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Thrombospondin (TSP)-1, a multidomain glycoprotein, is secreted
from astrocytes and promotes synaptogenesis. However, little is
known about the mechanisms regulating its expression and re-
lease. In this article, we report that purinergic signaling partici-
pates in the production and secretion of TSP-1. Treatment of
primary cultures of rat cortical astrocytes with extracellular ATP
caused an increase in TSP-1 expression in a time- and concentra-
tion-dependent manner and was inhibited by antagonists of P2
and P1 purinergic receptors. Agonist studies revealed that UTP, but
not 2�,3�-O-(4-benzoyl)benzoyl-ATP, 2-methylthio-ADP, adenosine,
or 5�-N-ethyl-carboxamidoadenosine, caused a significant increase
in TSP-1 expression. In addition, release of TSP-1 was stimulated by
ATP and UTP but not by 2-methylthio-ADP or adenosine. Additional
studies indicated that P2Y4 receptors stimulate both TSP-1 expres-
sion and release. P2Y receptors are coupled to protein kinase
cascades, and signaling studies demonstrated that blockade of
mitogen-activated protein kinases or Akt inhibited ATP- and UTP-
induced TSP-1 expression. Using an in vitro model of CNS trauma
that stimulates release of ATP, we found that TSP-1 expression
increased after mechanical strain and was completely blocked by a
P2 receptor antagonist and by inhibition of p38�mitogen-activated
protein kinase and Akt, thereby indicating a major role for P2
receptor�protein kinase signaling in TSP-1 expression induced by
trauma. We conclude that TSP-1 expression can be regulated by
activation of P2Y receptors, particularly P2Y4, coupled to protein
kinase signaling pathways and suggest that purinergic signaling
may be an important factor in TSP-1-mediated cell-matrix and
cell–cell interactions such as those occurring during development
and repair.

neuron–glia interaction � traumatic injury � nucleotide receptors �
gliosis � protein kinase

Recent evidence has shifted the focus on astrocytes from
primarily a passive role involved in homeostasis to a more

active role in a number of key physiological and pathological
interactions with neurons (1–4). One of the ways in which
astrocytes can interact with neurons is by the expression or
release of recognition molecules. Thrombospondins (TSPs) are
large multimeric, multidomain glycoproteins that participate in
cell–cell and cell–matrix interactions (5). TSPs are expressed in
many tissues, but their importance in the CNS is just beginning
to be understood. For instance, two recent studies have focused
attention on the role of TSPs in CNS development and repair.
Christopherson et al. (6) showed that application of purified
TSP-1, TSP-2, or astrocyte-conditioned medium was sufficient to
increase the number of synapses in retinal ganglion cells and that
these synapses were presynaptically active. In addition, Lin et al.
(7) reported that after ischemia, increased levels of TSP-1 were
localized in astrocytes and endothelial cells near blood vessels.
These studies indicate the importance of TSPs in synapse
formation during development and in remodeling after CNS
injury, but little is known about factors that induce expression
and secretion of TSPs from astrocytes.

Nucleotides and nucleosides are released by a variety of cells
(8–10) and have both short-term effects as neurotransmitters

and long-term effects as trophic factors (11). The actions of
extracellular ATP are a result of stimulation of P2-type puri-
nergic receptors, which are categorized into ligand-gated ion
channels (P2X1–7) or metabotropic heptahelical G protein-
coupled receptors (P2Y1,2,4,6,11–14) (12). Astrocytes express both
P2Y and P2X receptors (13–18), and these receptors are coupled
to protein kinase cascades, including mitogen-activated protein
kinases (MAPKs) and protein kinase B�Akt (14, 15, 19, 20), that
mediate gene expression (21, 22).

In smooth muscle and mesangial cells, TSP-1 gene expression
is rapidly induced by serum and growth factors such as platelet-
derived growth factor and fibroblast growth factor-2 (23–27), but
little is known about TSP-1 regulation in the brain. Platelet-
derived growth factor stimulated synthesis of TSP in a human
glial cell line (28) and transforming growth factor-�1 induced
TSP-1 mRNA in astrocytes (29), but the potential role of
extracellular ATP and P2 receptor signaling in TSP-1 expression
and release in astrocytes has not been investigated. In this study,
we show that extracellular ATP, through the activation of P2Y4
receptors, stimulates TSP-1 expression and release in astrocytes
and that this nucleotide-induced increase is mediated by protein
kinase signaling pathways. Because ATP is released after trauma
(30, 31) and other types of tissue injury (10, 32), we also tested
the effect of mechanical strain on TSP-1 expression and found
an increase in TSP-1 that depended on activation of P2 receptors
and protein kinase signaling.

