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cellular matrix components including fibronectin, and
many integrins show RGD sequence-dependent binding
to their ligands. Therefore, these results demonstrate
that Bl integrin was responsible for the motility of
microglia on the fibronectin substrate and its interaction
with fibronectin involves the RGD sequence. Each che-
motaxis was quantified by calculating the x displace-
ment multiplied by the y displacement (Fig. 2g), and
thus the dot-plotted data in Figures 1 and 2 were all
evaluated for statistical significance.

Stimulation of P2Y12/13 Receptor Causes B1
Integrin Redistribution That Colocalizes With
Membrane Ruffling

The involvement of B1 integrin in the ADP-induced che-
motaxis was further studied using immunofluorescence
(Fig. 3). Extracellular ATP and ADP have been reported
to induce a membrane structure called membrane ruffling
(Honda et al., 2001). Membrane ruffling is a unique,
wave-like structure of the plasma membrane. It is the
actin polymerization seen as a projection from the cell
membrane, and the most conventional way of visualizing
this unique structure is to stain the cells with phalloidin.
In our experiments, membrane ruffling was construed as
labeling intensity that reached >200 a.u. (see Materials
and Methods). Microglia were attached to fibronectin-
coated coverslips, stimulated with ADP at 50 pM for
5 min, fixed and permeabilized, and then the appearance
of membrane ruffling and the cellular localization of B1
integrin were studied using Texas Red-X phalloidin and
Ha2/5 antibody, respectively. Without ADP stimulation,
microglia showed no membrane ruffling and the B1 integ-
rin subunit was dispersed over the plasma membrane of
the microglia (Fig. 3a—c). In response to ADP stimulation
at 50 uM, membrane ruffling appeared within 5 min after
stimulation (Fig. 3e) and B1 integrin was redistributed to
the cell edge (Fig. 3d). A merged image revealed that 1
integrin colocalized with the membrane ruffling (Fig. 3f).
Treatment of microglia with ARC-69931 abrogated the
membrane ruffling formation (Fig. 3h) (Honda et al.,
2001), B1 integrin redistribution (Fig. 3g) and thus the
colocalization of these two (Fig. 3i), suggesting that these
responses were mediated by P2Y12/13 receptors. The
numbers of cells with membrane ruffling were directly
counted among control, ADP, and ADP with ARC-69931
populations (Fig. 3B). The result again indicated that
ADP induces membrane ruffling which is inhibited by
ARC-69931.

An Increase in the Intracellular cAMP Level
Abrogated Colocalization of Membrane Ruffling
and 1 Integrin, and the PKA Inhibitor KT-5720

Restored the g1 Integrin Redistribution
and Membrane Ruffling

We next investigated whether an increase in the
intracellular concentration of cAMP in microglia would
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Fig. 3. P2Y12/13 receptor-mediated microglial Bl integrin redistri-
bution that colocalized with membrane ruffling in response to ADP sti-
mulation. A: Cultured microglia were adhered to fibronectin-coated cov-
erslips. After serum starvation, the cells were stimulated with ADP
(50 pM) for 5 min, fixed and permeabilized. Then, for the immunofluor-
escence studies, the cells were incubated with anti-Bl antibody Ha2/5
(a,d,g) and phalloidin (b,e,h). a—c: Controls, i.e., PBS alone. B1 integrin
redistribution and membrane ruffling occur in response to ADP stimu-
lation (d,e), but they disappear in the presence of ARC-69931 (gh).
Merged image (f) shows that Bl integrin redistributes and colocalizes
with membrane ruffling in response to ADP (50 puM). B: Cultured
microglia on fibronectin-coated coverslips were stimulated with ADP
(50 uM) for 5 min, fixed and permeabilized. The cells were labeled with
Texas Red-X phallodin to visualize membrane rufflings. Total cells and
cells undergoing membrane ruffling were counted respectively, and the
percentage was calculated. Data are mean = SE of three separate
experiments. *Greater than control (P < 0.05, Student’s ¢-test). Scale
bar = 10 pm in A.

