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LETTERS

UDP acting at P2Y receptors is a mediator of

microglial phagocytosis

Schuichi Koizumi'**, Yukari Shigemoto-Mogami'*, Kaoru Nasu-Tada', Yoichi Shinozaki'’, Keiko Ohsawa’,
Makoto Tsuda®, Bhalchandra V. Joshi®, Kenneth A. Jacobson®, Shinichi Kohsaka® & Kazuhide Inoue’

Microglia, brain immune cells, engage in the clearance of dead
cells or dangerous debris, which is crucial to the maintenance of
brain functions. When a neighbouring cell is injured, microglia
move rapidly towards it or extend a process to engulf the injured
cell. Because cells release or leak ATP when they are stimulated'?
or injured®’, extracellular nucleotides are thought to be involved
in these events. In fact, ATP triggers a dynamic change in the
motility of microglia in vitro®® and in vive™, a previously un-
recognized mechanism underlying microglial chemotaxis®; in con-
trast, microglial phagocytosis has received only limited attention.
Here we show that microglia express the metabotropic P2Y; recep-
tor whose activation by endogenous agonist UDP triggers micro-
glial phagocytosis. UDP facilitated the uptake of microspheres in
a P2Y¢-receptor-dependent manner, which was mimicked by the
leakage of endogenous UDP when hippocampal neurons were
damaged by kainic acid in vivo and in vitro. In addition, systemic
administration of kainic acid in rats resulted in neuronal cell death
in the hippocampal CAl and CA3 regions, where increases in
messenger RNA encoding P2Y, receptors that colocalized with
activated microglia were observed. Thus, the P2Y; receptor is
upregulated when neurons are damaged, and could function as
a sensor for phagocytosis by sensing diffusible UDP signals,
which is a previously unknown pathophysiological function of
P2 receptors in microglia.

Microglia express several functional P2 receptors, and their P2X,,
P2X; and P2Y . receptors have already been described in relation to
their physiological and pathophysiological consequences™. To
investigate the expression of mRNAs for P2 receptors that are at a
higher concentration in cultured rat microglia, we conducted reverse-
transcriptase-mediated polymerase chain reaction (RT-PCR) analysis
with complementary DNA coding for P2Y and P2X receptors (Fig. 1a).
In accordance with previous reports™®, microglia expressed mRNAs
encoding P2X,, P2X; and P2Y,, receptors. However, we found un-
expectedly that cultured rat microglia expressed a large amount of
mRNA coding for P2Y, receptors, which was also confirmed by west-
ern blotting for the expression of P2Y receptor protein (Fig. 1h). The
P2Y receptor is coupled to the activatign of phospholipase C (PLC),
leading to the production of inositol 1,4,5-trisphosphate (InsP;) and
the release of Ca®* from InsP;-receptor-sensitive stores''". We there-
fore examined changes in the intracellular Ca®* concentration
([Ca”"];}) in microglia and found that the P2Y, receptor agonist
UDP evoked increases in [Ca’"]; in a concentration-dependent
manner, and it also increased the fraction of the UDP-responsive cells
(Supplementary Fig. 1a), The elevationsin [Ca® " ], induced by 100 pM

UDP were significantly inhibited by the PLC inhibitor U73122, the
Ca’*-ATPase inhibitor in sarcoplasmic/endoplasmic reticulum
thapsigargin, and the membrane-permeable InsP; receptor inhibitor
xestospongin  C, but were little affected by pertussis toxin
(Supplementary Fig. 1b). The UDP-evoked [Ca*']; increases in
microglia were significantly inhibited by reactive blue 2 (RB2), known
as a potent P2Y, antagonist'!, suramin, which inhibits P2Y, receptor
at higher concentrations, the diisothiocyanate derivative MRS2578,
which is a selective antagonist of the P2, receptor'*, and an antisense
oligonucleotide (AS) for P2Y, receptors, but not by a random-
sequence oligonucleotide (R-oligo) (Fig. 1c). All these data show that
rat microﬁtia express functional P2Y, receptors by which UDP mobi-
lizes Ca®*.
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Figure 1| Expression of P2Y, receptor and UDP-evoked increase in [Ca®*]J;
in cultured microglia. a, RT-PCR analysis of the expression of mRNAs for
P2Y,, P2Y 2, P2X, and P2X; receplors in microglial cells. b, Expression of
P2Y ¢ receptor protein confirmed by western blotting analysis. ¢, Effects of
various chemicals on the increasein [Ca® ' |; (measured as the change in ratio
of fluorescence at 340 nm to that at 380 nm) evoked by 100 pM UDP in
microglia. The maximum increase in Fura-2 fluorescence evoked by 100 uM
UDP was considered as the control response, and values arc expressed as a
percentage of control. Data show means and s.e.m. for 24-36 cells obtained
from at least three independent experiments. Significant differences from
the response to UDP alone: asterisk, P < 0.05; two asterisks, P < 0.01
(Student’s t-Lest).
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Morphogenesis, cell movement and phagocytosis are driven by
dynamic reorganization of the actin cytoskeleton™*, We showed
previously that activation of P2Y,y5 receptors, another microglial
G-protein-coupled receptor, resulted in membrane ruffling and chemo-
taxis in microglia®, and therefore we sought first to determine whether
the P2Yg-receptor-mediated signals affect the cell movement of
microglia. Membrane ruffles are structures that are found primarily
at the front edges of migrating cells”’. To determine whether P2Y,
activation stimulates microglial chemotaxis, cells were stimulated
with either UDP or ATP. Neither lamellipodia-like membrane ruffles
(Fig. 2a left) nor chemotaxis (Fig. 2b left) were observed when sti-
mulated with UDP, whereas ATP produced both responses (Fig. 2a
right and Fig. 2b right). However, UDP caused actin reorganization
and formed aggregates of F-actin in the interior of the cells (Fig. 2a
left, arrows). On stimulation with UDP (100 pM), microglia rapidly
changed their morphology (Supplementary Fig. 2a); namely, to
microglial processes with filopodia-like protrusions (arrows) and
phagosome-like vacuoles (arrowheads). A crown-like circular struc-
ture rich in F-actins, termed the ‘phagocytotic cup’™, was also
observed around the zymosan particles (Supplementary Fig. 2b,
red). We speculated that UDP somehow regulates the morphogenesis
of microglia, which may be involved in microglial endocytotic activ-
ities such as pinocytosis, macropinocytosis and phagocytosis.
Phagocytosis is one of the most important physiological functions
of microglia' and is the process activating the uptake of larger part-
icles (more than 0.5 pum) by actin-based mechanisms. We investi-
gated the UDP-evoked phagocytosis process by time-lapse
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Figure 2 | Changes in cell motilities of microglia. a, UDP- and ATP-evoked
membrane ruffles. Cultured microglia were stimulated for 5 min with

100 uM UDP (left) and 10 pM ATP (right), fixed, permeabilized, and then
stained with anti-phalloidin. Scale bar, 10 pm. b, Typical chemotactic
responses of microglia towards 100 pM UDP (left) and 100 uM ATP (right)
assessed by the Dunn chemotaxis chamber (see Methods). ¢, Time-lapse
images showing the effect of UDP on the microglial morphogenic changes
and the uptake of fluorescent zymosan particles (green). The time after
addition of UDP is shown in seconds in each picture. d, The UDP-evoked
uplake of microspheres was assessed quantilatively as a phagocytosis index
by using FACS. Data are mean and s.e.m. for three experiments (asterisk,
P < 0.05; two asterisks, P < 0.01 compared with basal). e, Fffects of the P2
receptor antagonists reactive blue 2 and suramin, the P2Y, receplor
antagonist MRS2578, and P2Y4 AS or MM on the UDP-evoked
phagocytosis. Data are means and s.c.m. for three or four experiments
(asterisk, P < 0.05; (wo asterisks, P < 0.01 compared with UDP alone).

