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Abstract Activation of glial cells has been observed in
neurodegenerative diseases including Alzheimer’s disease
(AD). Aggregation of amyloid  (Ap) is profusely observed
as characteristic pathology in AD brain. In our previous
study using microglial cell line BV-2, tissue-type transglu-
taminase (TG2) was found to be involved in phagocytosis
(Kawabe et al., in Neuroimmunomodulation 22(4):243-249,
2015; Kawabe et al., Neurochem Res 2017). In the present
study, we examined whether TG2 and milk fat globule EGF
factor 8 protein (MFG-ES8), an adaptor protein promotes
macrophage to engulf apoptotic cells, were involved in AP
endocytosis. When the neuronal/glial mixed culture was
stimulated freshly prepared AB,_,, for 3 days, the incorpo-
ration of AP was observed by immunofluorescence staining
technique in Iba-1-positive microglia. Cystamine, a broad
competitive inhibitor of TGs, suppressed it. When aggre-
gated AP was added to the mixed culture, the immunoreac-
tivity of MFG-ES8 surrounding AP was observed, and then
followed by microglial endocytosis. Using western blotting
technique, MFG-E8 was detected in cell lysate of astro-
cyte culture, and was also detected in the medium. When
microglia culture was incubated with astrocyte conditioned
medium, MFG-ES levels in microglia tended to increase. It
is likely that microglia might utilize MFG-ES8 released from
astrocytes as well as that expressed in themselves in order
to endocytose AP aggregation. Furthermore, we confirmed
that MFG-ES8 could bind with TG2 in microglia culture by
immunoprecipitate technique. These results suggest that
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microglia might uptake AP as a complex of aggregated A/
MFG-ES8/TG2.
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Abbreviations

Ap Amyloid beta

ACM Astrocytes conditioned medium;
AD Alzheimer’s disease

BSA Bovine serum albumin

CBB Coomassie brilliant blue

CNS Central nervous system

DMEM  Dulbecco’s modified Eagle medium
DMSO Dimethyl sulfoxide

EGF Epidermal growth factor

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

GFAP Glial fibrillary acidic protein

HRP Horseradish peroxidase

MFG-E8 Milk fat globule EGF factor 8 protein
LPS Lipopolysaccharide

NO Nitric oxide

PBS Phosphate-buffered saline

PS Phosphatidylserine

TG Transglutaminase

VR Vitronectin receptor.
Introduction

In pathological mechanism of various neurodegenerative
diseases, it is well known that the activation of glial cells
play important roles for both exacerbation and recovery
[1-3]. Therefore, the elucidation of the mechanism of glial
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activation is essential for overcome such diseases. Astro-
cytes play various important roles in CNS, such as main-
tenance of blood brain barrier, scavenging some neuro-
transmitters, control of ionic balance in brain parenchyma.
These functions of astrocytes serve the maintenance of
brain homeostasis [4-6]. Functional changes of astrocytes
are involved in neurodegenerative processes in various
CNS diseases including Alzheimer’s diseases (AD).

Microglia categorized into macrophage is considered to
be a major cell for immunity in CNS. Activated microglia
release nitric oxide (NO) and proinflammatory cytokines to
damage neurons, and also produce neurotrophins to protect
neurons. In addition, they engulf invading microorganisms
and scavenge cell debris and damaged cells [1, 2]. Micro-
glial phagocytosis contributes to maintaining of homeo-
stasis of CNS and to developing neural network physi-
ologically. However, it is reported that NO production and
phagocytosis of hyper-activated microglia cause neuronal
damage in neurodegenerative diseases [3].

Endocytosis is generally divided into two categories,
pinocytosis and phagocytosis, with size of particle up-
taken; pinocytosis is defined as uptake of particles smaller
than 1-2 ym and phagocytosis is as uptake over 2 pm
[7-9]. In case of scavenging apoptotic cells, phagocytotic
cells need to contact with “eat me” signal of target apop-
totic cells by their receptors [10, 11]. Phosphatidylserine
(PS) is known to be a major “eat me” signal, most of which
normally exist in inner leaflet of cell membrane; however,
when cells are undergone apoptosis, PS is exposed on sur-
face of outer leaflet.

