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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by memory
impairments, which has no effective therapy. Stem cell transplantation shows great
potential in the therapy of various disease. However, the application of stem cell
therapy in neurological disorders, especially the ones with a long-term disease course
such as AD, is limited by the delivery approach due to the presence of the brain
blood barrier. So far, the most commonly used delivery approach in the therapy of
neurological disorders with stem cells in preclinical and clinical studies are intracranial
injection and intrathecal injection, both of which are invasive. In the present study,
we use repetitive intranasal delivery of human neural stem cells (hNSCs) to the brains
of APP/PS1 transgenic mice to investigate the effect of hNSCs on the pathology of
AD. The results indicate that the intranasally transplanted hNSCs survive and exhibit
extensive migration and higher neuronal differentiation, with a relatively limited glial
differentiation. A proportion of intranasally transplanted hNSCs differentiate to cholinergic
neurons, which rescue cholinergic dysfunction in APP/PS1 mice. In addition, intranasal
transplantation of hNSCs attenuates p-amyloid accumulation by upregulating the
expression of B-amyloid degrading enzymes, insulin-degrading enzymes, and neprilysin.
Moreover, intranasal transplantation of hNSCs ameliorates other AD-like pathology
including neuroinflammation, cholinergic dysfunction, and pericytic and synaptic loss,
while enhancing adult hippocampal neurogenesis, eventually rescuing the cognitive
deficits of APP/PS1 transgenic mice. Thus, our findings highlight that intranasal
transplantation of hNSCs benefits cognition through multiple mechanisms, and exhibit
the great potential of intranasal administration of stem cells as a non-invasive therapeutic
strategy for AD.
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FIGURE 3 | Differentiation of intranasally transplanted hNSCs in the brains of APP/PS1 transgenic mice. (A-D) The sagittal sections of APP/PS1 mice which were
transplanted intranasally with hNSCs were coimmunostained for stem121 and NeuN. (A) The overall view of the fluorescence staining of the mouse sagittal section.
(Continued)
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FIGURE 3 | (B-D) The enlarged images of the corresponding white square boxes shown in (A). hNSCs pons (B), cerebellum (C), and hippocampus (D). The images
with higher magnification are shown in the inserts. The transplanted hNSCs which were differentiated into neurons are indicated by the white arrows. (E,F) The coronal
sections of host APP/PS1 mice were coimmunostained for stem121 and GFAP (E) or NG2 (F). The transplanted hNSCs which were differentiated into astrocytes or
OPCs are indicated by the white arrows. Scale bars: 1 mm (A), 50 um in the images with lower magnification, 40 wm in the inserted images (B-D), 20 um (E,F).
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FIGURE 4 | Transplanted hNSCs differentiate into cholinergic neurons in the brains of the host APP/PS1 transgenic mice. (A-C) The coronal sections of the host mice
were coimmunostained with anti-stem121 and anti-CHAT antibodies. (A) The overall view of the fluorescence staining. (B,C) The enlarged images in the
corresponding white square boxes shown in (A). Hippocampus (B) and ventral cortex (C). The white arrows indicate the hNSCs which were differentiated into
cholinergic neurons. Scale bars: 1 mm (A), 50 um (B,C). (D,E) The levels of CHAT in the hippocampus of host mice analyzed with Western blot. Relative levels of
CHAT were quantified with those in WT mice were normalized to 1.0. Data are presented as mean + SEM. n = 6 mice/group. *p < 0.05, One-way ANOVA (E).

host APP/PS1 mice co-stained stem121 with the neuron-  results showed that a large proportion of transplanted hNSCs
specific marker NeuN, the astrocyte marker GFAP, or the differentiated into neurons (stem121TNeuN") (Figures 3A-D).
oligodendrocyte precursor marker NG2, respectively. The In contrast, only a small proportion of transplanted hNSCs
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differentiated into astrocytes (stem121TGFAP*) (Figure 3E)
and oligodendrocytes (stem 1217NG2*) (Figure 3F).

