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The Alzheimer’s Disease Drug Memantine Increases
the Number of Radial Glia-like Progenitor Cells

in Adult Hippocampus
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ABSTRACT

New neurons are continuously generated in the hippocam-
pus of the adult mammalian brain, and N-methyl-pD-aspar-
tate receptor (NMDA-R) antagonists have been found to
increase the number of newly generated neurons in the
dentate gyrus (DG) of the adult hippocampus. In this study,
we examined the effect of memantine, an NMDA-R antago-
nist that is clinically used for the treatment of Alzheimer’s
disease, on primary progenitor cells exhibiting a radial glia-
like (RGL) morphology in the DG. We injected 3-month-old
mice with memantine (50 mg/kg body weight, intraperitone-
ally [i.p.]); 3 days later, we injected the mice with 5-bromo-
2-deoxyuridine (BrdU; 75 mg/kg body weight, i.p.). We then
counted the number of BrdU-labeled RGL progenitor cells
in the DG 1 or 7 days after the BrdU-injection. The number
of BrdU-labeled RGL progenitor cells had increased signifi-
cantly by 5.1-fold on day 1 and by 13.7-fold on day 7 after
BrdU-injection. Immunohistochemical staining revealed
that the BrdU-labeled RGL progenitor cells expressed two
primary progenitor cell marker proteins, nestin and Sox2.
These results clearly demonstrated that memantine pro-
motes the proliferation of RGL progenitor cells. We also
found that memantine increased the ratio of horizontally
aligned RGL progenitor cells, which are probably produced
by symmetric division. These findings suggest that meman-
tine increases the proliferation of primary progenitor cells
and expands the primary progenitor cell pool in the adult
hippocampus by stimulating symmetric division. o 2008
Wiley-Liss, Inc.

INTRODUCTION

The generation of new neurons, so-called neurogene-
sis, persists throughout life in the hippocampus of mam-
mals, including humans (Altman and Das, 1965; Eriks-
son et al.,, 1998; Kuhn et al.,, 1996; Maeckawa et al.,
2005; Namba et al., 2005; Seki and Arai, 1993, 1995).
Neural progenitor cells divide and give rise to new neu-
rons in at least two regions of the adult brain: the den-
tate gyrus (DQ) of the hippocampus and the subventric-
ular zone of the lateral ventricle (Doetsch et al., 1999;
Fukuda et al., 2003; Seki et al., 2007; Seri et al., 2001).
Neurogenesis in the hippocampus associated with syn-
aptic plasticity (Schmidt-Hieber et al., 2004) and cogni-

© 2008 Wiley-Liss, Inc.

tive functions, including learning and memory (Becker
and Wojtowicz, 2007; Kee et al., 2007; Wojtowicz et al.,
2008). The initial step in hippocampal neurogenesis is
the proliferation of progenitor cells in the subgranular
zone (SGZ) of the DG, which contains several types of
progenitor cells (Filippov et al., 2003; Fukuda et al.,
2003; Seki et al., 2007; Seri et al., 2004; von Bohlen Und
Halbach, 2007). Primary progenitor cells, which are
characterized by the expression of glial fibrillary acidic
protein (GFAP) and nestin, extend their radial processes
across the granule cell layer (GCL), exhibit a radial glia-
like (RGL) morphology, and then divide to produce inter-
mediate progenitor cells. The intermediate progenitor
cells generate immature neurons, which migrate into
the GCL where they differentiate into mature granule
neurons and ultimately contribute to the local neural
network (van Praag et al., 2002).

Neurogenesis in the DG is promoted not only by path-
ological factors, such as ischemia, epileptic seizures, and
traumatic brain injury (Liu et al., 1998; Parent et al.,
1997), but also by various physiological factors, includ-
ing growth factors, neurotransmitters, an enriched envi-
ronment, learning and exercise (reviewed in Abrous
et al., 2005). Glutamate signaling is also involved in hip-
pocampal neurogenesis. Our recent study and a study
by Jin et al. (2006) showed that memantine, an uncom-
petitive N-methyl-p-aspartate receptor (NMDA-R) antag-
onist that is clinically used for the treatment of Alzhei-
mer’s disease, increases the cell proliferation and pro-
motes the subsequent production of mature neurons,
similar to other NMDA-R antagonists, such as MK-801,
D(—)-2-amino-5-phosphonopentanocic acid (p-APV), and
CGP-43487 (Cameron et al., 1995; Hirasawa et al., 2003;
Nacher et al., 2001). However, because the mechanism
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TABLE 1. Antibodies

Marker Species, isotype Label Working dilution Vendor
Primary antibedies
BrdU Rat IgG None 1:400 ImmunologicalsDirect.com, UK
GFAP Mouse IgG None 1:2000 Sigma, Mo, USA
GFAP Rabbit IgG None 1:800 Dako, Denmark
Nestin Mouse IgG None 1:400 BD Bioscience, CA, USA
PSA-NCAM Mouse IgM None 1:800 Seki and Arai (1991)
Sox2 Rabbit 1gG None 1:2000 Chemicon International, CA, USA
Secondary antibodies
Anti-mouse IgG Donkey 1gG Cy5 1:200 Jackson, PA, USA
Anti-mouse IgM Donkey 1gG Cy5 1:200 Jackson
Anti-rabbit IgG Donkey IgG Cy2 1:200 Jackson
Anti-rabbit IgG Donkey IgG Cy5 1:200 Jackson
Anti-rat IgG Donkey IgG Cy3 1:200 Jackson

responsible for the stimulation of cell proliferation by
NMDA-R antagonists remains unknown, in the present
study we focused on primary progenitor cells exhibiting
a RGL morphology and examined the effect of meman-
tine on their proliferation. The present results clearly
demonstrated that memantine promotes the proli-
feration of RGL progenitor cells and the subsequent
expansion of the RGL progenitor cell pool in the GCL by
stimulating symmetric division.

MATERIALS AND METHODS

Three-month-old male C57BL6/J mice (Clea Japan,
Tokyo, Japan) were used in this study. All experimental
procedures were approved by The Animal Care and Use
Committee of the National Institute of Neuroscience.

Animals and Drug Administration

Mice were injected with memantine (Sigma, St. Louis,
MO) at a dose of 50 mg/kg body weight i.p. or with the
same volume of 0.9% saline (Ohtsuka Pharmaceuticals,
Tokyo, Japan), as a control. The dose of memantine was
determined as that sufficient to promote the prolifera-
tion of RGL progenitor cells in pilot studies. Three days
later, the mice were injected with BrdU (Sigma) at a
dose of 75 mg/kg body weight i.p. on three separate occa-
sions at an interval of 2 h. The mice were then sacrificed
on day 1, 2 or day 7 after the BrdU-injection.

Tissue Preparation

Mice were deeply anesthetized with sodium pentobar-
bital (Kyoritsu Pharmaceuticals, Tokyo, Japan) and then
transcardially perfused with 4% paraformaldehyde in
0.1-M phosphate buffer. Their brains were removed and

immersion-fixed for 24 h at 4°C in the same fixative. -

After washing in phosphate-buffered saline (PBS), the
brains were successively equilibrated in 10% and 20%
sucrose in PBS. The cerebral cortices containing the
hippocampal formation were dissected away from the
remaining brain structure. Next, 1- to 2-mm-thick slices
were cut from the medial part of the hippocampus in a
plane perpendicular to the septo-temporal axis of the

hippocampal formation, embedded in Tissue-Tek optimal
cutting temperature compound (Sakura, Tokyo, Japan),
and frozen with liquid nitrogen (Seki et al., 2007).

Immunchistochemistry

Immunohistochemistry was performed using a floating
method, as described previously (Namba et al., 2005,
2007). Frozen brains were sliced into 40-um sections
with a cryostat (CM-3000; Leica, Nussloch, Germany).
After washing the sections with PBS, they were incu-
bated at 4°C for 72 h in PBS containing 1% bovine se-
rum albumin (BSA), 1% normal donkey serum, and 0.1%
triton X-100 plus one of the primary antibodies shown
in Table 1. To stain poly-sialylated neural cell adhesion
molecule (PSA-NCAM), the sections were pretreated
with 100% methanol (Seki and Arai, 1991). After wash-
ing in PBS, the sections were then incubated at room
temperature for 1-2 h in PBS containing 1% BSA plus
an appropriate secondary antibody shown in Table 1.
For immunostaining with anti-BrdU antibody, the sec-
tions were incubated in 2 N HCl at 37°C for 35 min
after staining with the other antibodies (anti-GFAP and
anti-Nestin antibodies or anti-GFAP and anti-Sox2 anti-
bodies and the appropriate secondary antibodies), neu-
tralized with 0.1-M borate buffer (pH 8.5), and then
incubated with anti-BrdU antibody (Table 1) at 4°C for
24 h in PBS containing 1% BSA. After washing in PBS,
the sections were incubated at room temperature for 1-2
h in PBS containing 1% BSA plus Cy3-conjugated anti-
rat IgG antibody (Table 1). The sections were mounted
on a glass slide (SUPERFROST, Matsunami, Osaka,
Japan), and examined for fluorescent signals using a con-
focal laser-scanning microscope (CLSM) with 20X, 40X,
and 60X objectives (FV1000; Olympus, Tokyo, Japan).

