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an in vitro study using cultured rat microglia [8,
9]. We further showed that microglial transplantation
increased AR clearance in AR-injected rats in an in
vivo study [10]. Moreover, immunization with A3 pep-
tides in transgenic mouse models of AD effectively
reduced brain AP and restored cognitive functions
[11-14]. These reports suggest that immune systems
in the brain, including microglia, may be involved in
AP clearance in AD. However, our search of litera-
ture found no report that describes detailed temporal
changes of microglia in response to the pathological
changes in AD transgenic mice.

On the other hand, chronic nicotine treatment has
been reported to reduce AR in the brains of AD model
mice [15, 16], and normal elderly individuals who
smoke have been found to have less A deposits in the
brain [17]. Recent studies have reported that microglia
also express alpha 7 nicotinic acetylcholine recep-
tor (a7 nAChR) [18, 19]. We previously confirmed
that treatment of rat microglia with galantamine (an
acetylcholinesterase inhibitor and also an allosteric
potentiating ligand of nAChR) significantly enhanced
microglial AP phagocytosis, and that administration of
galantamine to APPswe/PS1dE9 (APdJE9) transgenic
mice enhanced AP clearance and improved behav-
ioral performance in spatial learning and memory [20].
Furthermore, we also reported that stimulation of o7
nAChRs in a rat model of Parkinson’s disease induced
a direct neuroprotective effect and an indirect suppres-
sive effect in activated microglia [21]. Nevertheless,
how o7 nAChRs expressed in microglia are affected
in AD remains unknown.

Recently, several studies using transgenic animal
models of AD suggest that therapeutic interventions
given earlier in the course of AD may be expected to
improve therapeutic effects [22-25]. Therefore, pro-
phylactic interventions in the “presymptomatic” or
“preclinical” stages of AD are advocated. It has been
suggested that the pathophysiological process of AD
precedes the appearance of clinical symptoms in spo-
radic AD patients [26]. However, we found no report
that describes the target and the therapeutic time win-
dow of AD treatment based on detailed analyses of
the temporal profile of AD pathology and associated
changes in brain environment.

Thus, we focus on microglia that are known to
respond to AD pathology and are suggested to con-
tribute to clearance of AB. In the present study,
we hypothesized that CD68 (alias ‘ED1’, a mem-
ber of the lysosomal/endosomal-associated membrane
glycoprotein family and a marker of phagocyte
in microglia/macrophage [27-30]) and o7 nAChR

expression in microglia change in response to AD-like
pathology. To prove this hypothesis, we used immuno-
histochemical studies to evaluate the temporal changes
of CD68 and o7 nAChRs expressed in microglia, as
well as AP deposition, neurons, and presynapses in
the brains of two mouse models of AD. From these
evaluations, we aimed to collect fundamental data for
considering whether microglia are potential target of
AD treatment and the appropriate timing of therapeutic
intervention.

MATERIALS AND METHODS
Animals

All the animal studies were approved by the Animal
Care and Use Committee of Sapporo Medical Univer-
sity, and all procedures were carried out in accordance
with the institutional guidelines. Male and female
APdE9 mice and wild-type littermates were used in
this study. The APdE9 founder mice were purchased
from the Jackson Laboratory, USA. All mice used in
this study were bred by mating male APdE9 mice with
female C57BL6/J mice in the animal facilities at Sap-
poro Medical University. The mice were maintained at
25°C with a 12-h light/dark cycle and provided food
and water ad libitum.

The AB-injected AD mouse model was generated
according to a previously described protocol [31, 32].
Fifteen to 30 week-old C57BL6/J mice were anes-
thetized intraperitoneally with 50 mg/kg pentobarbital
sodium, and were immobilized in a stereotaxic frame.
In this study, we used the hydrochloride (HCI) form
of human AB4; (AnaSpec, San Jose, CA), which
aggregates more readily than AB40. Additionally, the
HCI form of AP peptide is known to form a B-
sheet structure [33]. Lyophilized human A4, peptide
(1 mM) was dissolved in sterile saline solution, and
aliquots were stored at —80°C. Subsequently, AB42
was diluted with sterile saline solution to 1 wg/pL,
and then injected immediately into the left hippocam-
pus (2 mm posterior to the bregma, 2 mm left lateral
to the midline, and 2mm ventral to the brain sur-
face) using a motor-driven 10-pL Hamilton syringe.
The infusion rate was 1 pL/min, and the needle was
retained for a further 5 min after injection. Addition-
ally, we also injected 10 mM phosphate-buffered saline
(PBS) into the left hippocampus of the other C57BL6/J
mice instead of AB4, in such a way as described above.
We defined those PBS-injected mice as controls. The
volume of the injection was 1 pL. of AB4o or 1 pL of
PBS.
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For details about APAE9 mice, refer to the web
site of Jackson Laboratory [strain B6.Cg-Tg (APP-
swe, PSENIAE9) 85Dbo/J; stock number 005864,
http://jaxmice.jax.org/]. These hemizygous APdE9
mice express chimeric mouse/human amyloid pre-
cursor protein APPswe (mouse APP695 harboring a
human AR domain with mutations K595 N and M596 L.
linked to Swedish familial AD pedigrees) and human
mutated presenilin 1-dE9 (deletion of exon 9). These
mutations are associated with early-onset AD, and
allow the mice to secrete human AR.

Brain tissue preparation

At1,3,7, 14, and 28 days after AP or PBS injection,
AB-injected mice (n=4 per group at each time point)
and PBS-injected mice (n=4 per group at 1,3 and 7
days after, n=3 per group at 14 and 28 days after) were
deeply anesthetized by intraperitoneal injection of pen-
tobarbital sodium (50 mg/kg), and perfused through the
aorta with 150 mL of 10 mM PBS, followed by 150 mL
of a cold fixative consisting of 4% paraformaldehyde
in 100 mM phosphate buffer. After perfusion, the brain
was quickly removed and postfixed for 2 days in 4%
paraformaldehyde. Subsequently, the brain was trans-
ferred to 10% sucrose followed by 20% sucrose in
10mM PBS at 4°C for immunohistochemical and his-
tological analysis.

Three, 6,9, 12, and 18 month-old APdE9 mice and
3, 6,9, and 12 month-old wild-type littermates (n=5
per group at each time point) were deeply anesthetized
by intraperitoneal injection of pentobarbital sodium
(50 mg/kg). Then, the brain was quickly removed and
hemisected in the midsagittal plane. One hemisphere
was frozen in liquid nitrogen after dissecting the cere-
bellum, and stored at —80°C to be used for biochemical
measurements. The other hemisphere was postfixed for
2 days in 4 % paraformaldehyde, and subsequently
transferred to 10% sucrose followed by 20% sucrose
in 10mM PBS at 4°C for immunohistochemical and
histological analysis.

Immunohistochemistry

The brains of AB- or PBS-injected C57BL6/J mice
or the hemi-brains of APdE9 mice and littermates were
cut into 20-pm thick slices using a cryostat, and col-
lected in 10 mM PBS containing 0.1% sodium azide at
4°C. For each AB-injected mouse, eight free floating
brain sections at intervals of 200 wm were picked up
and incubated with mouse monoclonal antibody to AR
(1:5,000; clone 6E10, Covance, Princeton, NJ, USA)

for 3 days at 4°C. For each APdE9 mouse or wild-type
littermate, four free floating brain sections containing
the hippocampus at intervals of 400 pm were picked
up and incubated with the following primary antibod-
ies: mouse monoclonal anti-Af3 antibody (1:5,000),
rabbit polyclonal anti-ionized calcium binding adaptor
molecule 1 (Ibal) antibody (1:5,000; Wako Chemical,
Osaka, Japan) for microglia, and mouse monoclonal
anti-synaptophysin antibody (1:1,000; Sigma-Aldrich,
St. Louis, MO, USA) for presynapses, for 3 days at
4°C. After several washes with 10 mM PBS containing
0.3% Triton X-100 (PBS-T), sections were incu-
bated appropriately with biotinylated anti-mouse or
anti-rabbit immunoglobulin (Ig)G antibody (1:2,000;
Vector Laboratories, Burlingame, CA, USA) for 2h
at room temperature. The sections were then incu-
bated with avidin peroxidase (1:4,000; ABC Elite
Kit, Vector Laboratories, Burlingame, CA, USA)
for 1h at room temperature. All the sections were
washed several times with PBS-T between each incu-
bation, and labeling was visualized by incubating with
3,3’-diaminobenzidine (DAB) and nickel ammonium,
which yielded a dark blue color [32]. We observed the
immunostained sections of AB-injected mice under a
light microscope, and confirmed A deposition sites in
the left hippocampus in each mouse. We also observed
the immunostained sections of APdE9 mice and wild-
type littermates under a light microscope.