have any effect on the appearance of the membrane ruf-
fling and redistribution of B1 integrin. Microglia were
adhered to fibronectin-coated coverslips and pretreated
either with forskolin or with dibutyryl cAMP. The cells
were then stimulated with ADP at 50 uM for 5 min and
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A.
Anti-B1 Ab

Fig. 4. Elevation of intracellular
cAMP abrogated the Bl integrin
redistribution and membrane ruf-
fling in response to ADP stimula-
tion, The PKA inhibitor KT-5720
restored the ADP-induced B1 integ-
rin redistribution and membrane
ruffling on microglia. A: Cultured
microglia were adhered to fibronec-
tin-coated coverslips. After serum
starvation, the cells were stimu-
lated with ADP (50 pM) for 5 min
in the presence of dibutyryl cAMP
(d—f) or forskolin (g—i) to study the
involvement of the intracellular
c¢AMP concentration. The elevation
of intracellular cAMP abrogated
the B1 integrin redistribution (d,g)
and membrane ruffling (e,h) in
response to ADP (50 puM). PKA
involvement was examined by pre-
treating the cells with KT-5720 at
5 UM (j—o). KT-5720 treatment itself
did not affect the morphology of the
cells (data not shown) and KT-5720
pretreated cells responded normally
to ADP at 50 pM (p-r). Blocking
PKA by pretreatment with KT-5720
restored Bl integrin clustering and
increased membrane ruffling even
in the presence of dibutyryl cAMP
(j-1) or forskolin (m—o). B: Cultured
microglia on fibronectin-coated
coverslips were stimulated as in A
for 5 min, fixed and permeabilized.
The cells were labeled with Texas
Red-X phallodin to visualize mem-
brane rufflings. Total cells and cells
undergoing membrane  ruffling
were counted respectively, and the
percentage was calculated. Data
are mean * SE of three separate
experiments. *Greater than control
(P < 0.05, Student’s ¢-test).
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studied by immunofluorescence. As seen in Figure 4Ad-
i, neither the B1 integrin redistribution nor the mem-
brane ruffling appeared on the surface of microglia when
the intracellular cAMP level was elevated. These results
indicate that an elevation of intracellular cAMP by dibu-
tyryl cAMP or by forskolin inhibited the B1 integrin
accumulation and membrane ruffling in response to
ADP. PKA is located downstream of the cAMP elevation,
and its negative regulation of the B2 integrin avidity
and the integrin-mediated adhesion of lymphocytes has
been described in other studies (Laudanna et al., 1997;
Jones, 2002). Thus, since the PKA activity appears to
regulate the integrin function, we next investigated
whether PKA activation is responsible for the loss of
the B1 integrin redistribution and the attenuation of
the ADP-induced chemotaxis of microglia. Microglia
were pretreated with forskolin or with dibutyryl cAMP,
both of which were in the presence of the PKA inhibitor
KT-5720. When these cells were stimulated with
ADP at 50 uM, the integrin redistribution was restored
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(Fig. 4Aj—0). The number of cells with membrane ruf-
fling was directly counted for each population (Fig. 4B),
and the result confirmed the effect of dibutyryl cAMP,
forskolin, and KT-5720 on membrane ruffling.

B1 Integrin Mediates Microglial Proliferation

Bl integrin regulates cellular proliferation, migration,
survival, and differentiation via outside-in signaling. 1
integrin is involved in the proliferation of many cell
types (Jones and Watt, 1993; Howlett et al., 1995), but
its effect on microglial proliferation has not been clari-
fied. To study the function of Bl integrin in microglial
proliferation, an MTT assay and direct cell counting
were used in this study. Figure 5 shows that microglia
cultured on fibronectin substrate proliferate more than
1.5-fold after 24-h incubation as compared to the control.
Microglia plated on anti-B1 integrin antibody showed
similar results, suggesting that cross-linking of B1 integ-
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Fig. 5. Bl integrin mediates microglial proliferation. Cultured

microglia were adhered to uncoated, fibronectin-coated, anti-Bl anti-
body-coated or control antibody-coated plates and cultured for 24 h at
37°C. After the incubation, the cell’s viability was measured by (a)
MTT assay or (b) direct cell counting. The data are shown as percen-
tage of proliferation of microglia on uncoated culture plates after 24-h
incubation. Data are mean * SE of three separate experiments.
*Greater than control (P < 0.05, Student’s ¢-test).

