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neuropsychiatric symptoms as well as cognitive 
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Abstract: Elderly patients with dementia suffer from cognitive dysfunctions and neuropsychiatric symptoms (NPS) 
such as anxiety and depression. Alzheimer’s disease (AD) is a form of age-related dementia, and loss of cholinergic 
neurons is intimately associated with development of AD symptoms. We and others have reported that neural cell 
transplantation ameliorated cognitive dysfunction in AD model mice. It remains largely unclear whether neural cell 
transplantation ameliorates the NPS of AD. It would be interesting to determine whether NPS correlates with 
cognitive dysfunctions before and after neural cell transplantation in AD model mice. Based on the revalidation of 
our previous data from a Morris water maze test, we found that neural cell transplantation improved anxiety and 
depression significantly and marginally affected locomotion activity in AD mice. A correlation analysis revealed that 
the spatial learning function of AD mice was correlated with their NPS scores both before and after cell transplantation 
in a similar manner. In contrast, in the mice subjected to cell transplantation, spatial reference memory function 
was not correlated with NPS scores. These results suggested the neural cell transplantation in the AD model mice 
significantly improved NPS to the same degree as cognitive dysfunctions, possibly via distinct mechanisms, such 
as the cholinergic and GABAergic systems.
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Introduction

Alzheimer’s disease (Ad) is a progressive neurode-
generative disorder characterized by cognitive decline 
and a number of neuropsychiatric symptoms (NPs), such 
as apathy, hyperactivity, and psychosis) [1–4]. Ad sever-
ity is correlated with the degree of neural cell loss, par-
ticularly in the hippocampus [5–7].

the hippocampus plays critical roles in cognitive 
functions such as a spatial learning function and spatial 
reference memory function [8, 9]. indeed, structural 

changes of the hippocampus were suggested to be a bio-
marker for cognitive dysfunction [10]. typical patho-
logic features of Ad include senile plaques consisting 
of aggregated amyloid beta and intracellular neurofibril-
lary tangles consisting of hyperphosphorylated tau pro-
teins. therapeutic approaches targeting amyloid beta and 
tau have been explored with the aim of eliminating these 
apparent causes of Ad [11].

Acetylcholine (ACh) and gamma-aminobutyric acid 
(GABA) are released from cholinergic neurons and GA-
BAergic neurons, respectively. these neurotransmitters 

(Received 12 January 2021 / Accepted 11 March 2021 / Published online in J-STAGE 8 April 2021)
Corresponding author: N. Suzuki. e-mail: n3suzuki@marianna-u.ac.jp

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 
(by-nc-nd) License <http://creativecommons.org/licenses/by-nc-nd/4.0/>.

Exp. Anim. 70(3), 387–397, 2021

©2021 Japanese Association for Laboratory Animal science

http://creativecommons.org/licenses/by-nc-nd/4.0/


M.A. MURAYAMA, ET AL.

388 | doi: 10.1538/expanim.21-0008

are implicated in the development of Ad. ACh acts via 
two classes of receptors: ionotropic nicotinic receptors 
(nAChrs) and metabotropic muscarinic receptors (mA-
ChRs). The major subtypes of nAChRs, nAChRα7 and 
nAChRα4β2 regulate synaptic plasticity [12]. the activ-
ity of cholinergic neurons and ACh production by cho-
linergic neurons decrease in Ad patients, and administra-
tion of anticholinergic drugs is associated with the 
development of Ad [13, 14]. in fact, inhibition of ACh 
esterase improves cognitive functions and NPs severity 
in Ad patients [15, 16]. GABA acts via distinct receptor 
subtypes in the central nervous system: the ionotropic 
GABAA and GABAC receptors (GABAAr and GAB-
ACr, respectively) and the metabotropic GABABr [17, 
18]. there are also subtypes of GABAAr. GABAAα1, 
α2, α5, and γ2 mediate anti-anxiety effects. GABAAα1, 
α2, α4, α5, and δ are involved in learning and memory 
function in the hippocampus [19]. GABABr mediates 
modulation of excitability and synaptic transmission in 
the dentate gyrus (dG) and relieves anxiety and depres-
sion [20–22]. GABACr in hippocampal CA1 neurons is 
involved in depression symptoms [23]. however, the 
role of GABAergic neurons in the development of Ad 
remains controversial because many reports have shown 
that agonists and also antagonists of GABA receptors 
improve cognitive dysfunction in Ad [24].