An adaptor protein, milk fat globule EGF factor 8
protein (MFG-E8) consists of four domains, E1 and E2
homologous regions to epidermal growth factor (EGF) and
C1 and C2 homologous regions to coagulation factor 8,
and proline/threonine rich domain is additionally inserted
between them resulting to be called a long-form of MFG-
E8 [12]. C2 region of MFG-ES binds to PS and RGD motif
in E2 region of MFG-ES8 binds a vitronectin receptor (VR)
of macrophage formed by integrin oy P55 dimer, thereby,
macrophage can recognize and uptake the apoptotic cells
[13, 14]. It is reported that microglia also release and utilize
MFG-ES to recognize neurons when stimulated by lipopol-
ysaccharide (LPS) or amyloid § (Ap) [3, 15, 16]. However,
it has not been reported whether MFG-ES directly partici-
pate in A uptake by microglia other than the incorporation
of the apoptotic cells.

Transglutaminase (TG), a crosslinking enzyme consist-
ing eight isozymes identified, catalyzes Ca®*-dependently
to form e-(y-glutamyl)lysine isopeptide bond crosslinking
between glutamine and lysine residues in proteins [17]. Tis-
sue-type TG (TG2) ubiquitously expressed in various cells
is involved in cell adhesion and construct of cytoskeleton
[18, 19]. In addition, extracellular TG2 binds to integrin
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and fibronectin in a Ca’*-independent manner [20, 21].
These functions contribute to extracellular matrix forma-
tion, tissue structures stabilization and epithelial barrier.

Also in phagocytosis, TG2 plays important roles. It was
reported in peritoneal macrophage that TG2 can bind both
of integrin f; and MFG-ES, and TG2 protein is involved in
recognition of apoptotic cells; suggesting that TG2 medi-
ates the binding between VR and MFG-ES8 in TG enzyme
activity-independent manner [22, 23]. Also in brain mac-
rophage, microglia, TG2 might be involved in binding of
MFG-ES8 to VR. We previously demonstrated in mouse
microglial cell line BV-2 activated by LPS or amphotericin
B that TG2 would contribute to microglial phagocytosis
because a TG inhibitor blocked phagocytotic activity [24,
25].

In the present study, we assessed involvement of MFG-
E8 and TG2 in AP uptake by microglia and the cellular
derivation of MFG-E8 protein in CNS, using three kinds
of cell cultures; neuronal/glial mixed culture, microglia cul-
ture and astrocyte culture.

Experimental Procedures

Materials

Deoxyribonuclease I (DNase I), trypsin, fetal bovine serum
(FBS) and anti-Ap antibody were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Dulbecco’s modified
Eagle medium (DMEM) and horse serum were from Gibco
BRL (Grand Island, NY, USA). Cystamine dihydrochlo-
ride was from Wako Pure Chemical Industries Ltd. (Osaka,
Japan). Anti-TG2 antibody was from Thermo Fisher Sci-
entific Inc. (Waltham, MA, USA). Anti-MFG-E8 antibody
was from Santa Cruz Biotechnology Inc. (Dallas, TX,
USA). Horseradish peroxidase (HRP) conjugated goat anti-
mouse IgG (H+L) and HRP conjugated goat anti-rabbit
IgG (H+L) antibodies (secondary antibodies) were from
Bio-Rad Laboratories Inc. (Hercules, CA, USA). AB;_4,
was from Peptide Institute, Inc. (Osaka, Japan).

Preparation of Cell Culture

This study was carried out in compliance with the Guide-
line for Animal Experimentation at Osaka Prefecture Uni-
versity, with an effort to minimize the number of animals
used and their suffering.

Neuronal/Glial Mixed Culture
Neuronal/glial mixed culture was prepared from hippocam-

pus of 20-day-old embryos, which were taken out from
pregnant Wistar rats deeply anesthetized. Hippocampi



