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ABSTRACT—We have isolated a new microglial gene, mrf-1, which is upregulated on microglia in response
to apoptosis of granule neurons in cerebellar cell cultures. We examined whether or not upregulation of
MRF-1 is observed in response to necrotic neuronal death both in vivo and in vitro. Though MRF-1 was
detected on ramified/resting microglia in the brain of normal adult rats, activated microglia in the region of the
brain where neuronal damage was induced by ischemia were strongly immunostained with anti-MRF-1 anti-
body. In the in vitro system, we confirmed, with immunocytochemistry or RT-PCR, that MRF-1 or mrf-1
mRNA were constitutively expressed in ramified microglia at significant but lower levels than in amoeboid
one. Moreover, by Northern blot, it was ascertained that expression level of mr-1 mRNA on microglia was
markedly upregulated in response to glutamate-induced death of granule cells in a cerebellar cell culture.
These results indicate the following: 1) expression of mrf-1 in microglia may be markedly enhanced upon not
only apoptotic but also necrotic neuronal death, and 2) MRF-1 is, thus, an useful marker for identifying all

types of microglia in vivo and in vitro.

INTRODUCTION

The mrf-1 gene encodes 17 kDa protein consisting of 147
amino acids with a single calcium binding (EF-hand) motif
(Tanaka et al., 1998). The gene was isolated from activated
microglia in response to apoptosis of cerebellar granule neu-
rons in culture. Microglia/brain macrophages are involved in
brain function under both normal and pathological conditions
(Dickson et al., 1993; McGeer et al., 1993). In the adult brain,
resident ramified/resting microglia become activated by alter-
ing their morphology to rod-shaped or amoeboid types in
response to injury, infection, or inflammation of the nervous
system (Gehrmann et al., 1995). Activated microglia prolifer-
ate, engulf degenerating elements (Giulian et al., 1989; Stoll
etal., 1989), and release either cytotoxic agents or cytokines
(Thery et al., 1991; Giulian et al., 1994). We have shown pre-
viously that mrf-1 is upregulated in response to apoptotic neu-
ronal death and degeneration both in vivoand in vitro (Tanaka
et al., 1998). It has been thought that MRF-1 may play a role
both in developmental programmed cell death and in recov-
ery from brain injuries. Some homologues such as AlF-1
(Utans et al., 1995) and Ibal (Imai et al., 1996) have been
isolated. AlF-1 isolated from macrophage has the same amino
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acid sequence as MRF-1, although the 5" noncoding region of
AlIF-1 mRNA is shorter than that of mrf-1. It is likely that the
difference between mrf-1 and AIF-1 mRNAs may reflect an
alternative start site derived from a single gene (Utans et al.,
1995). MRF-1 is different from the Iba1 protein, which is also
synthesized in microglia, in the upstream region containing
the 5' noncoding region and some amino-acid sequence in
the N-terminal region (Imai et al., 1996). It is thought that these
genes constitute a sub-family coding for one or two EF-hand-
like motif(s), although their cellular functions are unknown so
far.

Upregulated expression of these proteins was found in
rat microglia on regions with induced neuronal damage in vivo
(lto etal., 1998; Schluesener et al., 1998; Tanaka et al., 1998).
Activated microglia, in response to neuronal damage of the
axotomized hypoglosal nerve, show an upregulated expres-
sion of mr-1 mRNA and MRF-1 (Tanaka et al., 1998). In
another paradigm of axotomy, lto et al. (1998) examined Iba1
expression of the activated microglia detected in the
axotomized facial nucleus. Also, Schluesener et al. (1998)
demonstrated that AIF-1 is heavily present in experimental
autoimmune encephalomyelitis, neuritis, and uveitis. In this
paper, we show that MRF-1 is constitutively expressed in rami-
fied microglia at a low level, and its level is upregulated in
response to necrotic neuronal death both in vivo and in vitro.
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MATERIALS AND METHODS

Induction of focal cerebral ischemia

Male adult rats (Wistar, 250—300 g; Funabashi Farm, Shizuoka,
Japan) were used. The rats were anesthetized with 2% halothane
in a mixture of 70% nitric oxide and 30% oxygen. Focal cerebral
ischemia was induced by transient occlusion of the right middle cere-
bral artery as described previously (Nagasawa and Kogure, 1989;
Kato et al., 1996). Briefly, an 18-mm long, silicone-coated 4—0 nylon
suture was inserted via the right internal carotid artery so that the
origin of the middle cerebral artery was occluded with the suture.
After 1 hr of occlusion, the suture was removed. The rats were sacri-
ficed after 7 days of survival.