Cognitive dysfunction accompanies NPs in Ad [2–4]. 
NPs, known collectively as behavioral and psychologi-
cal symptoms of dementia (BPsd), are also character-
istics of Ad [25]. we found that the levels of cognitive 
functions were partially correlated with susceptibility to 
NPs in dementia model mice [26]. Medications for 
BPsd, such as antipsychotics, antidepressants, mood 
stabilizers, and hypnotic drugs, are clinically used in 
patients with dementia [27].

Neural transplantation is becoming a promising ther-
apeutic option, as transplantation of stem cells, including 
human induced pluripotent stem (hiPs) cells, have been 
shown to promote reconstruction of degenerated neural 
networks in Ad [28]. we previously showed that trans-
plantation of neural cells derived from hiPs cells in the 
hippocampus, improved cognitive dysfunction in Ad 
model mice [29, 30].

we here studied whether the neural transplantation, 
in addition to improving cognitive dysfunction [29, 30], 
ameliorates NPs in Ad model mice. we found that the 
neural transplantation improved NPS sufficiently and 
NPs scores were well correlated with spatial learning 
function in Ad model mice.

Materials and Methods

Ethics statement
All experiments were approved by the Animal Care 

and use Committee in st. Marianna university scholl 
of Medicine (sMu) and were conducted according the 
institutional ethical guidelines for animal experiments 
and safety guidelines for gene manipulation experiments.

Mice
As an Ad model, PdGF promoter-driven amyloid 

precursor protein (PdAPP) transgenic (tg) mice, strain 
B6.Cg-tg (PdGFB-APPswind) 20Lms/2J, that overex-
press mutated human APP (APPV717F) were obtained 
from the Jackson Laboratory (Bar harbor, ME, usA; 
rrid: MMrrC_034836-JAX, https://www.jax.org/
strain/006293) [31]. PdAPP tg mouse lines were main-
tained by breeding PdAPP tg males to littermate control 
females. Mice were kept in an environmentally con-
trolled clean room at the animal center of sMu. PdAPP 
tg mice showed impaired cognitive dysfunction in a 
Morris water maze (MwM) test [32], and neural cell 
transplantation improved cognitive dysfunction [29, 30]. 
however, the correlation between cognitive function and 
NPs severity under neural cell transplantation was 
largely unknown.

Morris water maze test and behavioral analysis
we revalidated our previous data using an MwM test, 

focusing on NPs [29, 30]. For assessment of the thera-
peutic role of neural transplantation in spatial cognitive 
functions and NPs, PdAPP tg mice before (1st trial 
started at day −6) and after (2nd trial started at day 22) 
transplantation were subjected to an MwM test (Fig. 1A, 
n=28). the MwM test assessed cognitive functions and 
NPs scores based on multiple parameters during the test, 
as described [33–39].

Mice were subjected to the following tests on 6 con-
secutive days in each trial: visible test at the first day, 
hidden test on the next 4 consecutive days, and probe 
test on the final day. A circular pool (diameter: 100 cm) 
was filled with opaque water at 26 ± 0.5°C. The water 
basin was surrounded by a brown curtain. An escape 
platform (diameter: 15 cm) made of transparent acrylic 
resin was placed in one of four quadrants in the pool and 
set 1.5 cm below the water surface (Fig. 1B). At the start, 
mice were gently placed into the water basin facing the 
wall. the mice were allowed to search for the platform 
for 90 s; if they did not reach the platform in the defined 
time, they were manually placed onto the platform. the 
mice were allowed to stay on the platform for 30 s to 
learn and memorize the spatial position before the next 
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attempt.
during the visual test, the platform was visualized by 

marking it with using a black bottle placed on top of it 
(Fig. 1C). the visible test was performed to examine 
visible acuity and motivation to escape from water. Mice 
that did not reach the platform 4 times in 8 attempts were 
excluded from this study. On the next 4 consecutive days, 
spatial learning function was examined by training the 
mice to find the hidden platform using spatial cues (hid-

den test: four attempts per day, Fig. 1d). we analyzed 
the data at day 4 in the hidden test. On the final day, 
spatial reference memory function was examined by 
placing the mice into the water basin after removal of 
the platform (probe test: 1 attempt, Fig. 1E). Mice al-
lowed to search for the platform for 90 s; the amounts 
of time duration which each mouse stayed in the condi-
tioned quadrant for the target platform and in the other 
quadrants were recorded. the times each performance 