rins leads to microglial proliferation. Recent reports
have shown that integrin engagements, either with
ligands or with antibodies, are capable of transducing
signals (Miyamoto et al., 1995). An isotype-matched con-
trol antibody did not induce microglial proliferation. In
this way, it is clear from these results that microglial p1
integrin mediates the outside-in signal, which promotes
the proliferation of the cell.

ADP Inhibits Bl Integrin-Mediated Proliferation
of Microglia and the Mechanism Involves PKA
Activation

Chemokines act through Gi-coupled GPCRs to attract
the target cells (Neptune and Bourne, 1997; Rollins,
1997), and several of them are known to induce the pro-
liferation of the cells. Several chemokine receptors includ-
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Fig. 6. Bl integrin-mediated proliferation of microglia is inhibited
by ADP. PKA is a positive regulator of Bl integrin-mediated prolifera-
tion. Cultured microglia were adhered to uncoated or anti-Bl integrin
antibody-coated plate in the presence of ADP (100 uM) and ARC-69931
(10 pM) (a) or KT-5720 (10 uM) (b) and incubated for 24 h at 37°C. The
cells' viability was then tested by MTT assay. Data are mean * SE of
three separate experiments. *Greater than control (P < 0.05, Student’s
t-test).

ing IL-8R, CXCR1-4, CCR2, CCR3, CCR5, and CX3;CR1
are detected on microglia (Hanisch, 2002; Abbadie et al.,
2003) and most of them are reported to induce micro-
glial proliferation as well. Since P2Y12/13 is also a
Gi-coupled receptor, we studied its effect on cell growth.
When microglia were stimulated with ADP alone at
100 uM, they did not increase in number (Fig. 6a), sug-
gesting that ADP itself does not cause microglial prolif-
eration. As mentioned earlier, microglia with B1 integrin
cross-linking showed marked proliferation, but the
integrin-induced high proliferation rate was no longer
observed in the presence of ADP (Fig. 6a). The addition
of ARC-69931 restored the high proliferation rate, sug-
gesting that the ADP signal from the P2Y12/13 receptor
did not synergize the proliferative signal from B1 integ-
rin, but rather counteracted it.
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We next investigated whether PKA, a major intracel-
lular target for cAMP in mammalian cells, is involved in
this process. Microglial proliferation was studied in the
presence of the PKA inhibitor KT-5720 (Fig. 6b). As seen
in the control, the addition of KT-5720 at 10 uM did not
affect the cell’s viability after 24-h incubation. When KT-
5720 was added to microglia with anti-B1 integrin anti-
body, however, the proliferation rate was significantly
reduced. These results indicate that the activation of
PKA positively regulates the microglial proliferation sig-
nal from B1 integrin, in sharp contrast to its effect on
P2Y12/13-induced B1 integrin translocation.

DISCUSSION

Microglia are resident tissue macrophages in the
brain, exhibiting ramified morphologies in the quiescent
state. Once activated by numerous soluble molecules,
including cytokines, growth mediators, and nucleotides,
however, they quickly respond by transforming into an
amoeboid phenotype, migrating to the source of media-
tors, proliferating and upregulating the expression of
various inflammatory cytokines (Nakajima and Koh-
saka, 1993; Hanisch, 2002; Inoue, 2002). In the study
described herein, we investigated the role of B1 integrin
in microglial chemotaxis and proliferation, and charac-
terized its regulation by signals delivered from P2Y12/
13 receptors.

