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Abstract

Extracellular nucleotides play important trophic roles in development and CNS injury but
functions of distinct purinergic receptors and related signaling pathways have not been fully
elucidated. Here we have identified opposing effects of P2X and P2Y receptors on the ability of
FGF2 to induce proliferation in primary cultures of rat cortical astrocytes. Low concentrations of
ATP enhanced DNA synthesis induced by FGF2 whereas high concentrations inhibited FGF2-
induced proliferation. Comparison of concentration-response experiments with ATP and 2°,3’-O-
(4-benzoyl)-benzoyl-ATP (BzATP) indicated that the inhibitory effect was mediated by P2X7
receptors. Interestingly, activation of P2X7 receptors led to a state of reversible growth arrest,
rather than cell death. Selectivity studies showed that proliferation evoked by epidermal growth
factor and platelet-derived growth factor was also inhibited by P2X7 receptors, but P2Xq or P2X3
receptors did not inhibit proliferation induced by FGF2. A marker of mitosis, phosphohistone-3,
was reduced by BzATP and increased by UTP, suggesting the enhancing effect of ATP on FGF2-
induced proliferation was mediated by P2 purine/pyrimidine receptors. Phosphorylation of growth
arrest-related protein kinases p38/MAPK and SAPK/JNK was strongly increased by BzZATP but
only weakly affected by UTP. We conclude that P2Y purine/pyrimidine receptors enhance
proliferation induced by FGF2 in astrocytes whereas stimulation of P2X5 receptors inhibits
proliferation by shifting cells to a state of reversible growth arrest which may be mediated by
protein kinase signaling. These trophic actions of P2X7 and P2Y purine/pyrimidine receptors may
contribute to the regulation of CNS development, adult neurogenesis and the response of
astrocytes to injury.
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INTRODUCTION

Extracellular ATP can exert long-term, trophic effects on many cell types, including
astrocytes (Burnstock 1990, Neary et al 1996, Neary & Abbracchio 2001, Fields &
Burnstock 2006, Burnstock 2007). Such long term effects include proliferation,
differentiation, migration, growth arrest, and apoptosis. In the CNS, extracellular ATP plays
key roles in development and during injury and repair. For instance, P2 purinergic receptors
are expressed temporally and spatially during development, and extracellular nucleotides
may regulate proliferation and differentiation of neural progenitor cells [for recent review,
see (Zimmermann 2006), and references therein]. In addition, ATP is released upon injury
such as trauma (Ahmed et al 2000, Neary et al 2005b), and addition of ATP to astrocyte
cultures (Neary et al 1996, and references therein) or injection of ATP analogs into rat brain
(Franke et al 1999, Franke et al 2001) elicits the hallmark features of astrogliosis, namely,
increases in the number and size of astrocytic processes, GFAP expression and proliferation.
Extracellular ATP can also act as a co-mitogen with polypeptide growth factors such as
FGF2, another agent important in development and increased after CNS injury. Previously
we demonstrated that extracellular ATP synergistically enhances DNA synthesis induced by
FGF2 in astrocytes (Neary et al 1994). The synergistic effect was also observed with UTP,
indicating that it is mediated by P2Y purine/pyrimidine receptors (Neary et al 2005a).
Interestingly, stimulation of P2X receptors with BzZATP led to an opposite response, i.e.,
inhibition of FGF2-induced proliferation.

An emerging feature of P2 receptor function is that the presence of P2Y and P2X receptors
in the same cells can lead to opposing long-term effects such as proliferation and apoptosis,
depending on the type of receptor activated (Harada et al 2000; Coutinho-Silva et al 2005).
The aim of the current studies was to characterize the inhibitory actions of P2X receptors on
the ability of FGF2 to induce DNA synthesis and mitosis in rat cortical astrocyte cultures
and to compare these actions with stimulation of P2Y purine/pyrimidine-preferring
receptors. Key questions addressed by these studies include (a) whether the inhibitory effect
of P2X receptors on FGF2-induced proliferation is reversible, (b) whether the inhibitory
effect is a general property of P2X receptors or is selective for a specific subtype, (c)
whether the inhibitory effect is observed with other polypeptide growth factors such as
epidermal growth factor (EGF) and platelet derived growth factor (PDGF) or is selective for
FGF2, and (d) what signaling pathway/(s) mediate the inhibitory effect. Responses are also
compared to those stimulated by P2Y purine/pyrimidine-preferring receptors which elicit
opposite effects in that they enhance rather than inhibit proliferation induced by FGF2. We
report here that activation of P2X57 receptors in astrocytes leads to a state of reversible
growth arrest which may be mediated at least in part by the stress-activated protein kinases
SAPK/INK and p38/MAPK.

