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Abstract Recent studies reported granulocyte colony-
stimulating factor (G-CSF) treatment can improve the cogni-
tive function of Alzheimer’s disease (AD) mice, and the mo-
bilized hematopoietic stem cells (HSCs) or bone marrow mes-
enchymal stem cells (BM-MSCs) are proposed to be involved
in this recovery effect. However, the exact role of mobilized
HSC/BM-MSC in G-CSF-based therapeutic effects is still un-
known. Here, we report that C-X-C chemokine receptor type 4
(CXCR4)/stromal cell-derived factor 1 (SDF-1) chemotaxis
was a key mediator in G-CSF-based therapeutic effects, which
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was involved in the recruitment of repair-competent cells.
Furthermore, we found both mobilized HSCs and BM-
MSCs were able to infiltrate into the brain, but only BM-
MSC:s replenished the neural lineage cells and contributed to
neurogenesis in the brains of AD mice. Together, our data
show that mobilized BM-MSC:s are involved in the replenish-
ment of neural lineages following G-CSF treatment via
CXCR4/SDF-1 chemotaxis and further support the potential
use of BM-MSCs for further autogenically therapeutic
applications.

Keywords G-CSF - Bone marrow stem cells - SDF-1 -
CXCR4 - Neurogenesis - Alzheimer’s disease

Introduction

Alzheimer’s disease (AD) is the most common type of demen-
tia, which causes widespread synaptic and neuronal loss lead-
ing to the impairment of learning and memory. Deposition of
amyloid-f (AP) plaque and neurofibrillary tangles are the
pathological hallmarks of AD, and several articles have sug-
gested that Af3 is a pivotal instigator [1, 2]. Despite extensive
studies focusing on pathological mechanisms and therapeutic
strategies, there are currently no treatments that can cure AD.

Stem cell-based therapy is proposed as a potential strategy
for treating AD through the reconstitution of impaired neurons
or synapses. However, there are obstacles for autogenic appli-
cations, even with the discovery of a source of therapeutic,
committed stem cells. Previous studies had reported the effi-
cacy of allogenic transplantation of stem cells for the recovery
of cognitive function in AD mice [3-5], but the risks of trans-
plant rejection or transplant-induced disruption in tissues are
concerning.
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Recent studies have suggested that bone marrow (BM)
cells may serve as a reservoir of stem cells useful for tissue
regeneration [6, 7]. BM-derived stem cells consist of hemato-
poietic stem cells (HSCs), BM stromal cells (BMSCs, also
known as BM mesenchymal stem cells, BM-MSCs), and en-
dothelial progenitor cells (EPCs). They have been generally
shown to replenish the blood, muscle, liver, and the vascular
endothelium [8]. BM-MSCs were reported to have neural dif-
ferentiation potency [9], but their commitment for the replen-
ishment of neural lineage cells in the brain is still not well
defined [10].

Granulocyte colony-stimulating factor (G-CSF) is a potent
hematopoietic factor that can stimulate BM to produce
granulocytes and hematopoietic stem cells, mobilizing them
into the bloodstream to replenish lymphoid and myeloid line-
ages [11, 12], thus G-CSF is used to accelerate the recovery of
patients with neutropenia [13] or to increase the number of
HSCs in the blood of the donor before transplantation [11].
Furthermore, several articles reported that the therapeutic po-
tential of G-CSF in the CNS may ameliorate the neurological
disorders including stroke [14], spinal cord injury [15], amyo-
trophic lateral sclerosis [16], and Alzheimer’s disease [17, 18]
through the mobilization of HSCs and direct neurotrophic
effects [19, 20]. Nevertheless, the competence of mobilizing
HSCs and their contribution to the compensation of neural
lineages are still not known. On the other hand, G-CSF may
also mobilize BM-MSCs and appear capable of replenishing
the myocardium [21], but whether they can infiltrate into brain
and replenish neural lineages is still an open question. Given
an impaired capacity for neuronal homeostasis may lead to
cognitive decline [22], the understanding of the fate of G-
CSF-mobilized BM cells and their further implications may
be an important issue for AD or other neurological disorders.

Despite the BM-derived stem cells’ potential to be mobi-
lized into peripheral blood, guiding these therapeutic and com-
mitted cells to injured target regions for achieving the therapeu-
tic purpose is still problematic. Chemoattraction is important
for stem cells involved in organogenesis during development as
well as tissue homeostasis throughout adulthood [23]. Several
lines of study show that C-X-C chemokine receptor type 4
(CXCR4)/stromal cell-derived factor 1 (SDF-1) chemotaxis
tightly modulates the migration and homing of stem cells in
the developmental process [24] and diseased conditions [25,
26], and HSCs and BM-MSC:s are also involved in this manner
[27-29]. Furthermore, in AD, the synergistic effects of G-CSF-
induced HSC mobilization combined with SDF-1 intracerebral
injection were observed to guide the migration of mobilized
HSCs into the brain; this phenomenon underlies the critical role
of CXCR4/SDF-1 chemotaxis in the G-CSF-mediated thera-
peutic effects in AD [18].

We had reported that G-CSF rescues the cognitive impair-
ment of AD mice by increasing their neurogenesis [17], and
the role of G-CSF-mobilized HSCs in the modulation of

inflammation and the importance of CXCR4/SDF-1 chemo-
taxis in stem cell homing was also identified [18]. Here, we
investigate whether G-CSF-mobilized HSCs or BM-MSCs
can target the injured brain and replenish the neural lineages
through CXCR4/SDF-1 chemotaxis, aiming not only to char-
acterize the role of CXCR4/SDF-1 chemotaxis in the migra-
tion of G-CSF-mobilized BM cells but also to determine the
competence of them for the replenishment of neural lineages
in the AD brain.

