106

gered the proliferation signal of MAP kinases within the
cell in our experiments. In view of other evidence that
integrin engagement also mediates cytokine production
(Miyake et al., 1993; Walzog et al., 1999) and that the
proliferation of adherent cells usually requires coordi-
nated signals from growth factor receptors and integrin,
which anchors the cell to the ECM (Renshaw, 1997,
Aplin et al., 1999), we cannot exclude the possibility that
Bl integrin mediated an upregulation of cytokines,
which then stimulated the cell in an autocrine fashion
during the 24-h incubation.

We demonstrated that ADP canceled out the prolifera-
tive effect of B1 integrin engagement, although ADP alone
did not influence the cell’s viability. The suppression by
ADP disappeared when ARC-69931 was added, suggest-
ing that signals from P2Y12/13 receptors are responsible.
B1 integrin-mediated proliferation seems to involve PKA,
since the proliferation rate was markedly reduced by the
downregulation of the cAMP/PKA signaling pathway by
ADP or KT-5720. Taken together, we concluded that
cAMP positively regulates the Bl integrin-mediated pro-
liferation of microglia through the activation of PKA. In
microglia, PKA is known to activate MEKK1/MEK/JNK
(Delgado, 2002). Moreover, PKA activity favors the
nuclear translocation of ERK1/2 in PC12 and hippocam-
pal neurons, as well as presynaptic sensory neurons from
Aplysia (Impey et al., 1998; Martin et al., 1998, Yao et al.,
1998). These reports support our hypothesis that the g1
integrin engagement promotes microglial proliferation
via PKA/MAP kinase pathways.

The finding that the P2Y12/13 receptor-mediated
translocation of B1 integrin and membrane ruffle forma-
tion were negatively regulated by PKA was in marked
contrast to the role of PKA in microglial proliferation. It
is intriguing to hypothesize that signals from P2Y12/13
receptors impaired the proliferation by shifting integrins
from the firm adhesion mode that leads to cell prolifera-
tion to the mobile mode, which is more suitable for
dynamic movement. Further studies will be necessary to
address the functional relationship between B1 integrin
and the intracellular PKA concentration in proliferation
and chemotaxis.

In summary, both microglial chemotaxis and prolifera-
tion clearly consist of numerous and complicated pro-
cesses in which integrins are fundamentally involved.
The results presented show that both functions are tightly
linked, possibly through integrins and PKA, and that
PKA likely serves as an opposite regulator between the
two cellular functions. Elucidation of such mechanisms
might reveal new therapeutic strategies for conditions in
which the activation of microglia is detrimental such as
some neuropathies of the spinal cord (Tsuda et al., 2003).

ACKNOWLEDGEMENTS

We thank professor S. Kohsaka for numerous helpful
suggestions. We also thank Dr. T. Kawanishi for kindly
supplying us some reagents. ARC-69931 was from Astra-
Zenaca. This study was supported by a grant of the Japan

NASU-TADA ET AL.

Health Science Foundation and by a grant of the Organi-
zation for Pharmaceutical Safety and Research (MF-16).

REFERENCES

Abbadie C, Lindia JA, Cumiskey AM, Peterson LB, Mudgett JS, Bayne
EK, DeMartino JA, Macintyre DE, Forrest MJ. 2003. Impaired neu-
ropathic pain responses in mice lacking the chemokine receptor
CCR2. Proc Natl Acad Sci USA 100:7947-7952.

Akiyama H, McGeer PL. 1990. Brain microglia constitutively express
beta-2 integrins. J Neuroimmunol 30:81-93.

Aplin AE, Juliano RL. 1999. Integrin and cytoskeletal regulation of
growth factor signaling to the MAP kinase pathway. J Cell Seci
112:695-706.

Bo L, Peterson JW, Mork S, Hoffman PA, Gallatin WM, Ransohoff RM,
Trapp BD. 1996. Distribution of immunoglobulin superfamily mem-
bers ICAM-1, -2, -3, and the beta 2 integrin LFA-1 in multiple sclero-
sis lesions. J Neuropathol Exp Neurol 55:1060-1072.

Bodin P, Burnstock G. 2001. Purinergic signalling: ATP release. Neuro-
chem Res 26:959-969.

Chen Q, Kinch MS, Lin TH, Burridge K, Juliano RL. 1994. Integrin-
mediated cell adhesion activates mitogen-activated protein kinases.
J Biol Chem 269:26602-26605.

Communi D, Gonzalez NS, Detheux M, Brezillon S, Lannoy V, Parmen-
tier M, Boeynaems JM. 2001 Identification of a novel human ADP
receptor coupled to Gi. J Biol Chem 276:41479-41485.

Coyle DE. 1998, Partial peripheral nerve injury leads to activation of
astroglia and microglia which parallels the development of allodynic
behavior. 23:75-83.

Delgado M. 2002. Vasoactive intestinal peptide and pituitary adenylate
cyclase-activating polypeptide inhibit the MEKK1/MEK4/JNK signal-
ing pathway in endotoxin-activated microglia. Biochem Biophys Res
Commun 293:771-776.

Edin ML, Howe AK, Juliano RL. 2001. Inhibition of PKA blocks fibro-
blast migration in response to growth factors. Exp Cell Res 270:214~
222.

Gehrmann J, Matsumoto Y, Kreutzberg GW. 1995. Microglia: intrinsic
immunoeffector cell of the brain. Brain Res Rev 20:269-287.

Hailer NP, Jarhult JD, Nitsch R. 1996. Resting microglial cells in vitro:
analysis of morphology and adhesion molecule expression in organo-
typic hippocampal slice cultures. Glia 18:319-331.

Hanisch U-K. 2002. Microglia as a source and target of cytokines. Glia
40:140-155.

Hemler ME. 1998, Integrin associated proteins. Curr Opin Cell Biol
10:578-585.

Hollopeter G, Jantzen HM, Vincent D, Li G, England L, Ramakrishnan
V, Yang RB, Nurden P, Nurden A, Julius D, Conley PB. 2001. Identi-
fication of the platelet ADP receptor targeted by antithrombotic
drugs. Nature 409:202--207.

Honda S, Sasaki Y, Ohsawa K, Imai Y, Nakamura Y, Inoue K, Kohsaka
S. 2001. Extracellular ATP or ADP induce chemotaxis of cultured
microglia through Gi/o-coupled P2Y receptors. J Neurosci 21:1975~
1982,

Hood JD, Cheresh DA. 2002. Role of integrins in cell invasion and
migration. Nat Rev Cancer 2:91-100.

Howlett AR, Bailey N, Damsky C, Petersen OW, Bissell MJ. 1995. Cel-
lular growth and survival are mediated by beta 1 integrins in normal
human breast epithelium but not in breast carcinoma. J Cell Sci
108:1945-1957.

Hynes RO. 1992. Integrins: versatility,
cell adhesion. Cell 69:11-25.

Impey S, Obrietan K, Wong ST, Poser S, Yano S, Wayman G, Deloulme
JC, Chan G, Storm DR. 1998, Cross talk between ERK and PKA is
required for Ca®* stimulation of CREB-dependent transcription and
ERK nuclear translocation. Neuron 21:869-883.

Ingall AH, Dixon J, Bailey A, Coombs ME, Cox D, McInally JI, Hunt
SF, Kindon ND, Teobald BJ, Willis PA, Humphries RG, Leff P, Clegg
JA, Smith JA, Tomlinson W. 1999. Antagonists of the platelet P2T
receptor: a novel approach to antithrombotic therapy. J Med Chem
28:213-220.

Inoue K. 2002, Microglial activation by purines and pyrimidines. Glia
40:156-163.

Jones LS. 1996. Integrins: possible functions in the adult CNS. Trends
Neurosci 19:68-72.

Jones SL. 2002. Protein kinase A regulates beta2 integrin avidity in
neutrophils. J Leukoc Biol 71:1042-1048.