Cell cultures

Amoeboid microglia were isolated and purified from a culture of
rat cerebral cells according to the method of Suzumura et al. (1984)
with some modification as described previously (Tanaka et al., 1998).
The cerebral cortices were dissected from neonatal rat pups (Sprague
Dawley, SD). All meninges and blood vessels were removed and dis-
sociated with Dispase (250 U/ml; Godo Shusei Co., Ltd.) in Ca**-free
Krebs’-Ringer’s bicarbonate buffer (KRBB) containing 0.1% BSA for
60 min at 37°C. They were then triturated. The dissociated cells were
collected by centrifugation and resuspended in Dulbecco’s modified
Eagles’” medium/Ham’s nutrient mixture F-12 (DMEM/F12; Sigma
Chemical Co.) containing 10% heat-inactivated fetal calf serum (hiFCS;
J.R.H. Biosciences), 50 U/ml penicillin, and 50 pg/ml streptomycin
(Sigma). The cells were plated on a poly-L-lysine (Sigma)-coated flask
and cultured until confluency (~8-10 day) at 36°C in a humidified
atmosphere of 5% CO,/95% air. Microglia were collected by shaking
(60 rpm for 1.5 min) and centrifugation, and replated on 35-mm dishes
or glass coverslips (diameter 12 mm; Matunami) (1x10* cell/lcm?). The
microglia constituted >95% of all cells on the culture plate after
replating. For induction of ramification of microglia in vitro, purified
microglia were cultured in serum free DMEM/F12 medium supple-
mented with N2 supplements (Bottenstain and Sato, 1979).

Ramified microglia were isolated from adult rat (Wistar, 5—6 weeks
old) brains using isotonic Percoll (Merz et al., 1987; Slepko and Levi,
1996) with some modification. Briefly, perfused brains were trans-
ferred to ice-cold KRBB, freed of meninges, minced, and treated with
Dispase/DMEM/g, (1 brain/6 ml) at 37°C for 60 min. After three
washings with KRBB and trituration, the dissociated cells were fil-
tered through lens paper. After the volume of the cell suspension was
fitted to 21.4 ml with 10%-hiFCS DMEM/F-12 medium, the suspen-
sion was mixed with 8.6 ml of cold isotonic Percoll in KRBB and cen-
trifuged at 500 x g for 10 min. The pellet was resuspended in 21.4 ml
10%-hiFCS DMEM/F-12 medium, mixed with 8.6 ml of isotonic Percoll,
and recentrifuged. The pellet was then resuspended in a 10%-hiFCS
DMEM/F-12 medium (1.5 ml/brain) and plated on 35-mm dishes (1
ml).

A cerebellar cell culture was prepared from the cerebella of P7
rats (SD) as described previously (Suzuki and Koike, 1997; Tanaka
et al., 1998). In brief, dissected cerebella were minced, treated with
Dispase/MEM at 37°C for 30 min, and then triturated in KRBB. The
dissociated cells were collected by centrifugation and resuspended
in Eagle’s MEM (Sigma) containing 10% hiFCS and penicillin/strep-
tomycin. The cells were plated on poly-L-lysine-coated 60-mm dishes
(1.0x107 cells/dish). For immunocytochemical analysis, polyethyl-
enimine-coated glass coverslips were used. Since a neuron-glia mix
culture was used for experiments, 20 uM fluorodeoxyuridin (FudR)
was added to the culture medium from 2 DIV to reduce proliferation
of non-neuronal cells. A high concentration of K* (at final 30 mM) was
added to the culture medium from 2 DIV. The contamination of
Vimentin-, GFAP-, or OX42-positive cells in the 7 DIV culture main-
tained with a high potassium medium containing FudR for 5 days was
about 9.0, 2.0, or 4.5%, respectively.
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Histochemical detection of isolectin-B4 binding

Under deep pentobarbital anesthesia, rats were perfused
transcardially with 4% paraformaldehyde (PFA)/0.1 M Na*-phosphate
buffer, pH 7.2. Fixed brains were embedded in paraffin wax to pre-
pare paraffin sections (5 pm). Microglial cells were histochemically
stained with peroxidase-labeled isolectin-B, from Griffonia simplicifolia
(Sigma) as described previously (Streit, 1990; Kato et al., 1995). Briefly,
the sections were incubated with the isolectin (20 pg/ml) in PBS with
cations overnight at 4°C. Then these sections were mixed with 3,3'"-
diaminobentizidine and H,O, for color development. Finally, the sec-
tions were exposed to counterstaining with Mayer’s hematoxylin and
eosin.

