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Activation of p38 Mitogen-Activated
Protein Kinase in Spinal Hyperactive
Microglia Contributes to Pain
Hypersensitivity Following Peripheral
Nerve Injury
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ABSTRACT  Neuropathic pain is an expression of pathological operation of the nervous
system, which commonly results from nerve injury and is characterized by pain hypersen-
sitivity to innocuous stimuli, a phenomenon known as tactile allodymia. The mechanisms by
which nerve injury creates tactile allodynia have remained largely unknown. We report that
the development of tactile allodynia following nerve injury requires activation of p38 mito-
gen-activated protein kinase (p38MAPK), a member of the MAPK family, in spinal micro-
glia. We found that immunofiuorescence and protein levels of the dually phosphorylated
active form of p38MAPK (phospho-p38MAPK) were increased in the dorsal horn ipsilateral
to spinal nerve injury. Interestingly, the phospho-p38MAPK immunofluorescence in the
dorsal horn was found exclusively in microglia, but not in neurons or astrocytes. The level
of phospho-p38MAPK immuncfluorescence in individual microglial cells was much higher
in the hyperactive phenotype in the ipsilateral dorsal horn than the resting one in the
contralateral side. Intrathecal administration of the p3SMAPK inhibitor, 44 4-fluorophenyl)-
2—(4-methylsulfonylphenyl)-5—(4-pyridyl)-1H-imidazole (SB203580), suppresses develop-
ment of the nerve injury-induced tactile allodynia. Taken together, our results demonstrate
that nerve injury-induced pain hypersensitivity depends on activation of the p3SMAPK
signaling pathway in hyperactive microglia in the dorsal horn following peripheral nerve

injury. e 2008 Wiley-Liss, Inc.

INTRODUCTION

Nerve injury arising from disease or physical trauma
produces long-lasting abnormal hypersensitivity to innoe-
uous stimuli, a phenomenon known as tactile allodynia
(Woolf and Mannion, 1999; Scholz and Wool, 2002). Tac-
tile allodynia is a hallmark, and the most troublesome, of
neuropathic pain syndrome in humans. It is nearly al-
ways resistant to known treatments such as nonsteroidal
antiinflammatory agents (NSAIDs) or even narcotics
(Woolf and Mannion, 1999; Scholz and Woolf, 2002). The
mechanisms by which nerve injury develops tactile allo-
dynia have remained largely unknown. It is thus essen-
tiel to identify the molecular changes that lead to tactile

© 20038 Wiley-Liss, Inc.

allodynia in an effort to both understand its mechanisms
and develop new therapies.
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Several lines of evidence have proposed that induc-
tion of tactile allodynia is attributed to central hyper-
active states resulting from multiple plastic alterations
in dorsal horn neurons as well as glia following nerve
injury (Woolf and Mannion, 1999; Woolf and Salter,
2000; Watkins et al.,, 2001; Scholz and Woolf, 2002).
Recent models of nerve injury-induced plasticity in the
dorsal horn postulate that induction of the spinal plas-
ticity requires activation of intracellular signaling
events including protein kinases for transcriptional
and posttranscriptional modifications of various pro-
teins such as cell surface receptors (Woolf and Salter,
2000). It is thus expected that protein kinases, includ-
ing protein kinase Cy (Malmberg et al., 1997), in the
dorsal horn must regulate nerve injury-induced tactile
allodynia; however, their remains poorly understood.

We report that development of tactile allodynia fol-
lowing nerve injury depends on p38 mitogen-activated
protein kinase (p88MAPK), one of four subgroups of
the MAPK family (Ono and Han, 2000); activation of
p38MAPK is found in hyperactive microglia, but not in
neurons or astrocytes in the dorsal horn after nerve
injury. Thus, the present study suggests that
p38MAPK in spinal microglia is an essential intracel-
lular protein kinase that regulates pain hypersensitiv-
ity following peripheral nerve injury. Preliminary re-
sults of this study have been reported in abstract form
(Tsuda et al., 2002a,b).

MATERIALS AND METHODS
Animals

Male Wistar rats were used in this study: rats weigh-
ing 200-230 g for the biochemical and immunohisto-
chemical experiments, and rate weighing 270-200 g for
the behavioral experiments testing the effect of intra-
thecal treatment with a p38MAPK inhibitor. We have
confirmed that p3SMAPK phosphorylation in the dor-
sal horn following nerve injury is also observed in both
weight ranges of rats (data not illustrated). Rats were
housed at a temperature of 22 = 1°C with a 12-h
light/dark cycle (light on 8:30 to 20:30) and were fed
food and water ad libitum. All the animals used in the
present study have been treated in accordance with the
guidelines of National Institute of Health Sciences.

Neuropathic Pain Model

We used the spinal nerve injury model (Kim and
Chung, 1992) with some modifications. A unilateral L5
spinal nerve of rats was tightly ligated and cut just
distal to the ligature under isoflurane (29%) anesthesia,
To assess the tactile allodynia, the calibrated von Frey
filaments (0.4-15.1 g; Stoelting, Wood Dale, IL) were
applied to the plantar surface of the hindpaw from
below the mesh floor. The 50% paw withdrawal thresh-
old was determined by the up-down method (Dixon,
1980; Chaplan et al., 1894).