MATERIALS AND METHODS

Cell culture

Primary cultures of astrocytes were obtained from neonatal rat (Fischer) cerebral cortices as
previously described (Neary et al 1994); the experimental procedure was approved and
monitored by the Animal Studies Subcommittee at the Miami VA Medical Center and the
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Animal Care and Use Committee, University of Miami Miller School of Medicine. Cells
were seeded at densities of 0.2 and 0.5 million cells per well for 24 well plates and 35 mm
dishes, respectively; cells were not replated before use. At least 95% of the cell population
was astrocytes, as determined by staining with cell-specific markers (Neary et al 1994).
Experiments were conducted with confluent 4-5 week old cultures (Neary et al 2005a).
Prior to treatment, cells which had been maintained in Dulbecco's modified Eagle's medium
(DMEM) containing 10% horse serum were shifted to the quiescent phase by incubation in
DMEM containing 0.5% horse serum for 48—72 hr. Stock solutions of ATP and other
nucleotides (Sigma Chemical Co., St. Louis, MO) as well as FGF2 (recombinant human
FGF2; R&D Systems, Minneapolis, MN) and other polypeptide growth factors (EGF, Sigma
Chemical Co.; PDGF, R&D Systems) were divided into single-use aliquots and stored at
-80°C.

DNA synthesis

Quiescent cultures of rat cortical astrocytes were treated with FGF2 (25 ng/ml), other
polypeptide growth factors and nucleotides at the concentrations indicated in figure legends
in triplicate or quadruplicate wells of 24 well plates. Polypeptide growth factors and
nucleotides were added to confluent, quiescent cultures at time zero, and media was not
changed for the duration of the experiments. After 18 hr, 3H-thymidine (1 uCi, MP
Biomedicals, Solon, OH) was added for an additional 4 hr, at which point 3H-thymidine
incorporation was measured as previously described (Neary et al 1994). Data were
expressed as cpm/mg protein. Protein concentrations were determined by the modified
Lowry procedure with bovine serum albumin as standard (Peterson 1983).

Immunoblotting

Cells were lysed in Laemmli sample buffer and protein concentrations determined by the
modified Lowry procedure (Peterson 1983). Cell lysates, containing 30-50 g of protein
were subjected to SDS-PAGE (11% acrylamide gels) and transferred to nitrocellulose filters
with a Genie electrophoretic blotter (Idea Scientific Inc., Minneapolis, MN) for 1h at 12V in
a transfer buffer containing 25 mM Tris, 192 mM glycine and 20% (v/v) methanol.
Membranes were blocked and probed according to the manufacturer’s instructions for
analysis with an Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NB).
Immunoblotting was performed using antibodies specific for phospho-histone H3 (Upstate
Cell Signaling Solutions, Lake Placid, NY), at a 1/500 dilution. Protein loading was checked
with specific antibodies against p-actin (Sigma, St. Louis, MO) at a 1/200,000 dilution.
Immunoblotting was also conducted to assess phosphorylation of p38 (Thr180/Tyr182) and
JNK/SAPK (Thrl83/Tyr185) using phospho-specific antibodies (both at 1/1000 dilution)
obtained from Cell Signaling Technology, Beverly, MA,; protein loading was checked using
specific antibodies against total p38 and SAPK (both at 1/1000 dilution) also obtained from
Cell Signaling Technology. Bands were visualized with an Odyssey Imaging System (Li-
Cor Biosciences, Lincoln, NB) according to the manufacturer’s instructions using IRDye
800 labeled anti-mouse IgG and/or IRDye 700D X anti-rabbit IgG (Rockland
Immunochemicals, Gilbertsville, PA) secondary antibodies at 1/5000 dilution. For
quantification, ratios of phospho-histone 3 to 3-actin, phospho-p38 to total p38, and
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phospho-SAPK to total SAPK were calculated, and data were expressed as fold stimulation
compared to controls.

Cell Viability

An assay based on the reduction of MTS tetrazolium by viable cells to a colored formazan
product was utilized, as previously described (Kucher & Neary 2005), according to the
manufacturer’s instructions (Promega, Madison , WI). In this assay, absorbance readings are
directly proportional to the number of living cells in each culture well.

Statistical Analysis

The number of experimental replications is given in the figure legends; experiments were
conducted with cultures from different seedings. Data were analyzed by Student’s t test for
two groups or repeated measures ANOVA for multiple groups followed by post hoc
comparisons (Bonferroni test) using an Instat software package (GraphPad Software, San
Diego, CA, USA). EC50 values were calculated with Prism 4 (GraphPad Software).