Immunohistochemical analysis

The paraffin sections were immunohistochemically stained with
antibodies raised against MRF-1 (0.1 pg/ml; Tanaka et al., 1998) or a
pan-macrophage/monocyte marker ED1 (1:500 dilution; Serotec). After
being blocked with 10% normal serum, the sections were incubated
with one of the antibodies overnight at 4°C. The primary antibodies
were used in the presence of 0.3% triton X-100. For immunope-
roxidase, sections were processed by the ABC method, using a
Histofine kit (Nichirei) or Vectastain elite ABC kit (Vector). Finally, the
sections were exposed to counterstaining with Mayer’'s hematoxylin
and eosin.

Immunocytochemical analysis

Cultured cells on glass coverslips were fixed with 4% PFA/Na*-
phosphate buffer. After washout of the fixative, the cells were
preincubated with 10% horse serum/PBS for 1 hr. For detection of
MRF-1, if necessary, the cells were previously treated with 0.2% tri-
ton X-100 for 5 min. The cells were then incubated with anti-MRF-1
antibody (rabbit IgG, 0.1 pg/ml) or OX42 (mouse IgG, 1:300 dilution;
BMA Biomedicals Ltd.) for 1 hr at room temperature. The primary
antibodies were detected using either biotinylated or fluorescence-
conjugated IgG (FITC-conjugated anti-rabbit IgG or TRITC-conjugated
anti-mouse IgG, 1:20 dilution; ICN Pharmaceuticals, Inc.). The
biotinylated antibodies were made visible by horseradish peroxidase-
conjugated streptavidin (Nichirei) and aminoethercarbazol reaction
product (Zymed). Finally, the cells were exposed to counterstaining
with Mayer’s hematoxylin solution. The fluorescences were analyzed
with a laser scanning microscope (Fluoview; Olympus).

Extraction and purification of RNA

Cells were washed with PBS and solubilized with 4 M guanidinium
thiocyanate, pH 7.0, containing 25 mM sodium citrate, 0.5% sarkosyl,
and 0.1 M 2-mercaptoethanol. The total RNA fraction was extracted
from the microglia culture (1x10° cells) or cerebellar cell culture (1x107
cells) and precipitated by isopropanol. After centrifugation for 15 min,
the pellet was washed with 75% ethanol and dried with flowing air.

RT-PCR method

First-strand cDNA was synthesized from an equal amount of
total RNA (0.5-1.5 pg) in a 20-pl reaction mixture using random
hexamer as a primer with a superscript preamplification system
(superscript Il, 200 units; Gibco BRL) at 43°C for 50 min. After being
treated with RNase H, 2 pl of the mixture was amplified by PCR with
Taq DNA polymerase (Gene Tag NT, 1 unit; Wako Chemical Ltd.) in
a 20-pl reaction mixture. The construction of a reaction mixture was
followed: 50 mM KCI, 10 mM Tris-HCI (pH 9.0), 0.1% triton X-100,
1.5 mM Mg?, 25 pM dNTP mix, and 0.2 uM primers. The used prim-
ers were a 5' primer, 5 TCTGAGGAGCTATGAGCCAG 3' and 3'
primer, 5 TCCACCTCCAATTAGGGCAAC 3' for mrf-1, or 5' primer,
5' AAGGTCGGTGTCAACGGATTTGG 3' and 3' primer, 5' TGTAG-
GCCATGAGGTCCACCAC 3' for GBPDH. These upstream and down-
stream primers correspond to the sequences of a gene for rat mrf-1
(Tanaka et al., 1998) or G3PDH, respectively. Thus, the amplification
was performed for 15—-35 cycles with denaturation at 94°C, anneal-
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ing at 60°C, and extension at 72°C for 1 min each (except for 5 min
each at the fist cycle). Finally, for complete elongation of synthesized
strands, each sample was treated at 72°C for 15 min. The products
were separated on a 7% acrylamide gel and stained with SYBR Green
| (FMC BioProducts).

Northern blot

Total RNAs were loaded per lane onto a formaldehyde denatur-
ing gel (1% agarose) and separated by electrophoresis. The RNAs
were transferred to a nylon membrane (Hybond-N+; Amersham).
Hybridization was performed in 50% formamide containing buffer at
42°C for 12—18 hr. The cDNA probes were labeled with **P-dCTP to
a specific activity of 1—1.5x10° dpm/ng by the random priming method
using the Ready-To-Go DNA Labeling Kit (Pharmacia Biotech). The
mrf-1 or G3PDH probe was prepared by PCR amplification using each
pUC18 subclone as cDNA (421 bp or 983 bp, respectively, see the
RT-PCR method section). The washed membranes were visualized,
and the amount of radioactivity of specific transcripts was measured
using a Bio-imaging Analyzer (BAS2000; Fuji Photo Film Corp.).