Neurochem Res (2018) 43:41-49

43

were cleared of meninges, cut into about 1-mm? blocks,
and treated with 0.25% trypsin in Ca**, Mg**-free phos-
phate-buffered saline (PBS) containing 5.5 mM glucose
for 20 min at 37 °C with gentle shaking. An equal volume
of horse serum supplemented with 0.1 mg/ml of DNase I
was added to the medium to inactivate the trypsin. Then,
the tissues were centrifuged at 350xg for 5 min. The tissue
sediments were triturated through a yellow-chip-mounted
pipette with DMEM containing 10% fetal bovine serum
(FBS), 100 mg/l streptomycin and 5x 10* units/I penicil-
lin. After filtering cell suspensions through a lens-cleaning
paper (Fujifilm Co., Tokyo, Japan), the cells were plated
on poly-L-lysine-coated 24-well slide glass (4 mm diameter
each, Matsunami Glass Ind. Ltd., Osaka, Japan) at a den-
sity of 8.0x 10° cells/well. Cultures were maintained in a
humidified atmosphere of 5% CO, and 95% air at 37 °C for
1 day, and medium was changed with DMEM containing
5% FBS. After 2 days (at 3 days in vitro), the cells were
used for the experiments. The neuronal/glial mixed cul-
ture consisted with 10% neuron, 85% astrocytes, and 5%
microglia as the result of immunostaining using antibod-
ies against a neuronal marker, MAP2 (Sigma), an astrocyte
marker, glial fibrillary acidic protein (GFAP) (Biosensis
Pty Ltd., Thebarton, Australia), and a microglial marker,
Iba-1 (Wako).

Astrocytes Culture

Astrocytes were prepared as described previously from
20-day-old cortex of Wistar rat embryos [26] by the similar
manner as described above for the mixed culture. The cells
were plated on polyethyleneimine-coated 100-mm diameter
plastic dishes (Iwaki, Asahi Glass Co., Tokyo, Japan) at a
density of 0.8-1.3x10° cells/cm® . Cultures were main-
tained in a humidified atmosphere of 5% CO, and 95%
air at 37°C with changing medium every 3 days. After 1
week, astrocytes were replated to remove neurons. On days
12-14, they were replated onto adequate plates or dishes
using an ordinary trypsin-treatment technique at a density
of 4x10* cells/well for 96-well plate (Sumitomo Bakelite
Co., Tokyo, Japan) or 8Xx 10° cells/35 mm dish (Thermo
Fisher Scientific Inc., Waltham, MA, USA), and stabilized
for 1 day, then we used for the experiments.

More than 90% of the cells were immunoreactively
positive to GFAP using the antibody (Biosensis) and FITC-
conjugated anti-mouse IgG antibody. Less than 10% of the
cells were positive to Iba-1 using the antibody (Wako) and
rhodamine-conjugated anti-rabbit IgG antibody.

Microglial Culture

Primary cultures of rat microglia were prepared as
described previously [27]. Briefly, the whole brains of

neonatal Wistar rats were homogenized with DMEM using
a Pasteur pipette, and treated with 0.25% trypsin in Ca’",
Mg?*-free PBS containing 5.5 mM glucose for 15 min at
37°C with gentle shaking. An equal volume of horse serum
supplemented with 0.1 mg/ml of DNase I was added to
the medium to inactivate the trypsin, and the tissues were
centrifuged at 350xg for 5 min. The tissue sediments
were triturated through a yellow-tip-mounted pipette with
DMEM containing 10% FBS, 100 mg/l streptomycin and
5x10* units/l penicillin. The cells were plated on poly-
ethyleneimine-coated plastic bottles, and cultured at 37°C
in a humidified atmosphere of 5% CO, and 95% air. The
medium was changed every week. On day 14, microglia
were harvested from mostly-glial mixed cultures with shak-
ing bottles for 1 h at 100 rpm, and replated onto 35 mm dish
(for suspension culture; Sumitomo Bakelite Co., Tokyo,
Japan) at a density of 8x 10° cells/dish. After 30 min, the
medium was changed to remove non-adherent cells, and the
remaining microglia were allowed to stabilized for 1 day in
DMEM containing 10% FBS before the experiments. In our
culture, more than 95% of the cells were positive to Iba-1.

Preparation of Ap Solution

AB,_4, was dissolved in sufficient volume of
1,1,1,3,3,3-hexafluoro-2-propanol and air-dried overnight.
Then, a condensate was resolved in dimethyl sulfoxide
(DMSO) at a concentration of 1 mM as a stock solution and
kept at —80°C before using. This stock solution was used
for “freshly prepared AP” after adequate dilution. In some
experiments, “aggregated AP~ was used. The medium was
added with AP stock solution at the concentration of 10 uM
and preincubated for 7 days at 37 °C, then used for aggre-
gated AP stimulation, usually at 100 nM of A monomer
concentration.

Astrocyte Conditioned Medium (ACM)

Cultured astrocytes were replated on 35 mm dish (Thermo
Fisher Scientific Inc.) and stabilized for 24 h, and changed
to fresh medium. Then after 24 h again, the medium was
collected and centrifuged at 3000xg and the supernatant
was used for ACM.

