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Abbreviation

platelet-activating factor ( 1-0-alkyl-2-acetyl-sn-glycero-3-phosphocholine)
central nervous system
P AF receptor
PAFR
PAF acetylhydrolase
PAF-AH
N-methyl-D-aspartate
NMDA
mitogen-activated protein kinase
MAPK
lrans-l-amino-1 .3"-cyclopentanedicarboxylic acid
t-ACPD
Dulbecco's modified Eagles's medium "Nissui"2
DMEM
microtuble-associated protein 2
MAP2
glial fibrillous acidic protein
GFAP
fluorescein isothiocyanate
FITC
bovine serum albumin
BSA
phosphate buffered saline
PBS
Chinese hamster ovary
CHO
cytoplasmic phospholipase A2
cPLA2
arachidonic acid
AA
poly-L-lysin
PLL
intracellular Ca2• concentration
[Ca2• ] ,
tetramethylrhodarnine isothiocyanate
TRITC
BAPTA-AM O-O'-bis(2-arninophenyl) ethylene glycoi-N,N,N',N'-tetra-acetic acid, tetraacetoxymethyl ester
reverse transcription-polymerase chain reaction
RT-PCR

PAF

CNS
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Introduction

Platelet-activating factor (P AF) (1-0-alky1-2-acety 1-sn-glycero-3-phosphocboline) (Figure
1) is a potent activator of platelets and is later shown to have diverse biological effects on

various cells and tissues (Hanahan, 1986; Braquet et al. , 1987; Snyder, 1989; Prescott et al.,
1990; Izumi and Shimizu, l99S) . In the central nervous system (CNS), PAF is involved in
various events (Feuerstein et al., 1990; Frerichs et al., 1990; Doucet and Bazan, 1992; Bazan,
1994). PAF induces long-term potentiation (Wieraszko et al. , 1993; Kato et al., 1994), enhances
excitatory postsynaptic transmission (Clark et al., 1992) and increases memory task performance
(Izquierdo et al., 1995). PAF receptor (PAFR) antagonists are reported to suppress postiscbemic
neuronal death (Panetta et al., 1989; Gilboe et al., 1991; Prehn and Krieglstein, 1993) and PAF is
related to human immunodeficiency virus-associated neuronal cell death (Genis et al., 1992;
Epstein and Gendelrnan, 1993; Gelbard et al., 1994; Lipton, 1994; Lipton et al., 1994). Additionally,
P AF bas been shown to. be relevant to the development of the brain because a subunit of P AF
inactivating enzyme, PAF acetylhydrolase (PAF-AH), has a 99 % homology with the gene
coding for Miller-Dieker lissencephaly with the lack of gyri and sulci in the cerebral cortex
(Reiner et al., 1993; Hattori et al., 1994). These events suggest that PAF plays a crucial role in
theCNS.
Previous reports demonstrated the synthesis of P AF by application of acetylcholine ( Sogos
et al., 1990) and dopamine (Bussolino et al., 1986), during convulsant electrical stimuli (Kumar
et al., 1988), ischemia (Baker and Chang, 1993; Baker and Chang, 1994; Kunievsky and Yavin,
1994; Francescangeli et al., 1996) or viral infection (Gelbard et al., 1994; Nishida et al., 1996).
However, the cells in the brain responsible for the synthesis remain to be elucidated.
In point of the expression of PAFR, our previous study demonstrated that PAFR is
expressed ubiquitously in the CNS of rat brain (Bito et al., 1992). Other studies showed that
cultured astroglia (Petroni et al., 1994) and microglia (Rbigi et al., 1995) respond to PAF.
The present study was undertaken to clarify following points; which cells in the brain
produce PAF, which cells respond to PAF and how targeted cells react to PAF. Here we found
that (1) PAF was predominantly synthesized in neuronal cells by the stimulation of glutamic
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acid, especially through NMDA receptor activation, (2) PAFR rnRNA was expressed in microglia
and hippocampal neuron by in situ hybridization and i=unohistochemisty , (3) P APR expressed
in microglia functionally elicited the intracellular calcium rise, (4) microglia showed chemotactic
response to PAP, possibly through the activated mitogen-activated protein kinase (MAPK) cascade,
and (5) PAF-activated microglia released arachidonic acid and glutamate. These fmdings suggest
that PAF plays a critical role of neuron-microglial interaction in various events like inflammation,
ischemia, neuronal cell death and apoptosis.

A. Synthesis of P AF in the rat brain

A-1 Experimental procedures

A-1-1 Materials
PAF (C-16) was purchased from Cayman Chemicals, Ann Arbor, MI. Glutamic acid,
NMDA, kainate, t-ACPD and MK-801 were purchased from Research Biochemicals Inc., Natick,
MA. A23187 calcium ionophore was purchased from Calbiochem, La Jolla, CA. PTX from
Funakoshi, Tokyo, and MEKI inhibitor PD98059 from New England Biolabs, Beverly, MA.
WEB2086 was a geneous gift of Boeringer Ingerheim, Germany.

A-1-2 Primary cell culture
Primary cultures of hippocampal neurons were prepared from 15-19 days Wistar rat
embryos by the method of Banker and Cowan (Banker and Cowan, 1977) with modifications.
Bliefly, hippocampal tissues were removed and treated with I mg/ml trypsin (Gibco, Gaithersburg,
MD) and 0.5 mg/rnl DNase I (Boehringer Mannbeirn, Germany) in 120 roM NaCl, 5 mM KCl,
25 mM D-glucose, 20 roM PIPES, pH 7.0, for 5 min at 37

·c.

The tissue suspension was

centrifuged at 150 X g for 20 sec, and the cell pellet was resuspended in 0.3 mg/ml trypsin
inhibitor (Gibco) and 40 !lg/ml DNase I in the above buffer. After gentle trituration with a
Pasteur pepette, the cells were centrifuged at ISO X g for 3 min. The cell pellet was resuspended
in glutamate-free Dulbecco's modified Eagles's medium "Nissui"2 (DMEM) (Nissui, Tokyo )11 0
%horse serum supplemented with 0.1 mg/ml transferrin (Sigma), 16!lg/rnl putrescine (Sigma) ,
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and 5 ~g/ml insulip (Wake Chemicals, Osaka, Japan), 20 nM progesterone (Sigma), and 30 nM
NaSep 4 (S igma) (Bottenstein, 1985}. Cells were seeded at a density of 1!1 cells per well in the
same medium with 10 % fetal calf serum (Upstate Biotechnology, NY). Cells were incubated at
37 ' C in a .humidified atomosphere of 5 % CO, in air. After incubation for 2 or 3 days, serum
was deprived to prevent increase of astroglia or other fibroblastic cells. The purity of neuronal
cells was estimated to be >99 % (data not shown) by staining with two monoclonal antibodies
against neuroftlament and microtuble-associated protein 2 (MAP2) (Sigma). The PAF synthesis
was measured at 10 days after preparation.
Astroglia was prepared from the brain of rat pups (P3) by the previously reported method
(Mori eta!., 1990), with modifications. Briefly, after incubation of brain mixed culture for 10
day, non-astroglial cells were removed by shaking (MaCartby and de Vellis, 1980} and subculturing
twice. Isolated astroglia were cultured in DMEM supplemented by 10 % fetal calf serum. The
final purity of astrocytes was estimated to be >99.5 %(data not shown) by staining with anti-GFAP
antibody (Sigma). Subconfluent cells were used for determination of PAF synthesis.
Microglia was prepared from neonatal rat cerebral tissues, as described previously
{Nakajima et a!., 1989; Nakajima et a!., 1992}. Briefly, trypsin-treated cerebral cells were
cultured in DMEM/10 % FCS for about two weeks and microglia was purified by shaking .
Isolated microglia was cultured in DMEM with 0.1 % BSA (PENTEX, Miles Inc., Kankakee,
IL) and used within 24 hr. The purity of microglia was estimated to be >99.5 % (data not
shown) by staining with fluorescei n isothiocyanate (FITC)-Jabelled-isolectin B4 (Sigma), a
microglial surface marker.

A-1-3 Extraction of PAF

Before ligand stimulation, all cells were cultured at least over 12 hr in a serum-free
medium containing 0.1 % BSA. Each ligand was prepared in the same medium. After ligand
stimulation, the culture medium was collected. Then, cells were scraped and retrieved with 0.1 %
phosphate buffered saline (PBS). From these 2 samples per well, lipids were extracted by the
Bligh and Dyer method (Bligh and Dyer, 1959}. The extracted lipids .in chloroform were loaded
onto a Sep-Pak silica column (Waters, Tokyo) prewashed with chloroform to purify PAF. The
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column was sequentially washed by 100 % chloroform, acetone : methanol (1 : 1, v/v) and
chloroform: methanol (7: 3). PAF was eluted with chloroform: methanol: water (I : 2 : 0.8).
PAF was further extracted by the Bligh and Dyer method into chloroform solution. After
evaporation with a rotatory evaporator, the dried precipitates containing P AF were dissolved into
20 mM HEPES/NaOH pH 7.4, 10 mM MgC~ and 0.1% BSA buffer and vigourously sonicated
in a bath sonicator for 15 min.