Triple or double immunofluorescent staining was
performed and observed under a confocal microscope.
The brain sections of AB-injected mice were incubated
with rabbit polyclonal anti-Ibal antibody (1:5,000)
and mouse monoclonal CD68 antibody (1:1,000; AbD
Serotec, Raleigh, NC, USA) or microtubule-associated
protein (MAP)2 antibody (1:5,000; Sigma-Aldrich,
St. Louis, MO, USA) for neurons, for 3 days at
4°C. For each AB-injected mouse, two brain sections
(containing AB deposition in the left hippocampus
from the result of immunostaining by anti-Ap anti-
body) at an interval of 200 pm were used in each
immunostaining. The brain sections of PBS-injected
mice were incubated with rabbit polyclonal anti-
Ibal antibody (1:5,000) and mouse monoclonal CD68
antibody (1:1,000) for 3 days at 4°C. For each PBS-
injected mouse, two brain sections at an interval of
200 wm were used in each immunostaining. Further-
more, the hemi-brain sections of APdE9 mice were
incubated with rabbit polyclonal anti-Ibal antibody
(1:5,000), mouse monoclonal CD68 (1:1,000) and
mouse monoclonal synaptophysin (1:1,000) or mouse
monoclonal a7 nAChR (1:1,000; Sigma-Aldrich, St.
Louis, MO, USA) antibody for 3 days at 4°C. For
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each APdE9 mouse, two brain sections at an inter-
val of 800 wm were used in each immunostaining.
Then, the sections were probed with anti-mouse IgG
antibody conjugated with Alexa Fluor 488 and anti-
rabbit IgG antibody conjugated with Alexa Fluor 594
(each diluted 1:2,000) for 2 h at room temperature. The
brain sections of AB-injected and APdE9 mice were
further incubated with 1-fluoro-2,5-bis(3-carboxy-
4-hydroxystyryl)benzene (FSB, 1:10,000; Dojindo
Laboratories, Kumamoto, Japan) for 30 min, to stain
amyloid. Fluorescence was observed under a laser
scanning confocal microscope (LSM510 Meta; Carl
Zeiss, Jena, Germany).

Quantification of amyloid plaque burden,
microglia, and presynapses of the hippocampus

In AB- or PBS-injected mice, multi-stained
immunofluorescent images were analyzed by mea-
suring the percentage of positively stained area in
a microscopic field with Imagel software (National
Institutes of Health, Bethesda, MD, USA). Subse-
quently, we compared the mean percentage of FSB-
or Ibal-positive area among time points. All images of
the AB- and PBS-injected mice were acquired as TIFF
images. To minimize variability of signal intensity
between images, we used the same image acquisition
settings (exposure time and gain) for each antibody
signal throughout the assessments of AB- and PBS-
injected mice.

In APdE9 mice and wild-type littermates, DAB-
labeled sections stained by anti-A and anti-Ibal or
anti-synaptophysin antibodies were analyzed by mea-
suring the percentage of positively stained area in a
microscopic field using Imagel software (percentage
of synaptophysin-positive area was measured per area
of the hilus of the dentate gyrus in a microscopic field).
Then, we compared the mean percentage of AB-, Ibal-,
or synaptophysin-positive areas among age groups.

All images were binarized with the same threshold
for each antibody signal using Adobe Photoshop CS6
software, and the percentage of positively stained area
was measured.

Quantitative analysis of CD68- or o7
nAChR-positive microglia

The percentage of Ibal-positive microglia co-
expressing CD68 per total Ibal-positive microglia
was assessed in the triple-stained immunofluorescent
images of AB- or PBS-injected mice and APdE9 mice.
Subsequently, we compared the mean percentage of
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CD68-positive microglia among different time points.
In addition, the percentage of Ibal-positive microglia
co-expressing a7 nAChR subunit per total Ibal-
positive microglia was assessed in the triple-stained
immunofluorescent images of APdE9 mice. Then, we
compared the mean percentage of o7 nAChR-positive
microglia among age groups. We used the same image
acquisition settings (exposure time and gain) for each
immunostaining series.

Enzyme-linked immunosorbent assay (ELISA)

In order to measure the amount of A4, in the brain
of APdE9 mice, a Tris-buffered saline (TBS) extracted
fraction and a formic acid (FA) extracted fraction were
prepared according to the following procedures as
described previously [20, 34]. The frozen hemi-brain
of a mouse (200 mg/ml wet weight) was suspended in
TBS (20 mM Tris HCl and 137 mM NaCl, pH 7.6) con-
taining protease inhibitors (P8340, protease inhibitor
cocktail; Sigma-Aldrich, St. Louis, MO, USA) and
homogenized using a high-speed homogenizer (60s
at 10,000 rpm; Polytron PT2500E; Kinematica AG,
Luzern, Switzerland). The homogenate was cen-
trifuged at 100,000x g for 1h at 4°C, and the
supernatant was collected as the TBS-extracted frac-
tion. The pellet was sonicated in 70% FA. This
homogenate was incubated for 1h at 4°C, and then
centrifuged at 100,000x g for 1 h at 4°C. The resultant
supernatant was collected as the FA-extracted fraction,
which was neutralized with a 20-fold volume of 1M
Tris buffer (pH 11.0). The AB42 in the neutralized
FA-extracted fraction was measured using a human
AB4p-specific ELISA kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

Statistics

The percentage of positively stained area, the per-
centage of microglia expressing CD68 or a7 nAChR,
and the amount of AB4y in the brain of model mice are
presented as mean &= SEM. The differences between
groups were analyzed by Student’s t-test or ANOVA
followed by post hoc comparison with Tukey-Kramer
HSD test. The JMP statistical program (SAS Institute,
Cary, NC, USA) was used for data analysis.

RESULTS

CD68-positive activated microglia phagocytosed
AB deposition early after A injection

We first examined the temporal changes of A depo-
sition by microscopic observation of immunoreactivity
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Fig. 1. Representative photomicrographs of immunoreactivity to anti-amyloid- (Af) antibody at the injection site (A-E) and at 200 pm
posterior to the injection site (F-J) in the hippocampus of AB-injected mice at various time points. Mice were microinjected with ARz into the
left hippocampus, and subsequently euthanized at 1 day (A, F), 3 days (B, G), 7 days (C, H), 14 days (D, I), and 28 days (E. J) after injection.

Scale bar=500 pm in A (applies to A-D).

to anti-Af antibody at the injection site and at 200 pm
posterior to the injection site in ipsilateral hippocam-
pus (Fig. 1). At 1 day after intrahippocampal injection
of AB42, AR deposition was clearly detected (Fig. A,
F). Thereafter, the AP deposition decreased in a time-
dependent manner (Fig. 1B-E, G-I).

To analyze the relationship of AP deposition
with microglia and neurons, we observed triple
immunofluorescence staining for Ibal, FSB, and
CD68 (Fig. 2A-E) and for Ibal, FSB, and MAP2
(Fig. 2F-J) in brain sections of the ipsilateral hip-
pocampus of AB-injected mice, using a laser scanning
confocal microscope. Additionally, double-stained
immunofluorescent images for FSB and Ibal in the
ipsilateral (Fig. 2K~0) and the contralateral hippocam-
pus (Fig. 2P-T) were assessed by measuring the
percentage of positively stained area in a microscopic
field, and the differences between groups were com-
pared.

