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sured the increases in [Ca®']; in astrocytes (Fig. 7).
Single RT-PCR analysis revealed that sstrocytes ex-
press P2Y, receptor mRNA (Fig. 7A). The [Ca?"]; anal-
ysis showed that ATP (100 uM) evoked an increase in
[Ca®*); in about 90% of the astroeytes [Fi% 7B(1)1, which
was independent of the extracellular Ca* (0Ca®*), but
was inhibited by the P2 receptor antagonists PPADS
(300 p.M), reactive blue 2 (RB2) (10 uM), suramin (100
M), and the P2Y, receptor antagonist MRS2179 (1
uM) [Fig. 7B(1)]. Similar to ATP, the P2Y, agmnists
ADP (100 pM) [Fig. 7B(2)] and 2MeSADP (1 pM) [Fig.
7B(3)] evoked [Ca**); elevations, which were again in-
hibited by PPADS and MRS2179. Another P2Y1 recep-
tor agonist, ADPBS (1 wbl), also produced an increase
in [Ca*"); (responder, 97 = 1%; mean amplitude, 0.53 =
0.03, n = 63). These results suggest that the metabo-
tropie P2Y, receptor has a dominant role in the Ca®*
responses to extracellular nucleotides in asirocytes.
UTP, an agonist of UTP-preferring PyY /4 receptors,
also evoked an inerease in [Ca®*]; in & concentration-
dependent fashion (100-1,000 nM) (Fig. 7C, gray col-
umns; and at 1,000 M almost all astrocytes responded
to UTP (Fig. 7(/ open circles). The mean amplitude of
the [Ca?"); elevation evcked by UTP, however, was less
than that evoked by 100 pM ATP (A’I‘P 0.92 x 0.04,

= 103 vs. UTP, 100 pM, 0.46 = 0.03, n = 182; 1,000
pM, 0.69 = 0.03, n = 167). Neither adenocsine nor

leagt three such experiments were
performed. Astenisks show signifi-
. " - eant differences from the AT con-

M.DE. P"’m ”“o‘”‘“ contration at 0 min after 100 uM
v, ATP application (*P < 0.05, **P <
0.01, Btudant’s t-test).

o,pmeATP, an agonist of P2X1 and P,X, receptors,
evoked the [Ca?*]; elevation in astroeytes (Fig. 7C).

Since glutamate and gap Junct.lon are the most prob-
able factors that may affect inereases in [Caz‘] in
astrocytes (Chen et al,, 1297; Finkbeiner, 1992; Glaum
et al,, 1890), the effects of glutamate antagonists and a
gap junction inhibitor on the Ca®* responses to ATP
were investigated. As shown in Figure 7D, neither the
amplitude of the [Ca®"); clevations evoked by 100 pM
ATP (columns) or the fraction of ATP-responders (open
vireles) was affected by the gap junction inhibitor 1-oc-
tanol (500 pM), the NMDA receptor antagonist AP-V
(100 pM), the AMPA receptor antagonist CNQX (30
M) or the metabotropic glutamate receptor antagenist
MCPG (200 wM). All inhibitors were applied to the cells
15 min before and during ATP application,

Gene Expression Changes by ATP

To show the effect of ATP on the gene expression of
astrocytes, we investigated the differential gene ex-
pression induced by ATP in astrocytes using Af
fymetrix GeneChip. We snalyzed ATP.nduced genes
based on the information obtained from Genbank, Uni-
gene, Locuslink, and PubMed at NCBI, As expected
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Tig. 6. Inlrucellular signaling caseades ussociated with P2Y, rec.eg)-
tor-mediated eytoprotective action. A: Stimulus regime. B: When eells
were prelreated with U73122 (5 pM) or BAPTA-AM (25 pM), the
OMeSADP (1 pM)kindueed protective action against Ho0, disap-
penvesd, whereas U72843 (5 kM), & much less aetive PLC jobibitor,
Tiad no effect on it. SMeSADP was added to the eells 24 h before and
doring Ho0, application. and each inldbitor was added 1 h befora and
during 2MeSADP application. These inbibitors were washed out just
biefory Ha0p application. Gray columns show the affucts of 2MeSADP
alone or inhibitors alone an the eell viahility in the nermal eondition.
Bach hislogrin shows o typieal experiment with each data point
heing menn % SEM of triplicule mensarements, At leasi three such
experiments were performed. Values were normalized to total cell
number. Asterisks show significant differences from the response
evoked by HoQ, alone (P < 0,05, #* < P < 0.0, Student’s f-test). C
Inerenses in [Ca2'); evoked by 2MeSADP, showing the effocts of the
blockers listed in 3. The increase in [Ca®*), evoked by 2MeBADP (1
M) was inbibited by L73122 (5 pM) or BAPTA-AM (5 1uM) but. nol. by
11733453 (5 uM). These inhibitors were added to the eelle 15 min before
and during ZMeSADP application. The increases in [Ca®]; (A540/
Ta80} and fraction of responders wre shown #s columns and open
circlos, rospectively. The number of cells tosled 58 shown in parenthe
scs. Aslerisks show signifieant differenee from the amphitade of
1Ca%*], and the number of vesponders evaked by 2MeSADE alone,
mspgut.ive.]y ([Cn"""']" *P = Q.05, ¥+« P < 0,01 vs, 2MeSADP alone;
numbers of responders, #7 < 0.05, #4P < 0.01 va. 2MeSADP alone:
Student’s t-Lestd,

from the previous results, ATP induced a dramatic
upregulation of vxidoreductase genes such as TrxR,
OBR, and SHL4 (similar to superoxide dismutfase
S0D-2) (Table 1). These genes were classified on the
basis of information from Gene Ontology Consortium
(http:/www.geneontology.org/). Using a quantitative
RT-PCR method, we confirmed that these oxidoredue-
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Fig. 6. Effects of ghitamate on the HyOp-induced cell death in
astronytes. Ar Preincobalion with glutamate prolested astrocylos
wguinst H,0-evoked cell death. Cells were ineubated with glutamate
(100 uM) for 24 b, and then was exposed to Hafa Glotamate showed
gimiificant prolection sgainst ;0 -induced cell death. Gray eolumns
show the cell viability ufler o 240 incubalion wikh agonisls alone.
(Nutuanale itsell had no effect on Lhe cell viability, Asterisks show
significant differences from the reaponse evoked by H,0, alone (*F <
0.05, ¥*F < 0,01, Student's i-teal), B: Selective P2Y, receptor antag-
oniat. MIRS21 79 jnhibited the protective effect Ly glutamate, MRS2179
(1 uM} was ndded Lo the eells 15 min before and during glutaonte
ap%alicaﬁon. Astericks show significant differences from the response
incuced by Ha0p slone (*£ < 0.05, Sindonl’s #-lost). Cr Glatamale
(100 uM) produced release of ATP from astrocytes. Cells were jneu-
hated with 100 pM glutamate for the time indieated, the supernalants
were eollected, and then extracellolar ATF concemtrations were meq-
sured nsivg a Jnciferin-tuciforase method, Significanlly higher ATP
enneentration above basal was chserved from 0.25 o 16 min ulter
glutamate (100 wM) stimulation. Asterisks show zignificant differ-
chees Trom the basul extracellnlur ATP concentralion (*F < 0.05,
Student’s r-teat).

tase genes including TrxR, CBR and SHL4 were up-
regulated by ATP (100 pM, 2 h). The fold increases are
shown in parentheses in Table 1 Ji.e., CBR (8.9), SHL4
(17.2), and TrxR (2.9)].

DISCUSSION

The importance of dynamie communication among
glial cells in the CNS has been recognized, and astro-
cytic ATP has a deminant role in such gliotransmission
(Koizomi et al., 2003; Newman, 2003; Zheng et al,
2003). In the present study, we demonstrated that such
ATP-mediated gliotransmission is important for astro-
eytic survival because ATP protected astrocytes from

" H,04-indueed cell death, This effect was mediated by

the activation of P2Y, receptors but not by adenosine
receptors altheugh sdenosine, a metabolite of ATP, is
well known to protect neurens from various patholog-
ical conditions. After the activation of P2Y; receptuors,
it took more than 12 h for the protective action to be
revealed, and ATP upregulated several “oxidoreduc-
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Fig. 7. Expression aud funetion of P2Y, receptors. A: RT-FUR anul-
ysis showing expression of P2Y,; receplor mENA in wstroeylos. Total
eelhilay RNA was subjected lo RT-PCR. The resulting ¢DNA was
amplified with specific primers for P2Y, receptors. PCR produet was
resolved on agarose gel stained by 2% cthidium bromide and visual-
ized under UV light. B: Functional P2Y, receptors are present in
astroeylos, (1) ATP (100 pM) produced a rise in [(!a®*],, which was
independent of extracellular Ca®* (0Ca**), but was inhilited by
PPADS (300 uM), MRS2179 (1 pM), rencdive blue 2(RB2) (10 M), or
sovamin (100 aM). Sindlar to ATP, (2) ADP (100 pM) and (3) 2Me-
SADP (1 wM) induged rupid [Ca**]; inereases, which were indepeu-
dent of extracellular €a® bul wers sensitive to PPADS and
MRS2179. Ci P2Y,, receptor agonist UTP alse evoked elevotions in
[!a*), in a concentration-dependent fushion and at 1,000 pM pro-
Queed Ca** ), increases in almost all astrocytos (97 i+ 2%, v = 167),

tase genes.” Thus, astrocytes use P2Y; receptor- but
not adenosine P1 receptor-mediated signals to vpregu-
late self-protection genes, thereby leading to resistance
to oxidative stress.