Results
Activation of Astrocytic Purinergic Receptors Stimulates Expression
and Release of TSP-1. To determine whether TSP-1 expression
could be regulated by purinergic signaling, we conducted time-
course and concentration–response experiments using extracel-
lular ATP. Immunoblots and densitometric analyses (Fig. 1A)
showed that extracellular ATP significantly increased TSP-1
expression by 19- and 30-fold at 6 and 12 h, respectively.
Immunoblot analysis also showed that TSP-1 expression de-
pended on the concentration of extracellular ATP; treating
cultures with �100 �M extracellular ATP resulted in a signifi-
cant increase in TSP-1 level (Fig. 1B).

Immunocytochemical experiments confirmed the effect of
extracellular ATP on TSP-1 expression. Vehicle-treated astro-
cytes show very weak TSP-1 immunoreactivity (Fig. 1C b and e).
Addition of extracellular ATP for 6 h led to a pronounced
increase in TSP-1 immunoreactivity (Fig. 1Cd) with expression
concentrated mainly in the cytoplasm (Fig. 1Cf ). Consistent with
previous reports (33, 34), extracellular ATP treatment also led

Conflict of interest statement: No conflicts declared.

Abbreviations: TSPs, thrombospondins; MAPKs, mitogen-activated protein kinases; GFAP,
glial fibrillary acidic protein; RB2, reactive blue 2; PPADS, pyridoxalphosphate-6-azophenyl-
2�-4�-disulfonic acid; 2MeSADP, 2-methylthio-ADP; BzATP, 2�,3�-O-(4-benzoyl)benzoyl-
ATP; ERK, extracellular signal-regulated protein kinase; SAPK�JNK, stress-activated protein
kinase�c-Jun N-terminal kinase.

*To whom correspondence should be addressed. E-mail: jneary@med.miami.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0603146103 PNAS � June 13, 2006 � vol. 103 � no. 24 � 9321–9326

N
EU

RO
SC

IE
N

CE



to an increase in glial fibrillary acidic protein (GFAP) expression
when compared with vehicle-treated controls (Fig. 1C a and c).

Extracellular ATP exerts its effects by activating P2 purinergic
receptors. Because of the presence of ectonucleotidases on

astrocytes (35, 36), ATP can be degraded to ADP, AMP, and
adenosine, which could lead to activation of P1 purinergic
receptors. As one approach to assess the involvement of P2 and
P1 receptors in TSP-1 expression, astrocyte cultures were treated
with P2 or P1 receptor antagonists before addition of extracel-
lular ATP. We found that antagonists of P2 receptors, reactive
blue 2 (RB2) and pyridoxalphosphate-6-azophenyl-2�-4�-
disulfonic acid (PPADS), or the P1 receptor antagonist 8-(p-
sulfophenyl)-theophylline caused an 80% or 50% decrease in
TSP-1 expression, respectively (Fig. 2A). As another approach,
we used apyrase, an ATP diphosphohydrolase that metabolizes
ATP to AMP. Cultures treated with apyrase before ATP
treatment showed weak TSP-1 immunoreactivity (Fig. 2Bd)
when compared with ATP-treated cultures in the absence of
apyrase (Fig. 2Bb). This finding indicates that, although P1
receptors may be coupled to TSP-1 production, degradation of

