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Abstract.  We have been studying the role of ATP receptors in pain and already reporied that
activation of P2Xz/; heteromeric chanmel/receptor in primary sensory meurons causes acutely
tactile allodynia, one hallmark of neuropathic pain. We report here that tactile allodynia under
the chronic pain state requires an activation of the P2X, ionotropic ATP receptor and pis
mitogen-activated protein kinase (MAPK) in spinal cord microglia. Two weeks afier L5 spinal -
nerve injury, rats displayed 2 marked mechanical allodynia, 1n the rats, activated micro glia were
detected in the injured side of the dorsal horn and the level of the dually-phosphorylated active
form of p38MAPK (phospho-p38MAPK) in these microglia was increased. Moreover, intraspinal
administration of 2 pP38MAPK inhibitor, SB203580, suppressed the allodynia. We also found that
the expression level of P2X, was increased strikingly in spinal cord microgila after nerve injury
and that pharmacological blockade or inhibition of the expression of P2X, reversed the allodynia.
Taken together, our results demonstrate that activation of P2X, or p38MAPK in spinal cord

microglia is necessary for tactile allodynia after nerve injury.

Keywords: ATP receptor, P2X,, microghia, p38 mitogen-activated protein kinase, allodynia

Introduction

Injury of primary sensory neurons produces long-
lasting abnormal hypersensitivily to normally innocuous
stimuli, 2 phenomenon known as tactile allodynia (1, 2).
Tactile allodynia is the most troublesome of the neuro-
pathic pain syndromes in humans and the mechanisms
by which nerve injury develops tactile altodynia have
remained unknown (3).

The present article introduces our recent study (4, 5)
revealing crucial roles of two molecules, expression
and activation of which are highly restricted in microglia
in the spinal cord, in neuropathic pain: p38 mitogen-
activated protein kinase (p38MAPK) and P2X, receptor,
a subtype of ionotropic ATP receptors.

*Corresponding author (affiliation #1).  FAX: +81-3-3700-1349
E-mail: moue@mihs.gojp

P3SMAPK was activated in spinal hyperactive
mijcroglia after nerve infury

Animals with spinal nerve injury displayed tactile
allodynia. Paw withdrawal threshold (PWT) (ipsilateral
side) to mechanical stimulation significantly decreased
at 7 and 14 days. At day 7 and 14, the OX42 labelling
was greater in the dorsal horn ipsilateral to the nerve
injury. OX42-positive cells were more numerous and
displayed hypertrophic morphology in the dorsal horn
on the side of the nerve injury as compared with the
contralateral side (4). To examine whether p38MAPK is
activated in the spinal cord in rats that have developed
tactile allodynia, we performed Westem blot analysis
using an antibody targeting the phosphorylated
p3BMAPK (phospho-p38MAPK). The band intensity of
phospho-p38MAPK protein in the ipsilateral spinal cord
dramatically increased 7 and 14 days after nerve injury
compared with that in naive rat. Furthermore, we ob-
served strong phospho-p38MAPK immunofluorescence
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in the injury side of L5 dorsal spinal cord sections at 7
and 14 days afier nerve injury (5). The bilateral differ-
ence in phospho-p38MAPK. levels parallel with the
emergence of the tactile allodynia, These results indicate
that the p38MAPK is activated in the dorsal hom
ipsilateral to the nerve injury, which may correlate with
the nerve injury-induced tactile allodynia. We carried
out double immunalabeling for phospho-p38MAPK and
for cell type-specific markers to identify the type of
cells and found that cells showing phospho-p3SMAPK
immunofluorescence was double labeled with OX42
but not with neuranal muclei (NeuN) or glial fibrillary
acidic protein (GFAP), indicating that activation of
p38MAPK in the dovsal hamn is highly restricted to
microglia (5). OX42 recognizes the complement
receptor type 3 (CR3), expression of which is greatly
increased in hyperactive versus resting microglia after
nerve injury (4 - 6). These results indicate that nerve
injury induced 2 switch from the resting 1o the hyper-
active phenotype in the population of microghia in the
dorsal homn. We found that a marked phosphorylation
of p38MAPK is observed in individual microglia in
the ipsilateral dorsal hom (3.7-fold as compared with
the contralateral side), particularly in hyperactive micro-
glia that dramatically expressed OX42 (4). Therefore,
we conclude that in the dorsal born following nerve
injury, hyperactive microglia arc the cell type that
activates p38MAPK and that the level of P3SMAPK
phosphorylation is dramatically increased in individual
microglia,

P3SMAPK activation in the spinal microglia cansed
development and maintenance of tactile allodynia

We examined whether intrathecal treatment with a
potent inhibitor of p38MAPK, SB203530, alters the
maintenance and development of tactile allodynia
following nerve injury. Catheterized rats were treated
with SB203580 (3 nmol/10 uL, n =13) once at day 7 of
the nerve injury. SB203580 treated-rats displayed a
marked increase in PWT following nerve injury. When
the rats were treated with SB203580 (3¢ nmol/10 uL1,
n =9) once a day during 14 days from 0 day of'the nerve
injury, SB203580-treated rats showed only a slight
decrease in PWT. These results suggest that inhibiting
spinal p38MAPK activation in microglia by intrathecal
treatment with inhibitor for p38MAPK suppresses
the maintenance and development of tactile allodynia
following spinal nerve injury.

The role of P2X, receptor in the tactile allodynia

We tested for the mvolvement of P2X receplors in the
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tactile allodynia by using ATP receptor blockers and
found that tactile allodynia was reversed by the intra-
thecal administration of 2',3-0-(2.4,6-trinitrophenyl)
adenosine S-triphosphate (TNP-ATP) (30mmol), an
antagonist of P2X subtypes P2X,.4, on day 7. Intrathecal
administtation of pyridoxial-phosphate-é—azophenyl-
2' 4'-disulphonic acid (PPADS), an antagonist of P2X
subtypes P2Xi2357, but not of P2X,, had no effect on
either testing day. We observed no alteration in motor
behaviour following TNP-ATP administration. These
resulis together indicate that TNP-ATP caused a dose-
dependent, reversible inhibition of allodynia on the
nerve-injured side without a non-specific effect on
motor or sensory functioning. At these intrathecal doses,
PPADS is known to suppress nociceptive behaviors
caused by intrathecal injection of the P2X,, agonist &, f-
methylene ATP. The lack of effect of PPADS on PWT
together with the increase by TNP-ATP indicates that
tactile allodynia caused by LS nerve injury depends
upon spinal P2X receptors that are sensitive 1o TNP-
ATP znd insensitive 1o PPADS. The pharmacclogical
profile of these P2Xs is consistent with that of the
P2X, subtype. .

We found that P2X, protein in the ipsilateral spinal
cord dramatically increased afier L5 nerve mjury. The
increase in P2X. was detected as early as day 1 and the
highest level was observed on day 14, The time-course
of the change in P2X, level in the spinal cord and the
bilateral difference in P2X; levels match the emergence
of the tactile allodynia, We performed immunofluores-
cence on sections of the L5 spinal dorsal hom to exam-
ine the distribution of P2Xa. 1n the spinal cord ipsilateral
to the nerve injury, we observed strong, punctate P2,
immunofluorescence in the dorsal born on day 14.
Furthermore, we found that cells showing P2Xq immuno-
fuorescence were not double-labelled for NeuN or
GFAP. Almost all of the P2Xs-positive cells were
double-labelled with OX42, indicating that P2X,s were
expressed in microglia.

Next we examined whether tactile allodynia following
nerve injury is critically dependent upon functional P2X,
in hyperactive microglia in the dorsal horn using an
antisense oligodeoxynucleotide (ODN) targeting P2X..
The nerve injury-induced allodynia was significantly
suppressed in animals treated with P2X4 antisense ODN
as compared with that in animals treated with mismatch
ODN (4). We also found that the level of P2X4 protein
in homogenates from the spinal cord of antisense ODN-
treated rats was 32.0 + 4.8% less than that of mismatch
ODN-freaied rats {4). These results indicate that intra-
{hecal treatment with P2X, antisense ODN suppressed
both the tactile allodynia and the increase in P2X
expression following nerve injury.
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Fig. 1. Mypothesis: neuropathic pain afler nerve injury. Tactile allodynia Following nerve injury is critically dependent opon
fonctional P2X, receptors in hyperactive microghia in the dorsal horn. ATP, which might he released or leaked from damaged
neurons or astrocytes, stimulates resing microglia to be converted to hyperactive microglia. Hyperactive microglia increases
the expression of P23, receptors and p3 8-phosphaorelation, resuiting in tactile allodynia following nerve injury.