RESULTS

P2X7 receptors mediate inhibition of proliferation induced by FGF2 in astrocytes

Previous studies demonstrated that BzZATP inhibited the ability of FGF2 to induce DNA
synthesis in astrocytes, thereby suggesting a role for P2X5 receptors in attenuating FGF2-
induced proliferation (Neary et al 2005a). To examine further the potential involvement of
P2X7 receptors, several approaches were used. First, because P2X7 receptors are activated
by high concentrations of ATP, we conducted concentration-response experiments in which
astrocytes were treated with ATP ranging from 30 to 1000 uM in the presence of FGF2 (25
ng/ml). At 300 and 1000 uM ATP, DNA synthesis stimulated by FGF2 was significantly
reduced (Fig. 1). By contrast, at 30 and 100 uM ATP, FGF2-induced DNA synthesis was
enhanced (Fig. 1). As another approach, astrocytes were treated with BzATP ranging from 1
to 100 uM in the presence of FGF2 (25 ng/nl). Significant reductions in FGF2-induced DNA
synthesis were observed at 30 and 100 uM BzATP (Figure 2). Thus, the concentration-
response data in Figures 1 and 2 demonstrate that 30 and 100 uM ATP enhanced FGF2-
induced DNA synthesis, whereas these concentrations of BzZATP inhibited FGF2-induced
DNA synthesis. The ECgq values for the inhibitory effects of BzZATP and ATP on FGF2-
induced DNA synthesis are 26 uM and 261 uM, respectively, values which are consistent
with previous reports that BzZATP is 10 to 30 times more potent than ATP at P2X5 receptors
(North 2002) whereas for other P2X receptors, ATP is more potent than BzATP (Khakh et
al 2001; Table 2). Because BzATP is a more potent agonist of P2X7 receptors than ATP and
because P2X5 receptors are activated by high concentrations of ATP, these findings support
the notion that P2X5 receptors attenuate FGF2-induced mitogenesis.

Stimulation of P2X7 receptors leads to reversible growth arrest rather than cell death

Because P2X7 receptors have been linked to cell death and cytotoxicity in some cell types
(Zanovello et al 1990, Ferrari et al 1997), we examined the possibility that the decrease in
DNA synthesis could be due to a loss of cell viability upon activation of P2X5 receptors.
However, no significant loss of cell viability was observed when astrocytes were treated

J Neurosci Res. Author manuscript; available in PMC 2014 August 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Neary et al.

Page 5

with BzATP for 22 hr (Table I). As a positive control to test the effectiveness of the assay,
cultures were treated independently with DMSO (10%) which brought about a significant
reduction in cell viability (Table 1).

Because astrocytes remained viable in the presence of BzATP, this raised the question of
whether astrocytes previously exposed to prolonged BzATP treatment can return to the
proliferative state. To address this issue, astrocytes were treated with BzATP for 22 hr, then
returned to normal culture medium and challenged with FGF2 (25 ng/ml). Under these
conditions, FGF2 increased DNA synthesis about 2.5 fold, an increase which is similar to
that observed in astrocytes not previously exposed to BzATP (Fig. 3). Although BzATP did
not significantly reduce DNA synthesis in cells not challenged with FGF2 (85.2 + 8.8% of
control); p > 0.05, n = 4), basal DNA synthesis was increased following removal of BZATP
(Fig. 3), thereby suggesting that P2X; receptors may have a trophic effect on astrocytes after
long term agonist stimulation and removal. Collectively, these experiments indicate that
stimulation of P2X5 receptors on astrocytes does not lead to cell death; rather, it appears that
activation of P2X; receptors leads to induction of a non-proliferative, growth-arrested state
which can be reversed by exposure to FGF2.

Characterization of the selectivity of the inhibitory effect of P2X; receptors on FGF2-
induced proliferation

To examine whether stimulation of P2X5 receptors also inhibits proliferation of astrocytes
induced by polypeptide growth factors other than FGF2, astrocytes were treated with EGF
or PDGF in the presence or absence of BzATP. We found that BzZATP significantly
inhibited DNA synthesis stimulated by these polypeptide growth factors as well as FGF2
(Figure 4). However, it should be noted that, by contrast, the potentiating effect of P2Y
receptors on DNA synthesis found with FGF2 was not observed with EGF and PDGF
(Neary et al 1994).