2

videomicroscopy and flow cytometry (fluorescence-activated cell

sorting; FACS)-based assay. When stimulated with 100pM UDP,

microglia rapidly phagocytosed fluorescent zymosan particles

(green) (Fig. 2c, see also Supplementary Video). A quantitative phago-

cytosis assay by FACS shows that UDP induced the phagocytosis of
latex beads in a concentration-dependent fashion (5-1,000 tM) in a

20-min incubation period (Fig. 2d). GDP (100-1,000 pM), a weak
agonist of the P2Y receptor, caused a slight uptake of microspheres
{at 100 pM this was 49.7 * 8.6% of UDP alone; n= 4) but ADP, also

known as a weak partial agonist of the mouse P2Y; receptor, failed to

stimulate the uptake (at 100 M it was 0.3 = 2.3% of UDP alone;

n=4). This is in good agreement with the previous finding that

ADP does not activate rat P2Y, receptors'®. The phagocytosis induced

by 100 pM UDP was significantly inhibited by 30-100 uM RB2, a
higher concentration of suramin (300 pM) and MRS2578 (0.01-
3uM), and was nearly abolished by P2Ys AS (Fig. 2 see also
Supplementary Fig. 2c, d). Recent reports indicate the existence of
functional cross-talk between the nucleotides and cysteinyl leuko-

trienes (CysLTs, for example LTD4) in orchestrating inflammatory
responses'®, indicating that some nucleotides may reveal their func-

tions by means of a CysLT receptor (CysLTR). Microglia express a
functional CysLT1R, whose activation by LTD4 resulted in an increase
in [Ca®"); in microglia (Supplementary Fig. 3a). Thus, UDP acting on

CysLTIR may reveal various microglial responses. IHowever,

MRS2578, a selective P2Y, receptor antagonist, did not block the
LTD4-evoked Ca?" responses in CysLT1R-transfected Chinese ham-

ster ovary cells (Supplementary Fig. 3b) at a dose that inhibited the
UDP-evoked increase in [Ca*" |; and phagocytosis in microglia (Figs Ic
and 2e). In addition, 1 pM LTD4 did not induce phagocytosis in
microglia (Supplementary Fig. 3¢, 4.8 £ 4.2% of that with 100 pM

UDP alone; n=3). All these findings suggest that the contribution
of the CysLTIR to the UDP-evoked phagocytosis in microghia is neg-
ligible. Taken together, these data strongly suggest that rat microglial

P2Y; receptors are coupled with phagocytic functions. The UDP-

evoked phagocytosis was inhibited by 1 pM thapsigargin, the protein
kinase C inhibitor staurosporin at 5pM, and 10puM U73122 (see
Supplementary Fig. 4), indicating that activation of the P2Y receptor
seems to trigger phagocytosis through the pathway(s) mediated by
PLC-linked Ca®" and protein kinase C.

Because phagocytes remove dead or damaged cells, debris and
invading pathogens, recognition is the first step in phagocytosis. It
is initiated by activation of the phagocytosis-promoting receptors
such as Fc receptors and complement receptors™. In the central nerv-
ous system, microglia possess these receptors and remove amyloid-f,
a key molecule in Alzheimer’s disease, and attenuate Alzheimer’s
disease-like pathology®. With regard to apoptotic cells, microglia
may also remove such cells by recognizing so-called ‘eat-me’ sig-
nals®®. However, in the present study we used non-opsonized zymo-
san (Fig. 2¢) and latex beads (Fig. 2d, ¢), which were not recognized
by opsonin-dependent receptors such as Fc receptors, complement
receptors or vitronectin receptors. Phagocytosis-promoting recep-
tors also include opsonin-independent ones such as f-integrins,
mannose receptors, scavenger receptors and phosphatidylserine
receptors’; in fact, microglia expressed all these receptors
(Supplementary Fig. 5a—e, cell lysates). Among these receptors, f3,-
integrin was detected as a bead-associated protein that was slightly
increased on stimulation with UDP (Supplementary Fig. 5a, bead-
associated) and localized at membrane ruffle-like or phagocytic
cup-like structures (see also Supplementary Fig. 2b), to which fluor-
escent microspheres were attached (Supplementary Fig. 5f).
However, we do not know whether f,-integrin itself binds or recog-
nizes the microspheres. fi- Integrin might be involved in some way
in the machinery of phagocytosis or in the uptake processes of the
microspheres in response to UDP, but the precise target molecule
or molecules that bind or recognize microspheres to be phago-
cytosed remains to be identified. The microglial phagocytosis seen
in the present study is a new type that is promoted by the diffusible
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extracellular molecule UDP. However, we cannot deny the possibility
that the UDP may simply facilitate the machinery of phagocytosis
and that UDP-evoked phagocytosis observed in this study may even
include macropinocytosis.

To determine the expression and function of microglial P2Y,
receptors in vivo, the excitotoxicity of brain injury was induced by
kainic acid (KA) (Fig. 3). KA is an excitatory amino acid that is often
used to cause limbic motor epilepsy or excitatory neuronal cell death
in vivo and in vitro. KA acts on non-NMDA glutamate receptors to
facilitate excess excitability, thereby leading to necrosis and even
apoptosis of neurons. The hippocampal CA1 and CA3 regions are
susceptible to neuronal death in response to KA™. When KA was
injected intraperitoneally into rats (10 mgkg’ 1), it produced typical
limbic seizure within 60min. At 72h after the administration of
KA, the brains were removed and were used for western blotting,
immunohistochemical assays and in situ hybridization (1SH).
Western blotting analysis showed that KA increased the expression
of P2Y, receptors in comparison with the saline-injected control
groups (Fig. 3A, B). Double staining of microglia and neurons by
anti-Ibal (green) and anti-neuronal nuclei (NeuN, red) antibodies,
respectively, showed that KA induced severe neuronal loss in the
hippocampal CA1 and CA3 regions, where intense Ibal-positive sig-
nals—indicative of microglia—were observed. KA increased the
number of microglia appearing in the activated form with poorly
ramified, short and thick processes (Fig. 3C, f~h). Small NeuN signals
seemed to be incorporated in some microglia (see g and h in Fig. 3C),
suggesting that microglia phagocytose damaged or dead neurons.
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Figure 3 | Increase in P2Y,, receptors in the hippocampus after kainic acid
(KA)-treatment. A, Western blot analysis, showing increase in P2Y,
receptor protein in rats treated intraperitoneally with 10 mg kg 'KA, 72h
after treatment. B, Summary of quantitalive data; KA was applied al

10 mgkg ™', Results are means and s.e.n. for 8 (control) and 7 (KA)
experiments (asterisk, I’ < 0.05 compared with control). C, Immunohisto-
chemical analysis in naive control (a-d) and KA-treated (e<h) rats; red, anti-
NeuN antibody; green, anti-lbal antibody. Rectangles in a and e are
expanded in b and f, respectively. Rectangles in b and f also correspond 10
¢, d and g, h, respectively. D, Anti-P2Y,, antibody signals (green) were

These findings suggest that microglia might migrate or proliferate,
probably as a result of KA-induced neuronal damage.

