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P2X, mRNA Level Is Increased by Retinoids Treat-
ment in PC-12 Cells. The presence of putative RAREs in
the 5'-flanking region of the P2rx2 indicated the possibility
that retinoids may change the expression of P2X, receptors.
We examined the level of the P2X, mRNA expression in
PC-12 cells that had been treated with or without 9-cis-RA,
an active form of an endogenous vitamin A derivative, using
real-time quantitative RT-PCR analysis. We found that the
P2X, mRNA in 9-cis-RA (100 nM)-treated PC-12 cells was
markedly increased and the highest level was observed as
early as 3 h later (n = 4; *#*, p < 0.001), and the increase
persisted for at least 12 h after the treatment with 9-cis-RA
(n = 4; #e%, p < 0,001) (Fig. 2A). The increase in the level
of P2X, mRNA by 9-cis-RA was dose-dependent, and 2 sig-

nificant increase was seen at 100 and 1000 nM 9-cis-RA
(Fig. 2B).
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Fig. 1. Nucleotide sequence of the 5'-flanking region of the Wistar rat P2rx2. A 2524-base pair genomic sequence of §'

cloned and sequenced (GenBank accession no. AY749416) and analyzed
TESS. Predicted RARES, sequences are

CTGAGGTCAAGCTACACCCTACTCTCAGTTATTT!

underlined and indicated in bold.

9-cis-RA is known to be an activator of the nuclear recep-
tors RXR and RAR (Aranda and Pascual, 2001). RXR can
form as homodimers and as heterodimers with a number of
other nuclear receptors such as RAR (Aranda and Pascual,
9001). To clarify the nuclear receptors involved in the in-
crease in the level of P2X, mRNA, we used two ligands,
all-trans-retinoic acid (atRA) (Aranda and Pascual, 2001) and
PA024 (Takahashi et al., 2002), agonists preferentially of
RAR and RXR, respectively. In this experiment, PC-12 cells
were cultured in serum-free medium to detect only the effects
of RAR and RXR agonists because serum contains large
amounts of retinoids and binding protein (Mori, 1878). In this
condition, a dose-dependent increase in the level of P2X,
mRNA was also observed in cells treated with 9-cis-RA
(Fig. 3) as in cells grown in medium with serum (Fig. 2). We
treated PC-12 cells with atRA and found that the level of
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P2X, mRNA was markedly increased. The increase was in a
dose-dependent manner, and a significant increase was seen
at the range of 10 to 1000 nM atRA (Fig. 3). By contrast, the
preferential agonist of RXR, PA024 (1-100 nM), did not in-
crease the level of P2X, mRNA. Because PC-12 cells undergo
apoptotic cell death by serum deprivation (Batistatou and
Greene, 1993), we maintained cells in serum-containing me-
dium for other experiments.
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Fig. 2. Increase in the level of P2X, receptor mRNA by 9-cis-retinoic acid.
PC-12 cells were treated with 100 nM 9-cis-RA for 1, 3, 6, and 12 h (A) or
with different concentrations of 9-cis-RA (1-1000 nM) (B) followed by
real-time RT-PCR analysis of P2X, and GAPDH mRNAs. P2X, mRNA
levels were normalized by GAPDH mRNA levels, and each set of data
represents the means = S.E.M. of percentages of control from four indi-
vidual experiments (**», p < 0.001; ¢, p < 0.05, multiple comparisons
versus control group using Bonferroni ¢ test after one-way ANOVA).
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Fig. 3. Effects of selective RAR and RXR agonists on the level of P2X,
receptor mRNA. PC-12 cells were treated with 8-cis-RA, atra, or PA024 at
different concentrations for 3 h in serum-free condition followed by real-
time RT-PCR analysis of P2X, and GAPDH mRNAs. P2X; mRNA levels
were normalized by the GAPDH mRNA levels, and each set of data
represents the means = S.EM. of the percentage over the value of the
control group from four individual experiments (*==, p < 0.001; ++, p <
0.01; *, p < 0.05, multiple comparisons versus control group using Bon-
ferroni t test after one-way ANOVA),
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Retinoids Stimulate the Promoter Activity Driven
by the 5'-Flanking Region of P2rx2. To determine
whether 9-cis-RA increases P2X, mRNA at the transcrip-
tional level, we examined the transcriptional activity of the
5'-flanking region of P2rx2 (Fig. 4) using a dual-luciferase
reporter assay method. The 5'-flanking region of P2rx2 (a
2524-bp fragment upstream of the putative transcription
start site) was inserted into the multicloning site of the
pGL3-basic firefly luciferase assay vector (termed pP2X2luc)
(Fig. 4A), which was transiently transfected into PC-12 cells.
The cloned sequence increased basal luciferase activity by
25-fold. This confirmed that the sequence can promote down-
stream transcription. When stimulated with 1 uM 9-cis-RA,
pP2X2luc exhibited higher luciferase activity (from 25.7 =
2.1t0 42 = 2.0, 65% increase; n = 8; »+=, p < 0,001) (Fig. 4B).
A similar increase in the luciferase activity was also observed
with atRA (from 25.7 = 2.1to 34.8 * 2.9., 35% increase; n =
8; w#», p < 0.001). These results indicate that 9-cis-RA and
atRA increase the promoter activity of the cloned 5'-flanking
region of P2rx2. Furthermore, the increases in luciferase
activity by 9-cis-RA and atRA were lost in cells transfected
with a vector lacking the fragment from —2524 to -1924
(Del-pP2X2luc) where three putative RAREs are located (Fig.
4A). In addition, the pGL3-basic vector without the 6'-flank-
ing region of P2rx2 showed no transeriptional activity, the
RAR agonists caused no change, and basal activity of Del-
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Fig. 4. Transcriptional activity of the 5'-flanking region of P2rx2 by retinoic
acids. The two constructed vectors (pP2X2luc and Del-pP2X2luc) and the
empty vector (pGL3-basic) used in the experiment, as described under Ma-
terials and Methods, are schematically illustrated. Each construct was
transfected into PC-12 cells, and the firefly luciferase activity, normalized to
the R. reniformis luciferase activity driven by the cotransfected phRL-TK,
was determined 24 h after the transfection in the presence or absence of 1
uM 9-¢cis-RA or 1 uM atRA (pGL3-basic, open columns; pP2X2luc, closed
columns; and Del-pP2X2luc, gray columns). Each value represents the
mean * SEM. of the relative light activities to the control treated pGL3-
basic vector activity (n = 8; =+» p < 0.001 by Student-Newman-Keuls
method after two-way ANOVA, compared with the value of control group).
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pP2X2luc was decreased to 19-fold greater than pGL3, com-
pared with 25-fold grater than pGL3 for pP2X2luc. These
results indicate that the RAREs mediate the transcriptional
activity of the 5'-flanking region of the P2rx2 by retinoids.

