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Ci/mmol) % PerkinElmer Life Science (Boston, MA)
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2 Western Blot Analyses
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21) €./ 78—+ L4z Kamiya Biomedical 72 6
AL BR 70 %3XSDSH > Py
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mouse IgG (Molecular Probes, Inc. Eugene, OR) |2
bl
3 hMRP4 cDNA O O—Z2%

hMRP4 cDNA %, t k&l RNA (STRATAGENE)
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% 10 mL %3 TS /8w 7 7 — (10 mM Tris-HC], 250
mM sucrose, pH 7.4 at 4°C) (Z###% L, Dounce B
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I BREELUEE
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7 I (MRP4-HEK) (2, #9190 kDa D fi7i&i- MRP4
DEREHER L1, O 7 VERLT, B4k
Wi wT ATP REMLIMEFE O L Z1T-
7. BCRP |~ 7 Lic2w Ty, BCRP#MA
Bl7 5/ 74 A% Bz HEK293 %> 6 AR
E ?1:23)0
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P, RbicE s LTHiE 2874 TH3
ochratoxin A (K,=270uM), PAH (K,=5.6mM),
¢cAMP (K,=3.1mM), ¢cGMP (K,=6.0mM),
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ne, urate (K,=2.5mM) 7% &ZEEREY L EFE
IR 2 LAY O ATP RER S HEEEZBEH T
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T, 2090 1 LT OEBRIEETH 2 72,

MRP4-HEK T (&, DHEAS (K,=2.7uM) @ (2
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uM), pravastatin, ¢cGMP, xanthine M fiSiEE (3R
HTEhDicw LT, ES, ochratoxin A, cAMP,
hypoxanthine Tt3 GFP-HEK Itz L T, HE L
AAFE M T & 2o 7z, ochratoxin A A% DHEAS
D 60D 1 REDIMEZFETS 228, thnFEHICD
WTIZ DHEAS D 20 0D 1 LT TH 272,
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BibaEWiciz—2EED & 65 172435, DHEAS %
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ATP-gated ion channels (P2X) are expressed in human epidermis and cultured keratinocytes. The aim of this study
was to characterize native P2X receptors in normal human epidermal keratinocytes (NHEK) using whole-cell patch
clamp technique, RT-PCR, and determination of intracellular Ca** concentration ([Ca®*1;). Application of ATP
resulted in an inward current with a reversal potential of 0 mV. Response to ATP showed two types of currents: the
slowly desensitizing response and the rapidly desensitizing response. The slowly desenslitizing response was
blocked by iso-pyridocaphosphate-6-azophenyl-2', 5 disulfonic acid (PPADS), a P2X receptor antagonist. We found
that the expression of multiple P2X;, P2Xs, P2Xs, and P2X; receptor subtype mRNA was increased in differentiated
cells. On the other hand, the expression of G-protein-coupled P2Y, mRNA was downregulated in differentiated
cells. Increases In [Ca®*]; evoked by af-methylene ATP (ap-meATP) and 2, 3.0-(4-benzoylbenzoyl) ATP (BzATP)
were elevated, whereas elevation of [Ca®*] evoked by uridine 5'-triphosphate (UTP) was decreased in differentiated
cells. Application of ATP or UVB radiation Increased the expression of P2X4, P2Xy, P2X,, and P2X; receptors In
NHEK. Changes in the expression levels and cation influx via multiple P2X receptors might be Involved in the
regulation of differentiation and one of the epldermal external sensors.

Key words: ATP/channel/differentiation/intracellular calcium

J Invest Dermatol 124:756-763, 2005

ATP is released from a variety of tissues (Milner et al, 1990;
Hansen et al, 1993; Ferguson et al, 1997) and acts as one of
the mediators to transmit signals to the central and periph-
eral nervous system (for reviews, see Bumstock and Wood,
1996; Thorne and Housley, 1996; Norenberg and llles, 2000,
North and Surprenant, 2000). ATP receptors (P2 receptors)
are classified broadly within two families; ligand-gated ion
channels (P2X) and G-protein-coupled metabotropic recep-
tors (P2Y). P2X receptors have seven subtypes (P2X4_7) and
form heteromeric or homomeric channel assemblies.
Strong evidence has been accumulated, which states
that ATP regulates the structure of skin systems by acting
as an important messenger via the intermediary of P2 re-
ceptors (Pillai and Bikle, 1992; Dixon et al, 1999; Greig et al,
2003; Koizumi et al, 2004). For instance, ATP increases DNA
synthesis (Pillai and Bikle, 1992) and cell number in kera-
tinocytes (Greig et al, 2003). Keratinocytes constantly re-
lease ATP whether skin is damaged or not (Dixon et al,
1999; Cook and McCleskey, 2002). Koizumi et al (2004) re-
ported that Ca®* waves evoked by mechanical stimulation
in cultured normal human epidermal keratinocytes (NHEK)
were heavily dependent on release and diffusion of ATPR.
This extracelluar ATP is a dominant messenger in cell-to-cell

Abbreviations: «p-meATP,a,f-methylene ATP; BzATPR, 2, 3-O-
(4-benzoylbenzoyl) ATP; [Ca*™ ]i, intracellular Ca®* concentration;
2MeSADP, 2-methylthioadenosine 5'-diphosphate; NHEK, normal
human epidermal keratinocytes; PPADS, iso-pyridocaphosphate-
6-azophenyl-2, &', disulfonic acid

communication and in turn activates P2Y; receptors. As for
the expression of P2 receptors in human skin, P2Y; and
P2Y, receptors are relatively expressed in the basal layer
and their localization is associated with the proliferation
stage (Dixon et al, 1999; Greig et al, 2003). The expression of
P2Y, mRNA is downregulated in differentiating HaCaT ker-
atinocytes (Koegel and Alzheimer, 2001; Burrell et al, 2003).
On the other hand, P2Xg and P2X; receptors are expressed
in the suprabasal layer, spinosum layer, and granular layer
and their localization is associated with the differentiation or
terminal differentiation phases (Greig et al, 2003). Moreover,
P2X receptors play a role in delayed barrier recovery in
hairless mouse epidermis when topical ATP and ap-meth-
ylene ATP («f-meATP) are applied (Denda et al, 2002). But,
research has still not been carried out with regard to the
functional roles of all P2X receptors in cultured NHEK.

