aβ and hyperphosphorylated
tau protein are dramatically elevated in differentiated neuronal cells. However, no Aβ plaques or neurofibrillary tangles form. This may be due to limitations in the culture
system and that differentiated cells have yet to reach mature status. Furthermore, AD-iPSC genotypes vary amongst
donors, thus differentiated cells from one individual alone
is insufficient to model the abnormal cellular network in
AD in its entireity. Additionally, the pathological hallmarks
of AD are expressed earlier in AD-iPSCs than in AD patients thus similar to existing mouse models, recapitulation
of AD is incomplete. Combined with the wide range of
both genomic and phenotypical variations in iPSCs, the
suitability of their application as a modelling system remain
debatable. As such, fair comparisons can only be made
using an isogenic control, which will require complex gene
editing techniques to correct the mutations [7].
Current treatment of AD

Reducing Aβ levels has been the dominant treatment strategy in development to halt, retard or even reverse the progression of AD pathology. However, there are no Food and
Drug Administration (FDA)-approved drugs targeted at reducing Aβ levels. In fact, no new Alzheimer’s drug therapies have been approved for almost two decades, and only
three types of cholinesterase inhibitors, one N-methyl-daspartate (NMDA) receptor antagonist, and one combined
drug therapy (memantine plus donepezil) are currently approved for clinical use [8]. Donepezil, rivastigmine, and
galantamine are cholinesterase inhibitors that reduce
acetylcholinesterase activity and thus prevent insufficient
acetylcholine levels in the synaptic region. Preserving
acetylcholine levels allows effective neuronal function despite pathological protein aggregation. However, excess excitatory stimulation, especially that caused by high
glutamate levels, can lead to an excitotoxic microenvironment in the synaptic region through invasive calcium influx. This may eventually damage or even lead to neuronal
cell death [9]. Many studies have shown that such hyperstimulation is closely associated with oversensitive NMDA
and/or AMPA receptors. The drug memantine, which is
an NMDA receptor antagonist, acts to offset this harmful
Ca2+ influx into neurons [10]. Finally, combination therapy
using memantine and donepezil combines the effects of a
cholinesterase inhibitor and an NMDA-receptor antagonist
(Fig. 1). This combined therapy appears to be more effective [11]. However, it also carries greater possibility of occurrence of more serious side effects such as seizure, slow
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heartbeats and severe gastrointestinal problems compared
with single drug treatment [12]. Thus, it is unclear how
valuable such a palliative drug-based approach can be.
New drugs that target the pathological protein itself—socalled anti-amyloids medication —are experiencing difficulties in clinical trials [13] as the effects appear independent from symptomatic improvement [14]. Meanwhile,
researchers are investigating the potential use of vaccinations to counter plaque formation, as well as more advanced techniques that facilitates early AD diagnosis,
which could be especially beneficial to patients before they
enter the more severe late stages of the disease [15].

Therapeutic effect of neural stem cell
transplantation
Neural stem cells

As a novel therapeutic strategy, neural stem cell (NSC)
transplantation, which target both neuron networks and
pathological proteins, produces beneficial result in behavior and microenvironment. In brief, most traditional
drug therapies act merely upon the microenvironment.
As multipotent stem cells, NSCs can self-renew and differentiate into various cell types, such as neurons and
glial cells [16, 17]. NSCs can be collected from brain tissue, genetically reprogrammed from somatic cells [18,
19], or even differentiated from embryonic stem cells
(ESCs) and iPSCs [17, 20]. In adults, NSCs are localized
in the sub-ventricular zone (SVZ) and hippocampus [21,
22]. As with drug therapy, many studies have suggested
that NSC transplantation improves cognitive behaviour in
animal models of AD [23], Parkinson’s disease [24, 25]
Huntington’s disease [26, 27], amyotrophic lateral sclerosis
[28] and other neurodegenerative diseases. After transplantation, NSCs differentiate into neurons and/or glial
cells and release trophic factors. Asymmetric NSC division
generates different cell types that replace damaged neurons [29, 30] and the neurotrophic factors released from
both differentiated cells and stem cells are related to rapid
differentiation [31] and play a significant role in neuroprotection to rescue synaptic density [32–34]. Secretion of
neurotrophic factors and cell restoration has been shown
to improve individual memory function [35, 36]. Furthermore, modified NSCs overexpress Aβ degrading-enzyme
[37], which reduces Aβ aggregation and improves synaptic
density. Novel drugs that are currently in development
have shifted their focus to targeting these mechanisms to
halt or reverse disease progression [38]. Considering that
NSCs can restore damaged cells, reduce Aβ aggregation,
ameliorate AD pathology as well as restoring neuronal cell
populations [32, 34, 39], NSC therapy is a promising and
flexible novel therapeutic strategy for targeting the primary cause of AD. Unfortunately the efficacy compared
with placebo groups has been inconsistent, not to mention
several ethical questions and disagreements on how they
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Fig. 1 The mechanisms of the respective drugs. Acetylcholinesterase inhibitors (galantamine, rivastigmine and donepezil) enhance the activity of
neuro-message transduction by preventing acetylcholine degradation (1,2,3). NMDA receptor antagonists (memantine) compete with glutamate
in binding to the NMDA receptor to inhibit Ca2+ influx into the postsynapse (4,5). These drugs have little effect on amyloid-beta production and
aggregation, synaptogenesis, and neurogenesis yet they rescue cognitive impairment

should be correctly handled [40]. Nonetheless, stem cell
therapy is certainly one of the most promising therapeutic
strategies in development.
Different effects of NSC transplantation in Alzheimer’s
models
Human-derived NSC vs murine-derived NSC in 3xTg mice