Immunostaining

Neuronal/glial mixed culture was stimulated with freshly
prepared AP for 3 days. The cells were fixed by 4% para-
formaldehyde for 8 min at 37 °C, and permeabilized with
100% methanol for 5 min at —20°C. After blocking with
5% bovine serum albumin (BSA) in PBS for 30 min, the
cells were incubated with antibodies against Iba-1 (1:2000),
AP (1:2000), and MFG-E8 (1:100) in blocking buffer at
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4°C overnight followed by an incubation with FITC-con-
jugated anti-mouse IgG antibody (1:10,000) or rhodamine-
conjugated anti-rabbit IgG antibody (1:2000) at room tem-
perature for 1 h. Then, nuclear stain was performed using
hoechst33342 for 10 min, and the cells were mounted with
SlowFade® Diamond (Molecular Probes). To visualize flu-
orescent immunostaining, Olympus BX61VS microscope
was used.

Western Blotting

Astrocyte culture and microglia culture were stimulated
with aggregated AP (preincubated at 37 °C for 7 days) for
24 h. The cells were homogenized in 20 mM Tris—HCl
buffer (pH 7.5) containing 1 mM EDTA and protease
inhibitor cocktail (Sigma P8340). To detect proteins in the
medium, the medium was concentrated. Culture medium
from astrocytes was centrifuged at 3000xg, and then the
supernatant was concentrated 20-fold using Nanosep® cen-
trifugal device (3 kDa cut-off; Pall, NY, USA).

Each sample including cell homogenate and concen-
trated medium was added at a volume ratio of 4:1 to
50 mM Tris—HCI buffer (pH 6.8) containing 50% glycerol,
10% sodium dodecyl sulfate, 0.05% bromophenol blue and
25% 2-mercaptoethanol, followed by mixing and boiling at
100°C for 5 min. Each aliquot in a certain amount of pro-
tein or concentrated medium was loaded on a 10% poly-
acrylamide gel for electrophoresis at a constant voltage of
120 V for 2 h at room temperature and subsequent blotting
to a polyvinylidene fluoride membrane previously treated
with 100% methanol. After blocking by 5% skimmed milk
dissolved in 20 mM Tris—HCI buffer (pH 7.5) containing
137 mM NaCl and 0.05% Tween 20, the membrane was
reacted with antibodies against TG2 (1:2000), MFG-E8
(1:500), and p-actin (1:100,000) followed by a reaction
with secondary antibodies. Proteins reactive with those
antibodies were detected with the aid of ECL detection rea-
gents (Millipore) using lumino-image-analyzer (LAS-4000,
Fujifilm). Laser densitometric analysis was performed to
standardize the results of western blotting. Protein concen-
trations were determined by the method of Bradford using
coomassie brilliant blue (CBB) color solution (Nacalai
Tesque, Kyoto, Japan), according to the manufacturer’s
protocol, with BSA as the standard.

Immunoprecipitation to Detect Binding Between
MFG-E8 and TG2

Microglia culture was stimulated with aggregated AP (pre-
incubated at 37°C for 7 days) for 24 h. The cells were
homogenized in 20 mM Tris—HCI buffer (pH 7.5) con-
taining 1 mM EDTA and protease inhibitor cocktail. Anti-
MFG-ES8 antibody (5 pg) was mixed with SureBeads™
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Protein A magnetic beads (Bio-Rad), incubated for 30 min
at room temperature, and washed three times with PBS
containing 0.1% Tween-20 (PBS-T). The cell homogenate
was added to the beads which bind anti-MFG-ES antibody,
and incubated on a rotator for 3 h at room temperature.
After washing with PBS-T, elution buffer [20 mM glycine
(pH 2.0)] was added and incubated for 5 min, followed by
addition of neutralized buffer [1 M phosphate buffer (pH
7.4)]. Each sample was added at a volume ratio of 1:1 to
66 mM Tris—HCI buffer (pH 6.8) containing 26% glycerol,
2% sodium dodecyl sulfate, 0.01% bromophenol blue, fol-
lowed by mixing and boiling at 100°C for 10 min. Each
aliquot was examined by western blotting using anti-TG2
antibody as described above.

Data Analysis

For statistical analysis of the data, Student’s 7 test was used.
Differences between treatments were considered statisti-
cally significant when p <0.05.

