1

BEFEHHFHAEMBS

ERm - EREEFEL T2 M-S L2 AREMAEE

BIFRORBEA N Z XL ZER L oS ARICE T D85
(B : ATPRBERZENT DH LA o) VI HIEEES)

TRk 1 8EFEE FEMEH

EEWEE HLE FF

P19 (2007) 4 3A




HEs 2

B x

I. BsisRE
BIEROREA N Z X LEZBRE L 12 RICET 5%
(BIIFE : ATPRBBENTDHL WA > o)) VBIHHIEHRE)
#E B

IT. BIRRROFHTICET 5 —B%

IT1. BAZEREOHITY - HIRY




RS

BEFZBHERARHEBE (BER - BEREBESL ¥25 M) Y1 Lo XREMEFD)
(RIERFRRES)

BWERIDRB AN Z X LZERL G HRICHET 5MA
(BIRE : ATPRBEHZNTHH LA > o) S HHHIEE)

(EEFRE HE 0F WNKEREBEZHZR)

MRES

IWIA—AFERA 22V WK T SATPREROERII 2 HETH . KEBE (1M
TI3ERL, ®RE (100uM) TREIHHFI L2, ZEERTTIYATOBREET I RRT 4
TZAPZRAWTRELAEKE. HSERIIPIXSB X UPACDAIHEMNE 2 5. IHEERIZP2Y
|ORREDEE o /e, ZOEBONRD OEWMMIBAKFMCa F v RIVKERTH o720, &
NMARFIEC F v+ RN LN ORBE HBEETD EEZSND, —H, PIZERENTHS ) O—-2R
HFEA T a) CRUWOMHEZERATH O, BRI > DHRERBETLENS EERR
FIZATPHME> TWDHIRBMENEZ 5N D, DX DT, ATPRAEMKIIR 4 2K T 8 Ml DHaE
MFICBWTEEAREZR LTS EEZ SN S,

A BIFEER

BOEORMEEDEE LT A (1999FFRRE
BHE) OBBRABHELETHD. —RICHE
LIBRICRIET 5 T &A%, BERMABE (BEBTE
BEREZZODHEHI6200N) NEmEEHFHELE

568, DKnERENESHEIIHE PR LS,

FERAIIEN BRI BIRE(LE 25 SR T EER
EERTHY, TOHRE. O BREROREDHE
U, IKEZECLHEZOAHRIED TE N, 7T
T, BEFNC L3838 T RA & & nEE 20
HLTWRBEIIE->THATHD, BEBEKTIR
AN LERENLSBAVWSNTNVS, TOHER
AR Z X LI LBIBMKEFERE DN T AF v+ RO
MHTHY, BRELUTRHEMOEILE - BEEHS
BENREDEST, —H, 1222 23T
% [N B MIRLIZIZRI U < LMEMKEEI IV A
FrRIDBRBLTBD, 1222 V3 WOEE
UTHREL T3, /o T, AT AEEHENA
al) W ENHEL THbARBFETIZ/RL, &M
JEDBENRRERZF AR ICBRIENNT 2
UMMEFBXIUT A Rzl EF &R L T
00 TRR<ERFEREOLED > ho—)UC
BREErRIFTMENH D, BE BERABHRE
LTHN DD LEMBEOREFITHD =7
R AOTECTIE, 0. 1%KBOREHEET (&
M) 2H3ERMXEBICHTNWS, ERBESHE
BETIIISITHEISGE L5ugEEbHBL., £
7=, BUTEERAMNET LU EEXTEER E L,
20T BRE, RAREHRELRDTWVENIHHE

BRIZBENTHREHEENMES AED SN TSRO0 D
Lz, FT20R2BRCHSMI LA TR
570, _

T IZT, BAPFEOEMIZ, EHEINTWBHILY
U LETENEKE B HREN SO > a ) i
MEIT 20ENEZHSMIL FHLWEWEREZD
AHZZ L - PRHEDOIRE) . DWT, L-type Ca
Channel I3 L=FH L WA > a) VA S
ZALEBRRL, FNICEDEWERBEREZRR
TH5IETHS,

INETIZ, BREFEHINTWBHN I TLTF
Y RIVERENHES MBSO > al) >
DWERHTHIEERL, BIATPZEAZNL
oA 2ia) bRt T SRERNEE T S AEE
HERRLZ, TOREIIHEZED R, ATP
B LEA > al) R ERENH 2 2 138
SMERS TN, ATPOERA A Z X LI DE
MTHo, ERZRTTEBERE - #4&4:20HEIC
U7 ETHiEHE LT iR S W HIEHL /=,
T ITAREER., ATPZEGIRICES 122l
YA D Z X LT DWW TETIVRIBEMING 2 W T
AHRICRETL 7=,

B. BRFE A i

MING #fE2. 5 X 105 cells / well &723 &
524 well plate IZ#&fE L. DMEM medium ZHNZA T
28 1 nl /well &U5-7 HREEET S, 1FIFE0%
BEICHEENEL /-IRET nediun ZERE L. HBSS
T wash #%. 2.2 mM Glu / HBSS ( 3 ml/ well )



ZMA T2 BRI pre incubation {75, FOH,

mediun ZBRZ, SERIBME THEEE3 nl / well
THMUS Bf#E @ incubation 2175, KIGHK TH
IZmedium 1 ml/well ZEIRL., ZD ELEFDT >
al) BEZFELISAEICEDEIEL =,

C.AFEAE R

1. Z)La— 2§z XAMINGERMA S D1 > > a
) R et

ATPZ B S Z i 2012, MINGHIRZA S

DTN I—ARBITE D1 > a) CBIHICBEL T,

73— ABEEFE B X UREREE&EE DN
THRELE. TOHE. V)V O—ZABE (0.44~22
o) ICEELRET o) CRENBD S, b
ruFEROTINI—ARELE DX NS, ZIVO—
A22M TDA > al) BEESIIT—R0. 44nM
TOZTNEELSIWEHLOENI—AERT
al) 2RwE Lz, -RREMEAEICEL TR, &
#f U 7= R fEi#E8 TlIiig# S BRI E o & 1 >
o) RWENELSTEEL T, &b, V)
O— ABRMTATPRIB L =B &3> >
BiRD SN h -7 FITUTFOERTIZ.
SKHIB DN I—ZFERA > o) uiixtd
HATPZAERBEELEMOEREZRL /=,