Jones PH, Watt FM. 1993. Separation of human epidermal stem cells
from transit amplifying cells on the basis of differences in integrin
function and expression. Cell 73:713-724.

modulation, and signaling in



MICROGLIAL CHEMOTAXIS AND PROLIFERATION

Kloss CU, Werner A, Klein MA, Shen J, Menuz K, Probst JC, Kreutz-
berg GW, Raivich G. 1999. Integrin family of cell adhesion molecules
in the injured brain: regulation and cellular localization in the nor-
mal and regenerating mouse facial motor nucleus. J Comp Neurol
411:162-178.

Kloss CU, Bohatschek M, Kreutzberg GW, Raivich G. 2001. Effect of
lipopolysaccharide on the morphology and integrin immunoreactivity
of ramified microglia in the mouse brain and in cell culture. Exp
Neurol 168:32—46.

Laudanna C, Campbell JJ, Butcher EC. 1997. Elevation of intracellular
¢AMP inhibits RhoA activation and integrin-dependent leukocyte adhe-
sion induced by chemoattractants. J Biol Chem 272:24141-24144,

Laufferburger DA, Hortitz AF. 1996. Cell migration: a physical inte-
grated molecular process. Cell 84:359-369.

Laukaitis CM, Webb DJ, Donais K, Horwitz AF. 2001. Differential
dynamics of a5 integrin, paxillin, and «-actinin during formation
and disassembly of adhesions in migrating cells. 153:1427-1440.

Lishko VK, Yakubenko VP, Ugarova TP. 2003. The interplay between
integrins alphaMbeta2 and alphaSbetal during cell migration to
fibronectin. Exp Cell Res 283:116~126.

Liva SM, Kahn MA, Dopp JM, de Vellis J. 1999. Signal transduction
pathways induced by GM-CSF in microglia: significance in the con-
trol of proliferation. Glia 26:344-352.

Martin KC, Michael D, Roes JC, Barad M, Casadio A, Zhu H, Kandel ER.
1998. MAP kinase translocates into the nucleus of the presynaptic cell
and is required for long-term facilitation in Aplysia, Neuron 18:899-912.

Milner R, Campbell IL, 2002. Cytokines regulate microglial adhesion to
laminin and astrocyte extracellular matrix via protein kinase C-
dependent activation of the alpha6betal integrin. J Neurosci 22:
1562-1572.

Milner R, Campbell IL. 2003. The extracellular matrix and cytokines
regulate microglial integrin expression and activation. J Immunol
170:3850--3858.

Miyake S, Yagita H, Maruyama T, Hashimoto H, Miyasaka N, Oku-
mura K. 1993. Beta 1 integrin-mediated interaction with extracellu-
lar matrix proteins regulates cytokine gene expression in synovial
fluid cells of rheumatoid arthritis patients. J Exp Med 177:863-868.

Miyamoto S, Teramoto H, Coso OA, Gutkind JS, Burbelo PD, Akiyama
SK, Yamada KM. 1995. Integrin function: molecular hierarchies of
cytoskeletal and signaling molecules. J Cell Biol 131:791-805.

Nakajima K, Kohsaka S. 1993. Characterization of brain microglia and
the biological significance in the central nervous system. Adv Neurol
60:734-743.

Neptune ER, Bourne HR. 1997. Receptors induce chemotaxis by releas-
ing the betagamma subunit of Gi, not by activating Gq or Gs. Proc
Natl Acad Sci USA 94:14489-14494.

O'Connor KL, Mercurio AM. 2001. Protein kinase A regulates Rac and
is required for the growth factor-stimulated migration of carcinoma
cells. J Biol Chem 276:47895-47900.

Pinkstaff JK, Detterich J, Lynch G, Gall C. 1999. Integrin subunit gene
expression is regionally differentiated in adult brain. J Neurosci
19:1541-1556. :

107

Renshaw MW, Ren XD, Schwartz MA. 1997, Growth factor activation of
MAP kinase requires cell adhesion. EMBO J 16:5592-5599.

Rollins BJ 1997. Chemokines. Blood 90:909-928.

Sasaki Y, Hoshi M, Akazawa C, Nakamura Y, Tsuzuki H, Inoue K, Koh-
saka S. 2003. Selective expression of Gi/o-coupled ATP receptor
P2Y12 in microglia in rat brain. Glia 44:242-250.

Schlaepfer DD, Hunter T. 1998. Integrin signalling and tyrosine phos-
phorylation: just the FAKs? Trends Cell Biol 8:151-157.

Simon J, Filippov AK, Goransson S, Wong YH, Frelin C, Michel AD,
Brown DA, Barnard EA. 2002. Characterization and channel coupling
of the P2Y;, nucleotide receptor of brain capillary endothelial cells.
J Biol Chem 277:31390-31400.

Streit WJ. 2002. Microglia as neuroprotective, immunocompetent cells
of the CNS. Glia 40:133-139.

Tikka T, Fiebich BL, Goldsteins G, Keinanen R, Koistinaho J. 2001.
Minocycline, a tetracycline derivative, is neuroprotective against
excitotoxicity by inhibiting activation and proliferation of microglia.
J Neurosci 21:2580-~2588.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S,
Salter MW, Inoue K. 2003. P2X4 receptors induced in spinal micro-
glia gate tactile allodynia after nerve injury. Nature 424:778-783.

Walzog B, Weinmann P, Jeblonski F, Scharffetter-Kochanek K, Bom-
mert K, Gaehtgens P. 1999. A role for By integrins (CD11/CD18) in
the regulation of cytokine gene expression of polymorphonuclear neu-
trophils during the inflammatory response. FASEB J 13:1855-1865.

Wang W, Ji P, Dow KE. 2003. Corticotropin-releasing hormone induces
proliferation and TNF-alpha release in cultured rat microglia via
MAP kinase signalling pathways. J Neurochem 84:189-195.

Webb SE, Pollard JW, Jones GE. 1996. Direct observation and quantifi-
cation of macrophage chemoattraction to the growth factor CSF-1.
J Cell Sci 109:793-803.

Widmann C, Gibson S, Jarpe MB, Johnson GL. 1999. Mitogen-activated
protein kinase: conservation of a three-kinase module from yeast to
human. Physiol Rev 79:143-180.

Yao H, York RD, Misra-Press A, Carr DW, Stork PJ. 1998. The cyclic
adenosine monophosphate-dependent protein kinase (PKA) is
required for the sustained activation of mitogen-activated kinases
and gene expression by nerve growth factor. J Biol Chem 273:8240—

247.

Yu N, Zhang X, Magistretti PJ, Bloom FE. 1998. IL-1-alpha and TNF-
alpha differentially regulate CD4 and Mac-1 expression in mouse
microglia. Neuroimmunomodulation 5:42-52.

Zhang FL, Luo L, Gustafson E, Palmer K, Qiao X, Fan X, Yang S, Laz
TM, Bayne M, Monsma F Jr. 2002. P2Y,3: identification and charac-
terization of a novel Galphai-coupled ADP receptor from human and
mouse. J Pharmacol Exp Ther 301:705-713.

Zhu X, Assoian RK. 1995. Integrin-dependent activation of MAP
kinase: a link to shape-dependent cell proliferation. Mol Biol Cell
6:273-282.

Zicha D, Dunn GA, Brown AF. 1991, A new direct-viewing chemotaxis
chamber. J Cell Sci 99:769-775.



Journal of Neurochemistry, 2005, 93, 1383-1392

doi: 10.1111/1.1471-4159.2005.03097.x

Long-lasting change in brain dynamics induced by
methamphetamine: enhancement of protein kinase C-dependent
astrocytic response and behavioral sensitization
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It is well known that long-term exposure to psychostimulants
induces neuronal plasticity. Recently, accumulating evidence
suggests that astrocytes may actively participate in synaptic
plasticity. In this study, we found that in vitro treatment of
cortical neuron/glia co-cultures with either methamphetamine
(METH) or morphine (MRP) caused the activation of astro-
cytes via protein kinase C (PKC). Purified astrocytes were
markedly activated by METH, whereas MRP had no such
effect. METH, but not MRP, caused a long-lasting astrocytic
activation in cortical neuron/glia co-cultures. Furthermore,
MRP-induced behavioral sensitization to hyper-locomoticn
was reversed by 2 months of withdrawal following intermitted
MRP administration, whereas behavioral sensitization to
METH-induced hyper-locomotion was maintained even after

2 months of withdrawal. Consistent with this cell culture study,
in vivo treatment with METH, which was associated with
behavioral sensitization, caused a PKC-dependent astrocytic
activation in the cingulate cortex and nucleus accumbens of
mice. These findings provide direct evidence that METH
induces a long-lasting astrocytic activation and behavioral
sensitization through the stimulation of PKC in the rodent
brain. In contrast, MRP produced a reversible activation of
astrocytes via neuronal PKC and a reversibility of behavioral
sensitization. This information can break through the definition
of drugs of abuse and the misleading of concept that morphine
produces a long-lasting neurotoxicity.