The AP deposition stained by FSB decreased in a
time-dependent manner (Fig. 2A~T). The mean per-
centage of FSB-positive area assessed as A burden
also decreased in a time-dependent manner (Fig. 3A).
AP deposition was not observed in the contralateral
hippocampus (Fig. 2P-T).

Microglial accumulation, immunostained by anti-
Ibal antibody, at the AR deposition sites was already
observed at 1 day after AP injection (Fig. 2A, F,
K). In quantitative analysis, the Ibal-positive area
was significantly larger (3.8-fold) on the AR-injected
side than on the contralateral side at 1 day after AP
injection (Fig. 3B). Then, microglial accumulation
increased gradually until 7 days after Af injection,
and subsequently decreased in a time-dependent man-

ner (Figs. 2B-E, 2G-J, 21-0, and 3B). In addition,
several microglia showed a positive reaction with the
anti-CD68 antibody from 1 day after AP injection,
and microglia internalizing A probed with FSB were
observed at all time points (Fig. 2A-E). However, the
percentage of Ibal-positive microglia co-expressing
CD68 per total Ibal-positive microglia in a micro-
scopic field of the AB-injected hippocampus was not
significantly different among time points (Fig. 3C). To
exclude the possibility of effect by injection injury,
we examined the temporal changes of microglia in
PBS-injected mice (Supplementary Figure 1). Accu-
mulation of microglia in PBS-injected mice was more
homogeneous and less than in AB-injected mice (Sup-
plementary Figure 1A-J). In quantitative analysis, the
Ibal-positive area increased gradually until 7 days after
PBS injection and decreased subsequently in the same
way as AP-injected mice. However, microglial accu-
mulation in PBS-injected mice was significantly less
than AB-injected mice at 7 and 28 days after injec-
tion (Supplementary Figure 1K), and marginally less
than AB-injected ones at 14 days after (p=0.0944).
On the other hand, the percentage of Ibal-positive
microglia co-expressing CD68 per total Ibal-positive
microglia in a microscopic field of the PBS-injected
hippocampus increased gradually until 7 days after
PBS injection, and decreased significantly from 14
days after (Supplementary Figure 1L). These results
in PBS-injected mice are obviously different from Ap-
injected ones. Therefore, these findings suggest that the
histochemical results in Ap-injected mice were pro-
duced by not needle insertion injury but AR injection.

We confirmed that activated microglia phagocy-
tosed AR deposit in AR-injected mice based on
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Fig. 2. Triple-staining immunofluorescent images for FSB (blue), Ibal (red), and CD68 (green; A-E), as well as FSB (blue), Ibal (red), and
MAP?2 (green; F-J) at the hippocampus of amyloid-B (AB)-injected mice at 1 day (A, F, K, P), 3 days (B, G, L, Q), 7 days (C, H, M, R),
14 days (D, I, N, S), and 28 days (E, J, O, T) after injection. K~T) Time courses of AP and microglial activation at the ipsilateral (K-O) and
at the contralateral hippocampus (P-T) of AB-injected mice. Seven or 8 double-staining immunofluorescent images for FSB (blue) and Ibal
(red) were assessed in each mouse. Scale bars =100 um in A (applies to A-J); 10 wm in insets; 200 um in K (applies to K-T). FSB, 1-fluoro-
2,5-bis(3-carboxy-4-hydroxystyryl)benzene; Ibal, ionized calcium binding adaptor molecule 1; MAP2, microtubule-associated protein 2; Ipsi,

ipsilateral; Con, contralateral.

the following evidence: (1) microglia were closely
associated with AR deposits (Fig. 2) and inter-
nalized AP as in our previous in vitro study [8]
(Fig. 2A-E); (2) microglia expressed CD68 which is
a phagocytic marker (Fig. 2A-E); (3) A3 deposition
decreased markedly coinciding with a drastic increase
in microglial accumulation until 7 days after AR injec-
tion, followed by disappearance of AR deposition as
microglia accumulation decreased gradually.

The MAP2-immunoreactive area decreased at 1 day
after AP injection (Fig. 2F), but subsequently recov-
ered in a time-dependent manner (Fig. 2G-J). The
neurotoxicity of acute AB-injection may not be potent.
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In APdE9 mice, AB deposition estimated
immunohistochemically increased gradually and
correlated strongly with mean quantity of
insoluble ABay measured by ELISA

In APdE9 mice, photomicroscopic images of AP
immunostaining were assessed by measuring the per-
centage of positively stained area in a high power
microscopic field of the cortex and hippocampus
(Fig. 4A-E, areas surrounded by grey squares). The
AP burden increased in a time-dependent manner, with
a drastic increase at 12 months of age (Fig. 5A). In a
similar quantitative analysis in wild-type littermates at
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Fig. 3. Quantitative analyses of amyloid plaque burden, Ibal-positive area, and CD68-positive microglia in amyloid-f3 (Ap)-injected mice. Data
are presented as the percentage of positively stained area in a microscopic field, and expressed as mean + SEM at each time point (n=4). A)
Time course of AP burden assessed as FSB-positive area in ipsilateral hippocampus measured using ImagelJ software. The mean percentages
of FSB-positive area at different time points were compared by ANOVA [F(4,15)=8.2982, p=0.0010] followed by post hoc Tukey-Kramer
HSD test: *p<0.01, **p < 0.005 versus 1 day after injection. B) Time course of microglial activation assessed as Ibal-positive area in bilateral
hippocampi measured using ImageJ software. The mean percentages of Ibal-positive area on the Af-injected side at different time points were
compared by ANOVA [F(4,15)=18.4849, p < 0.0001] followed by post hoc Tukey-Kramer HSD test: *p <0.001 versus 1 day, *p <0.0003 versus
3 days, %p <0.05 versus 14 days, and *p <0.0001 versus 28 days after injection. The mean percentages of Ibal-positive area on the AB-injected
side and the contralateral side were compared by Student’s r-test: p <0.01, Tp < 0.005. €) Time course of percentage of CD68-positive microglia
per total microglia in ipsilateral hippocampus. The mean percentages of Ibal-positive microglia co-expressing CDG68 per total Ibal-positive
microglia at different time points were compared by ANOVA [F(4,15) = 1.0747, p =0.4035]. FSB, 1-fluoro2,5-bis (3-carboxy-4-hydroxystyryl)
benzene; Ibal, ionized calcium binding adaptor molecule 1.

Month 3 Month 6 Month 9 Month 12 Month 18

AB

Ibal
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Fig. 4. Representative photomicrographs of amyloid-p (AB) immunoreactivity (A-E), Ibal-immunopositive microglia (F-J), and synaptophysin
immunoreactivity (K-O) in the hilus of the dentate gyrus in APPswe/PS1dE9 (APdE9) mice. Sections of the hemi-brain from mice at 3 months
(A, F, K), 6 months (B, G, L), 9 months (C, H, M), 12 months (D, I, N), and 18 months (E, J, O) of age were stained with each primary antibody.
Scale bars=1 mm in A (applies to A-J); 100 pm in K (applies to K~O). Ibal, ionized calcium binding adaptor molecule 1.