RESULTS AND DISCUSSION

Upregulation of mrf-1 expression in response to ischemic
neuronal death in vivo

In the brain of normal adult rats, MRF-1 positive cells were
distributed homogeneously, having scant cytoplasm and
numerous thin, branched processes, typical of ramified
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morphology of microglia. This data indicates that ramified
microglia constitutively express the MRF-1 protein and, thus,
MRF-1 is an useful marker for them in vivo. Then, we have
examined whether or not MRF-1 is upregulated in microglia/
macrophages following focal cerebral ischemia in rats. Focal
cerebral ischemia was induced as described previously (Kato
et al.,, 1996). In this experimental model, cerebral infarction
developed in the areas supplied by the right middle cerebral
artery, i.e., the lateral portion of the striatum and a part of the
overlying neocortex. Paraffin sections were used for the visu-
alization of microglia/macrophages using histochemistry with
a common microglial marker, peroxidase-labeled isolectin-B,
from Griffonia simplicifolia (Streit, 1990) and immunohis-
tochemistry with anti-MRF-1 antibody (Tanaka et al., 1998) or
ED1 (Milligan et al., 1991). In the sham-operated rat brains,
resting microglia bearing ramified, thin processes were visu-
alized with anti-MRF-1 antibody (Fig. 1A). Isolectin stained
faintly a small number of them (Fig. 1D), and no microglial
cells were stained with ED1 (Fig. 1G). After 7 days, a number
of microglial cells that displayed a strongly activated morphol-
ogy had accumulated in the marginal area surrounding the
infarction. The cells exhibited enlarged cell bodies and con-
tracted, stouter processes, and were strongly positive for anti-
MRF-1 antibody (Fig. 1B) and isolectin (Fig. 1E). They were
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Microglia/macrophages visualized with anti-MRF-1 antibody (A—C), isolectin- B4 (D—F), and ED1 (G-1) in the rat brain. Counterstained

with hematoxylin and eosin. A, D, G: sham-operation. B, E, H: seven days after 1 hr of right-middle cerebral artery occlusion, neocortex, peri-
infarct area. C, F, |: seven days after 1 hr of middle-cerebral artery occlusion, neocortex, infarction. Resting microglia are visualized with anti-
MRF-1 antibody (A), but only a small number of them are faintly stained with isolectin (D), and none are stained with ED1 (G). Activated microglia/
microglia-derived macrophages in the peri-infarct area were strongly positive for MRF-1 (B), isolectin (E), and ED1 (H). Round, monocyte-
derived macrophages covered the infarcted area. These cells were also positive for each marker (C, F, I). Bar=50 um.
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also ED1 positive (Fig. 1H); since its positive signals are lim-
ited on cell bodies, the stained regions are a little smaller than
that of anti-MRF-1 antibody or isolectin. This result suggests
that they had been transformed into activated microglia/mac-
rophages. On the other hand, round, mononuclear macroph-
age-like cells covered the infarcted area. These cells were
strongly positive for anti-MRF-1 antibody (Fig. 1C), isolectin
(Fig. 1F), and ED1 (Fig. 11). They were most likely monocyte-
derived macrophages. Thus, MRF-1 was expressed in micro-
glial cells at any stage of activation in response to cerebral
ischemia as well as in blood-borne macrophages. Further-
more, MRF-1 was apparently upregulated when microglial cells
were activated following ischemia.