The aim of our study is to clarify which P2X receptor sub-
types are expressed in NHEK using electrophysiological meth-
ods. Furthermore, we also provide evidence that P2X receptor
expression is affected by the differentiation phase, application
of ATP and UVB radiation in vitro, using RT-PCR methods, and
monitoring free intracellular calcium concentration ([Ca®*]).

Results

Characterization of ATP-activated Inward currents ATP
evoked inward currents in keratinocytes (67 of 168 cells)
loaded with 2 mM GDPB. Response to ATP showed two

Copyright © 2005 by The Socisty for Invesligative Dermatology, Inc.
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50 - Inward currents evoked by P2 agonists in normal human epidermal ker-
-13.141.0 mV(n=5) atinocytes (NHEK). (A) ATP (100 pM) induced a slowly desensitizing inward
= current. Application of 100 pM op-methylene ATP (a,f-meATP) also showed
\ similar inward currents (C). (8) ATP (100 puM) induced a rapidly desensitizing
g / response. Application of 100 M o,pf-meATP also showed a similar rapidly
- 0 desensitizing response (D). 2-methylthio adenosine 5'-triphosphate (100 pM,
. E) and 2, 3'-O-(4-benzoylbenzoyl) ATP (BzATP) (100 pM, F) induced an inward
current. The holding potential was —60 mV. (G) Concentration-dependency of
ATP- and o,B-meATP-activated inward currents. ATP induced slowly desen-
-50 — sitizing ( o ) and rapidly desensitizing responses ( ® ). &,f-meATP also induced
0+1.9mV(n=5)| slowly desensitizing (O) and rapidly desensitizing responses (X). (H) Current-
voltage relationship for ATP-activated cumrent, The relationship with a standard
extracellular solution containing 140 mM NaCl ( e ) and that with extracellular
NaCl reduced to 28 mM (o) are shown. The mean value of the reversal
=100 1 T potential obtained with a standard extracellular solution containing 140 mM
-100 -50 0 50 NaCl was 0 £ 1.9 mV (n=25). Also shown is the mean value of the reversal

V(mV) potential obtained with 28 mM extracellular NaCl (-13.1 £ 1.0 mV, n=5).

types of currents, that is, a slowly desensitizing (Fig 1A) and
a rapidly desensitizing response (Fig 1B). The fraction of
ATP-responding cells with a rapidly desensitizing current
was 36% (24 of 67). The remaining cells, approximately
64%, showed a slowly desensitizing response. Of 88 cells
tested, 14 cells responded to ATP and af-meATP (100 pM),
23 cells responded only to ATP, and the remaining 51 cells
responded to neither ATP nor of-meATP. The values of the
peak amplitudes by ATP and afi-meATP (100 uM), a P2X4,
P2X5, and P2X,. receptors agonist, with rapidly desensi-

tizing responses were -54.7+328 pA (n=11) and
—43.3 £ 19.4 pA (n=B6), respectively (Fig 1B, D, and G).
The responses to the second application by these agonists
were not observed. The peak values of the slowly desen-
sitizing response to ATP and af-meATP (100 pM) were
—~56.8 + 26.8 pA (n=10) and —42.3 £ 30.3 pA (n=13)
(Fig 1A, C, and G). ATP and «f-meATP evoked inward cur-
rents concentration-dependently in both types of responses
(Fig 1G). The slowly desensitizing responses to af-meATP
(10 pM) were inhibited by iso-pyridocaphosphate-6-

143



7568 INOUE ET AL

A
a,fi -meATP 10 yM PPADS 1 uM + o,p-meATP 10 1M
eNEmmIinil HDTMCRMETN]
lm pA
10s
B o,p-meATP
10 10
100 7
§ § 80 -~ I g ek -
® ]
%& 80 i
B,
= # 40 =
s '
£ 20 -
0 ‘
1 10 0.01 0.1 (uM)
PPADS TNP-ATP
C ATP
100
100 _J 10
W
*
2 e - {
%% i o e
3 % y T [ gk ek
EE 4
e
2 ®-
(1]
1 10 100 1 10 100 (um)
suramin suramin