Pl i1 va, ATF alone[ﬂi.lﬁﬂm va, ATR dgane (T8

although the amplitude of [Ca®'), elevation waus significontly Jower
than that eveked by 100 pM ATP. Neither o, BmcATP (100 pM) nor
adenosine (10 pM) produced any [Ca?'], elevations. D: Effcets of
gluitamatergic receptors and gap jonctiona on the ATP-evoked in-
crease in [CIn%*), in astrosytes. 1-Octanol (500 ph), AP-V (100 puM),
CNQX (30 wM) and MCPG (300 wM) were added to the cells 15 min
bhefore and during ATP-application. All these anlogomists had ne
effect on the amplitude of [Ca®*], or the number of responders. The
nomber of cells exarvined was shown in parentheses. Columns aod
civeles show the mean amplitude of [Ca?*); elevations and percentage
of responders. respectivaly, © and #f show significant diffurence from
the anplitude of [Ca*'}, and the number of responders evoked by
agonist wlone, mﬁpecl.ively ([Cu®* ], P < 0.05, **P < (.07 vs. ngonisl
alung; nuznbers of responders, #i#F < 0.01 vs, agonist alone; Student’s
f-lest).

P2Y, receptors are expressed in various tissues (To-
kuyama et al., 1995; Akbar et al,, 1996), including the
CNS (Tokuyama et al., 1695; Ayyanathan et al., 1896;
Webb et al., 1898; Moore et al., 2000). Astrocytes ex-
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TABLE 1. List of Genes Uprrgulated by ATP in Astrocvies

Fold inerease

Identifer Title (RT-PCR) Onidoreductane activity®

89069 Inducible carliony] reductase 6.5 (5.9} GO:0016616; oxidoreduclase aetivity. acling on the CH—OH groop of donors,
NAD, or NADP as aceeptor

D39070  Nenindureible earbonyl 6.8 GQO:0016618; oxidoreductase aclivily, seting on ihe CH—OU group of donars,

veduetase NAD or NATIP as aceeptor

X95556 Carbony! rednctase LX) GO:O016616; oxidereduclase activity, seling on the CH—OMW group of donors,
NAD, or NADP as aceeptor

AAD26129  Bceblafen-4 (similar o 8OD.2) 310179 GO:0016723; oxidoredneiase nelivity, acting on superoside radien ls as
acceplor

[Te5027 Tiskue type liver Diisredoxin 2.3429) GO0016654; oxidoreduciane aetivity, ncling on NAIFT or NADPLY, disnlfide

reductase

83 aseeplor

BO-2, sparaxide dismutase-2; RT-PCR, mverse transsviptian-polymornse chain reaction,
“C0 ontalogy defined by Gene Onthology Consortium (httptfwsre.godatabase-arghidocs. html),

press several types of metabotropic P2Y receptors such
as P2Y, (Ho et al, 1995; Fam et al, 2000) and
P2Ys 451204 (Idestrup and Salter, 1898; Lenz et al.,
2000; Fumagalli et al., 2003) as well 85 ionotropic P2X
receptors (P2X; 04 ,457). Our present findings showed
that the protective effect by ATP against H,0,-induced
cell death was dependent on both PLC activation and
stored Ca®*, suggesting that the protective action of
ATP works via metabotropic PLC-linked P2Y receptors
in sstrocytes (Fig. 5B). The pharmacological enalysis
revealed that the responsible receptors for the protee-
tive action were P2Y, receptor (Fig. 3). In addition to
P2Y, receptors, P2Y, receptors, ancther type of PLC-
linked P2Y receptor, are also expressed in astrocytes.
UTP, however, failed to protect astrocytes from HyOp-
induced cell death (Fig. 3C) in spite of the fact that
UTP produced inereases in [Ca®*]; via a PLC-linked
mechanism (Shahidullah and Wilsen, 1997; Idestrup
and Salter, 1928; Viana et al., 1998). Both ATP and
UTP activate P2Y, receptors almost equally (Lustig et
al,, 1923), whereas ATP activates P2Y, receptors more
potently than UTP, and the EDy, for ATP to evoke a
[Ca**]; elevation is almost 10-fold smaller than that of
UTP in astroeytes (Koizomni et al,, 2002), Thus, this
discrepancy might be explained by the lower affinity of
P2Y, receptors to ATP in astroeytes. In addition, al-
though ATP and the selective P2Y, agonist 2MeSADP
evoked increases in [Ca®*); in almost all of the astro-
cytes, UTP (100 uM) produced the [Ca**); elevation in
a smaller population of cells (Fig. 7C). The discrepancy
may alse be explained by the functional heterogeneity
of P2Y, receptor expression among astroeytes, How-
ever, when the UTP concentration was raised up to
1,000 pM, it produced elevations in [Ca®"); in almost
all astrocytes (Fig. 7C) but still failed to protect against
cell death in astroeytes (Fig. 3C). These results suggest
that the PLC-linked Ca*" mohilization is required for
the ATP-induced cytoprotection but is not sufficient to
reveal its protective action. Other than PLC-linked
Ca®' mobilization, the P2Y, receptor might stimulate
other pathways closely involved in the cytoprotective
action. The finding that, although glutamate could mo-
bilize Ca®* and protect against H,0, induced cell death
in astrocytes, the glutsmate-induced cytoprotection
also involved the activation of P2Y, receptors (Fig. 6)
may support this idea,

Since Servitja et al. (2000) showed that H,Q, acti-
vates PLC in astrocytes, previous exposure of ATP
might reduce the amount of PLC available during the
application of H,0,, therehy leading to the decrease in
H,0yp-induced cell death in astrocytes, Although we
cannot exclude this possibility completely, such a PLC
reduction, if it occurs, does not seem to be involved in
the protective action by ATP for the following reasons,
Firstly, activation of P2Y, receptors by 2MeSADP re-
sults in an increase in [Ca®*); via PLC-medisted mech-
anisms. The 2MeSADP-evoked increases in [Ca®"); in
ATP-treated (24 h) and ATP-untreated control cells
were almost identical (ATP treated cells: 0.64 = 0.05,
n = 65; ATP untreated cells: 0.65 * 0.04, n = 70),
suggesting that the P2Y,/PLC-mediated pathway(s) is
not affected by ATP pretreatment. Secondly, [,0,-
induced cell death was unaffected by the PLC blocker
U73122, suggesting that PLC itself is not involved in
the HuOy-induced cell death (H,0, alone; 36 = 2%, and
Ho0%*U75122; 36 = 1% of control). Judging from these
findings, it is unlikely that a reduction of PLC is in-
volved in the ATP-evoked protection against H,Q, in
astrocytes.

