British Journal of Pharmacology (2001) 134, 1180-1189

P2 receptor-types involved in astrogliosis in vivo
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1 In the nucleus accumbens (NAc) of rats, the involvement of P2X and P2Y receptors in the
generation of astrogliosis in vivo, was investigated by local application of their respective ligands.
The agonists used had selectivities for P2X, 5 («,f-methylene adenosine 5'-triphosphate; «,f-meATP),
P2Y, ;> (adenosine 5-O-(2-thiodiphosphate; ADP-f-S) and P2Y,4¢ receptors (uridine 5-O-(3-
thiotriphosphate; UTP-y-S). Pyridoxalphosphate-6-azophenyl-2,4-disulphonic acid (PPADS) was
used as a non-selective antagonist. The astroglial reaction was studied by means of
immunocytochemical double-labelling with antibodies to glial fibrillary acidic protein (GFAP) and
5-bromo-2'-deoxyuridine (BrdU).

2 The agonist-induced changes in comparison to the artificial cerebrospinal fluid (aCSF)-treated
control side reveal a strong mitogenic potency of ADP-f-S and ¢,-meATP, whereas UTP-y-S was
ineffective. The P2 receptor antagonist PPADS decreased the injury-induced proliferation when
given alone and in addition inhibited all agonist effects.

3 The observed morphogenic changes included hypertrophy of astrocytes, elongation of astrocytic
processes and up-regulation of GFAP. A significant increase of both GFAP-immunoreactivity (IR)
and GFA-protein content (by using Western blotting) was found after microinfusion of «,-meATP
or ADP-$-S. In contrast, UTP-y-S failed to increase the GFAP-IR. The morphogenic effects were
also inhibited by pre-treatment with PPADS.

4 A double immunofluorescence approach with confocal laser scanning microscopy showed the
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localisation of P2X3 and P2Y; receptors on the GFAP-labelled astrocytes.

5 In conclusion, the data suggest that P2Y (P2Y; or P2Y,) receptor subtypes are involved in the
generation of astrogliosis in the NAc of rats, with a possible minor contribution of P2X receptor

subtypes.
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Introduction

ATP represents one of the endogenous factors released from
cells following injury (Gordon, 1986; Queiroz et al., 1997).
This extracellular signalling molecule acts either by stimulat-
ing the P2X receptor family of ligand-gated cation channels
(which mediate fast responses) or the P2Y family of G
protein-coupled receptors (which mediate slow metabotropic
responses) (Abbracchio & Burnstock, 1994; Ralevic &
Burnstock, 1998). Currently seven P2X and six P2Y
receptor-subtypes of human origin are known (Burnstock,
1999; von Kiigelgen & Wetter, 2000; Hollopeter ez al., 2001).

Astrocytes express a variety of cell surface receptors which
render them capable of responding to extracellular stimuli
(Kimelberg, 1995). Cultured astrocytes from, for example, the
cortex or the striatum were described to possess P2X- and/or
P2Y-receptors (Bruner & Murphy, 1993; Walz et al., 1994,
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Ho et al., 1995; King et al., 1996; Centemeri et al., 1997). A
trophic role of ATP in development as well as in tissue injury
and repair is suggested because of the presence of P2
receptors on astroglial cells. In fact, extracellular nucleotides
have been shown to induce morphogenic and mitogenic
effects in astrocytes in vitro (Neary & Norenberg, 1992;
Abbracchio et al., 1994; Neary et al., 1996a). After infusion
of ATP into the rat brain an increase of GFAP-staining was
observed also in vivo (Hindley et al., 1994). Astrogliosis is
characterized by cellular hypertrophy, increase in glial
fibrillary acidic protein (GFAP) and in some cases by
proliferation (Norenberg, 1994).

In a previous study, we have reported that tissue injury and
microinfusion of 2-methylthioATP (2-MeSATP; mixed P2X/
P2Y receptor agonist) into the nucleus accumbens (NAc) of
rats under in vivo conditions induces astrogliosis which could
be inhibited by the P2 receptor antagonists pyridoxal-
phosphate-6-azophenyl-2,4-disulphonic acid (PPADS) and
reactive blue 2 (Franke et al., 1999a). These results suggest
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the involvement of P2 receptors in the generation of
astrogliosis in vivo and the possibility that more than one
P2 receptor mediates the responses of astrocytes in the NAc
of rats. Co-expression of various P2 receptor subtypes in
different tissues have been described (Ho et al., 1995; King et
al., 1996).