Our observation that P2Y12/13 receptors mediate the
chemotaxis of microglia on the fibronectin substrate was
compatible with the earlier finding by Honda et al. that
membrane ruffling is cause by ADP stimulation (Honda
et al., 2001). ADP is a potent agonist of P2Y1, P2Y12,
and P2Y13. The purine and pyrimidine receptors known
to be expressed in microglia include P2X4, P2X7, P2Y2,
and P2Y12 (Inoue, 2002; Sasaki et al., 2003,
Tsuda et al., 2003), and possibly P2Y13, due to its
abundant mRNA in the brain and the immune system
(Zhang et al., 2002). P2Y12 and P2Y13 are recently
identified Gi-coupled receptors that share the same ago-
nists and antagonists, making it very difficult to phar-
macologically differentiate between these two receptors.
Which of the two receptors, or both perhaps, was/were
truly responsible for the chemotaxis and/or inhibition of
proliferation awaits the development of a selective ago-
nist or antagonist.

To mimic damages in the CNS, we performed chemo-
taxis assays on coverslips coated with an ECM molecule
that is known to be expressed in the real pathological
situation and thus chose fibronectin, which is upregu-
lated following adult CNS injury (Jones, 1996). In the
present study, we demonstrated that B1 integrin is
highly expressed in microglia and is crucially involved
in the ADP-induced chemotaxis of microglia on fibronec-
tin, and that signals from P2Y12/13 receptors recruit g1
integrin to the membrane ruffle regions. When non-
coated coverslips that were pretreated with hydrochloric
acid were used in the assays, microglia neither adhered
well to the coverslips nor migrated against the ADP gra-
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dient (data not shown). These results also indicate that
B1 integrin is crucially involved in the adhesion to fibro-
nectin and ADP-induced chemotaxis in the presence of
fibronectin in the CNS. B1 integrin couples with «l
integrin through a6 integrin to form VLA-1 through
VLA-6, respectively, and with av integrin to form avpl.
Among these pairs, VLA-3, VLA-4, VLA-5, and avpl
have fibronectin as their ligand, and microglia are
known to express a4, ab, and av chains (Kloss et al.,,
2001; Milner and Campbell, 2003). The ADP-induced
translocation of B1 integrin may contribute to the subse-
quent formation of focal complexes and then focal adhe-
sions, both of which are important for cell migration.

We have shown that ADP induced B1 integrin translo-
cation to the membrane ruffles by lowering the intracel-
lular cAMP via the P2Y12/13 receptor, and that Bl
integrin is important for microglial chemotaxis mediated
by the same receptor. Chemotaxis is an integrated pro-
cess consisting of multiple steps (Lauffenburger and
Horwitz, 1996). Integrins are essential for cell migration
not only because they mediate adhesion directly, but also
because they regulate intracellular signaling pathways
required for the cell locomotion (Hood and Cheresh,
2002). When fibroblasts migrate, integrins and other
molecules form focal complexes and assemble at the
leading edge of the cell. These complexes evolve into
highly organized focal adhesions (Laukaitis et al., 2001),
which in turn generate a signal to cause actin cytoskele-
tal reorganization resulting in cell motility (Lauffen-
burger and Horwitz, 1996). However, details of the
signaling pathway(s) generated by B1 integrin transloca-
tion at the membrane ruffles and the effect of this out-
side-in signaling on microglial chemotaxis remain
unclear. Although the P2Y12/13 receptor-mediated
decrease in cAMP is an important step for microglial
migration, it is interesting to note that excess inhibition
as well as hyperactivation of cAMP/PKA pathways also
inhibits cell migration (Edin et al., 2001; O’Connor and
Mercurio, 2001). Thus, an integrin-mediated outside-in
signaling may function as a fine and local tuning device
to control such signaling cascades for more efficient cell
migration.