We further examined the cell types that produced increases in P2Y,
receptor protein in response to the administration of KA, and found
that P2Y, immunoreactivities {green in Fig. 3D) were associated with
the microglia (OX-42, red in Fig. 3D, c) but not with astrocytes (glial
fibrillary acidic protein (GFAP), red in Fig. 3D, d) or neurons (NeuN,
red in Fig. 3D, e). Furthermore, we performed ISH to characterize the
expression of mRNA coding for P2Y receptors with the use of digoxi-
genin-labelled antisense RNA probe. Signals for P2Y, receptor mRNA
were very low in the naive animals but were upregulated three days
after treatment with KA (Fig. 3E, b; blue dots indicated by arrow-
heads). At this time, the number of microglia increased markedly,
especially at the hippocampal CA3 and CA1 regions (Fig. 3C). After
ISH, the sections were stained with anti-Ibal antibody to characterize
P2Y, receptor mRNA signals. In the hippocampal CA3 regions of
naive rats, there were very few anti-Tbal-positive microglia that did
not show P2Y, receptor mRNA. In contrast, in the hippocampal
CA3 of KA-injected rats, there was an increased number of anti-
Thal -positive microglia, in which P2Y, receptor signals were coloca-
lized with microglia (Fig. 3E, ¢ KA, black arrows, see also inset at
higher magnification).

There is a growing literature about ‘eat-me’ signals that are
expressed on the cell surface of apoptotic or dying cells. However,
diffusible signals that trigger phagocytosis have received only limited
attention. When neurons or cells are exposed to traumatic injury
such as ischaemia, they swell and subsequently shrink as a result of

10 pm

increased by KA (a, control; b, KA), which was colocalized with microglia
(red in ¢, anti-0X42) but not with astrocytes (red in d, anti-GFAP) or
neurons (red in e, anti-NeuN). E, 1SH analysis. a, b, nNRNA coding for P2Y,
receplor in naive rats was very low but was increased at the hippocampal
(CA3 region by KA (3 days Jater) (blue dots and arrowheads, KA). ¢, Double
staining with P2Y,, antisense RNA probe (hlue dots) and anti- 1ha- 1 antibody
{brown signals, white (naive) or black (KA) arrows). In KA-treated rats there
was an increased number of microglia, which was associated with P2Y,
receptor mRNA (blue signals, inset at higher magnification in KA).
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increased permeability. This is followed by leakage of cytoplasmic
molecules, leading to necrotic cell death. Thus, cytoplasmic nucleo-
tides could be diffusible messengers that signal the crisis state to
adjacent cells including microglia. In fact, the diffusible messenger
ATP promotes microglial chemotaxis and/or migration® . Diffusible
molecules might be insufficiently precise to cause phagocytes to
recognize and eat cells. However, released or leaked nucleotides are
immediately degraded by the extracellular nucleotide-degrading
enzymes. In this respect, UDP might be a localized and transient
marker of traumatized or necrotic cells.

Cell injury results in a leakage of ATP that affects the motility of
adjacent cells, including microglia™. In addition, cells release or leak
uridine nucleotides™ and nucleotide sugars™ in response to various
stimuli or ischaemic injury™. We therefore next investigated whether
KA increases the release of extracellular UDP from neurons to induce
microglial phagocytosis. Cultured hippocampal neurons were stimu-
lated with and without 100 pM KA for 1 h; the supernatant was then
collected for nucleotide assay by high-performance liquid chromato-
graphy (HPLC) or for phagocytosis assay by FACS (Fig. 4). Because
released or leaked UTP is rapidly degraded into UDP, UMP and
uridine by ARL67156-sensitive ectonucleotidases, we monitored
the amount of UTP rather than UDP, and collected the supernatant
and the microdialysates in the presence of 20 pM ARL67156 through-
out experiments. There was a close relationship between the HPLC
peak corresponding to UTP and the concentration of the standard
UTP (R’ = 0.9947). The amount of UTP in the KA-treated supernat-
ant was significantly larger than that in the KA-untreated control
supernatant (Fig. 4b; control, 2.3 £ 1.1 pM; KA treated, 10.5 =
3.9uM, P< 0.05). We also tested whether the KA-treated super-
natant obtained from cultured hippocampal neurons facilitated micro-
glial phagocytosis. Hippocampal neurons were treated with and
without 100pM KA for 1h; each supernatant was collected and
added to microglin; this was followed by a phagocytosis assay. As
shown in Fig. 4c, when microglia were incubated with the KA-treated
supernatant for 20 min, there was a significant increase in phagocytosis,
which was blocked by the P2Y, receptor antagonist MRS2578 (1 pM).
KA alone did not stimulate phagocytosis.

Finally, we tested whether KA induces the release of UDP and
P2Yg-receptor-mediated phagocytosis in vivo. An increase in extra-
cellular UTP concentration ([UTP),) was observed soon after injec-
tion of KA (from 1 to 4 h after injection), which reached 2-3-fold
higher than the KA-untreated control (data not shown). At 1 day
after KA injection, [UTP], was about 1.5-2.0-fold higher than the
KA-untreated control (Fig. 4e). Then, at day 3, [UTP], reached
almost 10-fold higher levels (9.4 2 1.2-fold; Fig. 4e and inset), which
decreased slightly at day 5. A higher (5-10-fold) [UTP], was observed
2-3 daysafter the injection of KA, which lasted at least another couple
of days. It should be noted that loss of neurons (removal of neurons)
also became obvious 2-3 days after the KA injection. We further
injected fluorescent microspheres into the hippocampal CA3 regions
of KA-treated rats, and then counted the numbers of the micro-
spheres phagocytosed or attached by microglia. The P2Y,, receptor
antagonist MRS2578 was injected into the hippocampal CA3 region,
and P2Y4 AS or MM (mismatch oligonucleotide) was injected into
the third ventricle. The number of microspheres taken or attached by
microglia was markedly increased by KA treatment, which is signifi-
cantly inhibited by MRS2578 or P2Y,, AS but not by MM (Fig. 4g; see
also Supplementary Fig. 6). These findings all suggest that UDF/
P2Y .- receptor-mediated signals are important for microglial phago-
cytosis even in vivo.

A recent review described that dying cells use both 'find-me” and
‘eat-me’ signals for phagocyte atiraction and  recognition™.
Nucleotides could be both “find-me’ and ‘eat-me’ signals. The intra-
cellular ATP concentration is estimated to be high (more than 5 mM)
and the UTP concentration is reported to be one-third that of ATP*.
Cells release ATP, and here we showed that KA caused an increase in
extracellular UTP or UDP. Microglia might therefore be attracted by

3

ATP or ADP** and subsequently recognize UDP, leading to the
removal of the dying cells or their debris. It is interesting that ATP/
ADP is not able to efficiently activate P2Yg receptors; neither can
UDP act on P2Y, ;3 receptors. Thus, even if these nucleotides were
leaked or released simultaneously, adenine and uridine nucleotides
would regulate microglial motilities, namely chemotaxis and phago-
cytosis, in a mutually exclusive but coordinated fashion.