2. ATPEZBRT I b

AP I O—RBHRA o)) DR IcEEx:
RiFTEThiE. TR EDPIZBERY T &1 7T
H5OMFE LT RSk, £IT, k4l
PIZAEARTY I=A k (ATP, ADP, UTP, UDP) 257X
WKWTPT ) EBRNTL 22l Rz ssE
BRI Lz, TOKE. ATP, ADPIZ{ERE (1 p

W TRIZNI-ZAFEREAS a2 3z,

160% - —— ATP
—.—m
urp

5140%- —— UDP
: —=— adenosine
& 120% |
™~
ﬁ P
c 100%
2
[
(*]
2 80% |
E
2
E 60% |
40%
044 mM 2Z2mM
ol 0 1 10 100
conc. (UM )

&

*ee p < (L0001 v.5 0L44 mM G
“p=0.01vs 2mM G

HIBEE (100pM) TIEIHIZHFITIEND 2HHD
RZESIEEZLAE (F1) . —4. UTPRUDPTIZ
INIA—AFZERA 2 2wERICH L TIEE
WEZEBNRSNBM T,

TT/)obFRBEAEDRERE T, ATPRA
DPRRREINTTT /> ELTHERTAZ &I
WweEEZLHN 5,

KiZ, ADPEATPRIZERIBR IR EZR L2 &M
5, M7 A MIBEIMEOBWPIZERYT T4 1
TPNIZBEHROEENEZ SNS, FIT. Bhk
P IZEHRORRNNT T2 FTdh52-MeSADP % [
WTEREI L. TORBR. JIVI—ZAFERTI> 22
1) 5 VERIE2-MeSADPD 10~ 1000 nMOD&iB TH
EiZHE . ATPEHE (100N TERD SN
IOoRBBERRBALED SN M- (F2) , AT
PO 2 M OERORPNIZERINHZEZH-T
WwWsEEZH5N3%,

Insuin secrotion ( % /22 mM Glu )

r T T T T ]

0A4mM Glu 22 mM Glu 10 nM 100 ni 1M

~p <001 vs 22 MU Gl
“pe00S s 22 MU Gl

B2 22mMJ La—RERI ) Ut
239 %52-MeSADP (10~1000 nM) D #%E

3. ATPRBEH®HTY > 7T K
FINA—RERA > al) izt d AATPO
ERNREDZBEEHEENLIZBDTHSDNZKIZPL
SHEEOT 4 I=A - 3% (TNP-ATP., PPADSH
K fsuramin) ZHWTRETL 7=,
TNP-ATPIZP2X1, 2, 3, 4, T D7 ¥ d_A k&
LTHSNTWASR, SEHRWEHE (0. 1~5uM
TIIATPOERICH BRI I B>z, ATPOA >
2a ) R EERICPXL, 2, 3, 4, T2 B AN EE
ER ) A AN



- s
S ree
-
8 x|
£
§ sl
§ wox |
-
LUNMGE ZZmMGH  1pM ATP cipm
1 g ATP + TNP-ATP
3 p<001vs 2mMGu
KWT, P2AI, 2, 3, 5,6, TOT7>¥T=Z

ELTHSNTWAPPADSZRIWTHRELEEZ S,
I~10 U MOBE TIIATPOERIC B A BH M-
7=hi, 100 uMOBETIZATPO /)L O — AFERA >
al) CoWERIER E 2L (k4) .
PPADSHIFHTIX, 1 ~100 u MOEBHNT22 mM/ )L
—ADA ) HMERICIIMOEE LW
EERHRL TS,

1680%
& 1%
i
0 120%
#
= 100%
? 0%
=
3 o}
B

ol

Bde i By 2wl G 104 ATP
1 ull ATP + PPADS
X 4 P<00SvE 22 mM G

6. IEEINBZATPZEMRT >~ T=Z bsuram
iz DWW TiE, 50uMOsuraning&EIZ1 > > a1 >
SWIHIERBR S N/==dIc Ll LoBEHNTT
ERho7=,

4. B/IKGEHECAYF v IO YS
TNA—ZAFERHA > 2) Wz d BATPO
2HMEDOERON., HERIERIZPSB L6 Dl
MEER I Nz, o513 > F v RIIVBPASE
HidCa¥ BLUNa' 2B L., BHoEOMENCat LR
ZHIZFRITIENTES, BB ENTIHEIC
BEMEKGEECTF+ RILOBEENRHEZ EI2k D,
ZTNEMRA T H0I1T. BAEKEECaYF v IV
#F&Inifedipine ZHWTYINI—AEHT >

(48]

D 23T AATPORRIERAOZEE R L
fzo  ET. nifedipineBMOEREZBRF L, %
DFER. 22 M N a—RIZXD1 22 240k
ERICH L TO. 1pM nifedipineldiZE A CEBAE R
FESaho7=4, 1 BKK10MDnifedipine 1352
ZICHHWLTLE 2. DT &R, 22 N/ LT
—AZLKBDA o) I ENEEECaY F +
FIWKEHETHBHZEERLTNS,

RIZ, FIWA—ZAFERA > a) 2wt
ATPDIERIEA ~Dnifedipine OEBAERIL /.
TOER, nifedipinel uMEETF. | uM ATPIZ X
SUNIA—ZAFERA > 2l R ERERIIAE
<EAHLE. LML, nifedipinel uMBIHEFD 1
a) RWICHEL T, FEEEF->TT Y
2 2R3 mL T,

1']][

CAMmMG 2mM Glu 1 a8 ATP -|

nsulin secretion (% / 22 mM
-
!!!il!i!i

*2p<001vE 22mMGu

&S b
D. £5

ANRL TEELDIZCaF vy RN TOy h—E2BE
AELTHOWTWSEmFEOERBFEEICE - TIL.
ZIWVERZNT L7 RIZSHT L b ERiED R T HlT
WBaWwEEZ NS, LA T LAF v RILHE
BLBWEFTA > 2a) D BtZEHETI A=
ALMHASMZRIUX, FRBEEEOBEREIZ DR
5, ZOEOBERMNS, ATPZBERIZED T
a ) HIEO N E D LD THZENZY — K
U, ETIIATPZERFBIC L D122 ) 200
WCEDKIBEEBNTHINERFLEN, 123
U 2T BATP ORI R MRS TEERICE
fELTL XS, £/, Mk 7 F oo e AATPO
1222l CHRBICHT AR EE(LTETNWSA]
EELEZ NS, [IMERBETIEEZSNT
WAHGKZ v HiK B #Hilla TE BAIPCRIE % FI VLY TATPSZ
BROBLEFREEZRH L& A4ES AR, 68
BMELSIZTHWLTS, PIXIL, P2Y1OmRNAD FE IR 134
METy hSEKETOKNESLUTICETETLTY
oo TOEDIT, ATPZBHRENTHI 22
B AN Z X LRBEET I, FOANZZXLDE
MIXREZHSMZIINTWHAENWD T, BEIEAIZIZ
KO RERNLETH S, T T, AIEE