Cell Counting

To measure the number of GFAP- or Nestin-positive
RGL progenitor cells or PSA-NCAM-positive cells in the
GCL including the SGZ, an average of five sections per
mouse was analyzed (see Fig. 1). We defined RGL pro-
genitor cells as GFAP- or nestin-positive cells that
extend a single process from SGZ toward the molecular
layer. To measure the number of BrdU-labeled RGL
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progenitor cells in the GCL including the SGZ, an aver-
age of nine sections per mouse was analyzed (Figs. 2-5).
Cell counting was carried out under a CLSM (FV1000).

Cell Alignment Analysis
The mode of cell division was analyzed as described in
previous reports (Chenn and McConnell, 1995; Haydar
et al., 2003). Briefly, the position of daughter cells was
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Fig. 1. Effect of memantine on the
number of immature neurons and RGL
progenitor cells in the DG. Example of
immunohistochemical staining with anti-
PSA-NCAM antibody (A), anti-GFAP
antibody (B), and anti-nestin antibody
(C) 10 days after the injection of saline
as a control (Al, B1-2, and C1-2) or the
injection of memantine (A2, B3-4, and
% C3-4). The arrows in panel A indicate

the PSA-NCAM-positive cells. The
arrowheads in panels B and C indicate
the RGL progenitor cells. The arrows in
panels B and C indicate polygonal astro-
cytes and cell fragments and blood ves-
sels, respectively. The blue dotted lines
in panels B and C indicate the border
between the GCL and hilus. Scale bars
= 10 um in panel A, B2, B4, C2, and C4,
and 50 ym in panels B1, B3, C1, and C3.
Quantitative analysis of the number of
immature neurons (A3), GFAP-positive
RGL progenitor cells (B5), and nestin-
positive RGL progenitor cells (C5) in the
GCL. *P < 0.001 and **P < 0.0001,
respectively, when compared with the
control group.

classified as vertical (daughter cells aligned vertically to
the axis of the radial glial fiber) or horizontal (daughter
cells aligned horizontally to the axis of the radial glial
fiber). Cells were counted while viewing the sections
through the 60X objective of a CLSM (FV1000).

Statistical Analysis

Data were evaluated using a one-way analysis of var-
iance followed by the post-hoc Scheffe’s F-test; some of
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Fig. 2. Immunchistochemical and
quantitative analysis of RGL progenitor

m

cells in the GCL 1 day after BrdU-injec-
tion. (A) Schematic illustration of the ex-
perimental design. (B, C) Example of
BrdU-labeled RGL progenitor cells
(arrows) expressing nestin (green) (B) or
Sox2 {(green) (C) in the memantine-
injected group. The arrowheads point to
a radial fiber. Scale bar = 10 ym. (D, E)
Quantitative analysis of the number of
BrdU-labeled RGL progenitor cells (D)
and the percentage of BrdU-labeled RGL
progenitor cells (E) in the GCL. *P <
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0.05, and **P < 0.001, respectively,
when compared with the control group.

Control

the data were analyzed using the Mann-Whitney U-
test. All values were expressed as the mean * SEM,
and P-values less than 0.05 were considered significant.

RESULTS
Increase in the Number of RGL Progenitor
Cells in Memantine-Injected Mice

To investigate the effect of memantine on the number
of RGL progenitor cells in the adult hippocampus, we in-
traperitoneally injected 3-month-old mice with a dose of
50 mg/kg memantine, fixed their brains 10 days later,
and then prepared brain sections. We initially stained
the sections with anti-PSA-NCAM antibody, a marker
antibody for immature neurons. The number of PSA-
NCAM-positive cells in the memantine-injected group
was 2.0-fold higher than that in the control group (Fig.
1A; control, 80.3 = 11.9 cells/section, n = 3; memantine,
162.4 + 25.5 cells/section, n = 3), suggesting that mem-
antine promoted neurogenesis in adult mouse hippocam-
pus. We next stained the sections with anti-GFAP anti-
body and counted the number of GFAP-positive cells
with a RGL morphology. The number of GFAP-positive

Memantine Control Memantine

RGL progenitor cells in the memantine-injected group
was 1.6-fold higher than that in the control group (Fig.
1B; control, 44.7 = 9.6 cells/section, n = 3; memantine,
73.7 *+ 0.25 cells/section, n = 3). In contrast, memantine
had no effect on the number or morphology of stellate fi-
brous GFAP-positive cells in the hilus or molecular layer
(data not shown), Similarly, the number of RGL progeni-
tor cells expressing nestin in the memantine-injected
group increased by 1.8-fold (Fig. 1C; control, 24.1 + 3.2
cells/section, n = 3; memantine, 44.2 + 2.52 cells/sec-
tion, n = 3). The greatest increase was observed in the
tip of the GCL, where large numbers of progenitor cells
are present (Babu et al.,, 2007). These results indicate
that memantine increased the number of RGL progeni-
tor cells in the hippocampus but had no effect on the
number or morphology of the stellate fibrous astrocytes.

Memantine Promotes the Proliferation of RGL
Progenitor Cells in the GCL

Next, to determine whether the increase in the num-
ber of RGL progenitor cells shown in Fig. 1 was due to
the proliferation of RGL progenitor cells in response to

GLIA
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memantine, we investigated the effect of memantine on
the proliferation of RGL progenitor cells. We injected
mice with a dose of 50 mg/kg memantine; 3 days later,
we injected them with BrdU. Their brains were fixed 1
day after the BrdU-injection (Fig. 2A); after preparing
the brain sections, we immunostained them with anti-
BrdU antibody and anti-GFAP antibody. In the meman-
tine-injected group, the BrdU-labeled RGL progenitor
cells were mainly located in the SGZ and the innermost
portion of the GCL (Fig. 2B,C). The staining signals for
anti-BrdU antibody were observed in solid or the periph-
ery of the nuclei. Because these staining signals were
also observed in previous reports (Nakagawa et al., 2002;
Namba et al., 2007), it is unlikely that the different stain-
ing signals were caused by the memantine-injection.

The number of BrdU-labeled RGL progenitor cells
significantly increased by 5.1-fold in the memantine-
injected group (Fig. 2D; control, 0.51 = 0.11 cells/section,
n = 5; memantine, 2.59 = 0.55 cells/section, n = 5), and
the BrdU-labeled RGL progenitor cells in the meman-
tine-injected group also increased as a percentage of the
total BrdU-labeled cells (Fig. 2E; control, 2.09% =+
0.51%, n = 5; memantine, 4.23% * 0.54%, n = 5). We

GLIA

experimental design. (B, C) Example
of BrdU-labeled RGIL progenitor cells
(arrows) expressing nestin (green) (B) or
Sox2 (green) (C) in the memantine-
injected group. The arrowheads point to
a radial fiber. Scale bar = 10 ym. (D, E)
Quantitative analysis of the number of
BrdU-labeled RGL progenitor cells (D)
and the percentage of BrdU-labeled RGL
progenitor cells (E) in the GCL. **P <«
0.01 when compared with the control
group.

Memantine

then characterized the BrdU-labeled RGL progenitor
cells by immunostaining them with two other progenitor
cell markers, nestin and Sox2 (Steiner et al., 2006). As
shown in Fig. 2B,C, the RGL progenitor cells labeled
with BrdU expressed nestin and/or Sox2 as well as
GFAP, suggesting that the proliferating RGL progenitor
cells possessed the same phenotype as the primary pro-
genitor cells. These findings indicate that memantine
significantly increased the proliferation of RGL progeni-
tor cells in the GCL.