To investigate whether the inhibitory effect on DNA synthesis was a selective property of
P2X receptors or could be evoked by activation of other P2X receptors, we utilized
a,fmethylene ATP, an agonist of P2X; and P2X3 receptors (Ralevic & Burnstock 1998). In
order to conduct these experiments, it was necessary to prepare culture medium free of
phenol red because it has been shown that this commonly used medium component is an
antagonist of P2X; and P2X3 receptors (King et al 2005). Under these conditions, we found
that DNA synthesis induced by FGF2 was significantly inhibited by BzATP but not by
either 10 or 100 uM a,pmethylene ATP (Figure 5). As a test of the effectiveness of
a,pmethylene ATP, we found that it did stimulate phosphorylation of ERK1,2 (data not
shown), indicating that P2X; and P2X3 receptors are linked to protein kinase signaling when
not antagonized by phenol red. Collectively, these selectivity experiments indicate that (1)
the inhibitory effect of P2X5 receptors on proliferation is not a general effect common to all
subtypes of P2X receptors and (2) stimulation of P2X7 receptors can also inhibit
proliferation of astrocytes induced by other polypeptide growth factors.
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Comparison of effects of P2X7 and P2Y purine/pyrimidine receptors on mitosis

Phospho-histone 3 is a specific marker of cells undergoing mitosis (Colman et al 2006). To
investigate the effects of P2X7 and P2Y purine/pyrimidine receptors on mitosis induced by
FGF2, we conducted immunoblot experiments using an antibody specific for phospho-
histone 3. Previous studies demonstrated that stimulation of P2Y purine/pyrimidine
preferring receptors potentiated cell cycle entry and progression induced by FGF2 (Neary et
al 2005a), and thus UTP was utilized in these and subsequent experiments. Astrocyte
cultures were treated with FGF2 (25 ng/ml), alone or in the presence of UTP or BZATP. We
found that phospho-histone 3 was elevated by FGF2 and that this effect was markedly
increased when cultures were treated with both UTP and FGF2 (Figure 6A). By contrast,
phospho-histone 3 was reduced when cultures were treated with BzZATP and FGF2. Analysis
of group data obtained by quantitative densitometry (Figure 6B) confirmed these
observations. These findings indicate that P2Y purine/pyrimidine receptors potentiate
mitosis induced by FGF2 whereas the stimulatory effect of FGF2 on mitosis is inhibited by
P2X5 receptors.

Another issue concerning the opposing effects of P2X7 and P2Y purine/pyrimidine receptors
on proliferation induced by FGF2 regards the outcome of stimulation of both types of
purinergic receptors. The difference in the effects of low and high concentration of ATP on
DNA synthesis induced by FGF2 (Figure 1) suggested that activation of P2X7 receptors
would overcome the potentiating effect of P2Y purine/pyrimidine receptors. To test how the
inhibitory effect of P2X7 receptors would affect the potentiating effect of P2Y purine/
pyrimidine receptors on FGF2-induced DNA synthesis, we conducted co-stimulatory
experiments with FGF2, UTP and BzATP. When astrocytes treated with FGF2 (25 ng/ml)
and UTP were also stimulated with BzATP, the potentiating effect of UTP was negated
(Figure 7). It should be noted that BzATP is an antagonist of P2Y 4 receptors with an ICsg
value of 159 uM (Wildman et al 2003), and thus it is possible that part of the inhibitory
effect of BZATP could be related to antagonism of P2Y 4 receptors. Although we cannot
exclude a role for other P2 receptors, a shift from a stimulatory effect to an inhibitory effect
on FGF2-induced proliferation was observed at high concentrations of ATP (Fig. 1) which is
consistent with a role for P2X7 receptors. In addition, these experiments confirmed previous
results (Neary et al 2005a), in that UTP enhanced the proliferative effect of FGF2 on
astrocytes whereas this was inhibited by BzATP (Figure 7).

P2X7 receptors signal to stress-activated protein kinase signaling pathways that mediate
growth arrest

Previous studies suggested a role for ERK in the stimulatory and inhibitory effects of P2
receptors on FGF2-induced proliferation, based on differences in the intensity and duration
of ERK activation (Neary et al 2005a) and subsequent STAT3 phosphorylation (Washburn
& Neary 2006). To investigate additional signaling mechanism(s) that may underlie the
inhibitory effect of P2X7 receptors on DNA synthesis induced by FGF2, we conducted
experiments designed to measure the ability of BzATP to activate two members of the
MAPK family that have been linked to growth arrest, namely, p38/MAPK and stress
activated protein kinase (SAPK), also known as c-Jun-NH2-terminal kinase (JNK).
Stimulation of p38/MAPK was determined by phosphorylation of Thr180 and Tyr182 while
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stimulation of SAPK was monitored by measuring phosphorylation of Thr183 and Tyr185.
Time course studies revealed that both p38/MAPK and SAPK are strongly and transiently
activated by BzATP (Figure 8). By contrast, these protein kinases were only weakly
activated by UTP. The activation state of p38 and SAPK was unchanged compared to
untreated controls after treatment with BzATP or UTP for 6, 18 or 22 hr (data not shown).
These results suggest that the coupling of P2X7 receptors to SAPK and p38 may regulate
down-stream, cell cycle regulatory events that lead to growth arrest.