Conclusion 2002;5:1062=1067.
3 Woolf CI, Sulter MW. Newropal plusticity: increasing the gain in
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Ca? waves in keratinocytes are transmitted to sensory neurons: the
involvement of extracellular ATP and P2Y, receptor activation
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ATP acts as an intercejlular messenger in a variety of cells. In
the present study, we have characterized the propagation of Ca®*
waves mediated by extracellular ATP in cultured NHEKs (normal
human epidermal keratinocytes) that were co-cultured with mouse
DRG (dorsal root ganglion) neurons. Pharmacological charac-
terization showed that NHEKs express functional metabotropic
P2Y, receptors. When a cell was gently stimulated with a glass
pipette, an increase in [Ca®*); (intracellular Ca** concentration)
was observed, followed by the induction of propagating Ca®*
_ waves in neighbouring cells in an extracellular ATP-dependent
manner. Using an ATP-imaging technique, the release and dif-
fusion of ATP in NHEKs were confirmed, DRG neurons are
known to terminate in the basal layer of keratinocytes. In a co-

culture of NHEKs and DRG neurons, mechanical-stimulation-
evoked Ca®* waves in NHEKS caused an increase in [Ca®*]; in the
adjacent DRG neurons, which was also dependent on extracellular
ATP and the activation of P2Y, receptors. Taken together, extra-
cellular ATP is a dominant messenger that forms intercellular
Ca?* waves in NHEKSs. In addition, Ca®* waves in NHEKSs could
cause an increase in [Ca™); in DRG neurons, suggesting a dy-
namic cross-talk between skin and sensory neurons mediated by
extracellular ATP.

Key words: ATP, Ca®™ wave, cross-talk, dorsal root ganglion
neuron, keratinocyte, P2Y, receptor.

INTRODUCTIDN

The skin is the largest organ of the body and is exposed to mul-
tiple external stimuli. It protects water-rich internal organs from
harmful environmental factors such as dryness, chemicals, no-
xious heat and UV irradiation. In addition, the skin is exposed to
various substances such as ATP, bradykinin and histamine after
skin injury and during inflammatory skin diseases and allergic
reactions respectively. Thus the skin expresses various sensors for
environmental stimuli [1,2] or neurotransmitters [3-6]. Various
environmental stimulj or neurotransmitters often cause changes in
[Ca™]; (intracellular Ca? concentration) in the skin [5,7,8). Ca**
dynamics play an important role in the homoeostasis of the skin
epidermis, the outermost part of skin tissue; the skin epidermis
tupes the balance between the proliferation and differentiation of
epidermal keratinocytes [1,9].

Propagation of intercellular Ca® waves from one cell 10 another
is a well-known phenomenon in non-excitable cells such as astro-
cytes [10,11], hepatocytes [12], epithelial cells [13] and endo-
thelial cells [14). These cells lack regenerative electrical action
potentials but use Ca** waves for their long-range communi-
cations. In astrocytes, extracellular molecules such as glutamate
(11] and ATP [15], rather than gap junction via connexin43,
have been suggested 1o be important factors for the Ca™* wave
[16]. Epidermal keratinocytes are non-excitable cells and do not
produce action potentials. However, the mechanisms of inter-
cellular Ca?* waves in keratinocytes have received only limited
attention. Given that Ca®™ waves in keratinocytes are mediated
by the release of extracellular molecules, such signals may also
affect the activity of surrounding cells such as sensory neurons.
Although junctions have not been found between keratinocyles
and sensory termini, ultrastructural studies have shown that ker-

atinocytes contact DRG (dorsal root ganglion) nerve fibres
through membrane-membrane apposition [17,18). Immunostain-
ing of the neuronal marker PGP 9.5 (protein gene product 9.5)
revealed the presence of free nerve endings at epidermal keratin-
ocytes [19]. There is indirect evidence that keratinocytes com-
municate with sensory neurons via extracellular molecules. For
example, although dissociated DRG neurons can be directly activ-
ated by heat and cold, warm responses have only been demon-
strated in experiments where skin—-nerve connectivity is intact
[20,21]. A warmth sensor, TRPV3, is present in epidermal ker-
atinocytes, but not in sensory neurons [19]. Sensory neurons
themselves sense various external stimuli, but there might be
skin-derived regulatory mechanisms by which sensory signalling
is modulated.

In the present study, we report that mechanical stimulation of
NHEKs (normal human epidermal keratinocyles) with a glass
pipette induces propagating Ca** waves in an extracellular ATP-
dependent manner. NHEKs release ATP and, in turn, the re-
leased ATP activates P2Y, receptors in NHEKs. We also demon-
strate that, in a co-culture of NHEKs and DRG neurons, such
extracellular ATP-dependent Ca®* waves in NHEKs cause in-
creases in {Ca**]; even in the adjacent DRG neurons, suggesting
that dynamic cross-talk occurs between keratinocytes and DRG
neurons via extracellular ATP.

EXPERIMENTAL
Cell culture

NHEKSs were obtained as cryopreserved first passage cells from
neonatal foreskins (Kurabo, Osaka, Japan). Cells were plated
on collagen-coated coverslips and then cultured in serum-free

Abbreviations used: ATPyS, adenosine &'-[y-thio]iriphosphate; BSS, balanced sall solution; [Ca®*};, intracellular Ca?+ concentration; DRG, dorsal root
ganglion; afmeATP, a,f-methylene-ATP; 2meSADP, 2methyl-thio-ADP; NHE¥, normal human epidermal keratinocyte; RT, reverse franscriptase.
! To whom correspondence should be addressed (e-mall inoue@nihs.go.jp).
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keratinocyte growth medium consisting of Humedia-KB2
(Kurabo), supplemented with bovine pituitary extract (0.4 %,
v/v), human recombinant epidermal growth factor (0.1 ng/ml), in-
sulin (10 pg/mly, cortisol (0.5 pg/ml), gentamicin (50 ug/ml)
and amphotericin B (50 ng/ml). The media were replaced every
2-3 days. For co-culturing NHEKs and mouse DRG neurons,
NHEKs were seeded on mitomycin C (4 jrg/mb-treated 3T3-J2
fibroblast feeder layers (2 x 10* cells/cm®) in ‘Green’ medium
[3:4 Dulbecco’s minimal Eagle’s medivm and 1:4 Ham’s F12, sup-
plemented with 10% (v/v) foetal bovine serum, 20 mM Hepes,
100 units/m! penicillin, 100 ug/m] streptomyein, 5 f2g/ml insu-
lin, 0.5 pg/ml cortisol, 0.1 nM cholera enterotoxin, 0.01 pg/mi
recombinant human epidermal growth factor, 0.25 pg/ml ampho-
tericin B and 180 uM adenirie]. The dissociated mouse DRG
neurons were seeded, 2 days after the seeding of NHEKSs, on the
cell layer and then cultured for an additional 1 week.

Ca2+ imaging in single NHEKs

Changes in [Ca™]; in single cells were measured by the fura 2
method as described by Grynkiewicz et al, [22] after minor modi-
fications [23]. In brief, the culture medium was replaced with
BSS (balanced salt solution) of the following composition (mM):
NaCl 150, KC] 5.0, CaCl, 1.8, MgCl, 1.2, Hepes 25 and D-glu-
cose 10 (pH 7.4). Cells were loaded with fura 2 by incubation
with 5 uM fura 2/AM (fura 2 acetoxymethy] ester; Molecular
Probes, Eugene, OR, U.5.A.) at room temperature (20~22 °C)
in BSS for 45 min, followed by washing with BSS and a further
15 min incubation to allow de-esterification of the loaded dye.
The coverslips were mounted on an inverted epifluorescence
microscope (TMD-300; Nikon, Tokyo, Japan) equipped with a
75 W xenon lamp and band-pass filters of 340 and 360 nm wave-
lengths. Measurements were carried out at room temperature.
Images were recorded by a high-sensitivity silicon intensifier
target camera (C-2741-08; Hamamatsu Photonics, Hamamatsu,
Japan) and the image data were regulated by a Ca** analysing
system (Furusawa Laboratory Appliance, Kawagoe, Japan). The
absolute [Ca™], was estimated from the ratio of emitted fluore-
scences (Fuo/Fyw) according to a calibration curve obtained by
using Ca™ buffers. For Ca®* -free experiments, Ca?* was removed
from the BSS (0 Ca®*). Drugs were dissolved in BSS and applied
by superfusion. For mechanical stimulation, a single NHEK in
the centre of the microscopic field was probed with a glass micro-
pipette using a micromanipulator (Narishige, Tokyo, Japan).
Under visible light, the tip of the micropipette was positioned
approx. 2 um over the cell to be stimulated. When sampling,
the micropipette was rapidly lowered by approx. 2 um and then
rapidly returned to its original position. If the stimulated cell
showed no increase in flucrescence, the pipette was lowered again
until stimulation was seen. If the stimulated cell showed any sign
of damage (dye leakage or abnormal morphology), the experiment
was eliminated. For confocal Ca™ imaging, the cells were loaded
with 5 uM fura 4/AM for 3040 min at room temperature and
then mounted on a microscope (TE-2000; Nikon) equipped with
a CSU-10 laser-scanning unit (Yokogawa, Tokyo, Japan) and a
high-sensitivity CCD (charge-coupled-device) camera (ORCA-
ER; Hamamatsu Photonics), as described previously [24). To
compensate for the uneven distribution of the fluo-4, self-ratios
were calculated (R, = F/F,), which were subsequently converted
into Ca®* concentration using the following equation:

[Ca™) = RKo/l(K/ICE*}e) — R

The K, value of fluo-4 for NHEKs was taken to be 706 nM as
determined by an in vivo calibration method,
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Table 1 Primer pairs and end-products
Amplicon shows the base pairs of the PCR end-produci.