Figure 2

Inhibitory effects because of antagonists in response to ATP and
ap-methylene ATP (a,p-meATP) with slowly desensitizing currents.
(4) Suppression of ATP-activated current because of P2X antagonist
iso-pyridocaphosphate-6-azophenyl-2', 5' disulphonic acid (PPADS),
(B) Concentration-dependency of inhibitory effects of PPADS (1 and 10
puM) and 2',3'-0-(2,4,6-trinitrophenyl) adenosine §'-triphosphate (10
and 100 nM) on o,p-meATP-activated currents (*p <0.05, **p<0.01,
***5 <0.001 compared with the response of 10 uM o, B-meATP alone).
Antagonists were applied to the cells 2 min before and during the
o, p-meATP application. (C) Concentration-dependency of inhibitory ef-
fects of suramin on ATP-activated currents ("p<0.05, "*p<0.01,
***b 20,001 compared with the response of ATP alone). Suramin was
applied to the cells 2 min before and during the ATP application. The
holding potential was ~80 mV.
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azopheny 1-2, 5 disulfonic acid (PPADS; 1 and 10 uM;
72.3% 4 14.9% and 29.4% =+ 25.4%; n=23-7, Fig 2A and
B) and 2',3'-0-(2,4,6-trinitrophenyl) adencsine 5'-tripho-
sphate (TNP-ATP; 10 and 100 nM; 62.5% 4 12.1% and
47.9% + 32.0%:; n=4-11, Fig 2B), a P2X;, P2Xass, and
P2Xs antagonist. This indicates that an inward current was
evoked by the activation of P2Xs receptors. The non-spe-
cific P2 receptor antagonist suramin concentration-depend-
ently inhibited the ATP-activated current (Fig 2C). ATP-
activated current (10 pM; 32.7 £20.5 pA, n=3) in «f-
meATP-insensitive cells was blocked by PPADS (1 uM;
327% +9.8%, n=3, p>0.001). This indicates that an
inward current was evoked by the activation of P2X;
and P2Xs receptors. The response to 2/, 3'-O-{4-ben-
zoylbenzoyl) ATP (BzATP; 10 pM, —38.1 4+ 24.2 pA, n=6)
was equal to ATP (—39.0 + 17.1 pA, n=6) and BzATP-ac-
tivated current was inhibited by brilliant blue G (BBG; 1 pM;
41.5% + 29.8%: n=6, p>0.001). BBG blocks rat P2X; re-
ceptors (Jiang et al, 2000), human P2Xs receptors (Bo ef al,
2003), and human P2X; receptors (Jiang ef al, 2000). Each
ICso value on the ATP-activated current is 1370 nM in rat
P2X, receptors and is 530 nM in human P2Xs receptors.
The ICs value on the BzATP-activated current is 265 nM in
human P2X; receptors (Jiang et &, 2000). Although ATP and
BzATP were eqguipotent with respect to current responses,
these responses seem 1o be evoked by the activation of
P2X,, P2Xs, and/or P2X; receptors in the present study. The
slowly desensitizing response to 2-methylthio adenosine 5'-
triphosphate (2MeSATP; 100 pM, —22.6 +84 pA, n=6)
was also smaller than the ATP-evoked current. This re-
sponse was also insensitive to ap-meATP and not inhibited
by PPADS. This indicates that an inward current was
evoked by the activation of P2X,,

Figure 1H shows the measurement of the reversal po-
tential of the ATP-activated current. To determine the ionic
selectivity of the ATP-activated conductance, the reversal
potential was measured in the presence of decreased ex-
tracellular NaCl in the cells loaded with 2 mM GDPB. The
reversal potential became more negative when the extra-
cellular NaCl was decreased to 28 mM (Fig 1H). A negative
shift in the reversal potential with a decreased NaCl con-
centration indicates that the ATP-activated conductance via
P2X receptors is selective to cations. On the other hand, in
the case of the ATP-activated conductance via P2Y recep-
tors, the mean value of the reversal potential obtained with a
standard extracellular solution was —18.5 3.4 mV (n=5)
in the cells loaded with 0.3 mM GTP. A positive shift in
reversal potential with a decreased NaCl concentration
(—6.0 £ 3.0 mV, n = 5) indicates that the ATP-activated con-
ductance via P2Y receptors conductance is selective to
anions.

Comparison of the [Ca®’*] response by P2 agonists
between proliferating and differentiating keratin-
ocytes Next, we investigated whether the differentiation
stage in NHEK affects functional P2 receptor expression
using a Ca®* imaging method. Increase in [Ca® ¥} by ATP
was not influenced by the absence of external ca~t
(0Ca2*) in proliferating subconfluent cells (Fig 3A), This
indicates that the increase of [Ca®*); was dependent on
the intracellular Ca source, suggesting the involvement of
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Figure3

Characterization of P2 receptor-mediated Ca®* responses in pro-
liferated or differentiated keratinocytes. (A) Effect of extracellular
Ca?™ on ATP-evoked increases in [Ca® ™), in proliferating subconfluent
cells (subconfluent) or differentiating over-confluent cells (confluent and
confluent + Ca)., ATP was applied to normal human epidermal keratin-
ocytes (NHEK) for 20 s. Results were obtained from all cells (n=62-
113), which were tested from two different strains of NHEK. These
histograms show a comparison of significant differences from the re-
sponses evoked by 100 uM ATP in the absence (0Ca**) or presence of
extracellular Ca®* (***p<0.001). (8) Pharmacological characterization
of Ca®* responses in the different culture conditions. Results were
obtained from all cells (n=108-273), which were tested from two dif-
ferent strains of NHEK. *p<0.05 and ***p <0.001 compared with the
response evoked by ATP analogues in subconfluent cells. (C) Iso-
pyridocaphosphate-6-azophenyl-2', 5' disulphonic acid (10 pM) and
2',3'-0-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate (100 nM) inhib-
ited the o, p-meATP-evoked increases in [Ca®*), in differentiating over-
confluent cells. Antagonists were applied to the cells 5 min before and
during the o,p-meATP application. Results were obtained from 59 to
160 tested (at least two independent experiments using two strain of
NHEK). ***p<0.001 compared with the response evoked by 100 uM
o, B-meATP alone. (D) Briliant blue G (BBG) (1 uM) inhibited the BzATP-
evoked increases In [Ca®* ), in differentiating over-confiuent cells. BBG
was applied to the celis 5§ min before and during the BzATP application.
Results were obtained from 124 to 210 tested (at least two independent
experiments using two strain of NHEK). ***p<0.001 compared with
the response evoked by 100 M BzATP alone.