Detection of mrf~1 RNA and MRF-1 on purified microglia
in vitro

When microglia derived from the cortex of rats are cul-
tured in the presence of serum, most of all cells show an amoe-
boid morphology. We performed immunostaining of the
cultured microglia with anti-MRF-1 antibody or OX42. When
fixed microglia were directory used for the immunostaining
with anti-MRF-1 antibody, the positive signals of MRF-1 were
detected on limited regions of cytoplasm of many, not all, of
the microglial cells (Fig. 2A-a) (Tanaka et al., 1998). When
fixed microglia were, however, previously treated with triton
X-100, all of them were immunostained with anti-MRF-1 anti-
body (Fig. 2A-b). Moreover, MRF-1 positive signals were
detected on both the nucleus and the whole cytoplasm. The
shape of the microglia stained with anti-MRF-1 antibody was
slightly less clear than that of microglia stained with OX42
because the antibody binds to a cytoplasmic protein, while
OX42 detects the microglial membrane protein (Robinson et
al., 1986) (Figs. 2B-a and -c). However, we found that
immunostaining with anti-MRF-1 antibody have a benefit con-
cerning to the stability on the detection of microglia (Fig. 2B).
When microglia were immunostained with OX42 at 2 days
after fixation, OX42 barely detected them (Fig. 2B-d). In con-
trast, immunoreactivity of MRF-1 was very stable after fixa-
tion (Fig. 2B-b). Giulian et al. (1995) reported that some of the
microglia transforme from amoeboid- to ramified-type in a
serum-free medium in vitro. We confirmed that ramified
microglia express MRF-1 in vitro. Six days after purified
microglia were exposed to a serum-free medium, about half
of them developed some thin processes (Fig. 3A). When the
microglia were treated with anti-MRF-1 antibody and MRF-1
was detected immunocytochemically, both the process-bear-
ing and amoeboid microglia were apparently stained (Figs.
3B and C). The result shows that ramified microglia express
MRF-1 not only in vivo but also in vitro. This immunocytochemi-
cal data was consistent with the data of mRNA analysis of
cultured microglia by the RT-PCR method. Slepko and Levei
(1996) showed that ramified microglia dissociated from the
adult rat brains by using isotonic Percoll (Merz et al., 1987)
progressively transform to amoeboid/activated microglia over
several days in the presence of serum in vitro. We analyzed
the mRNA level of mrf-1 on both the ramified microglia and
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Fig. 2. In vitro immunostaining of amoeboid microglia. A: Immuno-
staining of cultured microglia with anti-MRF-1 antibody. Purified
microglia were further cultured in normal medium for 1 day and fixed
with PFA. Some of the fixed cells were treated with triton X-100 (b).
Then the cells were immunostained with anti-MRF-1 antibody and
counterstained with Mayer’s hematoxylin solution (a, b). Arrowheads
in a show undetected microglia with anti-MRF-1 antibody. B: Immu-
noreactive stability of MRF-1. The fixed cells were immunostained
with anti-MRF-1 antibody (a, b) or OX42 (c, d), and counterstained
with Mayer’s hematoxylin solution 0 (a, c) or 2 (b, d) days after fixa-
tion, respectively. When the fixed cells were immunostained with anti-
MRF-1 antibody, they had been previously treated with triton X-100.
Bar=30 pm.

amoeboid microglia which were incubated in a serum-free
condition. mrf-1 or G3PDH, as control, on cDNAs derived from
cultured microglia were amplified dependent on the PCR cycles
for 25—-35 or 20—-30, respectively (Fig. 4A). Then, we com-
pared the amounts of mrf-1 or G3PDH message in several
culture conditions with 30 or 25 cycles of PCR, respectively.
As shown in Fig. 4B, when adult ramified microglia were incu-
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Fig. 3. Detection of MRF-1 in ramified/resting-like microglia in vitro. Purified microglia were cultured in a serum-free (N2) medium for 6 days
and fixed. Some of microglia transformed from amoeboid to ramified form. The fixed microglia were immunostained with OX42 (A) or anti-MRF-
1 antibody (B, C) and counterstained with Mayer’'s hematoxylin solution. No treatment with triton X-100. Bar=30 pm.

A

Cycles of PCR
15 20 25 30 35

mrf-1

G3PDH

Microglia Ramified|Amoeboid

Incubation
Days

FCS

12422

mrf-1

G3PDH

Fig. 4. Analysis of the amounts of mrf-1 mRNA on cultured micro-
glia by RT-PCR method. A: Standard amplification of mrf-1 and G3PDH
cDNAs. Both mrf-1 and G3PDH in cDNAs derived from cultured mi-
croglia were amplified by PCR of 15-35 cycles with each specific
probes (see the materials and methods section). B: Decreased ex-
pression levels of mr-1 mRNA on ramified microglia in vitro. Purified
microglia from either adult rats (lanes 1-3) or mixed culture of glia
(lanes 4 and 5) were incubated in the presence (lanes 1—-4) or ab-
sence (lane 5) of serum for the indicated number of days. All RNA
was extracted from each culture, and 0.5 pg of it was used for a reac-
tion with reversetranscriptase to produce cDNAs. An equal volume of
the cDNA was analyzed for quantification of mrf-1 or G3PDH mRNA
by PCR of 30 or 25 cycles, respectively. The amplified DNA was sepa-
rated on a 7% acrylamide gel and stained with SYBR Green |.
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bated in the presence of serum for 4 days (lane 3), their mrf-
1 mRNA apparently increased more than that of the cultured
microglia derived from the same population and cultured for 1
or 2 days (lane 1 or 2, respectively). In contrast, amoeboid
microglia purified from a mixed culture of glia decreased in
the expression level of mrf-1 after they were shifted to a
serum-free condition (Fig. 4B, lanes 4 and 5). For these cDNA
preparations, no apparent difference was observed on G3PDH
mRNA (Fig. 4B). These data suggest that mrf-1 is expressed
in ramified microglia and the expression level is less than that
of amoeboid microglia.