Keywords: astrocyte, synaptic plasticity, psychostimulant,
opioid, protein kinase C, neuron—glia communication.
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Glial cells, including astrocytes, microglia and oligodendro-
cytes, are the most numerous type of brain cells, and their
roles in providing structural, metabolic and trophic support to
neurons are well established (Kettenmann and Ransom 1995;
Bezzi and Volterra 2001). Over the past decade, an increasing
number of observations have progressively challenged the
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
direct synaptic input from neurons in the hippocampus
(Bergles et al. 2000), and another glial cell type, astrocyte,
releases glutamate rapidly in response to physiological
increases in intracellular Ca®* concentration ([Ca®'],) (Par-
pura and Haydon 2000).

Astrocytes are a subpopulation of glial cells that control
brain homeostasis to meet neuronal metabolic demands.
Furthermore, astrocytes have a large variety of receptors
for neurotransmitters and hormones, including dopamine
receptor (Khan et a/. 2001) and glutamate receptor (Nederg-

aard ef al. 2002), which are coupled to various intracellular
signaling cascades (Haydon 2001). Astrocytes are known to
exhibit a form of excitability and communication based on
changes in [Ca®'];, which can be stimulated by neuronal
synaptic activity (Parri et al. 2001). More recently, astrocytes
have been reported to promote axonal extension and neuronal
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migration, whereas astrocyte-derived cues also play a critical
role in the pathological process by forming boundaries and
retarding axonal outgrowth (Powell et al. 2001).

It has been documented recently that astrocytes in the
neostriatum show hypertrophy and proliferation upon treat-
ment with methamphetamine (METH) at neurotoxic doses in
mice (Pu and Vorhees 1995). Astrocytic morphological
changes can also be induced by the administration of cocaine
in mice (Fattore et al. 2002). These findings indicate that
astrocytes may play an important role in the development of
dependence on psychostimulants, However, relatively little is
known about the mechanism that underlies psychostimulant-
induced astrocytic responses, even if astrocytes are considered
to play a critical role in long-term synaptic plasticity in the CNS
(Ullian et al. 2001; Song et al. 2002). In the present study, we
investigated the mechanism of METH-induced astrocytic
activation in cultured cortical astrocytes and cortical neuron/
glia co-cultures. We also documented whether mor-
phine (MRP) could directly regulate astrocytic responses to
cultures.

METH and cocaine are strongly addictive psychostimu-
lants that dramatically affect the CNS, and they are highly
abused drugs worldwide. Abuse of psychostimulants leads to
the development of psychotic symptoms that resemble those
of paranoid schizophrenia (Synder 1974). In rodents, it has
been shown consistently that repeated exposure to psycho-
stimulants results in a progressive and enduring enhancement
in the motor stimulant effect elicited by a subsequent drug
challenge, which termed behavioral sensitization (Vanders-
churen and Kalivas 2000). Accumulating evidence suggests
that the behavioral sensitization induced by psychostimulants
may be accompanied by long-lasting neural plasticity
(Robinson and Kolb 1999) that may involve structural
modifications in the dopaminergic (Steketee 2003) and/or
glutamatergic system (Sripada et al. 2001). Here we report
for the first time that chronic treatment with METH causes a
long-lasting PKC-dependent behavioral sensitization related
to the enhanced astrocytic responses, whereas MRP produces
a reversible behavioral sensitization.

Materials and methods

The present studies were conducted in accordance with the Guide
for Care and Use of Laboratory Animals adopted by the Committee
on Care and Use of Laboratory Animals of Hoshi University School
of Pharmacy and Pharmaceutical Sciences, which is accredited by
the Ministry of Education, Culture, Sports, Science and Technology
of Japan.

Tissue processing

Purified cortical astrocytes were grown as follows: cerebral cortices
were obtained from newborn ICR mice (Tokyo Laboratory Animals,
Tokyo, Japan), minced, and treated with trypsin (0.025%, Invitrogen,
Carlsbad, CA, USA) dissolved in phosphate-buffered saline (PBS)

solution containing 0.02% L-cysteine (Sigma-Aldrich, St. Louis, MO,
USA) monohydrate, 0.5% glucose (Wako Pure Chemicals, Osaka,
Japan) and 0.02% bovine serum albumin (Wako Pure Chemicals).
After enzyme treatment at 37°C for 15 min, cells were dispersed by
gentle agitation through a pipette and plated on a flask. One week
after seeding in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) supplemented with 5% precolostrum newborn calf serum
(FBS, Invitrogen), 5% heat-inactivated (56°C, 30 min) horse serun
(HS, Invitrogen), 10 U/mL penicillin and 10 pg/mL streptomycin in
a humidified atmosphere of 95% air and 5% CO, at 37°C, the flask
was shaken for 12 h at 37°C to remove nonastrocytic cells. The cells
were seeded at a density of [ x 10° cells/em® The cells were
maintained for 3—10 days in DMEM supplemented with 5% FBS, 5%
HS, 10 U/mL penicillin and 10 pg/mL streptomycin in a humidified
atmosphere of 95% air and 5% CO2 at 37°C.

Cortical neuron/glia co-cultures were grown as follows: cerebral
cortex was obtained from newborn ICR mice (Tokyo Laboratory
Animals Science), minced, and treated with papain (9 U/mL,
Worthington Biochemical, Lakewood, NJ, USA) dissolved in PBS
solution containing 0.02% L-cysteine monohydrate, 0.5% glucose
and 0.02% bovine serum albumin. After enzyme treatment at 37°C
for 15 min, cells were seeded at a density of 2 x 10° cells/em?. The
cells were maintained for 7 days in DMEM supplemented with 0%
FBS, 10 U/mL penicillin and 10 pg/mL streptomycin. On day 8, the
cells were treated with drugs.

Drug treatment and immunohistochemistry
At day 37 in vitro, the cells were treated with either normal medium,
methamphetamine hydrochloride (METH, 0.01-1000 pm, Dainippon
Pharmaceutical, Osaka, Japan), a selective protein kinase C (PKC)
inhibitor, chelerythrine chloride (CHE, 10 nm, Sigma-Aldrich) +
METH (1-100 M), morphine hydrochloride (MRP, 1-1000 pim,
Sankyo, Tokyo, Japan) or MRP (1-100 pm) + CHE (10 nm). The
treatments lasted for -3 days. The cells were then identified by
immunofluorescence using rabbit anti-glial fibrillary acidic protein
antibody (GFAP, 1 : 1000; Chemicon International, Inc., Temecula,
CA, USA), mouse anti-GFAP antibody (! : 1000, Chemicon, Inter-
national, Inc.), rabbit anti-phosphorylated-protein kinase C antibody
(p-PKC, 1 : 400; Cell Signaling Technology Inc., Beverly, MA, USA),
or rabbit anti-cleaved caspase-3 antibody (1 : 100, Cell Signaling
Technology Inc., Beverly, MA, USA), followed by incubation with
Alexa 488-conjugated goat anti-rabbit antibody (1 : 4000) or Alexa
546-conjugated goat anti-rabbit antibody (1 : 4000) for GFAP, Alexa
488-conjugated goat anti-rabbit antibody (1 : 1000) for p-PKC, and
Alexa 488-conjugated goat anti-rabbit antibody (1 : 10000)
for cleaved caspase-3. lmages were collected using a Radiance
(2000) laser-scanning microscope (Bio-Rad, Richmond, CA, USA).
The density of GFAP-like immunoreacivity was measured with a
computer-assisted system (NiH maGt). The upper and lower
threshold density ranges were adjusted to encompass and match
the immunoreactivity to provide an image with immunoreactive
material appearing in black pixels, and non-immunoreactive
material as white pixels. The area and density of pixels within the
threshold value representing immunoreactivity were calculated.