G-protein-coupled P2Y receptors. On the other hand, in-
crease in [Ca® ], by ATP was influenced by the absence of
external Ca2* in differentiating over-confluent cells (Fig 3A).

P2X RECEPTORS IN KERATINOCYTES 759

This indicates that the increase of [Ca®*); was dependent
on the extracellular Ca®*, suggesting the involvement of
P2X receptors. The rank order of the Ca®* response was
ATP = uridine 5'-triphosphate (UTP) > 2-methylthioadeno-
sine 5-diphosphate (2MeSADP)> afi-meATP =BzATP in
proliferating subconfluent cells (Fig 3B). On the other hand,
the rank order of the Ca®* response in differentiating over-
confluent cells (confluent+ca) was BzATP > uf-meATP
>2MeSADP>ATP=UTP (Fig 3B). PPADS (10 pM) and
TNP-ATP (100 nM) inhibited the of-meATP-evoked [Ca®*];
increase (53.0% = 36.1%; n=73, 25.7% =+ 22.6%; n=60,
Fig 3C). BBG (1 uM) inhibited the BzATP-evoked [Ca®*),
increase (18.2% + 10.8%; n=124, Fig 3D). These results
suggest that P2X,, P2Xzm, or P2Xa, and P2X; receptors

were responsible for the responses in differentiating over-
confluent cells.

Changes in P2X and P2Y receptor subtypes mRNA ex-
pression P2X and P2Y receptors have a different pattern of
localization in the skin (Greig ef al, 2003). We investigated
whether their expression was influenced by culture condi-
tions. Figure 4 shows the expression patterns of mRNA for
P2 receptors under the different conditions. We detected
the expression of P2Xy, P2X4, P2Xs, P2X; (weak signal or
not), P2Y,, and P2Y, in subconfiuent proliferating cells. The
expression of P2X,, P2Xa, P2Xs, and P2X; receptor sub-
types was upregulated in differentiated cells whereas P2X4
was downregulated at the stage of differentiation. The ex-
pression of P2X,; and P2Y, receptor subtypes was not
changed by any culture conditions. On the other hand, the
expression of P2Y, mRNA was downregulated in differen-
tiated cells. P2Xg receptors were not expressed under these
culture conditions (data not shown).

A large amount of ATP was released from NHEK because
of damage or mechanical stimulation (Cook and McCleskey,
2002; Koizumi ef al, 2004). It is well known that UVB causes
skin inflammation. NHEK will be exposed to ATP in irritated
skin. We also investigated whether autocrine stimulation
(application of ATP) and a type of external stimulation such
as UVB radiation changed P2X and P2Y receptor subtype
expression. Application of ATP (300 pM) increased the ex-
pression of P2X4, P2Xp, P2X3, and P2X; receptor subtypes.
UVB radiation (30 or 60 mJ per cm?) specifically increased
the expression of P2X,, P2X;, and P2X; receptor subtypes.
The expression of P2X,, P2Xs, and P2Y4 receptor subtypes
was not changed by the application of ATP or UVB radia-
tion. The expression of P2Y; receptor was downregulated
under both conditions. Cytotoxicity was not observed in any
case of the conditions for 6 h (legend of Fig 4).

Discussion

This study is an analysis of the electrophysiological prop-
erties of P2X receptors in NHEK. We found that the ex-
pression of multiple P2X receptor subtypes was influenced
during the differentiation phase. NHEK was stimulated by
ATP and UVB treatments, which in turn affected P2X re-
ceptor expression. We determined that the P2X receptors
are present in NHEK and are subject to the following con-
ditions. The reversal potential of ATP-evoked current was
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0 mV and the conductance is selective to cations in GDPps-
loaded cells. P2X agonists produced a rapidly desensitizing
response in NHEK as well as in DRG neurcns (Grubb and
Evans, 1999). Furthermore, the ATP-evoked increase of
[Gaz*]. was influenced by the absence of extracellular
Ca?* in differentiating over-confluent cells.

P2X receptors were classified within several subtypes,
based on their sensitivity to agonists and antagonists, or the
time course of their desensitization because of currents
(Evans and Surprenant, 1996). P2X, and P2X, receptors are
characterized by their sensitivity to af-meATP and a rapidly
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desensitizing cuent. P2X; and P2X,_; receptors are char-
acterized by insensitivity to of-meATP and a slowly desen-
sitizing current. Although homomeric P2X, receptors are
insensitive to ap-meATP, heteromeric P2X,/3 receptors are
characterized by their sensitivity to «p-meATP and a slowly
desensitizing current (Lewis et al, 1995; Ueno et al, 1998).
Additionally, the responses of the currents are categorized
by their sensitivity to the P2X antagonist PPADS. PPADS
antagonized P2Xy, P2Xz, P2Xs, P2Xo/a, P2Xs, and P2X7, but
not P2X, or P2Xg. In this study, op-meATP-activated cur-
rents have the following features: their responses may be
rapidly or slowly desensitizing currents; the slowly desen-
sitizing currents were inhibited by PPADS and TNP-ATP.
These results suggest that P2X;, P2Xzrs, and P2X4 recep-
tors were responsible for the responses. ATP-activated cur-
rents that vield slowly desensitizing responses have the
following features: these responses were insensitive to o.f-
meATP, and inhibited by PPADS. ATP-activated current with
a slowly desensitizing response however was not inhibited
by PPADS in some of cells. Furthermore, the current re-
sponses attained because of BzATP and 2MeSATP support
our characterization of P2Xz, P2Xs, P2Xs, and/or P2X5. Al-
though it is evident from the results of current responses
and RT-PCR that PEX1, P2X2/3, P2X3, P2Xq, and P2X5 re-
ceptors are functional in proliferating subconfluent cells,
their contribution seems minimal as the ATP-evoked in-
creases of [Ca®*), were not influenced by the absence of
extracellular Ca2* in proliferating subconfluent cells (Fig 3).
Furthermore, UTP and ATP evoked the same increases of
[Ca? *); in the presence of extracellular Ca®*. These results
coincide with previous researches that indicated that it is
the P2Y., receptors that play a functional role in the prolif-
erated phase (Dixon et al, 1999; Lee ef al, 2001; Burrell et al,
2003; Greig et al, 2003). Although UTP activates P2Y; and
P2Y, receptors, the P2Y 4 subtype is a functional receptor in
HaCaT keratinocytes but not in NHEK (Burrell et al, 2003).