Upregulation of mrf-1 expression in response to necrotic
neuronal death in vitro

Many researches suggest that ischemia induces neuronal
necrosis rapidly (for review, Chalmers-Redman et al., 1997).
The necrosis may be mediated through an excitatory amino-
acid, such as glutamate, toxicity. It has been reported that the
distribution of neuronal necrosis detected by cresyl violet stain-
ing on the cerebral cortex of a rat ischemic brain is mostly
identical to the areas with increased OX42 immunoreactivi-
ties (Kato et al., 1996). It is known that rapid, not delayed,
neuronal death induced by glutamate in vitrois necrosis (Dessi
et al., 1993; Ankarcrona et al., 1995; Armstrong et al., 1997).
The response of microglia to the necrotic neuronal death was
examined in a cerebellar cell culture. When cerebellar cells
dissociated from P7 rats were cultured in a high K* condition
for 5 days, granule cells in the culture matured and became
high sensitive to glutamate (Fig. 5A—C) (D’Mello, 1993; Tanaka
et al.,, 1998). As shown in Fig. 5B, upon expose of glutamate
(300 pM), most of all the granule neurons showed shrunken
cell bodies within several hours. We extracted RNAs from the
cerebellar cell cultures 0—24 hr after glutamate treatment and
analyzed them by Northern blot. As shown in Fig. 6, the levels
of G3PDH, showing the amount of RNA analyzed, did not
change apparently. In contrast, the level of mrf-1 mRNA gradu-
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Fig. 5. Glutamate-induced death of matured granule neurons. After cerebellar cells were cultured in high K* (30 mM) medium for 5 days (A),
they were exposed to glutamate (300 uM) for 1.5 (B) or 18 (C) hr, and photographed with a phase-contrast microscope. In C, some of dead
neurons had detached from the surface of the dish. Also, after the cerebellar cells treated with glutamate (18 hr) were fixed with PFA and treated
with triton X-100, they were immunostained with both anti-MRF-1 rabbit IgG and OX42 (mouse). The primary antibodies were detected with
fluorescence-conjugated secondary antibodies (FITC-, anti-rabbit; TRITC-, anti-mouse). Finally, the cells were stained with hematoxylin and
photographed with a bright light (D) or a laser (E-G) on the same field: D, hematoxylin stained nuclei; E, MRF-1 positive cells; F, OX42 positive

microglia; G, double positive cells. Bars=30 pm.

ally increased for at least 24 hr. When purified microglia were
exposed to glutamate (30—-300 pM) in 10% FCS-MEM
medium, the level of their mr-1 mRNA did not change for at
least 24 hr (data not shown). On the culture of cerebellar cells
treated with glutamate, MRF-1 positive signals were also
detected in OX42 positive microglia only (Figs. 5D-G). In Fig.
6, the relative amount of mr-1 mRNA per total RNA increased
to 530% of control at 24 hr. Since the amount of total RNA
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isolated from a culture dish decreased to 54% at 24 hr
because of neuronal cell death, the relative amount of mrf-1
mRNA per culture dish becomes 280% at 24 hr. It is known
that granule neurons dissociated from the P7 rat cerebella
undergo apoptosis during 4—6 DIV in normal K* medium (Gallo
etal., 1987; Tanaka et al., 1998). The induction level of mrf-1
mRNA in response to glutamate toxicity was similar to that of
microglia in response to the apoptosis of immature granule
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Fig. 6. Upregulated expression of mrf-1 mRNA in cultured micro-
glia response to glutamate-induced necrosis of matured granule neu-
rons. Five days after sister cultures of cerebellar cells were incubated
in the presence of high K* (30 mM), glutamate (300 uM) was added to
the each culture medium directly. At indicated times, each culture
was treated with GTC solution for RNA extraction. The total RNA (20
ug) derived from each culture was separated on a 1% agarose gel
and transferred to a nylon membrane. Either mrf-1 or GBPDH mRNA
was detected on the same membrane by **P-labeled mrf-1 or G3PDH
probe, respectively. The positions of the rRNA are indicated on the
left. The amount of separated rRNA in each lane was almost equal
when the transferred membrane was stained with methylene blue
(data not shown).

neurons in a normal K* culture (Tanaka et al., 1998). These
data suggest that microglia may respond to necrotic neuronal
death and upregulate MRF-1 both in vivo and in vitro.