Gene Primer Size{-mery  Amplicon (bp)

POY! £ 5-GAGGGCCCGGCTTGATT-3 17 67
R: §-ATACGTGGCATAAACCCTGTCA-3 22

p2yz2 F: §'-TGGTGCGCTTCCTCTTCTACA-3 A 72
R: §"-ACCGGTGCACGCTGATG-3' 17

pay4 F. §-TCATGGCTCGTCECCTSTA-3! 19 67
R: 5'-AGAGAGCGGAGGCGAGAAG-Y' 18

P2Y6 F: &-CCTGCCCACAGCCATCTT-3 18 116
B: 5-CAGTGAGAGCCATGCCATAGG-3 21

P2Y11  F:&-CTGCCCTGCCAACTICTTG-3 19 8
R: &-ACCAGTATGGGCCACAGGAA-3' 20

P2Y12 F: §-CCTTTCCATTTTGCCOGAAT-3 20 74

R: 5'-GTATTITCAGCAGTGCAGTCAAMGA-3 25

Imaging of ATP release

ATPrelease from NHEKSs was detected with aluciferin-luciferase
bioluminescence assay. After an initial 30 min superfusion period,
superfusion was stopped and the cell chamber was filled with
BSS containing a luciferase reagent {ATP bioluminescence assay
kit CLS II; Roche Diagnostics, Mannheim, Germany). ATP
bioluminescence was detected and visualized with a VIM camera
(C2400-35; Hamamatsu Photonics} using an integration time of
30 s. The absolute ATP concentration was estimated using a stan-
dard ATP solution (ATP bicluminescence assay kit CLS II).

Immunacytochemistry

Cultures were fixed with 4 % (w/v) paraformaldehyde for 10 min
and soaked in PBS solution. Cells were incubated with primary
antibodies (rabbit anti-peripherin antibody, 1:200; Chemicon,
Temecula, CA, U.S.A.; monoclonal mouse anti-cytokeratinl4
antibody, 1:100; Cymbus Biotechnology, Chandlers Ford, U.K.),
dissolved in blockace solution (1:10 dilution: Dainippon, Osaka,
Japan) for 1 h at room temperature and then covered with diluted
(1:500) secondary fluorescent antiserum solution (Alexa488- and
Alexa346-conjugated rabbit and mouse anti-IgGs respectively)
and kept at 4°C overnight. Then, the cells were washed three
times with PBS containing 0.05% Tween 20 for 15 min and
mounted with Vectashied (Vector Laboratories, Burlingame, CA,
U.S.A.). Images were obtained by confocal microscopy (Radiance
2000; Bio-Rad Japan, Tokye, Japan).

Reverse transcripiase (RT)-PCR of P2 receplors

The total RNA was isolated and purified using RNeasy mini kits
(Qiagen) according to the manufacturer’s instructions. RT-PCR
amplifications were performed using Tagman One-step RT—
PCR Master Mix Reagents and 200 nM of each P2 receptor-
specific primer. Using the software Primer Express (Applied
Biosystems, Tokyo, Japan), clone-specific primers were designed
to recognize human P2Y receptors, as shown in Table 1. All
primers had similar melting temperatures for running the same
cycling programme for all samples. RT-PCR was performed by
30min reverse transcription at 48 °C, 10 min AmpliTag Gold
activation at 95 °C, then 15 s denaturation at 95 °C and, finally,
1 min annealing and elongation at 60 °C for 40cycles in a
PRISM 7700 (Applied Biosystems). To exclude contamination
by unspecific PCR preducts such as primer dimers, melting curve
analysis was performed on all the final PCR products after the
cycling procedure.
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Increases in [CaZ*], evoked by both applied ATP and UTP in NHEKs
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(A) Sequential pseuda colour images of Ca?+ sesponses 10 100 .M ATP (a) and UTP (b). Images were obtained from a confoca? lases microscope, showing sell-ratios of fluc-4 fluorescence. Images
were recorded 2 § betore {— 2 ) and 2, 10 and 20 s after ATP or UTP application. (B) Concentration—response curves for (@) ATP- and (b) UTP-evoked increases in [Ca®*1; in NHEKs. Increases in
[Ca2+]; in NHEKs were monilored by ratiometric fura 2 fluorescence { A Fau/Fas) and were Then converled inlo absolulg value of [C2%*]; using a standard calibration curve. The maximum [Ca®+};
increase was observed when cells were stimulaled with 300 ..M ATP (2} or UTP {4). The increase in [Ca2* ], al each ATP or UTP concentralion was normafized by the maximurm increase in {Ca?* ). Re-
sults are ihe means + S.E.M. lor 28-73 celis lested. Bolh the ATP- and UTP-evoked concentration—respanse curves were almosl idenlical with Ihe ECs values of 21 and 20 M respectively.

Slalistics

Experimental results are expressed as means+S.EM. and
statistical differences between two groups were determined by
Student’s £ test.

RESULTS
Characlerization of ATP-evoked [CaZ+), increases in NHEKs

Exogenously applied ATP induced an increase in [Ca™]; in
NHEKs with an EDs, value of 21 uM (Figures 1Aa and 1Ba).
UTP also caused an increase in [Ca™]; in the cells, with a simj-
lar EDy, value of 20 uM (Figures 1Ab and 1Bb). The ATP-evoked

L]

increase in [Ca**];, was almost independent of the extracellular
Ca’, but was decreased by U73122, an inhibitor of phospho-
lipase C, and thapsigargin, an inhibitor of Ca’*-ATPase of Ca®
stores, suggesting the involvement of inositel 1,4,3-trisphos-
phate/phospholipase C-linked metabotropic PZY receptors in the
Ca® responses (Figure 2A). UTP activates UTP-preferring P2Y,
and P2Y, receptors, and UDP, generated by de-phosphorylation
of UTP, stimulates P2Y, receptors. We therefore analysed the
expression of mRNAs for these P2Y receptors using an RT-
PCR method and detected the signals for P2Y,, P2Y, and P2Y,
receptors (Figure 2B, inset). Each PCR product possessed the
predicted length (Table 1). Signals for P2Y,, P2Y, and P2Y |, were
hardly detected in NHEKs. To confirm the functional responses
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Figure 2 Characlerization of P2 receptor-medialed Ca®** responses in
NHEKs

The ATP-gvoked increases in [Ca® ), in NHEKS were characterized. Increases in [Ca2+ ), in cells
were calculated by ratiometric fura 2 fluorescence (A Faa/F ap) and a standard calibration curve,
Values were normalized by the C2?+ response at 100 .M ATP or UTP ang were expressed as a
percentage of ATP or UTPalone {C, right). (A) ATP was applied to NHEKS for 20 s and the U73122
{5 14M) was applied lo the cells 10 min before and during the ATP application, Thapsigargin
{100 =M) was applied to the cells § min befare and during the ATP application. Resulls were
abtained from 28 to 61 cells tested (al least two independent experiments). **F < 0.01, signi-
ficant ditferences from the response evoked by ATF alone. (B) Pharmacological characterization
of Ca®* responses in NHEKS. UTP was as potent a5 ATP. ATPy S and & SmeATP were much less
potent than ATP. 2meSACP and UDP caused only slight increases in [Ca?+); in NHEKs. Results
werg oblained from 24 1057 celfs tested {al least two indspendznl experiments). The inse! shows
the agarose-gel electrophoresis, indicating expression of mANAs for various P2Y recegtars in
NHEKs. {€) Suramin (300 1 M) inhibited both the ATP- and UTP-gvoked increases in [Ca?+);
in NHEKs. Resulls were obtaired from 117 10 128 cells tesled (four independent experiments).
**P < 0.01, significant dilferences from the response evoked by ATP or UTP alone.

of these P2Y receptors, we further performed pharmacological
analysis using the fura 2-based Ca®™ imaging methods. The
increase in [Ca®], evoked by UTP was almost identical with
that evoked by ATP. Both the P2Y,, receptor agonist ATPyS
(adenosine 5'-[y -thio)triphosphate}) and the P2X receptor agonist
o BmeATP (a,8-methylene-ATP) caused increases in [Ca?*];, but
they were less than those caused by ATP or UTP. 2meSADP
{(2methyl-thio-ADP), a P2Y, receptor agonist, and UDP, a P2Y,
receptor agonist, evoked only slight increases in [Ca®]; in the
cells. The potency rank order for the Ca™ response was ATP =
UTP > ATPyS > ¢ fmeATP > 2meSADP > UDP (Figure 2B).