In the present study, we showed that cross-linking of
B1 integrin resulted in a dramatic increase of microglia.
CNS injuries and diseases are often accompanied by
microglial proliferation (Gehrmann et al., 1995) and our
results indicate that this may be due to the B1 integrin
engagement by newly upregulated ECM molecules such
as fibronectin. The MAP kinase cascade is an essential
component of pathways that regulate cell proliferation
(Widmann, 1999). In microglia, ERKs are involved in
the proliferative response to granulocyte-macrophage
colony-stimulating factor (Liva et al., 1999) or corticotro-
pin-releasing hormone (Wang et al.,, 2003), and the
importance of Jak/STAT (Liva et al., 1999) and p38
(Tikka et al., 2001) cascades in proliferation has also
been suggested. Integrin engagement also causes the
activation of MAP kinases (Chen et al., 1994; Zhu and
Assoian, 1995; Schlaepfer and Hunter, 1998) and, there-
fore, it is likely that the cross-linking of B1 integrin trig-
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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 B1 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).
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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-locomotion
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 ([Caz'],) (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 al. 2001) and glutamate receptor (Nederg-

aard et 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 e 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 ez 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% 1 -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 weck
after seeding in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) supplemented with 5% precolostrum newbom calf serum
(FBS, Invitrogen), 5% heat-inactivated (56°C, 30 min) horse serum
(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 1 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 newbom 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% 1-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 10%
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 3-7 in vitro, the cells were treated with either normal medium,
methamphetamine hydrochloride (METH, 0.01--1000 p, Dainippon
Pharmaceutical, Osaka, Japan), a selective protein kinase C (PKC)
inhibitor, chelerythrine chloride (CHE, 10 nm, Sigma-Aldrich) +
METH (1-100 pm), morphine hydrochloride (MRP, 1-1000 pm,
Sankyo, Tokyo, Japan) or MRP (1-100 pm) + CHE (10 nwm). The
treatments lasted for 1-3 days. The cells were then identified by
immunofluorescence using rabbit anti-glial fibnllary acidic protein
antibody (GFAP, 1 : 1000; Chemicon Intemational, Inc., Temecula,
CA, USA), mouse anti-GFAP antibody (1 : 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 anticleaved 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
S46-conjugated goat anti-rabbit antibody (1 : 4000) for GFAP, Alexa
488-conjugated goat anti-rabbit antibody (1 : 1000) for p-PKC, and
Alexa 48B-conjugated goat anti-rabbit antibody (1 : 10000)
for cleaved caspase-3. Images 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 (N1 iMaGE). 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 um) or METH (1-100 pm) + 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
170 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 r-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 (F;) of each cells was calculated. To
compensate for the uneven distribution of fluo-3, self-ratios were
calculated (Ratio: Ry = FIFy).

Dopamine (1-100 pm, 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 mm NaCl, 5.0 mm
KCl, 1.8 mm CaCl,, 1.2 mm MgCly, 25 mm N-2-hydroxyethylpip-
erazine-NV'-2-ethaneslufonic acid and 10 mm p-glucose.

Locomotor assay for METH and MRP

Male ICR mice (20-25 g) were housed at a room temperature of
23 = 1°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 scgment were automatically recorded for 30 min prior to the
injections and for 180 min following METH administration.

According to previous reports (Kuribara 1996; Narita er 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 §-2,6-diamino-
N-[(1-[1-oxotridecyl]-2-piperidinyl)methyl]hexamide 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 pum) were cut in a cryostat, and
thaw-mounted on poly-i-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 1 : 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 wvariance (anova) followed by Dunnett’s multiple
comparisons test or Student’s r-test,

Results

METH-induced astrocytic activation

Treatment with METH (10 pm) 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 pwm) for 1-3 days significantly
increased the number of stellate astrocytes in cultured
cortical astrocytes. Although | 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 pm) 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 ([Caz'],) 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 pm, 3 days).