3, 6,9, and 12 months of age, the mean percentage APdE9 mice, using a human AB4,-specific ELISA kit

of AB-positive area was almost 0%, and there was no (Fig. 5B). Pearson’s correlation coefficient showed a
significant difference compared with APdE9 mice at 3 significant correlation between the mean quantity of
months of age (data not shown). A4y for each time point measured by ELISA and the

Subsequently, to verify the validity of evaluating mean percentage of AB-positive area for each time
Ap-positive area in immunohistochemical study, we point estimated immunohistochemically (Fig. 5C).
measured the quantity of human AB4; in neutralized Therefore, the method of measuring mean percent-
FA-extracted fraction from the cerebral hemisphere of age of the AB-immunopositive area at each time point
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Fig. 5. Quantitative analysis of amyloid plaque burden, Ibal-positive area and synaptophysin-positive area, and amount of Af4; in the cerebral
hemisphere measured by ELISA, in APdE9 mice. A burden was assessed as A3-positive areas in the cortex and hippocampus of 4 sections/animal
measured using Image] software. A) The mean percentages of AB-positive area in a high power microscopic field of the cortex and hippocampus
(areas enclosed by grey squares in Fig. 4A-E) in different age groups were compared by ANOVA [F(4,20)=18.7716, p < 0.0001] followed by post
hoc Tukey-Kramer HSD test: *p < 0.001, **p <0.0001 versus 3 month-old group, ¥p <0.005, #¥p <0.0001 versus 6 month-old group, ¢p <0.05,
&&1, —=0.0001 versus 9 month-old group. B) The mean quantities of ABs; in the cerebral hemisphere of APAE9 mice measured by ELISA at
different age groups were compared by ANOVA [F(4,20) =84.0981, p <0.0001] followed by post hoc Tukey-Kramer HSD test: *p <0.003,
#*p < 0.0001 versus 3 month-old group, *p < 0.05, #p < 0.0001 versus 6 month-old group, ¥p <0.001, ¥%p <0.0001 versus 9 month-old group,
Tp <0.0001 versus 12 month-old group. C) The mean percentage of AB-positive area for each age group assessed immunohistochemically
correlates strongly with mean quantity of AB4 for each age group measured by ELISA. Correlation was tested using the Pearson’s correlation
coefficient. Microglial activation was assessed as Ibal-positive areas in the cortex and hippocampus of 4 sections/animal measured using ImageJ
software. D) The mean percentages of Ibal-positive area in a high power microscopic field of the cortex and hippocampus (areas enclosed by grey
squares in Fig. 4F-J) in different age groups were compared by ANOVA [F(4,20) =24.4838, p <0.0001] followed by post hoc Tukey-Kramer
HSD test: *p < 0.05, **p < 0.0001 versus 3 month-old group, #p = 0.0005, #p < 0.0001 versus 6 month-old group, %p <0.001 versus 9 month-old
group. E) Density of presynapses was assessed as synaptophysin-positive area at the hilus of the dentate gyrus of 4 sections/animal measured
using ImageJ software. The mean percentages of synaptophysin-positive area in a high power microscopic field in different age groups were
compared by ANOVA [F(4,20) = 17.9074, p <0.0001] followed by post hoc Tukey-Kramer HSD test: *p <0.05, **p <0.0001 versus 3 month-old
group, *p <0.05, #p < 0.005 versus 6 month-old group, ¥p <0.01 versus 9 month-old group. Ibal, ionized calcium binding adaptor molecule 1.
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was considered to be appropriate for assessing AR
burden.

In APAE9 mice, microglial accumulation was
closely associated with the A plaques; but some
activated microglia were found at sites without Ap
deposition, especially at an early age

In APJE9Y mice, microglia labeled by anti-Ibal anti-
body were closely associated with AP deposits, and
their accumulation increased in a time-dependent man-
ner until 12 months of age (Fig. 6A-I). On the other
hand, some swollen microglia considered to be acti-
vated were also found at sites where there was no A3
deposition, especially at 6 or 9 months of age (Fig. 6B,
C, G, H). We assessed the photomicroscopic images
of Ibal immunostaining by measuring the percentage
of positively stained area in a high power microscopic
field of the cortex and hippocampus (Fig. 4F-J, areas
surrounded by grey squares). Microglia increased sig-
nificantly at 9 months and further increased at 12
months of age (Fig. 5D). On the other hand, Ibal-
positive area declined at 18 months of age compared
to 12 months of age.

Month 3 Month 6

Cortex

FsB
tbal

Hippocampus
FSB
Ibal

FSB
lbal
Synapto

In APdE9 mice, immunoreactivity for presynapses
at the hilus of dentate gyrus decreased homogene-
ously in a time-dependent manner since an early
age

We observed triple-immunofluorescence staining
for Ibal, FSB, and synaptophysin at the hilus of the
dentate gyrus in the hippocampus (Fig. 6K~O) of
APAEY9 mice. Photomicroscopic images of synapto-
physin immunostaining (Fig. 4K-O) were assessed
by measuring the percentage of positively stained
area at the hilus of the dentate gyrus. The density
of presynapses decreased in a time-dependent man-
ner (Figs. 4K-0, 6K~0). In quantitative analysis, the
density of presynapses decreased significantly at 9,
12, and 18 months of age (Fig. SE). The decrease in
presynapse immunoreactivity was homogeneous and
not confined to the AR deposition sites. In addition,
Student’s t-test detected a significantly lower mean
percentage of synaptophysin-positive area in APdE9
mice compared to age-matched wild-type littermates
from 3 to 12 months of age (Supplementary Figure 2).
We speculate that normal aging causes the decrease of
the synaptophysin level in wild-type littermates at 12
months of age.

I\/Ionth9

Month 12 Month 18

Fig. 6. Double-staining immunofluorescent images for FSB (blue) and Ibal (red) at the cortex (A-E) and hippocampus (F-J), and triple-staining
immunofluorescent images for FSB, Ibal, and synaptophysin (green; K-O) at the dentate gyrus of hippocampus in APPswe/PS1dE9 (APJE9)
mice. The brain sections were from mice aged 3 months (A, F, K), 6 months (B, G, L), 9 months (C, H, M), 12 months (D, I, N), and 18 months
(E, J, O). Scale bar =100 p.m in A (applies to A-O). FSB, 1-fluoro-2,5-bis (3-carboxy-4-hydroxystyryl) benzene; Ibal, ionized calcium binding

adaptor molecule 1; Synapto, synaptophysin.
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Percentage of CD68-positive microglia per total
Ibal-positive microglia increased drastically at 12
months of age corresponding to increase in Ap
deposition in APdE9 mice

To analyze temporal changes of microglial activity
in APdE9 mice, percentage of Ibal-positive microglia
co-expressing CD68 per total Ibal-positive microglia
in a microscopic field of the cortex and hippocampus
in the triple-staining immunofluorescent images for
FSB, Ibal, and CD68 was assessed in each age group
(Fig. 7A-E; higher magnification Fig. 7F-J). CD68-
positive microglia were not found at 3 months of age,
but a small number appeared at 6 and 9 months of
age. The mean percentage of Ibal-positive microglia
co-expressing CD68 per total Ibal-positive microglia
increased drastically at 12 months of age (Fig. 9A).
This timing seemed to coincide with the increase in
AP deposition in APdE9 mice. The mean percent-
age of Ibal-positive microglia co-expressing CD68

Month 3

Month 6

Month 9

decreased at 18 months of age compared to 12 months
of age. Higher magnification images (Fig. 7a-t)
showed that CD68-negative swollen microglia, consid-
ered to be activated microglia, were also found in sites
where there was no A3 deposition, and these microglia
internalized small FSB-positive structures resembling
small AB, especially at 6 or 9 months of age (Fig. 7e-1).
These microglia were speculated to take up soluble
AP because there was no A deposit around them. On
the other hand, CD68-positive, more swollen microglia
took up larger FSB-positive AR deposits (Fig. 7m—1).