Materials and Methods
AD Mouse Models

Mice were housed in a 12-/12-h light/dark cycle with food and
water provided ad libitum in accordance with the guideline of
Animal Facility of the Institute of Molecular Biology (IMB),
Academia Sinica, Taiwan. Two different mouse models of AD
were generated and/or bred for testing the effects of G-CSF
therapy. In the transgenic mouse model, Tg2576 mice with the
mutated APPswe transgene were purchased from Taconic
(Germantown, NY). The acute AB-induced model was gen-
erated according to a previously described protocol [30, 31].
Eight-week-old C57BL/6 male mice were purchased from the
National Laboratorial Animal Center and bred at the Animal
Facility of the Institute of Molecular Biology (IMB) as above.
The 42 kD of beta-amyloid (Af34,) solution (500 uM) was
prepared from soluble A4, (Sigma-Aldrich) in 0.01 M
PBS, pH 7.4. The solution was incubated at 37 °C for 3 days
to form the aggregated Af34, and stored at =70 °C. Animals
were intraperitoneally anesthetized with 40 mg/kg sodium
pentobarbital, and the injection of aggregated A3 was made
bilaterally into the dorsal hippocampus using a 33-gauge nee-
dle connected to a microsyringe (Hamilton). The animals were
subjected to stereotaxic surgery with the incisor bar set at the
following coordinates: 2 mm posterior to the bregma, 2.1 mm
bilateral to the midline, and 1.8 mm ventral to the skull sur-
face. An injection of aggregated A3 (1 L) or PBS (1 pL) was
given, and a 7-day period was allowed for AD symptoms to
develop in the subjects.

Experimental Procedure, Drug Treatments,
and Bromodeoxyuridine (BrdU) Labeling

Experimental design for the drug treatments used in the AD
mouse model is shown in Fig. 2a. The Tg2576 mice
(12 months old) were divided into six groups, and four of
these groups were injected subcutaneously with recombinant
human G-CSF (Sigma G0407) 50 nug/kg once daily for five
consecutive days. The other groups (control animal of non-Tg
and Tg mice) were injected with PBS in parallel. After 3 days
of G-CSF injection, three of the G-CSF-injected groups were
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additionally injected with CXCR4 antibody (Ab) (2.5 mg/kg
intraperitoneally; R&D MAB21651) once daily for 2 days,
SDF-1 Ab (2.5 mg/kg intraperitoneally; R&D MAB310) once
daily for 2 days, and AMD3100 (5 mg/kg, Sigma A5602)
twice daily for 2 days [14, 32], respectively. A cumulative
labeling method was used to examine the proliferating cell
populations, with the mice receiving daily injections of
BrdU (50 mg/kg) intraperitoneally for 14 consecutive days,
starting on the first day of the G-CSF injection. The BrdU*
cells in both hemispheres of the hippocampus and cortex were
counted digitally with the use of a x20 objective lens (Carl
Zeiss LSM510) via a computer imaging analysis system
(Imaging Research). For each animal, 40 coronal sections
(15 pm thick) throughout the hippocampus and cortex were
analyzed.

Culture, Cell Reconstitution, and Static Injection of BM
Stem Cells

The BM cells, BM-derived HSCs, and BM-MSCs were iso-
lated from age-matched green fluorescent protein (GFP)-ex-
pressing transgenic mice with APPswe /GFP* genetic back-
ground and cultured as described in previous reports [33-35].
The HSCs were cultured from the BM by utilizing an HSC
enrichment set (BD Pharmingen) and cultured on OP9 cells as
a feeder layer in Iscoves’s modified Dulbecco’s medium
(IMDM) (Invitrogen) supplemented with 10 % fetal bovine
serum (FBS), 20 ng/mL stem cell factor (Peprotech), 20 ng/
mL thrombopoietin (Peprotech), and 20 ng/mL Flt3-Ligand
(Peprotech). The characteristics of cultured HSCs were deter-
mined by flow cytometry (BD, FACSCalibur) following im-
munocytochemistry staining of Sca-1, CD45 (R&D system,
FMCO003), and CD34 (Biolegend, 119320). For culture of
BM-MSCs, in brief, mice were sacrificed and the tibias and
femurs were dissected out. The marrow was then washed out
with 8 mL of minimum essential medium- («MEM; Gibco)
and cultured in xMEM supplemented with 20 % FBS, 2 mM
L-glutamine, and 100 mg/mL kanamycin, incubated at 37 °C,
in 95 % O, and 5 % CO,. After 48 h, the non-adherent cells
were removed by replacing the medium. BM-MSCs were
subcultured four times before the following experiments.
The BM-MSCs expressing markers were detected by flow
cytometry following immunocytochemistry staining of
CD29, Sca-1, CD45 (R&D system, FMC003), CD34
(Biolegend, 119320), and CD44 (BD, 550538). For reconsti-
tution of GFP expressing BM cells, HSCs, and BM-MSCs in
Tg2576 mice, we followed and modified the protocol from the
previous study [36]. Briefly, a total of 6 x 10° of BM cells,
BM-HSCs, or BM-MSCs were transplanted intravenously in-
to Tg2576 mice (12 months old) that had been lethally irradi-
ated (10 Gy). To mobilize the reconstituted and settled GFP
cells, G-CSF was injected at 5 days after cell reconstitution.
For radioprotection [21], each irradiated mouse was
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simultaneously transplanted with 2 x 10> whole BM cells
from B6 mice that did not carry the GFP transgene. The
BM-MSC transplantation into cortex was performed with a
static apparatus as in a previous study [37].