In order to investigate which subtypes of nucleotide
receptors are involved in the astrogliosis in the NAc in vivo,
the more selective P2 receptor agonists o,f-methylene
adenosine 5'-triphosphate (o,f-meATP; P2X, ;), adenosine
5’-0O-(2-thiodiphosphate) (ADP--S; P2Y; or P2Y;,) and
uridine 5-O-(3-thiotriphosphate) (UTP-y-S; P2Y,.¢) were
used (Franke et al., 1999b; 2000). These agonists and the P2
receptor antagonist PPADS were infused into the NAc of
rats. Immunocytochemical double labelling with antisera to
GFAP (specific marker for fibrous astrocytes), 5-bromo-2'-
deoxyuridine (BrdU; proliferation marker) and to the P2X;
and P2Y, receptor subtypes were performed to study GFAP-
immunoreactivity (GFAP-IR) and proliferative activity of
astrocytes as well as P2X5 and P2Y; receptor localization.
Western blotting was used to quantify the GFA-protein
content of the NAc.

Methods

Animals

Male Wistar rats (WistLei; 280—320 g) were housed under a
12 h light — 12 h dark cycle and were allowed access to lab
feed and water ad libitum.

Operational procedure and microinfusion

All animal use procedures were approved by the committee of
Animal Care and Use of the relevant local governmental body
in accordance with the law of experimental animal protection.
The rats were fixed under anaesthesia (90 mg kg=' i.p.
ketamine hydrochloride and 15 mg kg~' i.p. xylazine hydro-
chloride) in a stereotaxic frame. After opening the skull, a
stainless steel cannula (O.D. 0.25 mm) was inserted into the
core of the NAc (1.7 mm rostral to the bregma, 1.5 mm lateral
to the sagittal suture, 6.5 mm below the surface of the
hemisphere). The cannula was connected with a microinfusion
pump via a flexible FEP-tubing. The effects of the following
agonists were studied: o«,f-meATP, ADP-$-S and UTP-y-S.
The rats received BrdU (0.1 nmol), or a mixture of PPADS
(0.03 nmol) and BrdU at first; 15 min after terminating
injection a second application containing the respective
agonist (0.1 nmol, each) or a mixture of PPADS (0.03 nmol)
and the agonist (0.1 nmol, each) followed. Artificial cere-
brospinal fluid (aCSF (mMm): NaCl 126, KCl1 2.5, NaH,PO,
1.2, MgCl, 1.3, CaCl, 2.4, pH 7.4), or test substances were
injected in a volume of 1 ul at a rate of 12 ul h~".

After a postinjection period of 4 days the rats were
transcardially perfused under thiopental sodium-anaesthesia
with paraformaldehyde (2%) in sodium acetate buffer (pH
6.5) followed by paraformaldehyde (2%)/glutaraldehyde
(0.1%) in sodium borate buffer (pH 8.5). Serial coronal
sections (50 um thick) from the NAc were obtained by using
a vibratome (TSE, Bad Homburg, Germany) and collected as
free-floating slices in 0.1 M Tris (pH 7.6).

Immunocytochemistry

The GFAP-staining procedure was performed as pre-
viously described by Franke (1995). GFAP was char-
acterized with rabbit anti-cow GFAP antiserum (1:600;
DAKO, Glostrup, Denmark) and biotinylated protein A
(1:400; Calbiochem, La Jolla, CA, U.S.A.). For the
detection of the astroglial marker the streptavidin/biotin
technique (1:125; StreptABComplex; DAKO) and 3,3'-
diaminobenzidine tetrahydrochloride (DAB; 0.05%; Sigma)
were used.