A-1-4 PAF radioreceptor binding assay
To measure PAF, we employed a radioreceptor binding assay which was established in our
laboratory (Aoki et al., 1995). A1iquots of extracted samples were incubated with 40 nM
eHJWEB2086 (Du Pont NEN, Tok-yo) and 100 ~J,g membrane from Chinese hamster ovary
(CHO) cells carrying PAFR in the binding buffer; 20 mM HEPES, 10 mM MgC12 and 0.1 %
BSA. After incubation for 60 min at 25

·c. the membrane was absorbed to GF-C glass filters

(Packard, Meriden, CT). The filters were washed 5 times each 1 rnJ of with 20 mM HEPES, 10

mM MgCl2 and 0. 1 % BSA, and the radioactivity of the filters was measured with a Top Count
radioderector (Packard). The amount of P AF was quantified with a standard curve using various
amounts ofPAF.

A-2 Results

A-2-1 Synthesis of PAF in rat neuron
To clarify the synthesis of PAF and its producing cell types in the brain, we determined PAF
using radioreceptor binding assay in rat primary culture systems. Previous in-vivo studies have
shown the presence of PAF in the CNS by convulsant electrical stimuli (Kumar et al. , 1988) and
ischemia (Baker et al. , 1993; Baker et al. , 1994; Kunievsky et al., 1994; Francescangeli et al.,
1996). Thus, we selected glutamic acid, NMDA and calcium ionophore as ligands to stimulate
cultured cells. PAP was synthesized in neuron by 50

1J.M NMDA +

I IJ.M glycine stimulation

(Figure 2a) , but not in astroglia or microglia (Figure 4). P AF was synthesized with the peak of
I min, and degraded rapidly (Figure 2a). Similar results were obtained by the stimulation with
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10 J.1M glutamic acid (Figure 2b). The synthesis of PAF was dependent on the concenuation of
NMDA (Figure 3) . We also examined its synthesis in rat primary astroglia and microglia
(Figure 4). Astroglia was stimulated by 10 J.1M glutamic acid, 50 mM KCl and 100 J.1M A23187
for 1 min and microglia was stimulated by 100 11M A23187 for 1 min. Though glutamic acid
and A23187 at these concentrations were enough to cause a full elevation of intracellular calcium
ion (data not shown), PAF was not detected in these cells or their culture media.

A-2-2 Requirement of NMDA receptor activation for PAF synthesis
To investigate the signal to initiate the PAF synthesis, various ligands were applied in
neuronal cell culture (Figure 5). As a positive control, 100

J.1M glutamic acid was used. To

determine the glutamate receptor subtypes related to PAF synthesis, NMDA, kainate, t-ACPD
and MK801 (an NMDA receptor blocker) were used. NMDA and A23187 synthesized PAF, and
tACPD and KCI showed a production of PAF to smaller extent. AMP Aikin ate receptor stimulation
did not produce PAF. The effect of NMDA was inhibited by MK80l or extracellular calcium
depletion. Taken together, the NMDA receptor activation and intracellular calcium elevation
were required to Uigger the synthesis of PAF.

A-3 Discussion

A-3-1 PAF synthesis and pathological evetlts in CNS
Many previous studies indicate that PAF is present in the CNS and plays a crucial role in
neuronal events pertinent to diseases such as ischemia, convulsion, uauma, virus infection and
neuronal development (Panetta eta!., 1989; Gilboe eta!., 1991; Genis eta!., 1992; Epstein eta!.,
1993; Prehn et al., 1993; Reiner eta!., 1993; Wieraszko eta!., 1993; Gel bard et al. , 1994; Hattori
et a!., 1994; Kato et aL , 1994; Lipton, 1994; Lipton eta!., 1994). However, they have only
shown the presence of P AF in particular and long-lasting conditions. The synthetic cells and
mechanisms in the brain remain to be elucidated. Our data have shown first that even in a
normal glutamic acid stimulation, PAF is synthesized in neuron mainly by NMDA receptor
activation and is decomposed very rapidly (Figure 2). The presence of PAF as a cell-associated
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Fig. 2 P AF synthesis in rat hippocampal neuron
a. Time course of PAF synthesis by SO ~ NMDA stimulation.
b. Time course ofPAF synthesis by 10 ~glutamic acid stimulation.
Rat hippocampal neuronal cells were stimulated by each ligand. At indicated times, cells and
culture media were collected and P AF was extracted by Bligh-Dyer method. The deteml.ination of
PAF was performed by radio-receptor binding assay using PAFR-expressed CHO cell membrane as
described in Experimental Procedures. PAF was synthesized and degraded i=ediately after
stimulation.
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Fig. 3 Dose dependent synthesis of P AF in rat hippocampal neuron
Varying concentration of NMDA were applied to primary culture of ral hippocampal
neuron. 1 min later, cells were collected and PAF was determined by radioreceptor
assay. NMDA dose-dependently stimulated the synthesis of PAF in neuron. Columns
and vertical bars denote the mean and SD, respectively.
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Fig.4 PAF synthesis in rat brain astroglia and microglia
Rat primary culture of astroglia and microglia were stimulated by various ligands;
10 J.lM glutamic acid , 50 mM KCl and I J.lM A23187 for 1 min. No significant production
of P AF was detected in stimulated cells or culture media. Columns and vertical bars denote the
mean and SD, respectively.
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Fig. 5 PAF synthesis in neuron mediated. by NMDA receptor and calcium elevation
Rat hippocampal neurons were stimulated by various ligands; 10 ~glutamic acid, 50~ NMDA,
100 I!Mkainate, 100 J.LM tACPD, 50 mM KCI and 1 J.LM.A23187. 1 J.LM MK-801 , NMDA receptor
antagonist, was applied 30 min before NMDA application. PAF was synthesized mainly by NMDA
receptor mediated stimulation and intracelllular calcium elevation. Columns and vertical bars denote
the mean and SD, respectively.
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form agreed with the previous results using guinea-pig neutrophils (Aoki et a!. , 1995). Other
neurotransmitters might be involved in PAF synthesis, such as acety lcholine (Sogos et a!. ,
t990)and dopamine (Bussolino eta!., 1986). However, the present study for the first time
provided a direct evidence that glutamic acid stimulated the synthesis ofPAF in the neuron.
The fact that calcium influx is necessary to produce P AF can account for the PAF elevation .in
ischemia and convulsion because these pathological events subsequently evoke long-lasting
intracellular calcium rise (Nishida and Markey, 1996). Furthermore, our data agree with the fact
that MK801, an NMDA receptor antagonist, suppresses PAF elevation by murine or human
aquired immunodeficiency virus infecti.on and reduces following neuronal death ( Gelbard eta! .,
1994; Nishida eta!., 1996).
Synthesis of PAF can involve two different routes (Bazan et a!. , 1991) (Figure 6). One
pathway stems from alkyl-acetyl-glycerophosphocholin'e which deacylated by cytoplasmic
phospholipase A2 (cPLA2) to form lyso-PAF and mostly arachidonic acid (AA). Then lyso-PAF
acetyltransferase introduces an acetyl group at C-2 of lyso-PAF to form PAF. PAF is degraded
by PAF-AH to lyso-PAF again. In this remodeling pathway, cPLA2 is a key enzyme which is
triggered by intracellular calcium rise through many neuronal events. Another pathway stems
from alkyl-acetyl-glycerol which is transfered pbospbocholine of CDP-choline by
cbolinephosphotransferase. In this de novo pathway, this enzyme is expressed in microsomal
fraction of immature cerebral cortex (Baker et a!., 1993). It is still unknown which route is
predominantly working and what signals evoke these pathway in the CNS. In this report, we
demonstrated intracellular calcium rise evoked PAF synthesis in neuron. This fact supports that
at least the remodeling pathway is possibly related to P AF synthesis in neuron, because cPLA2 is
activated by calcium ion.
Rapid degradation of PAF (Figure 2) is due to the acitvity of PAF-AH. PAF-AH is
predominantly present in the cytosol (Hattori et al., 1993) and its activity is related to the
neuronal migration (Albrecht eta!., 1996) and development of the CNS (Hattori eta!., 1994). In
an intact brain tissue, PAF is possibly functioning as a neuronal messenger in a short range of
time and space. In fact, it was reported that PAF evoked a long-term potentiation in hippocampus
and is one of candidates of retrograde messengers related to neuronal plasticity ( Kato et a!. ,
15

1994). Under various pathological conditions such as ischemia, convulsion and infection, the
balance between PAF synthesis and PAF-AH activity may collapse by long-lasting elevation of
intracellular calcium concentration, and P AF will increase enough to induce various responses to
adjacent neuron and glia. Further studies are needed to elucidate the pathway to synthesize and
decompose P AF in neuronal cells.