Behavioral Measurements

Utilizing the Morris water maze (MWM) learning task, ani-
mals were subjected to four trials per session and two sessions
a day, with one session given in the morning and the other
given in the afternoon [38]. For a complete test, a total of six
sessions in 3 days were given and performed in a blind man-
ner. In each session, the animals were placed at four different
starting positions equally spaced around the perimeter of the
pool in a random order. They were allowed to find the plat-
form in 120 s. If an animal could not find the platform in 120 s,
it was guided to the platform. After arriving at the platform,
the animals were allowed to stay there for 20 s. The time spent
by individual mice in reaching the platform was recorded as
the escape latency.

In Vitro Migration Assay and SDF-1 ELISA

Migration assays were followed as previous performed
with modification [39]. The chemoattractive microenvi-
ronment of SDF-1 was generated in the bottom layer of a
Transwell plate. Before the migration assay, neural stem
cells (2 x 10°) were seeded onto the bottom of 24-well
plates and were induced to neural differentiation for
7 days with DMEM/F12 medium (Gibco, 12400-024)
with 1 % N, supplement (Gibco, 17502-048), generating
neural cells containing neurons and astrocytes. These dif-
ferentiated cells were then treated with 10 uM A4, for
5 days to mimic the microenvironment of the AD brain.
Part of medium was collected for determining the level
of SDF-1 by ELISA (R&D Systems, DY460). In the
upper layer of the Transwell membrane (Millicell culture
inserts; Millipore, cat. no. RIEP12R48). BM-MSCs were
detached with trypsin-EDTA, counted, and resuspended
in «MEM for a 24-h serum-free starvation period, while
the AD-mimicking microenvironment was applied to the
lower layer. In migration assay, the serum-starved BM-
MSCs (1 x 10° in 100 ul) were then plated onto the
upper layer of the Transwell membrane in the 24-well
plates. Cells were allowed to migrate through the
Transwell membrane for 24 h. The Transwell membranes
were then washed with PBS, and the non-migrating cells on
the upper side of membrane were removed with a cotton swab.
Migrating cells were fixed with 4 % paraformaldehyde,
stained with 4’,6-diamidino-2-phenylindole (DAPI),
photographed, and counted.
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Immunohistochemistry

Mouse brain sections were processed to recover antigen with
boiled citrate buffer (pH 6.0) for 20 min and then treated with
PBS containing 5 % normal donkey serum and 0.5 % Triton
X-100 for 1 h. In the same buffer solution, the sections were
incubated overnight in primary antibodies at 4 °C and hybrid-
ized on the next day with Alexa 488, 555, or 568 secondary
antibodies (Invitrogen) for 1 h at room temperature. To detect
neurogenesis, chemoattraction, and the fate of BM-MSCs, the
primary antibodies used were as follows: anti-SDF-1 (Santa
Cruz, sc-6193), anti-CXCR4 (Abcam, Ab2074-100), anti-
BrdU (Abcam, AB6326), anti-CD44 (Millipore,
MABF425), anti-NeuN (Millipore, MAB377), anti-GFAP
(Chemicon, MAB3402), anti-DCX (Chemicon, AB5910),
anti-Olig2 (Millipore, AB9610), and anti-GFP (Millipore,
MAB3080 and MAB3580). Quantification of cells expressing
CXCR4 and the SDF-1 expressional intensity was carried out
using images from the immunofluorescent (IF) staining exper-
iment, acquired from induced AD mice and Tg2576 mice. The
value of each mouse was acquired from five random views of
the cortex and the hippocampus in one section; total nine
sections within dorsal to ventral cortex or hippocampus were
evaluated per mouse. The number of CXCR4-positive cells
and the intensity of the SDF-1 staining were analyzed by
ImageJ software in a blinded manner. Cavalieri’s principle
was used in the quantification of BrdU and NeuN-positive cell
numbers. The number of BrdU and NeuN double-positive
cells was counted in subgranular zone of dentate gyrus, and
five random views of the hippocampus in one section were
evaluated; total nine sections were evaluated per mouse in a
blinded manner. The GFP-positive cell numbers of infiltrated
cells were acquired by TissueFAXS and analyzed by
TissueQuest (TissueGnostics) as previously described [40].
Stereological evaluations of the hippocampus of each experi-
mental mouse were conducted on every 12th section through-
out the hippocampus that contained GFP signals following the
Cavalieri principle. The flow cytometry-like data (dot plot)
were acquired by TissueQuest, with each dot of the plot
representing two specific kinds of immunoreactive intensity
from a single cell. The plot accumulated the values of all cells
from a region of interest, and then the positive signal number
could be identified by gating the immunoreactive intensity.

Statistical Analysis

All data were normally distributed and are presented as
means + SEM. In case of single mean comparisons, data were
analyzed by Student’s 7 tests. For multiple mean comparisons,
data were analyzed by ANOVA with Tukey’s post hoc test
using the statistical software (Prism 4.0; GraphPad).
Correlation analysis was also performed using this statistical
software. Statistical significance was set at p < 0.05.