Fig. 1. Extracellular ATP increases TSP-1 protein expression. (A and B)
Immunoblot analyses of TSP-1 expression. After extracellular ATP treatment,
TSP-1 expression increased in a time- (A; n � 3) and concentration-dependent
(B; n � 4) manner. Purified TSP-1 from platelets was used as a positive control
(Pos) for the TSP-1 antibody. �-Actin is a loading control. Line and bar graphs
show fold stimulation of TSP-1 protein levels compared with vehicle-treated
controls after ATP treatment (*, P � 0.05; **, P � 0.01; ***, P � 0.001). CON,
control. (C) Immunocytochemistry of cultured rat astrocytes. ATP-treated cells
(100 �M; 6 h) exhibited strong TSP-1 expression (d and f ) compared with
vehicle-treated controls (b and e). GFAP was also increased in ATP-treated cells
(c) compared with vehicle-treated controls (a). Subcellular analysis showed
that ATP-induced TSP-1 increase is mainly localized in the cytoplasm ( f).
Images a and b, and c and d, are from the same fields, respectively. Red, TSP-1;
green, GFAP; blue, DAPI. (Scale bars: a–d, 10 �m; e and f, 50 �m.)

Fig. 2. ATP-induced TSP-1 expression is mediated by purinergic receptors.
Astrocytes were treated with P2 antagonists (RB2 or PPADS; 50 �M; 15 min) or
a P1 antagonist [8-(p-sulfophenyl)-theophylline; (8-PSPT); 10 �M; 15 min]
before addition of ATP (100 �M; 6 h). (A) Immunoblotting shows that RB2,
PPADS, or 8-(p-sulfophenyl)-theophylline decreased the expression of TSP-1
induced by ATP. GRB-2 is a loading control. The bar graph shows fold stimu-
lation of TSP-1 protein levels compared with ATP-treated cultures after an-
tagonist treatment (*, P � 0.05; ***, P � 0.001; n � 8). (B) Immunocytochem-
istry of cultured rat astrocytes after apyrase and ATP treatment. Astrocytes
were treated with apyrase (90 units; 15 min), an ATP diphosphohydrolase that
metabolizes ATP to AMP, before addition of 100 �M ATP for 6 h. Apyrase-
treated cultures exhibited weak TSP-1 immunoreactivity (d) when compared
with ATP-treated cultures (b). In addition, apyrase-treated cultures also
showed weak GFAP immunoreactivity (c) when compared with ATP-treated
cultures (a). Corresponding images in left and right panels are from the same
fields. Red, TSP-1; green, GFAP; blue, DAPI. (Scale bar: 50 �m.)
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ATP to AMP or adenosine is not required to induce expression
of TSP-1. In addition, GFAP immunoreactivity was less intense
in cultures treated with apyrase and ATP (Fig. 2Bc) when
compared with ATP-treated cultures without apyrase (Fig.
2Ba).

Rat cortical astrocytes express both P2Y and P2X receptors. To
determine whether one or both types of P2 receptors are involved
in the ATP-mediated increase of TSP-1 expression, various P2
agonists were used. We found that UTP, an agonist of P2Y2, P2Y4,
and P2Y6 receptors, caused a robust (92-fold) increase in TSP-1
expression, whereas 2-methylthio-ADP (2MeSADP), an agonist of
P2Y1 receptors, and 2�,3�-O-(4-benzoyl)benzoyl-ATP (BzATP), an
agonist of P2X receptors, were weak or ineffective (Fig. 3A). In
addition, neither adenosine nor N-ethylcarboxamidoadenosine,
agonists of P1 receptors, significantly increased TSP-1 protein
expression (Fig. 3A). We also found that ATP and UTP signifi-
cantly increased TSP-1 release by an average of 2.3- and 3.5-fold,
respectively (Fig. 3B). However, the P2Y1 agonist 2MeSADP and
the P1 agonist, adenosine, did not stimulate release of TSP-1. UTP
can activate three P2 receptors, P2Y2, P2Y4, and P2Y6. Several
observations shed light on the identity of the P2Y receptor sub-
type(s) activated by UTP. First, RB2 is an antagonist of rat P2Y4
receptors, but not P2Y2 receptors (37), and we found that RB2
reduced the expression and release of TSP-1 induced by UTP (see
Fig. 7 A and B, which is published as supporting information on the
PNAS web site). Secondly, BzATP is an agonist for P2Y2 receptors

but not for P2Y4 receptors (37); BzATP did not significantly induce
TSP-1 expression (Fig. 3). Thirdly, an antagonist of P2Y6 receptors,
MRS2578 (38), did not significantly inhibit expression of TSP-1
induced by UTP (P � 0.37; n � 4; see Fig. 8, which is published as
supporting information on the PNAS web site). These findings
point to a role for P2Y4 receptors in the expression of TSP-1,
although other P2 receptors may be involved (see Discussion).