P2Y, receptors respond to ATP in the proliferated phase;
however, in the differentiated phase, it is the P2X receptors
that mediate a greater response from ATP (Fig 3). Only
ditferentiated over confluent cells were affected by the
absence of extracellular Ca®*. There were higher increases

Figured

Changes in P2X and P2Y receptor subtype mRNA expressions in
different conditions of normal human epidermal keratinocytes
(NHEK), The left panels indicate that P2 receptor mRNA expression is
aflected by each culture condition. The right panels indicate that P2
receptor mRNA expression is affected while exposed to ATP and UVB
radiation. Arrows indicate the PCR amplification products comespond-
ing to P2X and P2Y receptor subtypes. M, DNA size markers; lane 1,
proliferating subconfluent keratinocyles; lane 2, differentiating over-
confluent keratinocytes; lane 3, differentiating over-confluent keratin-
ocytes on addition of Ca (1.8 mM); lane 4, proliferating subconfluent
keratinocytes; lane 5, proliferating subconfluent keratinocytes exposed
to ATP (300 pM) for 6 h; lane 6, proliferating subconfluent keratinocyles
exposed to UVE (60 mJ per cm?); lane 7, proliferating subconfluent
keratinocyles exposed to UVB (30 mJ per cm?). Cytotoxicity was not
found in any of the cell conditions (proliferating subconfluent keratin-
ocytes; lanes 1 and 4, 1017 + 52, n =8, differentiating over-confluent
keratinocyles; lane 2, 1152 £ 29, n=§, differentiating over-confluent
keratinocytes on addition of Ca; lane 3, 1173 + 47, n= 6, proliferating
subconfluent keratinocytes exposed to ATP for 6 h; lane 5, 1027 & 43,
n =8, proliferating subconfluent keratinocytes exposed to UVB (60 mJ
per cm?); lane 6, 1025 + 64, n= 6, proliferating subconfluent keratin-
ocytes exposed to UVB (30 mJ per cm?); lane 7, 1003 = 41, n=6).
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of response to af-meATP and BzATP in differentiating over-
confluent cells. On the other hand, the responses to ATP,
UTP, and 2MeSADP decreased in the differentiated phase.
Although the 2MeSADP-evoked [Ca®*], decreased in con-
fluent cells, P2Yy expression remained unchanged. At this
point however, we cannot distinguish the inconsistency be-
tween the expression level and Ca?* response. Although
2MeSADP is also an agonist for P2Y,5, and P2Y 43, ADP, an
agonist for P2Yy, P2Yyy, and P2Y.s, elevated [Ca®*); in
HaCaT keratinocytes but not in NHEK (Burrell et al, 2003).
Thus, it is unlikely that these receptors are functional. Al-
though the expression of P2Y, mRNA was downregulated
at the differentiated phase, the expression of multiple P2X5,
P2Xa, P2Xs, and P2X; receptor subtype mRNA increased
(Fig 4). Judging from the results of Ca®* responses and RT-
PCR, P2X; and P2X; receptor subtypes mainly function in
the differentiated phase. The variation of multiple P2X re-
ceptor expression in cultured keratinocytes supports the
notion that the P2Xs and P2X; receptors are localized in the
differentiated or terminal differentiated skin (Greig ef al,
2003).

P2Xs; receptors are known to be selectively expressed in
a subpopulation of small diameter sensory neurons (Chen
et al, 1995; Lewis et al, 1995). P2X; receptors however,
have been observed in nonneuronal cells, such as thymus
(Glass et al, 2000) and urothelial cells (Sun and Chai, 2004).
Stretching in bladder urothelial cells increased P2X; recep-
tor expression and their expression was increased more in
urothelial cells from patients with interstitial cystitis than that
in control subjects (Sun and Chai, 2004). The epidermis
could be an interface of the body and environment; hence,
the P2X receptors may play a role as some kind of sensor
against multiple environmental factors such as barrier dis-
ruption and UV radiation. P2X; receptors are known to be
involved in ATP-induced apoptosis (Ferrari ef al, 1997). P2X;
receptors are likely to be part of the machinery of the end-
stage terminal differentiation of keratinocytes (Greig ef al,
2003). Extracellular ATP increased P2X,, P2X;, P2X,, and
P2X; receptors but not P2X,, P2Xs expression (Fig 4). UVB
radiation also induces apoptosis in keratinocytes (Schwarz
et al, 1995). In this study, P2X4, P2Xs, and P2X; receptor
expression, but not P2X; receptor expression, was aug-
mented by UVB radiation. P2X4, P2Xs, and P2Y, receptors
expression however, was unaffected by ATP or UVB radi-
ation. P2Y, receptor expression was downregulated by the
application of ATP and UVB radiation. The downregulation
of P2Y, receptors expression shows that extracellular ATP
and UVB radiation inhibited proliferation. A high concentra-
tion of ATP inhibits proliferation and a low concentration of
ATP promotes proliferation (Dixon ef al, 1998; Greig ef al,
2003).