Cells in the CNS have many chances to be exposed to
ATP because ATP is released or leaked from both neu-
rons and astrocytes in physiological and pathological
conditions. Extracellular ATP, however, is soon metal-
olized into adenosine by ectonuclestidases (Zimmer-
mann, 1996), and some ectonucleotidases are upregu-
lated after brain ischemia (Braun et al.,, 1598)
especially in glial eells (Braum et al., 1997). Adenosine
therefore is vonsidered one of the major molecules that
show neuroprotective effects against several types of
neuronal damage jin the CNS, such as ischemic/hypoxic
brain damage or post-hypoxic repurfusion-evoked neu-
ronal injury (Behan and Stene, 2002; Jones et al,
1958), and Parkinson’s disease (Schwarzschild et al.,
2003). The main mechanisin underlying the adencsine-
induced neuroprotection appears to be the inhibition of
excess excitability of neurons (Fredholm and Dunwid-
die, 1988). In the present study, however, adenosine
showed no protective effect against 1,0, -evoked cell
death in astrocytes. Although some groups already re-
ported that adenosine protected astroeytes from glu-
vose deprivation-evoked cell death, this protection ap-
peared to be independent of adenosine receptor
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activation since the protective action was mimicked by
other ATP metabolites, such as AMP, ADP, and ino-
sine, and antagonists to adenosine receptors did net
inhibit the effect of adenosine (Schubert et al., 1997;
Jurkowitz et al., 1898). This nueleotide/nuclecside-in-
duced protection seems to be due to an inhibition of the
decrease in the intracellular ATP levels evoked by glu-
cose deprivetion. Instead, it has been reported that
adenosine rather induce the cell death of astrocytes via
adenosine receptors (Abbracchio et al,, 1923; Appel et
al., 2001; Di lorio et al, 2002) without affecting the
neuronal cell survival (Ceruti et al., 2000). In addition,
adenosine acting on adenosine A3 receptors causes ap-
optosis in astroeytes (Cerutd et al., 2000; Di lario et al,,
2002). In contrast, ATP is well known to show trophie
effects in astrocytes such as proliferation/gliosis
{(Brambilla et al., 1999; Neary et al., 199¢9; Franke et
al,, 2001b), induce trophic factors such as leukemia
inhibitory factor (Yamakuni et al,, 2002) and MCP-1
{Panenka et al., 2001) and protect astrocytes against
TNF-a-induced cell death (Kim et al., 20034, b). Thus,
unlike neurons, astrocytic survival appears to be
mainly controlled by ATP/P2 receptor-mediated but not
by adenosine/P1 receptor-mediated pathways. As de-
scribed above, the responsible receptors for the ATP-
induced protective action in astrocytes were P2Y, re-
ceptors. Astrovytes express P2Y receptors (Ho et al,
1995; Idestrup and Salter, 1998; Fumagalli et al,
2003), P2X receptors (Franke et al,, 2001a; Famagalli
et al., 2003) and several adenosine receptors as well
(Peakman and Hill, 1994; Porter and McCarthy, 1995;
Cicearelli et al., 2001). It appears that ATP and its
metabolites have functionally distinet roles in astro-
cytes. '

We demonstrated that the ATP-induced protection of
astrocytes required a preincubation period (12-36 h).
This may invelve two possibilities, namely that pro-
longed activation of P2ZY, receptors is needed for the
protection, or short-time exposure of ATP is enough to
{rigger the protection hut longer periods (>12 h) are
required to reveal the protective action. The P2Y, ag-
onist MRS2178 could not reverse the effect of ATP
when it was applied 30 min after ATP stimulation, and
exogenously applied ATP was soon metabolized and
almost disappeared 20 min after ATP the application
(Fig. 4). These findings suggest that exogenously ap-
plied ATP should work only for limited periods (30
min), and therefore the short-time effect of ATP should
be sufficient to trigger the protective action against
H,0, in astrocytes.

After the activation of P2Y, receptors, it took more
than 12 h (12-38 h) for the onset of the ATP-induced
protective sction in astrocytes (Fig. 2C), and the pro-
tection was inhibited by the protein synthesis inhibitor
CHX (Fig. 2I1). These findings snggest that the protee-
tion by ATP is mediated by the upregulation of some
proteins that are involved in anti-oxidative functions.
In fact, DNA microarray snalysis and quantitative RT-
PCR analysis demonstrated that ATP upregulated ox-
idoreductase genes such as TrxR, CBR, and supercxide
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dismutase-like gene (SHL4, SOD-2 like gene) (Table 1),
TrxR reduces Trx and is knewn to be involved in var-
ious important antioxidant functions (Eftekharpour et
al.,, 2000). CBR belongs to a cass of oxidoreductase
proteins that are part of the family of short-chain de-
hydrogenase reductase (Inazu et al., 1992; Wirth and
Wermuth, 1992), and it detoxifies toxic carbonyl com-
pounds. SOD-2 is the mitochondyial form of superexide
disimutase and reduces superoxide anion (0y) to H, 0,
(Furuta et al., 1995). All these vpregulated genes are
expressed in both neurons and astrocytes, are soimehow
involved in the protective action against oxidative
stress (Rozell et 8], 1985; Hansson et al., 1989; Wirth
and Wermuth, 1992; Eftekharpour et al., 2000; Forrest
and Gonzalez, 2000), and are also known to be in-
creased in some pathological conditions such as Alzhei-
mer’s disease (Lovell et al,, 2000; Balez et al., 2001;
Kim et al., 2001; Butterfield et al., 2003} and Down
syndrome (Balez et al., 2001; Kim et al., 2001). Inter-
estingly, such an upregulation is observed rather in
astrocytes in some pathological conditions or by chem-
ical treatment. For example, the antioxidant response
element activator t-butylhydroquinone inereases TrxR
in astrocytes, but not in neurens (Eftekharpour et al.,
2000), and upregulation of SOD-2 in reactive astro-
cytes is more predominant than that in neurcns in
Alzheimer's disease brain (Furuta et al,, 1995). Astro-
eytes greatly promote the survival of neurons (De-
sagher et al.,, 1996), and also affect neuronal functions
{Haydon, 2001). H,0, generation is observed in many
pathological conditions and can be a frigger of some
brain disorders, including ischemic brain demage
(Agardh et al., 1991; Lei et al., 1397), Alzheimer’s dis-
ease (Cuajungeo et al,, 2000; Huang et al., 2000; Tab-
ner et al., 2001; Tamagno et al.,, 2003), snd Parkinson’s
disease (Tabner et al.,, 2001). Thus, the ATP-induced
npregulation of exidoreductase genes end the protec-
tion against cell death in astrocytes seen in the present
study might be a key event for even neuronal survival,
and possibly be inveolved in these diseases. However,
the direct interaction between the upregulation of
these oxidoreductase genes and the ATP/P2Y, recep-
tor-mediated protection of cell death in astrocytes re-
mains to be clarified.

In econclasion, we demonstrated that ATP protected
astrocytes from H,O,-induced cell death via P2Y, re-
ceplor-mediated pathways and that the ATP-induced
protection of astrocytes required upregulation of oxi-
doreductase genes. Unlike neurons, adenosine had no
such effect in astrocyles. The precise target genes or
mechanisms underlying the P2Y; receptor-mediated
protective actions in astrocytes remain to be clarified,
Our present findings suggest.that one important role of
ATP-mediated gliotransmission would be such a pro-
tective effect in astrocytes since ATP is released or
leaked when cells in the CNS are damaged in several
pathological conditions (Dubyak and el-Moatassim,
1983; Lutz and Kabler, 1297, Ahmed et al, 2000;
Zhang et al.,, 2000; Parkinson et al., 2002).
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ABSTRACT

Microglia are immune cells in the brain; their activation,
migration, and proliferation have pivotal roles in brain
injuries and diseases. Microglia are known to attach firmly
to fibronectin, the upregulation of which is associated with
several pathological conditions in the CNS, through Bl
integrin and become activated. Extracellular nucleotides:
can serve as potent signaling molecules, Recently, ATP and

ADP were revealed to possess chemoattractive properties to .

microglia via Gi-coupled P2Y receptors. In the present
study, we report that the ADP-induced chemotazis of micr -
glia is mediated by P2Y12/13 receptors and is 31 -integrin®

to neurotoxicity instead, and several pathological condi-
tions in the CNS are, in fact, accompanied by an excess
proliferation of microglia (Gehrmann et al., 1995). Thus,
better understanding of the regulation of microglial che-
motaxis and proliferation may have important therapeu-
tic implications.
Integrins are heterodimeric transmembrane proteins
consisting of « and B subunits; they mediate cell—ell
and cell—extracellular matrix (ECM) interactions. At pre-
sent, 16 o and 8 B chains have been identified, and at
-least 22 different complexes are known. 1 integrin, the

most ubiguitous B subunit, pairs with at least 10 differ-
“ent « chains to comprise receptors for a wide variety of
1 ECM proteinis. Within the CNS, Bl integrin is expressed
?'on_‘:many-_‘diﬁ'erent cell types, including neurons, glial
: cells, and endothelial cells (Pinkstaff et al., 1999). As

[y

dependent in the presence of fibronectin.|Sighals from!. e . : : B
P2Y12/13 receptors also cause B1 integrin translocation to'; Shown previously by other investigators, microglia

the membrane ruffie regions, but this redistribution wass -:_‘-g;q?res?fsever al integrin receptors of 1 and B2 families
lost when the intracellular cyclic AMP'(cAMP):was | that afe upregulated following microglial activation in
increased by forskolin or dibutyryl eAMP. This inhibitory :vitro (Hailer et al., 1996; Yu et al., 1998; Kloss et al.,
effect of cAMP-elevating agents did not appear, when micro- :2001; Milner and Campbell, 2003), In vivo, integrin
glia were co-incubated with a protein kinase A (PKA) inhi- !'expression i§ found to be increased on activated micro-