Cholinergic neuronal dysfunction and degeneration is one
of the early pathological events in AD, which contributes to
cognitive deficits (Hampel et al., 2018; Richter et al., 2018).
To further investigate the differentiation capability of the
intranasally transplanted hNSCs, we investigated whether these
transplanted hNSCs could differentiate into cholinergic neurons,
whose dysfunction contributes to AD pathogenesis (Hampel
et al., 2018; Richter et al., 2018). Excitingly, quite a large number
of cholinergic neurons differentiated from transplanted hNSCs
were observed in the cortex, hippocampus, pons, and other
regions (Figures 4A-C). Consistent with this result, the protein
level of cholinergic transferase (CHAT'), which is responsible for
the synthesis of acetylcholine, increased in the hippocampus of
APP/PS1 mice following hNSCs delivery (Figures 4D,E). These
data indicate that intranasally transplanted hNSCs differentiate
to functional cholinergic neurons in APP/PS1 mice.

Intranasal Transplantation of hNSCs
Attenuates Ag Accumulation in APP/PS1

Mice by Promoting Its Clearance

AP is one of the key initiating factors of AD pathogenesis.
Accumulation of AP results in loss of synapses,
neuroinflammation, and ultimately cognitive deficits (Musiek
and Holtzman, 2015). Thus, we investigated the function of
hNSCs on AP accumulation. A staining was performed using
an antibody against AP in mouse coronal sections. The numbers
and size of AP plaques were quantified in the brain sections from
APP/PS1 mice transplanted with hNSCs and the age-matched
APP/PS1 controls. The results showed that both the size and
the numbers of AP plaques in the hippocampus (Figures 5A-C)
and cortex (Figures 5A,D,E) of hNSCs-transplanted APP/PS1
mice were decreased compared with those in control APP/PS1
mice. Consistent with these results, ELISA analysis showed
that the levels of both soluble and insoluble AB42 and AB40
in the hippocampus of hNSCs-transplanted APP/PS1 mice
were also decreased (Figures 5F-I). The cortical insoluble
AB42 also exhibited reduced levels upon hNSCs transplantation
(Figure 5K). Whereas, soluble AB42 and AP40, together with
insoluble AB40 in the cortex of hNSCs-transplanted APP/PS1
mice showed a tendency to decrease, although this did not reach
a statistic difference (Figures 5J,L,M). These results indicate
that repetitive intranasal transplantation of hNSCs decreases Ap
accumulation in the brains of APP/PS1 mice.

Reduced A levels could be caused by insufficient production
capacity or increased clearance. AP is produced by the cleavage
of amyloid precursor protein (APP) by B- and y-secretase
sequentially. The cleavage of APP by o/B-secretase generates
a carboxy terminal fragment called o-/B-CTFs. Thus, the
levels of a-/B-CTFs could reflect the cleavage of APP by
a-/p-secretase. However, neither a-/B-CTFs nor full-length
APP exhibited altered levels upon hNSCs transplantation. The
levels of PB-site APP-cleaving enzyme 1 (BACEI) showed a
trend of reduction in the hippocampus of hNSCs-transplanted
APP/PS1 mice in comparison to those in control APP/PS1 mice

(Figures 6A-E). We thus further investigated the possibility that
hNSCs transplantation affects the clearance of AP by examining
the levels of IDE and NEP, two key enzymes in charge of AP
degradation (Miners et al., 2010; Kurochkin et al., 2018). The
results demonstrated both IDE and NEP levels were increased
in the hippocampus of hNSCs transplanted mice compared
to age-matched control APP/PS1 mice (Figures 6F-H). Thus,
these results indicate that repetitive intranasal transplantation
promotes AP clearance by enhancing AP degradation.

hNSCs Inhibit Neuroinflammation in
APP/PS1 Mice

Neuroinflammation is widely reported as one of the mechanisms
of Alzheimer’s disease pathology (Calsolaro and Edison, 2016).
Excessive neuroinflammation leads to synaptic degeneration and
memory loss. We thus further examined whether intranasally
transplanted hNSCs attenuate neuroinflammation in the
brains of APP/PS1 mice by quantifying the density of
microglia and astrocytes, the glial cells responsible in initiating
neuroinflammation in the brain. The coronal sections of
transgenic mice were immunostained with antibodies of
Ibal (marker of microglia) and GFAP (marker of astrocytes),
respectively. As expected, saline-injected APP/PS1 mice
exhibited a significantly increased density of astrocytes
(Figures 7A,C,D) and microglia (Figures 7B,E,F) in both
the hippocampus and cortex compared with WT mice. Whereas,
hNSCs transplantation reduced the density of astrocytes
(Figures 7A,C,D) and microglia (Figures 7B,E,F) to a level
comparable to that of WT mice. These findings demonstrate
that repetitive intranasal transplantation of hNSCs rescues
neuroinflammation in the brains of APP/PS1 mice.