© 2004 Biochemical Sotiety

Cross-desensitization was observed between ATP and UTP
(results not shown). Suramin at 300 uM decreased both the ATP-
and UTP-evoked [Ca™]; increases (Figure 2C: 29.8+2.2% of
ATP alone, n=128; 44.1 +2.7% of UTP alone, 1 =117). These
results suggest that the P2Y, receptors were responsible for
these responses.

Propagating Ca?* waves in response to mechanical
stimutation in NHEKs

When an NHEK was stimulated with a glass pipette, an increase
in [Ca’]; in the cell was observed, followed by induction of a
propagating Ca** wave after a time lag in neighbouring NHEKs
{Figure 3A, upper panels). The findings that the same cell evoked
a Ca®™ response to repeated (up to three times) mechanical stimu-
lations (results not shown) and that the cell showed some sign
of damage suggest that mechanical stimulation would not cause
injury to the stimulated cells. The propagation of Ca* waves
was abolished by 80 units/m] apyrase [grade 1II; Figures 3A
(Jower panels) and 3B]. Both the P2 receptor antagonists
suramin (300 #M) and pyridoxal phosphate-6-azopheny]-2' 4"
disulphonic acid (100 M)} significantly inhibited the Ca®* wave;
however, adenosine 3'-phosphate 5'-phosphosulphate (100 uM),
an antagonist to the P2Y, receptor, and 1-octanol (500 M), an
inhibitor of gap junction, did not affect the Ca®* waves (Fig-
ure 3C). The [Ca**]; increase in the stimulated cells was not
affected by these antagonists. All these findings suggest that the
propagating Ca** wave in response to mechanical stimulation in
NHEKs was mediated by extraceilular ATP and mainly by the
activation of P2Y, receptors.

Release and diffusion of ATP lrom NHEKs

To demonstrate directly the stimulus-evoked release of ATP from
NHEKSs, we modified the luciferin-luciferase chemiluminescence
bioassay for detecting ATP levels by using a high-sensitivity
single photon-counting camera to correlate photon counts with
increases in extracellular ATP. NHEKs were bathed in a solution
containing the luciferinJuciferase reagents and photons were
counted before and 30 s after mechanical stimulation of an NHEK.
Figure 4(a) shows a phase-contrast image of a microscopic field,
and Figures 4(b) and 4(c) show bioluminescence images be-
fore and after mechanical stimulation in the same field respect-
ively. The standard calibration curve obtained under this condition
showed a high correlation between the bioluminescence intensity
and the ATP concentration with a correlation coefficient of
0.986 over a concentration range of 10 nM-10 M (Figure 4d).
The resting leve! of the bioluminescence signal was very low;
then, it was increased to a level sufficient to evoke increases
in {Ca™}); in NHEKs (3.2+0.91 uM, n=12) in Tesponse to
mechanical stimulation for 30 s (Figures 4c and 4f). To visualize
the spatiotemporal dynamics of the stimulus-evoked release of
ATP from NHEKs, the extracellular ATP levels were plotted as
pseudo colour images using the Excel 2-D surface plot program.
As shown in Figures 4(e) and 4(f), the levels of extraceliular
ATP after mechanical stimulation were highest at the site of
stimulation and decreased concentrically. These results show that
the mechanically evoked Ca™ waves were well associated with the

- release of ATP from NHEKs and the activation of P2Y; receptors.

Ca®* waves in NHEKs activate increase in [Ca**]; in DRG neurans

As described in the Introduction section, sensory neurons ter-
minate in the skin. Hence, a co-culture of NHEKs and mouse
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Figure 3 Propagation of Ca?* waves in response to mechanical stimulation in NHEKs

{A) Phase-contrast {lefl) and pseudo |Ca®* ) images of a freld of cultured NHEKs inthe absence (upper panels) and presenca (Jower panels) of apyrase (80 units/ml). Increasa in [Ca®* | was estimated by
ratiometricfura 2 fluorescence { A Faw/Fasq) and was then converled into absciute [Ca® J; using a standard calibration curve. A single NHEK was mechanical’y stimulated. (B) Plots of {Ca®* ) as afunc-
tion of time in four individual NHEKS in the microscopic fie'd. The plots for the nen-stimuiated ce!ls (blue, green and red traces) horizontally regressed in proportion to their distance from the stimulated
cell {black Iraces) a5 indicated by the scale bar. In a conlrof experiment, mechanical stimulalion of NHEX 1 (black frace) resulted in the induction of a Ca®* wave in ajacen! cells alter a time lag {upper
traces). However, in the presence of pyrase [80 units/ml), mechanical stimulation failed 1o cause increases in [Ca2*]; in the surrounding NHEKs {fower traces). The diameter of the spreacing
distance of the Ca?* wave was calculated in the absence ang presence of varicus chemicals and is summarized in {C). The average diameter of the Ca®+ wave under the control condition was
934+ 9.7 um (= 12), Suramin (300 M), pyridoxel phosphate-6-azophenyl-2*4'-gisulphonis acid (PPADS; 100 nM) and U73122 {5 uM) also abolished the propagation of Cal* waves, but
adznosine 3'-phosphale 5'-phosphosulphate {A3PSPS; 100 M}, 1-octanol {500 4.M) or removal of exirace!lular Ca?* (0 Ca?*) failed 1o inhibit the mechanical-slimulation-evoked Ca?* wave in

NHEKs (n = 8-12).

DRG neurons was prepared as described in the Experimental
section. Figure 5{A) shows an immunohistochemical image of
anti-cytokeratinl4 (red) and anti-peripherin (green) antibodies,
which are markers for the basal layer of keratinocyles and
small-sized DRG neurons respectively. When stimulated with
80mM KCI, almost all peripherin-positive DRG neurons
(Figure 5B, green traces) exhibited increases in [Ca®™];, whereas
cytokeratinl4-positive NHEKs (Figure 5B, red trace) did not.
Both ATP (100 M) and UTP (100 uM) caused increases in
[Ca**);in 71 % of the small-sized DRG neurons (37 out of 52 cells

B

i

tested; dF/Fy=6.3 £ 0.8 for ATP and 5.8 £ 0.6 for UTP; n =37
in four separate experiments), and 73 % of NHEKs (58 out of
79 cells tested; dF/Fy=5.1+0.7 for ATP and 4.3 + 0.4 for UTP,
n =158 in four separate experiments). The UTP-evoked increases
in [Ca™); in both types of cells were reproducible, and the first and
second UTP-evoked responses were almost identical. The average
diameter of the small-sized DRG neurons was 21.8 +3.5 um.
Suramin (100 uM) inhibited the UTP-evoked increases in [Ca**];
in both types of cells (DRG neurons, 10.2 + 2.1 % of UTP alone,
n=37, NHEKs, 32.11£46% of UTP alone, n=358). Thus
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Figure 4 Visvalization of release of ATP from NHEKs

The images show photon counts (yellow dots) in a fizld of NHEKs bathed in luciferin-luciterase reagent before (b) and aller (&) mechanical stimulation. The position of pipette is shown in a
phase-contrast image of NHEKs (a). (d) A typical bioluminescence intensity-ATP concentration refationship under these conditions. Various concentrations of ATP standard so'ution werg injecled
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pseudo colour surface plot. Seale bar, 50 e for images a—t.
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Figure 5 Immunohistochemical staining of DRG neurons and NHEKs

(A} Alter some Ca™ imaging experiments, cells were fixed and stained wilh enti-cylokeratin14 and anti-peripherin anlibodies for confirming NHEKS ard small-size¢ GRG neurons respectively.
(B) Representative Ca®* responses obtained fram seff-ratios of fluo-4 fluorescence in anti-periphesin-positive DRG newron {green) ang anti-cylokeratint4-positive NHEK (red). Firsl, cells wete
slimulated with 80 mM KCldor 3 5. Then, they were stimulated with 100 ..M ATP for 10 s and 100 uM UTP for 10 s separated by § min. Finally, UTP (100 M) was applied 1o the cells in the
presence of 100 M suramin. Both ATP and UTP caused increases in {Ga® ; in approx. 71 % of the DRG neurons (37 oul of 52 cefls tested) and in 73 % of the NHEKs (58 out of 79 cells fested) in

(he co-cultured cells,
most of the small-sized neurons also expressed UTP-preferring  stimulation of a single NHEK produced a propagating Ca®* wave

suramin-sensitive P2Y receptors, presumably P2Y, receptors. in adjacent NHEKs in an extracellular ATP-dependent manner
In the co-culture of NHEKs and DRG neurons, mechanical (Figure 6A). Interestingly, this Ca®* wave in the NHEKs was
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followed by an increase in [Ca®*); in the DRG neurons after a
time lag (Figures 6Ae and 6B, trace N4), The increases in [Ca™);
in DRG neurons were also dependent on extracellular ATP and
the activation of P2 receptors, since the ATP-degrading enzyme,
apyrase (grade 111, 100 units/ml; Figures 6Cf and €D}, and suramin
{100 M) inhibited the increase in [Ca®]; (apyrase, 9.6 +0.9%
of 81, n=21; suramin, 14.8 £ 1.9% of S1, n=33). Thus we
concluded that the release of ATP in response to mechanical
stimulation from NHEKs functions as an intercellular molecule
between NHEK s and DRG neurons, which may affect nociceptive
transduction in peripherin-positive neurons.