B. Localization and expression ofPAF receptor (PAFR) in CNS

B-1 Experimental procedures

B-1-1 in situ hybridizati011

Sprague-Dawley rats were anesthetized with diethy.l ether and decapitated. Brains were
removed, dissected coronally or parasagittally, embedded in an OCT-compound (Tissue-Tek,
Miles, Erkhart, IN) and frozen in isopentane at -30

·c.

Coronal and parasagittal sections of 10

[liD thick were prepared on a cryostat, mounted on poly-L-lysin coated slide glass (Matsunami,

JAPAN) , and dried for 10 min at room temperature.

The sections were fixed in 4 %

paraformaldehyde buffered with 0.1 M phosphate buffer for 10 min, acetylated with 0.25 %
acetic anhydride, dehydrated in ethanol of ascending concentrations (70 %, 95 %, 100% and 100

%), and stored at -80

·c. Sections of rat whole embryos, embryonic day 18 (El8), and pup brains

(PO, P7, Pl4, P21) were prepared in the same procedure.
In situ hybridization was carried out as described previously (Shigernoto et al., 1992), with
modifications. Briefly, aPvui-Avai fragment (0.9 kb) of the coding region ofrat PAFR eDNA
[Bito, 1994 #20] was subcloned into pBluescript II (Stratagene, La Jolla, CA) and linearized by

Bamffl digestion. An 35S-labeled eRN A probe was made with a cRNA synthesizing kit (Maxiscript,
Arnbion, Austin, TX). The final radioactivity of the probe solution was adjusted to 105 cprnl!lL
After hybridization at 55

·c for 6 hr in a humid chamber, the sections were washed in 2 X
·c for 1 hr, and they were treated

at room temperature overnight and in 2 X SCC at 60
RNaseA (20 !lg/ml) at 37

•c for

SCC
with

30 min in 0.5 M NaCl/10 rnM Tris-Cl/1 mM EDTA. The final

wash was carried out in 0.1 X SCC at 37

·c for I hr. The sections were dehydrated in ethanol of
16

ascending concen.trations (30 %, 90 % 100 o/o and 100 %).

The air-dried sections were

autoradiograpbed on Hyperfilrn-betamax (Amersbam, Buck.inghamshire, UK) or dipped in 1: I
diluted NTB-2 emulsion (Kodak, Rochester, NY). The exposure periods were 10 days for the
film and 6-7 weeks for the emulsion.

B-1-2lmmunohistoclzemistry followed by in situ hybridization
To identify the most intensely labeled cells, the brain sections from adult rats were immunostained
with a macrophage/microglia maker (OX-42; anti-CR-3 complement receptor antibody) or an
astrocyte marker (anti-glial fibrillary acidic protein (GFAP) antibody) before in situ hybridization.
OX-42 (Serotec, Oxford, UK) and anti-GFAP antibody (G-3893, Sigma, St.Louis, MO) were
affrnity-purified twice with protein-G columns (Pharmacia, Uppsala, Sweden), because incubation
with the crude antibodies substantially decreased mRNA signals of the subsequent in situ
hybridization, probably due to the RNase in the crude preparations.
Cryostat sections (10 J.J.M thick) of adult rat brains were fixed serially in 4 o/o paraformaldehyde
buffered with 0.1 M phosphate buffer, 50 o/o aqueous acetone, 100 % acetone, and 50 o/o aqueous
acetone (each for 2 min), and blocked with 0.1 % nuclease-free BSA (Sigma) in PBS for 5 min at
room temperature. Incubation with the purified primary antibodies (1:200) was carrried out for
10 min at room temperature with 0. 1 % BSAIPBS. After three brief washes with PBS , the
sections were incubated with biotinylated anti-mouse fgG antibody (1:200; Vector, Burlingame,
CA) with 0.1 % BSAIPBS for 10 min and subsequently with avidin-biotin-horseradish peroxidase
complex (Vectastatin Elite; Vector) for 10 min, according to the manufacturer's instructions.
lmmunostaining was visualized with I mg/rnl diarninobenzidine tetrahyd.rochloride (DAB) in
PBS containing 0.02 o/o H,0 2• The stained sections were then acetylated , dehydrated, and
subjected to in situ hybridization, as described above. All the immunostaining procedures were
carried out under RNase-free conditions.

B-1-3 Primary cell cultures
Neuron, astroglia and microglia were prepared as described above. Fibroblasts were prepared
from pooled meninges of neonatal rat brains, as described previously ( Saitoh et a!., 1992). The
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purity of fibroblastic cell was estimated to be >90 %from the staining with anti-human fibronectin
antiserum (Cappei-Organon Teknika, Belgium). Microglia derived from PAFR knock-out mice
(Ishii and Shimizu, 1998) was also purified with the same procedure.

B-1-4 Preparation of RNA and Northern blot/RT-PCR analyses for PAFR in primary cell
culture

Total cellular RNA was isolated from each culture by the guanidium thocyanate/CsCl method
(MacDonald et al., 1987). The RNA samples (10 llg each) were electrophoresed in 1.2 %
agarose gel containing 7 % formaldehyde and alkaline-transferred onto a Hybond-N+ membrane
(Amersharn). The blot membrane was incubated at 65 ' C in 10 ml rapid hybridization buffer
(Amersham) for 30 min. A e 'P] dCTP-labeled probe was synthesized from the Pvul-Aval
fragment (0.9 kb) of rat PAFR eDNA with a random-primed DNA labeling kit (Ready-Prime,
Amersham) and added to the hybridization buffer. After incubation on a shaker at 65 'C for 2 hr,
the membrane was washed in 50 ml of 2 X SCC containing 0.1 % SDS at room temperature afar
30 min and in 1 X SCC at 65 ' C for 30 min. The signals were detected by autoradiography on
X-ray film. PAFR mRNA expression was evaluated further by reverse transcription-PeR (RTPCR) . The first-strand eDNA was synthesized from l!lg of total RNA from each cell culture.
Aliquots (I/50) of the eDNA samples were amplified with PCR using rat PAPR-specific primers:
CCGCTGTGGATTGTCTATTA (upsteam, 5' -> 3') and AGGAGGTGATGAAGATGTGG
(downstream, 5' -> 3') for 25, 30, or 35 cycles with a thermal cycle of 58 - 72- 94 ' C (each for 1
min). The PCR products were electrophoresed in agarose gel and visualized by ethidium-brornide

staining.

B-1-5 Fluorometric imaging of [C£1•] i primary cultures of rat microglia and hippocampal
cells

Because PAFR rnRNA expression was detected in the brain and primary cell culture systems,
the functional presence of the receptor was then determined in cultured cells. Fluorometric
measurement of intracellular Ca1+ concentration ([Ca1•]) was carried out using primary cell
cultures of (1) microglia isolated from culture of neonatal rat cerebrum and (2) hippocan1pal cells
18

from E16 rat embryos. PAFR protein itself could not be detected immunobistochernically
because no an ti-P AFR antibodies were available for this purpose.
(I) Microglia were prepared as described above and maintained on PLL-coated coverslips for
12-24 hr. The cell culture was loaded with 5

!.1M Fura 2-AM

(Dojin Chemicals, Kumamoto,

Japan) in glutamate-free DMEM containing fatty acid-free 0.1 % BSA (Sigma) at 37 'C for l hr.
Flunrometric imaging was carried out with an inverted microscope (TMD300, Nikon, Tokyo,
Japan) equipped with fluorescence lenses (Fluor-10 and -40, Nikon) and an ICCD camera/image
analysis system (Argus-50; Hamarnatsu photonics, Hamamatsu, Japan) at 22-25 ' C. Eight frames
(frame/0. 03 sec) were integrated, and ratio images (340/380 nm) were acquired every 10 sec.
PAF (10 nM) was bath-applied in the HEPES-Tyrode buffer (140 mM NaCI , 2.7 mM KCI, 1.8