Properties of RGL Progenitor Cells Are
Maintained Following Memantine-Injection

To further examine the effect of memantine on the
fate of the dividing RGL progenitor cells, we injected
mice with a dose of 50 mg/kg memantine and 3 days
later, we injected them with BrdU; we then fixed their
brains 7 days after the BrdU-injection (Fig. 3A). Next,
we prepared brain sections and immunostained them
with anti-BrdU antibody and anti-GFAP antibody. The
number of BrdU-labeled cells with an RGL morphology
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Fig. 4. Cell alignment analysis of BrdU-labeled RGL progenitor cells
in the GCL. (A) Example of cell clusters one day after BrdU-injection,
Scale bar = 10 pm. (B) Example of vertically aligned BrdU-labeled
RGL progenitor cells (arrow) and non-RGL cells (arrowhead). Both
BrdU-labeled cells (red) expressed GFAP (green). (C) Example of hori-
zontally aligned BrdU-labeled RGL progenitor cells (arrow) and non-
RGL cells (arrowhead). Both BrdU-labeled cells (red) expressed GFAP
(green). (D) Quantitative analysis of the cell alignment modes in the
control group and the memantine-injected group. There was a signifi-
cant difference (P < 0.01) in the cell alignment modes between the con-
trol group and the memantine-injected group.
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in the GCL dramatically increased by 13.7-fold in the
memantine-injected group (Fig. 3D; control, 0.33 + 0.06
cells/section, n = 3; memantine, 4.52 = 0.66 cells/sec-
tion, n = 3), and the percentage of BrdU-labeled RGL
progenitor cells among the total BrdU-labeled cells also
increased in the memantine-treated group (Fig. 3E; con-
trol, 2.45% * 0.19%, n = 3; memantine, 7.08% = 0.97%,
n = 3). Moreover, these BrdU-labeled RGL progenitor
cells located in the GCL also expressed the progenitor
markers nestin and/or Sox2 (Fig. 3B,C). These findings
indicate that a certain number of the divided RGL pro-
genitor cells in the memantine-injected group retained
their progenitor properties at least 1 week after cell
division.

Memantine Stimulates Symmetric Division
of RGL Progenitor Cells in the GCL

Neurogenesis is thought to occur as a result of several
modes of cell division. Two examples of these modes are
asymmetric cell division, which results in a single
daughter neuron and a mother cell that remains a pro-
genitor cell, and symmetric cell division, which expands
the pool of progenitor cells (Kriegstein et al., 2006).
Recent reports have shown that the mother cell of verti-
cally aligned cells had undergone asymmetric cell divi-
sion, whereas the mother cell of horizontally aligned
cells had undergone symmetric cell division (Encinas
et al.,, 2008; Haydar et al.,, 2003). To investigate the
effect of memantine on the mode of cell division, we
examined the alignment of the newly generated pairs of
RGL progenitor cells in the GCL 1 day after BrdU-injec-
tion. At 1 day after the BrdU-injection, some of the
BrdU-labeled cells had formed cell clusters. We divided
the cell clusters into three groups based on the number
of BrdU-labeled cells in the cell clusters (Fig. 4A) and
examined the percentages of these three groups: single
cell (control, 40.3% * 1.6%, n = 3; memantine, 35.3% =+
2.5%, n = 3), two-cell cluster (control, 29.9% = 2.0%,
n = 3; memantine, 29.8% * 1.8%, n = 3), and cluster of
three or more cells (control, 29.4% * 3.1%, n = 3; mem-
antine, 34.9% * 1.9%, n = 3). These results indicate
that there were no significant differences in the percen-
tages of the three groups between the control and the
memantine-injected groups. To investigate the cell align-
ment modes, we focused on the two-cell clusters with
BrdU- and GFAP-positive RGL cells (Fig. 4B,C). More
than half of the BrdU-labeled RGL progenitor cells were
horizontally aligned in the memantine-injected group
(vertical: 38.3%, horizontal: 61.7%), whereas most of the
BrdU-labeled RGL progenitor cells in the control group
were vertically aligned (vertical: 72.7%, horizontal:
27.83%) (Fig. 4D), suggesting that memantine predomi-
nantly stimulates the symmetric division of RGL pro-
genitor cells in the GCL. To further confirm the fate of
the RGL progenitor cells, we examined the phenotype of
the BrdU-labeled RGL cells in two-cell clusters 2 days
after the BrdU-injection in the memantine-injected
mice. More than half of the horizontally aligned two-cell
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clusters were formed by two RGL progenitor cells that
strongly expressed GFAP (Fig. 5A,C, 62.5%, n = 3), sug-
gesting a symmetric fate. In this case, one cell possessed
a long radial process and another cell had a short pro-
cess toward the GCL. This observation suggests that the
cells had started to extend their radial processes and to
become RGL cells. In contrast, almost all the vertically
aligned, two-cell clusters were formed by the RGL pro-
genitor cells and the non-RGL progenitor cells (Fig.
5B,D). The RGL progenitor cell strongly expressed
GFAP, whereas the non-RGL progenitor cells weakly
expressed or did not express GFAP, suggesting an asym-
metric fate. No vertically aligned two-cell clusters
formed by two RGL progenitor cells were observed in
the present study. Taken together with the findings
shown in Figs. 4 and 5, memantine probably enhances
the symmetric division of RGL progenitor cells.

DISCUSSION

Neurogenesis in the hippocampus persists throughout
life, and the principal source of newly generated neurons
is RGL progenitor cells (primary progenitor cells) that
express GFAP and/or nestin (Garcia et al., 2004; Lagace
et al., 2007; Seki et al., 2007; Seri et al., 2001, 2004).
Previous studies have shown that neurogenesis in the
adult hippocampus is increased by NMDA-R antago-
nists, including MK-801 and CGP-43487 (Cameron
et al., 1995; Nacher et al., 2001), but the effect of NMDA-
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Fig. 5. Phenotype of BrdU-labeled
cells in two-cell clusters in memantine-
injected mice. (A) Example of horizon-
tally aligned BrdU-labeled RGL progeni-
tor cells. One RGL progenitor cell
(arrowhead) possesses a long radial pro-
cess (small arrowhead) and another RGL
progenitor cell (arrow) has extended a
short process (small arrow). Both BrdU-
labeled cells (red) expressed GFAP
(green). (B) Example of vertically
aligned BrdU-labeled RGL progenitor
cell (arrowhead) and non-RGL progeni-
tor cell (arrow). The small arrowhead
points to the radial process. The BrdU-
labeled (red) RGL progenitor cells
expressed GFAP (green), but the non-
RGL progenitor cells only weakly
expressed or did not express GFAP, (C,
D) Quantitative analysis of the pheno-
type of BrdU-labeled cells in two-cell
clusters.

R antagonists on RGL progenitor cells was not thoroughly
investigated. In the present study, we showed that mem-
antine, an uncompetitive NMDA-R antagonist, had
increased the number of BrdU-labeled RGL progenitor
cells 1 day after BrdU-injection, indicating that meman-
tine promoted the proliferation of the RGL progenitor
cells. Moreover, both the RGL morphology and the expres-
sions of the progenitor cell markers nestin and Sox2 were
sustained in the memantine-injected group for as long as
7 days after the BrdU-injection, suggesting that the prop-
erties of the progenitor cells were maintained in the
newly generated cells following memantine-injection. In
consequence, the number of the RGL cells in DG was
increased by memantine-injection. This result is sup-
ported by the previous study, showing that a competitive
NMDA-R antagonist CGP-43487 increased the number
of nestin-expressing cells in the adult DG (Nacher et al.,
2001). Memantine also affected the mode of cell division
by the RGL progenitor cells, because the ratio of hori-
zontally aligned RGL progenitor cells in the memantine-
injected group increased significantly in comparison
with that in the control group. Recent studies have
shown that the alignment of daughter cells is important
for determining their fate in the embryonic neocortex
(Chenn and McConnell, 1995; Haydar et al., 2003), with
horizontally aligned cells appearing to have a symmetric
fate and vertically aligned cells appearing to have an
asymmetric fate. If this is also the case in the adult hip-
pocampus (Encinas et al.,, 2006; Kempermann et al.,
2004), memantine appears to increase the proportion of
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symmetric division in RGL progenitor cells. Taken to-
gether with the results of the present study, memantine
appears to increase the population of RGL progenitor
cells by promoting proliferation through the symmetric
division of RGL progenitor cells. This effect of meman-
tine on the primary progenitor cells is unique: meman-
tine induces the expansion of the primary progenitor
cell pool, because other stimulations of enhancing neuro-
genesis such as antidepressants, running, and enriched
environment could not increase the number of the pri-
mary progenitor cells (Encinas et al., 2006; Kronenberg
et al., 2003).

Despite cumulative evidence that NMDA-R antago-
nists promote neurogenesis, whether functional NMDA
receptors are expressed in RGL progenitor cells remains
controversial. Although immunohistochemical analyses
in recent studies have demonstrated the expression of
the NR1 and NR2B subunits of the NMDA-R in primary
progenitor cells (Nacher et al., 2007), an electrophysio-
logical study showed that the primary progenitor cells
failed to respond to NMDA (Tozuka et al., 2005), indicat-
ing that the NR1 and NR2B subunits expressed in the
RGL progenitor cells do not form functional NMDA-R.
Consequently, it was speculated that NMDA antagonists
may inhibit the neuronal activities evoked by glutamate
in mature neurons and that the subsequent effects may
promote the proliferation of RGL progenitor cells and
neurogenesis. One potential candidate affecting the cell
proliferation enhanced by memantine is FGF2, a mito-
gen for neural stem cells (Reynolds and Weiss, 1992).
Using quantitative RT-PCR, we found that the expres-
sion of FGF2 in the GCL transiently increased by
3.7-fold on 1 day after the memantine-injection but
decreased to the basal level on 2 days after the meman-
tine-injection, whereas the expression of EGF, another
major mitogen, was not affected by memantine-injection
(Supp. Info. Fig. 1). These findings suggest that meman-
tine stimulates the proliferation of RGL progenitor cells
via FGF2 signaling. Further studies are needed to eluci-
date the mechanisms of the up-regulation of FGF2
expression by memantine-injection.