DISCUSSION

In the present study, we have demonstrated that ATP is a dominant
extracellular signalling molecule in the formation of intercellular
Ca** waves in NHEKs. We also showed that extracellular ATP-
dependent Ca?* waves in NHEKSs caused increases in [Ca®* ], in the
adjacent DRG neurons. Thus ATP derived from NHEKSs functions
in both an autocrine and paracrine manner in the peripheral skin-
{O-SENsSory neuron system.

Both ATP and UTP caused increases in [Ca’], in NHEKs
to a similar extent. These Ca** responses were independent of
extracellular Ca**, but dependent on inosito] 1,4,5-trisphosphate-
sensitive Ca®* stores, suggesting the involvement of metabotropic
P2Y receptors in the responses. ATP and UTP are natural ligands
at P2Y, receptors, and are approximately equipotent. UTP also
activates P2Y, receptors, but the human P2Y, receptor is highly
selective for UTP than ATP [25]. UDP, an agonist to P2Y,
receptors, only slightly increased the [Ca™); in NHEKs [26,27].
Suramin moderately antagonizes human P2Y, receptors but not
human P2Y, receptors [28]. NHEKs expressed a large amount of
mRNAs for P2Y, receptors, but not for PZY, or P2Y, receptors.
All these pharmacological profiles showed that these responses
should be mediated by P2Y, receptors (Figure 2). Very recently,
Greig et al. [29] have reported that skin cells express P2X5,
P2X7, P2Y, and P2Y, receptors, each of which is expressed in a
spatially distinct zone of the epidermis and has distinct cellular
functions. P2Y, receptors are expressed in the lower layer of the
epidermis and are involved in proliferation, suggesting that
the NHEKs used in the present study might mimic the basal
cellular layer of skin cells in vivo.

The question remains as to whether endogenous ATP may
produce propagating Ca®* waves in NHEKs. Several reports
have shown that mechanical stimulation produces a propagating
Ca> wave in non-excitable cells such as astrocytes [15,30] and
hepatocytes [12]. In astrocytes, extracellular molecules such as
glutamnate [11,31} and ATP [15,30], rather than gap junctions [32],
are responsible for the propagation of Ca** waves, We sought
to determine whether extracellular ATP produces intercellular
Ca™ waves in NHEKs. Mechanical stimulation of a single
NHEK resulted in the induction of an intercellular Ca** wave,
which was inhibited by the ATP-degrading enzyme, apyrase,

and the P2 receptor antagonist, suramin (Figure 3). The gap
junction inhibitor, 1-octanol, had little effect on the Ca** wave,
Imaging of the ATP release by the modified luciferin-luciferase
chemiluminescence clearly showed that the levels of extracellular
ATP after mechanical stimulation were highest at the site of
stimulation and decreased concentrically. These results strongly
suggest that the mechanically evoked Ca® waves in NHEKs are
mediated by extracellular ATP and by the activation of P2Y,
recepiors. As in astrocytes [15,30], extracellular ATP appears to
play a pivotal role in creating the dynamic changes for Jong-range
signalling in NHEKs.

The responses mediated by P2Y, receptors are probably layer-
specific. The ATP-evoked hyperpolarization is very high in the
basal layer but extremely low in the suprabasal layer in HaCaT
keratinocytes [33]. The mRNA level of P2Y, receptors is down-
regulated in differentiating HaCaT cells [34]. Thus the inter-
cellular Ca™ waves seen in the present study may be a response
restricted to the basal layer of keratinocytes in siru. The finding
that the barrier recovery rate of the mouse epidermis is regulated
by functional P2 x 3 [35] suggests that the skin expresses multiple
P2 receptors that are linked to distinct physiological functions.

There is an increasing body of evidence that ATP, the predo-
minant extracellular signalling molecule of astrocytes [15,30],
may also mediate signalling between neurons and glial cells [36-
38]. With regard to the skin-lo-sensory neuron system, a similar
relationship may also be obtained. Especially, non-myelinated
small-sized DRG neurons (nociceptors) terminate in the periphery
as free nerve endings [39]. Thus nociceptors can directly contact
skin-derived extracellular molecules when skin cells are injured,
inflamed or otherwise stimulated. When cells are injured or de-
stroyed, very high concentrations of intracellular ATP (> 5 mM)
could leak and affect the surrounding NHEK s and DRG neurons.
In the present study, however, we showed that the intercellular
Ca®* waves in NHEKs were reproducible when the same cel] was
stimulated repeatedly (Figure 6). Moreover, the increases in neu-
ronal [Ca™}; in response to mechanical stimulation of NHEKs
were also reproducible. Thus it appears that extracellular ATP-
mediated NHEK-to-DRG neuron communication takes place
even when cell damage is not involved. Somatic sensation requires
the conversion of physical stimuli into depolarization of the distal
nerve endings. It has been reported that activation of P2Y, recep-
tors in sensory fibres increases the frequency of spikes evoked by
a light touch of the skin (40]. Therefore the skin might sense and
transmit non-harmful stimuli to sensory neurons via ATP.

DRG neurons express various types of P2 receptors. Ienotropic
P2X recepiors, especially P2X3 [41] and P2X2 [42] receptors in
small- and middle-sized DRG neurons respectively, have been
extensively studied in relation to pain. However, recent reports
suggest that some P2Y receptors are present in small-sized DRG
neurons and are involved in pain signalling. In small-sized neu-
rons, activation of P2Y, or P2Y, receptors sensitizes TRPV]
receptors via protein kinase C-dependent mechanisms ([43],
stimulation of P2Y, receptors enhances the [Ca®*] increase,
leading to the release of CGRP [44], and activation of P2Y,

Figure 6§ Dynamic communication between NHEKs and DRG neurons mediated by extracellular ATP

{A) Phase-contrast image {a) and pseudo colour [Ca®*], images (sell-ralios of fluo-4 Hluorescence; b1} in co-cultured KHEKS and DRG neurons obtained by confocal taser microscopy. The white
rectangle field in the middle of image b is shown enlarged in the boltom right of images b-1. The red arrowhead in image b depicts pesiticn 4 (DRG neuron 4). The white arrowhead in image ©
shows the initiation of Ca?* wave in response to mechanical stimulztion {celt 1). Scale bar, 50 zum. (B) The graph shows individual traces of the seff-ratios of #luo-4 fluorescence in keratinocyles
(K1—K3) ard DRG neuron (N4) shown in image Aa. Keratinocyle 1 was mechanically stimulated twice (arrows S1 and S2) separated by 5 min, {C) Phase-conirasl image {a) and pseudo colour
[Ca®+); images (sell-ralios of fluo-4 fluorescence; h-f) in co-cullured NHEKS and DRG neurans. The white rectangie lield in the middle of image b is shown enlarged in the lop right of images b,
The red arrowhead in image b depicls position 4 {ORG newron 4). The while arrowhead in image ¢ shows the inilialion of Ca%* wave in response lo mechanical stimulation (cell 1). Scale bar, 50 um.
(D) The graph shows individual traces of selt-ratias of #uo-4 fluorescence in keratinocyles (K1-K3) and DRG neuron (N4) shown in image a in C. Keratinocyle 1 was mechanically slimulaled twice
{arrows St and 52) separated by 5 min. The frst and secend mechanical slimulations were perlormed in the absence and presence of 100 units/m! apyrase (grey horizontal bar).
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receptors results in phosphorylation of CREB (cAMP-response-
element-binding protein) [45]. We showed that approx. 70 % of
both small-sized DRG neurons and NHEKs possess functional
P2Y, receptors in the co-culture (Figure 5). In the peripheral
skin-to-sensory neuron system, P2Y, receptors might be the main
sensor for both NHEKs and DRG neurons. However, we cannot
exclude the possibility that Ca** entry via P2X receptors is also
involved in Ca* signalling in DRG neurens. In fact, when skin
cells are killed, a large amount of intracellular ATP in the
skin leaks and excites nociceptors by activating P2X receptors
[46]. In a skin—nerve preparation, carrageenan inflammation of
skin resulied in an increase in the activities of c-fibres, which
was medialed by P2X receptors [47]. There might be multiple
mechanisms by which the skin communicates with sensory
neurons through ATP.