Intranasal Transplantation of hNSCs
Enhances Endogenous Neurogenesis,
While Ameliorating Pericytic and Synaptic
Loss in the Hippocampus of APP/PS1 Mice

AHN displays an obvious potential for structural plasticity,
which is closely related to cognition (Trinchero et al., 2017).
The declined AHN is an early event in AD, even prior to the
occurrence of Ap deposition (Tobin et al., 2019). We next sought
to evaluate whether intranasal transplantation of hNSCs would
affect AHN of APP/PSI transgenic mice. DCX, a marker of
immature newborn neurons, were detected exclusively in the
sub-granular layer of DG. Strikingly, the numbers of DCX*
cells increased by 2-3 times in the DG of hNSC-transplanted
APP/PS1 mice compared to those in saline-treated APP/PSI
mice. Moreover, the DCX™ cells in hNSCs-transplanted APP/PS1
DG harbored more and longer dendritic branches that extended
well into the molecular layer, compared to those in saline-
treated APP/PS1 DG (Figures 8A,B). Thus, these results indicate
that intranasal transplantation of hNSCs enhances AHN of
APP/PS1 mice.

Pericytes degeneration in AD has been reported both in post-
mortem brains in human and in AD mouse models (Sagare
etal.,, 2013; Halliday et al., 2016). Loss of pericytes contributes to
AD pathogenesis by multiple mechanisms including regulating
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FIGURE 5 | Intranasal transplantation of hNSCs reduces AB accumulation in the brains of APP/PS1 mice. (A-E) The coronal sections of host and control APP/PS1
mice were stained with an antibody against Ag (6E10). Representative images in the hippocampus and cortex are shown. Scale bars: 100 and 50 pm in the images
with higher magnification. The size of A plaques in the hippocampus (B) and cortex (D). The numbers of Ag plaques in the hippocampus (C) and cortex (E).
(F-M) ELISA analysis of the levels of soluble and insoluble AB42 (F,G,J,K) and AB40 (H,l,L,M) in the cortex and hippocampus. Data are presented as mean + SEM. n
= 2040 slices from 5 mice/group for AB plagques analysis; n = 5 mice/group for ELISA analysis. *p < 0.05; **p < 0.01; ***p < 0.01. Student t-test (B-E). One-way
ANOVA (F-M).
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FIGURE 6 | Intranasal transplantation of hANSCs increases AB-degrading enzymes without altering the cleavage of APP. Western blot analysis of the levels of
full-length APP (A,B), BACE1 (A,C), B-CTF (A,D), a-CTF (A,E), IDE (F,G), and NEP (F,H) in the hippocampus of host mice. (B-E,G,H) The relative levels of the above
proteins. The level of IDE and NEP were quantified with those in WT mice being normalized to 1.0 (G,H). Data are presented as mean + SEM. n = 6 mice/group.
*p < 0.05; **p < 0.01. One-way ANOVA.

AP clearance by phagocytosis and transportation of Ap out of
CNS through the BBB, maintaining BBB permeability, supplying
oxygen, and metabolites in collaboration with the endothelial
cells (Rustenhoven et al., 2017; Ma et al., 2018; Nortley et al.,
2019). Pericytes also modulate neurogenesis and angiogenesis
(Motegi et al., 2011; Farahani et al., 2019), which are correlated
with cognition as well. We thus examined the role of transplanted
hNSCs on pericytic degeneration by immunostaining PDGFR,
a specific marker of pericytes in the coronal section of the
mouse brain. Our data showed that the density of pericytes in

the hippocampus of APP/PS1 mice increased significantly upon
hNSCs transplantation (Figures 8C,D).