Memantine has been used clinically as a neuroprotec-
tive agent for moderate-to-severe Alzheimer’s disease
but has not been associated with the adverse effects,
such as psychotomimetic and cardiovascular effects,
shown by other NMDA-R antagonists (Johnson and
Kotermanski, 2006; Reisberg et al.,, 2003). Jin et al.
(2006) found that the administration of a clinical dose of
memantine in mice (7.5 mg/kg via an intragastric route
daily for 2 weeks) increased cell proliferation, and we
recently confirmed that most of the newly generated
cells in a group of mice injected with memantine ulti-
mately differentiated into mature granule neurons
(Maekawa et al., unpublished observations). These
results suggest that the promotion of neurogenesis con-
tributes to the therapeutic efficacy of memantine.

In conclusion, we have demonstrated that memantine
significantly increases the number of RGL progenitor
cells by stimulating symmetric division and that mem-
antine enables the properties of RGL progenitor cells to
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be maintained in a certain number of newly generated
cells, resulting in the expansion of the primary progeni-
tor cell pool in the adult hippocampus.
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ABSTRACT

Microglia are the primary immune surveillance cells in the
brain, and when activated they play critical roles in inflam-
matory reactions and tissue repair in the damaged brain.
Microglia rapidly extend their processes toward the dam-
aged areas in response to stimulation of the metabotropic
ATP receptor P2Y;5 by ATP released from damaged tissue.
This chemotactic response is a highly important step that
enables microglia to function properly at normal and patho-
logical sites in the brain. To investigate the molecular
pathways that underlie microglial process extension, we
developed a novel method of modeling microglial process
extension that uses transwell chambers in which the insert
membrane is coated with collagen gel. In this study, we
showed that ATP increased microglial adhesion to collagen
gel, and that the ATP-induced process extension and
increase in microglial adhesion were inhibited by integrin
blocking peptides, RGD, and a functional blocking antibody
against integrin-fl. An immunoprecipitation analysis with
an antibody against the active form of integrin-B1 showed
that P2Y;, mediated the integrin-B1 activation by ATP. In
addition, time-lapse imaging of EGFP-labeled microglia in
mice hippocampal slices showed that RGD inhibited the
directional process extension toward the nucleotide source,
and immunohistochemical staining showed that integrin-p1
accumulated in the tips of the microglial processes in rat
hippocampal slices stimulated with ADP. These findings
indicate that ATP induces the integrin-fl activation in
microglia through P2Y;, and suggest that the integrin-g1
activation is involved in the directional process extension
by microglia in brain tissue. ©2010 Wiley-Liss, Inc.

INTRODUCTION

Microglia are present in the normal brain as ramified-
type cells that have highly branched, motile cell proc-
esses. In pathological states in the brain, microglia alter
their morphology and migrate toward injured neurons,
where they exhibit various kinds of activated functions
that lead to repair of damaged tissue (Kreutzberg, 1996;
Nakajima and Kohsaka, 2005). Extracellular nucleotides
are released from stimulated or injured cells (Burnstock,
2008; Koizumi et al., 2003), and ATP is known to regu-
late microglial functions through ionotropic (P2Xs) or

©2010 Wiley-Liss, Inc.

metabotropic (P2Ys) purinergic receptors (Franke et al,,
2006; Inoue, 2006). We have previously reported that
ATP induces microglial migration mediated by Gi/o-
coupled P2Y;, (Honda et al., 2001) and that the migra-
tion requires activation of phosphatidylinositol 3'-kinase
(PI3K) and phospholipase C (PLC) signaling pathways
(Irino et al., 2008; Ohsawa et al., 2007). Recent studies
have demonstrated that microglia extend their processes
toward a lesion site within minutes of brain damage and
that the extension is mediated by P2Y;, (Davalos et al.,
2005; Haynes et al.,, 2006; Kurpius et al., 2007; Nimmer-
jahn et al., 2005). Thus, rapid process extension is the
first response of microglia to brain damage and an im-
portant step in the process by which microglia adapt
their functional activity to environmental changes.
Although P2Y-associated outward potassium channels
and PI3K pathways have been reported to be invelved
in the ATP-induced process extension (Wu et al., 2007),
the precise signaling pathways underlying microglial
process extension are not well understood.

Adhesive interactions with the surrounding extracel-
lular matrix (ECM) are critical determinants of process
extension and cell migration, and integrins are a major
family of heterodimeric cell adhesion molecules. Thus
far, 18 o subunits and eight B subunits have been identi-
fied and found to form 24 of pairs, and the resulting
molecules are divided into three classes: 1, B2, and av
(Fynes, 2002). Microglia express integrins in each of
these three classes (Milner and Campbell, 2002a), and
expression of specific integrins has been shown to be
upregulated following microglial activation in pathologi-
cal conditions (Bo et al., 1996; Kloss et al., 1999; Tsuda
et al., 2003). Recent studies have revealed that integrin-
B1 is involved in the ADP-induced migration and prolif-
eration by microglia on fibronectin-coated dishes (Nasu-
Tada et al., 2005) and in their engulfment of invading
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polymorphonuclear neutrophils in hippocampal slice
cultures following oxygen-glucose deprivation (Neumann
et al., 2008). The results of the aforementioned studies
suggest that integrins play an important role in acti-
vated microglia in pathological states. The molecular
mechanisms by which integrins affect the motility of
activated microglia are becoming clearer, but their role
in microglial process extension is not understood.

To analyze the molecular mechanisms underlying
ATP-induced microglial process extension, in this study,
we developed a novel in vitro assay for microglial pro-
cess extension and performed time-lapse confocal imag-
ing of microglia expressing EGFP in mice hippocampal
slices. The results demonstrate that ATP-stimulated
P2Y., induces integrin-B1 activation, which leads to an
increase in microglial adhesion, and they suggest that
interaction between ATP-activated integrin-Bl and the
ECM may regulate the directional process extension by
microglia in the brain tissue of the early stage following
neuronal injury.

MATERIALS AND METHODS
Cell Culture

Microglia were obtained from primary cell cultures of
neonatal Wistar rat cerebral cortex as described previ-
ously (Nakajima et al.,, 1992). In brief, mixed glial cul-
tures were maintained for 12-23 d in DMEM (Invi-
trogen) supplemented with 10% fetal calf serum (FCS)
(Irvine Scientific). Microglia were prepared as floating
cells by gentle shaking, and after collecting them, they
were allowed to attach to appropriate dishes.