DISCUSSION

The findings presented here demonstrate that in astrocytes, P2X5 receptors inhibit DNA
synthesis and mitosis induced by FGF2 and other polypeptide growth factors such as EGF
and PDGF without affecting cell viability. The inhibitory effect was not observed when
P2X1 and P2X3 receptors were activated. Signaling from P2X5 receptors to the growth
arrest related protein kinases, p38 and SAPK, may regulate the inhibitory effects on FGF2-
induced proliferation. In contrast to P2X7 receptors, P2Y purine/pyrimidine preferring
receptors enhance DNA synthesis and mitosis in astrocytes. Advances in understanding the
opposing effects of signaling by P2X7 and P2Y purine/pyrimidine receptors may provide the
opportunity to regulate long term, trophic actions of extracellular nucleotides associated
with CNS development as well as injury and repair.

In some cell types, activation of P2X5 receptors has been reported to lead to cell death while
in other cells proliferation has been observed. For instance, cytoxicity was demonstrated in
lymphocytes (Zanovello et al 1990), microglia (Ferrari et al 1997), glomerular mesangial
cells (Schulze-Lohoff et al 1998, Harada et al 2000) and thymocytes (Auger et al 2005)
whereas in Jurkat cells (Budagian et al 2003) and a subpopulation of lymphoid cells
(Baricordi et al 1999), proliferation was observed. Growth-promoting activity of the P2X5
receptor has been suggested to depend on the level of P2X5 activation, as in the case of
microglial cells (Bianco et al 2006), or on P2X7-induced release of substance P, as in the
case of nucleotide-activated human neuroblastoma cells (Raffaghello et al 2006). However,
neither cell death nor growth was detected in astrocytes upon activation of P2X5 receptors.
Instead, we found that astrocytes remained viable but were in a non-proliferatative, growth-
arrested state. When P2X5 receptors were no longer stimulated, astrocytes could then return
to the proliferative state upon stimulation with FGF2. The lack of an effect of BZATP on
astrocyte death or growth observed here is in agreement with recent in vivo studies which
demonstrated that stimulation of P2X7 receptors with BzZATP did not lead to changes in
either the number of GFAP-positive cells or GFAP/BrdU proliferating cells in rat brain
(Franke et al 2007).

To investigate mechanisms that underlie the inhibitory effect of P2X5 signaling on FGF2-
induced proliferation, we turned to p38/MAPK and SAPKSs, protein kinases that have a key
role in induction of growth arrest (Engelberg 2004). Avruch, Kyriakis, and colleagues
identified p54 and p46 serine/threonine protein kinases that were activated by a large
number of stress signals and that phosphorylated the transcription factor c-Jun; they termed
these enzymes stress-activated protein kinases (SAPKSs) (Kyriakis et al 1995). Other
investigators studying the same kinases termed them c-Jun-NH2-terminal kinases (JNKSs)
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based on their ability to phosphorylate c-Jun. Other protein kinases, p38/MAPKSs, are also
activated by stress signals. Thus, the general term SAPK is often used to refer to both p38
and JNKs. It should be noted that SAPKs are members of the mitogen-activated protein
kinase (MAPK) family, which also includes extracellular signal-regulated protein kinase
(ERK). These kinases are part of cascades consisting of upstream activating protein kinases
termed MAPKK and MAPKKK. Data has been presented showing that each of the MAPKs
(ERK, p38, JNK) can stimulate as well as inhibit proliferation (for review, see (Engelberg
2004). In addition, the same signal can activate all three cascades with each cascade
responding at a specific level. Important factors in determining the biological outcome of
MAPK activation are signal strength and duration (Marshall 1995). Other explanations for
opposing effects of the same MAPK could be differences in functions of specific
isoenzymes, cell-specific differences, or integration of several activities since a single
stimulus can activate multiple cascades. Additional factors in the opposing roles of the same
MAPKs may be differences between responses in transformed versus non-transformed cells
and tissues.