Evaluation of astrocytic stellation
In order to evaluate the astrocytic stellation, purified cortical
astrocytes were cultured on 24-well plates and treated with METH
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(0.01-100 pm) or METH (1-100 pum) + CHE (10 nm)  for
1-3 days. The cells were fixed in 4% paraformaldehyde and
stained with cresyl violet (0.1%, ICN Biomedicals, Aurora, OH,
USA) to determine the percentage of stellate cells in cultures. Cells
with processes longer than their perinuclear diameters were defined
as stellate cells. Stained cells were mounted on glass slides and
viewed under transmitted light using a microscope with a
10x objective lens (IX 70, Olympus Optical, Tokyo, Japan). For
each coverslips, four randomly chosen fields were counted (about
{70 cells in each field), and the percentage of stellate cells was
determined. Each experimental condition was repeated from four
independent culture preparations. The percentage of stellate cells
was expressed as average + SE. Student’s t-test was used for
statistical analysis.

Confocal Ca® imaging

Purified cortical astrocytes were loaded with 10 pm fluo-3 acetoxy-
methyl ester (Dojindo Molecular Technologies, Inc., Gaithersburg,
MD, USA) for 90 min at room temperature. After a further 20—
30 min of de-esterification with the acetoxymethyl ester, the
coverslips were mounted on a microscope equipped with a confocal
Ca** imaging system (Radiance 2000, Bio-Rad). Fluo-3 was excited
with the 488 nm line of an argon-ion laser and the emitted
fluorescence was collected at wavelengths > 515 nm, and average
baseline fluorescence (Fy) of each cells was calculated. To
compensate for the uneven distribution of fluo-3, self-ratios were
calculated (Ratio: Ry = F/Fy).

Dopamine (1-100 pum, Sigma-Aldrich) or glutamate (1-100 pm,
Sigma-Aldrich) was perfused for 30 sec at 5 mL/min at room
temperature in cultured cortical astrocytes followed by superfusion
of basal salt saline (BSS, pH 7.4) containing 150 mmM NaCl, 5.0 mm
KCl, 1.8 mm CaCly, 1.2 mm MgCly, 25 mm N-2-hydroxyethylpip-
erazine-N'-2-ethaneslufonic acid and 10 mum p-glucose.

Locomotor assay for METH and MRP

Male ICR mice (20-25 g) were housed at a room temperature of
23 + [°C with a 12-h light : 12-h dark cycle (lights on 08:00-
20:00). Food and water were available ad libitum.

The locomotor activity of mice was measured by an ambulometer
(ANB-M20, O’Hara, Tokyo, Japan) as described previously (Narita
et al. 1993). Briefly, a mouse was placed in a tilting-type round
activity cage of 20 cm in diameter and 19 cm in height. Any slight
tilt of the activity cage caused by horizontal movement of the animal
was detected by micro-switches. Total activity counts in each 10-
min segment were automatically recorded for 30 min prior to the
injections and for 180 min following METH administration.

According to previous reports (Kuribara 1996; Narita et al.
2002), a repeated injection paradigm was used in which animals
were treated with an injection of METH (2 mg/kg, s.c.) or MPR
(10 mg/kg, s.c.) every 96 h to induce sensitization to METH- or
MRP-induced hyper-locomotion. Total activity was counted for 3 h
after each treatment.

To investigate the implication of PKC in the development of
sensitization to METH-induced hyper-locomotion, mice were
pretreated with saline or a selective PKC inhibitor S-2,6-diamino-
N-[(1-[1-oxotridecy!]-2-piperidiny!)methy]Jhexamide dihydorochlo-
ride (NPC-15437: | mg/kg, s.c.., Sigma-Aldrich) 30 min prior to
METH (2 mg/kg, s.c.) treatment.

Irreversible responses to psychostimulants 1385

Immunohistochemistry using brain-slice sections

Twenty-four hours after the last METH treatment, animals were
deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and
perfused transcardially with 4% paraformaldehyde (PFA) in 0.1 m
PBS. Then, the brains were removed quickly after perfusion and
thick coronal section of the forebrain including the caudate putamen,
nucleus accumbens, and cingulate cortex region was initially
dissected using brain blocker. The coronal section of the midbrain
was post-fixed in 4% PFA for 2 h. After the brains were permeated
with 20% sucrose for 2 days and 30% sucrose for 2 days, they were
frozen in an embedding compound (Sakura Finetechnical, Tokyo,
Japan) on isopentane using liquid nitrogen and stored at — 30°C until
used. Frozen coronal sections (8 pm) were cut in a cryostat, and
thaw-mounted on poly-L-lysine-coated glass slides.

Each primary antibody was diluted in 0.01 M PBS containing
10% normal horse serum [I: 10 GFAP (Nichirei Co., Tokyo,
Japan)] and was incubated twice overnight at 4°C. The antibodies
were then rinsed and incubated with each secondary antibody for
2 h at room temperature. For each labeling, Alexa 488-conjugated
goat anti-rabbit antibody for GFAP was diluted | : 1200 in PBS
containing 10% NHS.

Statistical analysis

The data are presented as the mean + SEM. The statistical
significance of differences between groups was assessed by an
analysis of variance (anova) followed by Dunnett’s multiple
comparisons test or Student’s f-test.

Results

METH-induced astrocytic activation

Treatment with METH (10 um) for 3 days caused a robust
activation of cultured cortical astrocytes, as detected by a
stellate morphology and an increase in the level of GFAP-
like immunoreactivity (GFAP-IR) compared to that in normal
medium-treated cells (Fig. 1A). As shown in Fig. 1B,
treatment with METH (1-100 um) for 1-3 days significantly
increased the number of stellate astrocytes in cultured
cortical astrocytes. Although 1 day treatment with METH
caused a significant increase in stellate astrocytes in cultured
astrocytes, 3 day treatment with METH (10-100 pm)
showed a drastic increase in stellate astrocytes. In addition,
this activation of astrocytes was partially reversed by
treatment with the specific protein kinase C (PKC) inhibitor
chelerythrine chloride (CHE, Fig. 1), indicating the possible
implication of PKC in this event. Immunohistochemical
staining with an anti-phosphorylated PKC (p-PKC) antibody
confirmed that treatment with METH increased the immu-
noreactiviy of p-PKC in astrocytes (Fig. 1D). These results
suggest that astrocytic PKC is involved in METH-induced
astrocytic activation (Fig. 1C). Treatment with METH
(10100 um) for 3 days also caused a robust astrocyte
activation in cortical neuron/glia co-cultures, and this
activation was reversed by cotreatment with CHE (Fig. 2).
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We next investigated whether treatment with METH could
induce any functional changes in astrocytes. Astrocytes are
known to express a variety of neurotransmitters and/or
hormone receptors, including dopamine (DA) and glutamate
(GLU) receptors. As shown in Fig. 3 2, either DA (1
100 pm) or GLU (1-100 pm) produced a transient increase in
the intracellular calcium concentration ([Ca®']) in cultured
cortical astrocytes. The Ca** responses to DA and GLU in
astrocytes were significantly enhanced by 3 days of treat-
ment with METH (10 pwm, 3 days).

