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1 ATP (10 ± 100 mM), but not glutamate (100 mM), stimulated the release of plasminogen from microglia
in a concentration-dependent manner during a 10 min stimulation. However, neither ATP (100 mM) nor
glutamate (100 mM) stimulated the release of NO. A one hour pretreatment with BAPTA-AM (200 mM),
which is metabolized in the cytosol to BAPTA (an intracellular Ca2+ chelator), completely inhibited the
plasminogen release evoked by ATP (100 mM). The Ca2+ ionophore A23187 induced plasminogen release
in a concentration-dependent manner (0.3 mM to 10 mM).
2 ATP induced a transient increase in the intracellular calcium concentration ([Ca2+]i) in a
concentration-dependent manner which was very similar to the ATP-evoked plasminogen release,
whereas glutamate (100 mM) had no e�ect on [Ca2+]i (70 out of 70 cells) in microglial cells. A second
application of ATP (100 mM) stimulated an increase in [Ca2+]i similar to that of the ®rst application (21
out of 21 cells).

3 The ATP-evoked increase in [Ca2+]i was totally dependent on extracellular Ca2+, 2-Methylthio ATP
was active (7 out of 7 cells), but a,b-methylene ATP was inactive (7 out of 7 cells) at inducing an increase
in [Ca2+]i. Suramin (100 mM) was shown not to inhibit the ATP-evoked increase in [Ca2+]i (20 out of 20
cells). 2'- and 3'-O-(4-Benzoylbenzoyl)-adenosine 5'-triphosphate (BzATP), a selective agonist of P2X7

receptors, evoked a long-lasting increase in [Ca2+]i even at 1 mM, a concentration at which ATP did not
evoke the increase. One hour pretreatment with adenosine 5'-triphosphate-2', 3'-dialdehyde (oxidized
ATP, 100 mM), a selective antagonist of P2X7 receptors, blocked the increase in [Ca2+]i induced by ATP
(10 and 100 mM).
4 These data suggest that ATP may transit information from neurones to microglia, resulting in an
increase in [Ca2+]i via the ionotropic P2X7 receptor which stimulates the release of plasminogen from the
microglia.
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Introduction

Recently, it has been suggested that microglia, a type of glial

cell, play various important roles in the central nervous system
(CNS) (Nakajima & Kohsaka, 1993; Verkhratsky & Ketten-
mann, 1996). The most characteristic feature of microglia is

their rapid activation in response to pathological changes in
the CNS (Kreutzberg, 1996). Activated microglia are mainly
scavenger cells but also perform various other functions in

tissue repair and neural regeneration. They can destroy
invading micro-organisms, remove dangerous debris and
induce tissue repair by secreting growth factors, thus
facilitating the return to tissue homeostasis. They are able to

release several cytotoxic substances in vitro, such as NO, as
well as arachidonic acid derivatives, excitatory amino acids,
quinolinic acid and cytokines (Colton & Gilbert, 1987; Banati

et al., 1993a, b). Free oxygen radicals released by microglia
have a neurotoxic e�ect in co-cultures of neurones and
microglia (Thery et al., 1993). Activated microglia might also

play a protective role. They produce the urokinase-type
plasminogen activator and plasminogen, which promotes the
development of mesencephalic dopaminergic neurones and

enhances neurite outgrowth from explants of neocortical tissue
(Nakajima et al., 1992b, c). The activation and proliferation of
microglia occurring after axotomy of the facial nerve are

accompanied by an increase in urokinase activity in the facial

nucleus (Nakajima et al., 1996).
These properties of microglia can be modulated by

cytokines and neurotransmitters acting through receptors for

CNS signalling molecules including adenosine 5'-triphosphate
(ATP). It has been found that microglia express receptors for
ATP, G-protein coupled-type P2 receptors such as P2Y and

ionotropic P2 receptors such as P2Z (recently named P2X7)
(Neary et al., 1996; Verkhratsky & Kettenmann, 1996). ATP
induces the release of interleukin-1b (IL-1b) from mice brain
microglia through P2Z (Ferrari et al., 1996), evokes currents in