The Protein Level of P2X, in PC-12 Cells Is Increased
by 9-cis-RA Treatment. To investigate whether 9-cis-RA
increases the level of P2X, protein as a consequence of an
increase in the mRNA level, we performed Western blot
analyses to detect P2X, protein by using a specific antibody
for the P2X, receptor. The specificity of antibody was con-
firmed by comparing protein blots of 1321N1 cells transfected
or untransfected with rP2X2-GFP. In cells transfected with
rP2X2-GFP, a single band is detected at approximately 90
kDa, consistent with the molecular mass sum of P2X, and
GFP, whereas no band was detected in untransfected cells. In
PC-12 cells, the antibody detected an intense band at approx-
imately 70 kDa with a weak smear ranging from 60 to 80 kDa
that was postulated to be glycosylated P2X, protein. In
PC-12 cells that had been treated with 9-cis-RA (1-1000 nM)
for 24 h, the P2X, protein was significantly increased in a
concentration-dependent manner up to approximately 656%
(n = 4-14; », p < 0.05, »+, p < 0.01) (Fig. 5) in comparison
with the level expressed in control. The increase in the P2X,
receptor protein by 9-cis-RA was consistent with that in P2X,
mRNA.

9-cis-RA Increased the Amplitude of ATP-Evoked
Whole-Cell Current in PC-12 Cells. P2X, receptors form
nonselective cation channels, and ATP evokes an inward
current (North, 2002). Thus, to investigate whether 9-cis-RA
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Fig. 5. Increase in P2X, protein expression by 9-cis-RA. Total protein
from PC-12 cells treated with or without 9-cis-RA (range 1-1000 nM) for
24 h was subjected to Western blot analysis. The proteins of P2X, recep-
tor and B-actin were detected by their specific antibodies. The intensities
of the bands were quantified, and the relative values of P2X, protein were
normalized by the values of the B-actin protein levels for the loading
control. The anti-P2X, antibody was tested on the lysate of 1321N1 cells
with or without transfection of P2X2-GFP expression vector. Each set of
data represents the mean = S.E.M. of the percentage over the control
(n = 4-14; =, p < 0.05; *», p < 0.01 by multiple comparisons versus
control group using Bonferroni ¢ test after one-way ANOVA).
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increases the level of P2X, receptors in PC-12 cells as func-
tional channels, we performed whole-cell patch-clamp record-
ings to examine the ATP-activated inward current. Treat-
ment of cells with 100 nM 9-cis-RA for 24 h significantly
increased the amplitude of the ATP-evoked inward current
(#+, p < 0.01; Fig. 6, A and B). The concentration-response
curves for the ATP-activated currents in control and 8-cis-
RA-treated cells showed that 9-cis-RA did not change the Hill
coefficient (control cells, 1.9; 9-cis-RA-treated cells, 2.1) and
ECq, value (control cells, 33; 9-cis-RA-treated cells, 30) but
enhanced the maximal response (Fig. 6B). Furthermore, 20
uM PPADS almost completely blocked ATP-induced current,
which means PPADS-insensitive P2X, expression is too low
to evoke the whole cell current, even though mRNA expres-
sion is detectable by RT-PCR. The membrane capacitance,
reversal potential, inward rectification property (data not
shown), and activation kinetics estimated from the current
trace were not significantly changed in the 9-cis-RA-treated
cells, compared with untreated controls. These results indi-
cate that the expression of functional P2X, receptors is in-
creased on the plasma membrane of 9-cis-RA-treated PC-12
cells.