It is thought that microglia play an important role both in
the development of the brain and in recovery from brain inju-
ries including ischemia. In these cases, both neurons and glia
are known to undergo cell death prominently. In the region
where neurons or the nervous systems are destroyed by stimu-
lation, injury, or disease, it is observed that microglia become
transformed from a resting to an activated state and the acti-
vated microglia are proliferated. We, along with others (lto et
al., 1998; Schluesener et al., 1998), confirmed that MRF-1 or
its homologues are upregulated in the activated microglia on
the damaged tissue after nerve injury. This phenomenon sug-
gests that the physiological function of MRF-1 and its homo-
logues is possibly important in the damaged region of the brain;
however, its role has not been determined so far. Chen et al.
(1997) searched for intestinal peptides with effects on insulin
release and isolated a polypeptide daintain/AlF-1 from por-
cine intestines. They suggested that daintain/AIF-1 may be
synthesized as a prohormone and release as a cleaved form.
MRF-1 and its homologues may be involved in several func-
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tions of microglia in brain.

In summary, mrf-1 is constitutively expressed in ramified/
resting microglia, and its expression level may be upregulated
in activated microglia in response not only to apoptotic but
also to necrotic neuronal death. These results, also, indicate
that MRF-1 is an useful marker for identifying all types of
microglia in vivo and in vitro.

ACKNOWLEDGMENT

This study was supported in part by a special Grant-in-Aid for the
Promotion of Education and Research in Hokkaido University, Grants-
in-Aid from the Ministry of Education, Science, Culture, and Sports,
and the Program for the Promotion of Fundamental Studies in Health
Sciences.

REFERENCES

Ankarcrona M, Dypbukt JM, Bonfoco E, Zhivotovsky B, Orrenius S,
Lipton SA, Nicotera P (1995) Glutamate-induced neuronal death:
A succession of necrosis or apoptosis depending on mitochon-
drial function. Neuron 15: 961-973

Armstrong RC, Aja TJ, Hoang KD, Gaur S, Bai X, Alnemri ES, Litwack
G, Karanewsky DS, Fritz LC, Tomaselli KJ (1997) Activation of
the CED3/ICE-related protease CPP32 in cerebellar granule
neurons undergoing apoptosis but not necrosis. J Neurosci 17:
553-562

Bottenstein JE, Sato GH (1979) Growth of a rat neuroblastoma cell
line in serum-free supplemented medium. Proc Natl Acad Sci
USA 76: 514-517

Chalmers-Redman RME, Fraser AD, Ju WYH, Wadia J, Tatton NA,
Tatton WG (1997) Mechanisms of nerve cell death: Apoptosis or
necrosis after cerebral ischemia. Int Rev Neurobiol 40: 1-25

Chen Z-W, Ahren B, Ostenson C-G, Cintra A, Bergman T, Méller C,
Fuxe K, Mutt V, Jérnvall H, Efendic S (1997) Identification, isola-
tion, and characterization of daintain (allograft inflammatory
factor 1), a macrophage polypeptide with effects on insulin
secretion and abundantly present in the pancreas of prediabetic
BB rats. Proc Natl Acad Sci USA 94: 13879—-13884

Dessi F, Charriaut-Marlangue C, Khrestchatisky M, Ben-Ari Y (1993)
Glutamate-induced neuronal death is not a programmed cell death
in cerebellar culture. J Neurochem 60: 1953—1955

Dickson DW, Sunhee CL, Mattiace LA, Yen SHC, Brosnan A (1993)
Microglia and cytokines in neurological disease, with special ref-
erence to AIDS and Alzheimer’s disease. Glia 7: 75—-83

D’Mello SR, Galli C, Ciotti T, Calissano P (1993) Induction of apoptosis
in cerebellar granule neurons by low potassium: Inhibition of death
by insulin-like growth factor | and cAMP. Proc Natl Acad Sci USA
90: 10989-10993

Gallo V, Kingsbury A, Balazs R, Jorgensen OS (1987) The role of
depolarization in the survival and differentiation of cerebellar gran-
ule cells in culture. J Neurosci 7: 2203—-2213

Gehrmann J, Banati RB, Wiessner C, Hossmann KA, Kreutzberg GW
(1995) Reactive microglia in cerebral ischemia: An early media-
tor of tissue damage? Neuropathol Appl Neurobiol 21: 277-289

Giulian D, Chen J, Ingeman JE, George JK, Noponen M (1989) The
role of mononuclear phagocytes in wound healing after traumatic
injury to adult mammalian brain. J Neurosci 9: 4416—-4429