rat brain (Walz et al., 1993) or forebrain microglia (NoÈ renberg
et al., 1994; Langosch et al., 1994) and stimulates an increase in
intracellular Ca2+ in rat brain (Walz et al., 1993). These data

suggest that ATP mediates signals from neurones to microglia.
It has been shown that ATP is released from hippocampal

slices by electrical stimulation of Scha�er collateral-comissural

a�erents (Wieraszko & Seyfried, 1989), and that ATP mediates
synaptic transmission in rat cultured hippocampal neurones
(Inoue et al., 1992; 1995). We have previously found that

exogeneously applied plasminogen enhances synaptic transmis-
sion via NMDA-glutamate receptors in rat cultured hippocam-
pal neurones (Inoue et al., 1994). However, there have been few
studies addressing the question of the mechanism of plasmino-

gen release frommicroglia. Sincemicroglia express P2-receptors
but not any glutamate receptors (Verkhratsky & Kettenmann,4Author for correspondence.
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1996), it is possible that ATP stimulates the release of
plasminogen from hippocampal microglia.

The aim of the present study was to examine the e�ect of

ATP on the release of plasminogen from microglia and to
speculate on the physiological signi®cance of this release. We
present evidence that ATP stimulates the release of plasmino-

gen but not NO from cultured microglia following an increase
in intracellular Ca2+ mediated via ionotropic P2X7 receptors.

Methods

Cell culture

Microglia were obtained from primary cell cultures of cerebral
hemispheres of neonatal rats as described previously (Naka-

jima et al., 1989; 1992a). After 2 ± 3 weeks in primary cell
culture, microglia were prepared as ¯oating cell suspensions by
shaking growth ¯asks on an orbital shaker (80 r.p.m., 3 min).
Aliquots of the cell suspension (1.5 ± 2.06105 cells) were

transferred to wells of a 12-well plate (Coster) and allowed to
adhere at 378C. After 30 ± 60 min, unattached cells were
removed by rinsing 3 times with serum-free Dulbecco's

modi®ed Eagle's medium (DMEM). After the ®nal rinse, 1 ml
of the serum-free DMEM was added to each well, and the
plate was kept in 10% CO2 for 1 h before the measurement of

plasminogen release. For the measurement of [Ca2+]i, the
microglia were plated on poly-L-lysine-coated glass coverslips
with a silicon rubber wall (Flexiperm, Heraeus Biotechnology,

Hanau, Germany) at a density of 26105 cells/well and
maintained in 10% CO2 for 2 ± 3 h. Microglia prepared as
above were estimated to be 99.8 ± 100% pure based on their
ED-1 immunoreactivity and the phagocytic activity of Latex-

beads, as described previously (Nakajima et al., 1989; 1992a).

Measurement of [Ca2+]i

The changes in [Ca2+]i in single cells were measured by the
fura-2 method as described by Grynkiewicz et al. (1985) with

minor modi®cations (Koizumi et al., 1994). The cells were
washed with a balanced salt solution (BSS) of the following
composition (mM): NaCl 150, KCl 5.0, CaCl2 1.2, MgCl2 1.2,
N - 2 - hydroxyethylpiperazine -N' - 2 - ethanesulphonic acid

(HEPES) 25 and D-glucose 10, and incubated with 10 mM
fura-2 acetoxymethylester (fura-2 AM) at 378C in BSS. After
30 min incubation, the cells were washed with 0.2 ml of BSS.

The coverslips were mounted on an inverted epi¯uorescence
microscope (TMD-300, Nikon, Tokyo, Japan) equipped with a
75 W xenon-lamp and band-pass ®lters of 340 nm wavelength

for measurement of the Ca2+-dependent signal (F340), and
360 nm wavelength for measurement of the Ca2+-independent
signal (F360). Image data recorded by a high-sensitivity silicon

intensi®er target camera (C-2741-08, Hamamatsu Photonics,
Hamamatsu, Japan), were processed by a Ca2+-analysing
system (Hamamatsu Photonics, Hamamatsu, Japan), and the
ratio of emitted ¯uorescence (F340/F360) was calculated.