Process Extension Assay

The insert membrane of a transwell chamber (24-plate
type, 8.0 um pores, Corning) were coated with 50 uL of
Cellmatrix Type-IA collagen gel (Nitta Gelatin) and
washed with serum-free DMEM. Microglia (2 X 105 cells/
200 uL) were seeded in serum-free DMEM on the gels,
and after incubation for 30 min the cells were washed
with serum-free DMEM for 1 h. After leaving 50 pL of
medium in each insert, the insert was transferred into a
bottom well of the plate containing 600 uL. BMEM. After
incubation for 10 min, 50 uM ATP (SIGMA) was added to
the bottom well, and the cells were incubated for 2 h at
37°C. To fix the cells, 100 pL of PBS containing 8% para-
formaldehyde (PFA) was added to each insert, and the
medium in the bottom well was replaced with PBS con-
taining 4% PFA. After incubation for 5 min, the cells
were additionally fixed with 4% PFA in PBS for 20 min,
and then permeabilized for 30 min with 0.1% Triton X-
100 in PBS. After blocking in PBS containing 3% BSA,
3% goat serum, and 0.05% Triton X-100 (blocking buffer)
for 30 min, the cells were incubated with anti-Ibal poly-
clonal antibody (1 pg/mL) (Imai et al., 1996) in blocking
buffer for 2 h, and incubated with Alexa Fluor 488-conju-
gated anti-rabbit IgG (1:1,000; Invitrogen) and Texas
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Red-conjugated phalloidin (2 units/ml; Invitrogen) for 2
h. Next, the cells were washed with PBS containing
0.05% Triton X-100 and stained with DAPI (1:1,000;
DOJINDO Laboratories) in PBS. After washing with
PBS, the membranes together with the gels were cut off
the inserts and mounted in Vectashield (Vector Laborato-
ries). The morphology of the microglia was examined
with an FV1000 confocal laser-scanning microscope
(CLSM) (Olympus) and a 40X objective. XY-images were
acquired at 2 pm z-step intervals between the gel surface
and the depths where the tips of the microglial processes
were detected in the gels. The integral fluorescence inten-
sity of each XY-image was calculated with FV10-ASW
software (Olympus). The XY-image containing microglial
cell bodies in the layer just beneath gel surface exhibited
the highest integral intensity of Alexa Fluor 488 or
Texas-red fluorescence. The integral intensity of the fluo-
rescence in the images gradually decreased as the den-
sity of the microglial processes declined. The image in
which the integral intensity of Alexa Fluor 488 or Texas-
Red fluorescence was 0.01% of its highest intensity was
assumed to be the deepest image containing the tips of
microglial processes. The distance that the processes had
extended was quantified by calculating the distance, Z,
between the image containing the highest intensity of
DAPI fluorescence and the deepest image containing the
tips of the microglial processes. We used FITC-conjugated
beads to confirm that the fluorescence signals from
the gel surface to a depth of 100 um were detected with
40X objective in the same way. The effects of the inhibi-
tors, peptides, and antibodies were assessed by preincu-
bating cells with AR-C69931MX (AstraZeneca) (1 uM) for
10 min, pyridoxal-phosphate-6-azophenyl-2',4’-disulfonic
acid (PPADS) (Sigma) (100 yM) for 10 min, wortmannin
(Sigma) (2 uM) for 10 min, LY294002 (Wako) (50 pM) for
10 min, U73122 and U73343 (Sigma) (100 nM) for 5 min,
RGD peptide and RGE peptide (SIGMA) (300 M) for 30
min, and anti-integrin-B1 antibody (clone Ha2/5, BD Bio-
science, #555002), anti-integrin-B3 antibody (clone
2C9.G2, Biolegend, #104309), control hamster IgM (BD
Bioscience, #553957) and control hamster IgG (BD Bio-
science, #553968) (5 pg/mL) for 1 h, and then stimulating
them with ATP.

Cell Adhesion Assay

The culture wells of 48-well plates (Corning) were
coated with 200 pL PureCol type I collagen gel (Cosmo
Bio) and allowed to stand for 1 h. They were then washed
three times with serum-free DMEM. Microglia (2 X 10*
cells) were resuspended in 200 puL of DMEM, and ATP or
ADP was added to each cell suspension. The cells were
seeded on the gels, and after immediately centrifuging
the plates at 1,500 rpm for 3 min to attach the cells to
the gels, the gels were incubated for 1 h at 37°C. The ad-
hesion assay was stopped by adding 500 uL of DMEM to
each well and washing off the loosely attached cells. The
attached cells were fixed with 4% PFA in PBS for 20 min
and then washed with PBS. The cells were permeabilized
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for 5 min with 0.1% Triton X-100 in PBS, and then
stained with 0.3% Toluidine Blue. We counted the num-
ber of cells in three random areas under a microscope
and a 10X objective, and calculated the average number
of cells per 1 mm?, The results were expressed as the ra-
tio of the number of cells that had adhered under stimu-
lated conditions to the number that had adhered under
unstimulated conditions. Each experiment was per-
formed in duplicate. The data reported were the means *
SEM of the data obtained in three experiments. In the
peptide and antibody-blocking experiments, the suspen-
sion of cells was incubated with the peptide or antibody
for 10 min before stimulation with ATP or ADP. The RGD
peptide and RGE peptide were used at a concentration of
30 pM, and the monoclonal antibodies against integrin-
B1 and integrin-g3 and isotype controls were used at a
concentration of 10 pg/mL.

Measurement of Integrin-p1 Activity by
Immunoprecipitation

Integrin-Bl activity was measured by immunoprecipi-
tation as described previously (Oinuma et al., 2006).
Human astrocytoma 1321N1 cells do not express any de-
tectable endogenous receptor for adenine nucleotides
(Filtz et al.,, 1994), and both ATP and ADP have been
reported to be agonists of rat P2Y,; heterologously
expressed in 1321N1 cells (Simon et al., 2002). To study
signaling pathways downstream of P2Y;,, we prepared
1321N1 cells stably expressing HA-tagged rat P2Y;,
(1321N1-P2Y12), and the results confirmed that ATP
activates the PISK-Akt signaling pathway through
P2Y;, in 1321IN1-P2Y12 cells (Supp. Info. Fig. 2). The
1321IN1 cells were maintained in DMEM (low-glucose
type) (DMEM-L; Invitrogen) supplemented with 10%
FCS, and the 132IN1-P2Y12 cells were cultured in
DMEM-L supplemented with 10% FCS plus 1.5 mg/mL
geneticin sulfate (Invitrogen). To collect intact cells with-
out enzyme processing, 1321N1 cells and 1321IN1-P2Y12
cells were cultured on RepCell temperature-responsive
dishes (CellSeed) for 1 day. The cells were then washed
with PBS and incubated in PBS containing 1 mM EDTA
for 30 min at room temperature (RT). Detached cells
were washed and resuspended in serum-free DMEM-L,
and after plating them onto dishes coated with Cellma-
trix collagen gel, they were stimulated with 100 pM
ATP. The cells were lysed directly on the dishes with
ice-cold lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1 mM NagVO,, 25 mM NaF, 10%[v/v] Glycerol,
1%{v/v] Triton X-100) supplemented with a protease in-
hibitor cocktail (Roche) and phosphatase inhibitor cock-
tail PhosSTOP (Roche). The lysates were clarified by
centrifugation for 10 min, and 30 pL of each superna-
tant was mixed with SDS-sample buffer to measure the
total level of integrin-pl in the cell lysate, and the
remaining supernatants were used as the cell lysates for
immunoprecipitation. The cell lysates were incubated for
2 h at 4°C with 2 pg of an antibody that recognizes the
active form of integrin-g1 (HUTS-4, Millipore) and incu-
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bated for 1 h at 4°C with protein G-sepharose beads (GE
Healthcare). The beads were then washed twice with
lysis buffer, and the bound proteins were eluted in SDS-
sample buffer.

The cell lysates and the immunoprecipitatd samples
were subjected to 10% SDS-PAGE and transferred onto
an Immobilon P membrane (Millipore). The membrane
was incubated for 1 h at RT with a blocking solution
containing 25 mM Tris, pH 7.5, 150 mM NaCl, 0.1%(v/v)
Tween 20 (TTBS), and 5% (v/v) nonfat dry milk, and
then incubated overnight at 4°C with mouse monoclonal
antibody against integrin-gl (clone 18, 1:250; BD Bio-
sciences). Next, the membrane was incubated for 1 h at
room temperature with horseradish peroxidase (HRP)-
conjugated donkey anti-mouse IgG (1:1,000; GE Health-
care), and integrin-pl was detected with an ECL West-
ern blotting detection system (GE Healthcare).

Immunohistochemistry

Adult rats were anesthetized and then perfused trans-
cardially with 4% PFA in PBS. Brains were dissected
and postfixed at 4°C overnight. The brains were
immersed in 20% sucrose in PBS, embedded in optimal
cutting temperature (OTC) compound (Sakura Finetech-
nical), and frozen in dry ice. The frozen brains were cut
into 20 um sections with a cryostat CM-3000 (Leica),
and the sections were then mounted onto 3-aminopropyl-
triethoxysilane (APS)-coated glass slides (Matsunami).
After permeabilizing the sections with 0.1% Triton X-
100 in PBS and blocking them with 10% goat serum-
0.05% Triton X-100 in PBS for 30 min, they were
incubated overnight at 4°C with 5 pg/mL of hamster
monoclonal anti-integrin-g1 antibody (clone Ha2/5) or
control hamster IgM. Following three washes with
0.05% Triton X-100 in PBS, the sections were incubated
for 4 h at RT with mouse monoclonal anti-hamster IgM
antibody (2 pg/mL) (BD Biosciences) and rabbit polyclo-
nal anti-Ibal antibody (1 pg/mL) in PBS containing 1%
goat serum-0.05% Triton X-100. After washes, the sec-
tions were incubated with Alexa Fluor488-goat anti-
mouse IgG (1:1,000; Invitrogen) and Alexa Fluor594-
goat anti-rabbit IgG (1:1,000; Invitrogen), and after
washing again, the sections were stained with DAPI in
PBS and then mounted on a glass slide with Vecta-
shield. Fluorescent images were taken with FV1000 con-
focal laser-scanning microscope and a 60X objective.