Results
Elevated Expression of SDF-1 in the Brain of AD Mice

Chemokines are involved in inflammatory cell recruitment in
the maintenance of CNS homeostasis [41]. Of these chemo-
kine effects, CXCR4/SDF-1 chemotaxis is identified that
plays an important role in the regulation of stem/progenitor
cell migration in stroke [26, 42] and multiple sclerosis [24].
However in AD, the role of this chemotaxis is still controver-
sial [43, 44]. To evaluate whether the levels of SDF-1 were
upregulated by AP deposition in the AD brain, we first
adopted an induced AD mouse model by static microinjection
of A3. Seven days after A3 injection, a significant elevation
in SDF-1 expression had occurred in the A{3-injected regions
in contrast to PBS-injected mice that observed by IF staining
(Fig. 1a). We further characterized the SDF-1 level in a disease
onset transgenic AD mouse model (Fig. 1b) at the age of
12 months (Tg2576, AD-Tg), which expresses the mutated
APPswe gene [45]. The quantified result indicated that SDF-
1 was consistently upregulated in the brain of AD-Tg mice
compared with the wild-type control (Fig. 1¢). Furthermore,
given previous studies reported that SDF-1 was involved in
the anxiety of behavioral abnormalities [46], we thus further
evaluated the novel object recognition ability in AD-Tg mice
(n = 5 per group; Fig. S1). The data showed AD-Tg mice
displayed abnormal exploring behavior, and they were not
able to recognize the correct novel object during the test, sug-
gesting the impairment of cognitive function and implying
that SDF-1 is involved in behavioral abnormalities.

In addition, using IF staining of SDF-1 and GFAP or Ibal,
we found higher immunoreactivities of SDF-1, GFAP, and

Fig.1 Ap deposition-induced SDF-1 elevation recruits CXCR4-positive P>
cells in the AD brain. a IF staining of SDF-1 in Af-induced AD mice.
Arrow points to the A injection site in Af3-induced AD mice. Bar,
50 pm. b IF staining of SDF-1 in Tg2576 (AD-Tg) mice. Bar, 50 pm.
¢ Quantified data indicates the intensity of SDF-1 in AD-Tg mice (n =5
per group; data are presented in fold; *p < 0.05 by unpaired ¢ test). d
Astrocytes and microglia migration associated with the expression of
SDEF-1 observed by IF staining of SDF-1 and GFAP or Ibal in AD-Tg
mice. CA/, hippocampal CAl layer. Bar, 50 um. e Upper panel: IF
staining of SDF-1 and CXCR4 in induced AD and AD-Tg mice. The
accumulation of CXCR4-positive cells was highly associated with the
expression of SDF-1 in both AD mouse models. Bar, 100 pm. Lower
panel: Higher power photographs of the staining shown in the white
square in the upper panel present respective immunoreactivity. Bar,
50 um. f, g IF staining of SDF-1 and CXCR4 in confocal-based data in
G-CSF-treated AD-Tg mice. g Immunoreactivity of SDF-1 located
around CXCR4-expressing cells in the characterization of orthogonal
view using confocal microscopy. Bar, 25 pm. h The SDF-1
immunoreactivity in the subregion of cell was further characterized by
confocal 1D graph. i Pearson correlation analysis of SDF-1 expression
and the number of CXCR4-positive cells. The expression of SDF-1
correlated with the number of CXCR4-positive cells in each view
(induced AD mice, n = 3; AD-Tg mice, n = 3; ***p < 0.0001 by unpaired
t test)
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suggesting that an elevated inflammatory response exists in
the AD-Tg brain, and astrocytes as well as microglia cells are
involved in the deposition of the SDF-1.

Migration of CXCR4-Expressing Cells Correlates
with SDF-1 Level in the AD-Tg Brain

In disease conditions, previous studies reported that CXCR4/
SDF-1-mediated cell migration is highly associated with tis-
sue repair [47, 48]. We thus examined whether CXCR4-
expressing cells are involved in tissue regeneration in the
AD-Tg brain. By IF staining of SDF-1 and CXCR4, the data
indicated that the distributions of CXCR4-expressing cells
were highly associated with the expression of SDF-1 in the
both AD models, and a part of the immunoreactivities of both
SDF-1 and CXCR4 was co-localized (Fig. le). We further
confirmed the immunoreactivity of SDF-1 located around
the cell surface and co-localized with its receptor CXCR4 by
confocal microscopy (Fig. 11, g). In addition, the specific in-
teraction between CXCR4 and SDF-1 was characterized
rounding the cell surface in confocal 1D projection (Fig. 1h).
Further evaluation for the correlation between the number of
CXCR4-expressing cells and the immunoreactive intensity of
SDF-1 showed that the level of SDF-1 was correlated with the
number of CXCR4-positive migrated cells (Fig. 1), suggest-
ing that CXCR4/SDF-1 chemotaxis is a key mediator for
repair-competent cells homing to the brain in AD mice.

CXCR4/SDF-1 Chemotaxis Involvement
in the G-CSF-Based Amelioration of Cognitive Function