Measurements were carried out at room temperature. Drugs
were dissolved in BSS and applied by superfusion. For the
Ca2+-depleted experiments, a medium without Ca2+ and with

1 mM ethylenediaminetetraacetic acid (EGTA) was used
(Ca2+-free BSS).

Assay of plasminogen-secretion from microglia

ATP, glutamate or A23187 was added to the wells at a ®nal
concentration of 100 mM and the cultures were maintained in

10% CO2. After 10 min, the conditioned medium was removed
and centrifuged at 1500 r.p.m. for 10 min. The supernatant
was concentrated with an Ultrafree C3-TKK (30 kDa cut,

Millipore, Massachusetts, U.S.A.) and freeze-dried before
determination of plasminogen by the Western blot method
previously described (Nakajima et al., 1992b). The freeze-dried

conditioned medium was solubilized with 30 ml of non-
reducing sodium dodecyl sulphate (SDS) sample solution
(62.5 mM Tris HCl (pH 6.8), 2.3% SDS, 10% glycerol), and
20 ml was subjected to SDS-polyacrylamide gel electrophoresis
(SDS ±PAGE) on a 10 ± 20% gradient gel (Daiichi Pure
Chemicals, Tokyo, Japan) under non-reducing conditions.
The proteins were transferred to Immobilon-P (Millipore,

Massachusetts, U.S.A.) with a semi-dry type transblotting
apparatus (ATTO, Tokyo, Japan). The Immobilon was
incubated with a concentration of 2 mg ml71 of anti- rat

plasminogen antibody (IgG) in TNB solution (10 mM Tris HCl
(pH 7.5), 150 mM NaCl, 3% bovine serum albumin (BSA)) for
1 h at room temperature. After washing with TN solution
(10 mM Tris HCl (pH 7.5), 150 mM NaCl), the membrane was

incubated with horseradish peroxidase-conjugated anti-rabbit
IgG (I : 200) for 1 h at room temperature. The antigen-
antibody complex was detected by staining with 0.02% 3, 3'-
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Figure 1 The e�ect of ATP and glutamate on [Ca2+]i in microglia.
(a) The e�ect of ATP and glutamate on [Ca2+]i in individual
microglial cells. Glutamate (100 mM) and ATP (100 mM) were applied
by superfusion for 30 s as indicated by solid bars. The three cells
shown are representative of 21 cells stimulated successively by drugs.
(b) The concentration-dependence of the ATP-evoked increase in
[Ca2+]i. Data are mean of the responses in 13 ± 14 cells; vertical lines
show s.e.mean. `Mg2+-free' means the responses were obtained in
BSS lacking MgCl2 (1.2 mM).

ATP-evoked plasminogen release from microglia 1305K. Inoue et al



diaminobenzidine (DAB) and 0.01% H2O2. To quantify the
amounts of plasminogen, blots were visualized with enhanced
chemiluminescent (ECL, Amersham, Buckinghamshire, U.K.)

and the intensity was measured by a densitometer. To examine
the e�ect of BAPTA-AM, ATP was added 1 h after the
addition of BAPTA-AM.

Measurement of nitric oxide in the conditioned medium

The amounts of nitric oxide (NO) in microglial conditioned

medium were monitored by the amount of NO2, a breakdown
product of NO, by use of an exclusive NO analysing system
(ENO-10, EICOM Corp, Kyoto, Japan). At various times

during culture, 10 ml of culture medium were directly applied
to a column (NO-PAK; 9.6 mm650 mm, EICOM Corp,
Kyoto, Japan) that separates NO2 and NO3. The NO3 was

further reduced to NO2 in a reducing column (NO-RED,
NORTIP, EICOM Corp, Kyoto, Japan). The original- and
reduced-NO2 were detected individually with Griess reagent
(Green et al., 1981) and the amount of NO2 was calculated by

use of sodium nitrite as the standard.