mM

CaC~,

12 mM NaHC03 , 5.6 mM D-glucose, 0.49 mM MgC4, 0.37 mM NaH2PO.., 25 mM

HEPES , pH 7 .4) containing 0.1 % BSA.
(2) Primary culture of hippocampal tissues was prepared from rat embryos (E16) as described
previously (Banker et al. , 1977), with modifications. Briefly, bippcampal tissues were removed
and treated with 1 mg/ml trypsin (Gibco, Gaithersburg, MD) and 0.5 mglml DNase I (Boehringer
Mannheim, Germany) in 120 mM NaCJ, 5 mM KCJ, 25 mM D-glucose, 20 mM PIPES, pH 7.0,
for 5 min at 37 ' C. The tissue suspension was centrifuged gently at 150 X g for 20 sec, and the
cell pellet was resuspended in 0.3 mglml trypsin inhibitor (Gibco) and 40 iJ.g/ml DNase I in the
above buffer. After gentle trituration with a Pasteur pepette, the cells were centrifuged at 150 X
g for 3 min. The cell pellet was resuspended in glutamate-free DMEM/10 % horse serum
supplemented with 0.1 mg/ml transferrin (Sigma) , 16 iJ.g/ml putrescine (Sigma), and SiJ.glml
insulin (Wako Chemicals, Osaka, Japan), 20nM progesterone (Sigma), and 30 oM NaSep4
(Sigma) (Hottenstein, 1985) and plated on polyethylene imine-coated coverslips with four-well
silicon chambers (Flexiperm disc, Heraeus Biotechnology, Hanau, Germany) at 1.0 X 106 cells
/well . The culture was maintained for 2 days in this medium and subsequently for 10-13 days in
the medium containing 0.1 %fatty acid-free BSA (Pentex , Miles, Kankakee, lllinois) in place of
horse serum. The medium was changed every 3 days. Fluorometric Ca2• imaging was carried
out as described above. Before P AF application, the cells were pretreated with 0.5 iJ.M tetrodotoxin
(Wako Chemicals) in the HEPES-Tyrode buffer containing 0.1 % BSA. After [Ca2•] ; returned to
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the baseline level, Ca1+imaging was repeated in some of the samples with application of 50 11M
NMDA in the HEPES-Tyrode buffer/0.1 % BSA to identify neuronal cells.

B-1-6 Immunocytochemical examination of PAF-responsive hippocampal cells
[mmediately after the fluorometric imaging, the hippocampal cultures on the covers! ips were
washed briefly three times with PBS, fixed in 2% paraformaldehyde/PBS at room temperature
for 5 min, washed three times with PBS, fixed in 100% methanol at -2s·c for 30 sec, and rinsed
with PBS . Subsequently, the samples were incubated in 10 % horse serum/PBS containing
O.lmM each of CaCJ,, MgCJ, and MnC1 2 at room temperature for 10 min and then in the same
solution containing lOJ.l.g/ml FITC-labeled isolectin B4 and monoclonal anti-GFAP (1:200, Sigma)
or anti-MAP2 antibody (1 :500, Sigma) for 45 min at room temperature. After three brief washed
with PBS, the samples were incubated with tetramethylrhodamine isothiocyanate (TRITC)-labeled
anti-mouse IgG antibody (1:50, Serotec) in 10% horse serum/ PBS for 30 min at room temperature.
After three brief washed with PBS, the samples were then mounted in 50% glycerol containing
0.5 % 1,4-diazobicycle-[2.2.2.]octane (DABCO, Sigma). The stained samples were observed
using the fluorescence microscope/ARGUS system described above. FITC and TRITC were
visualized under 470 and 540 nm emission light, respectively, and with appropriate absorption
filters . Isolectin B4 and OX-42 (used in immunostaining the sections) both bind to ameboid,
ramified, and reactive microglia and thus are suitable markers for detection of a wide variety of
microglia (Thomas, 1992, Nakajima, 1993 #105).

B-2Results

8-2-1 Ubiquitous expression of PAFR in rat brai11 by in situ hybridization

The in situ hybridization signals of PAFR were ubiquitously expressed in rat brain, and
relatively intense in the cerebral cortex, olfactory bulb, pyramidal cell layer of the hippocampus,
medial thalamus, hypothalamus, and granular cell layer of the cerebellum (Figure 7). In the
hippocampus, intense signals were scattered randomly, and moderate signals were found in the
pyramidal cell layer and dentate gyrus (Figure 8). In the cerebral cortex, intense signals were found
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in all th.e layers and moderate signals were detected in layers IT-V (Figure 9a). In the cerebellum,
intense signals were scattered randomly as in the hippocampus and cortex, and moderate signals
were found in the granular cell layer and Purkinje cell layers (Figure 9b). These scattered
distributions of intense signals were common in all the brain areas. The intensity and distribution
pattern of signals were constant among P7, Pl4 and P21 brains and similar to that of the adult
(Figure I 0).

B-2-2 Predominant expression of PAFR in microglia in rat brain
The PAFR-expressing cell types were classified into at least 2 groups by in situ
hybridization and nuclear staining with cresyl violet (Figure 11). One type of cells was densely
labeled and had small nuclei of irregular and anglar shapes with dense staining (Figure 11.
small arrow). These cells were ubiquitously distributed ·in the gray and white matter of the
whole brain. These findings suggest that this type of cells are microglia [del Rio-Hortega, 1932
#37 , Vaughan, 1984 #137]. The other type of cells was moderately labeled and had large nuclei
of round shapes with light staining (Figure 11. large arrow). These cells were distributed in
pyramidal cell layer of the hippocampus and layers II-V in the cerebral cortex. These findings
suggest that this type of cells are neurons.
To certify the cell types expressing PAFR, immunohistochemistry followed by in situ
hybridization were performed. It revealed that almost all of the densely labeled cells are OX-42
positive but anti-GFAP negative in the adult rat brain (Figures 12.13.). This indicates that
microglia predominantly expressed PAFR mRNA in rat brain . However, all of the OX-42
labeled cells were not positive for mRNA signals. It means that microglia heterogeneously
expressed PAFR mRNA. On the other band, weak and moderately signals were found in OX-42
and anti-GFA P negative cells with large and light-stained nuclei. These cells were apparently
neurons. We tried immunohistocbemistry for pup brain but without success because it required
longer incubation time with antibody and caused signal of labeled cRNA probe weaker possibly
by degrading RNA.
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Fig. 7 In situ hybridization of PAFR mRNA in adult rat brain
Fresh-frozen rat brain coronal (a. b) and parasagittal (c.d) sections were hybridized with a 35S-labeled
antisense eRNA probe synthsized from a Pvui-Avai fragment of rat P AFR eDNA in the absence (a.c)
or presence (b.d) of 100-fold cold excess unlabeled eRN A. The signals were ubiquitous but relative
intense in the cerebral cortex, olfactory bulb, pyramidal cell layer of hippocampus, medial thalamus ,
hypothalamus, and granular cell layer of cerebe!Jum.
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Fig. 8/n situ hybridization ofPAFR mRNA in adult rat brain hippocampus
In situ hybridization was performed as described in the legend of fig. 7. In the hippocampus, intense
signals were scattered randaml y, and moderate signals were found in the pyramidal cell layer and
dentate gyrus.
.
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Fig. 9 In situ hybridization of PAFR mRNA in adult neocotex and cerebellum
In situ hybridization was performed as described in the legend of fig. 7. In the neocotex (a), intense
signals were scatteredrandamly, and moderate signals were found in the II-IV layers. In the cerebellun1,
(b) intense signals were scattered randamly, and moderate signals were found in the granular and
Purkinj e cell layers.
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Fig. 10 developmental changes ofPAFR mRNA expression in rat hippocampus
In situ hybridization was performed as described in the legend of fig. 7. The intense of signals was
constant among P7 (a) , Pl4 (b) and P21(c).
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in situ hybridization of PAF receptor mANA
stained with cresyl violet
hippocampus
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Fig.l1I11 situ hybridization ofPAFR mRNA and detectim of cell types by nulear staining
lnsitrt hybridization aod immunohistochemistry were carried out as described in Experimental Procedures.
Cresyl violet staining was performed in adult rat hippocampal (a) aod neocortical sections (b).
Intense labelled cells have dense stained smill nuclei with irregular aod anglar shapes, which were
distriruted ubiquitous! y in hippocampus and neocortex.
Moderately labelled cells have light stained large round nulcei, which were distributed in pyramidal
eel! layer of hippocampus and Iayer li-IV of cortex. (large arrow)
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a

in situ hybridization of PAF receptor mANA
stained with OX-42
hippocampus

b

cortex

·-

Fig. 12 In situ hybridization ofPAFR mRNA and detectioo of cell types by microglial marker
ln situ hybridization and immunohistochemistry were carried out as described in Experirneutal Procedures.
OX-42, microglial swface marker was used in adult rat hippocampal (a) and neocortical sections (b).
Densely labelled cells were almost OX-42 positive. However all of OX -42 positive cells did not indicate
thePAFR rnRNA signal.
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a

in situ hybridization of PAF receptor mRNA
stained with anti-GFAP
hippocampus

b

cortex

...