Despite the therapeutic potential of G-CSF reported for ame-
lioration of cognitive dysfunction in AD mice, its exact ther-
apeutic mechanism is still controversial, with both trophic
effects and cell replacement being suggested. Given elevated
CXCR4/SDF-1 interactions that exist in our AD mouse
models, we evaluated whether the G-CSF-mobilized
HSCs/BM-MSCs replenish the damaged neural cells in the
AD-Tg brain through CXCR4/SDF-1 chemotaxis. A 5-day
course of G-CSF treatment was carried out in disease onset
of AD-Tg mice at age 12 months to mobilize BM-derived
stem cells and accompanied intraperitoneal (i.p.) injection of
CXCR4 antibody (Ab), AMD3100, and SDF-1 Ab on the last
2 days of G-CSF treatment, each respectively, to block the
CXCR4/SDF-1 chemotaxis in vivo (Fig. 2a). By using the
MWM task, we found that non-Tg mice with vehicle injection
were able to learn and remember the platform position in the
water maze; thus, their escape latency was rapidly decreased
within the training sessions. However, the AD-Tg mice were
impaired to acquire the platform revealing the deficits of learn-
ing/memory. Importantly, G-CSF treatment rescued the spatial
memory of AD-Tg mice with respect to the escape latency.
However, this amelioration was inhibited following blockade

a
G-CSF CXCR4 Ab or
treatment AMD3100 | Behavioral test |
Day 1-5 Day 4 and Day 5 Day 28
b
-0- Non-Tg—> PBS
Tg2576—> PBS
-~ Tg2576—> G-CSF
-+ Tg2576—> G-CSF+CXCR4 Ab
¥ Tg2576—> G-CSF+AMD3100
-% Tg2576—> G-CSF+SDF-1 Ab
140+
1201
© 100
3
~ 80-
5 * k%
§ 604
3 404
204
0 ] ] 1 ] 1 1

1 2 3 4 5 6
Session

Fig. 2 CXCR4/SDF-1 chemotaxis is involved in G-CSF-mediated
amelioration of cognitive impairment. a Timeline of experimental
procedures for G-CSF treatments and the administration of inhibitors of
CXCR4/SDF-1 chemotaxis. AD-Tg mice were injected subcutaneously
with PBS or 50 pg/kg of G-CSF once daily for 5 days. At the fourth and
fifth days of the PBS or G-CSF injection course, CXCR4 Ab or
AMD3100 was given to block CXCR4/SDF-1 chemotaxis. Finally,
mice were subjected to the MWM test on day 28. b G-CSF treatment
improved the cognitive impairment of AD-Tg mice, but the mice with
CXCR4 blockade after treatment with CXCR4 Ab or AMD3100
displayed an inability to recover their cognitive function in MWM task
(n = 6 for each group, ***p < 0.001 by one-way ANOVA)

of CXCR4 and SDF-1 in vivo (Fig. 2b), suggesting that BM-
derived stem cells are potentially involved in this therapeutic
effect of CXCR4/SDF-1 chemotaxis.

Mobilized BM Cells Infiltrate into the Brain and Express
CXCR4

To investigate whether the commitment of BM cells is in-
volved in the replenishment of neural lineages in the AD brain
following G-CSF treatment, we reconstituted GFP expressing
BM cells in irradiated AD-Tg mice and accompanied with a 5-
day course of G-CSF treatment (Fig. 3a). Two weeks follow-
ing BM cell reconstitution and G-CSF treatment, we evaluated
the efficiency of G-CSF-induced BM cell infiltration into the
hippocampal region by counting the GFP cell number in the
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Fig. 3 Reconstituted BM cells infiltrate into the brain and express
CXCR4 in AD-Tg mice. a Timeline of procedures for the reconstitution
of GFP expressing BM cells and G-CSF treatment. Five days after AD-
Tg, mice were subjected to lethal irradiation (10 Gy), and GFP expressing
BM cells were transplanted into the irradiated mice by intravenous
injection. A 5-day course of G-CSF treatment was started at the fifth
day after BM cell transplantation. The mice were sacrificed for analysis
of IF staining at 2 weeks after G-CSF treatment. b Quantification for the
infiltrated BM cell number in the hippocampus of AD-Tg mice with or
without G-CSF treatment (n = 3 per group; data are presented as

IF-stained sections. The data showed G-CSF treatment signif-
icantly improved the infiltration efficiency of BM cells in the
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mean + SEM; **p < 0.01 by unpaired ¢ test). ¢ The reconstituted BM
cells (arrows) were mobilized by G-CSF treatment, infiltrated into the
brain, and were identified in the cortex and hippocampus. Bar, 50 pm. d
Upper panels: 1F staining of GFP and CXCR4. Reconstituted BM cells
were competent for migration to the hippocampus (/eff) and the cortex
(right) with immunoreactivity of CXCR4. Bar, 100 um. Lower panels:
Higher power photographs of the staining shown in the white square in
the upper panel present respective immunoreactivity. Bar, 50 pm. e, f
Mobilized BM cells were immunopositive for CD34 and CD44 following
reconstitution. Bar, 50 um

hippocampus (Fig. 3b; n = 3 per group) and the reconstituted
BM cells were capable of infiltrating into the cortex and
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hippocampus of the AD-Tg brain. The distribution of the BM
cells revealed a major population located in the dentate gyrus
as well as neared the central and lateral ventricles (Fig. 3c),
implying that a part of BM cells can infiltrate into the brain
from the ventricles. The reconstituted BM cells were also im-
munoreactive to CXCR4 in the hippocampus and cortex
(Fig. 3d), showing their potential of homing in BM and mi-
gration by SDF-1 chemoattraction. Furthermore, the infiltrat-
ed BM cells expressed CD34 and CD44 at 2 weeks following
transplantation (Fig. 3e, f), suggesting mobilized BM cells
with the characteristic of HSCs and BM-MSC:s after reconsti-
tution in AD-Tg mice.