Synapses are essential for cognitive function, whose loss is
closely related to the cognitive impairment of AD (Robinson
et al.,, 2014; Scheff et al., 2014). We wondered whether hNSCs
ameliorates synaptic loss. We assessed synaptic density in
the hippocampal CA3 region, where it is rich in synapses,
by immunostaining SYN, a marker for presynaptic proteins.
Mean fluorescence intensity of SYNT signals in the CA3
region of APP/PS1 mice was increased following hNSCs
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FIGURE 7 | Intranasal transplantation of hNSCs attenuates neuroinflammation in the brains of APP/PS1 mice. The coronal hippocampal and cortical section were
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0.01. One-way ANOVA.

transplantation (Figures 8E,F). These data provide evidence that
intranasal transplantation of hNSCs ameliorates synaptic loss
in AD.

Thus, repetitive intranasal transplantation of hNSCs
enhanced neurogenesis, preventing the loss of pericytes
and synapses in the brains of APP/PS1 mice. To further
explore the mechanisms, we examined the levels of growth

factors such as brain derived neurotrophic factor (BDNF)
and nerve growth factor (NGF) and neurotrophin such as
neurotrophin 3 (NTF3), which play essential roles in the
above processes. However, none of them exhibited different
levels in the brains of hNSCs-transplanted and control
APP/PS1 mice (Supplementary Figurel). In contrast, the
level of vascular endothelial growth factor (VEGF), which
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harbors neuroprotective function, enhancing neurogenesis and  which were transplanted with hNSCs (Figures 8G,H), suggesting
angiogenesis (Sun et al, 2003; Melincovici et al., 2018), was  a potential mechanism underlying the beneficial effects of
significantly elevated in the hippocampus of APP/PSI mice intranasal transplantation of hNSCs.
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FIGURE 9 | Intranasal transplantation of hNSCs rescues cognitive deficits of APP/PS1 mice. (A) Schematic diagram of experimental design. 3.5-month-old APP/PS1
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mean + SEM. n = 9-16 mice/group. *o < 0.05; **p < 0.01. One-way ANOVA (B,C,G), Two-way ANOVA (D,E,H).

Intranasally Transplanted hNSCs
Ameliorates Cognitive Deficits of APP/PS1

Mice

Cognitive deficit is the main feature of AD pathology. We next
examined the effect of intranasal transplantation of hNSCs on the
cognition of APP/PS1 transgenic mice. hNSCs were transplanted
intranasally to 3.5-month-old APP/PS1 transgenic mice a total

of four times at a frequency of once a week, and a behavioral
assessment was performed at 6.5 months when the APP/PS1 mice
started to exhibit cognitive deficits (Figure 9A). Age-matched
APP/PS1 and WT mice who received saline were used as the
controls. The mice were subjected to novel object recognition
(NOR) and Morris water maze (MWM) tests. In the NOR test,
mice in all groups showed similar exploring time when objects

Frontiers in Aging Neuroscience | www.frontiersin.org

14

March 2021 | Volume 13 | Article 650103


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Luetal.

Human NSCs Improve Cognition

were identical, suggesting they had no preference for object
location (Figure 9B). When one of the objects was replaced with
a new object, APP/PS1 mice failed to recognize the novel object
as evidenced by the reduced recognition index. Whereas, hNSC-
transplanted APP/PS1 mice exhibited an increased recognition
index, even to a level comparable to WT mice (Figure 9C). These
data indicate that intranasal transplantation of hNSCs rescues
the impaired short-term memory of APP/PS1 mice. Mice were
subsequently tested for spatial learning and memory by MWM.
Control APP/PS1 mice showed impaired learning in locating
the invisible platform as indicated by the longer escape latency
and the longer swimming distance in the consecutive trials
in comparison to WT mice. In contrast, hNSCs-transplanted
APP/PS1 mice showed markedly improved learning capability,
even to a level comparable with WT mice (Figures 9D-F).
The above differences were not due to swimming speed, which
exhibited identical levels among groups of mice (Figure 9G).
To support this notion, these mice were given reversal learning
tasks 2 weeks later for 2 consecutive days, where the platform
was moved to the opposite quadrant. Nevertheless, only on
the second day of training, hNSCs-transplanted APP/PS1 mice
showed a significantly shorter escape latency compared to
saline-treated APP/PS1 mice, that was comparable to WT mice
(Figure 9H). Together, these results indicate that repetitive
intranasal transplantation of hNSCs rescues deficits of learning
and memory in APP/PS1 mice.