So far we have not shown quantitative data indicating that indi-
vidual microglia upregulate the expression of P2Y, receptors. A sig-
nificant, but not drastic, increase in P2Y, receptor protein in the
hippocampus was observed after injection of KA (Fig. 3A, B). ISH
data show that expression of mRNA coding for P2Y receptors in
microglia was very low in naive animals but became obvious in an
increased number of microglia after KA injection (Fig. 3E), suggest-
ing that the increase in P2Y, receptor protein is not due simply to an
increased number of microglia but is upregulated in individual
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Figure 4 | KA-evoked increases in extracellular uridine nucleotides and
P2Y-receptor-mediated microglial phagecytosis in vitre and in

vivo. a, Schematic diagram of the experiments in vitro. Sup., supernatant.
b, Summary of the UTP concentration in the KA-treated and control
supernatants. Data show means and s.e.m. for at least five independent
experiments (asterisk, P <2 0.05 compared with control). €, Effects of the KA-
treated and control supernatant on microglial uptake of fluorescent latex
beads. Data show means and s.e.m. for at least four independent
experiments (asterisk, P < 0.05 compared with control; hash sign, P < 0.05
compared with KA-treated supernatant). d, Schematic diagram of the
experiments in vivo. KA was applied intraperitoneally at 10mg kg ' e, Time
course of changes in [UTP), in baseline dialysates (before treatment with KA
(Pre), and 1, 2, 3 and 5 days afterwards). Inset, fold increase at day 3
(compared with before treatment). f, Typical pictures of fluorescent
microspheres (green) atlached or taken up by microglia (red, anti-1bal) in
the KA-treated (left) and KA + MRS2578-treated (right) hippocampal CA3
regions. Scale har, 20 pm. g, Quantitative analysis of phagocylosis in vivo
(details are provided in Supplementary Methods). Changes in P2Y, receptor
protein by P2Y 4 AS or MM arc shown at the top of corresponding columns.
Values are means and s.e.m. (asterisk, P < 0.01 compared with control

[ KA); hash sign, P < 0.05; two hash signs, P <2 0.01 compared with KA-
treated group). Statistical analyses were performed by ANOVA with
Scheffe’s multiple comparison. At least three sections containing the
injection sites were analysed per animal, and at least three animals were used
in each group for analysis.
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microglia. We also emphasize that even if the extent of P2Y ¢ receptor
upregulation is not drastic, an increase in extracellular UDP, a ligand
for P2Y, receptor, is markedly increased after treatment with KA
{detected as UTP, almost 10-fold; Fig. 4e) and therefore that the
UDP/P2Y receptor system would be sufficiently activated to cause
microglial phagocytosis after treatment with KA. In comparison with
the extensive knowledge of the molecular events involved in the
regulation of apoptosis or necrosis, relatively little is known about
the processes responsible for the clearance of dead cells and the
degradation of waste materials. Considering the present findings that
injured neurons leak diffusible UTP/UDP and cause the upregulation
of P2Y receptors in microglia, the UDP/P2Y, receptor system might
function as a critical device covering the phagocytosis of both apop-
totic and necrotic cells if they release or leak UDP by sensing diffus-
ible UDP signals.

Thus we have shown that microglia express P2Y receptors that
function as a sensor of phagocytosis. The P2Y receptor agonist UDP
is released (as UTP) when neurons are damaged by KA. Thus, the
activation of P2Y, receptors by UDP would be a key event in initiat-
ing the clearance of dying cells or debris in the central nervous system.

METHODS

Dietailed methods are provided in Supplementary Information.

Microglia culture. The protocol was reviewed and approved by the Committee
for Institutional Laboratory Animal Care of the National Institute of Health
Sciences. Rat primary cultured microglia were prepared in accordance with
the method described previously”.

Phagocytosis assay in vitro and in vivo. In vitro microglial phagocytosis was
assessed by cither FACScan analysis or imaging analysis with fluorescently
labelled microspheres. For the in vivo phagocytosis assay, fluorescently labelled
microspheres were injected into the hippocampal CA3 region after injection of
KA, and then the number of fluorescent microspheres associated with microglia
was analysed by confocal microscopy (1.SM 5 Pascal; Carl Zeiss).
Microdialysis. A microdialysis probe (A-1type probe; Licom) was inserted into
the hippocampal CA3 region by means of a guide cannula, and was perfused
continuously at a flow rate of 3.0 pl min~’ (collected for 60 min) supplemented
with the ectonuclease inhibitor ARL67156 (20 uM) (Sigma).

Quantification of UTP by HPLC. The concentration of nucleotides in the
supernatant of the hippocampal cultures was analysed with an HPLC system
(Jasco) combined with a Cys column (4.6 X 250 mm, Shodex) as described™,
with minor modifications.

Data analysis and statistics. All results are expressed as means * s.e.m. A stat-
istical analysis was performed with Student’s r-test or analysis of variance, fol-
lowed by Scheffe’s multiple comparison test. Differences were considered to be
significant at P< 0.05.
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ABSTRACT

Oxidative stress is the main cause of neuronal death in patho-
Jogical eonditions. Hydrogen peroxide (Hz0g), one of the reac-
tive oxygen species, activates many intracellular signaling cas-
cades including sre family and mitogen-activated protein ki-
nases (MAPKs), some of which are critically involved in the
induction of cellular damage. We previously showed that HgOg-
induced cell death in astroeytes and adenosine 5-triphosphate
(ATP), acting on P2Y, receptors, had a protective effect. Here,
we examined the HaOz-induced changes in intracellular signal-
ing cascades that promote cell death in astrocytes, showing the
molecular mechanisms by which the activation of P2Y, recep-
tors counteracts such signals. Although Hz0» activated three
MAPKs including ERK1/2, p38, and JNK, only the activation
of ERKV2 participated in the H;Os-evoked cell death. HyO,
induced a sustained activation of ERK1/2 mainly in the nu-
cleus region, which was well in accordance with the HyOz-
induced cell death. H,0, also activated the src tyrosine kinase
family, which was an upstream signal for ERK1/2. Activation
of P2Y, receptors by 2methylthio-ADP (2MeSADP) inhibited
the HaOz-evoked activation of sre tyrosine kinase, resulting in
the inhibition of the phosphorylated-ERK1/2 accumulation in
the nucleus. 2MeSADP enhanced the gene expression and ac-
tivity of protein tyrosine phosphatase (PTP), which was re-
sponsible for the inhibition of sre tyrosine kinase. Thioredoxin
reductase, another eytoprotective gene we previously showed
to be upregulated by 2MeSADP, also controlled the activity of
PTP. Taken together, ATP, acting on P2Y, receptors, upregu-
lates the PTP expression and its activity, which counteracts the
HoOgpromoted death signaling cascades including ERK1/2
and its upstream signal src tyrosine kinase in astrocytes.
¢ 2000 Wiley-Liss, Ine.

INTRODUCTION

Adenosine 5'-triphosphate (ATP) is an important signal-
ing molecule that mediates gliotransmission and also glia-
to-neuron communication in the CNS (Fields and Stevens-
Graham, 2002; Hansson and Ronnback, 2003; Inoue, 2002).
The P2Y; receptor has a central role in the ATP-mediated
gliotransmission in astrocytes (Fam et al., 2000) and we
previously demonstrated that ATP, acting on P2Y; recep-
tors, protected astrocytes against oxidative stress, indicat-
ing the physiological importance of ATP-mediated glio-

© 2006 Wiley Liss, Ine.
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transmission in astrocytes (Shinozaki et al., 2005). How-
ever, details concerning the molecular mechanism(s) by
which P2Y; receptor activation results in such protection
are still lacking.