Mobilized HSCs Infiltrate into the Brain with No
Evidence of Involvement in Neurogenesis

Subsequently, we attempted to characterize which type of
BM-derived cells may replenish the neural lineages fol-
lowing G-CSF treatment. As previously study reported
that microglia derived from mobilized HSCs are involved
in the G-CSF-based therapeutic effects [18], we thus in-
vestigated whether G-CSF-mobilized HSCs are involved
in neurogenic replenishment in the AD brain. In order to
trace the fate of mobilized HSCs in the AD brain, we
reconstituted HSCs in irradiated AD-Tg mice using GFP
expressing HSCs with CD34%Sca-17"CD45 characters
(Fig. S2) via tail vein injection and accompanied with a
5-day course of G-CSF treatment to mobilize the
reconstituted HSCs (Fig. 4a). Four weeks after G-CSF
treatment, we found much GFP expressing cells distribute
in the hippocampus of G-CSF treated AD-Tg mice but not
vehicle-treated mice (Fig. 4b; n = 3 per group), suggesting
G-CSF is essential for HSC mobilization. Furthermore, IF
staining of GFP and Iba-1 indicated that part of the im-
munoreactivity was co-localized (Fig. 4c), suggesting that
the reconstituted HSCs are competent to replenish mi-
croglia. However, no direct co-localized immunoreactivity
containing both GFP and MAP2 was detected in all ex-
perimental mice (n = 5; Fig. 4d). Therefore, we found no
evidence showing that HSCs were involved in the replen-
ishment of neurogenic cells in G-CSF-treated AD-Tg
mice. Considering BM-MSCs have been reported with
the potential for the neural fate [9], we therefore shifted
our scope of study to BM-MSCs.

Mobilized BM-MSCs Are Involved in Replenishment
of Neural Lineages

To characterize whether G-CSF-mobilized BM-MSCs re-
plenish the neural lineages of AD brain, we reconstituted
GFP expressing BM-MSCs in AD-Tg mice, mobilized the
reconstituted BM-MSCs by G-CSF treatment, and traced
the fate of BM-MSCs at 4 weeks after G-CSF treatment

(Fig. 5a). Before the reconstitution, GFP expressing BM-
MSCs were expanded through their adherence to plastic
dishes, and their surface marker characteristics were con-
firmed by flow cytometry with CD29*Sca-
1*CD44*CD45 CD34  phenotypes (Fig. S3). Here, we
confirmed again that G-CSF was necessary for mobilizing
the BM-MSCs, and AD-Tg mice with G-CSF treatment
exhibited significantly more GFP BM-MSC number com-
paring to vehicle treated mice in the hippocampus
(Fig. 5b; n = 3 per group). In addition, by IF staining of
GFP and GFAP (Fig. 5c) or Olig2 (Fig. 5d), we found that
immunoreactivities of GFP and GFAP as well as GFP and
olig2 were partly co-localized, suggesting that mobilized
BM-MSC:s are involved in the replenishment of astrocytes
and oligodendrocytes in the brains of AD-Tg mice.

As neuronal loss is the one of major pathological fea-
tures of AD, appearing highly correlated with the patho-
genesis of cognitive impairment, we therefore evaluated if
BM-MSCs can contribute to neurogenesis in the AD-Tg
brain at 4 weeks after reconstitution. By tracing the
reconstituted BM-MSCs, we surprisingly found that part
of mobilized BM-MSCs is immunoreactive to NeuN
(Fig. 5e), suggesting they have the potential to replenish
neurons in the AD-Tg brain following G-CSF treatment.

To further confirm the potentially neural fate of BM-
MSCs following mobilization, we directly transplanted
these BM-MSCs into the cortex of AD-Tg mice by ste-
reotactic injection. Four weeks after transplantation, IF
staining of GFP and MAP2 indicated that engrafted BM-
MSCs were potentially capable to express neuronal den-
dritic marker (Fig. S4a). Moreover, IF staining of GFP
and GFAP also showed the BM-MSCs might also commit
to express astrocytic marker (Fig. S4b). These data pro-
vide insights into the potential of mobilized BM-MSCs
for replenishment of neural lineages in G-CSF-treated
AD-Tg mice.

In Vitro SDF-1 Recruits BM-MSC Migration
by CXCR4/SDF-1 Chemotaxis

To characterize the repair competence of BM-MSCs fol-
lowing G-CSF treatment, we further adopted a Transwell
assay to evaluate whether the mobilized BM-MSCs are
recruited by SDF-1 chemoattraction (Fig. 6a). We first
determined whether the SDF-1 level of co-cultured astro-
cytes and neurons is upregulated responding to Af3 treat-
ment (Fig. 6b). The ELISA-based data showed that Af3
significantly induced the upregulation of SDF-1 in the
culture medium (n = 5 independent experiments;
Fig. 6¢), a consistent result with our AD-Tg mice
(Fig. la). We thus further investigated whether SDF-1/
CXCR4 is involved in the homing and migration of
BM-MSCs by in vitro Transwell assay. To mimic the
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Fig. 4 Mobilized HSCs are involved in the replenishment of microglia
but not neurons. a Timeline of procedures for the reconstitution of GFP
expressing HSCs and G-CSF treatment. The mice were sacrificed for
analysis of IF staining at 4 weeks after G-CSF treatment. b
Quantification for the infiltrated HSC cell number in the hippocampus
of AD-Tg mice with or without G-CSF treatment (n = 3 per group; data
are presented as mean £ SEM; *p < 0.05 by unpaired ¢ test). ¢ Upper
panel: Four weeks after reconstitution of GFP expressing HSCs and a 5-
day course of G-CSF treatment, both immunoreactivities of GFP and Iba-