Signaling from P2 Receptors to Protein Kinases Mediates Expression
of TSP-1. Protein kinase cascades are key regulators of gene
expression (21, 22), but little is known about their involvement
in TSP-1 expression. Because P2 receptors in astrocytes are
coupled to extracellular signal-regulated protein kinase (ERK)
and p38�MAPK, both members of the MAPK family, as well as
protein kinase B�Akt (14, 15, 19, 20), we examined the role of
P2 receptor�protein kinase signaling in the expression of TSP-1.
Time-course studies confirmed that P2 receptors stimulated
ERK, Akt, and p38�MAPK and demonstrated that P2 receptors
are also coupled to the stress-activated protein kinase�c-Jun
N-terminal protein kinase (SAPK�JNK) (see Fig. 9, which is
published as supporting information on the PNAS web site). To
assess the role of P2 receptor�protein kinase signaling in TSP-1
expression, we conducted a series of experiments with protein
kinase inhibitors. We used UO126, an inhibitor of mitogen-
activated protein kinase kinase, the upstream activator of ERK
(39), wortmannin, an inhibitor of phosphatidylinositol 3-kinase,
the upstream activator of Akt (40), SB202190, an inhibitor of
p38�MAPK (41), or SP600125, an inhibitor of SAPK�JNK (42).
First, we tested the selectivity of these inhibitors in our system.
UO126, wortmannin, and SP600125 selectively inhibit ERK,
Akt, and SAPK�JNK signaling, respectively, whereas SB202190
can inhibit both p38�MAPK and Akt signaling, but not ERK and
SAPK�JNK (see Fig. 10, which is published as supporting
information on the PNAS web site).

To test the role of these protein kinase signaling pathways in
the ATP-induced TSP-1 expression, cells were treated with
UO126, wortmannin, SB202190, or SP600125 before treating

Fig. 4. ATP-induced expression of TSP-1 is mediated by protein kinase
signaling. Astrocytes were treated with UO126 (10 �M), wortmannin (100
nM), SB202190 (10 �M), or SP600125 (10 �M) for 30 min before the addition
of ATP (100 �M; 6 h). (A) Immunoblotting shows involvement of ERK, Akt,
p38/�MAPK, and SAPK�JNK in the ATP-induced TSP-1 expression. GRB-2 is a
loading control. (B) Quantitation of data in the bar graph shows that UO126
(*, P � 0.05; n � 9), wortmannin (**, P � 0.01; n � 9), SB202190 (***, P � 0.001;
n � 5), and SP600125 (*, P � 0.05; n � 5) significantly decreased ATP-induced
expression of TSP-1.

Fig. 3. P2Y receptors mediate ATP-induced expression and secretion of
TSP-1. (A) Astrocytes were treated with UTP (100 �M), BzATP (100 �M),
2MeSADP (10 �M), adenosine (100 �M), or N-ethylcarboxamidoadenosine
(NECA; 10 �M) for 6 h, and cell lysates were collected. Immunoblotting and
quantitation of data in the bar graph show that UTP caused a robust increase
in TSP-1 expression (�90-fold; ***, P � 0.001; n � 7), whereas significant
differences were not observed for other agonists tested. (B) Astrocytes were
treated with 100 �M ATP, 100 �M UTP, 10 �M 2MeSADP, or 100 �M adenosine
for 6 h, after which time media were collected and concentrated. Immuno-
blots and quantitation of data in bar graph show that ATP and UTP, but not
2MeSADP or adenosine, caused a significant increase in TSP-1 release (***, P �
0.001; n � 3). Equal loading for media was confirmed with Coomassie blue
staining (data not shown).
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with extracellular ATP. Blocking ERK, Akt, p38�MAPK, and
SAPK�JNK pathways significantly decreased the ATP-mediated
increase of TSP-1 by 53.8%, 74.6%, 100%, and 67.4%, respec-
tively (Fig. 4), thereby suggesting that the regulation of TSP-1
expression by P2 receptors is mediated by multiple protein
kinase cascades, particularly p38�MAPK and Akt. The drugs by
themselves did not affect TSP-1 levels (Fig. 4A). Similar results
were obtained when cells were treated with UTP, although ERK
may play a more prominent role in the induction of TSP-1 by
UTP than by the broad-spectrum agonist ATP (see Fig. 11 A,
which is published as supporting information on the PNAS web
site). In addition to reducing TSP-1 expression, UO126, wort-
mannin, SB202190, and SP600125 reduced the release of TSP-1
(see Fig. 11B).