9.cis-RA Facilitates P2X-Mediated [Ca®*"], Elevation.
P2X, receptors are reported to be highly permeable to Ca®*
(Virginio et al., 1998). We monitored the level of [Ca®"]; in
individual PC-12 cells using the Ca?*-sensitive fluorescent
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Fig. 6. Effect of 9-cis-RA on ATP-induced whole cell current in PC-12
cells. A, representatives traces were the currents evoked by 100 uM ATP
in PC-12 cells with or without 100 nM 9-cis-RA for 24 h. Cells were
voltage-clamped at -60 mV. B, concentration-dependent curves were
made by measuring currents elicited by a series of ATP concentrations
with or without 20 uM PPADS. Each point represents the mean values =
S.E.M. of the maximum amplitude of the ATP-evoked currents (n
10-13; *», p < 0.01 by ¢ test, compared with the value of the correspond-

ing control group) and was fitted to a sigmoidal curve to calculate Hill
coeflicient and the ECg, values.



dye fura-2 and examined the effects of 9-cis-RA on the ATP-
evoked [Ca?*), elevation. Applying 100 uM ATP produced an
increase in the 340/360 emission ratio for fura-2 (n = 21
cells), indicating that ATP caused an increase in [Ca®*]; in
the PC-12 cells (Fig. 7A), as shown previously (Fasolato et al.,
1990). Treatment of the cells with 100 nM 9-cis-RA for 24 h
significantly enhanced the ATP-evoked increase in (Ca®*); by
approximately 30% (#+, p < 0.01) (Fig. 7, A and B). PC-12
cells express not only P2X, but also P2Y (presumably P2Y,)
receptors (Raha et al., 1993), both of which increase [Ca®*);
after their activation. It has been shown that the P2X and
P2Y receptor-mediated [Ca®*); elevations can be distin-
guished by using an extracellular recording solution (BSS)
without Ca?* to remove P2X component and by treating cells
with the phospholipase CB inhibitor U-73122 to remove the
P2Y component. When Ca®* was not added to the extracel-
lular solution, the increase in [Ca®*]; evoked by ATP was
markedly reduced by ~55% (n = 24 cells) (Fig. 7B). On the
other hand, U-73122 (5 wM) reduced the ATP-evoked in-
crease in [Ca®*); by approximately 40%. PC-12 cells that had
been treated with 9-cis-RA did not show any enhancement of
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Fig. 7. Effect of 9-cis-RA on ATP-induced [Ca®*), elevation in PC-12 cells.
A, traces showing the records of the fura-2 emission ratios from PC-12
cells onto which 100 pM ATP was applied with or without 100 nM
9is-RA for 24 h. B, ATP-induced [Ca®*), elevations were measured in
several different conditions (from left: normal BSS, n = 9; Ca®* -free BSS,
n = 5; 20 xM PPADS, n = 3; and 5 pM U-73122, n = 6). To measure the
{Ca?*), elevation by the depolarizing stimulation, BSS containing & high
concentration of potassium (80 mM; n = 5) was applied. Each set of data
represents the mean * S.EM. of the maximum responses of the ratio-
metric fura-2 fluorescence (AF,,o/AF55), Which were normalized by the
value obtained from control PC-12 cells (v#, p < 0.01 by Student-New-

man-Keuls method after two-way ANOVA, compared with the value of
control group).
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the ATP-evoked [Ca®*), elevation in the extracellular record-
ing solution without Ca®* but did after treatment with
U-73122 (Fig. 7B). Furthermore, inhibition of P2X, but not
P2X, by 20 uM PPADS reduced ATP-evoked [Ca?*]; eleva-
tion to the level in Ca2*-free BSS both in 9-cis-RA-treated or
untreated PC-12 cells (Fig. 7B). This result suggests ATP-
evoked Ca?* influx through P2X receptors does not include
P2X, response. Application of 80 mM K* evoked the release
of DA presumably via activating voltage-dependent oat
channels (VDCCs) (Waterman, 2000), but the [Ca®*]; eleva-
tion evoked by 80 mM K* was not altered by the treatment
with 9-cis-RA (Fig. 7B). Together, these results indicate that
9-cis-RA up-regulates the expression of P2X, receptors in
PC-12 cells, and activating them by ATP increases Ca®”
influx, which contributes to enhancing the neurotransmitter
release.