microenvironment of the AD brain, we treated A into
the medium of co-cultured cells in the bottom layer of
well for 5 days, and the Transwell insert was added into
the well for 1 day to evaluate the BM-MSC migration.
Following migration for 24 h, the nuclei of the migrated
CD44" BM-MSCs from the series of groups were labeled
by DAPI staining, then photographed and analyzed by
microscopy (Fig. 6d). The quantified data showed that
BM-MSCs were not responding to vehicle or pure medi-
um with A3, but they were significantly recruited by Af3-
treated co-cultured cell medium, and this outcome was
inhibited while CXCR4 was blocked by CXCR4 antibody
(Fig. 6e). Together, this data reveals that the migration of
BM-MSCs is dependent on CXCR4/SDF-1 chemotaxis.
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1 were co-localized, suggesting the potential of HSCs to replenish
microglia in the AD brain. Bar, 100 um. Lower panel: Higher power
photographs of the staining shown in the white square in upper panel
present respective immunoreactivity. Bar, 50 um. d Upper panel: The
immunoreactivity of GFP and MAP2 appeared separate, casting doubt on
the competence of mobilized HSCs for neuronal differentiation. Bar,
100 um. Lower panel: Higher power photographs of the staining
shown in the white square in the upper panel present respective
immunoreactivity. Bar, 50 pm

Mobilized BM-MSC-mediated Neurogenesis Is Reduced
while Blocking CXCR4/SDF-1 Chemotaxis

We subsequently investigated whether CXCR4/SDF-1 chemotax-
is is involved in neurogenesis in the AD-Tg brain following G-
CSF treatment. BrdU labeling was employed to identify the newly
proliferating cells, and additional CXCR4 Ab and AMD3100
were 1.p. injected to block CXCR4/SDF-1 chemotaxis in vivo
(Fig. 7a). By IF staining of NeuN and BrdU, we found that G-
CSF treatment significant improved the neurogenesis of AD-Tg
mice relative to PBS-injected mice (Fig. 7b), but this beneficial
effect was inhibited in CXCR4 Ab and AMD3100-treated mice
(Fig. 7c), suggesting that CXCR4/SDF-1 chemotaxis is an indis-
pensable mediator for neurogenesis in the brain of AD-Tg mouse.
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*p < 0.05 by unpaired ¢ test). ¢, d
Upper panels: IF staining of GFP
and GFAP as well as GFP and
Olig2 showed that astrocytes and
oligodendrocytes were derived
from mobilized BM-MSCs in G-
CSF-treated AD-Tg mice. Bar,
100 um. Lower panels: Higher
power photographs of the staining
shown in the white square in
upper panel present respective
immunoreactivity. Bar, 50 pm. e
In IF staining of GFP and NeuN, a
part of the immunoreactivity of
NeuN was co-localized with the
immunoreactivities of GFP. Bar,
100 um
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Discussion

In present study, we report elevated SDF-1 levels in the brains
of AD mice and that this elevation was correlated with the
migration of repair-competent cells (Fig. 1). Furthermore, G-
CSF-mobilized repair-competent cells may contribute to the
recovery of cognitive function via CXCR4/SDF-1 chemotaxis
(Fig. 2). Whereas both mobilized HSCs and BM-MSCs were
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capable of infiltrating the brain after G-CSF treatment
(Fig. 3), only BM-MSCs appeared to be involved in the
replenishment of neural lineage cells in AD-Tg mice
(Figs. 4 and 5). Our data further indicate that CXCR4/SDF-
1 chemotaxis was essential for the migration of G-CSF-
mobilized BM-MSCs and was also involved in G-CSF-
mediated neurogenesis (Figs. 6 and 7). These findings explain
how G-CSF treatment improves the cognition in AD mice,
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BM-MSCs culture

Upper layer
BM-MSCs

Neural cell AB
induction

treatment

Down layer
NSCs

Fig. 6 In vitro Ap-induced SDF-1 upregulation recruits BM-MSCs via
CXCR4/SDF-1 chemotaxis. a Experimental design of the Transwell
assay. In the bottom layer of each well, neural cells including astrocytes
and neurons were derived from primary cultured neural stem cells (NSCs)
and were treated with A3 to generate SDF-1-conditioned media, which
was then collected for ELISA. In the upper compartment of the Transwell,
the cultured BM-MSCs were seeded for testing chemoattraction. b
Immunocytochemistry of GFAP and MAP2 in cultured neural cells on
the bottom layer. ¢ SDF-1 ELISA indicates that A3 treatment can induce
SDF-1 upregulation in the medium of the astrocyte-neuron co-culture
(n = 5 independent experiments. Data are represented as mean + SEM.
*p < 0.05 by unpaired ¢ test). d BM-MSCs on the Transwell membrane
were immunopositive for CD44 (left top image). Migration of BM-MSCs

underlining that mobilized BM-MSCs can serve as an auto-
genic stem cell source for the applications in CNS diseases
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was recognized with DAPI staining and cells were counted. Bar, 50 um. e
Quantified data indicates that the medium of A (3-treated neural cells can
recruit BM-MSCs; CXCR4 Ab pre-treatment of BM-MSCs inhibits the
migration. Mouse IgG treatment was used as an internal control. (BM-
MSCs — vehicle: MSC migration toward PBS-treated neural cells; BM-
MSCs — A3: MSC migration toward A3 only medium; BM-MSCs —
A[B-NCs: MSC migration toward A-treated neural cells; CXCR4-BM-
MSCs — A[-NCs: MSCs pretreated with CXCR4 Ab and their migration
toward Af-treated neural cells; IgG-BM-MSCs — A[3-NCs: MSC
pretreated with mouse IgG and their migration toward A-treated cells
(n = 6 independent experiments; data are presented as mean = SEM.
*¥p < 0.01, ¥*¥p < 0.001 by one-way ANOVA)