We demonstrated that P2X receptors were nonselective
cationic channels; on the other hand, the response to ATP
mediated through P2Y receptors activated CI~ conduct-
ance. Ca®* -activated Cl channel and K channel contributed
to the hyperpolarization induced by ATP, bradykinin, and
histamine in HaCaT keratinocytes (Koegel and Alzheimer,
2001). Mauro ef al, (1990) described that CI™ conductance,
increased by elevating extracellular Ca?*, plays a role in the
initiation of differentiation. Increases in [Ca®*], and phos-
phatidylinositol turnover because of the elevation of extra-
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celiular Ca®* were important components of the signal for
differentiation (Jaken and Yuspa, 1988; Hennings et al,
19888). These studies suggest the possibility that the intra-
cellular Ca?* released from IP;-sensitive stores affects Ci~
conductance and resuliantly leads to keratinocyte differen-
tiation. With these studies as a background, it shall be
assumed that CI™ conductance via P2Y receptors also
contributes to the initiation of differentiation. This ionic se-
lectivity of P2 receptor subtypes may be associated with the
localization in skin and contribute to the maintenance of
homeostasis in skin.

Furthermore, a difference in the amount of released ATP
or the localization of P2 receptors between normal healthy
subjects and patients would be expected. ATP released
from uroepithelial cells was higher in patients with interstitial
cystitis than in controls (Sun et al, 2001). Since mechanical
scratching has the potential to induce the release of a large
amount of ATP release in atopic or psoriatic skin and leads
to skin inflammation, it would appear that the purinergic
signaling is clinically significant. The stimulation of ATP oc-
curs throughout all stages, through proliferation, differenti-
ation, and apoptosis. Regulation of P2 receptor subtypes is
necessary in order to control ion influx and membrane po-
tential, which helps maintain epidermal homeostasis.

In summary, we demonstrated the presence of functional
multiple P2X receptors in NHEK, suggesting their important
physiological role as an initial sensor for external stimuli. P2
receptor subtypes in keratinocytes would provide a basis to
study the regulatory mechanisms underlying the differenti-
ation and proliferation of keratinocytes.

Materials and Methods

Cells and cell culture NHEK (10 Strains of NHEK) were pur-
chased from Kurabo (Osaka, Japan). NHEK were cultured in se-
rum-free keratinocyte growth medium, consisting of Humedia-KB2
(Kurabo) supplemented with bovine pituitary extract (0.4% vol/vol),
human recombinant epidermal growth factor (0.1 ng per mL), in-
sulin (10 pg per mL), and hydrocortisol (0.5 pg per mL). The me-
dium was replaced every 2-3 d. For the electrophysiological
experiments, NHEK (passage 1-3 cells) were seeded onto colla-
gen-coated glass coverslips and used within 4 d.

Electrophysiological recordings Membrane currents were
measured using whole-cell clamp techniques (Hamill et al, 1981).
Cells that were grown on collagen coated-cover slips were trans-
ferred to an experimental chamber of about 1 mL volume. The
chamber was continuously perfused with an extracellular solu-
tion containing (in mM) NaCl 140, KCI 5.4, CaCl, 1.8, MgCl, 1.0,
10.0 N-2-hydroxyethylpiperazine- N -2-ethanesulfonic acid (HEPES),
11.1 p-glucose (adjusted with NaOH to pH 7.4). Heat-polished
patch pipettes had a tip resistance of 3-5 MQ when filled with an
intracellular solution containing 150 mM CsCl, 1 mM MgCl, 10 mM
HEPES, and 5 mM-glycoletherdiamine N,N,N,N-tetraacetic acid
(pH 7.2 with CsOH). Intracellular solution was supplemented with
0.3 mM guanosine 5'triphosphate (GTP) or 2 mM guanosine 5'-O-
(2-thiodiphosphate) trilitium salt (GDPRS). To exclude the P2Y-
activated current, GDP@S, an inhibitor of GTP-binding protein, was
applied to the cells (Nakazawa, 1994). Three hundred millimolar
KCl-agar bridge electrode was used as the reference electrode.
Cell capacitance was compensated after the whole-cell mode was
obtained. Cells were clamped at —60 mV. A step pulse between
—100 and +40 mV was applied to the cell. Membrane currents
were recorded with a patch-clamp amplifier (Axopatch 200B, Axon
Instruments, Union City, California). Electrical signals were filtered
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at 1 kHz. Current signals were stored in a personal computer and
analyzed using pCLAMP 6.0 and Clampfit 6.0 software (Axon In-
struments). The drugs were dissolved in the extracellular solution
and applied to the cells by perfusion. The experiments were per-
formed at room temperature (~25°C). TNP-ATP was purchased
from Molecular Probes (Eugene, Oregon). All other chemicals were
purchased from Sigma-Aldrich (St Louis, Missouri).