Apart from those of cell injury, the mechanisms underlying
ATP release from NHEKs remain unknown. In neuronal cells,
depolarizing stimulation resulted in exocytotic release of ATP in
hippocampal slices [48) and cultured hippocampal neurons [49}.
However, in non-excitable cells including NHEKs, the mechanism
of ATP release is still 2 matter of debate. In astrocytes, there have
been several reports that ATP can be released via chloride channels
[50], gap junction hemi-channels [51], ATP-binding cassette [52]
and exocytosis [53,54). NHEKs also express several types of
chloride channels [34,55,56], connexins [57-59] and SNARE
(soluble N-ethylmaleimide-sensitive fusion protein attachment
protein receptor) proteins [60,61). Although these similarities
raise the possibility that NHEKs and astrocytes might share the
same mechanism for the release of ATP, further investigation is
needed,

In summary, we demonstrated that extracellular ATP derived
from NHEKs functions in both an autecrine and paracrine manner
in the peripheral skin-to-sensory neurons system. Metabotropic
P2Y, receptors may be important sensors for extracellular ATP in
both NHEKs and small-sized DRG neurons.
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Oxidative stress is the main cause of neuronal damage in trammatie

brain injury, hypoxia/reperfusion injury, and neurodegenerative disorders. Although
extracellular nucleosides, especially adenosine, are well known to protect againet neu-
ronal damage in such pathological conditions, the effects of these nucleosides or nucle-
otides on glial cell damage remain largely unknown. We report that ATP but not
adenosine protects against the cell death of cultured astrocytes induced by hydrogen
peroxide (H,0,). ATP ameliorated the H,0u-induced decrease in cell viability of astro-
cytes in en incubation time- and concentration-dependent fashion. Protection. by ATP
was inhibited by P2 receptor antagonists and was mimicked by P2Y; receptor agonists
but not by adenosine. The expressions of P2Y, mRNAs and funetional P2Y; receptors in
astrocytes were confirmed. Thus, ATP, acting on P2Y, receptors in astrocytes, showed a
protective action against HyQ,. The astrocytic protection by the P2Y, receptor agonist
2-methylthio-ADP was inhibited by an intracellular Ca®* chelator and a blocker of
phospholipase C, indicating the involvement of intracellular signals mediated by Gg/11-
coupled P2Y, receptors. The ATP-induced protection was inhibited by cyeloheximide, a
protein synthesis inhibitor, and it took more than 12 h for the cnset of the protective
action. In the DNA microarray analysis, ATP induced a dramatic upregulation of various
oxidoreductase genes. Teken together, ATP acts on P2Y, receptors coupled to Gq/ll,
resulting in the upregulation of oxidoreductage genes, leading to the protection of

astrecytes against H,O,.
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INTRODUCTION

Astrocytes are much more than merely support cells
for neurons in the central nervous system (CNS). They
can receive inputs, assimilate information, and send
instructive chemical signals to neighboring glial cells
as well as neurons (Araque et al,, 1999a, b, 2001; Hay-
don, 2001). Thus, communication among astrocytes
would play an important rele in brain funetion. Ini-
tially, so-called gliotransmission, & glia-to-glia commu-
nication or even neuron-to-glia communication, was
reported to be mediated by glutamate (Cornell-Bell et
al, 1290; Charles et al, 1991; Parpura et al., 1994;

© 2004 Wiley-Liss, Ine.

Innocenti et al.,, 2000) because astrocytes express glu-
tamate receptors and release glutamate. However, re-
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PROTECTION BY ATP OF ASTROCYTIC CELL DEATH

cent accumulating evidenee has shown that extracellu-
lar ATP released from astroeytes has a central role in
aslrocyte-to-astrocyte (Guthrie et al, 1899), astrocyte-
to-mieroglia (Verderio and Matteoli, 2001; Schipke et
al.,, 2002), and even astrocyte-to-neuron cemmunica-
tion (Knizami et al., 2003; Newman, 2003; Zhang et al,,
2003).

ATP is an endogencus ligand for P2 receptors that
are clagsified into ligand-gated P2X and G-protein-cou-
pled metabotropic P2Y receptors (Abbracchio and
Burnstock, 1994). Astrocytes express both types of P2
receptors (James and Butt, 2002; Pumagalli et al.,
2003) and ean relesse ATP in response to various stim-
uli (Guthrie et'al., 1999; Queirez et al., 1999; Koizumi
et al,, 2008). Astrocytic ATP acting on these P2 recep-
tors forms intercellular Ca** waves that mediate long-
range communications in astrocytes (Fam et al., 2000;
Gallagher and Salter, 2003). However, the physiclogi-
cal or pathological significance of such an ATP/P2 re-
ceptor-mediated response in astrocytes remains largely
mknown.

It has been reported that ATP inhibits excess neuro-
nal excitations by inhibiting the release of glutamate
(Koizumi and Inoue, 1997; Zhang et al., 2003) or by
facilitating inhibitory y-amincbutyric acid (GARA) re-
lease in the hippocampus (Alhara et sl., 2002) end is
therefore presumably involved in protecting neurons
against excitotoxicity. With regard to neuroprotective
actions, however, adenosine, a metaholite of ATP, has
received much attention as an important inhihitory
molecule because it is formed by the immediate degra-
dation of ATP by ectonucleotidases, potently inhibiting
the excitability of neurons and protecting them against
various neurodegenerative disorders including excita-
tory neuronal death (Jones et al, 1998; Behan and
Stone, 2002; Hentschel et al., 2003; Schwarzschild ot
al., 2003). This might be why the functional role of ATP
in relation to neuroprotection has received only limited
attention. Interestingly, however, adenosine does not
show any protective action in astrocytes, rather it in-
duces the cell death of astrocytes (Abbracchio et al,,
1295; Appel et al., 2001; Di Iorio et al.,, 2002). It has
been reported that ATP protects astrocytes against
glucose deprivation-induced cell death, although this
protection appears to be independent of P2 receptors
(Shin et al,, 2002). ATP is released from both neurons
(Wieraszko et al., 1989; Inoue et al., 1995) and astro-
cytes (Guthrie et al., 1999; Ahmed et al, 2000) in
physiological and pathological conditions, and astro-
cytes could receive the ATP signal via various P2 re-
ceplors, including a high-affinity P2Y, receptor (Koi-
zuni et al,, 2002), These findings raise the possibility
that, unlike neurons, astrocytes mainly use ATP/P2
receptor-mediated pathway(s) for their own survival.

We report that ATP acting on P2Y; receptors pro-
tects astrocytes from cell death induced hy hydrogen
peroxide (H,0,), one of the main reactive oxygen spe-
cies (ROS) generated by traumatic brain injury, hyp-
oxiafreperfusion, and various neurodegenerative disor-
ders (Agardh et al., 1991; Lei et al,, 1997; Cuajungco et
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al., 2000; Huang et al., 2000; Tabner et al., 2001; Ta-
magno et al., 2003). We further demonstrate by using
differential gene expression analysis that ATP induces
the upregulation of oxidoreductase genes, suggesting
the involvement of these genes in the protective action.

MATERIJALS AND METHODS
Chemicals

Adenosine §'-triphosphate (ATP), adenovsine 5'-
diphosphate (ADP), uridine 5'-triphosphate (UTP),
adenosine, 2-imethylthio-edencsine diphosphate (2Me-
SADP), adencsine 5-o-{2-thiodiphophate) (ADPBS),
o,p-methylene-adenosine triphosphate (x,fmeATP),
suramin, reactive blue 2 (RB2), pyridexsl-phosphate-5-
azophenyl-2',4'-disulfonic acid (PPADS), MRS2179,
173122, 173344, glutamate, 1-octanol, DL-2-amine-5-
Phosphonopentancic acid (AP-V), 6-cyano-7-nitromqui-
noxaline-2,3-dione (CNQX) and (RS)-a-methyl-4-car-
buxyphenylglyeine (MCPG) were purchased from
Sigma Chemical Co. (St Loujs, MO). The sources of
other chemicals are shown in parentheses as follows;
trypsin-EDTA, M-MLV reverse trenscriptase, 100 mM
dNTP set, recombinant ribonuclease (RNase) inhibitor
and deoxyribonuclease (DNase) 1 (GIBCO/Invitrogen,
Tokyo, Japan), RNA STAT 60 (Tel-Test, Friendswood,
TX), hydrogen peroxide (Hy0,) (Wake Pure Chemicals,
Osaka, Japan), 3-(4,5-dimethylthiazel-2-y1)-2,5-diphe-
nyltetrazolinum bromide (MTT) assay kit (Chemicon In-
ternational, Temecula, CA), GeneAmp PCR Reagent
Kit and AmpliTaq DNA polymerase (Perkin-Elmer,
(Foster City, CA) Roche Molecular Systems, {(Pleasan-
ton, CA), 0,0'-Bis (2-aminophenyl) ethyleneglycol-
N,N,N',N"-tetraacetic acid, tetraacetoxymethyl ester
(BAPTA-AM) (Calbiochem Biosciences, San Diego,
CA).