Results

Involvement of TG in A Uptake by Microglia
in Neuronal/Glial Mixed Culture

In the previous study, we demonstrated that TG2 might be
involved in endocytosis activity using fluorescent beads
and dead cells in microglia [24, 25]. In the present study,
we evaluated uptake of AP by microglia in neuronal/glial
mixed culture. To assess the involvement of TGs, we exam-
ined the effect of cystamine, a broad competitive inhibitor
of TGs, on AP uptake by microglia. Neuronal/glial mixed
culture was stimulated by freshly prepared Ap (100 nM)
for 3 days, and immunostaining against Af and Iba-1 was
performed. We quantified the cells with and without AP
staining around nuclei of Iba-1-positive microglia, and the
percentages of AP uptake microglia were evaluated. Under
these conditions, more than 80% of microglia incorporated
Ap. We could observe some AP staining at the position
apart from Iba-1 staining; however, most of Af staining
was associated with Iba-1 staining. In the presence of 10
nM cystamine, percentage of AP staining around nuclei
of Iba-1-positive microglia decreased remarkably to about
30% (Fig. 1).

Ap Uptake by Microglia via MFG-E8 in Neuronal/Glial
Mixed Culture

To assess the involvement of MFG-E8 in Af uptake
by microglia, neuronal/glial mixed culture was stimu-
lated with freshly prepared AP (100 nM) for 3 days and
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Fig.1 AP uptake by microglia (A) Iba-1/AB/Hoechst33342

and the inhibition by cystamine

in neuronal/glial mixed culture.

Neuronal/glial mixed culture
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immunostaining was performed against Iba-1, Ap and
MFG-ES (Fig. 2a). Similar to Fig. 1a (upper), most of Iba-
1-positive microglia was co-stained with Af in double-
staining against Af and Iba-1 (Fig. 2A-a, c¢). Immunoreac-
tivity for MFG-E8 was also colocalized with it for A in
double-staining against Ap and MFG-ES8 (Fig. 2A-b, d).

Next, AP uptake was assessed when aggregated Ap,
which was pre-incubated for 7 days at 37 °C, was added to
neuronal/glial mixed culture (Fig. 2b). After 1 day of AP
addition, aggregated AP were observed as green dots on the
slide glass and many of them were surrounded by MFG-ES,
red particles (Fig. 2B—e, g). After 2 days of AP addition,
most of AP had been incorporated into cells, much less
green dots on the slide glass, and colocalized with MFG-
ES8, yellow dots in some cells (Fig. 2B, h).

Expression of MFG-ES in Astrocyte Culture

It was reported that MFG-ES8 had long- and short-forms
depending on the structure with and without proline/thre-
onine rich domain, respectively [28]. We examined the
expression of MFG-ES8 in astrocyte culture. By double-
immunostaining, MFG-E8 was observed in GFAP-positive
astrocytes (data not shown). The cells were stimulated with
100 nM aggregated Ap for 24 h, and MFG-E8 expression
in the cells and MFG-ES in the medium were evaluated by
western blotting (Fig. 3). Both of long- and short-forms
of MFG-E8 were detected in whole cell lysate of astro-
cyte culture, although the band of long-form was much

cystamine 10 nM

more prominent than that of short-form. AP stimulation
did not significantly change the expressions of both forms
(Fig. 3a).

In the medium analysis, both of long- and short-forms
of MFG-E8 were also detected; even though the bands
observed more broadly than that of cell lysate, probably
due to the concentrated sample. AP stimulation did not sig-
nificantly change the protein levels (Fig. 3b).

Expressions of MFG-E8 and TG2 in Microglia Culture

Also in microglia culture, we confirmed the expression
of MFG-E8. By double-immunostaining, MFG-E8 was
observed in Iba-1-positive microglia (data not shown). The
cells were stimulated with aggregated Af (100 nM) and
MFG-ES8 amount in the cells was evaluated by western blot-
ting. In whole cell lysate of microglia culture, only long-
form of MFG-ES8 was detected, and A stimulation did not
significantly change the expression (Fig. 4a). When the
cells were incubated with ACM for 24 h, cellular amount
of long-form MFG-ES tended to increase (Fig. 4b). In the
medium analysis, long-form of MFG-E8 was also detected.
Ap stimulation did not significantly change the protein lev-
els (data not shown).

We also examined the expression of TG2 in whole cell
lysate of microglial culture. The expression of TG2 sig-
nificantly increased by the stimulation with aggregated Ap
(100 nM) for 24 h (Fig. 4c).