Mechanical Strain Increases TSP-1 Protein Expression via P2 Receptor
Activation and Protein Kinase Signaling. Tissue injury, such as
caused by trauma, leads to the release of ATP (30, 31). To
examine the potential significance of the induction of TSP-1 by
P2 receptor�protein kinase signaling, we used an in vitro cell
culture model of traumatic CNS injury developed by Ellis et al.
(43). In previous studies with this model, we demonstrated that
biaxial mechanical strain (stretch) led to the rapid release of
ATP from astrocytes, which in turn stimulated P2 receptors
coupled to ERK and Akt (31, 44). Here, we found that, when
cultured astrocytes grown on a deformable membrane were
subjected to a rapid and reversible stretch injury, TSP-1 levels
were significantly increased after 6 and 12 h (Fig. 5 A and B).
Consistent with this finding, immunocytochemical experiments
demonstrated that unstretched controls exhibited very weak
TSP-1 immunoreactivity (Fig. 5D), whereas stretched astrocytes
exhibited robust TSP-1 staining, which was concentrated in the
cytoplasm (Fig. 5F). In addition, after mechanical strain astro-
cytes became reactive as shown by their stellate morphology,
longer processes, and stronger GFAP immunoreactivity (com-
pare Fig. 5 C and E).

To examine the involvement of P2 receptors or protein kinase
signaling in the strain-induced expression of TSP-1, astrocytes
were treated with the P2 receptor antagonist PPADS or the
p38�MAPK and Akt inhibitor SB202190 before trauma. When

Fig. 5. Mechanical strain increases TSP-1 expression. Astrocytes grown on
deformable SILASTIC membranes were subjected to a rapid and reversible
stretch (50-ms, 7.5-mm membrane displacement), and at various times later,
TSP-1 expression was analyzed by immunoblotting (A and B) or immunocyto-
chemistry (C–F). (A) Immunoblotting shows a time-dependent increase in
TSP-1 expression after injury. �-Actin is a loading control. (B) Quantitation of
data shows TSP-1 expression significantly increased 6 and 12 h (***, P � 0.001;
n � 3) after injury and returned to noninjured levels by 24 h. (C–F) Immuno-
cytochemical experiments of uninjured cells or 6 h after injury show that
mechanical strain increased TSP-1 expression (F) when compared with unin-
jured controls (D). In addition, after mechanical strain cells were more stellate
and had longer processes and more intense GFAP immunoreactivity (E) than
uninjured controls (C). Corresponding images in Left and Right are from the
same fields. Red, TSP-1; green, GFAP; blue, DAPI. (Scale bars: 10 �m.)

Fig. 6. Mechanical strain-induced TSP-1 expression is mediated by P2 recep-
tors and protein kinase signaling. Astrocytes grown on deformable silicone
membranes were treated with the P2 receptor antagonist PPADS (50 �M; 15
min) or the p38�MAPK�Akt inhibitor SB202190 (10 �M; 30 min) before being
subjected to mechanical strain (50-ms, 7.5-mm membrane displacement).
After 6 h, cell lysates were collected. Immunoblottings and quantitation of
data as bar graphs show that PPADS (A) and SB202190 (B) significantly blocked
mechanical strain-induced expression of TSP-1 (*, P � 0.05; **, P � 0.01; n �
3), indicating involvement of P2 receptor and protein kinase signaling in the
expression of TSP-1 induced by trauma.
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P2 receptors were blocked, TSP-1 expression was significantly
reduced compared with that in stretched cells, TSP-1 levels being
similar to those in unstretched cells (Fig. 6A). In addition,
SB202190 markedly inhibited stretch-induced expression of
TSP-1 (Fig. 6B), thereby indicating that signaling from P2
receptors and protein kinase cascades regulates TSP-1 expres-
sion after trauma.