Chemicals

Drugs used were: adenosine 5'-triphosphate disodium salt
(ATP; Yamasa Co., Choshi, Japan) and suramin mono-

sodium salt (Bayer, Leverkusen, Germany). Fura-2 acetoxy-
methylester (fura-2 AM), HEPES and EGTA were purchased
from Dojin (Kumamoto, Japan), a,b-methylene-adenosine 5'-
triphosphate (a,b-methyleneATP) and 2-methyl-thio-adeno-
sine 5'-triphosphate (2-MeSATP) were from Research
Biochemicals International (Natick, MA, U.S.A.). Gluta-

mate, 2'-and 3'-O-(4-benzoylbenzoyl)-adenosine 5'-tripho-
sphate (BzATP), and adenosine 5'-triphosphate-2', 3'-
dialdehyde (oxidized ATP) were from Sigma (St. Louis, MO,

U.S.A.). Other chemicals were from Wako Pure Chemical
(Osaka, Japan). Drugs were directly dissolved in BSS or Ca2+

free BSS.

Statistics

Statistical di�erences in values were determined by analysis of

variance and Dunnett's test for multiple comparisons.

Results

ATP evoked an increase in [Ca2+]i in microglia in a
concentration-dependent manner

Figure 1a shows the e�ects of ATP and glutamate on [Ca2+]i
in individual microglial cells. ATP (100 mM) induced an

increase in [Ca2+]i (41 out of 41 cells), whereas glutamate
(100 mM) did not evoke any increase in [Ca2+]i (70 out 70
cells). This is consistent with the ®nding that microglia

express ATP receptors but not glutamate receptors (Verkh-
ratsky & Kettenmann, 1996). The [Ca2+]i increased quickly
during a 30 s application of ATP and then decreased to

control levels by 2 min after the ATP application. A second
application of ATP (100 mM) induced an increase in [Ca2+]i
similar to that seen with the ®rst application (21 out of 21

cells). The e�ect of ATP on [Ca2+]i was concentration-
dependent from 1 to 100 mM (Figure 1b). The estimated EC50

was near 12 mM.
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Figure 2 The e�ect of extracellular Ca2+-free solution, ATP analogue and suramin on the increase in [Ca2+]i by ATP in microglial
cells. (a) The e�ect of extracellular Ca2+ free conditions. ATP (100 mM) was initially applied in the presence of extracellular Ca2+

(1.8 mM), and then applied in the absence of extracellular Ca2+ (100 nM) for 30 s as indicated by the solid bar. One minute before
the second application of ATP, the Ca2+-containing bu�er was changed to Ca2+-free bu�er. (b) Typical [Ca2+]i responses induced
by 2-methylthio ATP (2-MeSATP). (c) Typical [Ca2+]i responses induced by a,b-methylene ATP. (d) E�ect of suramin (100 mM) on
the ATP-evoked increase in [Ca2+]i. The three cells shown are representative of all the cells tested.
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Characterization of ATP-evoked increase in [Ca2+]i in
microglia

It has been shown that microglia express the P2Y receptor (a
G-protein coupled-type P2 receptor) as well as the P2Z (P2X7)
receptor (a Ca2+-permeable ligand-gated channel) (Waltz et

al., 1993; NoÈ renberg et al., 1994; Langosch et al., 1994; Ferrari
et al., 1996). ATP (100 mM) was shown to evoke an increase in
[Ca2+]i in the presence of extracellular Ca

2+ (1.8 mM), but the
increase was not observed in the absence of extracellular Ca2+

(100 nM) (12 out of 12 cells) (Figure 2a). These data indicate
that the ATP-evoked increase in [Ca2+]i is dependent on
extracellular Ca2+, suggesting that ionotropic ATP receptors

are responsible for the Ca2+ response. We have classi®ed the
receptor subtypes responsible for these e�ects by measuring
the relative potency of agonists such as ATP, 2-methylthio

ATP (2-MeSATP) and a,b-methylene ATP. 2-MeSATP
(100 mM, 7 out of 7 cells) as well as ATP (100 mM) evoked an
increase in [Ca2+]i in microglial cells (Figure 2b), whereas a,b-
methylene ATP (100 mM, 7 out of 7 cells) did not (Figure 2c).