Mitotic astrocytes were identified by immunostaining of
the incorporated BrdU. After DNA denaturation (2 N HCI)
and neutralization (borate buffer; 0.15 M; pH 8.5) the slices
were incubated with a mouse monoclonal antibody against
BrdU (Clone Bu20a; 1:75; DAKO) followed by incubation
with horse biotinylated anti-mouse immunoglobulins (1: 100;
Vector Labs., Burlingame, CA, U.S.A.) and with ABC Elite
Kit (1:50; Vectastain; Vector Labs.). Peroxidase activity was
visualized with DAB (0.07%) containing nickel ammonium
sulphate (1%) plus cobalt chloride (1%) (DAB-Ni/Co) and
hydrogen peroxide, which renders a black reaction product.
After mounting on slide glasses all stained sections were
dehydrated in a series of graded ethanol, processed through
n-butylacetate and covered with entellan (Merck, Darmstadt,
Germany).

Single GFAP-staining was used for characterizing mor-
phogenic changes (hypertrophy, elongation and changes in
GFAP-IR). For GFAP-/BrdU-double staining experiments
to characterize mitogenic changes, the slices were first
processed for anti-GFAP-labelling followed by BrdU-im-
munolabelling. The two reaction products could be distin-
guished by their different colours (GFAP: brown; BrdU:
dark-blue to violet) and by their specific intracellular
location (GFAP, in the cytoplasm and processes; BrdU, in
the nuclei).

Immunofluorescence

After washing with Tris-buffered saline (TBS, 0.05 M; pH 7.6)
and blocking with normal goat serum (NGS) in TBS the
slices (coronal sections from the NAc; 50 um thick) were
incubated in an antibody mixture of mouse anti-GFAP
(1:1000; Sigma) and of rabbit anti-P2X; receptor antibody
(1:1000, GlaxoWellcome, Cambridge, U.K.) or of rabbit
anti-P2Y; receptor antibody (1:1500, SmithKline Beecham
Pharmaceuticals, U.K.) with 0.1% Triton X-100 in 1% NGS
in TBS for 48 h at 4°C. The secondary antibodies employed
for the simultanecous localization of the two primary
antibodies were Cy2-conjugated goat anti-mouse IgG
(1:500; Jackson Immuno Research, Baltimore, U.S.A.) and
Cy3-conjugated goat anti-rabbit IgG (1:800; Jackson Im-
muno Research), respectively. The sections were washed three
times for 5 min each in 1% NGS in TBS and then incubated
for 2 h in a solution containing a mixture of the secondary
antibodies with 1% NGS in TBS. After intensive washing
and mounting on slide glasses all stained sections were
dehydrated in a series of graded ethanol, processed through
n-butylacetate and covered with entellan (Merck, Darmstadt,
Germany). Control experiments were carried out without
primary antibody or by pre-adsorption of the antibody with
the immunizing peptides.
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Confocal microscopy

The double-immunofluorescence was investigated by a
scanning confocal microscope (LSM 510, Zeiss, Oberkochen,
Germany) equipped with an argon laser emitting at 488 nm
and a helium/neon laser emitting at 543 nm. The two
reaction products were distinguished by their different
fluorescence: GFAP by the green Cy2-immunofluorescence
and the P2X5; or the P2Y; receptors by the red Cy3-
immunofluorescence.

GFAP-Western blotting

Sample preparation Immediately after excision, brain tissue
samples were rapidly frozen and stored at —70°C. The frozen
tissue was homogenized in phosphate buffer (pH 7.4; 0.06 M
potassium phosphate, 1 mM EDTA). Protein concentrations
were measured according to the method of Bradford (1976).

Immunoblotting and GFAP-quantification 2.5 ul (containing
0.25 pg protein) of the control and test sample preparation
(as duplicates) were separated electrophoretically on 12%
resolving polyacrylamide mini-gels using a Mini Protean II
electrophoresis unit (BIO-RAD Laboratories GmbH, Ger-
many) and then quantitatively transferred to nitrocellulose
sheets (0.45 um). After incubation for 1 h in TRIS-buffered
saline containing 5% membrane blocking reagent, the
membranes were exposed to primary anti-GFAP antibody
(1:4000; DAKO) for 1 h. Subsequently, the sheets were
incubated with biotinylated anti-rabbit antibody (1:1333;
Amersham Pharmacia Biotech., U.K.) for 1 h followed by
incubation of the blots with diluted streptavidin-horseradish-
peroxidase (1:2000; Amersham) for 20 min. Enhanced
chemiluminescence (ECL)-reagents and ECL-hyperfilm
(Amersham) were used for detection.