Hydrogen peroxide (Hz0,), one of the reactive oxygen spe-
cies (ROS), activates various intracellular signaling cas-
cades including mitogen-activated protein kinases (MAPKs)
(Fialkow et al,, 1994; Konishi et al., 1999; Ushio-Fukai et al,,
1999), The MAPK family includes extracellular signal-regu-
lated kinase 1 and 2 (ERKL/2), p38 kinase, and ¢-Jun NHg-
terminal kinase (JNK). The latter two members are well
known to be stress-responding MAPKSs, which are activated
by lipopolysaccharide, cytokines, and oxidative stress such
as by Hp0; and induce cell death (Oppenheim, 1991). ERKV
2 is constitutively expressed in various regions including the
CNS (Boulton et al.,, 1991). EREV?2 is activated by various
neurotransmitters, hormones and growth factors in physio-
logical conditions, controls the transcription factor activity
and induces various physiological responses, such as cell pro-
liferation or differentiation (Boulton et al., 1991; Marshall,
1995; Segal and Greenberg, 1996). However, ERK1/2 is also
activated by various types of stress such as oxidative stress
or shear stress, and appears to control the survival of cells
{Guyton et al., 1996; Takahashi and Berk, 1996; Wang et al,,
1998; Xia et al., 1995). Concerning neuronal cells, recent
reports have shown that activation of ERKL/2 even promotes
cell death hoth in vivo and in vitro (Murray et al.,, 1998;
Namura et al., 2001; Stanciu and DeFranco, 2002; Subrama-
niam et al., 2004), Thus, although ERK1/2 is an essential in-
tracellular signaling molecule that mediates various physio-
logical functions, it may also mediate the death of cells. The
intensity of ERK1/2 activation and spatial and temporal dif-
ferences in its activation would greatly affect physiological or
pathophysiological eventsin cells.

The src family, a well-known protein tyrosine kinase
(PTK), regulates a variety of cellular functions such as cell
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ATP PREVENTS LREK1/2-MEDIATED CELL DEATH

growth, proliferation, and differentiation. The src family is
abundantly expressed in the CNS (Brugge et al., 1985;
Sugrue et al., 1990), and is also involved in brain injury
induced by oxidative stress. In fact, H:0y or ischemia/reper-
fusion injury activates the src family in the hippecampus
(Guo et al,, 2003; Ohtsuki et al., 1996). Activation of the src
family is prevented by protein tyrosine phosphatase (PTP).
PTP is related to various events in the CNS such as inhibi-
tion of the NMDA receptor activation in neurons(Yu and
Salter, 1999) and of microglial TNFa and nitric oxide gen-
eration by amyloid (3 (Tan et al., 2000). In addition, PTP
upregulation is observed in kainic acid-treated (Boschert
et al,, 1997) and ischemia-injured neurons (Takano et al.,
1996). Thus, the activity and expression of PTP is also im-
portant for the regulation of pathophysiclogical cellular
functions as well as the regulation of src tyrosine kinase.

On the hasis of these findings, we hypothesized that
MAPKs and src family are key molecules for promoting
the HyOg-evoked cell death in astrocytes and that ATP
acting on P2Y,; receptors may counteract these cell
death-promoting signaling cascades.

In the present study, we demonstrate that activation of
both sre tyrosine kinase and the subsequent ERK1/2 ave key
events in the Hy0qz-evoked cell death in astrocytes. We also
demonstrate that ATT/PZY; receptor activation interferes
with the HyOg-evoked src family—ERK1/2 cascades by
increasing the expression and activity of PTF, thereby leading
to protection against HaOg-induced cell death in astrocytes,

MATERIALS AND METHODS
Chemicals

Adenosine 5'-triphosphate (ATP), adenosine, 2-methyl-
thio adenosine diphosphate (2MeSADP), hovine serum
albumin (BSA), propidium iodide (PI), sodium orthova-
nadate (NazVOQ,), MRS2179, and N-acetyl cystein were
purchased from Sigma Chemical (St Louis, MO). The
sources of other chemicals are shown in parentheses as
follows; hydrogen peroxide (11,05) (Wako Pure Chemi-
cals, Osaka, Japan), 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay kit (CHE-
MICON International, Temecula, CA), PD98059, U0126,
SB203580, SP600125, and PP3 (Calbiochem Biosciences,
San Diego), PP1 and PP2 (Biosource, CA), auranofin
(Alexis hiochemicals, Lausen, Switzerland).

Abbreviations

ATF adenosine 5'-triphosphate

2MeSADP 2-methylthio-adenosine 5'-diphosphole
ERK1/2 extracellular signal-regulated kinase 1 ond 2
H.04 Iiydrogen peroxide

JNK c-Jun NHz-terminal kinase

MAPK mitogen-activaled protein kinase

MAPKP MAPK phorphatase

MEK1/2 MAPK kinase 1 and 2

NugVQ, sodium orthovanadate

Pl propidinm iadide

PTK protein tyrosine kinase

PTP protein tyrosine phosphatase
P-Tyr phospharylated tyrosine
ROS reactive oxygen species
TrxR thioredoxin reductase

607
Antibodies

Polyclonal antibodies against total ERK1/2, phosphoryl-
ated ERK1/2, phosphorylated p38, and phosphorylated JNK
were purchased from Cell Signaling Technology (Beverly,
MA). The monoclonal antibody against phosphorylated tyro-
sine was purchased from Sigma Chemical (St Louis, MO).

Cells and Cell Culture

Astrocytes were prepared from neonatal rat forebrain.
The cells were cultured as previously reported (Shino-
zaki et al,, 2005). For the cell viability assay, cells were
seeded on 96-well plates (NUNC, Roskilde, Denmark) at
a density of 1.25 % 10* cells/well.

Cell Viability Assay

For the cell viability assay, we used an MTT assay as pre-
viously reported (Shinozaki et al,, 2005). A 1/10 volume of
MTT solution (5 mg/mL in PBS) was added and incubated
for 4 h under 10% CO2/90% air at 37°C, Then, an equal vol-
urne of isopropanol (with 0.04 N IIC]) was added to the cells,
The absorbance was measured on an ELISA plate reader
(ASYS Hitech, Eugendorf, Austria) with a test and refer-
ence wavelength of 570 and 630 nm, respectively.

Western Blotting

Astrocytes were prepared as described ahove, After
504 stimulation, cells were lysed and the lysates were
resolved with 10% SDS-PAGE gels and transferred to
PVDF membranes. The membranes were blocked for 1 h in
Tris-buffered saline containing 0.1% Tween-20 (TBS/T) and
5% non-fat drry milk at room temperature. Then the mem-
branes were incubated with primary antibody dilution
buffer (1:1000 dilution into TBS/T containing 5% BSA) over-
night at 4°C. After three washes with TBS/T, the mem-
hranes were incubated with horseradish peroxidase-conju-
gated anti-rabbit antibody (1:2000 dilution into TBS/T con-
taining 5% non-fat dry milk) for 1 h at room temperature,
The membranes were washed with TBS/T three times, and
the proteins were visualized by chemilumineseence, The
antibodies for anti-phospho-proteins used in the present
study (anti-P-ERK1/2, P-p38, and P-JNK or P-Tyr antibo-
dies) specifically detected only the activated and phospho-
rylated form of the proteins, To detect total ERI1/2, the ali-
guot of the same sample was resolved with 10% SDS-PAGE
gels, transferred to PVDF membranes in the same condi-
tions and exposed to anti-total ERI{1/2 antibody.