The ATP-evoked increase in [Ca2+]i was not inhibited by
100 mM suramin (20 out of 20 cells) (Figure 2d).

Quantitative data corresponding to Figure 1 and 2 are

summarized in Figure 3. These data are consistent with the
interpretation that P2X7 is responsible for the observed
increase in [Ca2+]i in microglia in our experiments (see Ferrari

et al., 1996; Surprenant et al., 1996). Next, we examined the
e�ect of BzATP, a selective agonist of P2X7 (Surprenant et al.,
1996), and the e�ect of oxidized ATP, a selective antagonist of

P2X7 (Surprenant et al., 1996), on the ATP-evoked increase of
[Ca2+]i. BzATP evoked a long-lasting increase in [Ca2+]i even
at 1 mM (Figure 4), a concentration at which ATP did not
evoke the increase (Figure 1b). Moreover, 1 h pretreatment

with oxidized ATP (100 mM) completely blocked the increase
by ATP (10 mM). These data, taken together with the fact that
the concentration-response curve for the increase in [Ca2+]i by

ATP was shifted to left in the Mg2+-free condition (Figure 1b),

indicate that the ATP-evoked [Ca2+]i increase is due to the
activation of P2X7 receptors.

ATP evoked the release of plasminogen in a
concentration-dependent manner, but not NO

The primary aim of these experiments was to obtain evidence
of the physiological signi®cance of the observed ATP-evoked
increase in [Ca2+]i. As mentioned in Introduction, activated
microglia have opposing functions in the CNS, neurotoxic or

protective. We measured the release of plasminogen from the
ATP-activated microglia as an indication of the protective
function, because plasminogen is thought to be a key molecule

for the neuroprotective actions by microglia (Nakajima et al.,
1992b, c; 1996; Kreutzberg, 1996). We also measured the
release of NO as an indication of the toxic e�ect because NO is

thought to be a neurotoxic substance (Kreutzberg, 1996).
Figure 5a shows the e�ect of ATP (10 ± 100 mM) and

glutamate (100 mM) on the release of plasminogen from
microglia by use of an immunoblotting method with DAB

staining. Figure 5b shows quantitative data from the
immunoblotting experiments by use of a high sensitivity ECL
method. Both ®gures demonstrate that ATP stimulated the

release of plasminogen in a concentration-dependent manner
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Figure 3 Quantitative data for [Ca2+]i responses shown in Figures 1
and 2. Data are mean+s.e.mean of the responses in 41 cells by ATP
(100 mM) in the presence of extracellular Ca2+, 12 cells by ATP
(100 mM) in the absence of extracellular Ca2+, 20 cells by ATP
(100 mM) with suramin (100 mM), 7 cells by 2-MeSATP (100 mM), 7
cells by a,b-methylene ATP (100 mM), or 70 cells by glutamate
(100 mM). An asterisk indicates signi®cant di�erence from the value
of `before' the stimulation (P50.05).
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(the estimated EC50 was near 15 mM), whereas glutamate
(100 mM) did not evoke the release of plasminogen 10 min after
the stimulation. The result is in accord with the data of the

internal Ca2+ response shown in Figure 1.
NO has been shown to be released from various cells

following the cascade of Ca2+ in¯ux, activation of Ca2+

calmoduline-dependent protein kinase and activation of NO

synthetase (Palmer et al., 1987). It has also been found that
ATP stimulates NO release from endothelial cells, presumably
through an increase in [Ca2+]i (see review of Olsson & Pearson,

1990). However, we could not detect a stimulating e�ect of
ATP (10 to 100 mM) on NO release from our microglia (Figure
6). Lipopolysaccaride (LPS, 0.5 mg ml71), a positive control,

stimulated NO release from the microglia.