Immunochistochemistry

The rats were deeply anesthetized hy pentobarbital
(100 mg/kg, i.p.) and perfused transcardially with 150
ml of phosphate-buffered saline (PBS; composition in
mM: NaCl 137, KC1 2.7, KH,PO, 1.5, NaH,PO, 8.1; pH
7.4), followed by 300 ml of ice-cold 4% paraformalde-
hyde. The L5 segment of the lumbar spinal cord was
removed, postfixed in the same fixative, and placed in
30% sucrose solution for 24 h at 4°C. Transverse L5
spinal cord sections (30 um) were incubated in a block-
ing solution (3% normal goat serum [NGS]) and then
incubated for 48 h at 4°C in the primary antibody,
anti-phospho-p38MAPK (1:200; Cell Signaling, Bev-
erly, MA). Markers of microglia, OX42 (anti-OX42,
1:100, Chemicon, Temecula, CA); astrocytes, glial
fibrillary acidic protein (GFAP; anti-GFAP, 1:500; Boe-
hringer-Mannheim, Indianapolis, IN); and neurons,
NeuN (anti-NeuN, 1:200; Chemicon) were used to iden-
tify the type of phospho-p38MAPK-positive cells. Fol-
lowing incubation, tissue sections were washed and
incubated for 3 h at room temperature in the secondary
antibody solution (anti-rabbit IgG-conjugated Alexa
Fluor™ 488 or anti-mouse IgG-conjugated Alexa Fluor
546, 1:1,000; Molecular Probes, Eugene, OR). The spi-
nal cord sections were analyzed using a MicroRadiance
Confocal Imaging System (Bio-Rad, Hercules, CA) and
an Olympus IX70 microscope (Olympus Optical, Tokyo,
Japan) equipped for epifiuorescence. For quantitative
assessment of the immunofluorescence staining of
cells, we randomly selected dorsal horn fields displayed
at high magnification. Microglia, as identified by OX42
immunofluorescence, were outlined; the immunofiuo-
rescence intensity of the phospho-p38MAPK was deter-
mined as the average pixel intensity within each cell.
Background fluorescence intensity was determined
and was subtracted from the value obtained for micro-
glia.

Western Blotting

The rats were deeply anesthetized with pentobarbi-
tal (100 mg/kg, i.p.). The lumbar and sacral spinal cord
was quickly removed and placed on a dish with ice-cold
PBS. We identified the cord from L4 to L6 by the entry
area of the doreal roots and the shape of the cord under
a microscope and cut at the boundary between L3 and
L4 and between L6 and S1. The spinal cord segments
L4-L6 ipsilateral to the nerve injury were homogenized
In ice-cold PBS containing a mixture of phosphatase
inhibitors (Sigma-RBI, St. Louis, MO) and protease
inhibitors (Calbiochem, San Diego, CA). The homoge-
nates were incubated with DNase and were sonicated.
The resulting homogenate (20 ug) was subjected to
12.5% sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and the proteins were trans-
ferred electrophoretically to nitrocellulose membranes.
After blocking, the membranes were incubated with
anti-phospho-p38MAPK antibody (1:1,000; Cell Signal-
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ing) or anti-p38MAPK antibody (1:1,000; Cell Signal-
ing) and then were incubated with horseradish perox-
idase (HRP)-conjugated secondary antibody. The blots
were detected with a chemiluminescence method
(LumiGLO; Cell Signaling) and exposed to autora-
diography films (Hyperfilm-ECL; Amersham, Arling-
ton Heights, IL).

Spinal Administration of p38MAPK Inhibitor

Under isoflurane (2%) anesthesia, rats were im-
planted with catheters for intrathecal injection accord-
ing to the method described previously (Yaksh et al.,
1980). A polyethylene tube (PE-10; 7.5 ecm) was in-
serted through the atlanto-occipital membrane and to
the lumbar enlargement (close to L4-L5 segments) and
externalized through the skin. Rats were injected in-
trathecally with 4-(4-fluorophenyl)-2-(4-methylsulfo-
nylphenyl)-5-(4-pyridyl)-1H-imidazole (SB203680; 30
nmol/10 pl) (Sigma-RBI) or vehicle [2% dimethylsulf-
oxide (DMSQY10 pl] using a 25-p] Hamilton syringe
with 28-gauge needle. Intrathecal injection of
SB203580 or vehicle was started immediately after
nerve injury (day 0) and given once a day for 14 days.
SB203580 was dissolved in 100% DMSO and diluted by
PBS (final concentration of DMSO: 2%). Behavioral
testing was done 12-14 h after the injection of
SB203580.

Statistical Analysis

Statistical analyses of the results were evaluated
ueing the Student’s ¢-test, the Student’s paired t-test or
the Mann-Whitney U-test.

RESULTS
p38MAPK Is Activated Exclusively in
Hyperactive Microglia in the Dorsal Horn
Following Peripheral Nerve Injury

Animals with L5 spinal nerve injury displayed tac-
tile allodynia; the withdrawal threshold of the hind-
paw, ipsilateral to nerve injury, to mechanical stimu-
lation decreased progressively from 15.1 £ 0.1 g before
the injury (day 0) to 8.0 = 0.5 g at day 7 and to.2.1 £
0.4 g(n=17)atday 14 (P < 0.001, significantly different
from the threshold on day 0) (Fig. 1A). In contrast, paw
withdrawal threshold of the contralateral hindpaw was
not changed significantly by nerve injury (Fig. 1A). To
examine whether p38MAPK is activated in the dorsal
horn of the spinal cord in rats that have developed
tactile allodynia, we carried out immunofluorescence
analysis with an antibody targeting the dually phos-
phorylated p38MAPK (phospho-p38MAPK), because
p38MAPK members have a Thr-Gly-Tyr dual phos-
phorylation motif, requiring phosphorylation for its ac-
tivation (Ono and Han, 2000). In L5 dorsal spinal cord
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Fig. 1. p8 milogen-nclivated prolein kinase (p38MAPK) ik dra-
matically nctivated in the spinal dorsal horn fallowing 1.5 spinn] nerve
injury. A: The withdrawal threshald of tactile stimulution Lo [he
ipsilatern] and contralateral hindpaw (PWT) was examined befure
nerve injury, 3, 7, and 14 days after nerve injury. Fach data point
represents the mean xSEM of paw withdraws threshold (in grame)
(**P < 0,01, ***P < 0.001 by Stndent's paired I-test, compared with
{he Gareshold on day 0, n = 7). B,C: hnmunorenctivity of phogpho-
PAEMATK (green) detecied by an antibody for dual-phosphurylated
pSBMAPK in Lb dursal spinal cord 14 duys afler nerve injury (B) and
in hat of nuive rat (C) was visualized by immunofluorescence analy-
sis using confoeal wnieroscopy. Highly magnified picture of the area
(arrowhead) in B, shown in nset of B. D: Total protein from the spinal
cord ipsilalers] Lo the nerve injury on days 0 (haive), 7, and 14 wag
subjectod to Western blol analysis. The proteing of phospho-
p3BMAPK and totul p38BMAPK were detected by an antibedy for
dual-phosphorylated und nonphosphoryluled p38MAPK, respectively.
Seale bars = 200 pm in B,C.