W ZINVa—ZERA > 2 I 3ATP
SZEBHBHEIC DOV TETIIVABMINGE BT
AR L 7=,
FEEORETHROBFENAIEEZ. VVa—2X
BFEA ) R BATPSEEOERIZ
2HHETHDZETHD, ATPBLUADPIZIERE
(1yM) TRIZNI—ZAFERT > DWaH
L. SBE (100 TIEIHEITHMHTEENS 2
HEDERZGIERI Uz, ATPAHIRAICA DK,
T ¥ RIVEREHCT HREBIIZEZ IS WOT,
COERRIZREBEY T Y1 TOBEEE L EZZ D50
BRTHD, €I T. ZERYT Y1 TOE5 %%
NTBEDIITIZAROT YT A MEHANT
BREU /R, HMIERIIPIXSB L N6 DAJREMMN
ZZ250, MEERTPY IO EE -, 72
B. MIN6 ( passage 43-53 ) ITHBNTPAVIZAIE
EPYOZ A DONRNAD REN|E TN TWBA, UT
PRUDP TN O—RBERA > al) DHWMERI
MLUTEEAERENRRSNBMh =2 EMNS, P2
YAB X UPW6ZBENA > 2 a) U2 iclE5d 3
EEEBIEHN, INET. BARBWEREBHWE
BAEPMEINTNED, HBIRLTIEr>>aY)
CRWwERR LI, JOH Kfmﬁk%ﬁb
TmEEn, BWIIFELTHEN, SEOHE

DF BIIRBICHPRIN,

=T, $Mn®§%5mm%uﬁﬁﬁm%?v1
WIEKEL WA > 22l DR ERRT 2 2
ETHo7=, LML, ATPEMTIZA > > a2y
WESIEFREZ IR, EBNKLETIEZILa— 2
BIELBWRHIZZBZ SN NWIZ EMS, 20k
RBREHREIDEDEH®RN I, 22T, H4id.
TNIA—RABEETDA > 2y 533 3 ATP
DEBEFNR, TOHE, PUZNALTA 2l
CRMEERTBIEERNWELEOTH BN, F
BUTK L TZ OEBRONE D DI EMKEMECa
UF v RIVEKEETH o=, LML, nifedipine T

FHIHIL ENR0NA 222 ) SRS bES D,

BAKFECaY F + RN ORE B 5 T2 L%
AbNB. —F4. PIZBREANTEINI—-RE
FAa) DRWOMENIFEEICERATHD, B
Bs1 > RWEHIHT 2 & NS EEAEE

ZATPDMHS TWAHHEMNEZ SNB, Thabb,

ATPR A MRITbk 4 727 Tl B Ml DR ERR 1T B W
THEHERREZEELTNWBEEZ SN S,

E. ¥
TNVA—RFERA > 2 mictd 2ATPS
BHROERMIZHEETH D, KBE (1M TidH
L. ®IBE (100pM) TIRBICHHILE, SRK
BT TOMEE 7 I A RNRT YT+ %
AWTRE URER. BRERIZP2X5B L UP6D

AIREMEYZE X S, MIGIERIZP2YI D RTREMEDS S
o7ze INET., BABRBYERER W -RENHE
HFEINTWBH, HB2RLTIRT 22 D%
HRLZEEN, JOBRILTREICHEABLEE N,
BWEZFELTWEN, SROHBETEOFEIZE
BRBRRINZ, ZOHBBONLD OWHTEIHK
FHCa»F v RV TH - 788, B EMECa?
FrRIVPANORBOEETHEEZ 53, —

7. PYIZBURENTE/NIA—-RERL2 2
B OMBENIEEICEHATH D, BRI
) 23 EHET 5 E0D BEEREGEIEATPAE S

TWSAEENEZ SND., ZDLDIT. ATPEA

EI3ER 2 73T THE B IR DB REMEIF IC B W THEER
REERELTWBEEZ NS,

F. /G pIE
AERFERREN S B BEREIC BN TR O R fE i
BRI/ SN TN,

G. BFERE

1. Nishimaki-Mogami T, Kawahara Y, Tamehiro N,
Yoshida T, Inoue K, Ohno Y, Nagao T, Une M. Al
pha-bile alcohols function as farnesoid X receptor a
ntagonists.

Biochem Biophys Res Commun. 339:386-91, 2006
2. Nasu-Tada K., Koizumi S., Tsuda M., Kunifusa
E., Inoue K. Possible involvement of increase in sp
inal fibronectin following peripheral nerve injury in u
pregulation of microglial P2X4, a key molecule for
mechanical allodynia. Glia 53, 769-775, 2006

3. Shiokawa H, Nakatsuka T, Furue H, Tsuda M,
Katafuchi T, Inoue K, Yoshimura M. Direct excitatio
n of deep dorsal horn neurones in the rat spinal ¢
ord by the activation of postsynaptic P2X receptors.
J Physiology 573:753-763, 2006

4. Tozaki-Saitoh H, Koizumi S, Sato Y, Tsuda M,
Nagao T, Inoue K. Retinoic acids increase P2X2 r
eceptor expression through the 5'-flanking region of
P2rx2 gene in rat phaeochromocytoma PC-12 cell
s. Mol Pharmacol. 70:319-28, 2006

5. Y. Shinozaki, S. Koizumi, Y. Ohno, T. Nagao an
d K. Inoue. Extracellular ATP counteracts the ERK
1/2-mediated death-promoting signaling cascades in
astrocytes. Glia, 54: 606-618, 2006