Quantification of the Intensity of P-ERK1/2 Bands
To quantify the intensity of P-ERKV2 hands, we
used Image J (http://rsh.info.nih.gov/ijn. P-ERK1/2 bands

were selected by rectangular selection, Then, we selected
Analyze-Gels-Seleci First Lane from the menu har, The
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area corresponding to each hand was measured using
Wand (tracing) tool from the tool bar.

Immunocytochemistry

After each treatment, the cells were fixed for 30 min
at room temperature in 3.7% paraformaldehyde. The
fixed cells were permeabilized with PBS containing 0.1%
Triton X-100 for 5 min at room temperature and then
incubated with the polyclonal anti-ERK1/2 and anti-
phospho-ERK1/2 antibodies for 24 h at 4°C. After wash-
ing, the cells were incubated with the appropriate sec-
ondary antibodies conjugated to Alexa 488 or 546,
washed again, and mounted on glass coverslips {Matsu-
pami Glass, Osaka, Japan). Astrocytes for immunocyto-
chemistry were selected randomly. Images were collected
in an MRC-1024 laser-scanning microscope (Bio-Rad)
with 20% objective lenses. For the comparison of double-
stained patterns, images were processed using Photo-
shop 5 (Adobe System, Mountain View, CA).

Tyrosine Phosphatase Assay

The tyrosine phosphatase activity was measured using
a universal tyrosine phosphatase kit (Takara, Shiga,
Japan). The measurement was done according to the
manufacturer’s instructions. Cells were lysed by lysis
buffer and transferred into 96-well ELISA plates at a
volume of 50 pL/well followed by incubation for 45 min
at 37°C. After four times washing with tween-PBS (PBS
containing 0.05% tween20), blocking buffer was added to
the wells at a volume of 100 pL/well followed by 30 min
incubation at 37°C. Then, the blocking buffer was dis-
carded and coloring substrates were added to the wells
(100 pL/well). After a 15 min incubation at room temper-
ature, 1 N sulfuric acid was added to the wells (100 pL/
well) to stop the reaction. The absorbance was measured
by a plate reader (ASYS Hitech, Eugendorf, Austria) at
a test wavelength of 450 nm.

Quantitative RT-PCR of PTP Genes

RT-PCR amplifications were performed using Tagman
One-step RT-PCR Master Mix Reagents and 200 nM
PTP specific primers as previously reported (Shinozaki
et al., 2005). Using the computer software DPrimer
Express (Applied Biosystems), clone-specific primers
were designed to recognized rat PTP genes, ie., rat
PTP4al (Tagman probe, 5-acacaatccaaccaatgegacctiaaa-
caa-8" forward, 5-tgctectgtggaagtcacataca-3'; reverse, 5
gtegtaagttgettegeatactetta-3) and rat PTPro (Tagman
probe, 5-ccgctatacaaacateetgecgtacgactt-3 forward, 5.
ttecgetgaacegatgtaana-3; reverse, 5-tpagutgagttytage
caggaata-3). RT-PCR was performed by 30 min reverse
transcription at 48°C, 10 min Amplitag Gold activation
at 95°C, then 15-s denaturation at 95°C, 1 min anneal-
ing and elongation at 60°C for 40 cycle in a PRISM7700
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(Applied Biosystems). Each experiment was performed
in triplicate.

RESULTS
MEEV/2 Inhibitors Protect Astrocytes Against
H;0,-Evoked Cell Death

Figure 1A shows the effect of H;04 on the activation
of MAPKs in astrocytes. Western blotting analysis
revealed that stimulation of astrocytes with 250 pM
H,0, for 2 h resulted in the activation of three MAPKs,
i.e., ERK1/2, p38, and JNK (Fig. 1A). We then tested
pharmacologically whether the activation of these
MAPKs is involved in the H;Op-evoked cell death in
astrocytes, The [1,0,-induced decrease in the cell viabil-
ity of the astrocytes obtained from the MTT assay was
always accompanied hy the activation of caspase-8, DNA
damage, and nucleus condensation (data not shown).
Thus, we defined the decrease in cell viability as cell
death in astrocytes in the following experiments. MAPK
kinase 1/2 (MEKV/2) activates ERK1/2. The MEKV2
inhibitors PD98059 (10 uM) (Alessi et al., 1995) and
V0126 (20 pM) (Favata et al., 1998) strongly inhibited
the HyOg-evoked cell death (Fig. 1B). The inhibitory
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E g 40|
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‘ra e v WO,

H20z (260 pM, 2 hr)

Fig. 1. The effect of MAPK inhibitors on the 1,0 -evoked cell dealh
of astrocyles, A: The effect of HaO2 on MAPK nctivation in astrocyles.
H,0, (250 M, 2 h) activated p38, JNK, and ERK1/2. B: The effect of
MAPK inhibitors on HyOy-evoked cell death. The MEK1/2 inhibitors
PDOROSY (10 uM) and UDI26 (20 uM) strongly inhibited the Hy0y-
evoked cell death. Neither the JNK inhibitor SP600125 (20 yM) nor the
p38 inhibitor SB203580 (20 (M) affected the HyDy-evoked cell death.
C: The concenirution-dependent effect of PDI8059 against H:0z-evoked
cell death. The protective effect of PDYR05Y waos dose-dependent in a
concentration range from 0.5 Lo 10 jiM. D: The concentralion-dependent
elfect of U0126 against HyO)pevaled cell death. The protective effect of
0126 wos dose-dependent. in # concentration range from 0.5 to 20 jM.
Neither inhibitor alone nffecled the cell viability of the astrocytes. Inhi-
bitors sdded 1o the cells 1 h befare 11:04 treatment. Asterisks show sig-
nificant difference from the response evoked hy a0, (P < 0.05, **P -
0.01 ve. B.O, alone, Student’s festl. Results were expressed as
meons + SEM of triplicate measurements in = 3).
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not affect the amount of total ERKI2. c D
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teat). C and D: A temporal analysis of the
HzOz-evoked ERK1/2 aclivation in the
astrocytes. Al the whole cell level, ERK1/2
was sctivated by HaOp treatment time
dependently (0-120 min) despite the con-
centration of 11,0, (50 and 250 pM). 11,0,
did not affecl the total ERK1/2. Asterisks
show significant difference from control
P = 005 **P < 0,01 va control, Stu-
dent’s f-test). Resulls were expressed as
means * SEM of triplicate measwements
n = 3)
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effects hy PD980659 and U0126 were dose-dependent in
a concentration-range from 0.5 to 10 pM (Fig. 1C) and
0.5 to 20 yM (Fig. 1D}, respectively. In contrast, neither
the p38 inhibitor SB203580 (Alessandrini et al., 1999;
McLaughlin et al,, 1996) nor the JNK inhibitor SP600125
(20 pM) (Bennett et al.,, 2001) had any effect on the
11504-evoked cell death.