Giulian D, Li J, Leara B, Keenen C (1994) Phagocytic microglia
release cytokines and cytotoxins that regulate the survival of
astrocytes and neurons in culture. Neurochem Int 25: 227-233

Giulian D, Li J, Bartel S, Broker J, Li X, Kirkpatrick JB (1995) Cell
surface morphology identifies microglia as a distinct class of
mononuclear phagocyte. J Neurosci 15: 7712—-7726



578 S. Tanaka et al.

Imai'Y, Ibata |, Ito D, Ohsawa K, Kohsaka S (1996) A novel gene Iba1
in the major histocompatibility complex class Il region encoding
an EF hand protein expressed in a monocytic lineage. Biochem
Biophys Res Commun 224: 855—-862

Ito D, Imai Y, Ohsawa K, Nakajima K, Fukuuchi Y, Kohsaka S (1998)
Microglia-specific localization of a novel calcium binding protein,
Iba1. Mol Brain Res 57: 1-9

Kato H, Kogure K, Araki T, ltoyama Y (1995) Graded expression of
immunomolecules on activated microglia in the hippocampus
following ischemia in a rat model of ischemic tolerance. Brain
Res 694: 85-93

Kato H, Kogure K, Liu X-K, Araki T, ltoyama Y (1996) Progressive
expression of immunomolecules on activated microglia and
invading leukocytes following focal cerebral ischemia in the rat.
Brain Res 734: 203-212

McGeer PL, Kawamata T, Walker DG, Akiyama H, Tooyama I,
McGreer EG (1993) Microglia in degenerative neurological dis-
ease. Glia 7: 84-92

Merz GS, Schwent V, Schuller-Levis G, Gruca S, Wisniewski HM
(1987) lIsolation and characterization of macrophages from
scrapie-infected mouse brain. Acta Neuropathol 72: 240—-247

Milligan CE, Cunningham TJ, Levitt P (1991) Differential immu-
nochemical markers reveal the normal distribution of brain mac-
rophages and microglia in the developing rat brain. J Comp Neurol
314:125-135

Nagasawa H, Kogure K (1989) Correlation between cerebral blood
flow and histrogic changes in a new rat model of middle cerebral
artery occlusion. Stroke 20: 1037-1043

Robinson AP, White TM, Mason DW (1986) Macrophage heteroge-
neity in the rat as delineated by two monoclonal antibodies MRC
OX-41 and MRC OX-42, the latter recognizing complement
receptor type 3. Immunology 57: 239-247

Downloaded From: https://bioone.org/journals/Zoological-Science on 30 Nov 2024
Terms of Use: https://bioone.org/terms-of-use

Schluesener HJ, Seid K, Kretzschmar J, Meyermann R (1998)
Allograft-imflammatory factor-1 in rat experimental autoimmune
encephalomyelitis, neuritis, and uveitis: Expression by activated
macrophages and microglia cells. Glia 24: 244—251

Slepko N, Levi G (1996) Progressive activation of adult microglia cells
in vitro. Glia 16: 241-246

Stoll G, Trapp BD, Griffin JW (1989) Macrophage function during
Wallerian degeneration of the rat optic nerve: Clearance of
degenerating myelin and la expression. J Neurosci 9: 2327-2335

Streit WJ (1990) An improved staining method for rat microglia cells
using the lectin from Griffonia simplicifolia (GSA |-B,). J Histochem
Cytochem 38: 1683—-1686

Suzuki K, Koike T (1997) Brain-derived neurotrophic factor suppresses
programmed death of cerebellar granule cells through a post-
translational mechanism. Mol Chem Neuropathol 30: 101-124

Suzumura A, Bhat S, Eccleston PA, Lisak RP, Silberberg DH (1984)
The isolation and long-term culture of oligodendrocytes from
newborn mouse brain. Brain Res 324: 379-383

Tanaka S, Suzuki K, Watanabe M, Matsuda A, Tone S, Koike T (1998)
Upregulation of a new microglial gene, mrf-1, in response to pro-
grammed neuronal death and degeneration. J Neurosci 18: 6358 —
6369

Thery C, Chamak B, Mallat M (1991) Cytotoxic effect of brain mac-
rophages on developing neurons. Eur J Neurosci 3: 1155—-1164

Utans U, Arceci RJ, Yamashita Y, Russell ME (1995) Cloning and
characterization of allograft inflammatory factor-1: A novel mac-
rophage factor identified in rat cardiac allografts with chronic
rejection. J Clin Invest 95: 2954—-2962

(Received September 30, 1999 / Accepted December 23, 1999)