6. Suzuki T, Hide I, Matsubara A, Hama C, Harad
a K, Miyano K, Andra M, Matsubayashi H, Sakai
N, Kohsaka S, Inoue K, Nakata Y. Microglial *7 n
icotinic acetylcholine receptors drive a phospholipas
e C/IP3 pathway and modulate the cell activation t
oward a neuroprotective rote. J Neurosci Res 83: 1
461-1470, 2006



7. Suzuki T, Nishimaki-Mogami T, Kawai H, Koba
yashi T, Shinozaki Y, Sato Y, Hashimoto T, Asaka
wa Y, Inoue K, Ohno Y, Hayakawa T, Kawanishi T.
Screening of novel nuclear receptor agonists by a
convenient reporter gene assay system using gree
n fluorescent protein derivatives. Phytomedicine 13:
401-11, 2006

8. lkeda R, Takahashi Y, Inoue K, Kato F. NMDA
receptor-independent synaptic plasticity in the cent
ral amygdala in the rat model of neuropathic pain.
Pain 127:161-172, 2007

9. Ohsawa K, Irino Y, Nakamura Y, Akazawa C, In
oue K, Kohsaka S. Involvement of P2X(4) and P2
Y(12) receptors in ATP-induced microglial chemotax -
is. Glia. 55:604-616, 2007

H. B PEME D IR - B ERIRIR
1. RFFoE
BT L,

2. ERHEREK
HEpETIZz L,



B 4

MRBRROATICET 5 —EX

Fr 3
E % B4 RENEE |8 B |~ |HEF
Nishimaki-Mogam | Alpha-bile alcohols functio | Biochem Biop | 339 386-391 | 2006
i T, Kawahara | n as farnmesoid X receptor a | hys Res Comm
Y, Tamehiro N, | ntagonists. un. '
Yoshida T, Inou
e K, Ohno Y, Na
gao T, Une M.
Nasu-Tada K., K| Possible involvement of inc | Glia 53 769-775 | 2006
oizumi S., Tsud | rease in spinal fibronectin
a M., Kunifusa following peripheral nerve
E., Inoue K. injury in upregulation of
microglial P2X4, a key mole
cule for mechanical allodyn
ia.
Shiokawa H, Nak | Direct excitation of deep d | J Physiology | 573 753-763 | 2006
atsuka T, Furue | orsal horn neurones in the
H, Tsuda M, Ka | rat spinal cord by the acti
tafuchi T, Inou | vation of postsynaptic P2X
e K, Yoshimura | receptors.
M.
Tozaki-Saitoh | Retinoic acids increase P2X | Mol Pharmaco | 70 319-328 | 2006
H, Koizumi S, S| 2 receptor expression throu]| I
ato Y, Tsuda M, | gh the 5’ -flanking region o
Nagao T, Inoue | f P2rx2 gene in rat phaeoch
K. romocytoma PC-12 cells.
Y. Shinozaki, Extracellular ATP counterac | Glia 54 606-618 | 2006
S. Koizumi, Y. | ts the ERKI/2-mediated deat
Ohno, T. Nagao | h-promoting signaling casca
and K. Inoue. des in astrocytes.
Suzuki T, Hide Microglial o7 nicotinic ace | J Neurosci R | 83 1461-14 | 2006
I, Matsubara A, | tylcholine receptors drive es 70

Hama C, Harada
K, Miyano K, A
ndra M, Matsuba
yvashi H, Sakai
N, Kohsaka S, I
noue K, Nakata
Y.

a phospholipase C/IP3 pathw
ay and modulate the cell ac
tivation toward a neuroprot
ective role.




Ikeda R, Takaha | NMDA receptor-independent s | Pain 127 161-172 | 2007
shi Y, Inoue K, | ynaptic plasiicity in the ¢
Kato F. entral amygdala in the rat
model of neuropathic pain.
Ohsawa K, Irino ! Involvement of P2X(4) and Pl Glia 55 604-616 | 2007

Y, Nakamura Y,
Akazawa C, Ino
ue K, Kohsaka
S.

2Y(12) receptors in ATP-ind
uced microglial chemotaxis.




Available online at www.sciencedirect.com

scrance @oinucr-

Biochemical and Biophysical Research Communications 339 (2006) 386-391

BBRC

www.elsevier.com/locate/ybbre

Sa-Bile alcohols function as farnesoid X receptor antagonists ™

Tomoko Nishimaki-Mogami **, Yosuke Kawahara °, Norimasa Tamehiro ?,
Takemi Yoshida ®, Kazuhide Inoue?, Yasuo Ohno ?, Taku Nagao ®, Mizuho Une©

* National Institute of Health Sciences, Setagaya-ku, Tokyo 158-8501, Japan
® School of Pharmaceutical Sciences, Showa University, Shinagawa-ku, Tokyo 142-8555, Japan
¢ Faculty of Pharmaceutical Sciences, Hiroshima International University, Kure, Hiroshima 737-0112, Japan

Received 27 October 2005
Available online 14 November 2005

Abstract

The farnesoid X receptor (FXR) is a bile acid/alcohol-activated nuclear receptor that regulates lipid homeostasis. Unlike other steroid
receptors, FXR binds bile acids in an orientation that allows the steroid nucleus A ring to face helix 12 in the receptor, a crucial domain
for coactivator-recruitment. Because most naturally occurring bile acids and alcohols contain a cis-oriented A ring, which is distinct from
that of other steroids and cholesterol metabolites, we investigated the role of this 5B-configuration in FXR activation. The results showed
that the SB-(A/B cis) bile alcohols 5p-cyprinol and bufol are potent FXR agonists, whereas their Sa-(A/B trans) counterparts antagonize
FXR transactivation and target gene expression. Both isomers bound to FXR, but their ability to induce coactivator-recruitment and
thereby induce transactivation differed. These findings suggest a critical role for the A-ring orientation of bile salts in agonist/antagonist

function.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Nuclear receptor; Farnesoid X receptor; Bile acid; Bile alcohol; Agonist; Antagonist; Coactivator

The farnesoid X receptor (FXR; NR1H4) is a nuclear
receptor that is activated by bile acids [1,2] and bile alco-
hols [3,4], and it plays an essential role in bile acid/choles-
terol homeostasis [5,6]. FXR belongs to the steroid
hormone receptor superfamily, however, crystal structure
studies have suggested that bile acids bind FXR with their
steroid backbone flipped head to tail, the reverse orienta-
tion of all other steroid hormones, when they bind to their
cognate receptors. Steroid hormones, such as testosterone,
glucocorticoids, and estrogen, are oriented with their D
rings facing helix 12 of their respective receptors [7-9],
whereas the A ring of bile acids faces helix 12 of FXR
(10,11].