Fig. 1. schematic representations of human iPs cell-derived neural cell induction and functional assessment by Morris 
water maze test. (A) Neural induction and transplantation of of hiPS cells. Undifferentiated hiPS cells maintained 
with mouse embryonic fibroblasts were developed into EBs by 4-day floating culture. To differentiate neural cells, 
EBs were stimulated with RA, NOG, and SHH at days 5 and 7 (Stim) on a fibronectin (FN)-coated plate. The cells 
contained neural stem/progenitor cells (NsPCs), as previously reported. For measuring neurotransmitter secretion, 
culture supernatants of NsPCs were collected at days 5, 8, and 15 for applying ELisA. At day 8, NsPCs were 
transplanted into PdAPP tg mice (n=28). Cognitive functions of the grafted PdAPP tg mice were assessed by 
MWM test before (1st trial: from day −6 to day −2) and after (2nd trial: from day 22 to day 26) transplantation. 
(B) the MwM was conducted using a circular pool (diameter: 100 cm) with opaque water and a plastic escape 
platform (diameter: 15 cm). A 10-cm-wide banded zone along the wall was defined as the peripheral area for be-
havioral analysis. (C–E) Mice were subjected to the MwM test for 6 consecutive days as follows: (C) visible test 
on the first day using a platform visualized with a black bottle; (D) hidden test on 4 consecutive days using a 
platform without the black bottle submerged below the surface of the opaque water; and (E) probe test on the last 
day under the same conditions except that the platform was removed. the swimming trajectory was monitored by 
a CCd camera and recorded with a PC. (F) Picture of the experimental equipment for the MwM test.
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of the test were summed and expressed as a percent. the 
number of crossings through the target platform area and 
untargeted platform areas were counted.

The time to reach the platform was defined as the 
platform escape latency (max 90 s). during the visible 
test, we assessed the motivation to escape the water us-
ing the escape latency. during the hidden test, we as-
sessed spatial learning function using the escape latency. 
during the probe test, we assessed spatial reference 
memory function using the durations in the targeted and 
untargeted areas and the numbers of crossing through 
the targeted and untargeted areas. during each test, the 
locomotion activity and sensitivity to NPs were mea-
sured. the level of locomotion activity was assessed with 
the moving speed, sensitivity to anxiety was assessed 
with the level of thigmotaxis, and sensitivity to depres-
sion was assessed with the freezing time. Exploration in 
the periphery area (10-cm-wide banded zone along the 
wall) was defined as thigmotaxis (Fig. 1B). Animal 
movements were digitally recorded by an automated 
tracking system (O’hara & Co., Ltd., tokyo, Japan), 
which was implemented in a modified software based 
on the imageJ software (Nih, Bethesda, ME, usA).

Transplantation
we transplanted neural precursor cells derived from 

hiPs cells into PdAPP mice as described previously [29, 
30]. the hiPs cell line 253G1 was obtained from riKEN 
Bioresource research Center (ibaraki, Japan; rrid: 
CVCL_B518, http://cellbank.brc.riken.jp/cell_bank/
Cellinfo/?cellNo=hPs0002) and was maintained accord-
ing to a standard protocol (Nakagawa et al., 2008). in 
brief, undifferentiated hiPS cells were floating cultured 
with a differentiation medium, DMEM/F-12 medium 
(d6421, sigma, ronkonkoma, Ny, usA) containing 
0.8× MEM Non-Essential Amino Acids solution (Gibco, 
catalog no.1140-050; Thermo Fisher Scientific, Waltham, 
MA, usA), 0.8 × 2-mercaptoethanol (Gibco, catalog no. 
21985-023; Thermo Fisher Scientific), 20 mM L-gluta-
mine (Gibco, catalog no. 25030–081; thermo Fisher 
Scientific), and 20% knockout serum replacement (Gib-
co, catalog no. 10828-028; Thermo Fisher Scientific), in 
a 100 mm Petri dish (product no. 351029; Corning, Corn-
ing, Ny, usA) for 4 days to form embryoid bodies (EBs). 
Then the EBs were placed on a fibronectin-coated 6-well 
plate (product no. 354402; Corning) on day 4. From day 
5, EB were cultured with dMEM/F-12 medium contain-
ing 1× N2 supplement (invitrogen, catalog no. 17502-
048; Thermo Fisher Scientific). On days 5 and 7, the 
medium was changed to dMEM/F-12 medium contain-
ing 1× N2 supplement, 1 µM retinoic acid (rA; product 
no. r2625; sigma, st. Louis, MN, usA), 10 nM noggin-