¥

bitor, KT-5720, suggesting that PKA is a negative regulator . olia in Alzheimer’s disease (Akiyama and McGeer, 1990),
of the Bl integrin translocation. We also show that the ..after-meérve injuries (Coyle, 1998; Kloss et al., 1999;
Tsuda et al., 2003) and in multiple selerosis lesions (Bo

engagement of A1 integrin enhanced microglial prolifei'?-?'-"
tion. Signals from P2Y12/13 receptors attenuated the prolif- ‘ﬁt al;ﬁfiggﬁ)mlggteg;_i{m _Sgljve‘_ﬁfét only as adhesive mole-
E) $ 0 'aé*‘si%na’iing’.fxeéeptors, and they regulate

eration, whereas ADP itselj_}];}ad no '_{fﬁ%tl :oilmiqﬁrpglig] 14 destbut o
owth. Furthermore, Bl integrin-induced} proliferation¥is}; L omLL, ° S180AIE.
= T P F numé_ﬁous c’glluiéx_jﬂfﬁx‘i_{:j;jéns E_{Hemler, 1998) including

these results indicate the involvement of Bl integrin in
microglial proliferation and chemotaxis, both of which have
clinical importance. The data also suggest that PKA is

positively regulated by the tAMPdefenderit PKA fToéther, b

cell migration and proliferation. B1 integrin is closely
associated with the regulation of cell motility and
growth in many cell types (Hynes, 1992; Jones and Watt,

inversely involved in these two cellular functions. ¢ 2005
Wiley-Liss, Ine,

1993; Howlett et al., 1995), but its role in microglial che-
motaxis and proliferation remains unclear.

Fibronectin is one of the ECM molecules; it is a large,
multidomain glycoprotein that exists both as a cell sur-
face protein and in plasma. The expression of ECM
molecules is regionally and developmentally regulated in
the brain, and their presence is relatively minor in the

INTRODUCTION

Microglia are considered to act as brain macrophages,
They participate in brain injuries and diseases {Naka-
jima and Kohsaka, 1993), in which their motility, aber-
rant activation, and proliferation are known to play cru-
cial roles. Microglia gquickly respond to numerous
inflammatory mediators by migrating to the source of
the mediators, where they become activated and exert
their neuroprotective effects (Flanisch, 2002; Streit,
2002). Unfortunately, their hyperactivation often leads
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normal CNS. Some ECM molecules, including fibronee-
tin, however, are upregulated after adult CNS injury.
Fibronectin also exists at high concentrations in the
blood plasma and a breakdown of the blood-brain barrier
should result in an increase in its local concentration in
the CNS, Fibronectin induces firm adhesion and activa-
tion of microglia (Milner and Campbell, 2002, 2003). It

is a major ligand of the B1 integrin family, but recently -

Mac-1 was also reported to play a role in the adhesion of
leukocytes to fibronectin (Lishko et al., 2003),

Previously, Honda et al. (2001) demonstrated that
extracellular ATP and ADP could induce the chemotactic
migration of microglia. Several lines of evidence so far
have indicated that extracellular nucleotides serve as sig-
naling molecules (Bodin and Burnstock, 2001). ATF, and
possibly other nucleotides, are released from damaged
cells or secreted via nonlytic mechanisms and activate
microglia. In the work by Honda et al. (2001), extracellu-
lar ATP and ADP induced chemotaxis as well as mem-
brane ruffling, which was possibly mediated by Gi-coupled
P2Y receptors. The P2Y12 receptor is a recently cloned
Gi-coupled P2 receptor (Hollopeter et al, 2001), and
expressed on platelets and exclusively in microglia in the
brain (Sasaki et al., 2003). The P2Y13 receptor is another

Gi-coupled P2 receptor that was recently identified (Com- .

muni et al,, 2001; Zhang et al., 2002), Its messenger RNA
is expressed at highest levels in the brain and iminune tis
sues, particularly the spleen (Zhang et al., 2002), suggest-

ing its roles in neuron and in immune systems, P2Y12 |-
and P2Y138 receptors present a very similar pharmacologi-, -

cal profile. Both receptors show high affinities’for ADP.

and 2MeSADP (Hollopeter et al,, 2001; Zhang et al., 2002),

and are selectively blocked by ARC-67085 and ARC-69931
(Ingall et al., 1999). No specific agonists/aﬁ}agonists ére
known currently to distinguish these two receptors phar-
macologically. . :

The involvement of B1 integrin in chemotaxis and pro-
liferation is already well characterized, Its role it micro-
glial chemotaxis and proliferation, however, has not
been well studied, and its edrrelation ith plrinoceptors
such as P2Y12/13 receptor,iststill un lear{ Wej piovide
new evidence that (1) ADE-ifidiicéd pﬁeégt}i‘xi%}h@ﬂou}gh
P2Y12/13 receptors involves Bl integrin in the presénce
of fibronectin, (2) ADP induces 81 integrin redistribution
which colocalizes with membrane ruffiing on microglia,

PEN

Abbreviations

ATP adenosine §'-triphosphate

ADP adenosine 5'-diphosphate

cAMP adenosine 2':3'-cyclic monophosphate
CNS central nervous system

CCR CC chemokine receptor

CXCR CXC chemokine receptor

CX.CR CX5C chemokine receptor

ECM extracellular matrix

ERK extracellular signal-regulated kinase
GPCR G-protein-coupled receptor

IL-8 interjeukin-8

MAP mitogen-activated protein

2MeSADP dimethylthioadenosine 5'-diphosphate
PHA protein kinase A

VLA very late antigen
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and PKA functions as a negative regulator of this trans-
location, {3) B1 integrin mediates microglial proliferation
through positive regulation of PKA, and (4) signals from
P2Y12/13 receptors abrogate the proliferative effect of
Bl integrin. Taken together, these results indicate that
Bl integrin is crucially involved in both the proliferation
and chemotaxis of microglia, which are under the
inverse regulation of PKA.

MATERIALS AND METHODS
Isolation of Microglia

Rat primary cultures were derived from the cerebral
cortex of neonatal Wistar rats. In brief, the rat cortices
were separated from the meninges, minced, treated with
trypsin and DNase, and then centrifuged to remove dead
cells. The pellet was resuspended in DMEM, filtrated
and cultured in medium with 10% fetal bovine serum
for 12-23 days. Mieroglia were isolated on day 10 and
day 15 by gently shaking of the flasks for 2 min and
were attached to appropriate dishes or coverslips. One
flask (75 cm?) yielded 1-2 x 10° microglial cells by this
preparation, and the cultures were of >98% purity. The
"purity-.of microglial culture was determined by immu-
-, Dostaining for Ox-42 and Eva-1,

Re

+Immunofluorescence Staining of Cell Surfaces
. .‘\' : [;

'+, Microglia were washed once with ice-cold staining buf-
 fer, (phosphate-buffered saline [PBS] 1% fetal calf serum
‘[FC8];0.1% NaNy) and then Fc blocked for 15 min on ice.
; After, washing, they were incubated with Ha2/5 {Phar-
: Mingen) for 30 min on ice. They were washed once, incu-

: ;bated with mouse anti-hamster IgM (PharMingen) for 30

£

min on jce, and then washed again. Finally, cells were
w-incubated with Alexa-Fluor 488-conjugated anti-mouse

IeG (Mo_l_gkcular Probes, Eugene, OR) for 30 min on ice in

s the d’faﬂ{;iwa_sl}ﬁe@:;-Lwice;-;gsu§"§nded in the staining buf-

[ fer, aijflftli’é gﬁoféscé:ﬁqé;'inééni'ty of the labeled microglia
analyzed with FACScafi (Becton Dickinson).

1

4 3
£y

- Was

Immunocytochemistry

Coverslips were briefly treated with hydrochloric acid
and extensively washed with PBS. They were then
coated with fibronectin (Sigma, St. Louis, MO) at 10 pg/
ml overnight and washed with PBS immediately before
use. Microglia were plated on coverslips and kept at
37°C for 1 h, and unattached cells were washed off
gently with warm DMEM. After 1-h serum starvation,
the cells were stimulated with ADP (50 uM) for 5 min at
37°C. The attached cells were then fixed in 3.7% formal-
dehyde in PBS for 5 min and then washed with PBS.
The cells were permeabilized with 0.1% Triton-X in PBS
for 5 min, washed again with PBS, and then blocked for
80 min with ACE blockase (Yukijirushi, Ltd.) with 3%
goat serum at room temperature. To visualize Bl intep-
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rin and membrane ruffiing, the cells were stained with
Ha2/5 mAb, mouse anti-hamster IgM Ab, Alexa-Fluor
488-conjugated goat anti-mouse IgG, or Texas Red-X
phalloidin (Molecular Probes) and observed under a
fluorescent microscope.