* Abbreviations: FXR, faresoid X receptor; CDCA, chenodeoxycholic
acid; CYP7A1, cholesterol 7a-hydroxylase; SHP, the small heterodimer
partner; BSEP, bile salt export pump; PXR, pregnane X receptor.

* Corresponding author. Fax: +81 3 3707 6950.

E-mail address: mogami@nihs.go.jp (T. Nishimaki-Mogami).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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Helix 12, the most C-terminal helix in the ligand binding
domain of nuclear receptors, plays a crucial role in ligand-
dependent receptor activation. Binding of an agonist to a
receptor leads to a conformational change that allows the
receptor to interact with a coactivator, which mediates
ligand-dependent transcription of the receptor [12]. In this
activated state, helix 12, the activation function 2 (AF2),
functions as a molecular switch and forms one side of the
coactivator binding pocket [13]. Structural analysis studies
have demonstrated that agonist and antagonist bind at the
same site within the core of the ligand-binding domain, but
induce different conformations [8,10,11,14]. Agonists have
been shown to stabilize the agonist conformation of helix
12 via direct or indirect interactions, and partial agonists
or antagonists have been shown to destabilize it.

Unlike those of other steroids and cholesterol metabo-
lites, the A rings of most naturally occurring bile acids
are cis-oriented (5f-configuration). Because structural
studies have shown that the A ring of bile acids is in con-
tact with several amino acid residues on helices 11 and 12
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[10,11], it seems likely that the 5B-(A/B cis) ring juncture of
bile acids plays a critical role in stabilizing the agonist-
bound conformation of helix 12.

Bile alcohols are produced as intermediates in the bile
acid synthetic pathway in mammals and as end-products
of cholesterol catabolism in most evolutionarily primitive
vertebrates [15]. We have shown that bile alcohols possess
FXR-ligand properties similar to those of the correspond-
ing bile acids [3]. Although the majority of naturally occur-
ring bile alcohols are 58-bile alcohols, few species of fishes
and frogs produce 5a-bile alcohols containing a trans-ori-
ented A ring. The bile alcohol 5a-cyprinol was originally
isolated from the bile of Cyprinus carpi [16], the Asiatic
carp, and Sa-bufol was isolated from the bile of lungfish
(17] and frogs [18] (Fig. 1). Since our preliminary experi-
ments showed that their 5B-counterparts, 5B-cyprinol and
5B-bufol, are potent agonists of human FXR, in this study
we investigated whether these 5a-bile alcohols possess the
ability to bind to FXR and recruit a coactivator. The
results showed that both of these 5u-bile alcohols are
capable of binding to FXR but are unable to induce coac-
tivator-association, and as a result antagonize FXR
activation.

FXR activation has been shown to repress the expres-
sion of cholesterol 7a-hydroxylase (CYP7A1), a rate-limit-
ing enzyme in the bile acid biosynthetic pathway, by
inducing an orphan nuclear receptor, the small heterodimer
partner (SHP) [19,20]. FXR also up-regulates expression of
the bile salt export pump (BSEP) [21], which represents the
major canalicular bile salt export pump of the liver. We

also investigated whether the 5a-bile alcohols modulate
FXR-target gene expression.

Materials and methods

Bile alcohols and chemicals. Cholic acid and chenodeoxycholic acid
were commercial products. 5a- and 5p-Cholestane-3a,7a,120,26,27-pen-
tols (Sa-cyprinol and 5B-cyprinol) were isolated from the bile of carp
(16,18]. Sa- and 5B-Cholestane-3c,7a,124,25,26-pentols (Sa-bufol and
5p-bufol) were isolated from the bile of frogs and toads, respectively
(18,22) GW4064 is synthesized according to the published procedures [23].

Transient transfections and reporter gene assays. HepG2 cells were
maintained in DMEM containing 10% FCS and 100 pg/ml kanamycin,
and they were seeded in 24-well plates 24 h prior to transfection. Cells were
transfected with 85 ng pFXRE-tk-Luc [3], 25 ng each of the pcDNA3.1
expression vectors for human FXR (NR1H4) and RXRa, and either 65 ng
of Renilla luciferase vector (phRL-TK) or pSV-B-galactosidase vector
(Promega) with Effectene (Qiagen). Three hours after transfection, cells
were exposed for 24 h to bile acids or bile alcohols in the medium con-
taining 0.5% delipidated FBS. Cells were lysed and luciferase activity was
determined. Firefly luciferase activity was normalized to Renilla luciferase
or P-galactosidase activity for each well.

Coactivator-association assay using fluorescence polarization. The assay
was performed essentially according to the published procedure [4).
TAMRA-labeled peptide (100nM, with amino acid sequence
ILRKLLQE) was incubated for 1 h with 1.5 pM of purified GST-fused
human FXR ligand binding domain (residues 244-472) and ligands in
100 pl of buffer (10 mM Hepes, 150 mM NaCl, 2 mM MgCl,, and 5 mM
DTT at pH 7.9) in a black polypropylene 96-well plate on a shaker.
Ligand-dependent recruitment of the coactivator peptide was measured as
increases in fluorescence polarization with a Mithras LB-940 multilabel
reader (Berthold).

mRNA analysis by real-time quantitative RT-PCRs. Gene-specific
mRNA quantitation was performed by real-time PCR on an ABI Prism

. H
Chenodeoxycholic acid

24

HO S ~"""0H

a: Sa-Cyprinol
B: 5p-Cyprinol

OH

A/B cis

a: Sa-Bufol

A/B trans

Fig. 1. Structure of bile alcohols and chenodeoxycholic acid (CDCA). Sa- and 5p-Cyprinol, 5a- and Sp-cholestane-3a,7a,124,26,27-pentols; 5a- and
5p-bufol, Sa- and 5B-cholestane-3a,7a,124,25,26-pentols; chenodeoxycholic acid, 3a,7a-dihydroxy-58-cholanoic acid.
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7700 sequence detection system (Applied Biosystems). Human hepatoma-
derived HepG2 cells were exposed to bile acids or bile alcohols in DMEM
containing 0.5% delipidated FBS for 20 h. Total RNA extracted with the
RNeasy Mini Kit (Qiagen) was treated with DNAase according to the
manufacturer's instructions (Qiagen). The relative expression levels of
mRNA were determined using the TagMan one-step RT-PCR Master
Mix Reagent Kit. The primer/probe sequences for human BESP,
CYP7A1, and SHP have been reported previously [4,24].