ATP-Induced DA Release from PC-12 Cells Is En-
hanced by 9-cis-RA Treatment. PC-12 cells are known as
a model of neuronal cells (Shafer and Atchison, 1991) and are
able to release neurotransmitters such as catecholamines by
various extracellular stimuli, including ATP (Nakazawa and
Inoue, 1992). The ATP-evoked DA release requires Ca®*
influx into cells mediated through opening P2X, receptor
channels but not VDCCs (Inoue et al., 1989). Thus, we inves-
tigated whether the ATP-evoked release of DA from PC-12
cells is modulated by 9-cis-RA. Stimulation of PC-12 cells
with 30 uM ATP for 1 min caused the release of DA as shown
previously (Nakazawa and Inoue, 1992). By contrast, in
PC-12 cells treated with 100 nM 9-cis-RA for 24 h, the ATP-
evoked DA release was significantly enhanced by 35.7 = 7.3%
(n = 9; ++*, p < 0.001; Fig. 8A) without significant change in
the total DA content in the cells (94.4 * 2.4%; p = 0.07; Fig.
8B). 9-cis-RA did not affect the spontaneous release of DA
from PC-12 cells (control cells, 7.7 = 2.5%; 9-cis-RA-treated
cells, 12.8 = 3.1%; p = 0.23; Fig. 8A).
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Fig. 8. Enhancement of ATP-evoked dopamine release from PC-12 cells
by 9-cis-RA. PC-12 cells were incubated with or without 9-cis-RA for 24 h.
A, the extracellular contents of DA after the application of 30 uM ATP for
1 min were measured with the high-performance liquid chromatography
combined with electrochemical detection system, B, measured amount of
extracellular and intracellular DA was compared as percentage of
9.cis-RA untreated cells. Amount of DA released by ATP was calculated
by dividing supernatant values by the sum of supernatant and pellet
values and shown as the mean * S.E.M. of the percentage of the ATP-
evoked DA release in 9-cis-RA-untreated control cells (n = @} *#2¢, p <
0.001 by ¢ test).
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Discussion

In the present study, we first identified three motifs that
are canonical consensus sequences of RAREs in the cloned
5'-flanking region of the Wistar rat P2rx2 and found that
9-cis-RA, an endogenous vitamin A derivative, increases the
expression of the P2X, receptor at the transcriptional Jevel in
the neuronal model PC-12 cells. The transcriptional effects of
9-cis-RA are primarily mediated by activating two families of
nuclear receptors, RARs and RXRs (Chambon, 1996). RXRs
can form as homodimers and as heterodimers with a number
of other nuclear receptors such as thyroid hormone receptor,
vitamin D receptor, and RAR (Aranda and Pascual, 2001).
Among them, the RXR/RAR heterodimer is known to respond
specifically to the RAR activator atRA (Kurokawa et al,
1994), The present study did not show direct binding of RAR
and RXR with 5'-flanking region of P2rx2 but did demon-
strate that atRA-treated PC-12 cells also show an increase in
the level of P2X, mRNA expression, suggesting the involve-
ment of RAR in regulating the P2X, receptor expression in
PC-12 cells. PA024 did not increase the level of P2X, mRNA.
A slight, but not significant, increase in P2X, mRNA was
seen. This finding corresponds with the fact that a low activ-
ity of PAD24 alone was observed in an experiment of retinoid-
induced HL-80 differentiation (Ishida et al., 2003). That
PA024 scarcely increased the P2X, mRNA expression is con-
sistent with the findings of previous studies showing that a
single application of RXR-selective agonists does not induce
gene transcription (Minucci et al,, 1997; Ishida et al,, 2003)
and is supported by the notion that the RXR ligand induces
homodimerization of RXR and inhibits heterodimerization
without dimerization partner ligands; moreover, a partner
ligand is sufficient for heterodimerization (Dong and Noy,
1998). The RXR/RAR heterodimer generally binds to the DR5
RARE (Kurokawa et al., 1994) and also binds to DR1 (Kuro-
kawa et al., 1994). We determined the P2X, mRNA transcrip-
tion start site by 5' RACE, which is located near the site
supposed by RefSeq entry (NM_053656). We also had the
predictions for some transcription factor binding sites in the
5'-flanking region of the rat P2rx2 cloned in the current
study, which include the DR5 and DR1 sequences located at
—2381/—-2397 and —2292/—2294 from the transcription start
site. It includes other factors such as simian virus 40 protein
1, activator protein-2, nuclear factor-«B, GATA-1, cAMP re-
sponse element binding protein, GC-box, and initiator se-
quence as well. Consensus sequences for GC-box and initia-
tor found in our cloned sequence imply that core promoter
region would exist near the 5' end of our cloned sequence.
Although the factors we showed here were just the candi-
dates estimated by the electrical search system, we con-
firmed that the cloned fragment has sensitivity to retinoid
treatment and deletion of a fragment containing DR ele-
ments lead to abolishing the 9-cis-RA- and atRA-mediated
and parts of basal transcriptional activities. On the other
hand, the deleted fragment also contains DR4, but this is
known as a binding site of RXR heterodimerized with nuclear
receptors other than RARs (Aranda and Pascual, 2001). Be-
cause RAR/RAR homodimerization has not been reported,
our series of results could suggest that retinoic acids activate
RAR/RXR heterodimers that bind to RAREs (DR5 and/or to
DR1-responsive elements) located at the distant place from
transcription start site in the promoter region of the P2rx2,
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which in turn work as activators of basal transcription ma-
chinery and lead to an increase in the transcription of P2X,
receptors in PC-12 cells. ’ ‘