sections, at 14 days after nerve injury, we observed
strong and punctate phospho-p38MAPXK immunofiuo-
rescence on the ipsilateral side (Fig. 1B). The punctate
labeling observed at low magnification was due to im-
munofiuorescence of individual small cells, as shown
under highly magnification (Fig. 1B, inset). In contrast,
phospho-p38MAPK immunoflucrescence was weaker
and much less extensive in the dorsal horn contralat-
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Fig. 2. p38 milogen-activaled protein kinase (pIBMAPK) is acti-
vated in individual hyperactive wicroghia, but not in neurons or as-
trocytes in the dorsal horn following L4 spinal nerve injury. Immu-
nostaining was carried out.in L5 dorsal spinal cord soctions at 14 days
afler nerve injury, using confocal microscopy. A-C: Double immuni-
Nuorescent Jabals of phosplin-pd8MAPK (green) with NeuN (A, red), a
warker of neurons, glial fibrillary acidic prolein (GFAP) (B, red), a
inurker ol astrocyles, and 0X42 (€, red), u marker of microglia, were
anulyzed. D: The change of the level of OX42 immunofinorescence
tred) following nerve injury was examined in transverse soction of L5
dorsal horn at 14 days after nerve injury. E: The different activation
of p3BMAPK in ipsiluteral (Ipsi, Lop (hree panels) and controlateral
(Contra, buttom three panels) microglia was bxaminod. 0X42, phos-

eral to the nerve injury (Fig. 1B) or in that of naive rats
(Fig. 1C). We further examined the level of phosphor-
ylated p88MAPK protein in homogenates from the spi-
nal cords of naive and nerve-injured rats by Western
blot analysis; we found that the band intensity of phos-
pho-p38MAPK protein in the ipsilateral spinal cord
Increased dramatically 7 and 14 days after nerve injury
compared with that in naive rat (day 0) (Fig. 1D). The
bilateral difference in phospho-p38MAPK levels paral-
lels the emergence of the tactile allodynia (Fig. 1A),
These results indicate that the p38MAPK is activated
in the dorsal horn ipsilateral to the nerve injury, which
may correlate with the nerve injury-induced tactile
allodynia.
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gity of phospho-p38MAPK in individual microglia was delermined ag
the average pixal density in the ipsilateral (Ipsi; n = 83 OX42-positive
cells) and eontralatora) (Conlra; n = 74 QX42-positive cells) dorsal
horn. Encl data point ropresents the mean »SEM of immunoflunres-
cence (IF) intensity of phospho-p38MAPK (p-p38) per cell (**+p <
0.001 by (he Mam-Whitney U-test, compared with the valie of con-
tralateral dorsal horn). G: Histogram of the perceniage of dorsul horn
microglia displaying ranges of TF intensity values of phospho-
P3EMAPK in individual microglia. Tpsi. ipsilateral; Contra. contralat-
vral. Scale bare = 25 um in C: 200 pm in D; 10 pm in E.

To identify the type of cell in which p38MAPK was
phosphorylated after nerve injury, we carried out dou-
ble immunolabeling for phospho-p38MAPK and for cell
type-specific markers: for neurons, NeuN; for astro-
cytes, GFAP; or for microglia, 0X42 (Honore et al.,
2000). We found that cells showing phospho-p38MAPK
immunofluorescence were not double-labeled for NeuN
(0%, calculated in 110 cells, representative shown in
Fig. 2A) or GFAP (0%, calculated in 132 cells, repre-
sentative shown in Fig. 2B). Rather, almost all phos-
pho-p38MAPK-positive cells (99%, calculated in 187
cells) were double-labeled with OX42 (representative
shown in Fig. 2C), indica ing that activation of
p38MAPK in the dorsal horn is highly restricted to
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microglia, but not found in neurens or astrocytes. OX42
recognizes the complement receptor type 3 (CR3), ex-
pression of which is greatly increased in hyperactive
versus resting microglia (Aldskogius and Kozlova,
1098). We found that 0X42 labeling was greater in the
dorsal horn ipsilateral to the nerve injury (Fig. 2D),
whereas OX42 labeling in the dorsal horn was low
bilaterally in sham-operated animals (not illustrated).
0X42-positive cells were more numerous (Fig. 2D) and
displayed hypertrophic morphology (Fig. 2E) in the
dorsal horn on the side of the nerve injury as compared
with the contralateral side (Fig. 2D,E). These results
indicate that nerve injury induced a switch from the
resting to the hyperactive phenotype in the population
of microglia in the dorsal horn. The cells labeled in-
tensely with OX42 showed high levels of phospho-
p38MAPK immunofluorescence (Fig. 2E, top panels).
In contrast, resting microglia that showed a low level of
0X42 had no or weak phospho-p88MAPK immunoflu-
orescence (Fig. 2E, bottom panels). The mean level of
intensity of phospho-p38MAPK immunofluorescence
per OX42-positive cell was on average 3.7-fold higher
in the ipsilateral (n = 83 cells) as compared with the
contralateral dorsal horn (n = 74 cells) (P < 0.001; Fig.
3F). The distribution of phospho-p38MAPK immuno-
fAuorescence intensities per OX42-positive cell was
skewed to the right (Fig. 2G). We conclude that, in the
dorsal horn following nerve injury, hyperactive miero-
glia are the cell type in which p38MAPK is activated
and that the level of p38MAPK phosphorylation is dra-
matically increased in individual microglia. As shown
in Figure 2E, subcellular distribution between phos-
pho-p38MAPK and OX42 immunofluorescence is dif-
ferent, but our confocal microscopic Z-series analyses
demonstrated that phospho-p38MAPK gignals were
found in the inside of OX42 signals which is known to
localize on the cell surface (data not illustrated).

p38MAPK Activation in the Spinal Cord Is
Required for Development of Tactile Allodynia
Following Peripheral Nerve Injury