Quantification and statistical analysis

Proliferating cells were identified according to morphological
criteria (Franke et al., 1999a). All GFAP-positive cells and all
GFAP-/BrdU-double stained cells were counted under a light
microscope (Axioskop; Zeiss, Oberkochen, Germany) with a
20 x objective within a square (0.5x 0.5 mm) in identical
areas of the NAc for each experimental situation (Figure 1).
The cells were counted in the section containing the centre of
the needle tract. Each value represents five replications for
each condition. The results were expressed as a percentage of
cells in the same region of the aCSF-treated side. For
determination of statistically significant differences between
the ipsi- and contralateral region, the Mann-Whitney-test was
used. The individual groups were compared with one-way
ANOVA using the Bonferroni-test.

The content of GFA-protein was detected by enhanced
chemiluminescence. The intensity of the staining was
quantified using a ScanJet 4c scanner (Hewlett Packard)
and the Sigma Gel software from Jandel Scientific. Staining
of the control side preparations was taken as 100%.

Materials

Drugs used were: adenosine 5'-O-(2-thiodiphosphate (ADP-f-
S), S5-bromo-2'-deoxyuridine (BrdU), 3,3’-diaminobenzidine
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Figure 1 Horizontal section of the rat brain including the nucleus
accumbens (NAc). The schematic localization of the needle tracts and
the areas in which the cells were counted (1: core 1; 2: core 2; 3:
ventral shell; 4: piriform cortex; according to Franke et al., 1999a)
are shown.

tetrahydrochloride (DAB; Sigma, Deisenhofen, Germany),
o,f-methylene adenosine 5'-triphosphate (o,f-meATP; RBI;
Natick, MA, U.S.A.), uridine 5-O-(3-thiotriphosphate)
(UTP-y-S; Inspire Pharmaceuticals Inc., Durham, NC,
U.S.A), pyridoxalphosphate-6-azophenyl-2,4-disulphonic
acid (PPADS; Biotrend, Ko6ln, Germany), ketamine hydro-
chloride (Parke-Davis; Berlin, Germany) and xylazine
hydrochloride (Bayer, Leverkusen, Germany).

Results

Insertion of the injection cannula and infusion of aCSF
caused astrogliosis characterized by an increase in the
number of single-stained (GFAP) and double stained
(GFAP/BrdU) cells, by up-regulation of GFAP-IR, as well
as by hypertrophy of astrocytes after a postinjection time of 4
days. Microinfusion of the P2 receptor agonists and
antagonists modified the extent of astrogliosis.

Cells that had synthesized DNA in the presence of BrdU
were immunocytochemically identified with antibodies to
BrdU. Stained nuclei appeared as black or blue-purple
precipitates. Reactive astrocytes (single- and double-stained)
were found near the needle tract and in adjacent subfields, up
to the cortical regions on both sides. Examples of single- and
double-stained cells are illustrated in Figure 2.

Mitogenic effects

The effects of all agonists were evaluated 4 days after
microinfusion into the NAc. The mitogenic effect of ADP-f-S
(0.1 nmol) was the most powerful of all investigated agonists.
Not only the number of GFAP-positive cells but also the
number of GFAP-/BrdU-double stained cells (Figure 3A)
increased in the studied regions, when compared to the aCSF-
treated control side. PPADS (0.03 nmol) alone decreased the
number of GFAP- and GFAP-/BrdU-double stained cells (see
Franke et al., 1999a). In addition, PPADS (0.03 nmol)
counteracted the effect of ADP-f-S (0.1 nmol; Figure 3A). It
is noteworthy that an unequivocal antagonistic interaction
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Figure 2 Glial fibrillary acidic protein (GFAP)-/bromodeoxyuridine (BrdU)-double stained cells in the NAc of the rat (GFAP:
brown, cytoplasm and processes; BrdU: dark-blue to violet, nuclei). (A,B) Effects of o,f-meATP on astrocytes in the NAc of rats
after a postinjection time of 4 days. Asterisks mark examples of intensive elongation of astrocytic processes. (C,D) Single-
(arrowhead) and double-stained cells (arrow) 4 days after ADP-f-S-application. (C) Artificial cerebrospinal fluid (aCSF)-treated

control side. (D) ADP-f-S-treated side (scale bar: 20 um).