Discussion
Our findings demonstrated that extracellular ATP and mechan-
ical strain stimulate astrocyte TSP-1 protein expression and
release by activation of P2 receptors coupled to protein kinase
signaling pathways, particularly p38�MAPK and Akt. In view of
the emerging evidence for the participation of thrombospondin
in synaptogenesis (6) and ischemia (7), our data suggest an
important role for purinergic signaling in cell–cell and cell–
matrix interactions during CNS development and repair.

TSP-1 is produced in a variety of cell types (5), but little is known
about the mechanisms that regulate synthesis and release of TSP-1
by brain cells. Our work demonstrates that stimulation of astrocyte
P2Y purinergic receptors coupled to protein kinases markedly
increases TSP-1 expression and release. Agonist and antagonist
studies point to a role for P2Y4 receptors. However, other P2
receptors might be involved because RB2 and PPADS did not
completely block expression of TSP-1 induced by nucleotides (Fig.
2 and see Fig. 7). Future studies with short interfering RNAs and�or
mice deficient in specific P2 receptor subtypes will help to further
define the P2 receptors that stimulate TSP production and release.
Involvement of P2Y11 receptors can be excluded because P2Y11
receptors do not appear to be functionally expressed in cortical
astrocytes cultured from 1-day-old rat neonates (13). In addition,
P2X receptors do not appear to stimulate TSP-1 expression.
However, in other studies we observed that both P2Y and P2X
receptors regulate N-cadherin expression in astrocytes (unpub-
lished observations), thereby exemplifying the diversity of P2
receptor signaling.

P2 receptors are coupled to MAPKs and Akt (14, 15, 19, 20).
Consistent with previous studies, we found that extracellular ATP
was able to stimulate ERK, Akt, and p38/�MAPK in astrocytes. We
also demonstrated that extracellular ATP induces phosphorylation
of SAPK�JNK in astrocytes. Experiments with pathway inhibitors
suggest that multiple protein kinase pathways can regulate TSP-1
expression. Interestingly, SB202190 treatment resulted in complete
inhibition of the ATP-induced expression of TSP-1. Because
SB202190 affects both Akt and p38�MAPK phosphorylation, the
complete reduction in TSP-1 induced by ATP could be a result of
the combinatorial effect of blocking both Akt and p38�MAPK
signaling. We have considered the possibility that MAPK pathway
inhibitors may affect functions of P2Y receptors such as receptor
activation or G protein coupling because it has been reported that
SB202190 can directly interact with the G protein-coupled receptor
subtype CCK1, although not with the CCK2 subtype (45). However,
the other kinase inhibitors we have used, U0126, wortmannin, and
SP600125, are structurally unrelated to SB202190. Although the
selectivity of these inhibitors compared with a large number of
protein kinases is very high (46), it still remains possible that they
could also have other effects not yet determined. Nonetheless,
because the effect of SB202190 is limited to one particular subtype
of a G protein-coupled receptor and because of other consider-
ations such as the distinct structures of the other inhibitors, the high
selectivity of these inhibitors, as well as our demonstration that the
inhibitors we have used to block ERK, SAPK, and Akt signaling are
selective in P2 receptor signaling in astrocytes (see Fig. 10), it is
reasonable to suggest that the inhibition of TSP-1 expression by
these agents reflects their actions at specific protein kinases. The
observation that MAPKs are involved in TSP-1 expression is in
agreement with a report by Nakagawa et al. (47), who showed that
TSP-1 in rat kidney proximal tubular cells and mouse fibroblasts is

regulated by both ERK1�2 and p38�MAPK in response to trans-
forming growth factor-�1.

It has recently been demonstrated that TSP-1 and TSP-2
promote synaptogenesis (6), thereby suggesting a role for TSPs
in CNS development. Consistent with this finding, TSPs are
expressed in the developing nervous system when synaptogenesis
occurs and decline with maturation (6, 48). P2 receptors are also
expressed in embryonic and postnatal brains and have been
implicated in the development of the nervous system (49, 50).
This finding suggests that ATP receptor signaling could be
involved in synaptogenesis by inducing the synthesis and secre-
tion of TSPs during CNS development.