Fig. 13Zn situ hybridization of P AFR mRNA and detectim of cell types by astroglial marker
In situ hybridization and immunohistochemistry were carried out as described in Experimental Procedures.
Anti-GF AP, astroglial surface marker was used in adult rat hippocampal (a) and neocortical sections (b).
Densely labelled cells were GFAP negative. ·
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B-2-3 Predominant expression of PAFR in cultured microglia by Northem blotting and RI-PCR

Northern blot analysis revealed that PAFR mRNA is predominantly expressed in microglia
and hardly detectable in neuron, astrocyte and fibroblast (Figure 14). In the RT-PCR analysis,
the specific PCR product (0.38 kb) was apparently detected in the RNA of microglia (;G; 25
cycles), astrocytes (;G;30 cycles) and neurons ( ~35 cycles) but not in fibroblasts (~ 35 cycles) (
Figure 15). The identity of PCR product was confirmed by Southern blot hybridization (data not
shown).

B-2-4 PAP-elicited [Ca 2•], response i1~ cultured cells
In isolated microglial culture, almost all the cells responded to PAP 10 nM and caused [Ca2• ] ,

elevation. Figure 16a shows imaging of [Ca21; in PAP-treated microglial cells. Figure 16b
shows its temporal profile. Rapid elevation and slow decrease of [Ca2• ], were observed. To
investigate the signal to raise [Ca2•],, 100 nglml PTX treatment was performed. PTX-treated
microglia showed no response to PAP (Figure 17ab). Ad<litionally, to clarify that this [Ca

2
•];

elevation is mediated by PAFR activated by PAP, the same procedure was applied to PAPR
knock-out mouse microglia. [Ca2•]; was not increased in pafr -1- microglia (Figure 18ab).
On the other hand, in cultured hippocampal cells, a small population of the cells responded
to PAF(Figure 19ab). After calcium imaging, this culture was stained with isolectin B4 for
microglia and anti-GFAP for astroglia. Most of the PAP-responsive cells (;G;90 %) were stained
with isolectin B4 but not with anti-GFAP antibody, suggesting that they are mostly microglia (
Figure 19cd). Not all of the isolectin B4 positive cells responded to PAF (Figure 19bd),
suggesting that microglia in such mixed neuronal culture are heterogeneous in terms of PAPR
expression. This result is compatible with the results of immunohistochemisty after in situ
hybridization using hippocampal slice.
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Northern blot analysis
of PAF receptor mANA expression

28S+
PAF- R

~- act i n

Fig.l4 Northern blot analysis of PAFR mRNA expression in primary brain cell culture
Total RNA (10 j.!g) of rat brain primary cell cultures; microglia, neuron, astroglia, fibroblasts
and poly A RNA (5 j.!g) of spleen were loaded on each lane. The membrane was hybridized
with a [32p] dCTP-labelled probe synthesized from a Pvul-Avai fragment of rat P AFR eDNA
and control probe of B-actin.
PAFR rnRNA was predominantly expressed in rat brain microglia.
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PAFR

-

13-actin

---

-

25 cycles

Fig. IS RT -PCR analysis of P AFR mRNA in primary ceU culture of rat brain
The fust strand cDN A was synthesized from 1 J.lg of total RNA from each cell culture of microglia,
neuron, astroglia and fibroblast. Aliquots (1/50) of the eDNA samples were amplified with PCR
using rat PAFR-specific primers: CCGCTGTGGATIGTCTATTA (upsteam, 5'->3') and AGGAGGTGATGAAGATGTGG (downstream, 5'->3') for 25, 30, or 35 cycles with a thermal cycle of 58-72-94 'C
(each for 1 min). The PCR products were electrophoresed in agarose gel and visualized by ethidiumbromide staining.
PAFR mRNA was predominantly expressed in microglia and slightly expressed in neuron and astroglia.
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b

Fig. 16 P AF-elicited [Ca2+] i response in microglia
Microglial culture was carried out as described in Experimental Procedures. The cell culture was
loaded with 5 1JM Fura 2-AM at 37 ' C for 1 hr. Fluorornetric imaging was carried out with an
inverted microscope equipped with fluorescence lenses and an ICCD camera/image analysis system
(Argus-50) at 22-25 ' C. PAF (10 nM) was bath-applied in the HEPES-Tyrode buffer.
(a) Color imaging of [Ca2+] i elevation. (b)Ternporal profile of [Ca2+] i rise.
PAF elicits prominent [Ca2+] i rise in microglia.

32

a

b

Fig. 17 The effect of PTX treatment to P AF -elicited [Ca2+] i elevation in microglia
100 nglml PTX overnight treatment was carried out before PAF application.
(a) Color imaging of [Ca2+J; elevation. (b) A temporal proftle of [Ca2+]; rise.
PTX inhibits [Ca2+]; rise completely, indicating that PAFR might be coupled with Gi-like G
protein.
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18 PAF-elicited [Ca2+) i elevation in PAFR knock out mouse microglia
cell culture was derived from pafr +I+ and -1- mice. Calcium imaging was carried out with
procedure described inFig.l6. PAFR-mediated [Ca2+] i elevation was appeared in pafr +I+
(a), but not in paf -1- microglia (b).
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Fig.19 PAF-elicited [Ca2+] i e)eyation in rat hippocampal mixed culture
Rat hippocampal cell cu lture and fluorometric calcium imaging were carried out as described in
E~periruental Procedures. After calcium imaging, cell culture was stained with isolectin-B4 for microglia
or anti-GFAP antibody for astroglia. Some of culture cells responded to lOnMPAF to cause [Ca2+] i
elevation (a, b). Most of the PAF-responsive cells were stained with isolectin B4 (d) but not with anti.
antibody (c). Not all of isolectin B4 positive cells responded to PAF (b, d), suggesting that
nucroglia in such mixed neuronal culture are heterogeneous in terms of PAFR expression.
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B-3 discussion

B-3-1 Predominant PAFR expression in microglia

Predominant expression of PAFR mRNA in microglia was demonstrated by in situ
hybridization and Northern blot/RT-PCR analyses. PAFR rnRNA expression in neurons was
more apparent in in situ hybridization than in Northern blot analysis. This discrepancy may be
ascribed to differences between the whole brain and primary cell culture systems. The results
strongly suggest the predominant presence of PAFR in microglia, although mRNA levels do not
necessarily parallel the protein amount.
Fluorometric [Ca2•]; imaging revealed that PAF-responsive cells in primary hippocampal
cultures were mostly microglia. We also confirmed the results of our previous report that a small
number of neurons also respond to PAF (Bito et al., 1992). The present results, taken together,
show that microglia constitute the major population in the hippocampal cells that functionally
express PAFR.
Predominant PAFR expression in microglia is a reasonable finding, because microglia are
related to macrophages (Thomas, 1992; Nakajima and Kohsaka, 1993), which express PAFR
mRNA intensely (Ishii et al., 1996). This finding also seems relevant to the fact that in humans
the leukocytes and brain express only PAFR transcript 1 (leukocyte type) , one of the two
different species of PAFR mRNA (Mutoh et al., 1993; Mutoh et al ., 1996), although splice
variants for P AFR have not been studied in rats.
Immunohistochemistry followed by in situ hybridization revealed that PAFR is expressed in
some OX-42-positive cells. In primary hippocampal cultures, PAF also elicited calcium response
in some isolectin B4 positive cells. Tae cause of this heterogeneity is presently unclear. One
possibility is that microglia are categorized into several subclasses of cells with different levels
ofPAFRexpression, depending on certain factors. In fact, transcription of human PAFR transcript
I in the brain is regulated by activation

of protein kinase C (PKC)

through NF-kB or by PAF

itself (Mutoh et al., 1994). Thus it is likely that various pathophysiological stimuli that activate
PKC may induce PAFR mRNA expression in microglia.
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B-3-2 PAFR expression in CNS development

PAFR expression in the rat brain was constant, at least from El8. · The characteristic
pattern of in situ hybridization signals, i.e., scattered di stribution of intensely labeled cells with
small and dark-stained nuclei, was observed from P7. The involvement ofPAF in CNS development
has been suggested, because deficiency of a subunit of a PAF-inactivating enzyme results in
Miller-Dieker lissencephaly or agyria (Reiner et al., 1993; Hattori et al., 1994), a disorder
attributable to incomplete migration of immature neurons to the cerebral cortex. There is also a
hypothesis that microglia contribute to eliminating cells that die through development-associated
cell death (Thomas, 1992). In light of all of these events, PAF-activated microglia may play a
role in developmental events in the CNS such as neuronal selection and migration.

C.Function of P AF in microglia

C-1 Experimental procedure
C-1 -1 Cell culture

Microglia were prepared from neonatal rat cerebral tissues, as described previously
(Nakajima et al., 1989; Nakajima et al., 1992). Isolated microglia were cultured in DMEM with
0.1 % BSA (PENTEX, Miles Inc. , Kankakee, ll..) and used within 24 hr.