Other methods. Cell viability was checked by leakage of lactate dehy-
drogenase into the medium. Statistical significance was determined by
ANOVA followed by the Student Newman-Keuls method.

Results

The ability of bile alcohols to activate human FXR was
assessed by means of a transient transfection assay. HepG2
cells were cotransfected with a FXRE-driven luciferase
reporter plasmid and expression plasmids for FXR and
RXRa. Exposure of the cells to 5p-cyprinol or 58-bufol,
bile alcohols containing two hydroxyl groups in their side
chain (Fig. 1), led to the induction of luciferase activity
at levels comparable to that of the most potent physiolog-
ical FXR ligand, CDCA (Fig. 2A), whereas their Sa-coun-
terparts, Sa-cyprinol and Sa-bufol, had little effect.
However, these Sa-bile alcohols inhibited the transactiva-
tion elicited by either 50 yM CDCA (Fig. 2B) or 1 uM
GW4064, a synthetic FXR agonist structurally unrelated
to bile acids [23] (Fig. 2C).

In an in vitro coactivator-recruitment assay, Sp-cyprinol
and 5B-bufol induced a dose-dependent interaction of
SRC-1 peptide with FXR, but not with LXRa (Fig. 3A).
By contrast, Sa-cyprinol induced a very weak interaction,
accounting for 20% of 5B-cyprinol-induced interaction
(Fig. 3B). 5a-Bufol induced no interaction at all. When
assayed with 1 pM GW4064, these 5a-bile alcohols reduced
(by 80%) the GW4064-¢licited interaction (Fig. 3C). These
findings show that 5a-cyprinol and 5a-bufol act as FXR
antagonists, whereas their 5B-counterparts, 5p-cyprinol
and 5B-bufol, are FXR agonists.

We used real-time quantitative RT-PCR to investigate
the effect of these bile alcohols on the expression of
FXR-target genes in HepG2 cells. 5p-Cyprinol and 5B-
bufol increased the BSEP mRNA level, whereas 5a-cypri-
nol and Sa-bufol had little effect (Fig. 4A). When combined
with 50 uyM CDCA, these 5a-bile alcohols decreased
CDCA-¢licited induction of BSEP mRNA in a dose-depen-
dent manner (Fig. 4B).

5B-Cyprinol and 5B-bufol increased the SHP mRNA level
and markedly reduced the CYP7A1 mRNA level (Fig. 4A).
The SHP mRNA elevation by 5a-bufol and Sa-cyprinol was
small or insignificant. However, unexpectedly, these Sa-bile
alcohols markedly repressed CYP7A1 expression (by 90%
and 80%, respectively, at 50 pM). By contrast, 90% reduc-
tion in the CYP7A1 expression by CDCA was accompanied
by a 5.2-fold elevation of the SHP level. When combined
with CDCA, these Sa-bile alcohols further enhanced
CDCA-elicited repression of CYP7Al, although SHP
expression was unchanged or decreased instead (Fig. 4B).
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Fig. 2. 5B-Bile alcohols activate FXR, but 5x-bile alcohols function as
antagonists in the cellular transactivation assay. (A) HepG2 cells were
transfected with expression plasmids for human FXR and RXRa, and the
FXREp, rpx4-tk-luc reporter plasmid together with a Renilla luciferase
plasmid as a control. Cells were exposed to vehicle alone or to 2050 pM
of the bile alcohols indicated. Luciferase activity in the cell extract was
normalized to Renilla luciferase activity and expressed as fold induction
relative to vehicle-exposed cells. The values are means = SD of three
experiments. (B,C) Cells were transfected as in (A), except that §-Gal was
used as an internal control, and exposed to 50 uyM CDCA (B) or I yM
GW4064 (C) in the presence of the concentrations of Sa-cyprinol (5a Cyp)
or Sa-bufol (5o Buf) indicated. Exposure of cells to CDCA or GW4064
alone caused a 70- or 115-fold induction, respectively, relative to vehicle-
exposed cells. The values are the means + SD of three experiments.

Discussion

Bile acids and bile alcohols are produced as the terminal
catabolites of cholesterol, and as amphipathic steroids they
also play important roles in intestinal lipid absorption.
Their unusual 5B-A/B cis ring juncture provides a structure
that allows them to function as excellent detergents [5]. In
addition, by activating FXR as physiological ligands, bile
acids and alcohols directly modulate expression of genes
involved in the biosynthesis/catabolism, excretion, and
absorption of bile acids and cholesterol [6]. In the present
study, we investigated the role of the A/B ring juncture
configuration of bile salts in ligand-activation of FXR.

The results of both cell-based and in vitro assays showed
that 5B-cyprinol and 5B-bufol, but not their Sa-counter-
parts, Sa-cyprinol and Sa-bufol, function as potent FXR
agonists (Figs. 2A and 3A), indicating that the cis-orienta-
tion of the A ring is essential for FXR activation. It was
noteworthy that, when assayed with CDCA, the Sa-alco-
hols potently inhibited agonist-elicited FXR transactivation
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Fig. 3. 5B-Bile alcohols promote association between FXR and SRC-1
peptide in vitro, whereas Sa-bile alcohols function as antagonists, as
determined by fluorescence polarization assay. (A,B) A fluorescence-
tagged SRC-1 peptide (0.1 uM) was incubated with 1.5 pM GST-FXR or
GST-LXRa in the presence of various concentrations of 5B-cyprinol (58
Cyp), 5B-bufol (5p Buf), Sa-cyprinol (5a Cyp), or 5a-bufol (5« Buf)
indicated. Ligand-induced SRC-1 peptide association with the receptor
was monitored by increases in millipolarization fluorescence units (mP).
(C) Changes in fluorescence polarization caused by 3 uM GW4064 were
measured in the presence of the concentrations of Sa-cyprinol (5a Cyp) or
5a-bufol (5a Buf) indicated. The values are means+ SD of three
experiments. Some error bars are not visible within symbols.