Fc (NOG; catalog no. 3344-NG; r&d systems, Min-
neapolis, MN, usA), and 10 nM sonic hedgehog (shh; 
catalog no. 1845-sh; r&d systems). For transplanta-
tion, the differentiated cells were harvested on day 8 as 
neural precursors and transplanted into mice (Fig. 1A). 
in brief, we perforated the bilateral parietal bones at 2.4 
mm posterior and 2.0 mm lateral to the bregma under 
anesthesia. the cells (2.0 × 105 cells/2 µl) were then 
injected into the dG in the bilateral hippocampi through 
the center of the hole at a depth of 1.25 mm depth from 
the dura matter. Cyclosporine (3–8 mg/kg, Novartis 
Pharma, rotkreuz, switzerland) was administered daily.

ELISA
to determine the expression levels of GABA and ACh 

in neural cells, culture supernatants were harvested on 
days 5, 8 and 15. then GABA or ACh were measured 
using ELisA kits (Cloud-Clone Corp., houston, tX, 
usA, for GABA; BioVision, Milpitas, CA, usA, for 
ACh). These data were expressed as the average ± SEM. 
statistical analysis was performed using the paired t test 
or wilcoxon signed-rank test for samples with equal or 
unequal variances, respectively. Differences were con-
sidered the statistically significant when P<0.05.

Experimental design and statistical analysis
the values for the behavioral and psychological pa-

rameters in the MwM test were obtained from our pre-
vious studies [29, 30]. Neural precursor cells derived 
from hiPs cells were transplanted into PdAPP tg mice 
(n=28). All statistical analyses were performed using 
statcel3 software (OMs Publishing, tokyo, Japan). sta-
tistical differences in parameters of the MWM test before 
and after transplantation were calculated by paired t test 
or wilcoxon signed-rank test for samples with equal or 
unequal variances, respectively. All data were expressed 
as the average ± SEM. Differences were considered the 
statistically significant when P<0.05. Correlation analy-
sis was performed using Pearson’s correlation to exam-
ine linear association. we were interested in “strong” 
correlation, with r≥0.6 or r≤−0.6 for the strength of cor-
relation [40].

Results

Neural  cel l  t ransplantat ion amel iorated 
neuropsychiatric symptoms of PDAPP Tg mice in 
the visible test

we previously reported that PdAPP tg mice exhib-
ited impaired spatial learning function and that neural 
transplantation improved the dysfunction [29, 30]. in 
this study, we assessed whether neural cell transplanta-



EFFECTS OF NEURAL GRAFT ON DEMENTIA

391|Exp. Anim. 2021; 70(3): 387–397

tion improved NPs in Ad model mice and whether the 
cognitive functions were associated with the NPs of the 
mice with neural grafts.

At 14 days after neural transplantation in the PdAPP 
tg mice, we conducted the 2nd MwM test (Fig. 1). in 
the visible test, we found that neural cell transplantation 
improved NPs, such as motivation to escape the water 
(escape latency, Fig. 2A), anxiety (thigmotaxis, Fig. 2B), 
and depression (freezing time, Fig. 2C), but did not affect 
locomotion activity (moving speed, Fig. 2d).

it was reported that the ventral hippocampus regulates 
motivation, anxiety, and depressive behaviors [41]. the 
motivation to escape the water was strongly correlated 
with anxiety (thigmotaxis, r=0.931, Fig. 2E) and depres-
sion (freezing time, r=0.753, Fig. 2F).

Spatial learning function was correlated with NPS 
scores in the hidden test

PdAPP tg mice have abnormal spatial cognitive func-
tion. Neural cell transplantation ameliorated spatial 
learning function in the hidden test (Fig. 3A). it also 
improved anxiety (Fig. 3B) and depression (Fig. 3C), 
but it did not affect locomotion activity in the hidden test 
(Fig. 3d).

the correlation analysis for the hidden test showed 
that spatial learning function was correlated with anxiety 
(thigmotaxis, r=0.944, Fig. 3E) and depression (freezing 
time, r=0.688, Fig. 3F).