Morphine-induced astrocytic activation
Opioid agonists such as morphine (MRP) modulate several
physiological processes including a rewarding effect by

METH (uM, 3 days treatment)

(METH) causes astrocytic activation in
purified cortical astrocytes. (a) Purified
cortical astrocytes were incubated with
normal medium, METH (10 pm) or METH +
chelerythrine (CHE, 10 nw) for 3 days. The
cells were stained with a rabbit polyclonal
antibody to GFAP. (b) Purified cortical ast-
rocytes were incubated with normal med-
ium, METH (0.01-100 um) or METH
(1-100 pum) + CHE (10 nv) for 1-3 days.
Astrocytic activation as shown by a stellate
morphology with processes longer than
their perinuclear diameters was evaluated.
Data represent the mean + SEM of
139-250 cells from four separate observa-
tions. **p < 0.01 and ***p < 0.001; control,
###p < 0.001; vs. cells without CHE.
(c) Proposed scheme showing the mech-
anism of METH-induced atrocytic activa-
tion. (d) The green labeled for p-PKC (pan)
stained with a rabbit polyclonal antibody
and the red labeled for GFAP stained with a
mouse polyclonal antibody are mostly
overlapped as yellow in METH-treated ast-
rocytes.

stimulating opioid receptors. To compare its effects with
those of METH, we investigated the effect of MRP in
astrocytes. Unlike METH, treatment with MRP (1-1000 pm)
for 1-3 days did not produce morphological changes in the
activation of purified cortical astrocytes (Figs 4a and b). In
contrast to MRP treatment in purified astrocytes, treatment
with MRP (10-100 pw) for 3 days activated GFAP-positive
astrocytes in cortical neuron/glia co-cultures (Figs 4c and d),
and this activation was partially attenuated by CHE (10 nm).

Different maintenance of METH- and MRP-induced
astrocytic activation

We next investigated the difference between METH and
MRP in the maintenance of astrocytic activation. As shown
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Fig. 2 Treatment with methamphetamine
(METH) for 3 days causes astrocytic acti-
vation in cortical neuron/glia co-cultures.
(a) Cortical neuron/glia co-cultures were
with normal medium, METH (0.1-100 pm)
or METH (1-100 pwm) + CHE (10 nm) for
3 days. The cells were stained with a rabbit
polycional antibody to GFAP. (b) The den-
sity of GFAP-like immunoreactivity of each
image was measured using NIH imMAGE. The
level of GFAP like immunoreactivity on
MEHT- and METH + CHE-treated cells is
expressed as a percent increase (mean
SEM) with respect to that on control cells.
*p < 0.05, *"*p <0.001; vs. control celis.
###p < 0.001; vs. METH-treated cells.

(b)

% of control

in Fig. 5a, treatment with METH (10 um) for 1-3 days
caused the activation of GFAP-positive astrocytes in cortical
neuron/glia co-cultures. The METH-contained medium was
then switched to normal medium, and the cells were
cultured for additional 2 days. It is of interest to note that
the METH-induced increase in the level of GFAP-IR still
remained after an additional 2 days of cultured with normal
medium. Treatment with MRP (10 pum) for 1-3 days also
caused the activation of GFAP-positive astrocytes in cortical
neuron/glia co-cultures (Fig. 5b). The MRP-containing
medium was then switched to normal medium, and the
cells were cultured for additional 2 days. Unlike METH,
the MRP-induced increase in the level of GFAP-IR was
reversed after an additional 2 days of cultured with normal
medium,

Long-lasting maintenance of behavioral sensitization

to METH, but not MRP

The repeated administration of psychostimulant drugs results
in a progressive and enduring elevation in the motor response
elicited, which may be accompanied by a long-lasting neural
plasticity. Therefore, we hypothesized that the psychostim-
ulant-induced astrocytic activation may be related to behavi-
oral sensitization. Based on the data and the hypothesis
presented above, we next investigated whether repeated

400
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in vivo treatment with METH could cause a long-lasting
maintenance of behavioral sensitization to METH-induced
hyper-locomotion.

To clarify the development of sensitization to METH- or
MRP-induced hyper-locomotion, mice were given five
treatments [METH (2 mg/kg, s.c) or MRP (10 mg/kg,
s.c.)] every 96 h. As shown in Fig. 6, repeated injection of
either METH or MRP produced a progressive elevation of
the METH- or MRP-induced locomotor-enhancing effect,
indicating the development of sensitization to METH- or
MRP-induced hyper-locomotion (p < 0.01, first session vs.
fifth session). Intriguingly, the METH-induced sensitization
to hyper-locomotion was maintained even after 2 months
withdrawal following intermitted METH administration
(Fig. 6a). However, the MRP-induced sensitization was
reversed by 2 months withdrawal following intermitted
MRP administration (Fig. 6b).

METH-induces neuronal cell death

METH has been recognized as a drug of abuse that
induces nerve terminal degeneration and neuronal apoptosis
in the mammalian brain (Jiménez efal. 2004). We
therefore investigated whether in vitro treatment with
high concentration of METH or MRP could induce
neuronal cell death. As shown in Fig. 7, treatment with
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Fig. 3 The Ca®" responses to dopamine and glutamate in astrocytes
were significantly enhanced by 3 days of treatment with METH.
(a) Traces show the dopamine (DA, 100 um)-evoked increase in the
intracellular Ca®* concentration in control and METH-treated astro-
cytes. (b) Traces show the glutamate (GLU, 100 um}-evoked increase
in the intracellular Ca®* concentration in control and METH-treated
astrocytes. (¢) The Ca* responses to DA and GLU in control and
METH-treated astrocytes are summarized. Data represent the mean =
SEM of 54-72 cells. *p < 0.05, **p < 0.01 vs. control astrocytes.

METH (100-1000 um) for 3 days in cortical neuron/glia
co-cultures caused the robust activation of cleaved caspase-
3, which is a marker of neuronal death. However, unlike
METH, a high concentration of MRP failed to produce the
caspase-3 activation.

In vivo astrocytic responses by METH

Finally, we investigated in vivo astrocytic responses in the
development of METH-induced sensitization. In order
to investigate the direct involvement of PKC in the
development of sensitization to METH-induced hyper-
locomotion, mice were given intermittently METH (2 mg/
kg, s.c..) in combination with a specific PKC inhibitor
NPC-15437 (1 mg/kg, s.c.). As shown in Fig. 8a, inter-
mittent co-administration of NPC-15437 abolished the
development of sensitization to METH-induced hyper-
locomotion.

We also confirmed that repeated in vivo treatment with
METH under the present schedule failed to cause the
neuronal cell death; the present schedule of treatment with
METH had no effect on the caspase-3 activity in the caudate
putamen (data not shown).

Immunohistochemical studies were also performed in
order to investigate the change in GFAP-IR levels in
the cingulate cortex and nucleus accumbens following
intermittent treatment with METH. As shown in Fig. 8, the
GFAP-IR level was clearly increased in METH-sensitized
mice compared to those in mice that had been repeatedly
treated with saline. This increase in GFAP-IR level in
METH-sensitized mice was completely abolished by inter-
mittent coadministration of NPC-15437.

Discussion

Recently, astrocytes have been reported to induce synapse
formation and/or stabilize CNS synapses (Barres and Smith
2001) and may be capable of integrating neuronal inputs and
modulating synaptic activity. The morphological changes
that occur in astrocytes produce what are collectively known
as reactive astrocytes that are characterized by specific
changes such as the accumulation of intermediate-filament
GFAP and hyperplasia (Ridet et al. 1997). In the present
study, we observed morphological changes in astrocytes by
treatment with either METH or MRP in cortical neuron/glia
co-cultures. On the other hand, a difference was noted
between the effects of METH and MRP in purified cortical
astrocytes: while METH markedly activated astrocytes with
phosphorylation of PKC, MRP had no such effect.

In the present study, we found for the first time that
treatment with METH (10 pum) for 3 days increased the
sensitivity of cortical astrocytes to dopamine and glutamate;
this can be responsible for rewarding effects of psychostim-
ulants and opioids (Carlezon and Nestler 2002; Wise 2002).
Many lines of evidence support the idea that the enhanced
Ca®" signaling in astrocytes is not restricted to single cells as
Ca®" can cross cell borders via gap junctions, resulting in
intracellular Ca?* waves traveling from one astrocyte to
another, and the induction of Ca®' responses in neurons
(Verkhratsky and Kettenmann 1996). Taken together, these
findings suggest that treatment with METH may cause the
functional up-regulation of neuroactive substances in astro-
cytes. It is also possible that the increase in astrocytic Ca®"
signaling induced by dopamine and glutamate following
chronic exposure to METH may result from an enhancement
of astrocytic dopamine and glutamate receptor functions
induced by METH.