(Fig. 2B). These two Sa-bile alcohols might have inhibited
CDCA transport into the cells, and Sa-cyprinol has actu-
ally been shown to inhibit taurocholate uptake by asbr,
the ileal conjugated bile acid transporter [25]. However,
their inhibition of GW4064-clicited FXR transactivation
and coactivator-association (Figs. 2C and 3C) indicated
that they both competitively inhibit agonist-induced
FXR activation. The results of the in vitro experiment
(Fig. 3) also indicated that these bile alcohols directly acti-
vate FXR as ligands without being metabolized. These
findings clearly show that Sa-cyprinol and 5a-bufol func-
tion as FXR antagonists.

The ability of 5B-cyprinol and 5B-bufol, and inability of
their Sa-counterparts to promote coactivator-association
to the receptor (Fig. 3) indicate that the A/B cis ring junc-

ture (5B) is required for this process. However, the inhibi-
tion of GW4064-induced coactivator-association by the
5a-bile alcohols indicates that they are capable of binding
to the receptor. Crystal structure studies have demonstrat-
ed interaction between the cis-oriented A ring of 5p-bile
acids and residues on helix 12, corroborating the associa-
tion between coactivator peptide and the receptor {10,11].
It is conceivable that the trans-oriented A ring in the 5a-
bile alcohols destabilizes this agonist conformation of helix
12, thereby preventing coactivator-association.

Although Sa-cyprinol and 5a-bufol efficiently inhibited
agonist-induced FXR transactivation and FXR-target gene
expression, they had no effect in the absence of agonists. In
a FXRE-dependent transactivation assay using HepG2
cells, luciferase activity of no-ligand control was very
low, suggesting that the level of endogenous FXR ligands
is negligible. Indeed, the bile acids produced in hepatic cells
in vitro do not accumulate within the cells but are rapidly
released to the medium [26], whereas in vivo the liver is
constantly supplied with bile acids via the enterohepatic
circulation. It is possible that the Sux-bile alcohols may
inhibit FXR activation in the liver.

5a-Cyprinol and its sulfate are toxic and sometimes
cause renal and hepatic failure after ingestion of goldfish
or carp gallbladders [27,28]. A study has shown that
Sa~cyprinol inhibits taurocholate uptake [25], but the mech-
anism of its toxicity is not well understood. By down-regu-
lating BSEP and up-regulating CYP7AL1 antagonizing FXR
may lead to an increase in the intracellular level of toxic bile
acids. In this study, we found that Sa-cyprinol and 5a-bufol
antagonize CDCA-induced BSEP mRNA expression in
HepG2 cells at concentrations that do not affect cell viabil-
ity. Because BSEP plays the major role in bile acid excretion
by the liver into the bile [29], and genetic defects in BSEP
have been shown to cause progressive familial intrahepatic
cholestasis [30], reduced BSEP expression may be involved
in the mechanism of the toxicity.

The enhancement of CDCA-induced CYP7A1 mRNA
repression by 5a-cyprinol and S5a-bufol was an unexpected
finding (Fig. 4B). FXR antagonists should inhibit CDCA-
elicited SHP induction and thereby diminish CYP7AI
repression. Exposure of cells to these Sa-bile alcohols alone
also led to repression of CYP7Al mRNA (Fig. 4A),
although the SHP mRNA elevation was small or insignifi-
cant, suggesting a FXR/SHP-independent mechanism. It is
noteworthy that ursodeoxycholic acid has been shown to
repress CYPTAI expression despite its negligible ability
to activate FXR [31]. Studies have shown that CYP7Al
can be repressed by bile acids via redundant pathways,
including repression through activation of the xenobiotic
receptor pregnane X receptor (PXR) or activation of c-
Jun N-terminal kinase mediated by TNFo or FXR-induc-
ing FGF19 production [5,32-34]. A recent study has shown
that Sa-cyprinol activates mouse PXR, but not human
PXR [35], suggesting that the activation of a PXR-medi-
ated pathway is unlikely in our experiments on HepG2
cells.
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(*P<0.01).

A naturally produced FXR antagonist that lowers cho-
lesterol has been identified [36], and an FXR agonist has
been shown to prevent cholesterol gallstone formation
[37]. Our findings may provide insights that will be useful
for drug development.
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Possible Involvement of Increase in Spinal Fibronectin
Following Peripheral Nerve Injury in Upregulation of
Microglial P2X,, a Key Molecule for Mechanical Allodynia
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ABSTRACT

We have recently demonstrated that the P2X, receptor, an
ATP-gated cation channel, in spinal microglia is a key mole-
cule that mediates the mechanical allodynia induced by
peripheral nerve injury. Although microglial P2X, receptor
expression is increased after peripheral nerve injury, the
molecular mechanism(s) underlying its upregulation remains
largely unknown. Fibronectin is a member of the extracellular
matrix molecules and is actively produced in response to in-
jury and diseases in the CNS. Here, we describe the influence
of fibronectin on P2X, receptor expression in microglia and the
upregulation of fibronectin after peripheral nerve injury.
Microglia that were cultured on fibronectin-coated dishes
showed a marked increase in P2X, receptor expression, both
at the mRNA and protein levels, as compared to those cultured
on control dishes. Fibronectin also enhanced the microglial
Ca?* responses mediated by P2X, receptors. Moreover, Wes-
tern blot examination of the spinal cord from a rat with spinal
nerve injury indicated that fibronectin was upregulated on the
ipsilateral side. Interestingly, intrathecal injection of ATP-sti-
mulated microglia to the rat lumber spinal cord revealed that
microglia cultured on fibronectin-coated dishes was more
effective in the induction of allodynia than microglia cultured
on control dishes. Taken together, our results suggest that spi-
nal fibronectin is elevated after the peripheral nerve injury
and it may be involved in the upregulation of the P2X, recep-
tor in microglia, which leads to the induction of neuropathic
pain. ©2006 Wiley-Liss, Inc.