Defining Membrane Rufflings

To the best of our knowledge, there are no methods to
quantify the degree of membrane ruffling. Therefore, we
tried to define membrane ruffling by analyzing the pic-
tures from immunocytochemistry. First we pictured cells
that were stained with Texas Red-X phalloidin, and then
a line was drawn across the cell and the intensity of the
Texas Red-X phalloidin labeling along the line was ana-
lyzed using computer software. Membrane ruffling is
characterized by the sharp, strong labeling of Texas Red-
X phalloidin, which reaches >200 au. {out of 256) of
intensity, whereas cells with no ruffling show less intense,
blurred, and dispersed staining. We defined membrane
ruffling as a wave-like structure that is stained with
phalloidin and the labeling intensity of which reaches
200 a.u.. Cells satisfying these criteria were construed

as bearing membrane ruffling morphology. .

AT

Chemotaxis Assay R
‘t-; Bl e,
Chemotaxis assays were performed using.a direct:

viewing Dunn chemotaxis chamber (Weber Sc@entiﬁc-
International, Teddington, UK). The details concerning.

this apparatus and its use are given irf‘-;Webb"‘;gt‘ al:
(1996) and Zicha et al. (1991). In brief, microglia ' wére
attached to coverslips that had been coated with fibro-
nectin, After 1-h incubation, the cells were washed with
warm DMEM and cultured in the absence of FCS for'an
additional 1 h. The coverslips were then inverted onto
the slide, the inner and the outer wells of which were
filled with DMEM. The efZes of theTcoverslip were
tightly sealed with adhesﬂré?gta}alg except; for: one "on
which a thin filling slit was'l¢ft.iUsing,a needle'and:

syringe, the medium in the outer “well was gently

replaced with DMEM containing 100 uM ADP. The fill-
ing slit was guickly sealed with adhesive tape and the
chamber was carefully set on the stage of a microscope
equipped with a 10X phase-contrast objective. Microglia
acdhered to the coverslip were exposed to the ADP gradi-
ent and then monitored in the Dunn chemotaxis cham-
ber for a period of 1 h. One region of the bridge was
viewed directly via a CCD video camera and the data
were recorded every 30 s during the 1-h observation
using image software. After recording, cells were ran-
domly selected from a set area of the field and the
straight distance they migrated was plotted against x,y
coordinates on scatter diagrams. The x-axis was parallel
to the outer ring while the y-axis was vertical. Record-
ing of the cell migration usually started within 30 min
of assembling the chamber, by which time a linear diffu-
sion gradient had been established (Webb et al., 1996).

Proliferation Assay

In this study, 96-well plates (Corning) were incubated
with fibrenectin (10 pg/ml), anti-p1 integrin Ab (10 pg/ml)
(Santa Cruz Biotechnolegy, Santa Cruz, CA) or normal
rabbit serum (Sigma) overnight at 4°C and washed
withPBS before use. For anti-B1 integrin Ab and normal
rabbit serum coatings, the wells were pre-coated with
goat anti-rabbit IgG {Sigma) for 2 h at 37°C and washed
with PBS. Microglia were attached to the wells and
cultured in DMEM 4% FCS for 24 h at 37°C. After the
incubation, cell survival and proliferation were assayed
using an MTT cell growth kit (Chemicon) according to
the manufacturer’s instructions and also by direct cell
counting.

RESULTS
ADP-Induced Chemotaxis of Microglia Is
Mediated by P2Y12/13 Receptor and Is Blocked
by an Elevation of cAMP

In the previous study by Honda et al. (2001), extracellu-
lar ADP induced microglial chemotaxis through Gi-
_coupled P2Y receptors and the ADP-induced membrane
ruffling.was inhibited by a P2Y12- and P2Y13-selective

-0 antagonist, ARC-69931. First, to make the system closer

:1o pathological conditions in the CNS, we performed the
T‘_phegnotax.is._‘agsay on fibronectin substrates. To examine
whether microglial chemotaxis toward ADP on fibronectin
substrate’ is also mediated by the P2Y12/13 receptor,
ARC-69831 v;v'as used in the chemotaxis experiment
- (Fig, 1): Cultured microglia were adhered to the fibronec-

“tin-coated coverslips and their chemotaxis against the

ADP concentration gradient was studied with the Dunn

‘ chemotaxis ‘chamber (see materials and methods for
£.details). In'the absence of the ADP gradient, microglia did
_mnot mové on the fibronectin-coated coverslips (Fig. 1b).
“““When ADP 100 M was applied to the system, however,
. the cEliSInigrated, toward the'Stimulant (Fig. 1a,c). Pre-
P Greatinient of mi¢rogliavith, ARC-69931 at 10 uM totally

| blocked the Al P,—igé}ic’i{g{éjcrléglia! chemotaxis (Fig. 1d),
suggesting that the P2Y12713 receptor is responsible for

the microglial chemotaxis toward ADP. Since the activa-
tion of P2Y12/13 receptors inhibits adenylate cyclase, the
effect of changes in the intracellular cAMP level on micro-
glial chemotaxis was tested. Forskolin is a potent adeny-
late cyclase activating agent and dibutyryl cAMP is a
membrane permeable AMP analogue that activates cAMP
protein kinases. When microglia were pretreated with for-
skolin (Fig. le) or dibutyryl ¢cAMP (Fig. 1), their chemo-
taxis toward ADP was greatly attenuated.

B1 Integrin Is Involved in the Microglial Migration
Toward ADP on Fibronectin Substrate

To study the function of B1 integrin in the P2Y12/13-
receptor mediated migration of microglia, we first exam-
ined its expression on cultured microglia. Flow cyto-

F1
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Fig. 1. ADP-induced chemotaxis of microglia was mediated through
P2Y12/18 receptors and blocked by an elevation of intracellular cAMP,

Cultured microglia were adhered to fibronectin-coated coverslips. After, <

serum starvation, the cells were assayed for migration toward ADP in
the Dunn chemotaxis chamber. a:

N
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microglia toward ADP. Arrowheads depict the position of a single No ADP  mm —
microglial cell at the indicated time, showing the kinetics of chemo- 1000 imee o MBI S5 Heompe RGO O
taxis. Microglia were almost static on fibronectin in the absence of the f,:’_{ €9931 <AMP control

stimulant (b). Microglia, however, showed chemotactic responsiveness [ ¢
to ADP {100 M) (c), which was completely blocked by the P2Y12/13};

receptor antagonist ARC-69931 (d), confirming that the chemotaxis to -
ADP is mediated by P2Y12/13 receptor. Forskolin pretreatment (e) and
dibutyry]l cAMP pretreatment (f) attenuated the ADP-induced chemo-
taxis of microglia. The data represent three independent experiments.

metric analysis confirmed that the cultured microglia
expressed significant amounts of the 1 integrin subunit
(Fig. 2a). Next, to assess the role of B1 integrin in the
cell migration toward ADP, a chemotaxis assay was per-
formed with the Dunn chemotaxis chamber in the pre-
sence of a monoclonal antihody specific for the Bl integ-
rin subunit (Ha2/5) and RGD peptide (Fig. 2b). Treat-
ment of microglia with Ha2/4 antibody at 5 pg/ml
suppressed the ADP-induced chemotaxis (Fig. 2¢), indi-
cating that Bl integrin is required for this process. An
isotype-matched control antibody did not interfere with
the microglial chemotaxis toward ADP (Fig. 2d). Treat-
ment with RGD peptide at 2 mM also perturbed the

P05 e Mo ADP, "pc0.06, *p e 0 ve ADP mhone

Fig. 2. 1 integrin is highly expressed on cultured microglia, and it
is involved in the ADP-induced chemotaxis of microglia on the fibronec-
tin substrate. Cultured microglia were labeled with anti-Bl integrin
antibody (Ha2/5) (gray) or with isotype-matched control antibody
(black). The labeling was detected by Alexa-Fluor 488-conjugated anti-
body and the cells were subjected to flow cytometry analysis (a). b-f:
Cultured microglia were adhered to fibronectin-coated coverslips. After
serum starvation, the cells were assayed for migration toward ADP in
the Dunn chemotaxis chamber. The microglia migration toward ADP
(100 pM) (b) was totally inhibited by Ha2/5 (¢) and RGD peptide (e). In
contrast, the migration was not affected by isotype-matched control (@)
and RGE peptide (f). Data {a—) represent three independent experi-
ments. Each chemotaxis was quantified by calculating the x displace-
ment (um) multiplied by the y-displacement (um) (g). Data (g) are mean
£ 8E of three separate experiments. #Greater than No ADP (P < 0.05,
Student’s f-test); *Smaller than ADP 100 yM (P < 0.05, Student's
#-test); **Smaller than ADP 100 M (P < 0,01, Students 1-test).