Cells and Cell Culture

Astrocytes were prepared from neonstal rat fore-
brain. The cells were cultured in Dulbeceo’s modified
essential medinm (DMEM, GIBCO/Invitrogen) supple-
mented with 10% fetal bovine sernm (FRS; GIBCCO/
Invitrogen). After 3 weeks with changing of the me-
dium every 8 days, the medium was changed to DMEM
with 5% horse serum (FS; GIBCO/Invitrogen) and 5%
FBS; the cells were shaken for 15 h at 100 rpm. Then,
the cells were washed 3 times with phosphate-buffered
saline (PBS) (10 ml each) and supplemented with
0.025% trypsine-EDTA (diluted with PBS), and incu-
bated for 2 min under 10% CO, /0% gir at 87°C. After
the eells were harvested, 2 X 10% cells were seeded on
60 X 15-mm dishes (Falcon/Becton Dickinson, San
Jose, CA) and cultured in DMEM with 5% HS and 5%
FBS. Total RNA was collected from five dishes, For the
cell viability assay, cells were seeded on 96-well plates
(NUNC, Roskilde, Denmark) at a density of 1.25 x 10*
cellsfwell. At 24 h after the seeding, the medium was
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changed. The cells were used for experiments 72 h after
the medium exchange.

Experimental Design of Hydrogen Peroxide
(H,0.)-Evoked Cell Death

Astroeytes were exposed to various concentrations of
H,0, (75-300 pM) for 1-24 41, and then the cell viabil-
ity was investigated. In the present study, we chose a
H,0, concentration of 250 uM and an ineubation pe-
riod of 2 h to assess the effect of ATP.

Cell Viability Assay

For the cell viability assay, we used an MTT assay.
MTT is a yellow tetrazoliwm salt that is reduced to
purple formazan (Altinan, 1976). The MTT assay as-
sesses cell viability by measuring the mitochondrial
function (Twentyman and Luscombe, 1987), After in-
cubation with H,0Q, for 2 h, a 1/10 volume of MTT
solution (5 mg/ml in PBS) was added and incubated for
4 h under 10% CO,/90% air at 37°C. Then an equal
volume of isopropane] (with 0.04 N HQD) was added to
the cells, and the MTT formazan was dissclved by
pipetting. The absorbance was measured on an en-
gyme-linked Immunosorbent assay (ELISA) plate
reader (ASYS Hitech, Eugendorf, Austria) with a fest
and reference wavelength of 570 and €30 nm, respec-
tively.

Expression of P2Y, Receptors in Astrccytés

The expression of P2Y, receptor mRNA was analyzed
by single reverse transcription-polymerase chain reac-
tion (RT-PCR). For RT-PCR analysis, astrocytes were
direetly lysed with 0.5 m! of RNA STAT-60 (Tel-Test B)
and total RNA was isolated; 1 pg of RNA was reverse-
transeribed with M-MLV transeriptase. Aliquots (1 pl)
of the RT product were added to the reaction mixture
containing 1 X PCR buffer (10 mM Tris-HC], pH 8.3, 50
mM KCD), 1.5 mM MgCl,, 0.2 mM dNTPs, 2.5 U of Tag
polymerase and P2Y, receptors specific primers accord-
ing to the nucleotide sequences as follows; forward,
5'-ctgatetiggoetpttatgg-3' and reverse, 5'-getgitgagact-
tgetagac-3'. Amplification was performed in a Gene
Amp PCR System 2400-R (Perkin-Elmer/Roche Molec-
vlar Systems) thermal cycler for 30-40 cycles, after an
initial denaturation at 84“C for 2 min by utilizing sense
and antisense primers specifically designed for P2Y,
receptors. The PCR product was resolved on agarose
gel stained by 2% ethidium bromide and visualized
under ultraviclet (UV) light.

Measurement of Intracellular Ca**
Concentration ([Ca**],) in Single Cells

The increase in [Ca®*); in single cells was measured
by the fura-2 method as described by Grynkiewicz et al.
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(1985) with minor moedifications (Koizumi et al., 2002).
In brief, the cells were washed with a balanced salt
soluticn (BS13) of the following composition (in mM}:
NaCl 150, KC1 5.0, CaCl, 1.8, MgCl, 1.2, N-2-hydroxy-
.ethylpiperazine-N’-2-ethanesulfenic acid (HEPES) 25,
and p-gluense 10 (pH = 7.4), Cells were then loaded
with § pM fura-2 acetoxymethylester (fura-2 AM) at
room temperature in BSS for 45 min, followed by a BSS
wash and a further 30-1nin incubation to allow de-
esterification of the loaded dye. For the Ca®**-free ex-
periment, Ca®* was removed from the BSS (Ca"-free
ESS). The coverslips were mounted on an inverted
epiflunrescence microsenpe (TE-2000-U, Nikon, Tokyo,
Japan). Fluorescent images were oblained by alternate
excitation at 340 nm (F340) and 380 nm (F380). The
emission signal at 510 nm was collected by a charge-
coupled device camera (C-6790, Hamamatsi Photon-
ics, Hamamatsu, Japan) conpled with an image inten-
sifier (GaAsP, C8600-03, Hamamatsu Photonies);
digitized signals were stored and processed using an
image processing system (Aquacosmos, Hamamatsu
Photonies). Drugs were dissolved in BSS and applied
by superfusion.

Measurement of Extracellular
ATP Concentration

* The extracellular ATP concentration in astrocytes
was detected with a Juciferin-lnciferase hiolumines-
cence assay. After glutamate stimulation or exogenous
ATT application, supernatants were collected at differ-
ent time points and were mixed with luciferase re-
agents (ATP bicluminescence assay kit CLS II; Roche
Diagnostics, Mannheim, Germany). ATP biolumines-
cence was detected by a luminometer (Lumiphotometer
TD-4000, Labho Science, Tokyo, Japan). The absolute
ATP concentration was estimated using a standard
ATP solution (0.001-1 pM).

Total RNA Preparation

After washing the cells twice with PBS, total RNA
was prepared with RNeasy Mini total RNA Prepara-
tion Kit (Qiagen GmbH, Tokyo, Japan) aceording to the
manufacturer’s instructions.

DNA Microarray Analysis

Converting total RNA to the targets for Affymetrix
GeneChip DNA microarray hybridization was done ac-
eording to the manufacturer's instructions. The targets
were hybridized to rat genome U34A Gene Chip mi-
croarray (Affyinetrix) for 16-24 h at 45°C. After the
hybridization, the DNA microarrays were washed and
steined on Fluidies Station (Affymetrix) according to
the protocel provided by Affymetrix. Then, the DNA
microarrays were scanned, and the hmages obtained
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were analyzed by Microarray Suite Expression Analy-
sis Software (version 5.0; Affvinetrix). To analyze the
gene expressions in astrocytes, differences in the mean
level of the gene expression index between the control
group and. drug-treated group were assessed using the
Student’s {-test for each probeset,

Astrocytes were incubated for 2 h with ATP at a final
concentration of 100 WM. Tots]l RNA was prepared at
the end of incubation and converted to the target for
GeneChip hybridization. The gene expression was an-
alyzed in duplicate by Rat Genome U34A GeneChip
using these targets. The addition of ATP and the prep-
aration of total RNA was done four times indepen-
dently.

Selection of Differentially Expressed Genes

The first step was selecting genes whose expression
levels were increased 2-fold by treatment with ATP.
The second step was selecting genes whose P-values
were F' < 0,05 using Student’s ¢-test. The last step was
selecting genes whose expression levels of the drug
treated group were 1,000.

Quantitative RT-PCR of Oxidoreductase Genes

RT-PCR amplifications were perforined uging Taq-
man One-step RT-PCR Master Mix Reagents and, 200
nM oxidoreductase-specific primers. Using the com-
puter software Primer Express (Applied Biosystems),
clone-specific primers were designed to recognize rat
oxidoreductase genes, ie, rat carbonyl reductase
(CBR, Tayman Probe, 5'-cetectgaatgeetgecetg-3'; for-
ward, 5'-tgaggagaggagagaggacaaga-3'; reverse, 5'-cct-
geeatgteggttetga-37), sehlafen-4 (SHL4, Tagman probe,
5'-aggecttategaggecagatgglite-3'; forward, 5'-tettgltt-
tectagaactgttpgtz-8'; reverse, B5'-ggtgagptagectzgetat-
age-3'), and thioredoxin reductase (TrxR, Tagman
probe, 5'-attgaageaggpacaceaggeeg-3'; forward, 5'-gtge-
cpacgaaaatignaca-3'; reverse, 5'-ptggatttageggteacct-
tga-3'). RT-PCR was performed by 30 min reverse tran-
scription at 48°C, 10 min Amplitag Gold activation at
95°C, then 15-s denaturation at 95°C, 1 min snnealing
and elongation at 66°C for 40 eycles in a PRISM7700
(Applied Biosystems). To exclude contamination by
nonspecific PCR products such as primer dimmers,
melting curve analysis was applied to all inal PCR
pretoeols after the cyeling protocel. Each experiment
was performed in triplicate.