@ Springer



46 Neurochem Res (2018) 43:41-49
(A) , _ (B) aggregated AP stimulation
freshly prepared AB stimulation for 3 days 1 day 2 days
Iba-1/AB/Hoechst33342 FG‘ES/AB/HoeCh3t33342 MFG-E8/AB/Hoechst33342 MFG-E8/AB/Hoechst33342
C c e_-.‘.. & e '. : '... f .
§e) S e i
8 3
= =
= =
> S
o ®
€ £
= .
s 3

high magnification

Fig.2 Ap uptake by microglia in neuronal/glial mixed culture. a
Freshly prepared AP (100 nM) was added to neuronal/glial mixed
culture and incubated for 3 days. The AP uptake by microglia was
detected by immunofluorescent staining. Ap (green) and either micro-
glial marker Iba-1 (red) (a, c¢) or MFG-E8 (red) (b, d) were immu-
nostained with each specific antibody, and nuclei were stained with
hoechst33342 (blue). Representative photographs are shown in low
magnification (a, b) and high magnification of red-lined box in a, b
(c, d). b Aggregated Ap (pre-incubated at 37 °C for 7 days) was added

Binding of MFG-E8 with TG2 in Microglia Culture

To assess whether MFG-ES8 directly interacts to TG2 in
microglia, we performed immunoprecipitation using cell
homogenates of microglia culture with anti-MFG-ES8 anti-
body followed by detection with anti-TG2 antibody by
western blotting. The binding between MFG-E8 and TG2
was confirmed regardless of the AP stimulation (100 nM)
for 24 h (Fig. 5).

Discussion

In the previous study, we reported in activated microglia
that TG2 might be involved in endocytosis of beads and
dead cells, because of inhibition of the endocytosis by
cystamine, a TG inhibitor [24, 25]. In the present study,
microglial AP uptake in neuronal/glial mixed culture was
also inhibited by cystamine. In peritoneal macrophage
from TG2-knocked out mice show impaired engulfment of
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high magnification

to neuronal/glial mixed culture and incubated for 1 (e, g) or 2 days
(f, h). The localization of Ap and MFG-E8 was detected by immu-
nofluorescent staining. MFG-ES8 (red) and AP (green) were immu-
nostained with each specific antibody, and nuclei were stained with
hoechst33342 (blue). Representative photos are shown in low mag-
nification (e, f) and high magnification of red-lined box in e, f (g, h).
Scale bars 100 pm (a, b, e, f), and 10 um (c, d, g, h). (Color figure
online)

apoptotic cells; suggesting the involvement of TG2 protein
[22, 23]. We also observed that aggregated AP stimula-
tion increased TG2 expression in microglia culture. These
results suggest that TG2 might be involved in AP uptake by
microglia.

In the present study in neuronal/glial mixed culture, A
uptake by microglia was detected in both conditions stimu-
lated by freshly prepared A for 3 days and by aggregated
AP for 1 or 2 days. It was reported that uptake of soluble
AP monomer would be observed in resting microglia and
the soluble AP uptake would not activate microglia [29],
on the other hand, uptake of aggregated Ap was reported
to activate microglia [30]. In the present study, microglial
morphology incorporating Af looked to be activated (data
not shown); suggesting that microglia might incorporate
Ap as the aggregated AP which is formed in the medium.

Furthermore, in the present study, when neuronal/glial
mixed culture was stimulated with freshly prepared A for
3 days, MFG-E8 was detected around the nuclei of Iba-
1-positive microglia incorporating AP. When aggregated
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Fig. 3 Expression of MFG-ES8 in astrocyte culture and detection of
MFG-ES8 protein in the medium. Astrocyte culture was stimulated
with 100 nM aggregated AP for 24 h and the expression of MFG-
E8 was detected by western blotting using whole cell lysate (a) and
medium (b). Typical bands of western blotting for MFG-E8 are

AP was added to neuronal/glial mixed culture, AP on the
slide glass was surrounded with MFG-E8 on day 1, and
then followed by uptake into cells on day 2. These results
suggest that aggregated A bound with MFG-E8 would be
incorporated by microglia.