Percentage of a7 nAChR-positive microglia per
total Ibal-positive microglia increased drastically
at 6 months of age, and thereafter decreased in a
time-dependent manner in APAE9 mice

Percentage of Ibal-positive microglia co-expressing
a7 nAChR per total Ibal-positive microglia in a micro-
scopic field of the cortex and hippocampus in the triple-

Month 12 Month 18

Fig. 7. Triple-staining immunofluorescent images for FSB (blue), Ibal (red), and CD68 (green) in APPswe/PS1dE9 (APJE9) mice at various
ages. Triple immunofiuorescence staining with FSB, anti-Ibal antibody, and anti-CD68 antibody were performed on sections of the hemi-brain
collected from mice aged 3 months (A, F, a—d), 6 months (B, G, e-h), 9 months (C, H, i~/), 12 months (D, I, m—p), and 18 months (E, J, g-t).
Areas enclosed by red squares in A to E are magnified in F to J, respectively. Areas enclosed by red squares in F to J are magnifiedina toz. In G,
e—h and H, i/, microglia are CD68-negative and located apart from AR deposition sites. These microglia internalize very small amount of AR
stained blue by FSB. Scale bars = 100 um in A (applies to A-E); 50 pm in F (applies to F-J); 10 pm in a (applies to a—r). FSB, 1-fluoro-2,5-bis
(3-carboxy-4-hydroxystyryl) benzene; Ibal, ionized calcium binding adaptor molecule 1.
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Month 3 Month 6 Month 9 Month 12 Month 18

B

Fig. 8. Triple-staining immunofluorescent images for FSB (blue), Ibal (red), and «7 nAChR (green) in APPswe/PS1dE9 (APJEY) mice at
various ages. Triple immunofluorescence staining with FSB, anti-Ibal antibody and anti-a7 nAChR antibody was performed on sections of the
cerebral hemisphere collected from mice aged 3 months (A, F, a-d), 6 months (B, G, e-h), 9 months (C, H, i~[), 12 months (D, I, m-p), and
18 months (E, J, g—1). Area enclosed by red squares in A to E are magnified in F to J, respectively. Areas enclosed by red squares in F to J are
magnified in @ to . Scale bars =100 wm in A (applies to A-E); 50 pm in F (applies to F-J); 10 pm in a (applies to a—1). FSB, 1-fluoro-2,5-bis
(3-carboxy-4-hydroxystyryl) benzene; Ibal, ionized calcium binding adaptor molecule 1; &7 nAChR, «7 nicotinic acetylcholine receptor.
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Fig. 9. Percentage of CD68-positive microglia and percentage of a7 nAChR-positive microglia per total microglia in a microscopic field of the
cortex and hippocampus of APPswe/PS1dE9 (APAE9) mice at various ages. Data were expressed as mean -= SEM of each age group (n=5). A)
The mean percentages of CD68-positive microglia at different age groups were compared by ANOVA [F(4,20)=42.8589, p <0.0001] followed
by post hoc Tukey-Kramer HSD test: *p <0.0001 versus 3 month-old group, #p < 0.0001 versus 6 month-old group, &p <0.0001 versus 9 month-
old group. B) The mean percentages of o7 nAChR-positive microglia in different age groups were compared by ANOVA [F(4,20) =8.2952,

p=0.0004] followed by post hoc Tukey-Kramer HSD test: *p <0.05, **p < 0.005, ***p =0.0005 versus 3 month-old group, *» <0.05 versus 6
month-old group. &7 nAChR, o7 nicotinic acetylcholine receptor.
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staining immunofluorescent images for FSB, Ibal, and
o7 nAChR was assessed at each time point (Fig. 8A-E;
higher magnifications Fig. 8F-J). The mean percentage
of Ibal-positive microglia co-expressing o7 nAChR
per total Ibal-positive microgliaincreased significantly
at 6 months of age (Fig. 9B). This timing seemed
to coincide with the time when AP began to deposit
and activated microglia appeared for the first time.
Thereafter, the mean percentage of o7 nAChR-positive
microglia decreased in a time-dependent manner coin-
ciding with the increase in Af deposition (Fig. 9B).
Higher magnification images (Fig. 8a—f) showed that
a7 nAChR in microglia expressed more strongly at 6
or 9 months of age than other times (Fig. 8e—1).

DISCUSSION

In the present study, we hypothesized that microglial
activation and expression of a7 nAChR in microglia
change in response to AD-like pathology in animal
models of AD. Thus, we observed the pathological
changes in the brains of animal models of AD.

We first produced an AD mouse model by inject-
ing AP42 into the left hippocampus, and observed
the temporal changes of AR deposition, microglia,
and neurons. CD68 is known as a phagocytic marker
of microglia/macrophage [27-30]. We confirmed that
CD68-positive microglia phagocytosed AR deposits
based on their close association with A3 deposits as
well as the temporal changes of AR and microglia.
In a previous study using AB-injected rats similar to
our mouse model, electron microscopic observation
revealed that the AR deposits contained large num-
bers of fibrils [35]. Therefore, we speculate that the
A deposition in our AB-injected mice is mainly com-
posed of fibrillar AB. Early microglial accumulation
closely associated with AP deposition was consis-
tent with previous reports [2, 8]. However, no report
has described temporal changes of CD68-positive
microglia in the AB-injected mouse model. Findings
in this model suggest that acute AR deposition may
induce resting microglia to transform to CD68-positive
microglia within a short period of time, and that the
CD68-positive microglia may contribute to clearance
of AB deposits composed mainly of fibrillar ARB.

In the immunohistochemical evaluation of APdE9
mice, we observed gradual increase in AP deposi-
tion concurrent with microglial accumulation at the
sites of AR deposition from 6 to 12 months of age.
These results are similar to previous reports [36,
37]. In APdE9 mice, activated microglia were also
confirmed to take up AR, because of their close associ-
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ation with AP deposits. Moreover, activated microglia
in APdE9 mice showed two-step transition: CD68-
negative microglia appeared at 6-9 months of age, and
strongly CD68-positive microglia appeared from 12
months of age. The results obtained in APAE9 mice dif-
fer markedly from those observed in the AB-injected
mice in which CD68-positive microglia accumulated
at the AR deposition sites in the early stage.

A review describes the CD68-positive and CD68-
negative forms of activated microglia [38]. Previ-
ous reports have shown that CD68 immunoreactivity
disappears completely in fully differentiated resting
microglia of postnatal rat brains [39] and that resting
microglia can become CD68-positive cells follow-
ing CNS injury [40]. Additionally, CD68 antigen is
expressed rapidly on microglia following acute trau-
matic injuries, but few activated microglia that accumu-
late in the facial nucleus after an axotomy express CD68
antigen [41]. Hence, it is possible that there exist many
different microglial activation states, which are deter-
mined largely by the specific nature of the CNS lesion
or disturbance. However, our search of literature found
no report on the temporal changes of CD68 expression
in activated microglia in the brain of AD transgenic
mice. In this regard, our results have important novelty.
Based on the results obtained in this study, the two-step
transition of activated microglia with respect to CD68
expression in APdE9 mice will be discussed.

In APdE9 mice used in the present study,
CD68-negative microglia also internalized small FSB-
positive AR at 6 or 9 months of age (Fig. 7e~[). These
CD68-negative microglia probably internalized sol-
uble AR rather than the fibrillar AR, because there
was no AP deposition around the CD68-negative
microglia harboring small AB. Furthermore, a pre-
vious report has described the detection of AR
oligomers by 1-bromo-2,5-bis(3-hydroxycarbonyl-4-
hydroxy)styrylbenzene (BSB), which is the bromine
analog of FSB and has almost the same properties as
FSB [42]. On the other hand, the percentage of CD68-
positive microglia increased markedly from 12 months
of age when AP deposits also increased in APdE9
mice, and was consistently high in the brains of AB-
injected mice in which large quantities of AR deposited
from 1 day after AB injection. Accordingly, increase in
A deposition accompanying progression of AD-like
pathology in APdE9 mice seems to be the factor trig-
gering the activation of microglia from CD68-negative
to CD68-positive form, and CD68-positive activated
microglia in older APJE9 mice may contribute to
clearance of A deposits as in the AB-injected mice.
These findings suggest that CD68-negative activated
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microglia may contribute to the clearance of solu-
ble AB in younger APdE9 mice, while CD68-positive
activated microglia may participate in the clearance
of AB deposits composed mainly of fibrillar AR in
AP-injected mice and older APAE9 mice.

Incidentally, accumulation of microglia decreased
at 18 months of age in APdE9 mice. Several previous
reports have shown that an increase of AP deposition
induces microglial dysfunction [43, 44]. Therefore,
the tendency of decreasing microglial activity in older
APdJE9 mice may also be caused by the increase of A3
deposition.

In the present study, decrease of presynapses in the
brains of APdE9 mice was homogeneously and not
confined to AP deposition sites. This result suggests
that the early decrease of presynapses in APdE9 mice
may be caused by soluble A rather than A deposits.
Recently, soluble AP oligomers have been suggested
to cause synaptic dysfunction and cell death in AD
pathology [45-47]. Therefore, inducing microglia to
the CD68-negative activated form may be a promising
therapeutic strategy for AD. Different from the mech-
anism of phagocytosis of fibrillar AB by microglia,
several theories have been proposed on how microglia
internalize soluble A, such as phagocytosis medi-
ated by class Al scavenger receptors (Scaral) [48] and
macropinocytosis [49]. The difference in mechanisms
of taking up soluble and fibrillar A may be due to the
different forms of microglia involved.