Although further studies are needed to evaluate these possibilities in detail, we can eliminate
cell-specific differences since the opposing effects on proliferation were observed in the
same cell type. Our results with the SAPKSs p38 and JNK are consistent with a role for signal
strength and duration. For instance, it has been proposed that in normal cells, transient
activation of SAPKs leads initially to inhibition of proliferation and to growth arrest
(Engelberg 2004). Following a period of arrest and repair, SAPKSs could support the
resumption of proliferation. However, in situations of damage, SAPK activation would be
more persistent and apoptosis would occur. In primary cultures of astrocytes used here,
stimulation to P2X5 receptors led to a transient, strong activation of SAPKSs, particularly
p38. Consistent with the model of Engelberg, inhibition of FGF2-induced proliferation was
observed under these conditions. When the P2X7 agonist was removed, astrocytes were able
to resume proliferation in response to FGF2. However, stimulation of P2Y purine,
pyrimidine-preferring receptors led to much weaker activation of SAPKSs. Interestingly,
under these conditions, proliferation was enhanced. Combined with our previous results with
ERK (Neary et al 2005a), these findings suggest a role for the integration of ERK, p38 and
SAPK signals in the mediating the trophic actions of extracellular nucleotides. Stimulation
of P2Y purine/pyrimidine-preferring receptors leads to an initially intense but transient
activation of ERK and weak p38 and SAPK signals which is consistent with proliferation.
However, stimulation of P2X7 receptors leads to an initially less intense but more sustained
ERK activation as well as strong but transient p38 and SAPK signals which is consistent
with inhibition of proliferation and induction of growth arrest.

Several subtypes of P2Y, G protein-coupled receptors can regulate astrocyte proliferation.
Early studies with synthetic nucleotides in cultured astrocytes suggested a role for P2Y and
perhaps other types of P2Y receptors in proliferation (Rathbone et al 1992, Abbracchio et al
1994, Neary et al 1994). In vivo, infusion of ADPS into rat brain stimulated astrocyte
proliferation, suggesting a role for ADP-responding receptors such as P2Y 1, P2Y 1, or
P2Y 3 (Franke et al 2001, Franke et al 2004). Interactions of P2Y receptors with PDGF and
EGF signaling stimulated proliferation of Muller glial cells (Milenkovic et al 2003), and
agonists of P2Yq and Pyy4/6 receptors, in combination with FGF2 and EGF, stimulated
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proliferation of neural precursor cells (Mishra et al 2006, Milosevic et al 2006). In the
studies presented here, the enhancing effects of UTP on FGF2-induced DNA synthesis and
mitosis suggest a role for P2Y purine/pyrimidine preferring receptors such as P2Y,, P2Y,4 or
P2Yg in astrocyte proliferation. This is consistent with stuies on cyclin expression which
showed that UTP potentiated cell cycle entry and progression in cultured astrocytes (Neary
et al 2005a). Further studies are needed to distinguish the subtype(s) of P2Y purine/
pyrimidine preferring receptors involved in astrocyte proliferation.

An emerging theme of P2 receptors is that the expression and activation of P2Y and P2X
receptors in the same cells can lead to opposing long-term effects. For instance, previously it
was reported that P2Y receptors were linked to proliferation whereas P2X receptors were
related to apoptotic cell death in rat glomerular mesangial cells (Harada et al 2000) and
human intestinal epithelial carcinoma cells (Coutinho-Silva et al 2005). In both cases,
evidence indicated that P2Y purine/pyrimidine preferring receptors induced proliferation
since this effect was stimulated by UTP. P2X7 receptors were implicated in apoptosis since
this effect was brought about by BzATP or high concentrations of ATP. Similar subtypes of
P2 receptors were involved in the opposing effects reported here in astrocytes, although in
these cells, P2X7 receptors induced growth arrest rather cell death. The biological outcome
could depend on the local concentration of extracellular ATP in which P2Y receptors would
be activated by lower concentrations of ATP whereas P2X5 receptors would be activated by
higher concentrations. The regulation of opposing long-term trophic effects could be
relevant to tissue injury and repair. As previously proposed for neuroinflammatory
responses (Kucher & Neary 2005), activation of P2Y purine/pyrimidine and P2X5 receptors
may be a mechanism by which astrocytes can sense the severity of damage in a specific
region of the CNS and modulate the trophic response accordingly. For example, in mild
traumatic brain injury, the release of low levels of ATP would favor astrocyte proliferation.
In the case of more severe injury, high levels of ATP could shift astrocytes into a growth
arrested state. Subsequent exposure to polypeptide growth factors could then return
astrocytes to a proliferative state during a later phase of the repair process.