A study of cultures of newborn rodent CNS cells has
shown that heterogeneous subpopulations of astrocytes can
express one or more type of opioid receptor (Ridet ef al.
1997). 1t has been reported that preferential |1-opioid receptor
agonists can interfere with neuronal cell division (Stiene-
Martin et al. 2001). In the present study, we found that the
p-opioid receptor agonist MRP had no effect on astrocytic
activation in cortical purified astrocytes, whereas it caused
astrocytic activation in cortical neuron/glia co-cultures.
These findings constitute evidence that MRP might activate
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Fig. 4 Morphine (MRP) causes astrocytic
activation in cortical neuron/glia co-cultures,
but not in cortical purified astrocytes.
(a) Purified cortical astrocytes were incu-
bated with normal medium or MRP
(10-1000 um) for 3 days. The cells were
stained with a rabbit polyclonal antibody to
GFAP. (b) Purified cortical astrocytes are
incubated with normal medium and MRP
(1-1000 um) for 1~-3 days. Astrocytic acti-
vation as shown by a stellate morphology
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medium, MRP (0.1-100 pm) or MRP
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The cells were stained with a rabbit poly-
clonal antibody to GFAP. (d) The density of
GFAP-like immunoreactivity of each image
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GFAP like immunoreactivity on MRP- and
MRP + CHE-treated cells is expressed as a
percent increase (mean x SEM) with
respect to that on control cells. *p < 0.05,
**p <0.001; vs. control cells. ##Hip <
0.001; vs. MRP-treated cells. (e) Proposed
scheme showing the mechanism of MRP-
induced atrocytic activation in mouse
cortical neuron/glia co-cultures.

(e)

astrocytes via neurons. Furthermore, the present results raise
the possibility that METH and MRP may differentially
regulate long-term changes in neuron—glia communication.
Here we demonstrated that the astrocytic activation in
cortical neuron/glia co-cultures induced by either METH or
MRP was blocked by treatment with a specific PKC
inhibitor. PKC is a key regulatory enzyme that modulates
both presynaptic and postsynaptic neuronal function, the
synthesis and release of neurotransmitters, and the regulation
of receptors (Narita et al. 2001). Several lines of evidence
have suggested that in vitro neurite outgrowth on several cell
adhesion and matrix molecules (Walsh and Doherty 1996;
Powell et al. 2001), including fibronectin (Kuhn et al. 1995),
laminin and collagen (Bixby and Jhabvala 1992), are reduced
by the specific inhibition of PKC, suggesting that PKC plays
an important role in regulating the direction of neurite
growth, In our preliminary study, we found that direct PKC
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activation by phorbol 12,13-dibutyrate induced a robust
astrocytic activation in purified cortical astrocytes (data not
shown). These findings, along with those in the present
study, suggest that PKC is probably one of the most
important factors in modulating the synaptic plasticity
induced by METH and MRP,

We also found the difference between METH and MRP in
the maintenance of astrocytic activation, METH produced
prolonged astrocytic activation, wherecas MRP caused a
reversible activation of astrocytes in cortical neuron/glia
co-cultures. Astrocytic activation has been considered for a
long time as the major impediment to axonal regrowth after
an injury in the CNS (Ridet et al. 1997). However, there is
increasing evidence that astrocytes play a dynamic role in
regulating synaptic strength, synaptogenesis and neurogen-
esis (Hama et al. 2004). Although the exact function of
METH- and MRP-induced astrocytic activation remains
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Fig. 5 METH, but not MRP, causes a long-lasting astrocytic activation
in cortical neuron/glia co-cultures. (a) Cortical neuron/glia co-cultures
were incubated with normal medium or METH (10 um) for 1 day or
3 days, and cells were cultured with normal medium for additional
2 days. (b) Cortical neuron/glia co-cultures were incubated with MRP
(10 um) for 1 day or 3 day, and then, celfs were cultured with normal
medium for additional 2 days. All cells were stained with a rabbit
polyclonal antibody to GFAP.
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Fig. 6 The difference between METH and MRP in the maintenance of
behavioral sensitization in mice. {a) Mice were treated with METH
(2 mg/kg, s.c.) every 96 h for five sessions. Mice were then adminis-
tered with METH (2 mg/kg, s.c.) after 2 months withdrawal. Total
activity was counted for 3 h after each treatment (1, 5, 9, 13, 17 days
and after 2 months withdrawal). #p < 0.05, ##p <0.01, vs. the 1st
administration. (b) Another group of mice were given five intermittent
treatments morphine (10 mg/kg, s.c.) every 96 h. Mice were then
administered with morphine (10 mg/kg, s.c.) after 2 months with-
drawal. Total activity was counted for 3 h after the treatment (1, 5, 9,
13, 17 days and after 2 months withdrawal). *p < 0.05, **p < 0.01,
***p < 0.001 vs. the 1st administration.

unclear at this time, it may positively modulate synaptic
activity by directly controlling synaptic strength, leading to
synaptic plasticity in the CNS.

Although cultured cells used in the present in vitro study
represents a simplication relative to the state of neuronal-
glial communication in the CNS, additional interactions
with these cells and matrix components in in vivo system
are likely to reflect the behavioral change such as behavi-
oral sensitization. In fact, one of the most important aspects
of the present study was that the METH-induced behavioral
sensitization was maintained even after a long period of
abstinence, while the MRP-induced sensitization was
reversible. This may be consistent with the evidence that
METH, but not MRP, produced long-lasting astrocytic
activation in cortical neuron/glia co-cultures. It is therefore
worthwhile in future studies to identify the precise
molecular steps associated with astrocyte-neuron signaling
on a long-lasting maintenance of METH-induced behavioral
sensitization.

Another key finding of the present study was that the
levels of GFAP in the mouse cingulate cortex and nucleus
accumbens were clearly increased by repeated in vivo
administration of METH; this was related to behavioral
sensitization (Fig. 8). These results suggest the repeated in
vivo treatment of METH could produce the astrocytic
activation in the cingulated cortex and nucleus accumbens.
Central dopamine systems have been implicated in mediating
reward-related behaviors. In particular, the nucleus accum-
bens of the mesolimbic dopamine pathway plays an import-
ant role in regulating the rewarding effects of many stimuli
including drugs of abuse (Wise and Hoffman 1992). It has
been also recognized that the cingulate cortex is responsible
for stimulus-reward learning (Allman ef al. 2001). Taken
together, these studies suggest the possibility that METH-
induced atrocytic activation in these areas modulates the
development of METH-induced behavioral sensitization.

Furthermore, the development of behavioral sensitization
to METH with astrocytic activation was abolished by
cotreatment with the PKC inhibitor, NPC-15437, Although
further experimentation is still required, these findings
indicate that activated PKC-dependent astrocytic response
in the cingulate cortex and nucleus accumbens by intermit-
tent METH treatment may be implicated in the development
of sensitization to the METH-induced hyper-locomotion.

Finally, we investigated the neurotoxic effects of METH
and MRP; METH markedly induced neuronal cell death in
cortical neuron/glia co-cultures, while MRP had no such
effect. Glial activation is thought to be neuroprotective (Ridet
et al. 1997), however, excess activation can be deleterious in
the brain (Ahlemeyer ez al. 2002). In fact, overexpression of
astrocyte-derived neurotrophic protein S100p has been
shown to induce neuronal cell death through nitric oxide
released from astrocytes (Hu et al. 1997). Taken together, the
present findings support the idea that the direct effect induced
by high concentration of METH on astrocytes may lead to a
dynamic change in neuron—glia network, resulting in the
neurotoxicity.
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Flg. 7 High concentration of METH, but not
MRP, causes a neuronal cell death in cor-
tical neuron/glia co-cultures. (a) Cortical
neuron/glia co-cultures were incubated with
normal medium or METH (1-1000 uw) for
3 days. (b) Cortical neuron/glia co-cultures
were incubated with MRP (1-1000 pw) for
3 days. All cells were stained with a rabbit
polyclonal antibody to cleaved caspase-3.
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In conclusion, the present data clearly provide direct
evidence for the distinct mechanisms between METH and
MRP on the astroglial and neuronal responses. Nevertheless
opioids, such as MRP, have been used worldwide to control
chronic pain, the appearance of opioid addiction following
chronic administration of opioids seriously limits their use
for the relief of moderate to severe pain. The information of
the reversibility of astroglial response and behavioral
sensitization with no neuronal cell death induced by MRP
could break through the definition of ‘opioid addiction’ and
the misleading of concept that morphine is dangerous.
Furthermore, the long-lasting maintenance of behavioral
sensitization to METH and neuronal cell death by high
concentration of METH observed in this study strongly
support the idea for the high risk of the psychostimulant use
in humans.