MFG-ES has been considered to be an adaptor protein
for phagocytosis of apoptotic cells. It is reported that MFG-
ES8 binds to PS and that RGD motif of MFG-E8 binds to a
VR of macrophage, thereby, macrophage can recognize and
uptake the cells [14]. In co-culture of neurons and micro-
glia, it is reported that NO derived from LPS-stimulated
microglia causes exposure of PS on neurons and that micro-
glia recognize neuronal PS to uptake the neurons [15]. It
has been reported that MFG-ES8 was used for phagocytosis
of apoptotic cells as described above; however, in our pre-
sent results, MFG-E8 might be used also for Ap uptake as
well as apoptotic cell phagocytosis.

To assess the cellular derivation of MFG-E8, we exam-
ined the expression of MFG-ES8 in astrocyte culture and
in microglia culture. In peripheral tissues, MFG-E8 pro-
tein was mainly released from macrophages and used for
phagocytosis [13]. It was reported that microglia derived

(B) Medium
long form—
MFG-E8 I: —50 kDa
short form—| =
2 CTL 100 nM AB
= |
o
o012
o
—0.8
o)
w
¢ 0.4
I
= 0
CTL 100 nM AB
2

—_
N

ratio to CTL)
>

=08
L

TCTL 100 nM AB

shown in the photograph. The graph shows MFG-E8/B-actin ratio
of the density for cellular expression, and density of MFG-E8 bands
for medium which was equivalently 20-fold concentrated. Data are
mean + SD of three samples

from MFG-E8 knockout mice could endocytose neurons
using MFG-ES8 containing in the conditioned medium of
astrocytes derived from wild-type mice [16]. However,
the details of the expression pattern in MFG-E8 protein
was unclear in the brain. The present study demonstrated
that astrocytes expressed both of long- and short-forms of
MFG-ES8 and released them, and that microglia expressed
only long-form of MFG-ES.

Stimulation by aggregated A for 24 h did not signifi-
cantly affect the expressions of MFG-ES in astrocytes and
microglia, and the protein levels of MFG-ES in the medium
were neither affected. On the other hand, when microglia
culture was incubated with ACM for 24 h, MFG-ES protein
in microglial cell lysate tended to increase. It is likely that
microglia might utilize MFG-ES released from astrocytes
as well as that expressed in themselves, although the pos-
sibility is not excluded that some factors in ACM increase
MFG-ES expression in microglia culture.

Furthermore, the binding between TG2 and MFG-ES8
was confirmed in microglial homogenates by immuno-
precipitation. It is possible that TG2/MFG-E8 complex
might be involved in the recognition and phagocytosis of
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Fig. 4 MFG-E8 and TG2 expressions in microglia culture. Micro-
glia culture was incubated with 100 nM aggregated Ap (a) or ACM
(b) for 24 h and the expression of MFG-E8 was detected by western
blotting using whole cell lysate. Typical bands of western blotting for
MFG-ES8 are shown in the photograph. The graph shows MFG-E8/f-
actin ratio of the density of detection bands. Data are mean+SD of

IP:anti-MFG-E8
WB:anti-TG2

: ' —TG2
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(aggregated)

Fig. 5 Binding of MFG-ES8 with TG2 in microglia culture. Microglia
culture was incubated with 100 nM aggregated AP for 24 h. To assess
the binding of TG2 and MFG-ES8 in microglia, the cell lysate was
immuprecipitated (IP) using anti-MFG-E8 antibody and the precipi-
tate was examined by western blotting (WB) using anti-TG2 antibody

aggregated AP by microglia. The binding of MFG-E8
with TG2 in cells is the first report, even though TG2 was
reported to bind each of MFG-E8 and VR using recombi-
nant proteins [31].

In conclusion, TG2 and MFG-E8 might be involved
in microglial AP uptake. Astrocytes expressed MFG-E8

@ Springer

three samples. ¢ Microglia culture was incubated with 100 nM aggre-
gated AP for 24 h and the expression of TG2 was detected by western
blotting using whole cell lysate. Typical bands of western blotting for
TG2 are shown in the photograph. The graph shows TG2/p-actin ratio
of the density of detection bands. Data are mean +SD of three sam-
ples. ¥*p <0.05, significantly different from control (CTL)

and released it into the medium. It is likely that microglia
might use MFG-ES8 released from astrocytes as well as
from microglia. The direct binding between MFG-E8 and
TG2 was confirmed in microglial cell lysate. Altogether,
AP/MFG-E8/TG2/VR might be a novel combination of
the mechanism for aggregated AP uptake by microglia.
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