In addition to injury, the long-term, trophic effects regulated by P2 receptors may also be
involved in the development of the nervous system and adult neurogenesis, as reviewed
recently by Zimmermann (2006). Recent evidence indicates that ATP is constitutively
released from progenitor cells (Lin et al 2007). Various subtypes of P2X and P2Y receptors
are expressed in stem cells, neural progenitor cells, and developing embryonic and early
postnatal CNS tissues (Meyer et al 1999, Cheung & Burnstock 2002, Cheung et al 2003,
Scemes et al 2003, Weissman et al 2004, Cheung et al 2005, Xiang & Burnstock 2005, Heo
& Han 2006, Lin et al 2007). Stimulation of P2 receptors leads to increases in inward and
spontaneous synaptic currents, membrane depolarization, and calcium responses, as well as
activation of protein kinase signaling pathways (Fu & Poo 1991, Sugioka et al 1996,
Pearson et al 2002, Ryu et al 2003, Scemes et al 2003, Weissman et al 2004, Tran et al 2004,
Pearson et al 2005, Safiulina et al 2005, Mishra et al 2006, Lin et al 2007). In addition, P2
receptor-mediated proliferation and differentiation have been observed in neural progenitor
cells and developing CNS tissues (Sugioka et al 1999, Pearson et al 2002, Sanches et al
2002, Ryu et al 2003, Scemes et al 2003, Weissman et al 2004, Pearson et al 2005, Heine et
al 2006, Lin et al 2007). Interestingly, P2 receptors have also been implicated in adult
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neurogenesis (Braun et al 2003, Hogg et al 2004, Shukla et al 2005, Mishra et al 2006).
Ecto-nucleotideases have been observed in developing CNS tissue and adult proliferating
zones, indicating regulatory mechanisms for nucleotide and nucleoside signaling are present
for embryonic and adult neurogenesis (Braun et al 2003, Shukla et al 2005, Mishra et al
2006, Lin et al 2007). In addition, recent reports have shown that extracellular nucleotides
can act in combination with polypeptide growth factors such as FGF2, EGF, and PDGF, to
stimulate proliferation of adult mouse neural stem cells (Mishra et al 2006) and human
mesencephalic neural progenitor cells (Milosevic et al 2006). In view of these findings, we
suggest that the enhancement of proliferation by P2Y purine/pyrimidine-prefering receptors
and the induction of growth arrest by P2X7 receptors could be important factors in
regulating embryonic CNS development and adult neurogenesis.
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Figure 1.
Opposing effects of different concentrations of extracellular ATP on DNA synthesis induced

by FGF2. Quiescent cultures of rat cortical astrocytes were treated with FGF2 (25 ng/ml) or
in combination with different concentrations of ATP (30-1000 uM), and DNA synthesis was
measured as described in Materials and Methods. H3-Thymidine incorporation in control
cultures was 16,609 + 995 cpm/mg protein (Mean + SEM, n = 4). FGF2-induced DNA
synthesis was significantly enhanced by 30 uM and 100 uM ATP whereas this effect was
significantly inhibited by 300 uM and 1000 uM ATP (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 2.
Concentration-response of BZATP on DNA synthesis induced by FGF2. Quiescent cultures

of rat cortical astrocytes were treated with FGF2 (25 ng/ml) or in combination with
concentrations of BzZATP ranging from 1 to 100 uM, and DNA synthesis was measured as
described in Materials and Methods. Thymidine incorporation in FGF2-treated cultures was
increased 606 = 109 % (Mean + SEM, n = 3) compared to control cultures. Data from
cultures treated with FGF2 and BzATP are expressed as %FGF2. DNA synthesis induced by
FGF2 was significantly decreased by 30 uM and 100 uM BzATP (* p<0.01).
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Figure 3.
The inhibitory effect of BZATP on FGF2-induced DNA synthesis is reversible. Quiescent

cultures of rat cortical astrocytes were treated with BzZATP (100 uM) for 22 hr. BzZATP was
removed by rinsing and cultures were returned to normal conditions (DMEM containing
0.5% horse serum). One day later, FGF2 (25 ng/ml) was added to these cultures or to
quiescent cells not treated with BzATP, and DNA synthesis was measured as described in
Materials and Methods. H3-Thymidine incorporation in untreated control cultures was 9076
+ 1828 cpm/mg protein (Mean £ SEM, n = 4). FGF2 stimulated significant increases in
DNA synthesis in previously untreated cultures (**, p < 0.01) as well as those previously
treated with BzZATP (*** p < 0.001). DNA synthesis was also increased in cultures
previously treated with BzATP when compared with untreated controls (*, p < 0.05).
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Figure 4.
Activation of P2X5 receptors inhibits DNA synthesis induced by EGF and PDGF in addition