To the best of our knowledge, there are few reports
suggesting that microglia show two-step transition in
transgenic mouse models of AD. Therefore, the results
of detailed temporal observation in the present study
are important to analyze the pathology of AD, develop
new therapeutic theory for AD, and discuss the optimal
timing for therapeutic intervention against AD.

The mean percentage of «7 nAChR-positive
microglia increased drastically at 6 months of age
when A began to deposit and Ibal-positive microglia
co-expressing CD68 appeared for the first time.
These findings suggest that a7 nAChR expressed in
microglia may play a role in modulating microglial
activation in the transgenic mouse model of AD.
Previous studies report that &7 nAChR stimulation or
upregulation of a7 nAChR expression in microglia
reduces the production of proinflammatory cytokines
such as TNFa by microglia [18, 50-52]. It would be
interesting to hypothesize that o7 nAChR expressed in
microglia is related to the induction of CD68-negative
activated microglia and anti-inflammatory effects. The
findings of the present study may suggest a potential
new therapeutic strategy against AD by targeting o7

nAChR expressed in microglia, which transforms rest-
ing microglia to CD68-negative activated microglia
that have neuroprotective and anti-inflammatory
effects and increase AR clearance. After the marked
increase at 6 months of age, the mean percentage of
a7 nAChR-positive microglia decreased thereafter in
a time-dependent manner, as AP deposition continued
to increase. The gradual decline in percentage of w7
nAChR-positive microglia correlating negatively with
the gradual increase in AP deposition may support
previous reports that increased AR deposition induces
dysfunction of microglia [43, 44].

To prove that the increase in CD68-positive
microglia or «7 nAChR-positive microglia is associ-
ated with AP, it is necessary to confirm the different o7
nAChR effects in various pathophysiological stages;
for example, how stimulation of the «7 nAChR affects
CD68-positive microglia in the late stage of AD,
and when is the optimal time for therapeutic inter-
vention during the pathological stages of AD. A
report revealed that lipopolysaccharide (LPS)-induced
release of TNFa from microglia was not affected by
a7 nAChR agonists, and that o7 nAChR antagonist
reduced LPS-induced TNF« release [53]. Conse-
quently, further investigations are needed to examine
the effects of adding a7 nAChR agonists to AD cell
lines under various conditions, or administering to
animal models of AD manifesting various stages of
progression and evaluating spatial learning and mem-
ory, immunohistochemistry and biochemical analysis.
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To explore a novel therapy against Parkinson’s disease (PD), we evaluated the therapeutic effects of
human bone marrow-derived mesenchymal stem cells (hBM-MSCs), pluripotent stromal cells with
secretory potential of various neurotrophic and anti-inflammatory factors, in a hemi-parkinsonian rat
model. The unilateral intrastriatal 6-hydroxydopamine (6-OHDA)-lesioned rats were injected hBM-MSCs
(1.0 x 107 cells) or PBS intravenously 16 days after lesioning. Administration of hBM-MSCs inhibited
methamphetamine-stimulated rotational behavior at 7, 14, 21 and 28 days after transplantation.
Immunohistochemical analysis also showed that number of TH-positive neurons in the substantia nigra
pars compacta was significantly preserved in hBM-MSCs-transplanted rats compared to sham-operated
rats, whereas the immunoreactivity of ionized calcium binding adaptor molecule 1 was markedly
inhibited. In this study, we demonstrated the therapeutic effects of intravenous hBM-MSCs adminis-
tration in parkinsonian model rats presenting distinct parkinsonian phenotype at 16 days after 6-OHDA
lesioning. The favorable findings raise the possibility that hBM-MSCs could be a novel therapeutic option
to promote survival of dopaminergic neurons in PD.
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1. Introduction

Parkinson's disease (PD) is one of the major progressive
neurodegenerative diseases and the pathologic feature is a selec-
tive loss of nigral dopaminergic neurons causing characteristic
movement disturbances such as muscle rigidity, resting tremor,
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bradykinesia and postural instability [20]. Remediation of PD by
dopamine replacement therapy, which has been used mainly for
ameliorating movement disturbances in PD, does not prevent pro-
gression. Many neuroprotective compounds have been tested in PD
models, but most were administered before or at the same time as
lesioning [17,21].

Cell therapy was developed as an alternative tool for the treat-
ment of PD. Neural stem cells {11], fetal mesencephalic neurons
[7] and embryonic stem cells [18] have been reported as can-
didates for cell therapy against PD. However, there are ethical
problems about the use of embryonic and fetal tissues. These cells
also are exhaustible and relatively difficult to prepare. Our group
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previously reported the beneficial effects of intravenous delivery
of human bone marrow-derived mesenchymal stem cells (hBM-
MSCs) into rotenone-treated mice [ 10}]. In that study, we confirmed
that hBM-MSC expressed several neurotrophic factors and elicited
endogenous brain repair mechanisms. We hypothesized that the
therapeutic properties of hBM-MSCs may also be derived from sup-
pressing neuroinflammation in addition to the reported functional
characteristics of hBM-MSCs.

To evaluate the hypothesis, we investigated the thera-
peutic effects of intravenous injection of hBM-MSCs in a
6-hydroxydopamine (6-OHDA)-induced hemi-parkinsonian rat
model. Using symptomatic parkinsonian model rats at 16 days
after lesion induction, we confirmed that MSCs-induced neuro-
protection was accompanied by inhibition of 6-OHDA-evoked glial
activation.

2. Materials and methods
2.1. Expansion of hBM-MSCs

Human BM-MSCs (Takara Bio, Otsu, Japan) were expanded
according to supplier's instructions. Dulbecco’s modified Eagle's
medium (DMEM) (Sigma, St. Louis, MO) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Gibco BRL, Grand Island,
NY), 2 mM L-glutamine (Sigma), 100 U/ml penicillin and 0.1 mg/m!
streptomycin (Gibco BRL) was used as the culture medium. The
seeding density was approximately 4000 cells/cm?, The cells were
plated on 55 or 150 ¢cm? tissue culture dish (Iwaki, Tokyo, Japan),
and incubated in a humidified atmosphere of 5% CO, at 37 °C. When
cultures reached sub-confluence (80-90% confluence), the adher-
ent cells were detached with trypsin-EDTA solution (Sigma) and
subcultured at 4000-5000 cells/cm?. In this study, we used hBM-
MSCs up to six passages.

2.2. Hemi-parkinsonian rat model and transplantation

The animal studies were approved by the Animal Care and Use
Committee of Sapporo Medical University. All procedures were car-
ried out in accordance with the institutional guidelines.

Nine-week-old female Sprague-Dawley rats, ranging in weight
from 200 to 240g, were purchased from Sankyo Labo Service
Corporation Inc.(Tokyo, Japan). Rats were housed in a temperature-
controlled environment at 25°C under a 12 h light/dark cycle and
given ad libitum access to food and water.

For stereotaxic microinjection, a rat was anesthetized with
ketamine (30 mg/kg) and xylazine (7.5mg/kg) i.p. and immobi-
lized in a stereotaxic frame. Subsequently, 6-OHDA hydrobromide
(Sigma, St. Louis, MO, 40 nmol) in a final volume of 5 1L of sterilized
physiological saline containing 0.02% ascorbic acid (4.4 nmol, as a
6-OHDA stabilizer) was injected into the left striatum. According to
the rat brain atlas [ 16], the injection coordinates were: (1) 0.5 mm
anterior-posterior, 2.5 mm left lateral, and 5 mm ventral; and (2)
—0.5 mm anterior-posterior, 4.2 mm left lateral, and 5 mm ventral
from the bregma with the incisor bar set at —3 mm, corresponding
to dorsomedial and ventrolateral striatum, respectively. Injection
was delivered using a motor-driven 1 L Hamilton syringe with a
26-gauge needle. The infusion rate was 1 wL/min, and the needle
was retained for a further 5 min after injection. Behavioral analyses
were performed 14 days after 6-OHDA injection (day —2). Rats with
a rotation rate ranging from 6 to 20 turns/min were considered to
be an established PD model and were used in this study.