Ca?* imaging in single keratinocyte NHEK were grown to ap-
proximately 60%-80% confluency (subconfiuent), 100%-120%
confluency (confluent), and 100%-120% confluency at 48 h post-
treatment with 1.8 mM Ca®* (confluent + Ca) on collagen-coated
cover glass chambers (Nalge Nunc, Naperville, llinois). Changes in
[Ca®*); in single cell were measured by the fura-2 method as
described by Grynkiewicz et al (1885) with minor modifications
(Koizumi and Inoue, 1997). In brief, the culture medium was re-
placed with a balanced salt solution (BSS) of the following com-
position (mM): NaCl 150, KCI 5, CaClz 1.8, MgCl; 1.2, HEPES 25,
and p-glucose 10 (pH=7.4). Cells were loaded with 5 uM fura-2
acetoxymethylester (fura-2AM) (Molecular Probes) at room tem-
perature ( ~ 25°C) in BSS for 45 min, followed by a BSS wash and
a further 15 min incubation to allow de-esterification of the loaded
dye. The coverslip was mounted on an inverted epifluorescence -
microscope (1X70, TS Olympus, Tokyo, Japan), equipped with a 75
W xenon-lamp and band-pass filters of 340 and 380 nm wave-
lengths. The image data, recorded by a high-sensivity CCD
(charge-coupled-device) camera (ORCA-ER, Hamamatsu Photon-
ics, Hamamatsu, Japan) were regulated by a Ca?* analyzing s;}’ -
tem (AQUACOSMOS/RATIO, Hamamatsu Photonics). In the Ca®™* -
free experiments, Ca?* was removed from the BSS and 1 mMm
EGTA was added. Nucleotides were dissolved in the BSS and the
cells were exposed to it by method of perfusion. Data were rep-
resented as the ratio of fluorescence intensities of 340 and 380 nm.
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The preparation for total RNA extraction and synthesis
c¢DNA For RT-PCR studies, NHEK were grown in 10 cm colla-
gen-coated dish (Asahi Techno Glass, Tokyo, Japan) to 60%-80%
confluency (subconfluent), 100%-120% confluency (confluent),
and 100%-120% confluency at 48 h post-treatment with 1.8 mM
Ca?* (confluent 4+ Ca). Sixty to eighty percent confluency cells
collected at 6 h post-treatment with UVB (30 and 60 mJ per cm?)
and ATP (300 pM). While using UV radiation, the medium was re-
placed by PBS (-). NHEK were exposed to UVB radiation from a
bank of two Toshiba FL 20 SE sunlamps (Toshiba Electric, Tokyo,
Japan). These tubes emit wavelengths between 280 and 340 nm,
with a peak of 304 nm. Radiance was measured by a UV-Radi-
ometer (Topcon, Tokyo, Japan). After exposing NHEK to radiation,
the medium was added back to the dishes and NHEK were incu-
bated at 37°C in 5% CO; for 6 h. ATP was applied with medium for
6 h at 37°C in 5% CO.. Total RNA was isolated from all individual
samples using ISOGEN (Nippon Gene, Osaka, Japan) according to
the manufacturer's protocol. We synthesized cDNA from 1 pg of
total RNA by the use of 200 U of M-MLV RT (Invitrogen, Carisbad,
California) in 20 pL of reaction mixture containing 0.5 pg of oligo
(dT) primer (Invitrogen}, 50 mM Tris-HCI, pH 8.3, 75 mM KCI, 3 mM
MgClz, 10 mM dithiothreitol, 0.25 mM dATP, 0.25 mM dTTPR,
0.25 mM dGTP, 0.25 mM dCTP (Takara, Japan), and 50 U of rib-
onuclease inhibitor (Takara, Otsu, Japan) at 37°C for 1 h.

RT-PCR The amounts of P2 receptors and human GAPDH cDNA
in samples were amplified by using an ABI PRISM 7700 sequence
detector (Applied BioSystems, Foster City, California). The reaction
mixture was as follows: PCR buffer, 3.5 mM MgCl,, 0.2 pM forward
primer, 0.2 pM reverse primer, 0.2 mM dNTP, and 1.25 U of
AmpliTag Gold DNA polymerase (Applied BioSystems). The PCR
conditions were: 50°C for 2 min; 95°C for 10 min; 35 cycles of 95°C
for 15 &; and 60°C for 1 min. Obtained DNA fragments by PCR

Tablel. Primers list of P2 receptors and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)

Accession number Product

Gene Primers (forward and reverse) in GenBank size (bp)

P2X, 5-CCAGCTTGGCTACGTGGTGCAAGA-Y U45448 226
5-ACGGTAGTTGGTCCCGTTCTCCACAA-S'

P2X; 5-CCCGAGAGCATAAGGGTCCACAAC-3' AF190823 208
5-AATTTGGGGCCATCGTACCCAGAA-S'

P2Xs 5-CCCCTCTTCAACTTTGAGAAGGGA-2' NM002559 245
5 GTGAAGGAGTATTTGGGGATGCAC-3"

P2X.4 5-CCTTCCCAACATCACCACTACTTACC-3 usse75 256
§-AGGAGATACGTTGTGCTCAACGTC-3'

P2Xsg 5'-AGCACGTGAATTGCCTCTGCTTAC-Y AF016709 183
§-ATCAGACGTGGAGGTCACTTTGCTG-3

P2Xe 5 -ATGGCCCTGTCCAAGTTCTGACAC-' AF065385 140
5-TGTTGCCTCATCCTTGCTTTCGCT-'

P2X%7 §-CTGCTCTCTTGAACAGTGCCGAAA-3 Y09561 270
5-AGTGATGGAACCAACGGTCTAGGT-3

P2Y, 5'-ACCTCAGACGAGTACCTGCGAAGT-3' NMO002563 353
5 - AGAATGGGGTCCACAGAACTGTTGAG-3'

P2Ys 5 GTGTCTGGGCGTCTTACGACCTCT-¥ NM176072 215
5 -GCATGACTGAGCTGTAGGCCACGAA-G'

GAPDH 5 -GAAGGTGAAGGTCGGAGTC-% NM002046 242

T 5-GAAGATG GTGATGGGATTTC-8
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were separated in 1% agarose in Tris-borate buffer containing 0.25
ug per mL ethidium bromide. The gel was visualized by ultraviolet
B radiation. PCR primers were designed using Genetyx Software
program (GENETYX, Japan). The primers (forward, reverse, ac-
cession number, and product size) are shown in Table |.