: . RESULTS
Protection by ATP Against Oxidative Stress-
Induced Cell Death in Astrocyles

Using an MTT essay, we tested the effect of hydrogen
peroxide (H,0,) on cell viability in astrocytes, We
found that H,0, caused a time- (Fig. 1A} and concen-
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Fig. 1. Changes in cel] viability of astroeytes by H,Q,. Az Cells were
incobated with 250 pM. 11,0, for virions poriods before the eall via-
bility test. The cell viahility wae evaluated by the M assay as
desieribed in Materinds snd Methods, Ha0, indoced 2 desrense In eel)
viahility in an exposye time-dependent faghion, B: Cells were atim-
nlated with vaxious concentrutions of FLOy for 2 b; el vinbility wos
then examined. Hy0, evoked ¢el] death in & coneentration-dependent
fashion, Sequential plols show mean 2 SEM of triplicate measure.
memts, depieling a representative experiment (n = 9}, Values were
normalized to total cell number (control) and the cell viability was
expressed as percentuge of total eell, Asterisks show significunt dif-
ferences from the contral responee (P < (L05, **P -2 (.01, Student’s
i-tesl),

tration-dependent (Fig. 1B) decrease in the cell viabil-
ity of the astrocytes, i.e., cell death of the astrocytes.
When incubated for 1 h at 250 pM, the cell viability
was almost halved and then was gradually decreased
to ~20% of the non-treated control level by a further
incubation (2-24 h, Fig. 1A). When the H;0., concen-
trations were varied, the cell viability was decreased in
a concentration-dependent fashion and reached the
minimum et 250 pM. We therefore chose an H,0,
concentration of 250 pM and an inecubation period of
2 h for the following experiments.

We tested the effect of exogenouslty applied ATP on
the H,0pinduced astrovytic cell death. ATP was ap-
plied to the cells 24 h before and during H,0, applica-
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Fig. 2. Protection by ATP of H,0,-evoked ecell death in astrocytes.
As Stimnlus vegima, B: ATP protected agajosl FloOp-evoked cell death
in a eoncentration-dependenl fashion. Cells were inesbated with ATP
(11,000 M) 24 1 before and during HoOp application. Ci Prolective
effect of ATP was dependont on the durailon of preincabation. Cells
were incubated with ATP (100 pM) for vaviovs perieds (rom 0 to
46 h), and then exposed to H.0, logether with ATP. Withool uny
preincubation pervieds, ATE did not show any eignificant protective
effect, Dz Tobibition by CIIX of the ATP-induced protustion. Incoba-
tion of cells with CHX (1 M foir 24 h) abolished the protective effect
of ATP. Each histogram shows 8 typical experiment with each duto
point being mean = SEM of biplicate measurernents. At Jeast three
such experitnents were performed. Values were normalized to tolal
ecell number and the cell viability was expressed as pereentuge of tolal
el number. Astericks ghow eignifiennt. difference from the response
evolied by Ho0, alone (8F < 0.05, *F < 0.01, Studenl’s -lest)

tion. Pretreatment with ATP significantly inhibited the
H,Oyp-induced cell death in a concentration-dependent
manner over a concentration range of 1--1,000 p.M (Fig.
9B). When pretreated for 12-36 h, the Hy0u-induced
cell death in astrocytes was significantly reduced to
about 60% of control (Fig. 2C). However, ATP did not
show any cytoprotective action when the expogure time
of ATP was less than 12 h. When astrocytes were
pretreated with ATP plus cycloheximide (CHX, 1 pM),
a protein synthesis inhibitor, the protection by ATP
{100 pM for 24 L) disappeared (Fig. 2D). CHX alone
had no effect on the viability of astrocytes (camtrol;
100 * 6%, CHX 1 pM; 80 = 6%, n = 6).

Protection hy ATP against the HyOginduced cell
death of astrocytes was evaluated pharmacelogically.
As shown in Figure 3B, when the P2 receptor antago-
nists suramin (100 M), PPADS (300 pM), and RB2 (10
M) were added to the cells 15 min hefore and during
ATP {100 pM) application, ATP protection was almost
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abolished, indicating the involvernent of P2 receptors.
UTP (100 and 1,000 u.M), an agonist of P2Y, and P2V,
receptors, «,PmeATP (100 uM), an agonist of P2X, and
P2X, receptors, had no effect on the HyOg-evoked cell
death (Fig. 3C). Adenosine {10 pM) did not show any
protection against the cell death. The PZY, receptor
agonists 2MeSADP (1 pM) and ADPRS (1 1LM) provided
significant protection agsainst cell death (Fig. 31) and
the ATP-induced protection was inhibited by the P2Y,
receptor antagenist MRS2172 in a concentration-de-
pendent manner (Fig. 3E). Thus, ATP appears to show
its protective action mainly via a P2Y, receptor-medi-
ated pathway(s) in astroeytes. None of the agoniste and
antagonists alone had any effect on the cell viability of
astrocytes (Fig. 3B-E, gray columns).

We tested whether prolonged ATP is required or a
brief exposure of ATP is enough to trigger its protective
action in astrocytes. Since the ATP-induced protection
is mediated by P2Y, receptors (Fig. 3), we added the
P2Y, receptor antagonist MRS2179 (1 M) to the cul-
ture medium 15 min before or 30 min. after ATP stim-
ulation, and then further ineubated for 24 h prior to
H,0, exposure. MRS2179 reversed the ATP-induced
protection only when it was added to the cells 15 min
before and during ATP stimulation (MRS217% 15 min
before ATP, 33.6 * 5.9% of total cells,n = 3, P =091
vs, H,0, alone; MRS2179 30 min after ATP, 62.9 + 3.5
of total cells, n = 3, P < 0.05 vs. H,0, alone; Fig. 4B).
Furthermore, we analyzed the time-course of ATP deg-
radation in astrocytes. ATP was exogencusly applied to
astrocytes, and the supernatants were collected at dif-
ferent incubation periods. Exogenously applied ATP
(100 wM) was soon metabolized; the concentrations at
5, 15, 80, 60, and 120 min were 76.0 2 17.8, 18.9 =
23.7,1.2 % 1.0,0.3 = 0,36 and 0.02 % 0.03 pM, respec-
tively (Fig. 4C). Although longer periods {>12 h, see
Fig. 2C) were required for the onset of the eytoprotec-
tive action, prolonged exposure of ATP was not neces-
sarily required for the protection in astrocytes.

Intracellular Signaling Cascades Involved in
P2Y, Receptor-Mediated Protection

We investigated the involvement of P2Y, receptor-
mediated intracellular signaling ecascades in the pro-
tection against the HyOp-induced cell death in astro-
cytes. Both the PLC inhibitor U73122 (5 pM) and the
repid intracellular Ca** chelator BAPTA-AM (25 uM)
inhibited the protection by 1 uM 2MeSADP (Fig. 5).
The much less active PLC inhibitor U73343 (5 uM) had
no effect on the ATP-evoked protection. These chemi-
cals were added to the cells 1 h before and during
9MeSADP-application and were washed away before
H,0, application. These blockers themselves had no
effect on the cell viakility under the normal condition
(control, 100 = 3%; U73122, 90 = 5%; U73343, 92 =
6%; and BAPTA-AM, 105 * 3%, n = 8) (Fig. 5B, gray
celumns) nor affected the HyO,-induced cell death in
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astrocytes (H,0, alone, 36 * 2%; +U73122, 36 = 1%;
1+ U73343, 34 & 4%; and BAPTA-AM, 85 > 13%,n = 6).

We also studied the effect of these blockers on the
2MeSADP-evoked increase in [Ca2*); in astrocytes
(Fig. 5C). Both BAPTA-AM (25 uM) and U731222 (5
pM} inhibited the 2MeSADP-evoked increase in
[Ca%"), whereas U73343 (5 pM) did not. BAPTA-AM
and 173122 also reduced 2MeSADP-responders (Fig.
5C, open circles), U73122, U73343 and BAPTA-AM
were added to the cells 15 min before and during 2Me-
SADP application.

Glutamate is another important glistransmitter that
leads 1o an incresse in [CaZ*); in estrocytes via PLC-
linked metabotropic glutamate receptors (Pasti «t al,,
1997; Porter and McCarthy, 1996). We therefore tested
the effect of pretreatment with glutamate on the HyOy-
induced cell death in astrocyles. As shown in Figure
GA, pretreatment of glutamate (100 WM for 24 h) sig-
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nificantly protected the H,Ouinduced cell. Glutamate
alone had no effect on cell viability (Fig. 84, gray col-
uran). Interestingly, such protection by glutemate dis-
appeared when the P2Y, receptor antagonist MRS2179
was added to the cells 15 min before and during glata-
mate application (Fig. 6B), We further investigated
whether exogenously applied glutamate induces the
release of ATP from astrocyties and found that it evoked
ATP release that lasted for 15 min (Fig. 6C).

Expression and Function of P2Y,
Receptors in Astrocytes

To elucidete whether P2Y, receptors are actually
expressed and functional in astrocytes, we analyzed
the expression of P2Y, receptors by RT-PCR and mea-