The biochemical analysis in the present study indicated
that the increase in P2X, transcription resulted in an in-
crease in the level of P2X, protein. Furthermore, we found
that the maximal responses of ATP-evoked currents were
enhanced in 9-cis-RA-treated PC-12 cells. The inward cur-
rents evoked by ATP in PC-12 cells have been demonstrated
to be inhibited by suramin, PPADS, and reactive blue 2
(Inoue et al., 1991a,b), a pharmacological profile that fits rat
P2X, receptors, thus suggesting an increase in the level of
functional P2X, protein. This view is strongly supported by
the finding that the Ca®** response evoked by ATP in 9-cis-
RA-treated PC-12 cells was enhanced in the presence of a
phospholipase CB inhibitor, which abolishes P2Y-mediated
Ca®* responses. It could be possible that ATP produces an
inward current via activating another P2X subtype. Indeed,
in addition to P2X, receptors P2X, transcript was also de-
tected in PC-12 cells by our RT-PCR analysis (our unpub-
lished observation). However, 20 uM PPADS almost com-
pletely blocked ATP-induced inward currents and [Ca®*);
elevation, and 9-cis-RA did not alter the EC5 and Hill coef-
ficient value of the ATP-evoked currents in the PC-12 cells. It
is suggested that functional P2X, receptor is not expressed
on the cell membrane. In addition, the mRNA level of the
P2X, receptor in the PC-12 cells was not changed by treat-
ment with 9-cis-RA (our unpublished observation). In human
cervical epithelial cells, however, the expression of P2X,
mRNA has been reported to be increased by atRA (Gorodeski,
2002). This discrepancy may be due to differences in the
species, the basal expression levels of P2X, receptors, and the
expression of RAR and RXR isoforms or the large numbers of
coregulators.

In the nervous system, a key function of P2X, receptors is
to increase release of neurotransmitters (Khakh et al., 2003).
PC-12 cells are frequently used in studies investigating stim-
ulus-induced vesicular transmitter release (Shafer and
Atchison, 1991). We have observed that retinoid significantly
enhanced the ATP-evoked release of DA from PC-12 cells.
Because retinoid treatment might lead to the changes in
many gene transcriptions involved in [Ca®*], elevation, exo-
cytotic machinery, or packaging in vesicles, the enhancement
of DA release seen in the present study might include mul-
tiple interpretations. However, we found that enhancement
by 9-cis-RA of the P2X, receptor protein expression level and
ATP-activated Ca®* entry was almost identical to that of the
ATP-evoked DA release. In addition, 9-cis-RA did not affect
basal release or the total content of DA in PC-12 cells, sug-
gesting the 9-cis-RA affects neither DA biosynthesis nor exo-
cytotic machinery itself. Calcium is one of the most important
factors to regulate exocytosis, and we previously showed that
the ATP-evoked DA release from PC-12 cells is induced by
Ca?* influx directly via P2X, channels but not via VDCCs
(Nakazawa and Inoue, 1992). Together with this, the most
probable interpretation of the results could be that 9-cis-RA
up-regulates P2X, receptor mRNAs and proteins, thereby
leading to enhancement of P2X, receptor-mediated Ca®* en-
try and DA release in PC-12 cells.

In native neurons, activating P2X receptors on the presyn-
apses facilitates the release of neurotransmitters by direct-
ing Ca®* influx through P2X receptors (Shigetomi and Kato,



2004). This raises the possibility that retinoids may increase
the synaptic effects of ATP in modulating neurotransmitter
release in native neurons by up-regulating P2X, receptors. In
the adult brain, relatively high levels of retinoic acid are
detected (Werner and Deluca, 2002). In particular, in the
hippocampal region it has been shown that molecules re-
quired for retinoid signaling pathways are expressed (Mac-
Donald et al., 1990; Werner and Deluca, 2002). These include
cellular retinol binding proteins that facilitate retinol uptake
into cells; retinal dehydrogenases, which are enzymes for the
synthesis of retinoids; and cellular retinoic acid binding pro-
teins, which are thought to deliver atRA to RAR in cell nuclei,
as well as RARs and RXRs (Dong et al., 1999). The hippocam-
pus is one of the areas where the roles of P2X, receptors in
facilitating neurotransmitter release have been investigated
(Khakh et al,, 2003; Shigetomi and Kato, 2004). One can
question that retinoid effect on the PC-12 cells is the conse-
quence of the differentiation of PC-12 into neurons. However,
morphological differentiation of PC-12 cells by retinoic acid
requires a period of greater than 3 weeks, and retinoic acid
treatment increased differentiation of nerve growth factor-
stimulated PC-12 cells (Boniece and Wagner, 1995). Thus,
retinoic acid-induced differentiation of PC-12 cells was sug-
gested to be the consequence of complicated molecular mod-
ulations. In fact, we observed up-regulation of P2X; mRNA
within 3 h after retinoids treatment. Hence, the effect of
retinoids on P2X, expression could be a notable factor for the
differentiation, but it might be distinguished from differen-
tiation of PC-12 cells. The up-regulation of P2X, receptors by
retinoids may be involved in some of the biclogical effects of
retinoids in neuronal function and synaptic plasticity in the
nervous system (Wang et al., 2004).