between PPADS and ADP-f-S was observed only when cells
were double stained for GFAP and BrdU. The microinfusion of
o,-meATP increased the number of GFAP-positive cells and
GFAP-/BrdU double-stained cells (Figure 3B) in most of the
investigated areas, when compared to the aCSF-treated control
side. PPADS (0.03 nmol) partially counteracted the mitogenic
effects of o,-meATP (0.1 nmol; see e.g. the core 2 and cortex
regions for the GFAP-/BrdU-double stained cells). This
antagonism, however, was by far not as marked as in the case
of ADP-f-S (compare Figure 3A,B).

After microinfusion of UTP-y-S (0.1 nmol), the number of
GFAP-positive cells significantly increased in the immediate
vicinity of the application site only (core 1; Figure 3C). There
was no further measurable increase observed either in the
number of GFAP-stained or GFAP-/BrdU-double stained
cells (Figure 3C). PPADS (0.03 nmol) interfered with the
effect of UTP-y-S (0.1 nmol) in the region core 1 (GFAP-
positive cells).

Finally, the number of GFAP-/BrdU-double stained cells
was averaged in the four investigated areas of the NAc after
microinjection of ADP-f-S, o,f-meATP and UTP-y-S
(0.1 nmol each) and compared to the aCSF-treated contra-
lateral side (Figure 4; data for the mitogenic effects of 2-
MeSATP were taken from a previous study; Franke et al.,
1999a). The most marked increase in the number of GFAP-/
BrdU-double stained cells was caused by ADP-£-S, followed
by 2-MeSATP and o,f-meATP. UTP-y-S had almost no
mitogenic activity.

Morphogenic effects

Microinfusion of the P2 receptor agonists resulted in
hypertrophy and up-regulation of the GFAP-IR in the

cytoplasm and processes of astrocytes after a postinjection
period of 4 days (Figure 2A,B,D) in comparison to the aCSF-
treated control side (Figure 2C). The elongation of astrocytic
processes was particularly pronounced after o,f-meATP
application (Figure 2B).

In order to verify that the increase of GFAP-IR after o,f-
meATP (0.1 nmol)- or ADP--S (0.1 nmol)-microinfusion
results from an increase in GFA-protein content and not only
from hypertrophy of the cells in combination with increased
antigenicity (Franke, 1995), the GFA-protein content was
measured using immunoblotting. A quantitative evaluation of
these data indicated that ADP-$-S and o,f-meATP increased
the GFA-protein content by 28+8% (Figure 5A) and by
46+ 5% (data not shown). This effect could be blocked by
pre-treatment with PPADS (0.03 nmol; see Figure 5A for
ADP-$-S). Figure 5B illustrates the increase in GFA-protein
content after ADP-f-S-microinfusion in comparison to the
aCSF-treated control side.

Immunocytochemical demonstration of P2X and
P2Y receptors

Double labelling of astrocytes with antibodies against GFAP
and the P2X; as well as P2Y, receptor-subtypes, proved the
localization of these receptors on activated astrocytes in the
NAc of rats. Figure 6 shows examples of the localization of
P2X; (A-F) and P2Y; (G-L) receptors on GFAP-positive
astrocytes. The strong immunoreactivity for these receptors
was found after microinfusion of the specific agonists o,f-
meATP (P2X; receptors; Figure 6D—F) and ADP-$-S (P2Y,
receptors; Figure 6J—L) on GFAP-positive astrocytes. The
situation after microinfusion of aCSF alone is shown in
Figure 6A—C and G-1. P2X; and P2Y, receptors were

British Journal of Pharmacology vol 134 (6)
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Figure 3 Effects of ADP-f-S, PPADS plus ADP-$-S and PPADS alone (A), «,f-meATP, PPADS plus o,f-meATP and PPADS
alone (B), and UTP-y-S, PPADS plus UTP-y-S and PPADS alone (C) on the number of GFAP-positive cells and the number of
GFAP-/BrdU-double stained cells in the NAc of rats after a postinjection time of 4 days. Rats received at first an ipsilateral
injection of aCSF, followed by agonist (0.1 nmol), or PPADS alone (0.03 nmol) or at first PPADS (0.03 nmol), followed by a
mixture of PPADS (0.03 nmol) and agonist (0.1 nmol). The contralateral NAc received two injections of aCSF as a control. The
values are expressed as a percentage of controls and represent the mean +s.e.m. of six animals per group (*P<0.05, versus aCSF
group; + P<0.05, agonist versus PPADS/agonist group; #P <0.05, PPADS versus PPADS/agonist group).

localized both on GFAP-positive astroglial processes and on
the cell somata.