The 3xTg mouse is a triple-transgenic AD animal model
established by Oddo et al. in 2003. The model carries three
mutations related to familial Alzheim’s disease (FAD): APP
Swedish, MAPT P301L, and PSEN1 M146 V. The 3xTg
mouse model is the first transgenic AD model to express
both Aβ aggregation and neurofibrillary tangles from
hyperphosphorylated tau protein. Intracellular and extracellular Aβ aggregation is observed at 4 months and 6 months
of age respectively, while cognitive impairment starts at 4
months and tau is first observed at 12 months [41, 42].
In 2015, Ager et al. first introduced human central nervous system stem cells (hCNS-SCs) into 3xTg mice. The
transplanted hCNS-SCs differentiated into NSCs and then
into immature neurons and glial cells, which improved
synaptic density. Although the levels of Aβ and tau proteins remained unchanged, both the Morris-water-maze
and novel object recognition tests indicated improved
memory consolidation. In contrast, no significant improvement in learning ability was observed after hCNSSCs transplantation. Although encouraging, these results
suggest that specific differentiation into neuronal cell

lineages alone contributes little to cognitive recovery, and
that hCNS-SC transplantation may serve to reverse the
symptoms only [43] (Table 1).
Interestingly, transplanting mNSCs instead of hNSCs
produced similar results in the 3xTg mice model. In a
study by Mathew et al., both neurotrophin and brainderived neurotrophic factor (BDNF) secreted from transplanted NSCs enhanced synaptic density and rescued cognitive impairment. However, this result was again
independent from Aβ and tau levels. In the same study,
BDNF was shown to support axon growth in vitro thus increasing synaptic density [23]. Furthermore, cell regeneration and/or repair triggered by NSCs improves cognitive
function by ameliorating neuronal networks [44], so NSCs
are closely associated with improved behavioural performance in the 3xTg animal model. To further evaluate the
impact of NSCs under conditions of pathological protein
alteration, modified NSCs carrying Neprilysin (NEP) were
introduced into 3xTg mice. Viral vector-delivered NEP
was then compared with NSC-delivered NEP and found
to be less widely distributed throughout the brain. Moreover, peripheral NEP introduction had less effect in clearing Aβ in the brain. These results suggest that NSCs can
act as an effective NEP-delivery vehicle. It follows that the
combination of NEP delivery and NSC transplantation
further improves synaptic density by decreasing Aβ levels,
and that NSCs may be a promising AD therapeutic strategy [45, 46] (Table 1).
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Table 1 Summary of factors and effects after neural stem cell transplantation in 3xTg mice
NSC

Region

Factor

Effect

Not-shown

Aβ/tau Ref

hCNS-SC

Hippocampus

↑immature neuron ↑endogenous
↑immature glia cell synaptogenesis
↑synaptic density

・The relation of endogenous
synaptogenesis and hCNS-SC
・Role of neurotrophic factor

×

[43]

GFP tg mice

relative to Bregma of:
↑BDNF
AP:_ 2.06, ML:_1.75, DV:_1.75

↑synaptic density

・Axonal growth in vivo

×

[23]

GFP-C57BL/6
mice

hippocampal CA1

NSC

↑neuronal regeneration

・Origin of newly synthesized
neuron
・mechanism of neural
regeneration

△

[44]

GFP tg mice

hippocampus subiculum

NSCs delivered NEP ↑synaptic density
↓Aβ

・Link between Aβ level and
cognitive deficit

〇

[45]

3xTg mice

Key: 〇 changes, △ not mentioned, × unchanged

Neurotrophin release and neurogenesis in 3xTg mice
is highly dependent on the source of NSCs. Specifically,
in Ager’s study, hNSCs differentiated into immature
neurons and glial cells and induced endogenous synaptogenesis. Growth-associated protein 43 (GAP-43) is located in the axon to support synapsis and neurite
stretching. Interestingly, Ager found that following
transplantation, GAP-43 was not elevated in the 3xTg
model [43], thus it is not yet clear how trophic factors
from hNSCs affect synaptogenesis in the 3xTg model. In
contrast BDNF, a member of the neurotrophin family of
growth factors, from mNSCs could be involved in the recovery of synaptic connectivity [23, 45]. The specificity
in NSC differentiation to mature cells and hence the
subsequent effect of that has been contradicting. Studies
involving hNSCs suggest that lineage-specific differentiation has little effect on cognitive improvement [43],
whereas those involving mNSCs suggest that cognitive
improvement depends on the precise differentiation of
the stem cells to allow cell replacement [44]. Moreover,
the potential role of stem cells as vehicles for secreting
degrading enzymes has yet to be thoroughly examined
in hNSCs. Although improved behavioural performance
and cellular changes are observed following transplantation of both hNSCs and mNSCs, the secretory effect
and role of hNSCs remains poorly understood (Table 1).
Human-derived vs. mouse-derived NSCs in Tg2576

Unlike the 3xTg model, Tg2576 mice only overexpress
human Swedish APP (isoform 695; KM670/671NL).
These mutations lead to a dramatic increase in Aβ production at about 6 months of age and consequent plaque
formation at 9–12 months. Behavioural impairment is
observed at 9 months, but some studies have suggested
that the mice have no significant behavioural deficit [47].
Mice show no neurofibrillary tangles or significant neuronal loss, but they display progressive pathological protein accumulation and behavioural impairment in many

studies, thus partially satisfying the requirements of a
typical AD mouse model [6, 48, 49].
Lilja et al. transplanted hNSCs into Tg2576 mice treated
with phenserine, which inhibits acetylcholinesterase and
Aβ production by lowering expression of APP, an α7 nicotinic receptor (nAChR) agonist, and JN403. In doing so,
they could investigate the combined effect of NSCs and
drug therapy and found that NSC transplantation was sufficient to trigger endogenous neurogenesis. In the transplant region, many α7 nAChR-expressing astrocytes were
found, suggesting that such astrocytes are involved in
repairing damaged neurons and growth of new ones. Despite combined treatment using both drugs and NSCs, positive effects such as neurogenesis and cognition recovery
was not sustained [50] (Table 2).
In the same animal model, following mNSC transplantation at an early stage (13-month-old), changes in both
pro- and anti-inflammatory cytokine levels significantly
influenced Aβ production and clearance rate by altering
enzyme expression in microglial cells. Furthermore, NSCs
triggered increases in VEGF, endogenous neurogenesis,
and synaptic density, leading to improvements in behavioural performance. However, the same result was not obtained after late-stage (15-month-old) transplantation [51]
(Table 2), suggesting that timely intervention is important.
As described above, both hNSCs and mNSCs can initiate
endogenous neurogenesis. Notably mNSCs alter microglia
from a pro-inflammatory state to an anti-inflammatory
state, leading to a decrease in Aβ level through an increase
in NEP and phosphorylated tau levels. These effects have
yet to be shown in hNSC studies [50, 51] (Table 2).
Human-derived vs. mouse-derived NSCs in APP/PS1 mice

APP/PS1 mice are one of the most commonly used AD
mouse models. The human APP gene with both Swedish
mutation and PSEN1 (L166P) mutation is incorporated
into this model. This inserted human gene produces
more Aβ than murine APP. Both Aβ 42 and Aβ 40 levels
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Table 2 Summary of factors and effects after neural stem cell transplantation in Tg2576
NSC