In the present study, we found that the P2X; receptor is
up-regulated by retinoids as a result of increased tran-
scription most likely mediated by the retinoid-activated
RAR heterodimerized with RXR acting on RAREs (presum-
ably DR5- and DR1-responsive elements) in the promoter
region of P2rz2 in neuronal cells. An increase in the ex-
pression of P2X, receptors in neuronal cells has recently
been implicated in the development of several pathological
states, such as brain ischemia (Cavaliere et al., 2003) and
chronic pain (Xu and Huang, 2002), and P2X, receptor
might thus be a target for their treatment. It is noteworthy
that in an analysis of the human genomic sequence using
TESS, we also found a putative DR5-responsive element in
the 5'-flanking region of the human P2X, gene. Together,
the present results provide the molecular mechanism un-
derlying the expression of P2X, receptors and may help in
understanding the roles of P2X, receptors in the regula-
tion of neurcnal function, synaptic plasticity, and patho-
physiology in the nervous system.
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Abstract

ATP acts as an intercellular messenger in a variety of cells. Here we characterized the Ca2*+ wave
propagation mediated by extracellular ATP in cultured normal human epidermal keratinocytes
(NHEKS) also co-cultured with mouse dorsal root ganglion (DRG) neurons. We also asked about
physiological consequence of the ATP-mediated communication in relation to pain by behavioral
analysis. Pharmacological characterization showed that NHEKs express functional metabotropic
P2Y2 receptors. When a cell was gently stimulated with a glass pipette, an increase in the intracel-
lular Ca?* concentration ([Ca2*]i) was observed, followed by propagating Ca2* waves in neighboring
cells in an extracellular ATP-dependent fashion. Using an ATP-imaging technique, the release and
diffusion of ATP among NHEKs were confirmed. DRG neurons are known to innervate the epidermis
that is mainly composed of keratinocytes. In the co-culture of NHEKs and DRG neurons, mechanical
stimulation-evoked Ca®* waves in NHEKs evoked the [Ca2+]i elevation in adjacent DRG neurons,
which was also dependent on extracellualr ATP and the activation of P2Y2 receptors. Extracellular
ATP is a dominant messenger that forms intercellular Ca2* waves in NHEKs. In addition, Ca2*
waves in NHEKs could produce a [Ca®*]i elevation in DRG neurons, suggesting dynamic cross talk
between skin and sensory neurons mediated by extracellular ATP. Next we investigated a physio-
logical consequence of the ATP-mediated communications. Injection of the P2Y2 and P2Y4 receptor
agonist uridine 5'-triphosphate (UTP) into plantar surface in rats produced the mechanical allodynia
in a concentration-dependent manner. The UTP-induced mechanical allodynia was inhibited by the
P2 receptor antagonist PPADS (pyridoxal-phosphate-6-azophenyl-2',4'-disulfonate) or antisense

oligonucleotide for P2Y2 receptors. Taken together, ATP is a key molecule that mediates pain signal-
ing from skin to sensory neurons.

Key words: ATP; P2Y receptor; Skin-sensory interaction
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Fig. 1 Pharmacological characterization of inereases in [Ca2+]i in NHEKs,

(A) Changes in [Ca®*]i in NHEKSs were assessed by a conventional fura-2 fluorescence method. The value show ratiometric
fura-2 fluorescence {AF340/F360) in responses to various ATP analogues. ATP and UTP were almost equipotent to produce
[Ca?*]i in NHEKs. (B) Phase-contrast (left) and pseudo-colored [Ca2+)i images of a field of cultured NHEKs in the absence
(upper panels) and presence (lower panels) of apyrase (80 units/ml). Increase in [Ca2*)i was estimated by self-ratio of fluo-4
fluorescence (AF/F0), which wae obtained by a laser confocal microscopy. A single NHEK was mechanically stimulated. (C)
The diameter of the spreading distance of Ca?* wave was calculated in the absence and presence of various chemicals. The
average diameter of the Ca?* wave in the control condition was 93.4 + 9.7 pm (n=12). Suramin (300 M), PPADS (100 M)
and U78122 (5 pM) also abolished the Ca®* wave propagation, but A3P5PS (100 pM), 1-octanol (500 1uM) or removal of extra-
cellular Ca®* (0 Ca?*) failed to inhibit the mechanical stimulation-evoked Ca2* wave in NHEKs (n = 8-12),
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Fig. 2 Visualization of release of ATP from NHEKs.

in a field of NHEKs bathed in luciferin-luciferase reagent before (C) and 30 s
after (D) mechanical stimulation. Position of pipette is shown inap

luminescence intensity-ATP concentration relationship in this condition. Various concent

The images show photon counts (white dots)
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wave D{Z3§ A% E» NHEKs (Fig. 83D D K2 B8 &
U'K3) BLUDRG=a—0uv (Fig.3D M N4)
BT A L, Zhdfapyrase (Fig. 8D O%) B
I U suramin (7.4 = 1.1% of control, n=7, p<0.01)
L hipglsniz &2, NHEKs &€ DRG=a—
o vBOa3Iazhr—avdt ATP/P2Y2 £HFHK
EMRETwAZ LEL M 2o (Fig. 3).
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Fig.3 ATP-mediated communication between DRG neurons and NHEKs.