Hippocampal Slice Culture and Time-Lapse
Imaging of Microglia

We used the hippocampal slice system as described
previously (Kurpius et al., 2006) to examine microglial
behavior following ADP application to the bath. To
immunohistochemically stain microglia, we prepared
hippocampal tissue slices from 4- to 8-day-old rats. For
time-lapse imaging of microglia, we used 4- to 7-day-old
Ibal-EGFP transgenic mice and visualized their
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microglia by EGFP fluorescence (Hirasawa et al., 2005).
Brains were removed in ice-cold Hank’s balanced salt so-
lution (HBSS, Invitrogen) supplemented with dextrose
(6 mg/mlL), and then sectioned transversely (400 pm
thick slices) with a tissue chopper (The Mickle Labora-
tory Engineering). The slices were incubated for 1 h in
oxygenated culture medium (Modified Eagle Medium
[MEM] containing 25 mM HEPES, pH 7.4, 2 mM gluta-
mine, 20 U/ml penicillin, and 20 pg/ml streptomycin).
The slice was placed at the center of a specimen cham-
ber and covered carefully with a piece of filter mem-
brane (1-um pore size), and the edge of the membrane
was attached to the coverslip with cyanocacrylate glue.
Oxygenated culture medium (500 puL) was then added to
the chamber well, and the chamber was placed on the
stage of an IX81 microscope (Olympus) in a small incu-
bator (Olympus) which is warmed to 36°C and contained
an atmosphere composed of 95% O, and 5% CO,. Follow-
ing the addition of 1 mM ADP to the culture medium in
the chamber, a series of sets of images of microglia
expressing EGFP were taken at 5-min intervals for 1 h
through an FV1000 confocal laser scanning microscope
and a 20X objective. Each set of images in the series
consisted of 20 z-steps spaced 2 pm apart to a total
depth of 40 pm and maximum projection of EGFP sig-
nals is reconstructed by stacking XY-images in the direc-
tion of the Z-axis. Image processing and analysis was
performed with Image-Pro Plus software (Media Cyto-
bernetics) To examine the effect of peptides on microglial
motility, the slices were incubated for 1 h in culture me-
dium containing 1 mM RGE peptide or 1 mM RGD pep-
tide and then placed on the chamber in culture medium
containing each peptide.

RESULTS
ATP Induces P2Y,;-Mediated Process Extension by
Primary-Culture Microglia in Collagen Gels

To examine the molecular signaling pathways that reg-
ulate ATP-induced process extension by microglia, we
first used Transwell chambers containing collagen gel in
their insert well to establish an in vitro assay system. Pri-
mary-culture microglia were plated on the gel in each
insert well, and ATP was added to the bottom well (Fig.
1A). After incubation for 2 h, cells on and in the gel were
fixed and then stained with DAPI, anti-Ibal antibody,
and Texas-Red conjugated phalloidin, and the morphology
of the Ibal-immunopositive cells in the gels was exam-
ined with a confocal laser microscope. To confirm the for-
mation of an ATP gradient in the gels, we applied fluores-
cent BodipyTR-ATP into the bottom well. Confocal images
of fluorescent signals in the gels showed that a three-
dimensional ATP gradient was rapidly established in the
gels and maintained for several hours (Supp. Info. Fig. 1).
Within 30 min after 50 pM ATP stimulation, Ibal-positive
cells began to extend processes into the gels, and at 2 h
cells extended long, highly branched processes into the
gels toward the ATP while their cell bodies remained on
the surface of the gels (Fig. 1B-E). In the absence of the
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addition of ATP, most of the cells were detached from gels
by washing, and the cells remaining on the gels were
round and had not sent out any processes into the gels.
When 50 pM ATP was simultaneously added to both the
bottom well and the insert well, the microglia extended
lamellipodia- or microspike-like processes in random
directions along the surface of the gels, but most of the
cells did not extend processes into the gels. These results
demonstrate that the extension of processes by microglia
is dependent on the ATP concentration gradient in the
gel. A P2Y,, agonist, ADP, induced process extension the
same as ATP did, but neither UTP nor UDP, which are a
P2Y,; and P2Y, agonist and a P2Yy agonist, respectively,
did (Fig. 2A). A P2Y,; selective antagonist, AR-
C69931MX, inhibited process extension, but PPADS,
which is an antagonist of P2Y,, P2Y,, and P2Y,, had no
effect. These results indicate that P2Y,, mediates the pro-
cess extension by microglia in gels.

Inhibitors of PI3K and PLC Block ATP-Induced
Process Extension by Microglia

We have previously reported that P2Y;y-mediated
activation of PISBK and PLC signaling pathways is
required for microglial migration in response to ATP
(Irino et al., 2008; Ohsawa et al., 2007). To investigate
the involvement of PI3SK and PLC in the ATP-induced
process extension by microglia, we examined the effect
of two PI3K inhibitors, wortmannin and L.Y294002, and
a PLC inhibitor, U73122, on process extension. As
shown in Fig. 2B, pretreatment with wortmannin (2 pM)
or L.Y294002 (50 uM) significantly inhibited the process
extension by microglia. The PLC inhibitor U73312 (100
nM) completely blocked process extension; however, a
negative control analogue, U73343 (100 nM), had no
effect. These results suggest that activation of PISK and
PLC are required for process extension.

RGD and a Functional-Blocking Antibody of
Integrin-p1 Inhibit ATP-Induced Process
Extension by Microglia

As shown in Fig. 1C, almost all of the unstimulated
microglia were detached from the gels by washing,
whereas most of the ATP-stimulated cells remained
attached to the gels. These observations suggested that
the adhesion of naive microglia to collagen gels is weak
and that ATP strengthens the interaction between micro-
glia and collagen. Integrins are a large family of cell sur-
face receptors for ECM and have been found to regulate
process extension and cell migration. To determine
whether integrins contribute to ATP-induced process
extension by microglia, we pretreated microglial cells
with integrin inhibiting RGD peptide. Pretreatment with
RGD peptides (300 pM) significantly suppressed process
extension, and negative control RGE peptide had no
effect (Fig. 3A). Furthermore, to identify the integrin sub-
types that participate in process extension, we examined
the effects of functional blocking antibodies against
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Fig. 1. ATP induces chemotactic process extension by microglia in
3D collagen gels. (A) Schematic diagram of the assay system for micro-
glial process extension. Rat primary-culture microglia are plated on col-
lagen gels in the insert well of a transwell chamber and stimulated by
ATP addition to the bottom well. (B) At 2 h after ATP addition to the
bottom well, microglia were fixed and stained with DAPI (blue), anti-
Ibal antibody (green), and phalloidin (red). A 3D image of microglia is
reconstructed from XY-images acquired at 2 pm z-step intervals
through a confocal microscope. The surface of the gels is located at zero
on the Z-axis. Microglia extend processes into the gels toward ATP. (C)
Microglia remaining in the gels 2 h after the addition of DMEM (-) or

integrin-B subtypes on process extension. The results
showed that a functional blocking antibody against integ-
rin-B1 (20 pg/mL) significantly inhibited process exten-
sion, but that the antibody against integrin-g3 (20 pg/
mL) did not (Fig. 3B). These results indicate that integ-
rin-B1 is involved in process extension by microglia.

ATP/ADP Promote Microglial Adhesion to
Collagen Gel Through Integrin-f1

We next performed a cell adhesion assay to determine
whether ATP increases microglial adhesion to collagen
gels through integrin-Bl. Following stimulation with
ATP, the microglia were plated on gels and incubated for
1 h, and the cells that had attached to the gels were
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50 uM ATP (—/+ATP) to the bottom well, or simultaneous addition of 50
uM ATP to both the insert well and the bottom well (+ATP/+ATP).
Maximum projection of Ibal-positive signals is reconstructed by stack-
ing XY-images in the direction of the Z-axis. Scale bar, 50 pm. (D)
Quantification of microglial process extension 2 h after addition of ATP
to the bottom well, or simultaneous addition of ATP to both the insert
well and the bottom well, ***P <« 0.001, n = 34 for each set of condi-
tions; Student’s ¢-test; mean *+ S.D. (E) Representative images of micro-
glia after stimulation for 2 h. Maximum projection of each signal is con-
structed by stacking in the direction of Y-axis. The surface of the gels is
located at zero on the Z-axis.