Internal Ca2+ dependence of the release of plasminogen
from microglia

It is already known that neurotransmitter release from
synaptic vesicles is triggered by a transient increase in the

internal Ca2+ concentration through voltage-gated Ca2+

channels after priming (Sudhof, 1995). Since there are few
data on the relationship between internal Ca2+ and the release

of plasminogen, we examined the intracellular Ca2+ depen-
dence of the release by use of BAPTA-AM, which is converted
in the cytosol to BAPTA, an intracellular Ca2+ chelator

(Negulescu et al., 1989). Figure 7a shows the e�ect of a 1 h
pretreatment of cells with BAPTA-AM (200 mM) on the
plasminogen release evoked by 10 min of ATP (100 mM)
stimulation. BAPTA-AM treatment inhibited the plasminogen

release completely. Figure 7b shows that the ionophore
A23187, which evokes an increase in [Ca2+]i in a concentra-
tion-dependent manner (Foder et al., 1989; Mills & Kater,

1990), stimulated plasminogen release from microglia in a
concentration-dependent manner. These data suggest that
ATP evokes an increase in [Ca2+]i resulting in plasminogen

release from microglia.

Discussion

It has been shown that activated microglia can display both
neuroprotective and neurotoxic functions in the CNS.

Plasminogen is thought to be a key molecule for the
neurotrophic e�ect, because it promotes the development of
mesencephalic dopaminergic neurones and enhances neurite

outgrowth from explants of neocortical tissue (Nakajima et al.,
1992b, c). NO is thought to be neurotoxic via a mechanism
involving free oxygen radicals and it has been demonstrated
that NO release from microglia has a neurotoxic e�ect in co-

cultures of neurones and microglia (Thery et al., 1993). In this
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paper we present evidence that ATP evokes an increase in
[Ca2+]i which stimulates plasminogen release from cultured

microglia. On the other hand, ATP did not stimulate NO
secretion from the same preparations.

It is well known that neurotransmitter release from
synaptic vesicles is triggered by a transient increase in [Ca2+]i
through voltage-gated Ca2+ channels (mostly N-type Ca2+

channel in neurone) (Sudhof, 1995). A similar relationship
was obtained for glutamate release from astroglia and IL-ab
release from microglia (Parpura et al., 1994; Ferrari et al.,
1996). However, no data were obtained suggesting a
relationship between an increase in [Ca2+]i and the release

of plasminogen from microglia. We examined the intracel-
lular Ca2+ dependence of the release of plasminogen by using
BAPTA-AM (an intracellular Ca2+ chelator) and A23187 (a
Ca2+ ionophore). A 1 h pretreatment with BAPTA-AM

completely inhibited the plasminogen release stimulated by
ATP (Figure 7a). A23187, which can increase [Ca2+]i also
evoked plasminogen release in a concentration-dependent

manner (Figure 7b). These data suggest that the ATP-evoked

plasminogen release is triggered by an increase in [Ca2+]i in
microglia.

It has been found that ATP activates non-selective cation

conductance or increases permeability changes by creating
non-speci®c large pores in the plasma membranes of microglia,
suggesting the expression of P2X and P2Z as ionotropic P2

receptors in these cells (Walz et al., 1993; NoÈ renberg et al.,
1994; Langosch et al., 1994; Ferrari et al., 1996). Recently, a
new nomenclature of the P2 receptors based on the cloning and
expression of cDNAs of receptor subclasses was published

(Burnstock & King, 1996). According to the new nomencla-
ture, there are 7 identi®ed subclasses of ionotropic P2 receptors
(P2X1 to P2X7. P2X7 is thought to be a candidate for P2Z

(Surprenant et al., 1996). In our experiment, the ATP-evoked
increase in [Ca2+]i was totally dependent on extracellular Ca