Discussion

Following trauma or ischemia, large amounts of nucleotides
and nucleosides (ATP, GTP, UTP, adenosine) enter the

extracellular space. They may play a key role in initiating
brain repair mechanisms including astrogliosis. The glial scar
is thought to be a limiting factor in CNS regeneration
following cellular damage (Bovolenta et al., 1992; Abbracchio
et al., 1999). Application of ATP itself or of its structural
analogues to cultures of astrocytes mimicked the changes
which occur during gliotic processes (Neary, 1996; Abbrac-
chio et al., 1999). Microinfusion of 2-MeSATP into the NAc

British Journal of Pharmacology vol 134 (6)
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of rats stimulated the gliosis following CNS injury and led to
an increase in GFAP expression and proliferation; this effect
was prevented by the P2 receptor antagonist PPADS (Franke

GFAP-/BrdU-double stained cells
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Figure 4 Comparison of the sum of GFAP-/BrdU-double stained
cells in various areas of the NAc 4 days after microinjection of P2
receptor agonists. Similar results with 2-MeSATP are included from a
previous publication (Franke er al., 1999a). Values are expressed as a
percentage of controls and represent the mean +s.e.m. of six animals
per group (*P<0.05, versus aCSF group). The differences in the
effects of ADP-S-S, 2-MeSATP and o,-meATP are statistically
significant (P <0.05).

A

et al., 1999a). When given alone, PPADS depressed the
astrogliosis caused by vehicle injection, suggesting the
involvement of endogenous ATP in this process (Franke et
al., 1999a).

Since ATP may activate several types of P2 receptors, it is
possible that more than one receptor-subtype mediates the
astrocytic response. The present study shows that agonists
with preference for certain P2 receptor-subtypes, such as o,f-
meATP and ADP-$-S (but not UTP-y-S), also induce
morphogenic and mitogenic changes of astrocytes, although
with different potencies. The P2 receptor antagonist PPADS
reduced the agonist effects. The relatively hydrolysis-resistant
ATP analogue o,f-meATP is supposed to act on P2X; and
P2X3 homomeric or P2Xy4/s heteromeric receptor-types with-
out stimulating P2Y receptors (Ralevic & Burnstock, 1998).
In contrast, the non-hydrolysable analogues ADP-$-S (P2Y,
or P2Y,,) and UTP-y-S (P2Y54/6) appear to activate certain
subtypes of P2Y, but not P2X receptors. UTP-y-S is
equipotent with uridine 5'-triphosphate itself (UTP; Laza-
rowski et al., 1996).

Significant mitogenic effects, the appearance of hyper-
trophic astrocytes and the presence of elongated and
thickened astrocytic processes as well as an increase in the
GFAP-IR and GFA-protein content after microinfusion of
o,f-meATP suggest the involvement of P2X receptors in the
astrogliotic process observed. The proliferative changes
evoked by o,f-meATP, however, were less pronounced in
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Figure 5 GFA-protein was detected by immunoblotting followed by measurement of chemiluminescence on nitrocellulose filter.
The protein content was determined after ADP-f-S microinfusion in comparison with the aCSF-treated control side following a
postinjection time of 4 days. (A) Quantification of the ADP-f-S-induced GFA-protein content in comparison with that induced by
ADP-$-S plus PPADS or PPADS alone. The values are expressed as a percentage of controls and represent the mean+s.e.m. of
three animals per group (*P<0.05, versus aCSF-treated side). (B) Immunoblot analysis of preparations of the aCSF- (lanes 1-3)
and ADP-f-S-treated sides (lanes 4—6) using GFAP antibodies. Each lane contains 0.25 ug protein.
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GFAP+P2X,