We examined whether intrathecal treatment with 8
potent inhibitor of p3sMAPK, SB203580, through a
catheter whose tip was positioned near the L4-L5 dor-
sal horn alters the development of tactile allodynia
following nerve injury. Catheterized rats were treated
with vehicle (2% DMSO/10 pl,n = 7) or SB203580 (30
nmol/10 ul, n = 9) once a day for 14 days, beginning on
the day of the nerve injury. Intrathecal vehicle-treated
rats displayed a marked decrease in paw withdrawal
threshold following nerve injury (P < 0.01, signifi-
cantly different from the threshold on day 0) (Fig. 3). In
contrast, intrathecal SB203580-treated rats showed
only a slight decrease in paw withdrawal threshold;
paw withdrawal thresholds was not significantly de-
creased except for day 3 (P < 0.01, significantly differ-
ent from the threshold on day 0). Paw withdrawal

thresholds on day 7 and 14 were significantly greater in
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Fig. 8. Intrathecal administration of u potent inhibilor for pd8
mitngen-activated protein kinasn (p3BMAPK), SB203580, suppresses
development of tactile allodynia caused by L5 spinal nerve injury.
Rots were injected intratbecnlly with SR203580 (30 nmal/10 p, n = 9)
or volicle (2% dimethylsulfoxide MMS0)10 pl, n = T)once a day for
14 duys. The withdrawal threshuld of Lctile stimulation to the ipsi-
Juterul hindpaw (PWT) wus exaimined on daye 0 (before nerve inury),
1,3, 7 ond 14 at 1214 h after intratheeal injeetion. Bach data point
represents the mean LSEM of paw withdrawal threshold (in grams).
#¢P < (101 by the Student’s paired (-tost, com pared wilh [hreshold on
day 0; #0P < Q.01 IH4P < 0.001, by the Mann-Whitney U-lest,
compared with the thrashold of vehicle-treated group.

animals treated with SB203680 (n = 9) as compared
with that in animals treated with vehicle (n = 7} (day
7. P < 0.01, day 14: P < 0.001, significantly different
from the threshold of vehicle-treated group on days 7
and 14, respectively) (Fig. 3). These results suggest
that intrathecal treatment with an inhibitor for
p38MAPK in the spinal cord, the distribution of which
is highly restricted in microglia, suppresses the devel-
opment of tactile allodynia following spinal nerve in-
jury.

DISCUSSION

Our principal conclusion from the present findings is
that following spinal nerve injury p38MAPK is acti-
vated in individual hyperactive microglia in the dorsal
horn, leading to the development of nerve injury-in-
duced pain hypersensitivity tactile allodynia, a major
functional consequence of peripheral nerve injury.
p38MAPK is the first intracellular signaling event, ac-
tivation of which occurs exclusively in microglia, that
regulates pain hypersensitivity caused by nerve injury.
We showed a marked increase in immunofiuorescence
and protein levels of dual-phosphorylated p38MAPK in
the dorsal horn after spinal nerve injury. These results
are supported by previous findings that phosphoryla-
tion of p38MAPK is increased in response to the dam-
age of the sciatic nerve or dorsal root (Murashov et al.,
2001; Nomura et al, 2001; Kim et al, 2002) that
projects to the dorsal spinal cord. p38MAPK has been
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reported to be expressed in a number of cell types in the
CNS in vivo (Lee et al., 2000; Maruyama et al., 2000).
We found that in the neuropathic pain state, p3SMAPK
activation in the dorsal horn was not observed in neu-
rons or astrocytes but, rather, occurred exclusively in
microglia. As shown previously (Aldskogius and Ko-
zlova, 1998), the number of microglia increased in the
dorsal horn on the side of the nerve injury following
nerve injury. We have recently demonstrated that the
number of microglia js on average 2.2-fold greater in
the ipsilateral side of the dorsal horn than in the con-
tralateral side (Tsuda et al., 2003). We also show that
marked phosphorylation of p38MAPK is observed in
individual microglia in the ipsilateral dorsal horn (3.7-
fold, as compared with the contralateral side), particu-
larly in hyperactive microglia that dramatically ex-
pressed complement receptor type 3 recognized by
0X42, and displayed hypertrophic morphology. The in-
crease is more striking than the increase in the number
of microglia in the ipsilateral side of the dorsal horn.
Therefore, in the dorsal horn, following nerve injury,
hyperactive microglia are the cell type in which
p38MAPK is activated; in addition to an increase in the
number of cells, the increased p38MAPK phosphoryla-
tion in individual hyperactive microglia would be one of
the major components of p38MAPK activation in the
dorsal horn following nerve injury. Moreover, we show
that intrathecal treatment with SB203580, which
binds to the ATP pocket in p38MAPK, and conse-
quently inhibits its enzymatic activity (Tong et al.,
1987), led to a statistically significant suppression of
tactile allodynia on days 7 and 14 after nerve injury
when the increase in p38MAPK phosphorylation was
found. It appears that the suppression of tactile allo-
dynia by SB208580 might be related to its inhibitory
effect on the increased p28MAPK activity in the dorsal
horn after nerve injury, based on the observations that
intrathecal administration of SB208580 has no effect
on basal pain responses in naive rats, which have a
very low level of p38MAPK phosphorylation (Watkins
et al., 1997; Murashov et al., 2001; Nomura et al., 2001;
Ji et al., 2002; present data). Teking these results
together, we conclude that development of tactile allo-
dynia following nerve injury depends on activation of
the p38MAPK signaling pathway in hyperactive micro-
glia in the dorsal horn, although we cannot exclude the
possible involvement of p88MAPK in DRG neurons
(Kim et al., 2002).

p38MAPK activation in microglia is quite different
from that of other MAPKs, extracellular signal-regu-
lated kinases (ERK) and cjun N-terminal or stress-
activated protein kinases (JNK/SPAK), activation of
which is found in dorsal horn astrocytes, but not in
microglia, after peripheral nerve injury (Ma and
Quirion, 2002). Thus, microglial regulation of tactile
allodynia may require activation of p38MAPK, but not
other MAPKs. Several extracellular substances have
been reported to trigger p38MAPK activation in micro-
glia in vitro, thereby regulating microglial functions
(Koistinaho and Koistinaho, 2002). Tikka et al. (2001)
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have shown that glutamate-evoked proliferation of mi-
croglia and interleukin-1p (IL-1B) and nitric oxide re-
lease from microglia in the spinal cord primary culture
depend on its p38MAPK activation. We have recently
demonstrated that extracellular ATP activates
p38MAPK in cultured microglia, thereby releasing tu-
mor necrosis factor-a (TNF-a) and IL-6 (Hide et al.,
2000; Shigemoto-Mogami et al., 2001). These cytokines
are increased in the spinal cord following spinal nerve
injury (Sweitzer et al., 2001; Winkelstein et al., 2001)
and are involved in induction of nerve injury-induced
tactile allodynia (Ramer et al., 1998; Sommer et al.,
1988; Sweitzer et al., 2001). Therefore, elucidating
p38MAPK activity-dependent microglial outputs, in-
cluding the production of these cytokines in the dorsal
horn in vivo, would help in understanding the mecha-
nisms underlying the induction of pain hypersensitiv-
ity following nerve injury.