(A) After some Ca2* imaging experiments, cells were fixed and stained with anti-cytokeratinld (red) and anti-peripherin
(green) antibodies for confirming NHEKSs and small-sized DRG neurons, respectively, (B) Summary of Ca®* responses
obtained from self ratios of fluo-4 fluorescence in anti-peripherin positive DRG neuron (green) and anti-cytokeratinl4 posi-
tive NHEK (red). Firstly, cells were stimulated with 80 mM KCl for 3 s. Then, they were stimulated with 100 pM ATP and
UTP for 10 s separated by 5 min. Finally, UTP (100 pM) was applied to the cells in the presence of 100 pM suramin. Both
ATP and UTP produced elevations in [Ca®*]i in about 71% of the DRG neurons (37 out of 52 cells tested) and 73% of the
NHEKs (58 out of 79 cells tested) in the co-cultured cells. (C) Schematic images of NHEKs (K1-K3) and DRG neuron (N4)
were shown, Black arrow shows the position of the micropipette for stimulation. (D) The graph shows individual traces of
self ratios of fluo-4 fluorescence in keratinocytes (K1-K3) and DRG neuron (N4) shown in C. Keratinocyte 1 was mechanical-
ly stimulated twice (arrowheads S1 and S2) separated by 5 min. The first and second mechanical stimulation was performed
in the absence and presence of 100 units/ml apyrase (gray horizontal bar).

2. P2YREMELER (Z & D MR T [Ca2t)i LEVER SN,
RM»6HEBINT ATP R, —RRLEREIC Zhid P2 EHEERE suramin 3 X U PPADS T
FEL, PYo XA E L LES. T T, Pl iz, BRIEVWE 12, UTPIC X 2 Ca2* It
—ZRAEMEECBIT S PRY: RERERIALIED B, —KBREMEORTLNHOH TH L ¥ v
L) LAEBBREL) Y7 LTVAOEEI 2 18R ZFUBHBCIBEEBLTY. Zhbid UTP 290
L72E i, —RRLOBEMBZIZEHEL TS P2X3 BODRG=2—u T [Ca®*)ik LR & 10,
BIUPZXs RBHD, WEMELHEREI) Y2 cyclic AMP response element binding protein % &1
LTWwaZEBRCAONTWS ML —5 (k350 LOEFERF—F L E{—KLTWS
MAEEDRG = 2 —0O X2 PY2 SR ALER FIZP2Ye RBERERLE BEREOME R0
LTwi, 230, P2Ye ZRBHREFEUTP ORIl W THRELZ. v bOBRREELIC UTP 2 #5
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Fig. 4 Mechanical allodynia induced by an intraplan-
tar injection of UTP in rats.

An injection of UTP into the plantar surface of the hindpaw
produced mechanical alledynia in a concentration depend-
ent fashion over a concentration range from 0.1 to 100 nmol/
paw. Time course of the mean % s.e.m. paw withdrawal

threshold (g) for von Frey filaments after the UTP injection
is shown. :

+rE, REKENICAN=ANTOFA =TI
gans (Fig.4). TOUTPIL&2TATA=7
12, P2Xon EBEHANTHT O 4 =T LRRER
e, LabLhBSMTHon Y, UTPRESE
Bho 240 5BEITOTOETA —7oEME TR
LT (AUC0-240:0~ 2403 TDTRT A =T 1E
% AUC T L72), P2 £k PPADS D%
BAMWE L7k B, PPADS ORILAER, ZOT
O =7 240 8EHKI LT (AUCo-240: 22.8
+ 5.9% of UTP alone, n=8, p<0.01). 77 7 A4
SURESERERIET v b TR, UTPIKEAT T
FoAoTHERICHH SN &b (AUCo-240:
49.7 + 9.1% of control rats, n=7, p<0.05), hE D7
44 YV EEE— RO (C i) 2° UTP
XD MEL, TOFA=TEHFRLTVIEER
bha, BEZEMFEELT, UTP MERT A P2Ye2
3 X UFP2Ys, %72 UTP OAMEY UDP 2R T
3 P2Ye THEMAENBTFHNEA, P2Y2 T ¥ gy o
24 T UTP L AT OF4 =T RECHRT
2 A% (AUCo-240: 27.6 = 6.6% of UTP alone, n=8,
p<0.01), P2Ya 7 v F v A ) TRHBLEVE
* (AUCo-240: 94.8 + 12.8% of UTP alone, n=7, p>
0.05), P2Ye /¥ UDP 7074 =T EHRL
vz kb (AUCo-240: 6.8 % 4.8% of UTP alone,
rm&p@%%?%ﬁ%@ﬁ#?m?4:7mm®
HESEARLZZALNS.
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POYa FE AL AT L TR A R EAAPICHAT
BAN=ZZALERBTHA. Wi, PY 5B
(P2Y1 & A\ 1 P2Y2) &1L PKC 2aLTH
44 Y S5 TRPV] ORGE MM L, Al
T ABEBMESIERITIENRESN
7712, LpALUTPICE A7 074 =T PKC
BEKETS (HEBENT (AUCo-240: 948 13.6%
of UTP alone, n=8, p>0.05), ¥ 7z TRPV1 &l
I BEBESF v (AUCo-240: 89.8 + 14.6% of
UTP alone, n=6, p>0.05). L7:#=>7T, X h=hl
7O74 =T RBIIELT L b TRPV1 OBEHET
EABE LTV RWITRENEZ LN, ToRKE
DRG = 2— 0 ¥ IZit P2Y1 SEANRRLTHY,
-0 P2Y1 EEAFBAEOEEAEL) Y2 LT
WATEEMAT 70 Y 2 ¥ VEBMRe, 2T
WTH&ﬁ-mﬁw&%T%B#uénTm%&
L7:#toT, RO A A= X Ld/hE DRG =2 —
ayvoP2Y: EEEENT S Y VT VERICEEL
TWATMEEELEZ OGNS,