Spatial reference memory function was not 
correlated with NPS scores in the probe test

Neural cell transplantation increased the time spent in 
the target quadrant and decreased time spent in the un-

Fig. 2. Neural cell transplantation ameliorated behavioral and neuropsychiatric 
symptoms of PdAPP tg mice in the visible test. Behavioral and psycho-
logical symptoms in PdAPP tg mice before (1st, in white) and after (2nd, 
in red) neural cell transplantation were assessed by the visible test with the 
following parameters: (A) escape latency for motivation to escape the water, 
(B) thigmotaxis for anxiety, (C) freezing time for depression, and (d) mov-
ing speed for locomotion activity. Average and sEM values are shown. 
**P<0.01; ***P<0.001. (E, F) A correlation analysis was conducted to 
examine the correlation between the following parameters in the PdAPP tg 
mice with neural cell transplantation: (E) escape latency and thigmotaxis 
and (F) escape latency and freezing time. Motivation to escape the water 
was correlated with anxiety and depression. Correlation coefficients are 
indicated as r value. A correlation coefficient of r≥0.6 with a P value <0.001 
was considered to indicate strong correlation and was indicated in red.
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targeted quadrants in Ad mice, suggesting enhancement 
of spatial reference memory function (Fig. 4A). trans-
plantation also improved anxiety (Fig. 4B) and depres-
sion (Fig. 4C), but it did not affect locomotion activity 
(Fig. 4d).

the correlation analysis for the probe test revealed 
that spatial reference memory function was not corre-
lated with anxiety and depression (Figs. 4E and F).

Neural cells derived from human iPS cells secreted 
GABA and acetylcholine

Previously, we showed that grafted neural cells ex-
pressed GABAA receptor, vesicular GABA transporter 
(VGAt), alpha 7 nicotinic acetylcholine receptors 
(α7nAChRs) and choline acetyltransferase (ChAT) in 
the host brain [30]. whether GABA and Ach are present 

in culture supernatants during neural differentiation re-
mained to be determined, and positive results were ob-
tained in the present study (Fig. 5). these results sug-
gested that transplanted neural cells functionally matured 
into GABAergic neurons and cholinergic neurons.

Discussion

in the present study, we here assessed individual neu-
ral dysfunctions related to dementia before and after 
neural transplantation and explored their correlations. 
we found that neural cell transplantation improved not 
only cognitive function but also NPs, such as anxiety 
and depression. spatial reference memory function was 
not correlated with NPs scores. Nevertheless, spatial 
learning function was correlated with NPs scores. thus, 

Fig. 3. Neural cell transplantation ameliorated spatial learning function in PdAPP 
tg mice, which was correlated with neuropsychiatric symptoms in the 
hidden test. spatial learning function in PdAPP tg mice before (1st, in 
white) and after (2nd, in red) neural cell transplantation was assessed by 
the hidden test with the following parameters: (A) escape latency for spa-
tial learning function, (B) thigmotaxis for anxiety, (C) freezing time for 
depression, and (d) moving speed for locomotion activity. Average and 
sEM values are shown. ***P<0.001. (E, F) A correlation analysis was 
conducted to examine the correlation between the following parameters 
in the PdAPP tg mice with neural cell transplantation: (E) escape latency 
and thigmotaxis and (F) escape latency and freezing time. spatial learning 
function after neural cell transplantation was correlated with anxiety and 
depression. Correlation coefficients are indicated as r value. A correlation 
coefficient of r≥0.6 with a P value <0.001 was considered to indicate strong 
correlation and was indicated in red.
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Fig. 4. Neural transplantation ameliorated spatial memory function in PdAPP tg mice, which was 
not correlated with neuropsychiatric symptoms in the probe test. spatial memory function 
in PdAPP tg mice before (1st, in white) and after (2nd, in red) neural transplantation was 
assessed by the probe test with the following parameters: (A) amounts of time in the tar-
geted quadrant and untargeted quadrants for spatial reference memory function, (B) thig-
motaxis for anxiety, (C) freezing time for depression, and (d) moving speed for locomotion 
activity. Average and sEM values are shown. *P<0.05; ***P<0.001. (E, F) A correlation 
analysis was conducted to examine the correlation between the following parameters in 
the PdAPP tg mice with neural cell transplantation: (E) time in targeted quadrant and 
thigmotaxis and (F) time in targeted quadrant and freezing time. spatial reference memo-
ry function was not correlated anxiety and depression after neural cell transplantation. 
Correlation coefficients are indicated as r value. A correlation coefficient of r≤−0.6 or r≥0.6 
with a P value <0.001 was considered to indicate strong correlation, and no strong correla-
tion was found among the parameters.