Region

Factor

Effect

Not-shown

Aβ/tau Ref

・level of Neurotrophic factor
・Synaptic density

×

Tg 2576 mice
hNSCs

Hippocampal DG ↑α7 nAChR-expressing ↑Endogenous
astrocytes
neurogenesis

Feral cerebral cortex of Hippocampal DG ↓β-secretase
pregnant C57BL/6 mice
↑Neprilysin

↓Aβ production
・The link between microglia and NSC 〇
↓phosphorylated-tau
・level of BDNF
↑Aβ clearance
↓ pro-inflammatory
cytokine
↓inflammatory
microglial activation
↑anti-inflammatory
cytokines,
↑endogenous
neurogenesis ↑synapse
formation

[50]
[51]

Key: 〇 changes, △ not mentioned, × unchanged

increase with age, yet the ratio of AB42/40 decreases
after plaque formation. Aβ aggregates in the neocortex
at the age of 6 weeks and in the hippocampus at about
3–4 months [5, 52].
Li et al. transplanted hNSCs into this model and found
that the treatment promoted synaptic formation without
altering Aβ levels. Some introduced hNSCs differentiated into neural cells in the central nervous system. Indeed, hNSC transplantation enhances neural metabolic
activity by increasing both N-acetylaspartate, as seen
after medical treatment, and glutamate, a major

neurotransmitter related to cell viability and synaptic
plasticity [53]. In 2018, a study by McGinley suggested
that transplanted hNSCs regulate microglial activation
and thus reduces Aβ levels. Furthermore, the beneficial
effect of the treatment on behaviour lasted for 4 months
after transplantation [54] (Table 3).
In another study, mNSCs transplanted into APP/PS1
mice led to a variety of effects, including an increase in
synaptophysin and GAP-43, which were in turn associated with an improvement in behaviour accompanied by
synaptic formation [56]. In another study, mNSC

Table 3 Summary of factors and effects after neural stem cell transplantation in APP/PS1 Tg mice
NSC

Region

Factor

Effect

Not-shown

Aβ/tau

Ref

APP/PS1 tg mice
hNSCs

Hippocampus hNSCs Nacetylaspartate,
Glu

↑synaptic density
↑Neuronal metabolism

・Level of neurotrophic factor
・inflammatory cytokine

×

[55]

hNSCs

Fimbria fornix hNSC
microglial
activation

↑microglia activation
↓Aβ
No change in synaptic density
No change in Choline
acetytransferase

・Roles of neurotrophic factor in
long-term effects.
・Anti-inflammatory cytokine
・Factors affects NSC lifespan

〇(AB42
only)

[54]

Non-Tg B6C3 mouse
embryos

Hippocampus Synapses increase

NSC proliferation
↑ synaptophysin and growth
factor

・Factor contributes to
synaptogenesis.
・synapse function.

△

[56]

Non-Tg B6C3 mouse
embryos

Hippocampus NSC

↑mitochondria ↑mitochondrialrelated protein
↓mitochondrial fusion factor
optic mitofusion 1&2.

・Synapsis density
・Level of neurotrophic factor

△

[57]

Non-Tg B6C3 mouse
embryos

Hippocampus NSC

↓GFAP, Iba-1, TLR4 and TLR4 etc.
↓proinflammatory mediators

・Synaptic density
・Neurotrophic level

×

[58]

GFP Tg C57BL/6 mice
fetal forebrain

Hippocampus CNL from NSC

↑ChAT mRNA,
↑ChAT activity
↑ACh concentration

・Inflammatory factors

×

[59]

non-Tg B6C3 mouse

Hippocampus NSC

↑long-term potentiation
↑neuron expressing protein
↑synaptogenesis
↑ BNDF

・Inflammatory factors

×

[60]

Key: 〇 changes, △ not mentioned, × unchanged
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administration induced BDNF and tropomyosin receptor
kinase B (TrkB) release. Furthermore, introduced
mNSCs differentiated into neurons to compensate for
damaged endogenous neurons. In mNSC-derived neurons, TrkB was highly expressed and enhanced the effect
of BDNF upon damaged regions. A protein related to
memory and learning function—the NMDA receptor 2B
subunit—is also highly expressed after transplantation,
leading to cognitive improvement [60]. In addition
mNSC-derived cholinergic-like neurons, crucial players
in neurotransmition, were also transplanted into the
same Tg mice model. As a result, cholinergic acetyl
transferase (ChAT) mRNA and protein were upregulated, with an increase in ChAT activity and concentration as well as increased functional synapse density. This
result has further inspired efforts to develop NSC treatments since it addresses both molecular and cellular aspects of AD [59]. Zhang et al. investigated alterations in
inflammatory activity after mNSC transplantation and
found that the activity of glial cells and astrocytes was
decreased after mNSC transplantation. This affected the
Toll-like receptor 4 signalling pathway and reduced the
neuroinflammatory response via a cascade reaction. Cognitive improvement was also observed in the study [58].
Although few of these studies tackled the issue of Aβ
levels, they still achieved improvements in behavioural
performance via synapsis attenuation (Table 3).
Some partially contradicting results have been obtained.
In one study, hNSCs rescued cognitive deficits without altering synaptic density [54], while in another, hNSCs improved synaptic density and neural metabolic activity, but
mitigated behavioural improvement [53]. In some studies,
hNSC transplantation activated microglia and decreased
Aβ level [54], while a review of mNSC studies found no
change in Aβ levels, although cognitive deficits were rescued. The decrease in pro-inflammatory factors [58],
neuron replacement, increase in cognitive related protein
[60] and rise in effective neuronal transmitter levels [59]
contributed to this outcome. In contrast, no studies into
hNSCs have yet directly investigated the role of neurotrophic factors, so mNSCs have been more thoroughly investigated than hNSCs, even though both hNSCs and
mNSCs yield similar results at the behavioural level. Although the precise mechanisms remain controversial,
some form of beneficial effect remains consistent throughout (Table 3).
Human-derived NSCs in immune-deficient mice