counted. ATP (50 pM) increased microglial adhesion to
the gels, and ADP (50 pM) increased microglial adhesion
the same as ATP (Fig. 4A). AR-C69931MX completely
suppressed the ATP/ADP-induced increase in cell adhe-
sion, indicating that P2Y;, mediates the increase. To
determine whether integrin-p1 is involved in the ATP/
ADP-induced increase in microglial adhesion to the gel,
we examined the effect of RGD peptides and a functional
blocking antibody against integrin-Bl on cell adhesion.
After pretreating microglia with 30 uM RGD peptides,
the cells were stimulated with ATP/ADP and plated on
gels. The RGD peptides significantly inhibited the ATP/
ADP-induced increase in cell adhesion, but the RGE pep-
tides (30 uM) did not (Fig. 4B). Pretreatment of microglia
with a functional blocking antibody against integrin-B1
(5 pg/mL) significantly suppressed the increases in the
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Fig. 2. ATP-induced process extension by microglia requires activa-
tion of PISK and PLC signaling pathways downstream of P2Y;,. (A)
Quantification of microglial process extension 2 h after stimulation
with DMEM (vehicle), ATP (50 M), ADP (50 uM), UTP (500 uM), or
UDP (500 pM), and stimulation with ATP (50 uM) following pretreat-
ment with AR-C69931MX (1 pM) for 10 min or PPADS (100 pM) for 10
min, (B) Effect of PI3K and PLC inhibitors on ATP-induced process
extension. Microglia were stimulated with ATP (50 uM) for 2 h after
pretreatment with DMSO (0.04%), Wortmannin (2 pM), or LY29004 (50
uM) for 10 min, or with U733122 (100 nM) or U73343 (100 nM) for 5
min, ***P < 0.001; *P < 0.01; n = 34 for each subsance; Student’s ¢-
test; mean = SD.

cell adhesion (Fig. 4C), but pretreatment with normal
hamster IgM (5 pg/mL) instead of the anti-integrin-f1
antibody had no inhibitory effect. These results indicate
that integrin-Bl participates in ATP/ADP-induced
increase in microglial adhesion to gels and suggest that
ATP/ADP induces activation of integrin-g1.

ATP-Stimulated P2Y,; Mediates
Integrin-pl Activation

To determine whether ATP activates integrin-Bl
through P2Y,,, we measured integrin-B1 activation by
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Fig. 3. RGD peptides and a functional blocking antibody against
integrin-B1 inhibit ATP-induced process extension. (A) Quantification of
microglial process extension at 2 h after stimulation with DMEM (vehi-
cle) or ATP (50 uM) following pretreatment with RGD peptides (300
pM) or RGE peptides (300 uM) for 30 min. (B) Microglia were pre-
treated for 1 h with 20 pg/mL of functional blocking monoclonal anti-
body against integrin-81 or integrin-p3, or isotype control monoclonal
antibodies, and then stimulated with ATP (50 uM) for 2 h. Control
hamster IgM and IgG were used as the control for anti-integrin-pl1
antibody and anti-integrin-B3 antibedy, respectively **P < 0.01, *P <
0.02; n = 3—4 for each substance; Student’s ¢-test; mean + SD.

ATP in 1321N1 cells that stably expressed HA-tagged
rat P2Y,, (1321IN1-P2Y12). The results showed that the
level of total integrin-Bl protein expression in 1321N1-
P2Y12 cells was the same as in wild-type 1321N1 cells
(Fig. 5A). The level of activated integrin-gl in the cell
lysates was measured by immunoprecipitation with an
antibody against the active form of integrin-pl. When
1321N1-P2Y12 cells were stimulated with ATP, the
active integrin-B1 level had increased significantly at
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Fig. 4. ATP increases microglal adhesion to collagen gels through
integrin-81. (A) Microglia preincubated for 10 min in the presence or
absence of AR-C69931MX (1 uM) were stimulated with DMEM (vehi-
cle), ATP (50 uM) or ADP (50 pM) and plated onto the gels. After incu-
bation for 1 h, cells that had attached to the gels were counted. Cell
adhesion is expressed as the ratio of the number of stimulated cells
that had attached to the number of cells that had attached under con-
trol conditions. (B) Microglia preincubated with RGD (30 uM) or RGE
(30 M) peptides for 10 min were stimulated with ATP (50 uM) or ADP
(50 uM). (C) Microglia preincubated with 5 ug/mL of anti-integrin-pl
antibody or control hamster IgM for 10 min were stimulated with ATP
(50 uM) or ADP (50 uM). **P < 0.01, *P < 0.05; n = 3-4 for each sub-
stance; Student’s {-test; mean = SEM.
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Fig. 5. ATP induces activation of integrin-f1 through P2Y;,. (A)
1321N1 cells stably expressing rat HA-tagged P2Y;, (1321N1-P2Y12)
and wild 1321N1 cells were analyzed for expression of integrin-B1 and
HA-tagged P2Y;, by Western blot analysis with anti-integrin-g1 anti-
body (clone 18) and anti-HA antibody (clone 3F10, Roche), respectively.
(B) 1321N1-P2Y12 cells and 1321N1 cells were stimulated with vehicle
(DMEM) or 100 uM ATP for the periods of time indicated and lysed in
lysis buffer. The active form of integrin-81 (active B1) in each cell lysate
was immunoprecipitated with an antibody against active integrin-gl
(HUTS-4). Integrin-B1 in the cell lysates and the immunoprecipitated
samples was detected by Western blot analysis with anti-integrin-g1
antibody (clone 18). (C) 1321N1-P2Y12 cells were pre-incubated in the
presence or absence of AR-C69931MX (2 uM) for 10 min and stimulated
with DMEM (vehicle) or ATP (100 uM) for 30 min. Similar results were
obtained in three independent experiments.

5 min, and the activation was sustained for 1 h (Fig.
5B), whereas the level of active integrin-g1 in wild-type
cells was not significantly increased by ATP stimulation.
Stimulation with medium alone had no effect on the
level of active integrin-f1 in 1321N1-P2Y12 cells or
wild-type cells. Preincubation with AR-C69931MX (1
uM) completely prevented the integrin-pl activation
induced by ATP in 1321N1-P2Y12 cells (Fig. 5C). These
results clearly indicate that P2Y;; mediates the activa-
tion of integrin-p1 following ATP stimulation.

Integrin-pl Expression by Ramified Microglia
in Normal Brain

Previous studies have shown that primary-culture
microglia express integrin-Bl (Kloss et al., 1999;
Nasu-Tada et al., 2005), and immunostaining with the
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Fig. 6. Integrin-Bl is expressed in microglia in brain tissue. (A)
Microglia in cortical slices from adult rats were examined for integrin-
B1 immunoreactivity. Punctate integrin-p1 (green) signals are observed
in Ibal-positive cells (red). There are no control hamster IgM signals in
the microglia. Scale bar, 10 ym. (B) Rat neonatal hippocampal slices
incubated for 1 h in oxygenated culture medium were transferred onto
a chamber, and 1 mM ADP was added to the bath medium as described

antibody against integrin-Bl (clone Ha2/5) in this study
showed that integrin-B1 was in fact expressed in rat pri-
mary-culture microglia and that it was localized in their
processes after ATP stimulation (data not shown). To
determine whether integrin-B1 is expressed by microglia
in rat brain parenchyma, sections of cerebral cortex
were immunohistochemically stained with the anti-
integrin-B1 antibody (clone Ha2/5) and anti-Ibal anti-
body. As shown in Fig. 64, integrin-Bl-immunopositive
signals were observed in Ibal-immunoreactive cells,
which are ramified microglia that have a small cell body
and highly branched processes. The punctate integrin-
B1 signals were localized along the mieroglial processes.
Thus, our findings showed that integrin-B1 is expressed
by ramified microglia.

Integrin-f1 Accumulation in the Tips of Microglial
Processes Extending Toward a Nucleotide Source
in Brain Tissues

Recent imaging studies have shown that following the
addition of ADP to the culture medium microglia in rat
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in Materials and Methods. After 20 min the slices were fixed and
stained with anti-integrin-pl antibody (green) and anti-Ibal antibody
(red). The photographs show a microglial cell in the stratum pyrami-
dale of the CA3 area of the hippocampus. The periphery of the slice in
each frame is at the right. The microglia extend their processes toward
the periphery of the slices. Arrowheads indicate the tips of the micro-
glial projection where integrin-B1 has accumulated. Scale bar, 10 um.

and mice hippocampal slices extend their processes and
migrate toward the periphery of the slices, and the stud-
ies have demonstrated that these phenomena are medi-
ated by P2Y,, (Haynes et al., 2006; Kurpius et al.,
2007). To examine the intracellular localization of integ-
rin-B1 in microglia that had extended processes in brain
tissue after ADP stimulation, hippocampal slices pre-
pared from neonatal (p4-8) rats were exposed to 1 mM
ADP for 20 min, and then fixed and stained with the
integrin-B1 antibody and anti-Ibal antibody. As shown
in Fig. 6B, Ibal-positive cells extended processes toward
the periphery of the slices, and integrin-B1l-positive sig-
nals appeared to be localized at the tips of the processes
of Ibal-positive microglia.