Injury leads to the release of ATP from many cell types (9, 10),
including astrocytes (30, 31). Our data with a well characterized
in vitro model of traumatic CNS injury (43) demonstrated that
TSP-1 expression is induced by mechanical strain in a manner
mediated by P2 receptor�protein kinase signaling. Damage to
the CNS evokes a process in which astrocytes shift into a reactive
state by undergoing hypertrophic and hyperplastic changes.
These characteristics of astrogliosis, as well as increased levels of
GFAP, can be induced in vitro and in vivo by ATP and nucleotide
analogs (33, 34, 51–54). Astrocytes, when activated, can release
and�or express a variety of factors, including recognition and
extracellular matrix molecules (55, 56). Because TSP-1 can
enhance CNS synaptogenesis (6), an increase in TSP-1 after
injury has occurred would support the idea that TSP-1 is actively
involved in forming new synapses, provided the lesioned neuron
can survive and regenerate through the glial scar. The timing of
the increase in TSP expression would be critical. It has been
reported that TSP-1 protein increased 4 and 72 h after focal
cerebral ischemia�reperfusion (7). We found that TSP-1 was
maximal from 6 to 12 h after trauma and returned to near basal
levels 24 h after injury. An early increase in TSP-1 may be related
to the enhanced plasticity often observed in areas surrounding
the injured site. For example, traumatic or ischemic injuries
result in changes in synapse number and structures and also
dendritic growth and neurogenesis (57–61). Because TSP-1 is
involved in cell–cell interactions, cell adhesion, and synaptogen-
esis, the early increase in TSP-1 expression after injury could
support the concept that a component of the early phase of
reactive astrogliosis involves an attempt to stabilize neurons and
their synapses in areas surrounding the injury (62, 63). In this
view, TSP-1 released by astrocytes might be one of the molecules
that support neurons in areas surrounding an injury to go
through periods of dendritic growth, axonal sprouting, and
synaptogenesis. During a later phase of recovery, the use of
hydrolysis-resistant ATP analogs may offer a new therapeutic
approach to stimulate repair and remodeling.

In conclusion, TSP-1 protein expression and release is stimulated
by extracellular ATP through activation of P2 receptors coupled to
protein kinase signaling pathways. In addition, stretch-induced
traumatic injury of brain cells leads to TSP-1 expression via
activation of P2 receptors. Our findings point to a trophic role of
purinergic signaling for interactions that occur between glial cells
and neurons during CNS development and repair.

Materials and Methods
Cell Culture and Treatment. Primary cultures of astrocytes were
obtained from cerebral cortices of neonatal rats (Fischer), as
described in ref. 34. More information is available in Supporting
Materials and Methods, which is published as supporting infor-
mation on the PNAS web site.

Mechanical Strain-Induced Trauma. Confluent cultures of astro-
cytes grown in flex plates were subjected to mechanical strain by
means of a Cell Injury Controller (model 94A; Custom Design
and Fabrication, Department of Radiology, Virginia Common-
wealth University, Richmond), a device that regulates a pulse of
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compressed gas to rapidly and transiently deform the silicone
membrane and adherent cells in a manner such that the mag-
nitude and duration of the injury can be controlled (43). Before
each experiment, the injury controller device was calibrated as
described by the manufacturer. Cells were injured by a 50-ms,
7.5-mm displacement. These parameters have been correlated
with severe trauma, as defined by studies with this in vitro stretch
injury model (30). Membrane displacement generated with this
model corresponds to biaxial strain, or stretch, similar to those
that occur in humans after rotational acceleration–deceleration
injury, as indicated by studies with gel-filled human skulls (64).
Care was taken to avoid excessive handling of the flex plates to
minimize release of ATP caused by fluid flow and perturbation
of the SILASTIC membranes.

Immunoblotting. Proteins from cultured rat astrocytes were pro-
cessed for immunoblotting by standard procedures (see Support-
ing Materials and Methods).

Immunocytochemistry. Immunocytochemistry of cultured rat as-
trocytes was performed 6 h after ATP treatment or mechanical
strain. Cells were washed twice with Dulbecco’s PBS and
processed for immunocytochemistry following standard proce-
dures (see Supporting Materials and Methods).

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 Stu-
dent’s t test for two groups or ANOVA for multiple groups
followed by post hoc multiple comparisons (Bonferroni test)
using an INSTAT software package (GraphPad, San Diego).
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