5xfAD mice carries a total of five mutation namely, human APP- the Swedish (K670 N/M671 L), Florida (I716V),
London (V717I), PSEN1, M146 L and L286 V mutations.
Amyloid-beta aggregation begins to occur at 6 weeks of
age and extracellular amyloid deposition starts at 8-weeks
age [61]. Spatial and memory impairment is observed in 3
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to 6-month ages and continues to worsen [62]. These
mice lack the primary constituent cells of adaptive immunity namely T cells, B cells and natural killer cells. This
facilitates longer persistence of transplanted NSCs, which
will allow long-term efficacy and safety to be evaluated.
When a clinical grade hCNS-SC line was transplanted
into 5xfAD mice, successful engraftment had been observed up to five months after transplantation. However,
these transplanted hNSC failed to differentiate into neuronal cells and had impact on synaptic density. Pathological
protein levels Aβ and BDNF remain unchanged and behavior impairment was not mitigated [63]. In 2019, Zhang
et al. transplanted iNPCs reprogrammed from human
mononuclear cells into RAG-5xfAD. In this instance,
rapid differentiation into neurons and astrocytes were observed. Furthermore, these differentiated neurons formed
functional interaction with the host neuron, which rebuilt
synapses. An increase in BDNF levels was also observed in
the hippocampus. Furthermore, behavior improvement
was observed at around 5 to 6 moth post-transplantation
[64]. It is worth noting that the source of NSCs from these
two studies are very different, where it is plausible to think
that reprogrammed somatic cells will have greater neural
differentiation capacity. This appears to be the biggest difference between the two studies, thus suggesting that
lineage specific differentiation into the desired cell type
will have significant effects upon the desired outcome
(Table 4). It is known that the adaptive immune system
and T cells in particular have a significant role in propagating the neuroinflammatory response [65]. As such, although long-term engraftment of transplanted NSCs was
observed, like other mouse models, the accuracy of 5xfAD
in modeling AD is also questionable.
Mechanisms of behavioral improvement with different
NSC sources
Role of hNSCs in Tg models

Across the 3xTg, Tg2576, and APP/PS1 Tg mouse models,
similar behavioural and cellular effects are produced after
hNSC transplantation. In 2015, Ager et al. transplanted
hCNS-SCs into the 3xTg model and found that the cells
differentiate into immature oligodendrocytes, immature
neurons, and a few astrocytes. Their study suggested that
NSCs from hCNS-SC trigger endogenous synaptogenesis,
leading to cognitive improvement. Additionally, they proposed that specific differentiation stage has little relevance
in the improvements seen. Instead, they claimed that the
intrinsic properties of hCNS-SCs play an irreplaceable role
[43]. Similar behavioural improvement is achieved after endogenous neurogenesis, which is enhanced after hNSC
transplantation in Tg2576 mice [50]. Likewise, in APP/PS1
Tg mice, synaptic density and cognitive impairment were
significantly improved, and neural metabolism was also
ameliorated, suggesting that NSCs may alter neuronal
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Table 4 Summary of factors and effects after neural stem cell transplantation in 5xfAD (long-term/about 5 month)
NSC

Region

Factor

Effect

Not-shown

Aβ/tau

Ref

5xfAD mice (Long-term/about 5 month)
hCNS-SCs

Hippocampus

hCNS-SCs

No change in synaptic density
No differentiated neuron
No change BDNF
No behavior improvement

・Inflammatory factors
・Neurogenesis

×

[63]

iNPCs

Hippocampal DG

hCNS-SCs

↑synaptic density
↑ Neuron
↑ BNDF
Behavior improvement

・Inflammatory factors
・Effect of respective cell type after neural cell restore.
・Neurogenesis

〇

[64]

Key: 〇 changes, △ not mentioned, × unchanged

metabolic activity [53]. This was not mentioned in the
3xTg and Tg2576 models. Conversely, another study
showed that NSC transplantation has no effect on synaptic
density, but that it does improve behaviour [54]. An opposite long-term result in transplanting hNSC into RAG5xfAD were obtain from two studies. Nonetheless both
studies show NSCs have successfully engrafted into the host
for at least 5 months. Zhang’s study suggests NSCs differentiation triggers beneficial effect including increase in synaptic density, neural cell number, behavior improvement [64]
whereas Marsh’s fail to terminally differentiate NSCs [63].
This information has complicates the causal link and mechanism between NSCs and behavioural improvement, which
are nonetheless closely correlated. Interestingly, many studies across different models have implied that NSC transplantation does not alter Aβ levels, while only the study on
the APP/PS1 model mentioned microglia-mediated neuroinflammation (Table 5).
Role of mNSCs in Tg models

Generally, mNSC transplantation rescues synaptic density, leading to behavioural improvement in learning and
cognition. Together with the 3xTg and Tg2576 mice,
mNSC transplantation in APP/PS1 mice triggers synaptic formation. However, in APP/PS1 mice, neurogenesis
has not been investigated. In both Tg2576 and APP/PS1
mice, inflammatory level is altered after the transplantation. Notably, NEP produced from microglia in Tg2576
decreases Aβ levels [51], while NSC transplantation in
APP/PS1 lowers microglial levels [58]. Neurotrophic factors such as BDNF are elevated in 3xTg mice and APP/
PS1 Tg mice, but not in Tg2576 mice. Based on these

studies, either neurogenesis or synaptic density is
enough to rescue part of the cognitive deficit. Aβ appears to play little role in behaviour, and both Tg2576
and APP/PS1 mice appear sensitive to NSC-mediated
neuroinflammatory changes (Table 5).
AD iPSCs model

Cells with self-renewal and multi-potency characteristics
are ideal platforms for drug screening. For instance, iPSCs
are associated with fewer ethical concerns and AD-iPSCs
models have successfully recapitualted pathological condition for use in novel drug screening such as the combination of bromocriptine, cromolyn, and topiramate as an
anti-Aβ cocktail [66], -secretase and β-secretase inhibitors [67, 68]. These drugs inhibit Aβ production and so
toxic Aβ level decreases. Especially in anti-Aβ cocktail
treatment, toxic Aβ level decrease by more than 60% and
which has same result as in inhibitors treatment [66].
Moreover, although FAD and sporadic AD neuron carry
different mutations, decrease in Aβ levels was observed in
both [67, 68]. Treatment of anti-Aβ antibodies to iPSCderived neurons have indicated Aβ as upstream of tau
hyperphosphorylation. This result further supports known
mechanisms and provides clues in drug development [68].
Although behavioural tests cannot be carried out in cell
models, iPSCs model could offer significant contribution in
elucidation of pathophysiological mechanisms as well as
drug screening.