RGD Peptides Inhibit ADP-Induced Process
Extension by Microglia in Hippocampal Slices

To determine whether integrin-ECM interaction is
required for P2Y;,-dependent process extension by
microglia in brain tissue, we examined the effect of the
RGD peptides on the process extension by microglia in
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Fig. 7. RGD peptides inhibit the process extension by microglia
responding to exogenous nucleotides in brain slices. (A) Microglia in
hippocampal slices from neonatal (p4-7) EGFP-expressing mice were
examined by time-lapse confocal imagng. Microglia extended long proc-
esses (red arrowheads) toward the periphery of the slices (right side of
each frame) at various time points following addition of 1 mM ADP to
the bath. In the presence of 1 mM RGE peptides microglia extended
processes toward the periphery of the slices, whereas no long process
extension toward the periphery of the slices was observed in the pres-
ence of 1 mM RGD peptides. Morphology of microglia at time 0 (green)
and 30 min later (red) is depicted in the panel on the far right. (B)
Microglial process length (um) in slices measured at each time point
indicated (five processes per cell). Positive length change indicates
extension, whereas negative length change indicates retraction. RGE-

hippocampal slices prepared from neonatal (p4-7) Ibal-
EGFP transgenic mice (Hirasawa et al.,, 2005), whose
microglia are easily detected by EGFP signals. To ana-
lyze the initial response of microglia to ADP, we moni-
tored the behavior of microglia expressing EGFP by
time-lapse microphotography for 1 h following exposure
to 1 mM ADP in the bath. The microglia in unstimu-
lated slices repeatedly extended and retracted processes
a short distance, but their cell bodies did not migrate.
When slices were exposed to ADP, most of the microglia
did not migrate from their original position for a period
of 1 h and they rapidly extended their long processes to-
ward the periphery of the slices within 5 min, and the
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treated microglia continuously extended their processes, whereas RGD-
treated microglia repeatedly extended and retracted their processes.
(C) Chemotaxis of the process extension responding to ADP addition in
the absence and presence of RGD and RGE peptides. The degree of che-
motactic extension (um) of each cell is expressed by the difference
obtained by subtracting the total length of the branches extending
away from the nucleotide source from the total length of branches
extending toward the periphery of the slices. Twenty cells residing in the
stratum pyramidale and stratum oriens of the CA3 area of the hippo-
campus were examined 30 min after the addition of ADP. In the presence
of RGE peptides, microglia extended their processes toward the ADP
source the same as when stimulated with ADP alone, whereas direc-
tional process extension decreased in the presence of RGD peptides.

extension was sustained for 1 h (Fig. 7A, Supp. Info.
Video 1). We confirmed that the process extension in the
ADP-stimulated slices was suppressed by treating the
slices with AR-C69931MX (10 upM), indicating that
P2Y,, mediated the process extension by microglia in
the culture slices (data not shown). Pretreating slices
with RGD peptides (1 mM) significantly inhibited the
rapid process extension by microglia toward the periph-
ery of the slices, whereas pretreating slices with RGE
peptides (1 mM) had no effect on the process extension
by microglia (Fig. 7C,D, Supp. Info. Video 2). Following
ADP exposure, the microglia in the RGD-pretreated sli-
ces sent out many processes in random directions, and
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the processes were often extended to nearly 40 pm but
immediately retracted. These findings indicate that
blocking of the integrin-ECM interaction with RGD pep-
tides suppressed directional process extension by micro-
glia in brain tissue.

DISCUSSION

In this study, we used collagen gel to establish an
in vitro assay system to analyze the molecular mecha-
nisms that regulate process extension by microglia. Mor-
phological changes and migration by microglia have pre-
viously been studied by using two-dimensional culture
systems, such as the Boyden chamber (Nolte et al.,
1997) or the Dunn chemotaxis chamber (Honda et al.,
2001; Webb et al., 1996). However, it has not been possi-
ble to reproduce the directional process extension by
microglia observed in brain tissues with these systems.
The cell culture system using 3D matrices is known as a
model that mimics the state of cells in tissue and has
been reported to be useful for examination of cell motil-
ity and signaling events (Cukierman et al., 2002), We
therefore plated microglia on 3D-collagen gels in the
insert of a transwell chamber, and we were able to show
that the cells extended their processes into the gels in
an ATP-gradient-dependent manner.

Our findings strongly suggest that an integrin-pl-
ECM interaction is involved in the directional process
extension. Microglial adhesion to collagen gel was weak
under unstimulated conditions, and ATP increased the
strength of the microglial adhesion to the gel. The RGD
peptides and the functional blocking antibody against
integrin-B1 inhibited the cell adhesion and the process
extension into the gels, and the RGD peptides signifi-
cantly inhibited ADP-induced process extension by
microglia in hippocampal slices. ECM molecules that
bind to integrin-81, such as fibronectin, vitronectin, and
laminin, have been reported to be slightly expressed in
the normal brain and localize in microblood vessels (Bel-
lail et al.,, 2004; Krum et al., 1991). Previous studies
have shown that microglia attach weakly to laminin and
ECM of astrocytes, and that laminin exerts a dominant
anti-adhesive effect on microglial adhesion to astrocytes
(Milner and Campbell, 2002b). Accordingly, most of the
integrin-B1l in microglia in the normal brain seems to be
inactivated. Collagen type-I is considered to be an artifi-
cial substrate for microglia because neither collagen
fibers nor collagen-rich basal laminas are present in the
CNS (Jones, 1996). However, the weak adhesion by
microglia to collagen gels suggest that the microglia cul-
tured in the gels maintain integrin-g1 in an inactivated
state, the same as microglia in brain tissue. Accumulat-
ing studies have demonstrated that laminins are
expressed by astrocytes and neurons in the adult brain
and are involved in axon growth and guidance (Grimpe
et al., 2002; Jucker et al., 1991; Liesi, 1990; Zhou, 1990).
We confirmed that microglia attach weakly to laminin-
coated dishes and that ATP induces an increase in
microglial adhesion to laminin (data not shown). These

799

observations suggest that laminins are candidates for
the molecules that bind integrin-g1 to achieve the ATP/
ADP-induced process extension by microglia in brain
tissue.

In the normal brain, microglia express integrin-g2,
LFAl (alB2), and CD11b/CD18 («MpB2) (Kloss et al.,,
1999). Previous studies have shown that the rapid
change in microglial morphology and migration by
microglia toward injured neurons in hippocampal slices
are unaffected in tissue slices from integrin-82 deficient
mice (Kurpius et al., 2006). Although these studies sug-
gest that integrin-B2 is not involved in the early activa-
tion of microglial motility, we were unable to completely
rule out a role of integrin-B2 in process extension. Fur-
ther study will be necessary to identify the subtypes of
integrins that are involved in the rapid process exten-
sion in brain tissue.

The increase in cell adhesion requires that integrins
become “activated” by undergoing conformational
changes regulated by inside-out signals (Hynes, 2002;
Kinashi, 2005). ATP/ADP increased the microglial adhe-
sion to collagen gels, and the increase was inhibited by
RGD peptides, a functional blocking antibody against
integrin-fl, and a P2Y,, selective antagonist, AR-
C69931MX. ATP increased the active integrin-pl level
in P2Y;s-expressing 1321N1 cells but not in wild-type
cells. These results demonstrate that P2Y,, mediates
the ATP-induced activation of integrin-81. Stimulation
of G protein-coupled receptors activates several signal-
ing pathways, including the PI3K, PLC, RAS, and Rho
family small GTPase, and mitogen-activated protein ki-
nase (MAPK) signaling cascades, some of which have
been implicated in the inside-out signaling (Hynes,
2002; Kinashi, 2005). In this study, we showed that acti-
vation of both PISK and PLC signaling pathways down-
stream of P2Y,, is required for the ATP-induced process
extension by microglia. In addition, we examined the
effect of PI3K and PLC inhibitors on the ATP-induced
increase in microglial adhesion to collagen gels. Pre-
treatment with the PLC inhibitor U73122 (100 nM)
inhibited cell adhesion, whereas the PI3K inhibitor
LY294002 (50 uM) had no effect (data not shown), sug-
gesting that PLC activation is required for activation of
integrin-B1 but that PI3K activation is not. Previous
studies have demonstrated that binding of the cytoplas-
mic actin-bindng protein talin to the B integrins tail is
crucial for the activation of B integrins (Tadokoro et al.,
2003), and the small GTPase Rapl has been reported to
regulate talin binding to B integrins through C-kinase
and calcium signaling pathways downstream of PLC
(Franke et al.,, 1997, 2000; Han et al., 2006). Thus,
Rapl-Talin cascades may be involved in P2Y,o-mediated
activation of integrin-f1 in microglia. However, further
works are needed to determine which of the aforemen-
tioned regulatory mechanisms is relevant in microglia.

As described in previous reports (Haynes et al., 2006;
Kurpius et al., 2007), time-lapse imaging of EGFP-la-
beled microglia in hippocampal slices showed that addi-
tion of ADP to the bath immediately induced process
extension by microglia toward periphery of the slices.
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