DISCUSSION

In the present study, we demonstrated a therapeutic potential
of repetitive intranasal transplantation of hNSCs in AD by
using APP/PS1 transgenic mice. Our findings show that
intranasal delivery of hNSCs, an invasive approach which allows
repetitive administration of hNSCs, attenuates Ap accumulation,
neuroinflammation, pericytic and synaptic degeneration, and
eventually rescuing the cognitive deficits of APP/PS1 mice. The
intranasally transplanted hNSCs exhibited wide distribution
in the host brains and neuronal and glial differentiation.
Mechanistically, intranasal transplantation of hNSCs enhanced
AP clearance as evidenced by increased expression of AP
degraded enzymes including IDE and NEP. Intranasal
transplantation of hNSCs attenuated pericytic and synaptic
degeneration and neuroinflammation, the key pathological
events of AD, while enhancing endogenous neurogenesis. In
addition, intranasal transplantation of hNSCs also ameliorated
cholinergic dysfunction in the brains of APP/PSI mice as a high
amount of transplanted hNSCs differentiated into cholinergic
Therefore, intranasal transplantation of hNSCs
attenuated AD pathology and cognitive deficits of the AD model
mice via multiple mechanisms (Figure 10).

One of the limitations of stem cell transplantation in the
therapy of neurological disorders is the delivery approach.
So far, intracranial injection and intrathecal injection are
the most common ways to delivery stem cells to the brain
in the preclinical study and clinical study of neurological
disorder therapy. However, some neurological disorders, such as

neurons.

neurodegenerative disorders, have long-term courses. And most
patients are in old age which makes them more susceptible to
infections and other risks brought on by surgery. Moreover, the
invasive delivery approach limits the repetitive delivery of stem
cells. Many studies have observed that the intranasal delivery of
either small molecular substances or macromolecular proteins
enables them to enter the CNS by passing the BBB (Banks, 2012).
Stem cells have been observed to be capable of entering the
brain when being delivered intranasally as well (Jiang et al., 2011;
Galeano et al., 2018). We herein have observed that hNSCs which
were administrated intranasally distribute well in various brain
regions including the dorsal and ventral cortex, hippocampus,
thalamus, olfactory bulbs, and cerebellum, all of which exhibit
AP deposition (Braak and Braak, 1991; Cole et al., 1993). The
intranasally transplanted hNSCs attenuated AD-like pathology in
AD model mice. Thus, our present data indicate that intranasal
administration is an alternative delivery approach for stem cell
therapy in AD, which will not compromise the beneficial effects
of stem cells.

We herein observed that intranasal transplantation of hNSC
reduced AP accumulation, one of the key initiators of AD
pathogenesis. The accumulation of AP resulted from an
imbalance of the production and clearance of AB. We thus
further examined these two processes. Intranasal transplantation
of hNSCs seemed to have no effect on the production of Ap, as
evidenced by the levels of full-length APP and B-CTFs which
remained unchanged in hNSC-transplanted APP/PS1 mice,
despite that BACE1 showed a trend of reduction. Surprisingly,
the levels of NEP and IDE, two enzymes degrading AP, were
elevated by intranasal transplantation of hNSCs. These results
indicate that intranasal transplantation of hNSCs promoted
AP clearance by enhancing the expression of AP-degrading
enzymes. However, in addition to the proteolytic clearance of
AP, glia-mediated phagocytosis also plays an essential role in
AP clearance. hNSC modulates the phagocytotic capability of
microglia when being cocultured with microglia (McGinley et al.,
2018). In this context, we observed that the density of astrocytes
and microglia, two types of glia involved in the clearance of
AP following phagocytosis, was also decreased by intranasal
transplantation of hNSCs. However, we cannot rule out the
possibility that the decreased neuroinflammation may be directly
caused by the reduction of AB. Moreover, intranasal transplanted
hNSCs prevented the loss of pericytes in APP/PS1 mouse brains,
which regulated A clearance via transportation of AP through
the BBB out of the CNS (Ma et al., 2018). Thus, the decreased
levels of AP upon intranasal transplantation of hNSCs may be
due to both the upregulated expression of NEP and IDE and the
enhanced glia- and pericyte-mediated phagocytosis.