For transplantation, hBM-MSCs (1.0 x 107 cells/animal) were
injected into the femoral vein of a 6-OHDA-lesioned rat on day
0 (Fig. 1). The number of transplanted hBM-MSCs was decided
according to the previous report {22]. Sham-operated rats received

A Model production and fransplantation

PBS or

Group 6-OHDA Approx.number of grafted cells

n

PBS +
MSCs *

0.5 ml PBS 19
1.0x 107 cellsin 0.5 mPBS 13

B Schamatic diagram of the protocol

R-t‘est R-issst Rat‘est R-tlest R—’c‘est
Day -16 Day-2 Day0 Day7 Day 14 Day 21 Day 28
| | | ] | I
| I | | | 1
t 1
Lesioning Transplantation Sacrifice
using 6-OHDA

Fig. 1. Experimental design. (A) Model production and transplantation. 6-OHDA
was micro-injected into the left striatum of 5D rats to produce hemi-parkinsonian
models. The rats were divided into two groups (MSCs group, n=19; PBS group,
n=13), For transplantation, MSCs (1.0 x 107 cells/animal) were administered to 6-
OHDA-lesioned rat by injection into the femoral vein, (B) Schematic diagram of
the protocol. Rotational behavior was assessed at day 14 after 6-OHDA injection.
Methamphetamine (3.0 mgfkg) was injected i.p. and the number of full 360° rota-
tions inipsilateral direction was counted for 120 min. Rats with a rotation frequency
ranging from 6 to 20 turns/min were defined as PD model rats. Thereafter, behavioral
analyses were performed on days 7, 14, 21 and 28. On day 29, the rats were sacrificed
and brains were quickly removed for immunohistochemical analyses. 6-OHDA, 6-
hydroxydopamine; M5Cs, human bone marrow-derived mesenchymal stem cells;
R-test, rotational behavior test.

PBS injection. All rats including sham-operated rats were injected
daily with cyclosporine (10 mg/kg, i.p.) beginning 7 days after lesion
induction. One day after the last behavioral analysis (day 29), all rats
were sacrificed for immunohistochemical assessments.

2.3. Behavioral analysis

Rats in the hBM-MSCs and PBS groups were administered
methamphetamine (Dainippon Sumitomo Pharma, Osaka, Japan,
3.0 mg/kg, i.p.) to provoke dopamine release from the dopaminergic
nerve terminals. Drug-induced rotational asymmetry was assessed
in rotometer bowls, as described previously {20,24]. The number
of full body turn rotations in ipsilateral direction was counted for
120 min after methamphetamine administration. Behavioral anal-
yses were performed on day —2 and days 7, 14, 21 and 28.

2.4. Immunohistochemistry

One day after the final test for methamphetamine-induced
rotational behavior (day 29), the rats were deeply anesthetized
with ketamine (40 mg/kg) and xylazine (10 mg/kg) i.p. and per-
fused through the aorta with 200 ml of 10 mM phosphate-buffered
saline (PBS), followed by 200ml! of a cold fixative containing 4%
paraformaldehyde in 100mM phosphate buffer (PB). After per-
fusion, the brain was quickly removed and postfixed for 2 days with
4% paraformaldehyde in 10mM PB, and then transferred to 10%
sucrose followed by 20% sucrose in 10 mM PBS at 4 °C. The brain was
cutinto 60-pm-thick slices using a cryostat and collected in 10 mM
PBS containing 0.3% Triton X-100 (PBS-T). Brain slices were incu-
bated with primary antibodies; rabbit polyclonal antibodies against
tyrosine hydroxylase (TH, Millipore, Bedford, MA 1:10,000) and
against ionized calcium binding adaptor molecule 1 (Ibal, Wako
Chemical, Osaka, Japan, 1:5000), for 3 days at 4°C. After several
washes, sections were incubated with biotinylated anti-rabbit IgG
for 2h at room temperature. The sections were then incubated
with 1:4000 avidin peroxidase (ABC Elite Kit; Vector Laboratories,
Burlingame, CA) for 1 h at room temperature. All the sections were
washed several times with PBS-T after each incubation. Labeling
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was visualized by incubating with 3,3’-diaminobenzidine (DAB)
and nickel ammonium, yielding a dark blue color [24].

2.5. Stereological analysis

The numbers of TH-immunoreactive (TH*) neurons in the subs-
tantia nigra pars compacta (SNpc) were estimated using Stereo
Investigator software (MBF Bioscience, Williston, VT) and stere-
ologic principles. Six sections (60-pum-thick), each separated by
240 wm from the anterior to the posterior midbrain, were used for
counting in each rat. A Zeiss AxioPhot 2 (Carl Zeiss) was coupled
to an Optronics MicroFire digital camera CX9000 (MBF Bioscience)
for visualization of tissue sections. The total number of TH* neu-
rons was estimated from coded slides using the optical fractionator
method. For each tissue section analyzed, the section thickness was
assessed empirically and 5-pum-thick guard zones were used at the
top and bottom of each section. The SNpc was outlined under low
magnification (4x) and 10 sites in the outlined region were ana-
lyzed using a systematic random sampling design with a grid size of
180 pm x 180 wm (including the frame size) and a dissector height
of 20 pm. Neurons were counted under 40x magnification.

2.6. Densitometric analysis

To evaluate the Ibal-immunolabeled microglial reactivity, the
dorsomedial striatum sections at the site of 6-OHDA injection were
digitized using a Nikon AZ100 microscope and a Q Imaging camera.
The Images were converted to black and white by Adobe Photoshop
CS5.1 (Adobe Systems Inc.) and opened in Image] (NIH) for analysis.
The area of microglial immunostaining was determined by Image],
which provided the absolute area of microglial immunolabeling
within each image [23].

2.7. Statistical evaluation

Drug-induced rotational asymmetry, the number of TH* neu-
rons, the OD of the striatum and Ibal immunostaining area are
presented as mean + standard error of the mean (SEM). The differ-
ences between groups were analyzed by Student’s t-test. The JMP
statistical program (SAS Institute Inc., Cary, NC) was used for data
analysis.

3. Results

3.1. Human BM-MSC transplantation reduced
methamphetamine-induced rotation behavior

In methamphetamine-induced rotation test (Fig. 2), hBM-MSCs
transplantation significantly reduced the number of rotations
per minute over time, compared to PBS treatment (MSC group:
11.24+0.8, 8.6+ 1.0, 9.4+ 1.4 and 9.0+ 1.3 turns/min; PBS group:
14.7+1.0,16.0+ 14, 16.6+ 1.3 and 15.7 + 1.6 turns/min on days 7,
14, 21 and 28, respectively. Student’s t-test for MSCs group vs. PBS
group: P<0.05 on days 7 and 28; P<0.01 on days 14 and 21). Thus,
drug-induced rotation behavior was ameliorated in MSCs group
compared to PBS group, with significant differences.

3.2. Human BM-MSCs transplantation increased TH
immunohistochemical staining in the substantia nigra

Tyrosine hydroxylase, a rate-limiting enzyme in catecholamine
synthesis, is a marker of dopaminergic neurons in the central
nervous system (CNS) [6]. Stereotaxic microinjection of 6-OHDA
into the striatum induced massive losses of TH* neurons in the
ipsilateral SNpc. Human BM-MSCs transplantation markedly pre-
served TH* neurons in the SNpc (Fig. 3C and D). Semiquantitative

22 .