Nerve injury and peripheral inflammation that pro-
duce neuropathic and inflammatory pain states, re-
spectively, have been known to induce distinet sets of
neurochemical changes in the dorsal horn (Honore et
al., 2000). In contrast to the present findings with
peripheral nerve injury, Ji et al. (2002) have shown
that p38MAPK activation does not oceur in the dorsal
horn under a sustained inflammation by intraplantar
injection of complete Freund’s adjuvant, which pro-
duces prolonged hypersensitivity to pain. Thus,
p38MAPK activation in dorsal horn microglia would be
a unique intracellular change following nerve injury,
contributing to the development of nerve injury-in-
duced pain hypersensitivity. This approach may pro-
vide a new therapeutic strategy specially targeting
neuropathic pain. Importantly, in naive animals,
p38MAPK activation is very weak in the dorsal horn
(Fig. 1), and basal pain sensitivity is not affected by
spinal administration of p38MAPK inhibitors (Watkins
et al,, 1897; Ji et al., 2002). This suggests a therapeutic
benefit of interfering with p38MAPK activation in the
treatment of neuropathic pain, without affecting nor-
mal pain sensitivity.
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Abstract. We have been studying the role of ATP receptors in pain and already reported that
activation of P2X2. heteromeric channel/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,4 ionotropic ATP receptor and p38
mitogen-activated protein kinase (MAPK) in spinal cord microglia. Two weeks after L5 spinal
nerve injury, rats displayed a marked mechanical allodynia. 1n the rats, acti vated microglia were
detected in the injured side of the dorsal born and the level of the dually-phosphorylated aclive
form of p38MAPK (phospho-p38MAPK) in these microglia was increased. Moreover, intraspinal
administration of a p38MAPK 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 P2Xs or p38MAPK in spinal cord
microglia is necessary for tactile allodynia after nerve injury.

Keywaords: ATP receptor, P2X,, microglia, p38 mitogen-activated protein kinase, allodynia

Introduction p3SMAPK was activated in spinal hyperactive
microglia after nerve injury
Injury of primary sensory neurons produces long-

lasting abnormal hypersensitivity to normally innocuous Animals with spinal nerve injury displayed tactile
stimuli, a phenomenon known as tactile allodynia (1, 2). allodynia. Paw withdrawal threshold (PWT) (ipsilateral
Tactile allodynia is the most troublesome of the neuro- side) to mechanical stimulation significantly decreased
pathic pain syndromes in humans and the mechanisms at 7 and 14 days. At day 7 and 14, the 0OX42 labelling
by which nerve injury develops tactile allodynia have was greater in the dorsal horn ipsilateral to the nerve
remained unknown (3). injury. OX42-positive cells were more numerous and

The present article introduces our recent study (4, 5) displayed hypertrophic morphology in the dorsal horn
revealing crucial roles of two molecules, expression on the side of the nerve injury as compared with the
and activation of which are highly restricted in microglia contralateral side (4). To examine whether p38 MAPK is
in the spinal cord, in neuropathic pain: p38 mitogen- activated in the spinal cord in rats that have developed
activated protein kinase (p38MAPK) and P2X. receptor, tactile allodynia, we performed Western blot analysis
a subtype ol ionotropic ATP receptors. using an antibody targeting  the phosphorylated

p38MAPK (phospho-p38MAPK). The band intensity of
phospho-p38MAPXK 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

*Carresponding author (affiliation #1). FAX: +81-3-3700-1349
E-mail: inoue@nihs.go.jp
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in the injury side of L5 dorsal spinal cord sections at 7
and 14 days after nerve injury (5). The bilateral differ-
ence in phospho-p38MAFPK 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-p38MAPK
immunofluorescence was double labeled with 0X42
but not with neuronal nuclei (NeuN) or glial fibrillary
acidic protein (GFAP), indicating that activation of
p38MAPK in the dorsal hom 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 a switch from the resting 1o the hyper-
active phenotype in the population of microglia in the
dorsal horn. We tound 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 horn following nerve
injury, byperactive microglia are the cell type that
activates p38MAPK and that the level of p3SMAPK
phosphorylation is dramatically increased in individual
microglia.

p38MAPK activation in the spinal microglia caused
development and maintenance of tactile allodynia

We examined whether intrathecal treatment with a
potent inhibitor of p38MAPK, SB203580, alters the
maintenance and development of tactile allodynia
following nerve injury. Catheterized rats were treated
with SB203580 (3 nmol/10 L, 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 (30 nmol/10 uL,
n =9) once a day during 14 days from 0 day ol 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 PZX, receptor in the tactile allodynia

We tested for the involvement 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) (30 mmol), an
antagonist of P2X subtypes P2X,_4, on day 7. Intrathecal
administration of pyridoxial-phosphate-6-azophenyl-
2'4'-disulphonic acid (PPADS), an antagonist of P2X
subtypes P2X, 2557, but not of P2X,, had no effect on
either testing day. We observed no alteration in motor
behaviour following TNP-ATP administration. These
results 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. Al these inirathecal doses,
PPADS is known to suppress nociceptive behaviors
caused by intrathecal injection of the P2X, 5 agonist a, 3
methylene ATP. The lack of effect of PPADS on PWT
together with the increase by TNP-ATP indicates that
tactile allodynia caused by L5 nerve injury depends
upon spinal P2X receptors that are sensitive to TNP-
ATP and insensitive 10 PPADS. The pharmacological
profile of these P2Xs is consistent with that of the
P2X4 subtype.