GFAP+P2X,

GFAP+P2Y,

Figure 6 Confocal images of double immunofluorescence for GFAP (A,D,G.J; Cy2-green fluorescence) and P2 receptor-subtypes
(B,E,H.,K; Cy3-red immunofluorescence) to characterize the receptor-localization on astrocytes in the NAc of rats. ACSF (A-C,
G-1), a,f-meATP (D—-F) or ADP-$-S (J—L) were microinfused 4 days before preparation. Double labelling for GFAP and the
P2X; receptor subtype is shown in C,F and for the P2Y, receptor-subtype in I,L (scale bar: 10 um (A—L). The expression of P2X;
receptors in GFAP-immunoreactive astrocytes after aCSF microinfusion has been demonstrated earlier (Franke et al., 2001).

comparison to the infusion of the mixed P2X/P2Y receptor
agonist 2-MeSATP. Hence, the mitogenic effects of 2-
MeSATP may be due to stimulation of both P2X and P2Y
receptors at astrocytes. In fact, the P2Y; (or P2Y;,;
Hollopeter et al., 2001) receptor agonist ADP-f-S had a
more marked effect than 2-MeSATP in up-regulating the
number of GFAP-positive and GFAP-/BrdU-positive cells
and in the induction of phenotypic changes (see Figure 4).
Because the used agonist does not allow a discrimination
between the P2Y; and P2Y;, receptor subtypes, the
participation of P2Y, receptors cannot be excluded. The

P2Y, 46 receptor agonist UTP-y-S appeared to be inactive,
suggesting no involvement of these receptor types. Our results
support the hypothesis that P2Y receptor stimulation may
activate intracellular pathways inducing cell differentiation
and proliferation (e.g. Gallagher & Salter, 1999) more
potently than P2X receptor stimulation.

Astrocytic swelling is often associated with increased
GFAP-IR, probably as a consequence of increased synthesis
of GFAP, unmasking of GFAP-subunits and/or enhanced
exposure of epitopes on GFAP caused by dissociation and
dispersion of glial filaments within the astrocytic cytoplasm
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and processes (for references, see Franke, 1995). However,
the present results (Figure 6) show that the increase in GFA-
protein is a genuine part of the described astrogliosis induced
by both — the P2X and P2Y agonists.

The described in vivo astrocytic changes are in agreement
with previous reports using in vitro systems. Exposure of
primary cultures of striatal astroglial cells to o,f-meATP
results in marked stellation of GFAP-positive cells, in
elongation of astrocytic processes, stimulation of DNA
synthesis, and increase in astroglial cell number (Abbracchio
et al., 1994; Neary et al., 1994; Brambilla et al., 2000). Similar
effects on astrocytic elongation were observed with ATP and
other P2 receptor agonists (o,f-meATP, ADP-S-S, 2-
MeSATP and, to a lesser extent, with UTP) (Abbracchio et
al., 1995; Bolego et al., 1997). Astrocytes from some CNS
areas were activated by 2-MeSATP as well as UTP,
indicating a co-expression of P2Y and P2U (renamed P2Y»,)
receptors (dorsal spinal cord, Ho et al., 1995; cerebral cortex,
King et al., 1996). In contrast, cultured hippocampal
astrocytes responded to ATP, ADP and 2-MeSATP with
the elevation of intracellular calcium, while UTP was
inactive, excluding the involvement of UTP-binding sites
coupled to calcium (Ca**) signalling (Bernstein et al., 1998).
Reverse transcriptase-polymerase chain reaction (RT—-PCR)
studies with primer pairs for cloned rat P2Y receptors
showed that rat cortical astrocytes express P2Y; as well as
P2Y, and P2Y, receptor subtypes. Transcripts for P2Yy
receptors were not detected (Lenz et al., 2000).

The present results suggest the expression of both P2Y and
P2X receptors on astrocytes in the NAc of rats. Autoradio-
graphy using [*H]a,-meATP revealed that there are binding
sites in the rat NAc for this P2X agonist (Bo & Burnstock,
1994). Immunostaining with P2Y; receptor-antibodies de-
monstrated the presence of this receptor-type in the NAc of
the mouse as well (Cousens et al., 2000). The present
immunofluorescence study used antibodies against P2X;
and P2Y; receptors and showed their co-expression with
GFAP on astrocytes after o,f-meATP- and ADP-f-S-
microinfusion, respectively.