2+

(Figure 2a). These data suggest that an ionotropic P2

receptor(s) is responsible for the increase in [Ca2+]i. The
ATP-evoked increase in [Ca2+]i was insensitive to suramin
(Figure 2d). Interestingly, P2X4, P2X6 and P2X7 are known to
be suramin-insensitive (Buell et al., 1996). 2-MeSATP was

active and a,b-methylene ATP was inactive in evoking the
[Ca2+]i increase (Figure 2b and c). These characteristics are
consistent with those of P2X4, P2X6 and P2X7. Many previous

studies have suggested that P2Z might be involved in IL-1b
release from microglia (Ferrari et al., 1996). We also examined
the e�ects of BzATP, a selective agonist (Ferrari et al., 1996),

and oxidized ATP, a selective antagonist of P2X7 (Surprenant
et al., 1996). BzATP evoked an increase in [Ca2+]i more
e�ciently than ATP, and oxidized ATP (100 mM) inhibited the
e�ect of ATP. Moreover, the concentration-response curve of
the increase in [Ca2+]i induced by ATP was shifted to the left in
the Mg2+-free condition (Figure 1b), suggesting that the active
form of ATP that stimulates the responses may be ATP47

which is a speci®c endogenous agonist of P2X7. All the data
indicate that the ATP-evoked [Ca2+]i increase is due to the
activation of P2X7 receptors.

Several lines of evidence support the role of ATP as a
neurotransmitter in the hippocampus (Inoue et al., 1996).
Messenger RNAs of ionotropic and metabotoropic ATP

receptors have been detected by in situ hybridization in
hippocampus (Collo et al., 1996). However, the physiological
signi®cance of ATP in the hippocampus is still unknown. We
have previously demonstrated that exogeneously applied

plasminogen enhances synaptic transmission through
NMDA-glutamate receptors in cultured hippocampal neuro-
nal networks (Inoue et al., 1994). In this study we found that

ATP, but not glutamate (which is an ubiquitous excitatory
neurotransmitter), stimulated plasminogen release from micro-
glial cells. Therefore, it is possible that ATP released from

nerve endings transmits information to microglia and
stimulates them to release plasminogen in the hippocampus.
As mentioned above, the released plasminogen may modulate

the function of the neurones. Thus, ATP from purinergic
neurones can transmit information to glutamate-related
neurones via microglia. In other words, a triangular
connection of neurone ±microglia ± neurone may be completed

by ATP and plasminogen in the hippocampus. ATP also exists
in cytosol at a concentration of several mM and is able to come
out of cells damaged by ischaemia or trauma. It has been

found that microglia respond to ischaemia in the CA1 area of
hippocampus (Yamashita et al., 1994). ATP leaking from
damaged cells as well as ATP from nerve endings may be able

to activate hippocampal microglia.
The activation and proliferation of microglia occurring

after axotomy of the facial nerve are accompanied by an
increase in the activity of urokinases such as plasminogen in
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Figure 7 Dependence on Ca2+ of the release of plasminogen from
microglia. (a) The e�ect of 1 h pretreatment of cells with BAPTA-
AM (200 mM) on plasminogen release evoked by ATP (100 mM). Data
are mean+s.e.mean from measurements of 3 ± 5 blots. An asterisk
indicates signi®cant di�erence from the BAPTA-AM-treated group
(P50.05). (b) The Ca2+ ionophore A23187 stimulated plasminogen
release from microglia. A23187 was added to the cell for 10 min.
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the facial nucleus (Nakajima et al., 1996). Proliferating
microglia detach a�erent synaptic terminals from the
motoneurone surface within a few days after the transection

of facial nerve (Kreutzberg, 1996). This so-called `synaptic
stripping' is a well-known phenomenon but the mechanism is
still unknown. It is supposed that ATP from the damaged

facial nerve may play some role in triggering microglia to
commence `synaptic stripping'.

In conclusion, we have found that ATP stimulates
plasminogen release from cultured microglia. This is due to
the activation of ionotropic P2X7 receptors, leading to an

increase in [Ca2+]i.

This study was supported by the Program for Promotion of
Fundamental Studies in Health Sciences of the Organization for
Drug ADR Relief, R & D Promotion and Product Review of Japan.
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