—ii-PBS n=19
20 r

-o-MSCs n=13

Rotations per minute

Days

Fig. 2. Methamphetamine-induced rotational behavior in 6-OHDA-treated rats
with or without MSC transplantation. MSCs were administered to 6-OHDA-lesioned
rat. Rotational behavior was assessed on day 2 before and days 7, 14, 21 and 28 after
transplantation (n=13, solid circles). PBS was given to sham-operated rats (n=19,
solid squares). Data are expressed as mean =4 SEM. *P<0.05, **P<0.01, MSCs group
vs. PBS group by Student’s t-test.

analysis of nigral TH* neurons showed that hBM-MSCs signifi-
cantly protected TH* neurons compared to PBS (Fig. 3E). These
results indicate that hBM-MSCs transplantation protected against
6-OHDA-induced loss of dopaminergic neurons in the SNpc.

3.3. Human BM-MSCs suppressed glial activation in
6-OHDA-lesioned rats

To investigate other effects of hBM-MSC in 6-OHDA-lesioned
rats, we examined Ibal immunoreactivity in the dorsomedial stri-
atum of rats injected with 6-OHDA (Fig. 4A and B). Ibal is a
general marker for microglia in both resting and activated states.
In the dorsomedial striatum of the MSCs group, immunoreac-
tivity to Ibal was detected in resting microglia with small cell
bodies and highly branched and thinner processes. On the con-
trary, microglia changed into an activated state with thickened
and retracted processes in the PBS group. The degree of microglial
reactivity was quantified by measuring the area occupied by
microglia showing Ibal immunoreactivity within a selected area
(4mm x 1.5 mm). The average immunolabeled area in the hBM-
MSCs group (1.85 +0.24 mm?2) was significantly smaller compared
to that of the PBS group (2.37 + 0.09 mm?) (Fig. 4C).

4. Discussion

In this study, we used intrastriatal 6-OHDA-lesioned rat as
an animal model of PD. Microinjection of 6-OHDA directly into
the substantia nigra, medial forebrain bundle or striatum causes
selective destruction of nigrostriatal dopaminergic neurons via the
dopaminergic transporter. Although the primary damage created
by striatal infusion of 6-OHDA was confined to the nigrostri-
atal dopaminergic neurons, the loss of nigrostriatal dopaminergic
neurons is more progressively accompanied by microglial acti-
vation compared to injection into substantia nigra or medial
forebrain bundle [8]. Sauer and Oertel [19] showed that injection
of 6-OHDA into the striatum causes a progressive degenera-
tion of dopaminergic neurons in the substantia nigra, starting
between 1 and 2 weeks after lesion induction and continu-
ing over 8-16 weeks. As a preliminary test of this model, we
confirmed that methamphetamine-induced rotation frequency
remained elevated (9.7 +2.1 turns/min) in the model rats up to
14 weeks, and that dopaminergic neurons in the substantia nigra
decreased to 19.4+0.50% compared to the contralateral side at
the end of the observation period (data not shown). However, the

—115—



S. Suzuki et al. / Neuroscience Letters 584 (2015) 276-281

9 of contralateral TH* neurons

279

E
70 ¢

TH* neurons in the SNpc

&

60 | I

50 f

40 F

30 ¢

PBS MSCs

Fig. 3. (A) Schematic representation of the substantia nigra pars compacta (SNpc: black area). (B~D) Representative photomicrographs of TH* neurons in SNpc. Scale bar:
200 pm. (B) Control rat (that with neither previous 6-OHDA injection nor treatment). (E) Stereological analysis of TH® neurons in SNpc. Data are expressed as mean == SEM
of percent number of TH* neurons relative to contralateral side in ipsilateral nigral sections. **P<0.01, Student’s f-test.

methamphetamine-induced rotational frequency peaked at 5-6
weeks after 6-OHDA injection, then declining gradually over the
following weeks. We therefore planned a total observation period
of 44 days after 6-OHDA injection for this study.

The present study demonstrated that hBM-MSCs treatment
significantly inhibited both methamphetamine-stimulated rota-
tion and dopaminergic neuronal loss. Several studies using in vitro
or in vivo PD models have shown that MSCs prevent degeneration
of nigrostriatal dopaminergic neurons. Study has demonstrated
that MSCs have the capability to differentiate into dopaminergic
neurons and show therapeutic ability for PD [4]. In addition, studies

C

Iba1 immunostaining area (mm?)

using animal PD models with rotenone or MG-132, a proteasome
inhibitor, have shown that intravenously injected MSCs migrated
into lesions in the brain and exhibited TH immunoreactivity
[10,15]. Another study injected hBM-MSCs intravenously into
6-OHDA-induced parkinsonian model rats, and detected some
of the injected hBM-MSCs in rat brain at 2 days after transplan-
tation, fewer at 1 week, and none at 4 weeks [22]. However,
in the present study, survival of the transplanted hBM-MSCs
was not detected using anti-human nuclei staining. In addition,
using hBM-MSCs pre-labeled with fluorescent dye (CellView),
we were not able to detect the transplanted hBM-MSCs at the

Ibal-immunostained area in
6-OHDA injected site

*

25 F

N

=
n

=
u

PBS MSCs

Fig. 4. (A and B) Representative photomicrographs of Ibal immunoreactivity in the striatum. Scale bar 1 mm. (C) Degree of microglial reactivity assessed by area of Iba1
immunostaining. Data are expressed as mean + SEM of Ibal-immunostained area in sections. *P<0.05, Student’s t-test.
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nigrostriatal sections of 6-OHDA-lesioned rat at 7 days after
hBM-MSC transplantation (data not shown).

There is adequate evidence that MSCs express a variety of neu-
rotrophic factors inducing increased neuronal survival, intrinsic
cell proliferation and nerve fiber regeneration. We have already
shown that hBM-MSCs express nerve growth factor, glial cell
line-derived neurotrophic factor, brain-derived neurotrophic fac-
tor (BDNF), insulin-like growth factor-1 and basic fibroblast growth
factor at mRNA and protein levels [10,25]. Another notable neu-
rotrophic factor, vasoactive intestinal peptide (VIP), which is
also expressed in MSCs [2], significantly reduced 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-induced microglial activation,
expression of the neurotoxic factors tumor necrosis factor (TNF)-a
and interleukin-1f, and enzymatic activity of iNOS and NADPH-
oxidase in a PD mouse model [3]. BDNF and VIP have been reported
to cross the blood-brain barrier (from blood to brain) via a high-
capacity, saturable transport system and transmembrane diffusion,
respectively [5,14].

In pathological studies of the substantia nigra from PD patients,
abundant activated glial cells were observed indicating a robust
inflammatory state [1], and a significant increase in density of
glial cells expressing pro-inflammatory cytokines such as TNF-
a, interleukin-1@3 and interferon-y has been demonstrated in
the basal ganglia [9]. Because microglia play a major role in
brain inflammation and often contribute to neurodegeneration
in PD patients, the inhibition of glial activation could be neu-
roprotective. In this study, a complex set of trophic factors and
cytokines secreted by hBM-MSCs might have exerted neuropro-
tective effect on dopaminergic neurons through anti-inflammatory
actions [12] that reduce oxidative stress and decrease apoptosis
[13].

As mentioned above, the injected hBM-MSCs were not detected
in the nigrostriatal pathway at 7 days after hBM-MSCs injection,
but neuroprotective effects continued for at least 12 weeks (Sup-
plementary Fig.S1). Even though intravenously injected hBM-MSCs
do not survive or engraft for a long-term, the fact means our experi-
mental model ensures hBM-MSCs injection is the safely therapeutic
alternative avoiding malignant transformation. As repeated admin-
istrations of hBM-MSCs would be required in order to achieve a
significant clinical effect in progressive PD patients, avoiding malig-
nant transformation is crucial. Use of autologous cells is expected
to avoid rejection and guarantee high level of safety without using
immunosuppressant in the clinical setting.

Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2014.10.039.

The present study confirms the therapeutic effects of intra-
venous hBM-MSCs administration in symptomatic parkinsonian
model rats after being lesioned. Further studies are warranted to
explore the clinical application of hBM-MSCs to PD patients after
onset of clinical symptoms.

In conclusion, we demonstrated that hBM-MSCs have neuropro-
tective effects on dopaminergic neurons via an anti-inflammatory
mechanism mediated by modulation of microglial activation. Along
with various trophic effects, these anti-inflammatory properties of
hBM-MSCs may have major therapeutic implications in the treat-
ment of PD.
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