The purity of

microglia was estimated to be >99.5 % (data not shown) by staining with FITC-labelled-isolectin
B4 (Sigma), a microglial surface marker.

C-1-2 Treatment with PTX, WEB2086 and PD98059

To characterize the signal molecule of PAFR downstream, Gi-coupled receptor inhibitor,
PTX (Kaken Seiyaku, Tokyo, Japan) and MEKl -inhibitor, PD98059 (New England Biolabs,
Beverly, MA) were applied. The isolated microglia were incubated overnight with 100 ng/ml
PTX in culture media. PAFR antagonist, WEB2086 in ethanol and PD98059 in DMSO solution
were dissolved into DMEM containing BSA 0.1 %by sonication. The final concentrations of
ethanol and DMSO were less than 0.1 % which have no cellular effects alone. The varying
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concentrations of WEB 2086 and PD98059 were added into microglial cultures 30 min before
assay.

C-1-3 MAPK gel mobility shift assay
Isolated microglia were incubated overnight in the serum-deprived media and stimulated by

lO nM PAF. After indicated stimulation time, the culture medium was aspirated and the reaction
was terminated with 200J.Ll of the lysis buffer; 20 mM Tris-HCl pH 7 .5, 20 mM (3 -glycerophosphate
(Sigma), 1 mM sodium orthovanadate, 2 mM EGT A, 2 mM DTI, 100 ].1M PMSF (Sigma), 0.1

% Triton-XlOO and 10 j..i.g/ml aprotinin (Sigma). Total cell lysates were collected, centrifuged at
l5,000Xg for 10 min, and the resulting supernatant was boiled at

1oo·c for 10 min in SDS-PAGE

buffer containing 2-mercaptoethanol. 10 j..lg protein of microglial lysate was electrophoresed on
12.5 % SDS-PAGE gel (DaLichi-Kayaku, Tokyo) at the 30 rnA constant current.

After

electrophoresis, proteins were transfered to Hybond-ECL (Amersham, Tokyo) nitrocellulose
membrane. The membrane was blocked with Block-Ace (Dainihon Seiyaku, Tokyo) for 3 hr in
room temperature, washed with 0.1% Tween 20 and incubated with 1:5000 anti-ERKl & 2
mouse monoclonal antibody (Zymed, San Francisco, CA) for 3 hr. Then it was incubated with
anti-mouse IgG conjugated with horseradish peroxidase (1:10000, Arnersham) for 1 hr. After
washing for 1 hr, signals were visualized with an ECL solution (Arnersham) and ECL film
(Amersharn).

C-1-4 MAPK phosphorylatio11 assay
The activation of MAPK was quantified with highly-sensitive and specific method developed

in our laboratory; p42/p44 MAPK enzyme assay system (Arnersham), with modifications (Waga
et al., 1996). Total celllysates and its supernatant were prepared with the same procedure as
manufacturer's instruction except for the lysis buffer containing 100 rnM NaCl. Each samples
were mixed with Q-Sepharose equilibrated with the same lysis buffer/100 mM NaCl for 30 min

at 4

·c in 96 well

multiscreen (Mil1ipore, Bedford, MA). MAPK-bound beads were washed

twice with lysis buffer/100 mM NaCJ. and mixed well with lysis buffer/400 mM NaCI for 30
min. Elution was collected through the filter by vaccurn. Aliquots of elution containing MAPK
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were incubated with an Erkl/2 specific peptide derived from EGF receptor in ["'P]ATP/MgCI 2
buffer for 30 min at 30 °C. The reaction was terminated by orthophosphoric acid and the total
reaction reagent were loaded onto peptide binding paper discs. The paper were washed 2 times
with 1% phosphoric acid and 2 times with water. The radioactivity of 32P-incorporated peptide
binding on air-dried paper discs were counted by Fuji imaging plate and Fuji BAS2000 system
(Fuji Film, Tokyo, Japan).

C·l-5 Chemotaxis of microglia
Polycarbonate filters with 8

~lrn

pores (Neuroprobe, Cabin John, MD) were coated with !0

IJ.g/rnl fibronectin (Sigma) in PBS for 60 min. A briefly dried coated filter was placed on the
96-well chamber (Neuroprobe) containing the standard PAF solution or extracted samples from
NMDA-stimulated neuronal cell cultures. In the upper part of well separated by the fi lter,
isolated microglia was seeded at the number of !04 per well. The cell suspension medium and
ligand solutions were prepared with the same buffer, DMEM containing 0.1 % BSA.

After

incubation at 37 OC in a humidified atomosphere of 5 % C02 in air for 4 hr, the filter was
removed from chamber. The cells on the fliter were fixed with methanol and stained with 3
solutions of a Diff-Quick staining kit (International Reagents Corp. Kobe, Japan) each for 30 sec.
Then the upper side of the filter was well wiped to remove cells. The number of migrated cells
on the lower surface of the filter was counted by transillumination microscopy. Assays were
repeated four times.

C-1-6 Northern blot analysis of cPIA2
After sufficient time for decay of r<£dioactivity, the membrane used in the analysis of PAFR
mRNA expression was rehybridized with a probe synthesized from the coding region ( -2.2 kb)
of the mouse cPLA2 eDNA (kindly provided by Dr.Kudo, Showa University, Tokyo). The
subsequent procedures were carried out as described above.

C-1·7 Western blot analysis of cPLA2
Microglial cell lysate for immunobloting method were prepared as described in the above
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chapter of MAPK gel shift assay. The samples were loaded on 7.5% SDS-PAGE (20 mA/gel,
20 ~g proteinllane). After electrophoresis for 6 hr, the samples were transferred to a nitrocellulose
membrane (Hybond-ECL, Amersham) at 5 m.A/cm2 for 30 min . The membrane was blocked
with 0.1% Tween 20 containing 10% horse serum, washed with 0.1% Tween 20, incubated with
1:5000 rabbit anti-human cPLA2 (kindly provided by Dr. J.D. Clark, Genetic Institute, Cambridge,
MA) for 1 hr and then with peroxidase-conjugated goat anti-rabbit IgG antisera (1:5000; Cappel,
West Chester, PA) in 0.1 %Tween 20 containing 10% horse serum for 30 min. The signal was
visualized by chemiluminescence (ECL Western blotting reagents, Amersham) .

C-1-8 Detection of AA release
lso.lated microglia were incubated with l ~Ci/ml [3 H]AA (DuPont NEN) in DMEM with 0.1
% BSA for 18 hr at 37

·c.

After washing 2 times with DMEM/0.1 % BSA, the cells were

stimulated by 0, 0.1, 1, 10, 100, or 1000 nMPAF in 5 ml DMEM/0.1 o/o BSA at 37

·c for

10

min . The conditioned medium was carefully collected not to aspirate cells, and the remaining
cells were lysed with 1 o/o Triton X-100. The radioacitivity of the medium (A) and the cell lysate
(B) was determined in a liquid scintillation counter (Top Count, Packard, Meridian, CT), and

N(A+B) was calculated as a release ratio. Because AA release by cPLA2 is reported to depend
on [Ca2• ], {Clark et al., 1991 ; Kram.e r et al., 1991), calcium dependency was evaluated in
microglial culture. Before loading with ['H]AA, cells were incubated in DMEM/0.1 % BSN0.1
%DMSO with or without a [Ca2•), chelator, BAPTA-AM (Dojin Chemicals), 20 ~ . at 37 T for
2 hr and then incubated with 10 nM PAF in 5 ml DMEM/0.1 % BSA for 0, 5, 10, or 20 min.
The redioactivity of the medium and the cell lysate was determined as described above.

C-1-9 Determination of glutamic acid release
We analyzed the release of glutamic acid as one of candidates of neurotoxic factors.
Microglial cells were isolated as described above (5.0 X 105/ well) and incubated at 37'C overnight

in glutamic acid-free DMEM/0.1% BSA. After washing twice with glutamic acid-free DMEM/0.1 o/o
BSA, cells were incubated with or without lOoM PAF for 0, 2, 6 hr. The conditioned medium
were collected and stored at -20C until use. Two methods to detect glutamic acid were used. (1)
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Enzyme assay method was carried out with Farb-test kit for L-glutamic acid (Boehringer Mannheim
GmbH, Manoheirn, Germany) according to the manufacturer's instruction. (2) HPLC method
was performed using an HPIOOO system (Packerd). Briefly, liJ.l of samples was injected
automatically, simultaneously labeling with o-futalaldehyde.

Labeled amino acid s

chlomatographed with HP aminoquant culurnn (Packerd) were analyzed by a chemiluminescence
detector.