Morphine-induced astrocytic activation

Opioid agonists such as morphine (MRP) modulate several
physiological processes including a rewarding effect by

C)

METH (uM, 3 days treatment)

SO pum

(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 nwm) 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 pm) or METH
(1-100 pum) + CHE (10 nm) 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; 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.

x

vs. cells without

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 pm) 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 pwm)
or METH (1-100 pm) + CHE (10 nm) for
3 days. The cells were stained with a rabbit
polyclonal antibody to GFAP. (b) The den-
sity of GFAP-like immunoreactivity of each
image was measured using NIH IMAGE. 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 <005 ***p<0.001; vs. control cells.
###p < 0.001; vs. METH-treated cells.

(b)

% of control

in Fig. 5a, treatment with METH (10 pm) 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 pm) 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 swiltched 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

100
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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/ke,
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 et al. 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 uu)-evoked increase in the
intracellular Ca®* concentration in control and METH-treated astro-
cytes. (b) Traces show the glutamate (GLU, 100 pm)-evoked increase
in the intracellular Ca®* concentration in control and METH-treated
astrocytes. (c) 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 pm) 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 et al.
1997). It has been reported that preferential p-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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(a) Purified cortical astrocytes (b)

MREP 100 M

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 pm) 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 pm) for 1-3 days. Astrocytic acti-
vation as shown by a stellate morphology
with processes longer than their perinuclear
diameters was evaluated. Data represent 00
the mean + SEM of 175-230 cells from four
separate observations. (c) Cortical neuron/
glia co-cultures were incubated with normal
medium, MRP (0.1-100 ym) or MRP
(10-100 pm) + CHE (10 nm) for 3 days.
The cells were stained with a rabbit poly-
clonal antibody to GFAP. (d) The density of
GFAP-like immunoreactivity of each image
was measured using NiH iIMace. The level of
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scheme showing the mechanism of MRP-

induced atrocytic activation in mouse

cortical neuron/glia co-cultures.

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 vifro neurite outgrowth on several cell
adhesion and matrix molecules (Walsh and Doherty 1996;
Powell er 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

MRP (uM, 3 days treatment)

MU

Astrocyte b T -y
) = @

4

Reactive astrocyte

Neuron

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, whereas 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 ez al. 1997). However, there is
increasing evidence that astrocytes play a dynamic role in
regulating synaptic strength, synaptogenesis and neurogen-
esis (Hama er al. 2004). Although the exact function of
METH- and MRP-induced astrocytic activation remains
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(a)
Treatment with METH in cortical neuron/glia cocultures

ATETH (10 puMi=1 dhay METH 30 pM-1 day +

normal medium 1 days

(b)
Treatment with MRP in cortical neuron/glia cocultures

MRP (MO day

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 puw) 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, cells 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
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 vive
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 leaming (Allman er 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 et al. 2002). In fact, overexpression of
astrocyte-derived neurotrophic protein S100f has been
shown to induce neuronal cell death through nitric oxide
released from astrocytes (Hu er 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.

MRP-induced sensitization was
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Fig. 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 pm) for
3 days. (b) Cortical neuron/glia co-cultures
were incubated with MRP (1-1000 pm) 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, g0 = 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 pm (b) or 50 um (c).

1
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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 (ICa® *];). 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;, P2X3, P2X;, 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 ap-methylene ATP (af-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;, 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 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 (P2X,_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 ATP.
This extracelluar ATP is a dominant messenger in cell-to-cell

Abbreviations: qB—meATP.af.g-methylene ATP; BzATP, 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', 5, 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 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 a/, 2003). Moreover,
P2X receptors play a role in delayed barrier recovery in
hairless mouse epidermis when topical ATP and af-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® ' ]).