Challenges surrounding NSC transplantation
Although the potential of NSC therapy is promising, the
process of developing it as a treatment for AD is similar to

Table 5 Mechanisms of behavioral improvement after neural stem cell transplantation
hNSC
Synaptogenesis

mNSC
Neurogenesis

Inflammation

Synaptogenesis

Neurogenesis

Inflammation

3xTg

○

△

△

○

○

△

Tg2576

△

○

△

○

○

○

APP/PS1

○

△

○

○

△

○

RAG-5xfAD*

○/×

○/×

△

△

△

△

Long-term study Key: 〇, changes; △, not mentioned; ×, unchanged

*
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any other drugs. To begin with, it is necessary to clearly establish the positive impact that it could have on patients.
However, considering the shortcomings of various AD
models, it remains unclear how given outcomes will translate into human patients. Furthermore, although beneficial,
the contrasting effect of NSC in different transplantation
settings further obscures the definite role of NSCs in therapy. Thus, a comprehensive evaluation of NSC transplantation into AD models will be required.
Many studies have associated cognitive improvement
with increases in synaptic density, which is closely related to increases in both neuron and glial cell number.
NSC transplantation supports both behavioral and cognitive improvement. However, the exact attributing cell
type that supports these improvements that NSCs will
need to differentiate into remains unclear. Although
NSC transplantation rescues synaptic damage and is involved in functional interaction with the endogenous
neuronal circuit, few studies have addressed the duration
of this effect. It remains to be seen to what extent an improvement in synaptic density is only a “one-hit” effect
or something that is more prolonged in the fight against
disease progression towards a cure for AD.
Aβ levels are closely related to the activity of glial cells,
which are in turn related to the extent of the inflammatory
response. In many studies, various neurotrophins and cytokines act as inducers to promote cell protection or the
production of Aβ-degrading enzymes. In fact, NSCs could
be genetically modified to highly express Aβ-degrading
enzyme and to proliferate widely. Ideally, continuous production of neurotrophic and degrading enzymes by NSCs
would prevent further neurodegeneration as disease progresses. However, in practice, Aβ clearance may have little
effect on global improvement, because the basal environment remains favorable for Aβ production and aggregation. Thus, to augment the effects of NSC, the basal
environment should first be manipulated by influencing
local glial cell activity, followed by evaluating transplanted
NSCs in terms of clearance and production rates, inflammation level, and neurogenesis.
Localization within the transplant area and viability of
transplanted cells are the preliminary challenges in NSC
treatment. Subsequent interactions with cells in the host
environment is also important. In some studies, NSCs are
untraceable after transplantation, while studies with traceable NSCs have not quantified the viable cell number.
Methodological difficulties have limited the understanding
of NSCs in vivo [69, 70]. The problem of untraceable
NSCs in studies post-transplantation has yet to be fully
studied. Indeed, there is the inherent risk of transplanted
NSCs developing into brain tumor such as glioblastomas.
Many studies have identified that cancer stem cells share
many common features and niches with NSCs and implicate NSCs as the origin these cells [71]. However, the
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exact mechanism of how NSCs develops into cancerous
cells remains to be elucidated [72].
Ethical concerns around the sourcing of embryonic stem
cells, which can be differentiated into NSCs, have continued
to persist. However, direct isolation of NSCs from primary
tissue is extremely risky, and non-patient-specific NSCs
may cause immune rejection. Using iPSCs as an alternative
avoids many of the ethical concerns associated with embryonic stem cells. Nonetheless, to what extend these iPSCs
are uniformed in their quality remain in question. Moreover, during iPSCs establishment, reprogramming efficiency
is depended on donor-cell-type and reprogramming
method [73, 74]. The optimum somatic cell type for reprogramming into iPSCs and subsequent differentiation into
NSCs remains to be determined. Nonetheless, iPSC-derived
NSCs represents a more readily available source of transplantable cells that can be further modified to enhance the
beneficial effect of transplantation.
To conclude, the beneficial effect of NSCs is based less
on modulating pathological protein levels but rather, increasing synaptic density, restoring local neuron populations, and/or increasing neurotrophic factor levels
(Fig. 2). The question is how long can this phenomenon
persist for whilst levels of pathological protein level remain unchanged. Also, it would be interesting to know
what role NSC can play in lesion protein aggregation
through mediating glial cell, inflammation, and synapse
rescue. All in all, although certain challenges remain,
NSCs will likely have an important role in advancing
treatment for AD.

Recent clinical developments in treatment of Alzheimer’s
disease

Aβ related toxicity is still believed to be the main cause of
synaptic dysfunction and the subsequent neurodegeneration that underlies the occurrence and development of AD.
Aducanumab is a monoclonal antibody targeting aggregation of Aβ. When transplanted intoTg2576 mice,
dose-dependent reduction in both soluble and insoluble
Aβ could be occurred and similar observations in a
phase 1b randomized trial [75]. To follow up, two identical phase III trials (ENGAGE and EMERGE) were initiated but unfortunately both were discontinued in March
2019 after failing futility testing. Data was re-analyzed to
include those who had completed the 18-month followup between the futility analysis and halting both studies
[76]. In a surprise announcement in October 2019, a
new filing for approval for Aducanumab will be made to
the FDA. However, experts in the field are being prudent
over interpretation of the results as only one of the trials
showed moderate benefit in cognitive improvement
whereas the other trial still showed no hint of efficacy
[77]. Similar observation was observed in phase III
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Fig. 2 Routes for neural stem cell transplantation and mechanisms of cognitive impairment restoration. Transplantation of neural stem cells
triggers (1) endogenous synaptogenesis and (2) endogenous neurogenesis to influence behavioral performance. (3) The limited causal
relationship between amyloid-beta and neural stem cells contraindicates any link between behavioral performance and amyloid-beta aggregation

trials for Solanezumab, which is also targets Aβ aggregation [78].
Recently in China, conditional approval has been
granted for Oligomannate, which aims to prevent neuroinflammation that can occur through stimulated differentiation and proliferation of T helper 1 (Th1) cell by gut
dysbiosis [79]. When administered to patients with mild
to moderate AD in a phase III study, significant cognitive
improvement could be observed compared to the placebo
group. However, at the time of writing this review, data
for the study has yet to be published. For now, gut dysbiosis and neuroinflammation remains unproven as an effective in in combating AD progression. Many unanswered
questions remain for those suffering from more severe
forms of AD beyond moderate levels. Cognitive improvement remains the gold standard by which the efficacy of
various targeted therapies is judged by. Yet it appears targeting only a single element of AD pathophysiology, such
as Aβ accumulation or neuroinflammation will not be
enough to arrest disease progression.