C-2 Results

C-2-JMAPK activation in chemotaxis ofmicroglin
Our previous study has shown that MAPK is activated by PAF in neutrophils or mac.rophages
(Ferby eta!., 1994; Ferby eta!., 1996). Furthermore, in microglia, PAF raises the intracellular
calcium concentration. Thus, we carried out a MAPK gel shift assay with i=unoblotting to
Erkl/2 of microglia. After 10 nM PAF stimulation in microglia, Erk2 was phosphorylated
within 1 min and the activation was maximal at 3 min. After 3 min, the activity subsided at 10
min (figure 20) . Additionally, we examined the signaling pathway from PAFR to MAPK
activation. A MEK! inhibitor, 50 IJ.M PD98059 and a PAFR antagonist, 1

1J.M

WEB2086

completely suppressed PAF-stimulated MAPK activation. Moreover, pretreatment of IOOng/rnl
pertussus toxin (PTX) for 12 hour affected the MAPK activation (figure 21). These data
indicate that PAF activates Erkl/2 MAPK and MEK1, and PAFR may be coupled at least with
Gi-like G protein in microglia.

C-2-2 PAF induced chemotaxis ofmicroglin

We have shown that PAFR is predominantly expressed in tbe rat brain .microglia (Section
B). PAF is a potent proinflarnmatory mediator and microglia play a central role in inflammatory
response in the rat brain. Thus, we examined PAF-mediated chemotaxis of microglia by the
Boyden chamber assay. Microglia demonstrated a prominent chemotactic response toward PAF.

Figure 22 demonstrates the cells migrated to the back surface of the fJ.Iter through 8 IJ.m pore in
the medium containing 10 nM PAF. The chemotactic response of microglia was dose-dependent
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with the optimal concentration as 10 to 100 oM (Figure 23a). To exclude the non-specific
response, microglia were pretreated with a PAFR antagonist, I 1-LM WEB2086 for 30 min. This
compound suppressed chemotaxis completely, indicating that chemotaxis of microglia is mediated
by a cell surface PAFR. Additionally, microglia responded to the lipid-extracted sample of
NMDA-stimulated neuron and its culture medium, suggesting again that PAF was present in the
neuronal cells (Figure 23b ).
Furthermore, we examined the relationship of MAPK activation and chemotaxis. Microglia
preincubated with lOOng/ml PTX overnight showed no chemotactic response to PAF (Figure
24). Figure 24b.c showed migrated microglial cells. PD98059 inhibited chemotaxis and Erk l /2

activation of microglia by dose-depende nt manner (Figure 25). These effects of two signal
blockers to chemotaxis were paralleled MAPK activation. Therefore, we propose that Erk1/2

MAPK activation is necessary to the chemotactic response 6f microglia.

C-2-3 Presense of cP~ and production of arachidonic acid
One of the important outputs of PAFR activation is the release of AA (Honda et al., 1994}.

Its release depends mainly on activation of cPLA2 {Clark et al., 1991}; however, it bas not been
clear which cells in the brain express cPLA2. Since PAF stimulates AA release in astmcytes
(Petroni et al., 1994} and a myc-immortalized microglial cell line {Rhigi et al., 1995}, the
presence of cPLA2 was explored in primary cell culture systems. Northern blotting reveals that
microglia predominantly express cPLA2 mRNA (Figure 26a) and Western blotting indicates
that cPLA2 protein is present in microglia (Figure 26b).
Because of the prominent expression of cPLA2 and the activation ofErkl/2 by PAFR stimulation,
AA rel.ease by cPLA2 phosphorylated-by Erkl/2 was expected in microglia. The release was
dose and time-dependent (Figure 27ab). The optimal PAF concentration was !OnM and the net
release reached a plateau in 10 min . Preincubation with BAPTA-AM decreased the release by
-50 %, indicating that this AA release was partially [Ca2• ] , dependent.
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C-2-4 Release of glutamic acid in PAP-stimulated microglia
PAFR antagonists are reported to suppress postischemic neuronal death (Panetta et al.,
1989; Gilboe et al. , 1991; Prebn eta!., 1993) and PAF is related to human immunodeficiency
vims-associated neuronal cell death (Genis et al., 1992; Epstein et al ., 1993; Gelbard et al., 1994;
Lipton, 1994; Lipton et al., 1994). We analyzed the release of glutamic acid as one of candidates
of neurotoxic factors. Enzyme asssay revealed that glutamic acid was present in P AF-stimulated
cond itioned medium in 6 hr (Figure 28a). Amino-acid analysis with HPLC also demonstrated
that glutamic acid was released about >5 times more in P AF-stimulated microglia than in control
cells (Figure 28b). These data demonstrated that glutamic acid might be released from microglia
by PAF.

C-3 Discussion

C-3-1 PAF-induced MAPK activation and chemotaxis of microglia
In this report, we demonstrate the prominent chemotactic response of microglia to PAF

(Figure 22-25). To our knowledge, this is the first report of chemotaxis of microglia to an
intrinsic factor which can be synthesized in neuron. The expression of chemokine receptors;
C5a, CXC type and CC type receptor, in microglia were already reported (Nolte et al., 1996;
Peterson eta!., 1997; Tanabe et al., 1997). However the presence of these ligands in the CNS
were not so far determined. The other chemoattractants for microglia were epidermal growth
factor (EGF) (Nolte et al., 1997) and macrophage colony stimulating factor (M-CSF) released
from 8-amyloid-stimulated neuron (Duet a!., 1997). PAP-mediated chemotaxis of microglia
appears more important than other chemoattractants because P AF is the first ligand to be synthesized
in neuron.
This response may account for the activation and accumulation of microglia to the
pathophysiological lesions such as ischemic brain injury (Bruce et al., 1996) and Alzheimer's
disease (Davis et al., 1992). Furthermore, it is proposed that P AF has a possible role of an
neuron-microglial mediator of neuronal death, synaptic plasticity and development, in addition to
inflammation and wound repair. In fact, it was reported that microglia is activated in response to
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Fig.20 PAF-elicited MAPK activation in rat brain microglia
Isolated microglia was incubated overnight in the serum-deprived media and stimulated. by 10
nM P AF. After indicated time, the culture medium was aspirated off and the reaction was
terminated with 200 Ill of the lysis buffer. lO l!g protein of microglial lysate was electrophoresed on 12.5 % SDS-PAGE gel and traosfered to a Hybond-ECL nitrocellulose membrane.
The membrane was incubated with I :5000 anti-ERKl & 2 mouse monoclonal antibody for 3 hr.
Then, it was incubated with anti-mouse IgG conjugated with horseradish peroxidase (1: 10000,
Amersharn) for I hr. After washing for 1 hr, signals were visualized with a ECL solution
(Amersharn) and an ECL film (Amersharn).
Phosphorylation ofErk 1&2 MAPK was maximal at 3 min and subsided to 10 min.
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Fig.21 The effect of PTX, WEB2086 and PD98059 to PAF-elicited MAPK activation
Microglial culture was preteated with 100 ng/inl PTX overnight, I J.!M WEB2086 for 30 min and 50
~M PD98059 for 30 min before IOnM PAP application. Western blotting method was carried out
as described in Fig. 20.
Phosphorylation of Erk 1/2 MAPK was inhibited by these modifications, suggesting that P AF
activates Erkl/2 MAPK through P APR, Gi~like G protein and MEKI .
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Fig. 22 PAF induced chemotaxis of microglia
Polycarbonate filters with 8 llJ11 pores were coated with 10 f.lg/ml fibronectin in PBS for 60 min.
A briefly dried coated filter was placed on the 96-well chamber containing the standard PAF
solution. In the upper part of well separated by the ftlter, isolated microglia was seeded at the
number of !04 per well. After incubation at 37 OC in a humidified atomosphere of S % C02 in air
for 4 hr, the ftlter was removed from chamber. The cells on the fJ.lter were fixed with methanol
and stained with 3 solutions of a Diff-Quick staining kit. Then the upper side of the filter was
well wiped to remove cells. The number of migrated cells on the lower surface of the filter was
counted by transillumination microscopy. Assays were repeated four times. This photographs
showed migrated microglia responded to PAF (b). Very few cells were seen in control medium
(a).
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Fig. 23 Chemotactic response of rat microglia to PAF
Figure indicates the migrated cell number of microglia. Dose-dependent chemotactic response
were shown in PAP-stimulated microglia and the optimal concentration ofPAF was 10-100 nM.
A PAFR-antagonist, WEB2086 inhibited the chemotactic response (a). Chemotaxis of microglia
was seen to the extracted PAF from neuron stimulated by 50 11M NMDA for 1 min and its
conditioned medium, but not in control medium (b).
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PTX sensitivity of PAF -induced chemotaxis of microglia
pretreated with 100 ng/ml PTX overnight showed decreased chemotactic response to 10 nM PAF
microscopic photographs showed migrated microglia pretreated with (b) or without PTX (c).
G protein might be related to the signal of microglial chemotaxis.
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Fig. 25 PD98059 inhibits microglial chemotaxis and MAPK activation
Chemotactic response and pretreatment of PD98059 were carried out as described in Experimental
Procedures. MAPK activation was analysed with p42/p44 MAPK enzyme assay system with
modifications. Aliquots of elution containing MAPK from Q-sepharose beads were incubated with
Erkl/2 specific peptide derived from EGF receptor in r2P]ATP/MgC12 buffer for 30 min at 30°C.
This reaction was terminated by orthophosphoric acid and total reaction reagent were loaded onto
peptide binding paper discs. The paper were washed 2 times with 1 % phosphoric acid and 2 times
with water. Radioactivity of 32P-incorporated peptide binding on air-dried paper discs were counted
by Fuji imaging plate and Fuji BAS2000 system. PD98059 inhibits chemotaxis and Erkl/2 activation
by dose dependent manner, suggesting that MAPK activation is required to induce chemotaxis of
microglia.
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Northern & Western blot analysis
of cPLA2 expression