We found that P2X, protein in the ipsilateral spinal
cord dramatically increased after L5 nerve injury. 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,4 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 horn to exam-
ine the distribution of P2X.. In the spinal cord ipsilateral
to the nerve injury, we observed strong, punctate P2X,
immunofluorescence in the dorsal horn on day 14
Furthermore, we found that cells showing P2X, immuno-
Muorescence were not double-labelled for NeuN or
GFAP. Almost all of the P2X,-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 P2X, antisense ODN
as compared with that in animals treated with mismatch
ODN (4). We also found that the level of P2X, protein
in homogenates from the spinal cord of antisense ODN-
treated rats was 32.0 + 4.8% less than that of mismatch
ODN-treated rats (4). These results indicate that intra-
thecal treatment with P2X, antisense ODN suppressed
both the tactile allodynia and the increase in P2X,
expression following nerve injury.
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Release andfor leak

Hyperactive
microglia

Neuropathic Pain State

Fig. 1. Hypothesis: neuropathic pain after nerve injury. Tactile allodynia fallowing nerve injury is critically dependent upon

the dorsal hom. ATP, which might be released or Jeaked from damaged

neurons or astrocytes, stimulates resling microglia 1o be copverted to hyperictive microglia. Tlyperactive microglia increases
the expression of P23 receptors and p38-phosphorelation, resulting in tactile allodynia following nerve injury.
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Resting microglia
functional P2X; receptors in hyperactive microglia in
Conclusion

In the present article, we demonstrate that microglia in
the spinal dorsal horn are converted to the hyperactive
phenotype as a consequence of peripheral nerve injury
and have dramatically expressed P2X. and activated

P38MAPK. Also we suggested thal the activation of

p38MAPK and P2X. in spinal cord microglia are
essential for allodynia after nerve injury (Fig. 1). The
allodynia was reversed rapidly by pharmacological
blockade of p38MAPK activation of inhibiting the
expression of P2Xs receptors, implying that nerve in-
jury-induced pain hypersensitivity depends apon ongo-
ing signaling via P2X4 and/or P38MAPK, likely acti-
vated by ATP that may be released from primary sensory
terminals (7 ~9), dorsal horn neurons (7, 10, 11), or
dorsal horn astrocytes (12). Inhibition of P2Xs expres-
sion, inhibiting the function of these receptors and/or
p38MAPK in spinal microglia can be novel therapeutic
approaches for treating tactile allodynia caused by nerve
damage.
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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 intercellular 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’]; inthe
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 NHEKs. In addition, Ca** waves in NHEKs 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-lalk, dorsal root ganglion
neuron, keratinocyte, P2Y, receptor.

INTRODUCTION

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 stimuli 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
tunes the balance between the proliferation and differentiation of
epidermal keratinocytes [1,9].

Propagation of intercellular Ca’* waves from one cell to 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 connexind3,
have been suggested to 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 keratinocyltes
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 keratinocytes) with a glass
pipette induces propagating Ca* waves in an extracellular ATP-
dependent manner. NHEKs release ATP and, in turn, the re-
Jeased 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 NHEKSs 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 cullure

NHEKs 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 5-[y-thio]triphosphate; BSS, balanced sall solution; [Ca?* ), intracellular Ca®* concenlration; DRG, dorsal root
ganglion; apmeATP, o, f-methylene-ATP; 2meSADP, 2methyl-thio-ADP; NHEK, normal human epidermal keratinocyle; RT, reverse transcriptase.
' To whom correspondence should be addressed (e-mail 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/mi), 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 pg/ml)-treated 3T3-J2
fibroblast feeder layers (2 x 10° cells/cm?) in ‘Green’ medium
[3:4 Dulbecco’s minimal Eagle’s medium and 1:4 Ham's F1 2,sup-
plemented with 10 % (v/v) foetal bovine serum, 20 mM Hepes,
100 units/ml penicillin, 100 ug/ml streptomycin, 5 ug/ml insu-
lin, 0.5 pg/ml cortisol, 0.1 nM cholera enterotoxin, 0.01 ug/ml
recombinant human epidermal growth factor, 0.25 ng/ml ampho-
tericin B and 180 M adenine]. The dissociated mouse DRG
neurons were seeded, 2 days after the seeding of NHEKS, on the
cell layer and then cultured for an additional 1 week.

Ca?t 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, KCI 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 M fura 2/AM (fura 2 acetoxymethyl ester; Molecular
Probes, Eugene, OR, U.S.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 lemperature.
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 (Fup/Fag) 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 fluorescence, 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 30-40 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 Pholonics), 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™*) = R.Ky/[(Ka/[Ca™ ) — R.)

The K, value of fluo-4 for NHEKs was taken to be 706 nM as
determined by an in vivo calibration method.

@© 2004 Biochemical Sociely

Table 1 Primer pairs and end-products
Amplicon shows the base pairs of the PCR end-produc!.

Gene Primer Size (-mer)  Amplicon (bp)

P2y1 F: 5'-GAGGGCCCGGCTTGATT-3 17 67
R: 5'-ATACGTGGCATAAACCCTGTCA-3' 22

P2Y2 F: 5'-TGGTGCGCTTCCTCTTCTACA-3' 21 i)
R: 5'-ACCGGTGCACGCTGATG-3' 17

P2Y4 F:§'-TCAIGGCTCGTCGCCTGRTA-3 19 67
R: 5'-AGAGAGCGGAGGCBAGAAG-3' 19

P2Ye F: §-CCTGCCCACAGCCATCTT-3 18 116
R: 5'-CAGTGAGAGCCATGCCATAGG-3' 21

P2y F: §-CTGCCCTGCCAACTTCTTG-3" 19 78
R: §'-ACCAGTATGGGCCACAGGAA-3' 20

P2Y12 F: 5'-CCTTTCCATTTTGCCCGAAT-3 20 74
R 5-GTATTTTCAGCAGTGCAGTCAAAGA-3' 25

Imaging of ATP release

ATP release from NHEKSs was detected with a luciferin-luciferase
bioluminescence assay. After aninitial 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 bioluminescence assay kit CLS II).

Immunocytochemistry

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
Alexa546-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.5.A.). Images were obtained by confocal microscopy (Radiance
2000; Bio-Rad Japan, Tokyo, Japan).