Conclusion and future aspects
Various animal models have been established and each
has its own advantages. None have successfully replicated
the complex microenvironment of the human brain or the
precise pathophysiological conditions of AD. Consequently, it is challenging to precisely characterize the
beneficial effects of NSCs in AD. However, it has been
consistently shown that transplantation of NSCs does

bring some positive effects albeit the mechanisms remains
unclear. The number of variable factors remains high in
each mouse model, but they fail to compensate for one
another. By comparing hNSCs and mNSCs, only a few
studies have suggested that Aβ levels in these animal
models decrease after hNSC transplantation. Thus, knowing the primary cause of AD is highly due to Aβ aggregation, the functional and characteristic differences in the
two types of NSC must be re-examined. Additionally,
temporary recovery of behaviour is relatively easily obtained, but often fail to linked to a complete cure. Curative
treatment is likely dependent upon sufficiently early diagnosis to prevent further cell death and brain deterioration.
A combination of NSC transplantation alongside administrating existing approved medication and preventing further Aβ aggregation may way be the most effective. It
important to note that whilst behavioral or cognitive improvement is interpreted as positive outcomes, it can be
frequently misinterpreted as permanent arrest or even reversal of AD progression. It merely provides some clues to
future treatment thus the focus should shift towards how
to sustain such phenomena and combine different treatment that may give rise to such outcomes.
Abbreviations
3xTg: Triple-transgenic; AD: Alzheimer’s disease; APP: Amyloid precursor
protein; Aβ: Amyloid-beta; BDNF: Brain-derived neurotrophic factor;
ChAT: Cholinergic acetyl transferase; ESCs: Embryonic stem cells;
FAD: Familial Alzheim’s disease; FDA: Food and Drug Administration; GAP43: Growth-associated protein 43; hCNS-SCs: Human central nervous system
stem cells; hNSCs: Human-derived neural stem cells; iNPCs: Induced neural

Hayashi et al. Journal of Biomedical Science

(2020) 27:29

progenitor cells; iPSCs: Induced pluripotent stem cells; mNSCs: Murinederived neural stem cells; nAChR: Nicotinic acetylcholine receptor;
NEP: Neprilysin; NMDA: N-methyl-d-aspartate; NSCs: Neural stem cells;
PS1: Presenilin-1; SVZ: Subventricular zone; TrkB: Tropomyosin receptor kinase
B
Acknowledgements
Not applicable.
Authors’ contributions
Yoshihito Hayashi, Huan-Ting Lin and Kuen-Jer Tsai wrote and edited the
paper, the tables, and the figures. Cheng-Che Lee edited the paper. All authors read and approved the final manuscript.
Funding
This study was supported by grants from Ministry of Science and
Technology, Taiwan (MOST-105-2628-B-006-016-MY3 and MOST-106-2628-B006-001-MY4).
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Institute of Clinical Medicine, College of Medicine, National Cheng Kung
University, Tainan, Taiwan. 2Department of Life Sciences, College of
Bioscience and Biotechnology, National Cheng Kung University, Tainan,
Taiwan. 3Division of Stem Cell Processing/Stem Cell Bank, Center for Stem
Cell Biology and Regenerative Medicine, The Institute of Medical Science,
The University of Tokyo, Tokyo, Japan. 4Research Center of Clinical Medicine,
National Cheng Kung University Hospital, College of Medicine, National
Cheng Kung University, Tainan, Taiwan. 5Center of Cell Therapy, National
Cheng Kung University Hospital, College of Medicine, National Cheng Kung
University, Tainan, Taiwan.
Received: 10 August 2019 Accepted: 20 January 2020

References
1. Ryan NS, Rossor MN, Fox NC. Alzheimer's disease in the 100 years since
Alzheimer's death. Brain. 2015;138(Pt 12):3816–21.
2. Wenk, G.L., Neuropathologic changes in ALzheimers Disease. The Journal of
Clinical Psychiatry, 2003. 64(Suppl 9:7–10).
3. Guan R, et al. Trends in Alzheimer's disease research based upon machine
learning analysis of PubMed abstracts. Int J Biol Sci. 2019;15(10):2065–74.
4. Gerwin Roksa BD, Heutinkc P, Julliamsb A, Backhovensb H, Van de Broeckb
M, Serneelsb S, Hofmana A, Van Broeckhovenb C, van Duijna CM, Crutsb M.
Mutation screening of the tau gene in patients with early-onset. Neurosci Lett.
1999;277:137–9.
5. Radde R, et al. Abeta42-driven cerebral amyloidosis in transgenic mice
reveals early and robust pathology. EMBO Rep. 2006;7(9):940–6.
6. Irizarry MC, et al. APPsw transgenic mice develop age-related Aβ deposits
and Neuropil abnormalities, but no neuronal loss in CA1. J Neuropathol Exp
Neurol. 1997;56(9):965–73.
7. Yang J, et al. Induced pluripotent stem cells in Alzheimer's disease:
applications for disease modeling and cell-replacement therapy. Mol
Neurodegener. 2016;11(1):39.
8. Briggs R, Kennelly SP, O'Neill D. Drug treatments in Alzheimer’s disease. Clin
Med. 2016;16(3):247–53.
9. Hari Manev MF. Alessandro Guidotti, and Erminio Costa, Delayed Increase of
Ca2ı Influx Elicited by Glutamate: Role in Neuronal Death. Mol Pharmacol.
1989;36:106–12.