a

b
+ 1 43 kDa

28S+
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Fig. 26 Presence of cPLA2 in rat brain microglia
(a) Northern blot analysis of cPLA2 mRNA
The membrane filter was hybridized with a probe synthesized from the coding region (-2.2 kb) of
the mouse cPLA2 eDNA. The subsequent procedures were carried out as described above. cPLA2
mRNA was predominantly expressed in microglia.
(b) Western blot analysis of cPLA2
Microglial cell lysates for immunobloting method were prepared as described in the above chapter
ofMAPK gel shift assay. The samples were loaded on 7.5% SDS-PAGE. After electrophoresis for
6 hr, the samples were transferred to a nitrocellulose membrane. The blot membrane was incubated
With 1:5000 rabbit anti-human cPLA2 for.l hr and then with peroxidase-conjugated goat anti-rabbit
lgG antisera. The signal was visualized by chemiluminescence. cPLA2 protein was present in
microglia.
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Fig. 27 Release of AA in PAP-stimulated microglia
Isolated microglia as were incubated with 11J.Cilml [3H]AA for 18 hr at 37 "C.
(a) Dose dependency of AA release. After washing 2 times, the cells were stimulated with 0, 0.1, 1,
10, 100, or 1000 nM PAF for 10 min. The conditioned medium was collected, and the cells were
lysed with 1% Triton X-100. The radioactivity of the medium (A) and the cell lysate (B ) was
determined in a liquid scintillation counter and N(A+B) was calculated as a release ratio. AA was
released dose-dependently and the optimal concentration was 1OnM.
(b) Time course of AA release. Before loading with rHJAA, cells were incubated with or without a
[Ca2+]i chelator, BAPTA-AM , 20 iJ.M, at 37 "C for 2 hr and then incubated with 10 nM PAF for 0, 5,
10, or 20 min. Net release of AAreached a plateau in 10 min and preincubation with BAPTA-AM
decreased the release by -50%.
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Fig. 28 glutamic acid release from P AF-stimuhted microglia
Conditioned medium ofP AF-stimulated microglial culture was collected and analysed by two methods
to detect glutamic acid as described under Experimental Procedures.
(a) By an enzyme assay, glutamic acid was released in microglial conditioned medium for 6 hr incubation
withlOnMPAF.
(b) By an amino-acid analyser with an HPLC, glutamic acid was detected about over 5 times more in P AFStimulated microglia than in control.
Glutamic acid might be released from microglia by P AF stimulation.
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NMDA-mediated excirotoxicity in the immature rat brain (Acarin et al., 1996). This excitotoxicity
may be caused by neuro-microglial interaction via PAF-activated microglia. However, in this
report, we were unable to show the direct chemotactic response of microglia in the mixed culture
of NMDA-stimulated neuron and microglia.
PTX overnight treatment affected the migration of microglia. It means that PAFR in
microglia can couple Gi-like G protein. This fact agrees with the previous report about C5a
receptor and CXC-type chemok:ine receptor mediated chemotaxis of microglia is PTX-sensitive
(Nolte et al., 1996; Tanabe et al., 1997). Leucotriene B4 activates chemotactic response in
PTX-sensitive G-protein(s) (Yokomizo et al., 1997). Microglial chemotaxis to PAF might be
elicited by MEKI and ERKI/2 pathway (Figure25). Little is known about molecular mechanisms
underlying chemotaxis, human neutrophils appear to respond to PAF via p38 MAPK pathway
(Nick et al., 1997). On the other hand, Erklf2 activation influences fibroblastic cell migration
(Klemke et al., 1997). The conflicting results of these reports may be caused by differences of
spieces and cell types.
The next question is what the function of activated and migrated microglia is in response to
PAF. Microglial migration can evoke direct interaction with other cells via membrane surface
molecules. Because microglia functions as professional phagocytes, PAF synthesized in neuron
can be one of candidates of intercellular messengers to neuronal death or reconstruction of neural
networks. Besides phagocytic functions, microglia are relevant to intercellular crosstalk through
various messengers such as cytok:ines ( Kreutzberg, 1996) or lipid mediators, and various surface
molecules.

C-3-2 arachidonic acid release

In microglia, cPLA2 was dominantly expressed (Figure 26) and AA was synthesized from
membrane phospholipid mainly by the activation of cPLA2 (Figure 27). Previous reports have
shown that astroglia was exclusively stained by anti-cPLA2 antibody in the rat brain (Stephenson
et al., 1994) , and other have showen that rat neuron was highly stained by in situ hybridization
of cPLA2 mRNA (Owada et al., 1994). This difference is due to the differeces between the
brain and cell culture, and between mRNA and protein.
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AA release was suppressd by -50% after treatment of the [Ca2+]; chelator. This effect is
compatible with the fact that cPLA2 is activated and translocated to the membrane by [Ca2+];
elevation. The residual release of AA might be induced by the presence of [Ca2+]; independent
PLA2s in microglia. AA release from microglia may be a trigger of cascade to produce many
inflammatory factors such as prostagrandins and leukotrienes, proposing that one of functions of
PAP-activated microglia is an inflammatory mediator in CNS. Moreover, activated microglia
may have opposing functions as cytotoxic and protective tissue guardians. Therefore, P AF-mediated
effects on production of cytok:ines, NO or proteases must be examined to clarify neuro-microglial
interaction.

C-3-3 Glutamic acid release from

PAF-stimt~lated microglia

Previous reports demonstrated that microglia have a neurotoxic effect and release glutamic
acid as one of several neurotoxic factors (Giulian eta!., 1990; Giulian et al., 1993; Giulian et al.,
1993; Lipton, 1994). It is unclear which factor stimulates glutamate release from microglia
besides LPS (Patrizio and Levi, 1994). PAF induced glutamic acid release but it took a long
time that the concentration reached the level of detection by our methods. Taken together, our
data has revealed first that glutamic acid induces the synthesis of PAF in neuron, and in turn,
PAF induces the release of glutamic acid from microglia. This PAP-mediated neuro-microglial
interaction might explain the previous reports that NMDAR antagonists supressed the brain
injury after ischemia or neuronal injury co-cultured with microglia (Piani et al., 1991; Piani et
al., 1992; Streit et al., 1992). In brief, in a brain injury like ischemia or virus infection, glutamic
acid release from neuron or [Ca 2+], elevation are evoked to trigger the synthesis PAF. Then
released PAF induces chemotaxis and· releases glutamic acid to damage neuronal cells. This
hypothesis is a summay of our in vitro study but only one of many routes evoked in such a brain
lesion. Of course, many inflammatory factors like cytokines or toxic factors such as nitoric
oxide will be related to these events.
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Conclusion

(A) PAF is predominantly synthesized in neuronal cells by the stimulation of glutamic acid,
especially through NMDA receptor.
(B) PAFR mRNA is expressed in microglia and hippocampal neuron as determined by in situ
hybridization and immunohistochemisty. PAFR expressed in microglia functionally elicited the
intracellular calcium mobilization.
(C) PAF induces Erk l/2 MAPK activation through Gi-like G protein and MEKI , and elicits

arachidonic acid release through cPLA2 in microglia. Microglia shows the chemotactic response
toward PAF, which is synthesized in neuron by glutamic acid stimulation.
In this report, we propose that PAF functions in the CNS as one of intercellular messenger

molecules from neuron to microglia, to mediate inflammatory response, cytotoxic effect to
neuronal cells, chemotaxis, phagocytosis or apoptosis (Figure 29). Ultimately, further studies
about PAF-mediated neuro-microglial crosstalk are needed to elucidate the pathogenesis of various
neurologic disorders such as ischemia, convulsion and virus infection as well as neurodegenerative
disorders such as Alzheimer' disease or multiple sclerosis.
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