Fig. 8 GFAP-like immunoreactivity (IR) in the cingulate cortex and
nucleus accumbens of mice by repeated in vivo treatment with METH
with or without cotreatment with a specific PKC inhibitor NPC-15437.
(a) METH (2 mg/kg, s.c.) or saline was repeatedly given to mice every
96 h, and the total activity was counted for 3 h after each treatment.
Repeated injection of METH produced a progressive elevation of the
METH-induced locomotor-enhancing effect, indicating the develop-
ment of sensitization to METH-induced hyper-locomotion (F 190 =
430.20, p < 0.001 vs. Saline~Saline). Another group of mice were
given METH intermittently in combination with NPC (1 mg/kg, s.c.)
every 96 h. NPC or saline was pretreated at 30 min before METH
administration (2 mg/kg, s.c.). Intermittent co-administration of
NPC-15437 significantly suppressed the development of sensitization
to METH-induced hyper-locomotion (F; g = 20.54, p < 0.001 vs.
Saline-METH). There were no significant differences between the 1st
and 5th administration in NPC-15437-treated mice. The density of
GFAP-IR was increased in the cingulate cortex (b) and nucleus
accumbens (c) of mice during the development of sensitization to
METH. There were no changes in the density of GFAP-IR in the cin-
gulate cortex (b) and nucleus accumbens (c) of mice treated with
METH in combination with NPC-15437 as compared to saline treat-
ment. Scale bar (unbroken line): 100 um; scale bar (broken line):
20 um (b) or 50 um {c).
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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 desensitizing 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,, P2X;, P2Xs5, 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-O-(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 P2X,, P2X;, P2X3, and P2X; receptors in
NHEK. Changes in the expression levels and cation influx via muitiple P2X receptors might be involved in the

regulation of differentiation and one of the epidermal external sensors.

Key words: ATP/channel/differentiation/intracellular calcium
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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 Burnstock 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 Ca2* waves evoked by mechanical stimulation
in cultured normal human epidermal keratinocytes (NHEK)
were heavily dependent on release and diffusion of ATP.
This extracelluar ATP is a dominant messenger in cell-to-cell

Abbreviations: af- meATPag methylene ATP; BZATP 2, 3-0-
(4-benzoylbenzoyl) ATP; [Ca®*]i, intracellular Ca® concentration;
2MeSADP, 2- methylthmadenosme 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, P2X5 and P2X5 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 «f-meth-
ylene ATP (ap-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?*1).

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 Society for Investigative Dermatology, Inc.
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50 - Inward currents evoked by P2 agonists in normal human epidermal ker-
13.441.0 mV(n=5) atinocytes (NHEK). {A) ATP (100 M) induced a slowly desensitizing inward
Tl current. Application of 100 uM af-methylene ATP (a,8-meATP) also showed
\ similar inward currents (C). (B) ATP (100 uM) induced a rapidly desensitizing
< / response. Application of 100 uM o,p-meATP also showed a similar rapidly
2 0 desensitizing response (D). 2-methylthio adenosine 5'-triphosphate (100 pM,
= E) and 2/, 3'-0-(4-benzoylbenzoyl) ATP (BzATP) (100 1M, F) induced an inward
current. The holding potential was —-60 mV. (G) Concentration-dependency of
ATP- and «,B-meATP-activated inward currents. ATP induced slowly desen-
-50 - sitizing ( o } and rapidly desensitizing responses ( @ ). o,-meATP also induced
0+1.9mV(n=5) slowly desensitizing ([J) and rapidly desensitizing responses (X). (H)} Current-
voltage relationship for ATP-activated current. 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 - T potential obtained with a standard extracellular solution containing 140 mM
=100 -50 0 50 NaCl was 0 + 1.9 mV (n=5). Also shown is the mean value of the reversal
vV (mV) potential obtained with 28 mM extracellular NaCl (—13.1 £+ 1.0 mV, n=5).

types of currents, that is, a slowly desensitizing (Fig 14) 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 a-meATP (100 uM),
23 cells responded only to ATP, and the remaining 51 cells
responded to neither ATP nor affi-meATP. The values of the
peak amplitudes by ATP and «f-meATP (100 uM), a P2X,,
P2Xa, and P2X,/3 receptors agonist, with rapidly desensi-

tizing responses were -54.7+32.8 pA (n=11) and
—43.3 £ 19.4 pA (n=6), 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 «f-meATP (100 uM) were
—56.8 +£26.8 pA (n=10) and —42.3 £30.3 pA (n=13)
(Fig 1A, C, and G). ATP and ap-meATP evoked inward cur-
rents concentration-dependently in both types of responses
(Fig 1G). The slowly desensitizing responses to aff-meATP
(10 uM) were inhibited by iso-pyridocaphosphate-6-
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Inhibitory effects because of antagonists in response to ATP and
afi-methylene ATP (o,-meATP) with slowly desensitizing currents.
(A) 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
uM) and 2/,3'-0-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate (10
and 100 nM) on o,p-meATP-activated currents (*p<0.05, **p<0.01,
***0<0.001 compared with the response of 10 M o, p-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,
45 <0.001 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 —60 mV.
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azopheny -2/, 5 disulfonic acid (PPADS; 1 and 10 pM;
72.3% 4+ 14.9% and 29.4% 4 25.4%; n=3-7, Fig 2A and
B) and 2/,3'-0-(2,4,6-trinitrophenyl) adenosine 5'-tripho-
sphate (TNP-ATP; 10 and 100 nM; 62.5% + 12.1% and
47.9% 4 32.0%; n=4-11, Fig 2B), a P2X;, P2Xys3, and
P2X3 antagonist. This indicates that an inward current was
evoked by the activation of P2X,,3 receptors. The non-spe-
cific P2 receptor antagonist suramin concentration-depend-
ently inhibited the ATP-activated current (Fig 2C). ATP-
activated current (10 uM; 32.7 £20.5 pA, n=3) in af-
meATP-insensitive cells was blocked by PPADS (1 uM;
32.7% 4 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 uM, —38.1 &£ 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 uM;
41.5% £ 29.8%; n =6, p>0.001). BBG blocks rat P2X, re-
ceptors (Jiang et al, 2000), human P2Xs receptors (Bo et al,
2003), and human P2X; receptors (Jiang et al, 2000). Each
ICso value on the ATP-activated current is 1370 nM in rat
P2X, receptors and is 530 nM in human P2X5 receptors.
The IC5q value on the BzATP-activated current is 265 nM in
human P2X receptors (Jiang et al, 2000). Although ATP and
BzATP were equipotent with respect to current responses,
these responses seem to be evoked by the activation of
P2X,, P2Xs, and/or P2X; receptors in the present study. The
slowly desensitizing response to 2-methyithio adenosine 5'-
triphosphate (2MeSATP; 100 M, —22.6 + 8.4 pA, n=86)
was also smaller than the ATP-evoked current. This re-
sponse was also insensitive to af3-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®*
(0Ca?*) 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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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). (B) Pharmacological characterization
of Ca®" responses in the different culture conditions. Results were
obtained from all cells (n = 109-273), 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 M) and
2/,3'-0-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate (100 nM) inhib-
ited the «,B-meATP-evoked increases in [Ca? ], in differentiating over-
confluent cells, Antagonists were applied to the cells 5 min before and
during the ¢,B-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
+,B-meATP alone. (D) Brilliant blue G (BBG) (1 pM) inhibited the BzATP-
evoked increases in [Ca®*}; in differentiating over-confluent cells. BBG
was applied to the cells 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 Ca®™ 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-methylthicadeno-
sine 5'-diphosphate (2MeSADP)>«-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 > af-meATP
>2MeSADP>ATP=UTP (Fig 3B). PPADS (10 uM) and
TNP-ATP (100 nM) inhibited the ap-meATP-evoked [CaZ*};
increase (53.0% + 36.1%; n=73, 25.7% + 22.6%; n=60,
Fig 3C). BBG (1 pM) inhibited the BzATP-evoked [Ca®™];
increase (18.2% = 10.8%; n= 124, Fig 3D). These results
suggest that P2X,, P2Xy5, or P2X3, 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 et 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 P2X;, P2X,, P2Xs5, P2X7 (weak signal or
not), P2Y4, and P2Y,, in subconfluent proliferating cells. The
expression of P2X;, P2Xs, P2Xs, and P2X; receptor sub-
types was upregulated in differentiated cells whereas P2X;
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. P2Xs 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 et 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 M) increased the ex-
pression of P2X4, P2X,, P2Xa, and P2X; receptor subtypes.
UVB radiation (30 or 60 mJ per cm?) specifically increased
the expression of P2X,, P2Xs, and P2X; receptor subtypes.
The expression of P2X,4, P2Xs, and P2Y 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 electrophysioclogical prop-
erties of P2X receptors in NHEK. We found that the ex-
pression of muitiple 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 neurons (Grubb and
Evans, 1999). Furthermore, the ATP-evoked increase of
[Ca?™];, 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 «p-meATP and a rapidly
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desensitizing current. P2X, and P2X,_; receptors are char-
acterized by insensitivity to «f-meATP and a slowly desen-
sitizing current. Although homomeric P2X, receptors are
insensitive to aB-meATP, heteromeric P2X,/3 receptors are
characterized by their sensitivity to aff-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 P2Xq, P2X,, P2X3, P2Xy/5, P2X5, and P2X;, but
not P2X,; or P2Xs. In this study, ap-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 P2X4, P2Xy/5, and P2X3 recep-
tors were responsible for the responses. ATP-activated cur-
rents that yield slowly desensitizing responses have the
following features: these responses were insensitive to «p-
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 P2X,, P2X,, P2Xs, and/or P2X;. Al-
though it is evident from the results of current responses
and RT-PCR that P2X4, P2Xy/s, P2Xa, P2X4, and P2Xs 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 Ca®™* 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 et al, 2001; Burreli et al,
2003; Greig et al, 2003). Although UTP activates P2Y, and
P2Y, receptors, the P2Y, 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
differentiated over confluent cells were affected by the
absence of extracellular Ca® *. There were higher increases