Fig. 5. Neural cells derived from human iPS cells differentiated in GABA-secret-
ing and acetylcholine-secreting neurons. Culture supernatants of neural cell 
induction cultures were collected on days 5, 8, and 15. GABA (A) and 
acetylcholine (B) levels were measured by ELisA (n=8). Average and sEM 
values are shown. *P<0.05; **P<0.01; ***P<0.001.
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we demonstrated clear differences in the relationships 
between NPs and spatial reference memory function and 
between NPs and spatial learning function in Ad mice 
after neural cell transplantation. Our findings were based 
on the revalidation of our previous data from an MwM 
test [29, 30]. Further study using other dedicated behav-
ioral tests, such as the open-field test, elevated plus maze 
test, forced swimming test, may be needed to understand 
the relationships between improvement of cognitive 
functions and NPs after neural cell transplantation.

we found previously that transplantation of neural 
cells derived from hiPs cells improved cognitive dys-
functions in Ad model mice [30]. here, we suggest that 
the beneficial effects of neural cell transplantation on 
dementia-associated symptoms, including learning im-
pairment, memory impairment, and NPs, may be the 
result of regeneration of multiple neural pathways/cir-
cuits in the mice.

the hippocampus is involved in cognitive function 
and emotional behavior [42–45]. it has been reported 
that the dorsal hippocampus is preferentially involved 
in cognitive function [46, 47]. the ventral hippocampus 
is related to NPs [48, 49]. Adult hippocampal neurogen-
esis occurs in the dG [50, 51], and it has been shown 
that neurogenesis in the dG is involved in improvement 
of NPs [52–55].

Our results suggest correlation between NPs and spa-
tial learning function but not between NPs and spatial 
reference memory function. we interpret this data as 
suggesting that the neural pathways/circuits involved in 
spatial learning function may be different from those 
involved in spatial reference memory function in PdAPP 
tg mice. Furthermore, it is possible that spatial learning 
dysfunction and NPs in mice with dementia share or are 
intimately associated with, at least in part, the patho-
logical neural pathways/circuits where the neural trans-
plantation exerted its positive effects.

In agreement with our current findings, previous re-
ports implied that learning function was independent 
from memory function. Corticosterone-induced anxiety/
depression model mice and mice with potassium ion 
channel deficiency in the hippocampi showed spatial 
learning dysfunction, whereas the spatial reference 
memory function was normal [56, 57].

it is known that the hippocampus plays an important 
role in locomotion activity [58]. it has been reported that 
physical activity is associated with a risk for cognitive 
decline and dementia [59, 60]. in the visible test, we 
found that the locomotion activity of the PdAPP tg mice 
was lower than that of wt mice; however, neural cell 
transplantation had no effect on locomotion activity (Fig. 
2). thus, we interpreted this as suggesting that the im-

provement of cognitive functions and NPs caused by 
transplantation of neural cells into hippocampus was 
independent of locomotion activity.

theta oscillations in the CA1 region of the hippocam-
pus are important for locomotion activity [58]. Neural 
cell loss in the CA1 region of the hippocampus is a 
typical pathology in Ad patients, and the neural cell loss 
in CA1 region occurs in the early stage of Ad [61, 62]. 
Neural cell loss appeared in young PdAPP tg mice, and 
the extent of neuron loss in the CA1 region increased 
with age [63]. thus, these reports and our results sug-
gested that loss of neural cells in the CA1 region may 
contribute to the impairment of locomotion activity.

we previously found that some neural cells grafted 
into the hilus of the hippocampus dG region migrated 
and accumulated around the cerebral cortex and hippo-
campus in conjunction with cholinergic cell differentia-
tion, whereas other grafted neural cells remained around 
the hippocampus and had a GABAergic phenotype [30]. 
These two cell types may contribute to the broader effects 
of neural transplantation on Ad-associated symptoms.

indeed, GABAergic and cholinergic neurons are im-
portant for cognitive function and control of NPs, in-
cluding anxiety and depression [64–70]. we previously 
reported that the majority of neural cells grafted into the 
DG differentiated into GABAergic and cholinergic neu-
rons [71]. it was suggested that the former migrated to 
the hippocampus and that the latter migrated to the ce-
rebral cortex. these two neural cell types may share 
multiple functional roles associated with memory func-
tions in the brain. in the hippocampus, emerging func-
tional neurons deriving from hiPs cell grafts may have 
some effects on NPS in mice with dementia (Fig. 6). 
Further studies are needed to elucidate the molecular and 
cellular mechanisms underlining the improvements in 
Ad-associated symptoms.
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