microglial migration toward ADP (Fig. 2e), whereas con-
trol RGE peptide did not inhibit the migration (Fig. 21),
suggesting that the RGD sequence is important. The
RGD (Arg-Gly-Asp) sequence is present in several extra-
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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 invelves 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 1
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 rufiling
(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 phalleidin,
In our experiments, membrane ruffling was construed as”

labeling intensity that reached >200 a.u. {see Materials __

and Methods). Microglia were attached to .ﬁbronectm-

coated coverslips, stimulated with ADP at 50 M for ,
5 min, fixed and permeabilized, and then the appearance y
of membrane ruffling and the cellular localization of B1.:*

integrin were studied using Texas Red-X phalleidin and
Ha2/5 antibody, respectively. Without ADP. stimulatior

mxcrogha showed no membrane ruffling and the g1 mbeg- i
rin subunit was dispersed over the plasma membrarie of
¥

the microglia (Fig. 3a—¢). In response’to ADP stimulation ?
at 50 uM, membrane ruffling appeared within b min after /-

stimulation (Fig. 3e) and B1 integrin was redistributed to

the cell edge (Fig. 3d). A merged image revealed that p1~
integrin colocalized with the‘membrane mfﬁmg (Fig. af).
Treatment of microglia w1th ,ARC. 69931"abr6’“ ated~thel:

membrane ruffling for‘mzn;lon,l Fig. Hh) (Honda I“1: ali,

2001), 1 integrin redistribution ‘('Flg 33) 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. 8B). 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 B1 Integrin, and the PKA Inhibitor KT-5720

Restored the Bl Integrin Redistribution
and Membrane Ruffling

We next investigated whether an increase in the
intracellular concentration of ¢cAMP in microglia would

Me}ged

A. Antl-B1 Ab  Phalloidin

No ADP

ADP

ADP
+
ARC-69931

a0 -

€01

FLYS

= ]

[ =]
¥

Membrane rufflings (% of total cells)

control ADP

ADP
+ ARC-69931

e 'p<l.05 vs control

Fig. 3. P2Y12/13 receptor-mediated mu:roghal Bl integrin redistri-
-’bution that coloealized 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 permeabih’zed. Then, for the immunofiuor-
escence studies, the cells were incubated with anti-B1 antibody Ha2/5
(a,d,g) and phalloidin (b,e,h). a—¢: Controls, i.e., PBS alone. Bl integrin
redistribution and membrane ruffling occur in response to ADP stimu-
Jation (d,e), but they disappear in the presence of ARC-63331 (gh).
Merged image (I) shows that B1 integrin redistributes and colocalizes
with membrane ruffling in response to ADP (50 uM). B: Cultured
microglia on fibronectin-coated coverslips were stimulated with ADP
(50 pyM) for § min, fixed and permeabilized. The cells wera 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 sepamte
experiments. *Greater than control (P < 0.05, Student’s I-test). Scale
bar = 10 ym in A.

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

ol alele!
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Anti-B1 Ab

Phalloidin

ADP

ADP

-+
Dibutyryl-
cAMP

C
O ADP

+
g Forskolin
R
ADP

e
Dibutyryl-
cAM!';y
-+
KT-5720
ADP

+
Forskolin
+
KT-5720

ADP
+
KT-5720

% 2. £
F4 died by lmmunoﬂuorescemi{ "gAs seen? m,'fF;gure 4Ad——1 f’ Fig. ;@J
neither the B1 integrin redJstnbqun nor.the membrahe : fling jwas du'ectfy connted

ruffling appeared on the “surface of mlcrogha 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 Bl integrin
accurnulation 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 PEA activation is responsible for the loss of
the Bl 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 pM, the integrin redistribution was restored

B.

ADP W

ADP

mbmywb
cAMP

Forskolin

leutyryl-

KT-572D
ADP

Forskolm
KT—5720

KT -5720

Membrane ruffling
{% of total cells)

0 20 40 6D 80
T T T T

Fig. 4. Elevation of intracellular
¢AMP abrogated the Pl integrin
redistribution and membrane raf
fling in response to ADP stimula-
tion. The PKA inhibitor KT-5720
restored the ADP-induced Bl 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
¢AMP concentration. The elevation
of intracellular cAMP sbrogated
the B1 integrin redistribution (d £
and membrane rufiling (eh) in
response to ADP (50 pM) PKA
involvement was examined by pre-
treating the cells with KT-5720 at
5 pM (—o). KT-5720 treatment itsell
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
(1) or forskolin (m—o). B: Cultured
microglia on fibronectin-coated
coverslips were stimulated as in A
for 5 mun, 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). -

* p<0.05 vs ADP

o

'—S)F'The number}ofucells with membrane ruf-

forieach population (Fig. 4B),
‘and the result confirmed’ the effect of dibutyryl cAMF,
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. B1
integrin is involved in the proliferation of many cell
types (Jones and Watt, 1993; Howlett et al., 1995), but
its effect on microglial proliferatlon has not been clari-
fied. To study the function of Bl integrin in tmicroglial
prohferahon, 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-Bl integrin antibody showed
similar results, suggesting that cross-linking of 81 integ-
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Fig. 5. Pl integrin mediates microglial proliferation. Cultured contrel +?(°Tr.-‘sr?| anirplAb - and 1Ab+

microglia were adhered to uncoated, fibronectin-coated, anti-pl anti-

body-coated or control annbody-coated plates and cultured for 24 h at K

kY
. * P05 ve Control

37+C. After the incubation, the cell’s viability was measured by (a) _.-i-

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 eontrol (P < 0.05, Stugfnt's t-test),

¥

B

rins leads to microglial proﬁferatmn 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 p1 Integrin-Mediated Proliferation
of Mieroglia 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 cells. Several chemokine receptors including

v B

* Fig. 6. Pl integrin-mediated proliferation of microglia is inhibited
by ADP. PKA is a positive regulator of p1 integrin-mediated prolifera-
- tion. Cultured microglis were adhered to uncoated or anti-Bl integrin
" antibedy-coated plate in the presence of ADP (100 pM) and ARC-69931
(10 pM) (a) or KT-5720 (10 uM) (b) and incubated for 24 h at 37°C. The
1 seells’ viability was then tested by MTT assay. Data are mean = SE of
three separate experiments. *Greater than contrel (P < 0.05, Student’s

3 R best)
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IL-8R, CXCR1-4, CCR2, CCR3, CCR5, and CX3CR1 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 1 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-62931 restored the high proliferation rate, sug-
gesting that the ADP signal from the P2Y12/13 receptor
did not synergize the proliferative signal from Bl integ-
rin, but rather counteracted it.
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We next investigated whether PKA, a major intracel-
lular target for cAMP in roammalian 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 herem, we 1nvest1gated the role of B1 integrin

in microglial chemotaxis and proliferation, and charac::.

terized its regulation by signals delivered from P2yi12/

13 receptors. o

membrane ruffling is cause by ADP stimulation (Honda’
et al,, 2001), ADP is a potent agonist of payl, P2Y12,
and P2Y13 The purme 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, dus- to, zts "

abundant mRNA in the brain and the immune system
(Zhang et al, 2002). P2Y{2 and P2Yi3 Bre recently
identified Gx-coupled receptormthﬁi: 8 are”the 8EME AZ0-f:
nists and antagonists, makmg:}ttxexy dxfﬁcultLto':h AT
macologically differentiate between "these two receptors.
Whether the P2Y12 and/or P2Y13 receptor was/were
traly 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 Bl integrin is
highly expressed in microglia and is crucially involved
in the ADP-induced chemotaxis of microglia on fibronee-
tin, and that signals from P2Y12/13 receptors recruit p1
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-

NASU.TADA ET AL.

dient {data not shown), These results also indicate that
£1 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 ol
integrin through of integrin to form VLA-1 through
VLA-8, respectlve]y, and with av integrin to form avpl.
Among these pairs, VLA-3, VLA-4, VLA-5, and avBl
have fibronectin as their ligand, and microglia are
known to express od, a5, 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 eAMP 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 enly 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 coroplexes and assemble at the
leading -edge of the cell. These complexes evolve into
bighly orgamzed focal adhesions (Laukaitis et al., 2001),
‘which in turn generate a s1gnal to cause actin cytoskele-

ttal reorgaruzatmon resulting in cell motility (Lauffen-

Our observation that P2Y12/13 receptors med]ate the,
chemotaxis of microglia on the fibronectin %ubstrate was .
compatible with the earlier finding by Honda et al, that.”