therapy, while further providing insights into endogenous
stem cell-based therapies.
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Fig. 7 Blockade of CXCR4/
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staining of NeuN and BrdU was
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treatment. Bar, 100 um. ¢ The G-
CSF treatment significantly
improved neurogenesis in the
brain of AD-Tg mice.
Furthermore, the G-CSF-
mediated neurogenesis was
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in each group; data are presented
as mean + SEM; *p < 0.05 by
one-way ANOVA)
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The role of SDF-1 in the brain of AD individuals remains
debatable [43, 44], but here we show that SDF-1 levels were
increased and correlated with the migration of CXCR4-
expressing cells (Fig. 1), suggesting an association between
Af3 deposition and astrocyte distribution in the brain of in-
duced AD mice and AD-Tg mice. Therefore, we speculate
that the elevation of SDF-1 represents an endogenous self-
repair mechanism in the AD-Tg brain that facilitates the hom-
ing of repair-competent cells to the injured region of brain for
tissue regeneration. Accordingly, further mobilization of BM-
MSCs into bloodstream by G-CSF treatment may promote
more repair-competent cells to take part in this ameliorating
mechanism. Interestingly, the data with a blockade of the
CXCR4/SDF-1 chemotaxis show the G-CSF-based therapeu-
tic potential was reduced, suggesting that the chemoattraction
axis is an indispensable mediator for mobilized cells targeting
damaged regions. These findings support that elevated SDF-1
is involved in tissue regeneration of AD brain and CXCR4/
SDF-1 chemotaxis plays an essential role in cognitive
improvement.

In the present study, we extend the knowledge of G-CSF-
mediated therapeutic effects in AD that involves the mobili-
zation of repair-competent cell in addition to trophic effects.
Of these cells, mobilized BM-MSCs are indispensible for the
replenishment of neural lineage cells. Regarding BM-MSC
transdifferentiation into neural lineages, numerous studies

NW'd ¥ y
ay 1 Day 4 and Day 5

D

1
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reported that BM-MSCs have the potential of neural fate de-
termination. For instance, BM-MSCs are identified to express
a basal level of neural genes [9, 10], and they may be hetero-
geneous, with a subpopulation originating from neurocrest
[49, 50] or consisting of early embryonic-like stem cells
[51]. Therefore, they can potentially migrate and express neu-
ral markers after transplantation [37, 52] and further be in-
duced to differentiate into specific types of neurons by addi-
tional gene engineering [53, 54].

Here, our data demonstrated that the G-CSF-mobilized
BM-MSCs could contribute in neurogenesis in the AD-Tg
brain; this finding opens another window for the application
of endogenous stem cells and also provides evidence that G-
CSF treatment is efficient for mobilizing BM-MSCs as repair-
competent cells for neural lineage replenishment. Although G-
CSF has already been used for decades, as in the case of ALS
and multiple sclerosis, it has further been tested in clinical
trials [55, 56]. Therefore, the safety and reliability of G-CSF
should allow the easy transfer to a clinical study for AD.

Although this study focused on the commitment of mobi-
lized BM-MSC:s for the replenishment of neural cells follow-
ing G-CSF treatment, the ameliorating effects on cognitive
impairment may not be solely attributed to these cells. The
additional effects of G-CSF treatment for the AD brain may
also include the mobilization of HSCs for the modulation of
inflammatory responses [18] and the presence of endothelial
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progenitors for neovascularization [57]. Furthermore, several
studies reported BM cell fusion with host cells after transplan-
tation into various kinds of organs or co-culturing with donor
cells [58-60]. For this reason, cell fusion has recently been
proposed as an explanation for stem cell plasticity.
Interestedly, cell fusion was reported with benefits for the
recipient’s cells, including amelioration of cell apoptosis
[61] as well as tissue protection through mitochondria transfer
[62]. Here, we may not exclude that part of the newly gener-
ated neural cells is derived from cell fusion, and we further
postulate that cell fusion mediated tissue protection may be
also involved in the therapeutic effects of G-CSF-mobilized
BM-MSCs.

Autologous cell therapy has high potential for neurological
disorders, and G-CSF-mobilized BM-MSCs can be a practi-
cable cell source in this strategy. In vivo, the mobilized BM-
MSC may directly contribute to tissue regeneration. Ex vivo,
these mobilized BM-MSCs may be isolated from peripheral
blood and processed through expansion of cell numbers and
gene modification, and they have the potential to be developed
for the therapeutic purposes of ex vivo gene therapy [63, 64].
In light of autologous application for treatment of neurological
disorders, BM-MSC-based cell reprogramming is a promising
approach. For instance, by knocking out the RE1 silencing
factor or overexpressing LMX1a, MSCs can be induced to
differentiate into dopaminergic neurons with electrophysio-
logical characteristics [53, 54], and by overexpressing
neurogenin 1, MSCs can be programmed to a neural cell fate,
ultimately expressing voltage-gated channels [65].

Conclusion

Collectively, in present study, we identified that elevated SDF-
1 was essential for the recruitment of repair-competent cells
via CXCR4/SDF-1 chemotaxis in the AD brain, and G-CSF-
mobilized BM-MSCs, but not HSCs, played the essential role
in replenishment of neural lineages. These findings provide
insights into the therapeutic mechanisms of G-CSF treatment
in AD and underline that BM-MSCs may act as an autologous
cell resource for developing treatments of neurological
disorders.
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