to FGF2. Quiescent cultures of rat cortical astrocytes were treated with FGF2 (25 ng/ml),
EGF (10 ng/ml), or PDGF (2.5 ng/ml), alone or in combination with BzZATP (100 uM), and
DNA synthesis was measured as described in Materials and Methods. H3-Thymidine
incorporation in control cultures was 30,376 + 4257 cpm/mg protein (Mean + SEM, n = 3).
Activation of P2X5 receptors significantly inhibited DNA synthesis induced by EGF, PDGF
and FGF2 (* p < 0.05).
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Activation of P2X1 and P2X3 receptors does not inhibit DNA synthesis induced by FGF2.
Primary cultures of rat cortical astrocytes were shifted to the quiescent state by incubation in
phenol red-free DMEM containing 0.5% horse serum for 48—72 hr. These cultures were then
treated with FGF2 (25 ng/ml) alone or in the presence of af3-methylene ATP (10 or 100
uM), an agonist of P2X; and P2X3 receptors, or BZATP (100 uM), an agonist of P2X5
receptors, and DNA synthesis was measures as described in Materials and Methods. H3-
Thymidine incorporation in control cultures was 13,018 + 2392 cpm/mg protein (Mean +
SEM, n = 3). ap-methylene ATP did not significantly affect FGF2-induced DNA synthesis
whereas BzATP did (* p < 0.05), thereby indicating that the inhibitory effect of P2X;
receptors is not a general effect common to all subtypes of P2X receptors.
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Figure 6.
Effects of UTP and BzATP on the stimulation of the mitosis marker, phospho-histone 3, by

FGF2. Quiescent cultures of rat cortical astrocytes were treated with FGF2 (25 ng/ml) alone
or in combination with UTP (100 uM) or BzZATP (100 uM) for 22 hr. Western blots were
prepared and probed for phospho-histone 3 and for B-actin (loading control), as described in
Materials and Methods. (A) Western blot representative of 6 experiments. (B) Ratios of
phospho-histone 3/ B-actin were calculated, normalized to controls and group data were
expressed as mean = SEM (n= 6). Phospho-histone 3 levels in FGF2-treated cultures were
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increased compared to controls (*, p < 0.05). Compared to FGF2 alone, cultures treated with
the combination of UTP and FGF2 had increased levels of phospho-histone 3 (*, p < 0.05)
whereas those treated with FGF2 and BzATP had decreased levels of phospho-histone 3 (*,
p <0.05).
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Figure 7.
Activation of P2X7 receptors overcomes the potentiating effect of P2Y purine/pyrimidine

receptors on FGF2-induced DNA synthesis. Quiescent cultures of rat cortical astrocytes
were treated with FGF2 (25 ng/ml), in combination with UTP (100 uM) or BzATP (100
uM), or with all three agents, and DNA synthesis was measured as described in Materials
and Methods. Thymidine incorporation in FGF2-treated cultures was increased 411 + 54 %
(Mean = SEM, n = 7) compared to control cultures. Data from cultures treated with FGF2
and UTP and/or BzATP are expressed as %FGF2. DNA synthesis induced by FGF2 and
UTP was significantly decreased by the addition of BZATP (* p<0.001).
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Figure 8.
P2X7 receptors, but not P2Y purine/pyrimidine receptors, are strongly coupled to protein

kinases associated with growth arrest. Quiescent cultures of rat cortical astrocytes were
treated with UTP (100 uM) or BzATP (100 uM) for the times indicated, Cells were lysed
and stimulation of phosphorylation of p38/MAPK and SAPK were determined by
immunoblotting as described in Materials and Methods. A representative blot is shown in A.
In B, group data of ratios of phosphorylated to total p38/MAPK and SAPK are shown (n =
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4). BzATP stimulated phosphoryation of both p38/MAPK and SAPK more strongly than
UTP at 15 and 30 min (*, p< 0.05).
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BzATP does not affect cell viability.

Treatment Cell Viability | P value
(OD+SEM) | (n=3)

Control 0.754 £ 0.054

FGF2 0.815+0.025 | P>0.05

BzATP 0.770 £0.017 | P>0.05

BzATP + FGF2 | 0.748 £0.055 | P>0.05

DMSO 0.430+0.036 | P<0.01

Table |

Page 24

Astrocytes were treated with FGF2 (25 ng/ml), BzATP (100 uM) or dimethyl sulfoxide (DMSO; 10%) as indicated in the table. After 22 hr, cell

viability was determined by means of a tetrazolium-based method according to the manufacture’s instructions (Promega, Madison , Wis., USA) as
previously described (Kucher & Neary, 2005). Treatment of astrocytes with BZATP alone or in combination with FGF2 did not significantly affect
cell viability, although cell viability was significantly reduced by DMSO.
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