Page 10 of 11

10. Parsons CG, Stoffler A, Danysz W. Memantine: a NMDA receptor antagonist
that improves memory by restoration of homeostasis in the glutamatergic
system--too little activation is bad, too much is even worse.
Neuropharmacology. 2007;53(6):699–723.
11. Atri A, et al. Cumulative, additive benefits of memantine-donepezil
combination over component monotherapies in moderate to severe
Alzheimer's dementia: a pooled area under the curve analysis. Alzheimers
Res Ther. 2015;7(1):28.
12. David A. Casey, D.A., James O’Brien, Drugs for Alzheimer’s Disease Are They
Effective 2010. 35(4).
13. Traynor K. Effective drug therapy for Alzheimer's disease remains elusive.
Am J Health Syst Pharm. 2015;72(7):516 518.
14. Morris GP, Clark IA, Vissel B. Inconsistencies and Controversies Surrounding
the Amyloid Hypothesis of Alzheimer's Disease. Acta Neuropathol Commun.
2014;2(135). https://doi.org/10.1186/s40478-014-0135-5.
15. Fettelschoss A, Zabel F, Bachmann MF. Vaccination against Alzheimer
disease. Human Vaccines Immunother. 2014;10(4):847–51.
16. Massirer KB, et al. Maintenance and differentiation of neural stem cells.
Wiley Interdiscip Rev Syst Biol Med. 2011;3(1):107–14.
17. Martinez-Morales PL, et al. Progress in stem cell therapy for major human
neurological disorders. Stem Cell Rev. 2013;9(5):685–99.
18. Shahbazi E, et al. Reprogramming of somatic cells to induced neural stem
cells. Methods. 2018;133:21–8.
19. Hermann A, Storch A. Induced neural stem cells (iNSCs) in
neurodegenerative diseases. J Neural Transm (Vienna). 2013;120(Suppl 1):
S19–25.
20. Wen Y, Jin S. Production of neural stem cells from human pluripotent stem
cells. J Biotechnol. 2014;188:122–9.
21. Guo W, et al. Isolation of multipotent neural stem or progenitor cells from
both the dentate gyrus and subventricular zone of a single adult mouse.
Nat Protoc. 2012;7(11):2005–12.
22. Lee, J.P., et al., Neural stem cell transplantation in mouse brain. Curr Protoc
Neurosci, 2008. Chapter 3: p. Unit 3 10.
23. Mathew Blurton-Jones MK, Martinez-coria H, Nicholas A, Castello F-JM,
Loring TRYJF, Poon WW, Green KN, LaFerla FM. Neural stem cells improve
cognition via BDNF in a transgenic model of Alzheimer disease. PNAS. 2009;
106(32):13594–9.
24. Parmar M. Towards stem cell based therapies for Parkinson's disease.
Development. 2018;145(1). https://doi.org/10.1242/dev.156117.
25. Chou CH, Fan HC, Hueng DY. Potential of neural stem cell-based therapy
for Parkinson's disease. Parkinsons Dis. 2015;2015:571475.
26. Choi KA, Choi Y, Hong S. Stem cell transplantation for Huntington's
diseases. Methods. 2018;133:104–12.
27. Wooseok Im S-TL. Kon Chu, Manho Kim, Jae-Kyu Roh, Stem Cells
Transplantation and Huntington’s Disease. Int J Stem Cells. 2009;2(2):102–8.
28. Edwards, A., Neural stem cell transplantation in ALS: developing a cure for the
incurable? Bioscience Horizons 2016. 9(2016).
29. Telias M, Ben-Yosef D. Neural stem cell replacement: a possible therapy for
neurodevelopmental disorders? Neural Regen Res. 2015;10(2):180–2.
30. Tang J, et al. Embryonic stem cell-derived neural precursor cells
improve memory dysfunction in Abeta(1-40) injured rats. Neurosci Res.
2008;62(2):86–96.
31. Liu F, et al. Combined effect of nerve growth factor and brainderived
neurotrophic factor on neuronal differentiation of neural stem cells and the
potential molecular mechanisms. Mol Med Rep. 2014;10(4):1739–45.
32. Wu CC, et al. Gain of BDNF function in engrafted neural stem cells promotes
the therapeutic potential for Alzheimer's disease. Sci Rep. 2016;6:27358.
33. Kim DH, et al. Thrombospondin-1 secreted by human umbilical cord bloodderived mesenchymal stem cells rescues neurons from synaptic dysfunction
in Alzheimer's disease model. Sci Rep. 2018;8(1):354.
34. Marsh SE, Blurton-Jones M. Neural stem cell therapy for neurodegenerative
disorders: the role of neurotrophic support. Neurochem Int. 2017;106:94–100.
35. Liu Y, et al. Medial ganglionic eminence-like cells derived from human
embryonic stem cells correct learning and memory deficits. Nat Biotechnol.
2013;31(5):440–7.
36. Yamasaki TR, et al. Neural stem cells improve memory in an inducible
mouse model of neuronal loss. J Neurosci. 2007;27(44):11925–33.
37. Devi L, Ohno M. A combination Alzheimer's therapy targeting BACE1 and
neprilysin in 5XFAD transgenic mice. Mol Brain. 2015;8:19.
38. Yiannopoulou KG, Papageorgiou SG. Current and future treatments for
Alzheimer’s disease. Ther Adv Neurol Disord. 2013;6(1):19–33.