Reverse transcriptase (RT)-PCR of P2 receptors

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 desi gned
1o 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
30 min 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 products such as primer dimers, melting curve
analysis was performed on all the final PCR products after the
cycling procedure,
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responses 10 100 <M ATP (a) and UTP (b). Images were obtained from a conlocal laser microscope, Shawing sell-ratios of fluo-4 lluorescence. Images
Concentralion-response curves for () ATP- and (b) UTP-gvoked increases in [Ca?* ), in NHEKS. Increases in
onverled into absolute value of [C&**]; using @ standard calibration curve. The maximum [Ca** J

{he maximum increase in [C2** ). Re-

sulls are the means + S.E.M. for 28-73 cells tesied. Both lhe ATP- ano UTP-evoked concenlralion—response curves were aimost identical with the EDsp values of 21 and 20 M respectively

Statistics

Experimental results are expressed as means + S.EM. and
statistical differences between two groups were determined by
Student’s 1 test.

RESULTS
Characterization of ATP-evoked [Ca%+]; 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 simi-
Jar EDy, value of 20 M (Figures 1Ab and 1Bb). The ATP-evoked

D

‘j

increase in [Ca®*]; was almosl 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 inositol 1,4,5-trisphos-
phate/phospholipase C-linked metabotropic P2Y 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

© 2004 Biochemical Sociely
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Figure 2 Characterization of P2 receptor-mediated Ca®* responses in
NHEKs

The ATP-evoked increases in [Ca?* ), in NHEKs were characlerized. Increases in [Ca**} incells
were caiculaled by ratiomelric fura 2 fluorescence ( A F ya/Fa) and a standard calibration curve.
Values were normalized by the Ca® response al 100 M ATP or UTP and were expressed as a
percentage of ATP or UTP alone (C, right). (A) ATP was applied o NHEKS for 20 s and the U73122
(5 14M) was applied to the cells 10 min before and during Ihe ATP applicaion. Thapsigargin
(100 ni) was applied lo the cells 5 min before and during Ihe ATP applicalion. Results were
obtained Irom 28 to 61 cells tested (al least Iwo independent experiments). ** P < 0.01, signi-
lican! differences from the response evoked by ATP alane. (B) Pharmacological characterizalion
of Ca™ responses in NHEKs. UTP was s polent as ATP ATPy S and o SmeATP were much less
polen! than ATP. 2meSADP and UDP caused only slighl increases in [Ca?* J; in NHEKSs. Results
were ablained rom 24 10 57 cells tested (al leas! two independenl experiments). The inse! shows
the agarose-gel elecirophoresis, indicaling expression of mANAS for various P2Y receptors in
NHEKS. (C) Suramin (300 ;2M} inhibited both the ATP- and UTP-gvoked increases in [Ca?t),
in NHEKs. Resulls were oblained from 117 10 128 cells lesled (lour independent experiments)
**P < 0.0, significant diflerences from Ihe 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
a fmeATP (a,B-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,
receplor agonist, evoked only slight increases in [Ca®*]; in the
cells. The potency rank order for the Ca®* response was ATP =
UTP > ATPy'S > afmeATP > 2meSADP > UDP (Figure 2B).

© 2004 Biochemical Sociely

Cross-desensitization was observed between ATP and UTP
(results not shown). Suramin at 300 «M 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, n=117). These
results suggest that the P2Y, receplors were responsible for
these responses,

Propagating Ca’* waves in response to mechanical
stimulation 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 NHEK s
(Figure 3A, upper panels). The findings that the same cell evoked
a Ca* response 1o 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 I1I; Figures 3A
(lower panels) and 3B]. Both the P2 receptor antagonists
suramin (300 uM) and pyridoxal phosphate-6-azophenyl-2' 4’
disulphonic acid (100 M) significantly inhibited the Ca™* wave;
however, adenosine 3'-phosphate 5'-phosphosulphate (100 M),
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
NHEKSs was mediated by extracellular ATP and mainly by the
activation of P2Y, receptors.

Release and diffusion of ATP from NHEKs

To demonstrate directly the stimulus-evoked release of ATP from
NHEKs, we modified the Juciferin-Juciferase 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 luciferin-luciferase 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 1M (Figure 4d).
The resting level of the bicluminescence signal was very low;
then, it was increased to a level sufficient to evoke increases
in [Ca®™), in NHEKs (3.2+40.91 #M, n=12) in response to
mechanical stimulation for 30 s (Figures 4c and 4f). To visualize
the spatiotemporal dynamics of the stimulus-evoked release of
ATP from NHEKSs, 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 extracellular
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 NHEK s and the activation of P2Y, receptors.

Ca®* waves in NHEKs activate increase in [Ca%*], in DRG neurons

As described in the Introduction section, Sensory neurons ler-
minate in the skin. Hence, a co-culture of NHEKs and mouse
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Figure 3 Propagation of Ca®* waves in response {0 mechanical stimulation in NHEKs

(A) Phase-contrast (lefl) and pseudo {Ca?*), images ol a field of cullured NHEKS in the absence (upper panels)and presence (lower panels) of apyrase (80 units/ml). Increase in[Ca?*), was eslimaled by
raliometric fura 2 fluorescence (4 Fau/F3s0) and wes Lhen converled into absolute [Ca?* ), using a standard calibration curve. Asingle NHEK was mechanically stimulated. (B) Plots of [Ca?~ ], asafunc-
tion ol time in four individual NHEKS in the microscapic field. The plots lor the non-slimulaled cells (blve, gréen and red lraces) horizontally regressed in proportion to their distance from the stimulated
cell (black races) as indicated by the scale bar. In a control experiment, mechanical stimulation of NHEK 1 (black trace) resulted in the induction ol a Ca®* wave in adjacen! cells aller a lime lag {uppet
races). However, in the presence of apyrase (80 unils/ml), mechanical stimulation failed lo cause increases in {Ca®*J; in the surrounding NHEKs (lower traces). The diameter of the spreading
distance of the Ca?* wave was calculated in the absence and presence of various chemicals and is summarized in (C). The average diameter of the Ca®* wave under the control condition was
93.44 9.7 j2m (n=12). Suramin (300 M), pyridoxal phcsghale-ﬁ—amphenyl—?'A‘-dtsu\phunic acid (PPADS; 100 1M) and U73122 (5 uM) also aholished the propagation of Ca** waves, bul
adenosine 3'-phosphate 5'-phosphosulphate (A3PSPS; 100 M), 1-octano! (500 M) or removal of extracellular Ca?* (0 Ca?*) failed to inhibil the mechanical-slimulation-evoked Ca’* wave in
NHEKs (n = 8-12)