PPADS is an antagonist at certain subtypes of P2X and
P2Y receptors (Ralevic & Burnstock, 1998). In the present
study, the mitogenic and morphogenic effects of P2 receptor
agonists were blocked by PPADS. The marked elongation of
astrocytic processes by o,f-meATP in primary cultures of
astrocytes from rat striatum or cortex as well as in human
astrocytoma cells could be also reversed by PPADS
(Brambilla ez al., 2000). Finally, PPADS, when given alone,
decreased the gliotic process, probably by antagonizing the
effect of nucleotides released as a consequence of tissue injury
(Franke et al., 1999a). The marginal effect of PPADS on
UTP-y-S suggests that the agonist acts at PPADS-insensitive
P2Y, receptors (see von Kiigelgen & Wetter, 2000).

P2X and P2Y receptors may cause astrocytic activation by
utilizing distinct and independent transduction pathways.
P2X-receptors are ATP-gated ion channels and act as
mediators of fast excitatory neurotransmission in the CNS.
These receptors allow the rapid non-selective passage of
cations across the cell membrane, resulting in an increase of
intracellular calcium concentration ([Ca’*];) and in a
depolarization of the cell membrane (Ralevic & Burnstock,
1998). The P2X receptor-selective agonist o,f-meATP was
relatively ineffective in evoking inward currents in astrocyte

mRNA-injected oocytes and in stimulating mitogen-activated
protein kinase (MAPK) in cultured astrocytes, suggesting
that P2X receptors are only weakly expressed in astrocytes
(King et al., 1996). o,-meATP used at concentrations which
induced reactive astrogliosis in striatal glial cell cultures did
not elicit any significant increase of [Ca®*]; (Centemeri et al.,
1997). Although o,f-meATP stimulates only cloned P2X
receptor subtypes, and none of the cloned P2Y receptor
subtypes, the existence of a not yet cloned P2Y receptor
sensitive to o,-meATP cannot be excluded (Windscheif et al.,
1995). It has been concluded that the gliotic response to o,f3-
meATP is mediated by an ‘atypical’ G-protein-coupled P2Y
receptor rather than by a P2X receptor (Abbracchio et al.,
1999). Further studies of Abbracchio and co-workers suggest
that this ‘gliotic’ P2Y receptor is linked to the activation of
phospholipase A, via a pertussis toxin-sensitive mechanism,
accompanied by significantly increased expression of cyclo-
oxygenase (COX)-2 (Bolego et al., 1997, Abbracchio et
al., 1999; Brambilla ez al., 1999; 2000).

The P2Y receptors couple to phosphatidylinositol-specific
phospholipase C (PI-PLC), which stimulate the inositol
phosphate formation (IP;) and calcium mobilization (Pearce
et al., 1989; Kastritsis et al., 1992; Salter & Hicks, 1994; Fam
et al., 2000). They couple also to the extracellular signal
regulated protein kinase/mitogen-activated protein kinase
(ERK/MAPK) cascade which is crucial for cellular prolifera-
tion and differentiation (Neary & Zhu, 1994; Neary et al.,
1999a, b; Lenz et al., 2000). Coupling to adenylate cyclase by
some P2Y receptors has also been described (Webb et al.,
1996). Activation of protein kinases by, for example, o,f-
meATP leads to induction of immediate early response genes
(e.g. c-fos), which may regulate late response genes mediating
long-term phenotypic changes, such as GFAP-induction
(Abbracchio et al., 1996; Bolego et al., 1997). The GFAP-
gene contains a binding site for activator protein (AP-1) in its
promotor-sequence complexes which would be highly con-
sistent with the increased expression of this protein following
exposure of astroglial cells to purine analogues (Neary &
Norenberg, 1992; Abbracchio et al., 1995; Neary et al.,
1996b; Bolego et al., 1997). A rapid and transient up-
regulation of c-fos messenger RNA was observed in cultured
astrocytes after treatment with ADP-f-S (Priller et al., 1998).

In conclusion, ATP and its structural analogues, but not
UTP-y-S, caused astrogliosis in the NAc of rats. Although
P2X receptors are also expressed at astrocytes and the P2X
receptor agonist o,-meATP had a considerable activity, P2Y
receptors may be primarily involved in this effect.
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