¢ burger and Horwitz, 1996). However, details of the
signaling pathway(s) generated by B1 integrin transloca-
. tion at the méembrane ruffles and the effect of this out-
fisxde-m mgnalhng on microglial chemotaxis remain
.unc]ear Although the P2Y12/13 receptor-mediated

"decrease in cAMP is an important step for microglial
{ m:gratmn, it is interesting to note that excess inhibition
«as well ag'hyperactivation of cAMP/PEA pathways also
inhibits‘cell migration (Edin et al., 2001; O’Connor and
Meércurio, 2001). Thus, an mtegrm -mediated outside-in
?’slgna‘img,maymfunctmn as a ;ine and local tuning device
“to con rol such‘ Elgnalmg cascades for more efficient cell
1 migration. W

In the present study, we showed that cross-linking of
Bl 1ntegrm 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
corponent of pathways that regulate cell proliferation
(Widmann, 1999), In microglia, ERKs are involved in
the proliferative response to granulocyte-macrophage
colony-st1mulat1ng 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 p3s
(Tikka et al., 2001) cascades in prollferatlon 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 preliferation rate was markedly reduced by the
downregulation of the cAMP/PKA signaling pathway by
ADP or KT-5720. Taken together, we concluded that
¢AMP positively regulates the Bl integrin-mediated pro-
liferation of microglia through the activation of PEA. In
microglia, PKA is known to activate MEKKI/MEK/JNK
(Delgado, 2002). Moreover, PEA 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 ef al.;%

1998). These reports support our hypothems that the B1 :

mtegnn engagement promotes mxcrogl:al’prohferatwn,

In

via PKA/MAP kinase pathways.

The finding that the P2Y12/13 receptor-med:ated'
translocation of Bl integrin and membrane rufflé forma-, -

tion were negatively regulated by PEA whs in marked
AQ1 contrast to the role of in microglial proliferation. It'is
intriguing to hypothesize that signals £rom P2Y12113
receptors irpaired the proliferation by shifting mtegrms
from the firm adhesion mode that leads to cell prolifera: ..
tion to the mobile mode, which is more suitdble, for
dynamic movement, Further studies will be necessary o™
address the functional reIatxonsth betw‘éen [31 mtegrm
and the intracellular PKA»-co cenfratﬁ)ﬁ an prohferatmn
and chemotaxis. 2 i %

In summary, both mlCI'Og]lal chemota.xls and prohfera-
tion clearly consist of numerous and complicated pro-
cesses in which integrins are fundamentally invelved.
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 mechan-
isms might reveal new therapeutic strategies for condi-
tions in which the activation of microglia is detrimental
such as some neuropathies of the spinal cord (Tsuda
et al,, 2003).
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Abstract

The blood-brain barrier (BBE) is a highly organized multicellular complex consisting of an endothelium, brain pericytes and astrocyles.
The present study was aimed at evaluating the role of brain pericytes in the induction and maintenanee of BBB functions and involvement of
transforming growth factor-@ (TGF-B) in the functional properties of pericytes. We used an in vitro BBB model established by coculfuring
immortalized mouse brain capillary endothelial (MBEC4) cells with a primary culture of rat brain pericytes. The coculture with rat pericytes
significantly decreased the permeability to sodium fluorescein and the accumulation of thodamine 123 in MBEC4 cells, suggesting that brain
pericytes induce and up-regulate the BBB functions. Rat brain pericytes expressed TGF-RB1 mRNA. The pericyte-induced enhancement of
BBB functions was significantly inhibited when cells were treated with anti-TGF-B1 antibody (10 pg/ml) or @ TGF-B type I receptor
entagonist (SB431542) (10 uM) for 12 h. In MBEC4 monolayers, a 12 h exposure 10 TGF-B1 (1 ng/ml) significantly facilitated the BEB
functions, this facilitation being blocked by SB431542. These findings suggest that brain pericytes contribute to the up-regulation of BBB
functions through continuous TGF-B production.
© 2005 Elsevier B.V. All rights reserved.

Theme: Cellular and molecular biology
Topic: Blood~brain barrer

Kewwords: Blood-brain barrier; Pericyte; Transforming growth factor-B; P-glycoprotein; Penmeability; Mouse brain endothelial cell

1. Introduction

The blood-brain barrier (BBB) is highly restrictive of
the transport of substances between blood and the central
nervous system. The BBB is a complex system of different
cellular compoenents including brain microvascular endo-

* Comresponding author. Fax: +81 92 862 2696.
E-mail address: ykawoka@eis.fokuoka-v.ac.jp (Y. Kataoka).

0006-8993/% - see front matter © 2005 Elsevier BV, All rights reserved.
doi:10.1016/j. brainres.2005.01.027

thelial cells, pericytes and astrocytes. Astrocytes induce and
maintain the properties of the BBB including the integra-
tion of tight junctions and expression of P-glycoprotein (P-

-gp} through cell-to-cell contact and the secretion of soluble

factors [23]. Brain pericytes are important for control of the
growth and migration of endothelial cells and the integrity
of microvascular capillaries [22]. Such functions are known
to be mediated by transforming growth factor-p (TGF-B)
(1,21.25], vascular endothelial growth factor (VEGF)
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[14,17] and direct cell-to-cell communications, Pericytes
have several apparatuses to directly make contact with
endothelial cells: gap junctions, adhesion plaques and peg-
and-socket junctions [24]. Soluble factors including TGF-p,
VEGF and basic fibroblast growth factor {bFGF) were
produced by and released from pericytes [2,24]. These
growth factors control the permeability of the BBB
[8.26,31). These evidences indicate that pericytes regulate
the brain's endothelial barrier by collaborating with
astrocytes.

TGF-B, a family of multifinctional peptide growth

factors, has several isoforms (TGF-Bl, 2, 3, 4 and 5),
shares the same structure (65-80% homelogy) and dis-
plays similar biological activity in vitro {11]. TGF-B acts
on two highly conserved single transmembrane receptors
with an intraceflular serine/threonine kinase domain (TGF-
B type I and type I1 receptors) to activate an intracellular
signaling system, such as Smad proteins or the p38
mitogen-activated protein kinase (MAPK) and the extra-
cellular signal-regulated kinase pathway [6]. TGF-B is
listed as a potent endogenous substance protecting against
neurodegenerative diseases of the central nervous system
[11].

Recently, brain pericytes were reported to induce
occludin and multidrug resistance-associated protein
(MRP} 6 mRNA expression in brain endothelial cells
[3,15]. As for BBB functions, brain pericytes reduce the
endothelial permeability of the brain [13]. However, little is
known about the mechanism behind the facilitatory role of
brain pericytes in the induction and maintenance of BBB
functions. The aim of this study was to clarify whether
TGF-p participates in the pericyte-induced regulation of
BBB functions. We made an in vitro model of the BBB by
coculturmg immortalized mouse brain capillary endothelial
(MBECH4) cells with rat brain pericytes. MBEC4 cells zre
known to have the highly specialized characteristics of
brain microvascular endothelial cells including the expres-
sion of P-gp [28,29). BBB functions were assessed based
on the permeability coefficient of sodium fluorescein (Na-
F) and the cellular accumulation of rhodamine 123 in
MBEC4 cells as the paracellular permeability of brain
endothelial cells and the functional activity of P-gp,
respectively.

2. Materials and methods
2.1. Animals

Wistar rats aged 2 weeks old were housed in a room at a

temperature of 22 + 2 °C under a 12-h light/dark schedule -

(lights on at 7:00 h) and given water and food ad libitumn.
All the procedures involving experimental animals adhered
to the Jaw (No. 105) and notification (No.6) of the Japanese
Govemnment and were approved by the Laboratory Animal
Care and Use Committee of Fukuoka University.

2.2 MBECH cell culture

MBEC#4 cells, which were isolated from BALRB/c mouse
brain cortices and irmmortalized by SV40-transformation
[28], were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 100 units/m! penicillin
and 100 ug/mil streptomyecin 4t 37 °C with 2 humidified
atmosphere of 5% CO4/95% air. They were seeded on 12-
well Transwell®-Clear inserts (Costar, MA) and 24-well
culture plates (BD FALCON™, BD Biosciences, NJ) at a
density of 42,000 ceils/insert and 21,000 cells/well,
respectively.