The Concentration-Dependency and Time Course
of Hy0,-Evoked ERK1/2 Activation

Among the 1;0q-activated MAPKs tested, only ERK1/
2 was involved in the Hz0s-evoked cell death (Fig. 1B).
11,0, activated ERK1/2 in a concentration- and exposure
time-dependent fashion at the whole cel]l level (Figs.
2A,C,D). Although a lower [;0, concentration (50 uM)
activated ERKV2, H,0, at this concentration did not
cause cell death (Fig. 2B). At a higher concentration,
11,04 (250 pM) evoked ERK1/2 phosphorylation and cell
death in astrocytes (Figs. 2A,B). The phosphorylation of
ERK1/2 evoked hy 250 pM I,0, was stronger than that
evoked by 50 pM I1,0,. 11,04 at either concentration did
not affect the total ERK1/2 at the whole cell Jevel.

e
-

163 60 120

o
cont 1 5
Ha02 exposure time (min, 2560 pM)
Pl 0, “Peb BT we wonliol

The Temporal and Spatial Aspect of
P-ERK1/2 Induced by Hy0,

We investigated the temporal and spatial distribution
of P-ERKV/2 using immunocytochemical techniques.
H,0,-evoked ERK1/2 activation was observed in GFAP-
positive astrocytes (data not shown). It was reported
that ERK1/2 is translocated into the nucleus from the
cytoplasm when it is activated (Chen et al., 1992; Gon-
zalez et al., 1993), We thus analyzed the distribution of
P-ERK1/2 after HyO, stimulation. When the cells were
stimulated with 250 yM ;0 for 2 h, P-ERK1/2 signals
were observed in the center part of individual astrocytes
and were colocalized with the signals of PI, a DNA hind-
ing dye, suggesting that P-ERK1/2 had translocated into
the nucleus (Fig. 3A). In contrast, when stimulated with
50 pM 30, for 2 h which activated ERK1/2 but did not
induce cell death, the P-ERK1/2 signals were observed
but were not colocalized with the PI signals (Fig, 3A).
The total amount of ERK1/2 signals, however, was not
affected by I1,0, (50 and 250 pM), and they were not
colocalized with the PI signals (Fig. 3B). Without 11,0,
stimulation, the P-ERK1/2 signals were too low (Figs.
2A.D and 3E, cont.) to detect. To quantify the degree of
the colocalization of the P-ERK1/2 and PI signals, we
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classified the cells into three groups, i.e., cells in which
P-ERK1/2 signals were colocalized with PI signals
(defined as “N = E™), those in which the P-ERKV2 sig-
nals were not colocalized with the PI signals (defined as
“N # E"), and P-ERK1/2 signals were partly colocalized
with IP signals (defined as “N = E") (Fig. 3C). When sti-
mulated with 50 and 250 yM 11,0, for 2 h, the fraction
of N = E was 12.7% * 3.8% (n = 304) and 81.0% =
6.3% (n = 612), respectively. Without H,0, stimulation,
no colocalization of P-ERK1/2 and PI was chserved in
almost any of the cells (N = E cells, 3% % 02%, n =
346) (Fig. 3D). In contrast to P-ERK1/2, most of the total
ERK1/2 signals did not colocalize with PI irrespective of
H,0, stimulation(N = E cells, control, 1.3% L 0.8%, n =
225, 250 pM 1,0, 6.5% 2 4.0%, n = 545; 50 tM 10y,
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Fig. 3. The effect of 11,0, on the intra-
cellular localization of ERKL/Z2 in astro-
cytes. A: The effect of H20. on the intracel-
Inlar Jocalization of P-ERK1/2. In conLrol,
the P-ERI{1/2 and PI signals did not.coloca-
lize (left). When the cells were treated with
250 yM ;0. (2 ), 8 large number of P-
ERKI1/2 and PI signnls colocalized (center,
arrow). At 50 yM 1403, the P-ERKV/2 and
PI signals did not colocalize (right). B: The
effect of 11,02 on the intracellular Jocaliza-
tion of total ERKL/2, Total ERKV2 did not
colocalize with the P] signals irrespective
of the M0y treatment (controel, 50 and
250 uM). The signals of P-ERK1/2 were
enhancad by photoshop to clarify their in-
tracellular Jocalization. C: Classification of
the 1a0a-treated cells into three groups.
Astrocytes in which P-ERK1/2 signals were
colocalized with PI signals were defined as
“N = E" (left), those in which P-ERKL2
signals were partly colocalized with Pl sig-
nals were defined ag “N =E" (center), and
those in which the P-ERK1/2 signals were
nat. colocalized with the PI signals were
defined as "N # E" (right), D: Quantifi-
cation of P-ERK1/2 localizotion into the
nuclens, When cells were stimulated hy
250 pM HzOy, the colocalization of P-
ERKI/2 and PI was observed in moat cells
but not when they were stimulated by -
50 M 1,0,. Asterisks show significant dif-
ference fram control (*P < .05, **P < 0.01
va. conlrol, Students /-test). E and F: The
temporal analysis of the colocalization of
the P-ERK1/2 and PI signals. AL 50 M
11,0,, N = E cells increased transiently (5-
30 min after 11,0, stimulation) (B(1), (1)),
AL 250 pM Hy00 N = E cells increased
time-dependently (E(2), F(2)). The DNA
binding dye PI war used for identifying the
nuclear region. Asterisks show significant
difference from control (*F = 0.05, *'P <
0.01 vi. conirol, Students /-test). Results were
expressed s mesns = SEM of triplicate
mensurements.
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10.7% * 1.2%, n = 229). Furthermore, we analyzed the
time course of the fraction of "N = E” cells after Hy0q
stimulation. When stimulated with 50 WM 11,04, the
N = E fraction peaked at 15 min after the stimulation,
and the fraction decreased to the prestimulated level af-
ter 120 min (N = E cells, 1 min, 7.8% = 5.4%, n = 201;
5 min, 27.8% % 2.9%, n = 213; 15 min, 66.6% * 7.1%,
n = 216; 30 min, 29.1% 2 7.4%, n = 226; 60 min, 13.1%
+ 4.5%, n = 254; 120 min, 12.7% * 3.8%, n = 405), In
contrast, when stimulated with 250 pM II0,, the
N = E fraction gradually increased, reached the maxi-
mal level at 60 min, and remained even 120 min after
the stimulation (N = E cells, 1 min, 20.7% * 7%,
n = 354: 5 min, 8.1% L 0.7%, n = 213; 15 min, 48.4% +
B.3%, n = 220; 30 min, 44.2% 2 3.3%, n = 214; GO min,
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2 getivation. PD38059 (10 uM) and V0126
(20 pM) slrongly inhibited the H,O5-evoked
ERK1/2 aclivation. Aslerisks show signifi-
cant difference from control (*F < 0.05 va.
control, Student's {-test), SharPs show sig-
nificant difference from Hy0, ("P < 0.05 vs.
H:0,, Students i-test). Results were

PDBBDSS L0126
20 (250 pM, 2 hr)

*P<0.06 va control, *P<D.05 va. HyOy

H202 (250 uM, 2 hr)

expressed as means = SEM of triplicate
measurements (n = 3). B and C: The effect
of the MEKL2 inhibitors on the Ha0a-
evoked P-ERK1/2 translocation. PDYB059
(10 yM) and V0126 (20 M) blocked the
colocalization of the P-ERK1/2 and PI sig-
nale evoked by 0z (250 uM, 2 h). In the
immunocytochemical analysis, the signals
of P-ERK1/2 were enhanced by photoshop
to clarify their intracellular localization.
The DINA binding dye Pl was used for iden-
tifying the nuclear region. The MEK1/2
inhibitors were opplied 1o the cells 1 h
before and during 13,0, treatment. Aster-
ieks show significant difference from con-
trol (**P < 0.01 vs. control, Student’s f-tegrL).
Sharps show gignificant difference from
H0, (**P . 0.01 vs. Hy0,, Student’s t-test),
Resulls were expressed as menons + SEM
of triplicale measurements.
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80.2% *£3.8%, n = 205; 120 min, 81%S * 6.3%, n = 612)
(Fig. 3F). PD98059 (10 uM) and U0126 (20 uM), at the
concentrations that the two inhibitors blocked the ,0,-
induced cell death (Figs. 1C,D), strongly inhibited the
11,0, (250 pM, 2 h)-evoked ERK1/2 activation (Fig. 4A).
In addition, these inhibitors prevented the colocalization
of P-ERK1/2 and PI, i.e., the IIs05-evoked increase in
the fraction of N = E was almost abolished (Figs. 4B,C)
(N = E cells, PD98059 + Hy0,, 11.7% L 3.8%, n = 524;
U0126 + 1,04, 5.9% = 2.9%, n = 400),