DRG neurons was prepared as described in the Experimental tested: dF/F,=6.340.8 for ATP and 5.8 = 0.6 for UTP;, n=37
section. Figure 5(A) shows an immunohistochemical image of in four separate experiments), and 73% of NHEKs (58 out of
anti-cytokeratinl4 (red) and anti-peripherin (green) antibodies, 79 cells tested; dF/Fo=95.1£0.7 for ATP and 4.3 + 0.4 for UTP;
which are markers for the basal layer of keratinocytes and n=58 in four separate experiments). The UTP-evoked increases
small-sized DRG neurons respectively. When stimulated with in [Ca®*], in both types of cells were reproducible, and the firstand
80mM KCI, almost all peripherin-positive DRG neurons second UTP-evoked responses were almost identical. The average
(Figure 5B, green traces) exhibited increases in [Ca™];, whereas diameter of the small-sized DRG neurons was 218135 um,
cytokeratin14-positive NHEKs (Figure 5B, red trace) did not. Suramin (100 M) inhibited the UTP-evoked increases in [Ca™),
Both ATP (100 zM) and UTP (100 uM) caused increases in in both types of cells (DRG neurons, 10.2 4 2.1% of UTP alone,
[Ca**],in 71 % of the small-sized DRG neurons (37 out of 52 cells n=737. NHEKs, 32.1+4.6% of UTP alone, n=>58). Thus
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Figure 4  Visualization of release of ATP from NHEKs

lation. The position of pipelle is shown in a

The images show pholon counts (yellow dots) in a field of NHEKs bathed in luciterin-lucilerase reagent before (b) and alter (€) mechanical sti
phase-contrasl image of NHEKs (a). (d) A typical bioluminescence intensity~ATP concenlration relalionship under these condilions. Various concenlrations of ATP slandard solution were njecled
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Figure 5 Immunohistochemical staining of DRG neurons and NHEKs

(A) Aller some Ca?* imaging experiments, cells were lixed and stained with anti-cylokeratin14 and anli-peripherin antibodies for conlirming NHEKs and small-sized DRG neurons respectively
(B) Representalive Ca®* responses obtained Irom sell-ratios of fluo-4 fluorescence in anti-peripherin-posilive DRG newron (green) and anti-cylokeralin14-positive NHEK (red). Firsl, cells were
stimulated wilh 80 mM KCI for 3 5. Then, hey were stimulated wilh 100 (M ATP for 10 s and 100 <M UTP for 10 s separaled by 5 min. Finally, UTP (100 ;.M) was applied 1o the cells in the
presence of 100 .M suramin. Both ATP and UTP caused increases in | Cat* ) in approx. 71 % of he DRG neurons (37 out of 52 cells tested) and in 73 % of the NHEKs (58 oul of 79 cells lested) in
Ihe co-cullured 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 (gradeII1, 100 units/ml; Figures 6Cf and 6D), and suramin
(100 2M) inhibited the increase in [Ca®*]; (apyrase, 9.6+ 0.9%
of SI, n=21; suramin, 14.8+1.9% of S1, n=233). Thus we
concluded that the release of ATP in response to mechanical
stimulation from NHEKs functions as an intercellular molecule
between NHEKs 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-5€nsory 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 inositol 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 NHEKSs [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 P2Y, 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
glutamate [11,31] and ATP [15,30), rather than gap junctions [32],
are responsible for the propagation of Ca®* waves. We sought
lo 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, I-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,
receptors. As in astrocytes [15,30], extracellular ATP appears 1o
play a pivotal role in creating the dynamic changes for long-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-to-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 cell 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-
mediatled 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. lonotropic
P2X receplors, 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 1o the release of CGRP [44], and activation of P2Y,

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

(A} Phase-conlras! image () and pseudo colour [Ca™, images (self-ratios of fluo-4 fivorescence; b—1) in co-cullured NHEKS and DRG newrons oblained by confocal laser micioscopy. The while

ieclangle field in the middle of image b is shown enlarged in lhe bottom righl of images b{ The
shows Ihe inilialion ol C2?* wave in response to mechanical slimulation (cell 1). Scale bar, 50 .m

red arrowhead in image b depicis posilion 4 (DRG neuron 4). The while arrowhead in image ¢
(B) The graph shows individual Iraces of the seli-ralios of fluo-4 fluorescence in keratinocyles

(K1-K3) and DRG neuron (N4) shown in image Aa. Keralinocyle 1 was mechanically slimulated twice (arrows S1 and 52) separaled by 5 min. (C) Phase-contras! image (a) and pseudo colour
1Ca®*], images (sel-ralios of fluo-4 fluorescence; b-1) in co-cullured NHEKS and DRG neurons. The while rectangle field in the middle of image b is shown enlarged in the lop righ! of images b—I.
The red arrowhead in image b depicls posilion 4 (DRG neuron 4). The white arrowhead in image ¢ shows Ihe initialion of Ca?* wave in response to mechanical stimulalion (cell 1). Scale bar, 50 ;.m
(D) The graph shows individual Iraces of seli-ratios of fluo-4 fluorescence in keralinocyles (K1-K3) and DRG neuron (N4) shown in image a in C. Keratinocyle 1 was mechanically stimulated twice
(arrows S1 and S52) separated by 5 min. The first and second mechanical stimulations were petformed in Ihe absence and presence ol 100 unils/m! apyrase (grey horizantal 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 cannol
exclude the possibility that Ca** entry via P2X receptors is also
involved in Ca®* signalling in DRG neurons. 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 resulted in an increase in the activities of c-fibres, which
was mediated 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 a 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 autocrine and paracrine manner
in the peripheral skin-to-sensory neurons system. Metabotropic
P2Y, receptors may be important sensors for extracellular ATP in
both NHEK s and small-sized DRG neurons.
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