2.3. Primary culture of rat pericytes

Rat cerebral pericytes were isolated according to the
method of Hayashi et al. [13]. Pure cultures of rat cerebral
pericytes were obtained by prolonged culture of isolated
brain microvessel fragments under selective culture con-
ditions because microvessel fragments contain 23% peri-
cytes [27]. The cerebral cortices from 2-week-old Wistar
rats were cleaned of meninges and minced. The homoge-
nate was digested with collagenase CLS2 (1 mg/ml;
Worthington, Lakewood, NJ) and DNase I (37.5 pg/ml;
Sigma, St. Louis, MO) in DMEM (Sigma) contaming 100
units/ml penicillin, 100 pg/ml streptomycin, 50 mg/ml
gentamicin and 2 mM glutamine 2t 37 °C for 1.5 h.
Neurons and glial cells were removed by centrifugation in
20% bovine serum albumin (BSA}DMEM (1000 x g for
20 min). The microvessels obtained in the pellet were
forther digested with collagenase/dispase (1 mg/ml; Roche,
Mannheim, Germany) and DNase I (16.7 pg/ml) in DMEM
at 37 °C for 1 h. Microvessel endothelial cell clusters were
separated by 33% Percoll (Amersham Biosciences, Piscat-
away, NJ) gradient centrifugation (1000 x g for 10 min).
The obtained microvessel fragments were washed twice in
DMEM (first 1000 X g for 8 min, then, 700 x g for 5
min} and placed in uncoated culture flasks in DMEM
supplemented with 10% FBS, 100 units/m! penicillin and
100 pg/ml streptomycin at 37 °C with 2 humidified
atmosphere of 5% CO02/95% air. Afier 14 days in culture,
rat pericytes overgrew brain endothelial cells and reached
typically 80-90% confluency. The cells were used at
passages 2-3.

2.4. Preparation of three in vitro BRB models

The preparation of the in vitro BBB models was
previously described [7). In brief, rat pericytes (40,000
cells/cm®) were first cultured on the outside of the collagen-
coated polyester membrane (1.0 cm?, 0.4 um pore size} of a
Transwell®-Clear insert (12-well type, Costar)} directed
upside down in the well. Two days later, MBEC4 cells
(42,000 cells/cm®) were seeded on the inside of the insert
placed in the well of a 12-well culture plate (Costar) (the

75



210

opposite coculture system). In the other (bottom coculture)
system, rat pericytes (20,000 ceI]s/cm:) were first cultured
in the wells of the 12-well culture plate. After 2 days,
MBEC4 cells were seeded on the inside of a Transwell ®-
Clear insert placed in the plate containing layers of rat
pericytes. A monolayer system was also made with MBEC4
cells alone (MBEC4 monolayer).

2.5. Paracellular transport of Na-F

To initiate the transport experiments, the medium was
removed and MBEC4 cells were washed three times with
Krebs-Ringer buffer (118 mM NaCl, 4.7 mM KCI, 1.3 mM
CaCly, 1.2 mM MgCl,, 1.0 mM NaH,P0,, 25 mM
NzHCO; and 11 mM D-glucose, pH 7.4). Krebs-Ringer
buffer (1.5 ml) was added to the outside of the insert
(abluminal side}. Krebs-Ringer buffer (0.5 ml) containing
100 pg/ml of Na-F (MW 376) (Sigma) was loaded on the
luminal side of the insert. Samples (0.5 ml) were removed
from the abluminal chamber at 30, 60, 90 and 120 min and
immediately replaced with fresh Krebs—Ringer buffer.
Aliguots (5 pl) of the abluminal medium were mixed with
200 uI of Krebs—Ringer buffer and then the concentration of
Na-F was determined with a CytoFluor Series 4000
fluorescence multiwell plate reader (PerSeptive Biosystems,
Framingham, MA) using a fluorescein filter pair (Ex(1)
485 + 10 nm; Em{1) 530 £ 12.5 nm). The permeability
coefficient and clearance were calcuiated according to the
method described by Dehouck et al. [5]. Clearance was
expressed as microliters {ul) of tracer diffusing from the
luminal to abluminal chamber and was calculated from the
initial concentration of tracer in the luminal chamber and
final concentration in the abluminal chamber: Clearance
(u) = [Cla X Va / [ClL, where [C], is the initia]l Juminal
tracer concentration, [C), is the abluminal tracer concen-
tration and ¥, is the volume of the abluminal chamber.
During a 120-min period of the experiment, the clearance
volume increased linearly with time. The average volume
cleared was plotted versus time, and the slope was estimated
by linear regression analysis. The slope of clearance curves
for the MBEC4 monclayer or coculture systems was
denoted by PS,,,, where PS is the permeability-surface
area product (in pl/min). The slope of the clearance curve
with a control membrane was denoted by PS;embrane In the
rat pericyte opposite coculture system, the control mem-
brane is the rat pericyte-layered membrane, The real PS value
for the MBEC4 monelayer and the coculture system (PSygns)
wasg calculated from 1/PSyp, = 1/PSpmembrane + 1/PSyans. The
PSiuns values were divided by the surface area of the
Transwell inserts to generate the permeability coefficient
(Prons, I0 €1M/min), -

2.6. Functional activity of P-gp

The functional activity of P-gp was determined by
measuring the cellular accomulation of rhodamine 123
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(Sigma) according to the method of Fontaine et al. [12].
MBEC4 cells were washed three times with assay buffer
(143 mM NaCl, 4.7 mM KC], 1.3 mM CaCl;, 1.2 mM
MgCla, 1.0 mM NaH,P0,, 10 mM HEPES and 11 mM
D-glucose, pH 7.4). In rat pericyte coculture systems, rat
pericytes on the outside of the membrane were removed
with a cell scraper. MBEC4 cells were incubated with 0.5
ml of assay buffer containing 5 uM of rhodamine 123 for
60 min. Then, the solution was removed and the cells
were washed three times with ice-cold phosphate-buffered
saline and solubilized in 1 M NaOH (0.2 ml). Aliquots (5
1l) of the cell solution were removed for measurement of
cellular protein according to the method of Bradford [4]
using a Bio-Rad protein assay kit {Bio-Rad Lzbora-
tories, Hercules, CA). The remaining solution was
neutralized with 1 M HC! and the rhodamine 123 content
was determined with a CytoFluor Series 4000 fluores-
cence multiwell plate reader (PerSeptive Biosystems)
using a fluorescein filter pair (Ex(i) 485 + 10 nm;
Em(A) 530 + 12.5 am).

2.7. Detection of TGF-§1 mRNA

Total RNA from rat pericytes was extracted using
TRIzol™ reagent (Invitrogen). The primer pair used in the
reverse transcription-polymerase chain reaction (RT-PCR)
was designed based on the nucleotide sequence of the
rat TGF-BI and rat GAPDH. The sequences of primers
were as follows: the upper primer 5.-ATACGCCTGA-
GTGGCTGTCT-3' and the lower primer ¥-TGGGA-
CTGATCCCATTGATT-3' for TGF-p1; the upper primer
5'-CTACCCACGGCAAGTTCAAT-3 and the lower primer
5-GGATGCAGGGATGATGTTCT-3 for GAPDH. The
expected sizes of the RT-PCR products, predicted from the
positions of the primers, were 153 bp for TGF-R1 and 479
bp for GAPDH. A SuperScript One-Step RT-PCR system
(Invitrogen) was used for reverse transcription of RNA, and
TGF-Bl ¢DNA was amplified by PCR. Amplification was
performed in a DNA thermal cycler (PC707; ASTEC,
Fukuoka, Japan} according to the following protocol: cDNA
synthesis for 30 min at 50 °C, pre-denaturation for 5 min at
94 °C; 25 cycles of denaturation for 30 s at 94 °C, primer
anpealing for 30 s at 57 °C and polymerization for 30 s at
72 °C; and a final extension for 5 min at 72 °C. Each 10 pl
of PCR product was analyzed by electrophoresis on a 3%
agarose (Sigma) gel with ethidium .bromide staining. The
gels were visualized on a UV light transilluminator and
photographed using a DC290 Zoom digital camera (Kodak,
Rochester, New York),

2.8. Effects of the modulation of TGF-f1 signaling on BBB
Junctions

A TGF-p type I receptor antagonist, SB431542 (TOC-
RIS, Bristol, UK), and human TGF-p1 (Sigma) were first
dissolved in dimethylsulfoxide (DMSO) and 4 mM HCI