Cell viability The applied condition of ATP for 6 h (300 uM) and the
condition of 6 h post-treatment with UVB (30 and 60 mJ per cm?)
on the cytotoxicity were assessed using an AlamarBlue assay
(Alamar Biosciences, Camarillo, California), according to the man-
ufacturer's protocol. The fluorescence intensities were determined
at 544 and 580 nm.

Statistics Data represent the mean + SD. Statistical differences
between two groups were determined by a two-tailed Student's
test. In the case of more than two groups, differences were analy-
zed by analysis of variance (ANOVA test) and Scheffe's test.
p<0.05 was considered to be statistically significant.

We are grateful to Ms T Obama (Division of Biosignaling, National In-
stitute of Health Sciences) for her skillful culturing of cells.
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Long-lasting change in brain dynamics induced by
methamphetamine: enhancement of protein kinase C-dependent
astrocytic response and behavioral sensitization
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2 months of withdrawal. Consistent with this cell culture study,
It is well known that long-term exposure 1o psychostimulants in vivo treatment with METH, which was assoclated with
induces neuronal plasticity. Recently, accumulating evidence behavioral sensitization, caused a PKC-dependent astrocytic
suggests that astrocytes may actively participate in synaplic activation in the cingulate cortex and nucleus accumbens of
plasticity. In this study, we found that in vitro treatment of mice. These findings provide direct evidence that METH
cortical neuron/glia co-cultures with either methamphetamine induces a long-lasting astrocytic activation and behavioral
{METH) or morphine (MRP) caused the activation of astro- sensitization through the stimulation of PKG in the rodent
cytes via protein kinase C (PKC). Purified astrocytes were brain. In contrast, MRP produced a reversible activation of
markedly activated by METH, whereas MRP had no such astrocytes via neuronal PKC and a reversibility of behavioral
effect. METH, but not MRP, caused a long-lasting astrocytic sensitization. This Information can break through the definition
activation In cortical neurorvglia co-cultures. Furthermore, of drugs of abuse and the misleading of concept that morphine
MRP-induced behavioral sensitization to hyper-locomotion produces a long-lasting neurotoxicity.
was reversed by 2 months of withdrawal following intermitted Keywords: astrocyte, synaptic plasticlty, psychostimulant,
MRP administration, whereas behavioral sensitization 1o opioid, protein kinase C, neuron—glia communication.
METH-induced hyper-locomotion was maintained: even after J. Neurochem, (2005) 93, 1383-1392.

Glial cells, including astrocytes, microglia and oligodendro-  aard et al. 2002), which are coupled to various intracellular
cytes, are the most numerous type of brain cells, and their signaling cascades (Haydon 2001). Astrocytes are known to
roles in providing structural, metabolic and trophic support to exhibit a form of excitability and communication based on
neurons are well established (Kettenmann and Ransom 1995; changes in [Ca®"];, which can be stimulated by neuronal
Bezzi and Volterra 2001). Over the past decade, an increasing  sypaptic activity (Parri ef al. 2001). More recently, astrocytes
number of observations have progressively challenged the  have been reported to promote axonal extension and neuronal
classical view that glial cells only serve passive supportive
functions in mammalian CNS. For example, one glial type,

oligodendrocyte precursor cells has been shown to receive  Received Sepiember 1, 2004; revised manuscript received December 4,
direct synaptic input from neurons in the hippocampus 2004 accepted January 17, 2005. RE—
Bergles ef al. 2000), and another glial cell type, astrocyte Address comespondence and reprint requests (o Minoru Nanta an
(_ le & Tut t ) idly i b r‘wh’ ol yt ; Tsulsomu Suzuki, Department of Toxicology, Hoshi University School
|,° 5o glu Iama € Iapicly 21+n response‘ P yzs g of Pharmacy and Pharmaceutical Sciences, 2-4-41 Ebara, Shinagawaku,

increases in intracellular Ca*" concentration ([Ca®"])) (Par-

Tokyo 142-8501, Japnn.
pura and Haydon 2000). E-mail: narita@hoshi.ac.jp and suzuki@hoshi.ac.uk.

Astrocytes are a subpopulation of glial cells that control Abbreviations used: NPC-15437, S—?.,S-diu]:n.\ino-N—[(l-{l-oxou-idec‘yl}-
brain homeostasis to meet neuronal metabolic demands. 2-piperidinylmethylJhexamide dibydorochloride; BSS, basal sall salios;
Furthermore, astrocytes have large variety o f receptors CHE, chelerythrine chioride; DA, dopamine; GFAP, glial fibrillary acidic

£ ] ry

g : 4 < prolein; GLU, glutamate; METH, methamphelamine; MRP, morphine;
for neurotransmitters and hormones, including dopamine  pFa, paraformaldehyde; PBS, phosphate-buffered saline; PKC, protein
receptor (Khan et al. 2001) and glutamate receptor (Nederg-  kinase C; p-PKC, phosphorylated-protein kinase C.
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