Figure 4

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
affected 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 correspond-
ing to P2X and P2Y receptor subtypes. M, DNA size markers; lane 1,
proliferating subconfluent keratinocytes; 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 pMj for 6 h; lane 6, proliferating subconfluent keratinocytes
exposed to UVB (80 mJ per cm?); lane 7, proliferating subconfluent
keratinocytes 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=6, differentiating over-confiuent
keratinocytes; lane 2, 1152 + 29, n =86, 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 =6, proliferating subconfluent keratinocytes exposed to UVB (60 mJ
per cm?); lane 6, 1025 + 64, n=6, proliferating subconfluent keratin-
ocytes exposed to UVB (30 md per cm?); lane 7, 1003 + 41, n=6),
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of response to «fi-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, P2Y, 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 P2Y, P2Y,,, and P2Y43, 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 P2X,,
P2X3, P2Xs5, and P2X; receptor subtype mRNA increased
(Fig 4). Judging from the results of Ca®* responses and RT-
PCR, P2X3 and P2X; receptor subtypes mainly function in
the differentiated phase. The variation of muitiple 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 et al,
2003).

P2Xg receptors are known to be selectively expressed in
a subpopulation of small diameter sensory neurons {Chen
et al, 1995; Lewis et al, 1995). P2X3 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 et al, 1997). P2X;
receptors are likely to be part of the machinery of the end-
stage terminal differentiation of keratinocytes (Greig et al,
2003). Extracellular ATP increased P2X4, P2X,, P2X3, and
P2X; receptors but not P2X,, P2Xs expression (Fig 4). UVB
radiation also induces apoptosis in keratinocytes (Schwarz
et al, 1995). In this study, P2X,, P2Xs, and P2X; receptor
expression, but not P2X; receptor expression, was aug-
mented by UVB radiation. P2X,, 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 et al, 1999; Greig et 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 et al, (1990) described that CI~ conductance,
increased by elevating extracellular CaZ ™, 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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cellular Ca®* were important components of the signal for
differentiation (Jaken and Yuspa, 1988; Hennings et al,
1989). These studies suggest the possibility that the intra-
cellular Ca®* released from IPs-sensitive stores affects CI~
conductance and resultantly leads to keratinocyte differen-
tiation. With these studies as a background, it shall be
assumed that ClI- 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 mb), and hydrocortisol (0.5 pug 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 af, 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'-0-
(2-thiodiphosphate) trilitium salt (GDPBS). To exclude the P2Y-
activated current, GDPBS, 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 ampilifier (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 (subconfluent), 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, Naperviile, lllinois). Changes in
[Ca® '} in single cell were measured by the fura-2 method as
described by Grynkiewicz et al {1985) with minor modifications
{Koizumi and Inoue, 1997). In brief, the culiure medium was re-
placed with a balanced salt solution (BSS) of the following com-
position (mM): NaCl 150, KCI 5, CaCl, 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 (IX70, 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 sys-
tem (AQUACOSMOS/RATIO, Hamamatsu Photonics). In the Ca®™* -
free experiments, Ca®* was removed from the BSS and 1 mM
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
¢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+ 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 uL of reaction mixture containing 0.5 pg of oligo
(dT) primer (Invitrogen), 50 mM Tris-HCI, pH 8.3, 75 mM KCI, 3 mM
MgCl,, 10 mM dithiothreitol, 0.25 mM dATP, 0.25 mM dTTP,
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 MgCls, 0.2 pM forward
primer, 0.2 uM reverse primer, 0.2 mM dNTP, and 1.25 U of
AmpliTag Gold DNA poiymerase (Applied BioSystems). The PCR
conditions were: 50°C for 2 min; 95°C for 10 min; 35 cycles of 95°C
for 15 s; 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)

P2X4 5-CCAGCTTGGCTACGTGGTGCAAGA-3' U45448 226
5-ACGGTAGTTGGTCCCGTTCTCCACAA-3

P2X, 5'-CCCGAGAGCATAAGGGTCCACAAC-3' AF190823 208
5-AATTTGGGGCCATCGTACCCAGAA-3

P2Xa 5'-CCCCTCTTCAACTTTGAGAAGGGA-3/ NM002559 245
5'-GTGAAGGAGTATTITGGGGATGCAC-3

P2X4 5-CCTTCCCAACATCACCACTACTTACC-3 uss975 256
5'-AGGAGATACGTTGTGCTCAACGTC-3

P2Xs 5-AGCACGTGAATTGCCTCTGCTTAC-3 AF016709 183
5-ATCAGACGTGGAGGTCACTTTGCTC-3

P2Xs 5'-ATGGCCCTGTCCAAGTTCTGACAC-3 AF065385 140
5'-TGTTGCCTCATCCTTGCTTTCGCT-3'

P2X5 5'-CTGCTCTCTTGAACAGTGCCGAAA-3 Y09561 270
5'-AGTGATGGAACCAACGGTCTAGGT-3

P2y, 5'-ACCTCAGACGAGTACCTGCGAAGT-3 NMO002563 353
5 -AGAATGGGGTCCACACAACTGTTGAG-3

P2Y, 5-GTGTCTGGGCGTCTTACGACCTCT-3/ NM176072 215
5'-GCATGACTGAGCTGTAGGCCACGAA-3

GAPDH 5-GAAGGTGAAGGTCGGAGTC-3 NMO002046 242
5'-GAAGATG GTGATGGGATTTC-3
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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 I.

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 590 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.
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