Hayashi et al. Journal of Biomedical Science

(2020) 27:29

39. Tran PB, Miller RJ. Chemokine receptors: signposts to brain development
and disease. Nat Rev Neurosci. 2003;4(6):444–55.
40. Kwak KA, et al. Current perspectives regarding stem cell-based therapy for
Alzheimer's disease. Stem Cells Int. 2018;2018:6392986.
41. Oddo S, et al. Triple-transgenic model of Alzheimer's disease with plaques
and tangles. Neuron. 2003;39(3):409–21.
42. Billings LM, et al. Intraneuronal Abeta causes the onset of early Alzheimer's
disease-related cognitive deficits in transgenic mice. Neuron. 2005;45(5):
675–88.
43. Ager RR, et al. Human neural stem cells improve cognition and promote
synaptic growth in two complementary transgenic models of Alzheimer's
disease and neuronal loss. Hippocampus. 2015;25(7):813–26.
44. Chen SQ, et al. Neural stem cell transplantation improves spatial learning
and memory via neuronal regeneration in amyloid-beta precursor protein/
presenilin 1/tau triple transgenic mice. Am J Alzheimers Dis Other Dement.
2014;29(2):142–9.
45. Mathew Blurton-Jones BS, Michael S, Castello NA, Agazaryan AA, Davis JL, Müller
JFLF-J, Masliah E, LaFerla FM, Blurton-Jones, et al. Neural stem cells geneticallymodified to express neprilysin reduce pathology in Alzheimer transgenic models.
Stem Cell Res Ther. 2014;5(46). https://doi.org/10.1186/scrt440.
46. Byrne JA. Developing neural stem cell-based treatments for
neurodegenerative diseases. Byrne Stem Cell Res Ther. 2014;5(72). https://
doi.org/10.1186/scrt461.
47. King DL, Arendash GW. Behavioral characterization of the Tg2576 transgenic
model of Alzheimer’s disease through 19 months. Physiol Behav. 2002;75:
627–42.
48. Kawarabayashi T, et al. Age-dependent changes in brain, CSF, and plasma
amyloid β protein in the Tg2576 transgenic mouse model of Alzheimer's
disease. J Neurosci. 2001;21(2):372–81.
49. Hsiao K, et al. Correlative memory deficits, a elevation, and amyloid plaques
in transgenic mice. Science. 1996;274(5284):99–103.
50. Lilja AM, et al. Neural stem cell transplant-induced effect on neurogenesis
and cognition in Alzheimer Tg2576 mice is inhibited by concomitant
treatment with amyloid-lowering or cholinergic alpha7 nicotinic receptor
drugs. Neural Plast. 2015;2015:370432.
51. Kim JA, et al. Neural stem cell transplantation at critical period improves
learning and memory through restoring synaptic impairment in Alzheimer's
disease mouse model. Cell Death Dis. 2015;6:e1789.
52. Maia LF, Kaeser SA, Reichwald J, Hruscha M, Martus P, Staufenbiel M, Jucker
M. Changes in Amyloid-b and Tau in the Cerebrospinal Fluid of Transgenic
Mice overexpressing Amyloid Precursor Protein. Sci Transl Med. 2013;17(5):194.
53. Li X, et al. Human neural stem cell transplantation rescues cognitive defects
in APP/PS1 model of Alzheimer's disease by enhancing neuronal
connectivity and metabolic activity. Front Aging Neurosci. 2016;8:282.
54. McGinley LM, et al. Human neural stem cell transplantation improves
cognition in a murine model of Alzheimer's disease. Sci Rep. 2018;8(1):
14776.
55. Haiyan H, et al. Effect of Astragaloside IV on neural stem cell transplantation
in Alzheimer's disease rat models. Evid Based Complement Alternat Med.
2016;2016:3106980.
56. Zhang W, et al. Effects of neural stem cells on synaptic proteins and
memory in a mouse model of Alzheimer's disease. J Neurosci Res. 2014;
92(2):185–94.
57. Zhang W, et al. Neural stem cell transplantation enhances mitochondrial
biogenesis in a transgenic mouse model of Alzheimer's disease-like
pathology. Neurobiol Aging. 2015;36(3):1282–92.
58. Zhang Q, et al. Neural stem cell transplantation decreases
neuroinflammation in a transgenic mouse model of Alzheimer's disease. J
Neurochem. 2015.
59. Gu G, et al. Transplantation of NSC-derived cholinergic neuron-like cells
improves cognitive function in APP/PS1 transgenic mice. Neuroscience.
2015;291:81–92.
60. Zhang W, et al. Neural stem cell transplants improve cognitive function
without altering amyloid pathology in an APP/PS1 double transgenic model
of Alzheimer's disease. Mol Neurobiol. 2014;50(2):423–37.
61. Oakley H, et al. Intraneuronal beta-amyloid aggregates, neurodegeneration,
and neuron loss in transgenic mice with five familial Alzheimer's disease
mutations: potential factors in amyloid plaque formation. J Neurosci. 2006;
26(40):10129–40.
62. Jawhar S, et al. Motor deficits, neuron loss, and reduced anxiety coinciding
with axonal degeneration and intraneuronal Abeta aggregation in the

Page 11 of 11

63.

64.

65.
66.

67.
68.

69.

70.
71.
72.
73.

74.

75.
76.
77.
78.
79.

5XFAD mouse model of Alzheimer's disease. Neurobiol Aging. 2012;33(1):
196 e29–40.
Marsh SE, et al. HuCNS-SC human NSCs fail to differentiate, form ectopic
clusters, and provide no cognitive benefits in a transgenic model of
Alzheimer's disease. Stem Cell Reports. 2017;8(2):235–48.
Zhang T, et al. Human neural stem cells reinforce hippocampal synaptic
network and rescue cognitive deficits in a mouse model of Alzheimer's
disease. Stem Cell Reports. 2019;13(6):1022–37.
Kinney JW, et al. Inflammation as a central mechanism in Alzheimer's disease.
Alzheimers Dement (N Y). 2018;4:575–90.
Kondo T, et al. iPSC-based compound screening and in vitro trials identify a
synergistic anti-amyloid beta combination for Alzheimer's disease. Cell Rep.
2017;21(8):2304–12.
Yagi T, et al. Modeling familial Alzheimer's disease with induced pluripotent
stem cells. Hum Mol Genet. 2011;20(23):4530–9.
Muratore CR, et al. The familial Alzheimer's disease APPV717I mutation alters
APP processing and tau expression in iPSC-derived neurons. Hum Mol
Genet. 2014;23(13):3523–36.
Bernau K, et al. In vivo tracking of human neural progenitor cells in the rat
brain using magnetic resonance imaging is not enhanced by ferritin
expression. Cell Transplant. 2016;25(3):575–92.
Zheng Y, et al. Stem cell tracking Technologies for Neurological
Regenerative Medicine Purposes. Stem Cells Int. 2017;2017:2934149.
Yabut OR, Pleasure SJ. The crossroads of neural stem cell development and
tumorigenesis. Opera Med Physiol. 2016;2(3–4):181–7.
Doo-Sik, K., Cancer stem cells in brain tumors and their lineage hierarchy.
International Journal of Stem Cells 2012. 5 (1).
Brouwer M, Zhou H, Nadif Kasri N. Choices for induction of Pluripotency:
recent developments in human induced pluripotent stem cell
reprogramming strategies. Stem Cell Rev Rep. 2016;12(1):54–72.
Omole AE, Fakoya AOJ. Ten years of progress and promise of induced
pluripotent stem cells: historical origins, characteristics, mechanisms,
limitations, and potential applications. PeerJ. 2018;6:e4370.
Sevigny J, et al. The antibody aducanumab reduces Abeta plaques in
Alzheimer's disease. Nature. 2016;537(7618):50–6.
Howard, R. and K.Y. Liu, Questions EMERGE as Biogen claims aducanumab
turnaround. Nat Rev Neurol, 2019.
Schneider, L., A resurrection of aducanumab for Alzheimer's disease. The
Lancet Neurology, 2019.
Honig LS, et al. Trial of Solanezumab for mild dementia due to Alzheimer's
disease. N Engl J Med. 2018;378(4):321–30.
Wang X, et al. Sodium oligomannate therapeutically remodels gut
microbiota and suppresses gut bacterial amino acids-shaped
neuroinflammation to inhibit Alzheimer's disease progression. Cell Res.
2019;29(10):787–803.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