ATP Inhibits the H;0,-Evoked Activation
of ERK1/2 and Its Localization
of P-ERK1/2 in the Nucleus

Qur previous report by Shinozaki et al., demonstrated
that ATP and 2MeSADP inhibited the H,Os-induced cell
death in astrocytes (Shinozaki et al., 2005). Thus, we
examined the effect of ATP and 2MeSADP on the 11,0,-
evoked ERK1/2 activation. In astrocytes pretreated with
ATP (100 pM) or 2MeSADP (1 yM) for 24 h, the I11,0,-
induced ERKV/2 activation was markedly inhibited (Fig.
5A). We also analyzed the effect of ATP/2MeSADP on
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the spatiotemporal behavior of P-ERK1/2 in astrocytes.
Immunocytochemical studies showed that pretreatment
of the cells with- ATP/2MeSADP prevented the .0,
evoked colocalization of P-ERK1/2 and PI signals (Fig.
5B). The fraction of N = E was almost completely inhib-
ited by ATP or 2MeSADP (N = E cells, ATP + H,0,,
5.1% 2 3.3%, n = 340; 2MeSADP + H,0,, 1.1% 4 1.4%,
n = 342) (Fig. 5C).

ATD itself is known to activate ERK1/2 in some cells
including astrocytes (Neary et al,, 1999, 2003). Using
Western Dblotting analysis, we found that both ATP
(100 uM) and 2MeSADP (1 pM) activated ERK1/2 but
the activation was only transient (lasting 1-15 min after
stimulation) and returned to the prestimulated level
within 120 min [Figs. 6A(i,ii)). Thus, after the initial
phosphorylation of ERK1/2 evoked hy ATP/2MeSADP
the activation should have returned to the prestimulated
level when the astrocytes were stimulated with
11,0, 24 h after ATP-treatment. Interestingly, when
2MeSADP was pretreated with PD98059 (10 uM) or
U0126 (20 pM), the ZMeSADP-induced cytoprotective
effects against 11,0, disappeared (Fig. 6B). Further-
more, using quantitative RT-PCR, we found that 10126
inhibited the 2MeSADP (1 pM, 2 h)induced upregula-

GLIA D01 10.1002/glia

)
(o



612

A H202 (250 puM, 2 hr)

SHINOZAKI ET AL.

cont

T,

PERKI2 b | > ‘s

total ERK1/2 »

ATP__2MeSADP

500 .

b
b=1
=]

#

P-ERK1/2 (% of control)

5

cont

ATP  2MeSADP

LB

H202 (250 pM, 2 hr)

*P<{.05 vs. control, PP<0.05 vs. H02

H203 (250 uM, 2 hr)
2MeSADP

cont ATP

()

P-ERK1/2

[--]
(=1

|

% of total calls (N=E}
NOoa

L=}

merge

tion of thioredoxin reductase (TrxR) (2MeSADP, 232.2%
+ 54.4% of control, P < 0.01 vs, control; 2MeSADP +
10126, 114.9% ~ 9.4% of control, P < 0.05 vs. 2MeSADP
alone; n = 3) and PTPs (PTP4al: 2MeSADP, 291.1% *
78.5% of control, P < 0.05 vs. control, 2MeSADP 1
V0126, 102.8% = 12.2% of control, P < 0.05 vs.
2MeSADP alone; n = 3; PTPro: 2MeSADP, 608.0% =
153.8% of control, P < 0.01 vs. control; 2MeSADP
U0126, 264.7% = 47.7% of control, P < 0.06 vs.
2MeDADP alone; n = 3). U0126 alone did not affect the
expression level of TrxR (94.6% = 30.8% of control; n =
4) and PTP genes (PTP4al, 107.5% * 21.7% of control;
PTPro, 113.6% 2 14.3% of control, n = 4). The MEK1/2
inhibitors were added to the cells 1 h before and during
OMeSADP-treatment, and was washed out hefore the
1,0, stimulation, Thus, the phosphorylation of ERK1/2
induced by HyQs, represented by the sustained and
intense responses seen mainly in the nucleus appeared
to cause cell death in the astrocytes, while the ATP-
induced transient phosphorylation of ERK1/2 appeared
to have a cytoprotective action.
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Fig. 5. The effect of ATP ond
2MeSADP on HOp-evoked ERKV2 ond
P-ERK1/2 translocation. A: The elfect of
ATP and 2MeSADP on H,0sevoked
ERK1/2 activation. ATP (100 pM) and
2MeSADP (1 pM) strongly inhibited the
H,O.evoked ERK1/2 activation at the
whole cell level. Astericks show signifi-
cant difference [rom control (*P < 0.05
vs. control, Student’s {-test). Sharps
show significant difference from HiO,
(*P < 0.05 va. 1a02, Student’s f-test).
Results were expressed o0s means =
SEM of triplicate measurements (n = 3).
B and C: The effect of ATP and
2MeSADP on HaOg-evoked P-ERK1/2
translocation, ATP (100 pM) and
2MeSADP (1 ;M) abolished the colocali-
vation of the P-ERK1/2 and PT signals
evoked by Ha0. (2650 pM, 2 h). In the
immunocytochemical analysis, the sig-
nals ‘of P-ERK1/2 were enhanced by
photoshup to clarify their intracellular
Jocalization. The DNA binding dye PI
wae used for identifying the nuclear
region. ATP ond 2MeSADP was applied
to the cells 24 h before and during HaOs
treatment. Asterisks show significant
difference from control (**P = 0.01 ve
control, Student’s f-test), Sharps show
significant difference from 17,0y ("P <
0.01 vs. 11,0, Student’s -test). Repults
were expressed a8 means = SEM of frip-
licule measurements.
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ATP Increases PTP Expression and Its Activity,
Leading to Protection Against the HyO,-Evoked
Cell Death in Astrocytes

We comprehensively studied whether ATP induces the
expression of genes that could regulate ERK1/2 activity
using a GeneChip microarray. We expected that ATP
might upregulate the expression of genes that dephos
phorylate ERK1/2 such as MAPK phosphatase
(MAPKP), which dephosphorylates ERK1/2, thereby
Jeading to the inactivation of ERK1/2 and the cytopro-
tective action by ATP. However, no upregulation of any
MAPKPs in the GeneChip microarray was observed.
Instead, we found the ATP (100 M, 2 h)-induced upre-
gulation of PTP genes containing PTP4al and PTD, re-
ceptor type Q (PTPro) (Table I).

In the PTP activity assay, hoth ATP (100 pM, 24 h)
and 2MeSADDP (1 pM, 24 h) significantly increased the
PTP activity (ATP, 148.3% + 8.8%; 2MeSADD, 168.8% L
4.8%) (Fig. 7A). Subsequently, we analyzed the effect of
the PTP inhibitor sodium orthovanadate (NazVO,)
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