Results

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

Copyright ) 2005 by The Society for Investigative Dermatology, Inc.
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Figure 1

Inward currents evoked by P2 agonists in normal human epidermal ker-
atinocytes (NHEK). (A) ATP (100 pM) induced a slowly desensitizing inward
current. Application of 100 uM af-methylene ATP (x,B-meATP) also showed
similar inward currents (C). (B) ATP (100 uM) induced a rapidly desensitizing
response. Application of 100 uM o,3-meATP also showed a similar rapidly
desensitizing response (D). 2-methylthio adenosine 5'-triphosphate (100 pM,
E) and 2, 3'-0O-(4-benzoylbenzoyl) ATP (BzATP) (100 uM, F) induced an inward
current. The holding potential was —60 mV. (G) Concentration-dependency of
ATP- and a,f-meATP-activated inward currents. ATP induced slowly desen-
sitizing ( o ) and rapidly desensitizing responses ( @ ). o,f-meATP also induced
slowly desensitizing (CJ) 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 (¢ ) are shown. The mean value of the reversal
potential obtained with a standard extracellular solution containing 140 mM
NaCl was 0 + 1.9 mV (n =5). Also shown is the mean value of the reversal
potential obtained with 28 mM extracellular NaCl (-13.1 £ 1.0 mV, n=35).

tizing responses were -54.7 +32.8 pA (n=11) 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 aff-meATP (100 pM),
23 cells responded only to ATP, and the remaining 51 cells
responded to neither ATP nor «f-meATP. The values of the
peak amplitudes by ATP and «f-meATP (100 uM), a P2X;,
P2X,, and P2X,; receptors agonist, with rapidly desensi-

—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 pM) were

-56.8 +26.8 pA (n=10) and —42.3 £ 30.3 pA (n=13)
(Fig 1A, C, and G). ATP and «B-meATP evoked inward cur-
rents concentration-dependently in both types of responses
(Fig 1G). The slowly desensitizing responses to xfi-meATP
(10 uM) were inhibited by iso-pyridocaphosphate-6-
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Figure 2

Inhibitory effects because of antagonists in response to ATP and
afi-methylene ATP (x,f-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 =,B-meATP-activated currents (*p <0.05, **p<0.01,
***p<0.001 compared with the response of 10 uM «,3-meATP alone).
Antagonists were applied to the cells 2 min before and during the
a,f-meATP application. (C) Concentration-dependency of inhibitory ef-
fects of suramin on ATP-activated currents (*p<0.05, **p<0.01,
***p<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 |1-2', 5' disulfonic acid (PPADS; 1 and 10 uM;
72.3% + 14.9% and 29.4% + 25.4%; n=3-7, Fig 2A and
B) and 2',3'-0-(2,4,6-trinitrophenyl) adenocsine 5'-tripho-
sphate (TNP-ATP; 10 and 100 nM; 62.5% + 12.1% and
47.9% + 32.0%; n=4-11, Fig 2B), a P2X;, P2Xy;3, and
P2X5 antagonist. This indicates that an inward current was
evoked by the activation of P2X,,; 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 ap-
meATP-insensitive cells was blocked by PPADS (1 uM,;
32.7% + 9.8%, n=3, p>0.001). This indicates that an
inward current was evoked by the activation of P2X:
and P2X; 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 P2X5 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 P2Xs receptors.
The ICg 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-methylthio adenosine 5'-
triphosphate (2MeSATP; 100 uM, —-22.6 + 8.4 pA, n=6)
was also smaller than the ATP-evoked current. This re-
sponse was also insensitive to «j-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 GDPf. 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=15)
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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Figure 3

Characterization of P2 receptor-mediated Ca”® ~ responses in pro-
liferated or differentiated keratino: . (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 (OCa? ) 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 uM) 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 =,-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
2,B-meATP alone. (D) Brilliant blue G (BBG) (1 uM) 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 uM 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).
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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)> xf-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 uM) and
TNP-ATP (100 nM) inhibited the xB-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,, P2X,;, or P2X;, 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,, P2Xs, P2X; (weak signal or
not), P2Y,, and P2Y, in subconfluent proliferating cells. The
expression of P2X,, P2X3, 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. 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 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 uM) increased the ex-
pression of P2X,, P2X,, P2X,, and P2X; receptor subtypes.
UVB radiation (30 or 60 mJ per cm?) specifically increased
the expression of P2X,, P2X3, and P2X; receptor subtypes.
The expression of P2X,, 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 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