F7:, EBOBERZVLOD, P2Y TEBLE
ﬁﬁﬁ%%%ittém,7zbuﬁ4b#ﬁ%k
#0183, ATP IAHRETREMA O 1/3 TRIGHE
YRTOIHLT, FHEATAIOTA b TIXFE
Y4l T ATP T Ca2* MO bNE. TAD
T4 b TOATP BB, P2Y1 BIUP2Y2 %
BAENANEL, GEBK/PLC/InsP3 FoiEHA
ABE5ELTWED, E6ICT7AMETA hix ATP
AHM L, P2Y1 8 XU P2Y2 ZEEENLTHE
+A7A0 M4 bB X UHEHRRIC Ca?* wave &
FiEsen, TAIOYA b, BRREEERET
Jb@ii&#ﬁ%é:ru‘:ﬁ’fiﬁﬁ%i’ﬂf!ﬁ%@’ﬁ‘ﬁmi‘
WL ER RO ONB T L, P2Y) RN
S E MR TV ORMRA TRAMNSTOLD
LLTDNARA 707 LA THRBBERAZES
YEET AL, TAPOHA D ATPP2Y Z&4
S FLELEEEEE® Y Yy LT AT
MNELLNA.

L, BEFSF /A MPERABICEELT
ATP #H L P2Y2 B4R 22 i & DAl
B THRERBMLTVAZ L, ELEIDVTT
VAR AN T BB —RROEMED P2Y2 &
BERERILL, AAZANTOTFA=TEGIEE
AR ERLE. BEEE, B ORI B2V
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DAEEICIS, CBEEMERY ATP REKTH 2 P2Y ZEMKLEEL TV 5
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WHwAD ATP Z4E (P2 Z%MH) cDNA »7
0 —=r 73 NTLUR, TOMMIaMEHRzED
HELTHEPKEHSESN TS, P2 EEMEIZ,
AFAyF 32N R PXEEREGCEIELR
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SHHEPIR - RKIEEM DT, EEOH 503
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CGEBHELERE P2YRER
P 2 XI.J.E\H»H

®1 ATPZ2EEOERE
£ * v F o ANH P2X 28K P2X,,0 7THIM, GERBEKEN P2Y XAFMKI

P2Y, 2461114 D B HigsA I 6Ty 5

(b oTWEEELXSFTHE, —F, —K
sSROMENE B U0 B0EIzciGERER
B P2Y BAEFLFLELTWAHI LML
ko tads, P2Y BAEMRLMESEICHT S
R 3 v, RIFTE, —ROROEIE DR
BATE L ATP L OBEREICOWT, FriC P2Y
FEMCEB L TRENMRZWET 5.

1. DRG » P2Y 2&EH

—JGROMEFIR I PR2Y ZEMH L RIAL T
W3, P2Y 2K MEFROETEICHT 5K
WM RIZ, Nakamura & Strittmatter” D
LTH D, WHH13P2Y, ZE A mRNA 5, KT
HARME TG (dorsal root ganglion : DRG)
e = —74 —Td 5 RT-97 i HE 0
Naic M L Twas b2 RINLA, S hHIC,
PoY1 RAEMGE RN BRI RLT 7 ) AV AT
TOVIRFEMIL T, Muilikic & ) B S bH M
R A, ALIIE ATP (1 xM kKin) A < 5
MY A, F, ATNVTFRER O &5

R 22 Y299

413

TR ORE L ATP THFICH KL, ATP
ZZARIEDIE (suramin : pyridoxal-phosphate
-6-azophenyl-2', 4'-disulfonic acid (PPADS))

B LU ATP 9 1fEE3 apyrase IZ & D IHET 5.
f1:, =7 AN &MY DRG gz 8WT L,
teity ki o) DRG #hikalie T, ATP filikic &

D #RIL P A L 27 AREE E R AR b i, InsP,

BREIEME S L U/ Iafk Ca**-ATPase [BF
iz kD ilKkT L, UHFEREICE VT bRKD

BREBTED, IhonmA, P2Y,RERE
A AR SRR RO IERF I (MRG0 DR
R E M LTy aHHEE 2 TRE L Ty

5. '

Bk L7e & 942, P2X,Z 2 ki35 DRG #i
ez, P2X,B XU P2X R EWEIHED
DRG #hkaliaf it ¢ BIML T 5, I ZAE
2 B2 iLhb /8 DRG Hhigilaic, P2Y %
RIFRILTWEDIE S ) 0 ? ATP TARE
& U DRG % AN & ik L T, MIa
Ca?*ifsh ([Ca®*])i) Z{LEWMET B &, 80 %7z
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