Consistent with the data obtained in vitro, the intranasally
transplanted hNSCs differentiated more neurons rather than
glial cells. Moreover, a proportion of transplanted hNSCs
differentiated into cholinergic neurons, which exhibited
degeneration and contributed to the early attention and memory
dysfunction in AD (Hampel et al, 2018). The transplanted
hNSCs-derived cholinergic neurons may be functional as the
reduced levels of CHAT have been restored upon transplantation
of hNSCs. Thus, the improved cognition by transplantation of
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FIGURE 10 | Schematic diagram of the effect of hNSCs on AD pathology. hNSCs play roles through multiple targets which interact with each other, and ultimately
improves the degeneration and cognition deficits of AD.

hNSCs may be also contributed to by attenuated cholinergic  rescued pericyte loss. The hNSCs could secrete a variety of
dysfunction. This result is also consistent with previous studies  neurotrophic factors, including BDNF, FGF2, VEGE, NTEF3,
which show that intracranial transplantation of either ESC- and GDNF (Lee et al., 2015), which offers beneficial effects
derived cholinergic neurons or CHAT-overexpressing NSCs  to the host upon transplantation via a paracrine mechanism
alleviates the cognitive deficits in AD model mice (Gu et al,  (Blurton-Jones et al., 2009; Sun and Ma, 2013). It is worth
2015; Yue et al., 2015; Park et al., 2020). noting that, we failed to observe altered levels of growth

AHN plays essential roles in the maintenance of cognition.  factors such as BDNF and NGF and neurotrophin such as
Declined AHN has been found to be altered in AD patients ~ NTF3 by intranasal transplantation. In contrast, VEGF levels
(Moreno-Jimenez et al., 2019). Impaired AHN occurs even prior ~ were increased by intranasal transplantation of hNSCs. VEGF
to the onset of classical AD pathology in AD model mice, exhibits protective functions which prevents degeneration of
e.g., AP deposition (Mu and Gage, 2011). The impaired AHN  neurons and pericytes, in addition to enhancing neurogenesis
causes neuronal and synaptic degeneration, and exacerbated  and angiogenesis (Melincovici et al., 2018). Moreover, VEGF
cognitive impairment in AD model mice (Choi et al., 2018).  enhances the proliferation of pericytes when they are cocultured
Consistent with this study, we herein observed that intranasal ~ with endothelial cells (Bowers et al., 2020), which may contribute
transplantation of hNSCs enhanced AHN, which is concomitant ~ to the increased density of pericytes by transplantation of
with attenuated synaptic degeneration. We surprisingly observed =~ hNSCs as well. In addition to hNSCs, VEGF can be secreted
that intranasal transplantation rescued the loss of pericytes in by endogenous neurons, pericytes, and newborn neurons. Thus,
the brains of AD model mice, which plays essential roles in AD  the increased VEGF may be ascribed to these cells as well.
pathogenesis by regulating AP clearance, neuroinflammation, = However, it is worth noting that the failure of detecting changes
BBB permeability, oxygen and metabolites supply, angiogenesis,  of other neurotrophic factors could also be due to the fact that
and neurogenesis (Motegi et al., 2011; Rustenhoven et al,  these factors decreased their levels with the differentiation of
2017; Ma et al, 2018; Farahani et al., 2019; Nortley et al.,  transplanted hNSCs. Thus, it is possible a paracrine mechanism
2019). Thus, the beneficial effects brought on by intranasal  is also involved in the beneficial effects observed in this study.
transplanted hNSCs may also be contributed to by the  Thus, the enhanced densities of newborn neurons, synapses, and
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pericytes by transplanted hNSCs may ne due to the elevated
levels of VEGF. These multiple beneficial effects brought on by
hNSCs attenuates the hostile environment, further enhancing the
efficacy of increased AHN in cognition as that enhancing AHN
alone without changing the hostile environment fails to improve
cognition in AD model mice (Choi et al., 2018).

In conclusion, our study suggests that repetitive intranasal
transplantation of hNSCs exerts beneficial effects via
multiple mechanisms such as attenuating AP accumulation,
neuroinflammation, cholinergic and loss of pericytes, and
enhancing AHH. These multiple mechanisms work coordinately
by interacting with each other, eventually attenuating
synaptic degeneration and improving cognition in AD
(Figure 10).
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