INTRODUCTION

Extracellular nucleotides act as signaling molecules in
numerous tissues. Two groups of purinoceptors with dis-
tinet signal transduction mechanisms are known to exist.
P2X purinoceptors are ligand-gated ion (cation) channels,
whereas P2Y purinoceptors are members of the superfam-
ily of G protein-coupled receptors. The P2X family consists
of seven different subunits that can form homo- or hetro-
oligomeric assemblies, and each subunit has two trans-
membrane regions with intracellular N- and C-termini.
The P2X, receptor has a broad expression pattern in the
periphery, and it predominates in the CNS (Le et al., 1998;
Soto et al., 1996). With regard to the physiological and
pathological importance of P2X,; in the CNS, we have

© 2006 Wiley-Liss, Inc.

recently showed that P2X, receptors in the spinal cord
are upregulated after peripheral nerve injury, which is
responsible for the induction of mechanical allodynia in
rats (Tsuda et al., 2003). Interestingly, the P2X, receptor
is upregulated in microglia but not in neurons in the
spinal cord. Allodynia is a form of neuropathic pain that
is caused by normally innocuous stimuli, such as touch,
and although the symptom has been recognized for over
a century, its cellular mechanisms are largely unknown.
Microglial P2X, receptors in the spinal cord could be a
key molecule that induces the mysterious neuropathic pain,
allodynia.

Microglia are brain-specific macrophages, and their
activation is a general response to pathological processes
in the CNS. They are in a quiescent state in the normal
brain, but become rapidly activated upon brain injury,
inflammation, or diseases, transforming from ramified
microglia into an amoeboid macrophage-like phenotype.
Microglia are known to attach firmly to fibronectin, the
upregulation of which is associated with several patho-
logical conditions in the CNS, through B1 integrin and
become activated (Milner and Campbell, 2002, 2003).
Fibronectin is one of the extracellular matrix (ECM)
molecules, and it is a large, multi-domain glycoprotein
existing both as a cell surface protein and in plasma. Fi-
bronectin is involved in many cellular processes, includ-
ing tissue repair, embryogenesis, blood clotting, and cell
migration/adhesion (Adams and Watt, 1993; Hynes, 1992;
Raghow, 1994). The expression of ECM molecules is region-
ally and developmentally regulated in the brain, and their
presence is relatively minor in the normal CNS. Some
ECM molecules including fibronectin, however, are up-
regulated following adult CNS injury (Jones, 1996). These
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data suggest that fibronectin is a key molecule involved in
the overexpression of P2X, in microglia after nerve injury.

In the present study, we demonstrate that: (1) culturing
primary microglia on fibronectin induces the upregulation
of functional P2X, receptors on the cell surface in vitro,
(2) increased expression of fibronectin was observed in
the ipsilateral side of the spinal cord taken from allody-
nia rats, and (3) intrathecal administration of ATP-sti-
mulated microglia that had been treated with fibronec-
tin enhanced the allodynic response in rats in vivo. All
these findings suggest that the increase in spinal fibro-
nectin after a spinal nerve injury is a critical event in
the upregulation of microglial P2X, receptors, which would
be important for the onset of mechanical allodynia.

MATERIALS AND METHODS
Isolation of Microglia

The primary cultures of rat microglia were derived
from the forebrains of neonatal Wistar rats (Nakajima
et al., 1992). In brief, the rat cortices were separated
from the meninges, minced, treated with trypsin and
with 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. Microglia were isolated on day 10 and day 15
by gently shaking the flasks for 2 min.

Quantitative RT-PCR

Microglia were plated on tissue culture dishes that
had been coated with fibronectin (Sigma, Missouri, USA)
at 10 pug/ml or non-treated, and kept at 37°C for 3 h. Then,
the cells were washed with warm DMEM twice and the
total RNA was extracted using the RNeasy mini kit (QIA-
GEN Japan, Tokyo, Japan). Real time RT-PCR was per-
formed using the TagMan One-Step RT-PCR Master Mix
Kit (Applied Biosystems, CA), P2X, primers, and TagMan
GAPDH Control Reagents (Applied Biosystems). The for-
ward and reverse primer pairs for P2X, were:

F: 5-TGGCGGACTATGTGATTCCA-3'

R: 5-GGTTCACGGTGACGATCATG-3'

The PCR reaction was carried out by One Step RT-PCR
in a total volume of 25 pl using the ABI PRISM 7700
Sequence Detection system (Applied Biosystems). All val-
ues were normalized with the GAPDH expression.

Western Blotting

Microglia were lysed in lysis buffer (50 mM Tris-HCl
pH 7.4, 150 mM NaCl, 1% NP-40, 1% SDS, 5 mM EDTA,
protease inhibitors cocktail) and mixed with Laemmli
sample buffer. For the rat spinal cord homogenates, the
L5 corresponding spinal cord was collected from control
or allodynia rats of 1-, 3-, 7-day post operation and the
area of dorsal horn was excised. Then the tissue was
homogenized in homogenization buffer (PBS, 1% NP-40,
1% Triton X-100, 5mM EDTA, protease inhibitors cock-
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tail) for 20 s on ice, centrifuged thoroughly to remove
cell debris, and mixed with Laemmli sample buffer. All
samples were subject to BCA assay to adjust the loading
protein amount. Cell lysates or tissue homogenates were
resolved by SDS-PAGE and transferred to nitrocellulose
membrane (BioRad, CA). The membrane was blocked
with TBS-Tween 0.05%, 1% BSA, 0.02% NaNj, and
probed with primary antibodies: anti-P2X, (Alomone,
dJerusalem, Israel, 1:200 dilution), anti-B-actin (Sigma,
1:1000 dilution), anti-ERK2 (Santa Cruz, CA, 1:200 dilu-
tion), or anti-fibronectin (Dako, Glostrup, Denmark,
1:100 dilution). The antibodies were detected using horse-
radish peroxidase-conjugated anti-rabbit and anti-mouse
IgG secondary antibodies (Amersham Biosciences, NdJ,
1:1000 dilution) and visualized with the ECL system
(Amersham Biosciences). Bands were quantified using
NIH Image J 1.33u software.

Intracellular Calcium Concentration
(ICa2%*]i) Measurement

Microglia were cultured for 24 h at 37°C on an appropri-
ately coated Flexiperm cover glass. Then the culture medium
was replaced with balanced salt solution (BSS at pH 7.4:
150 mM NaCl, 5 mM KCl, 1.8 mM CaCl,, 1.2 mM MgCl,,
25 mM HEPES, 10 mM D-glucose). Cells were loaded with
fura-2 by incubating them with 5 uM fura-2-acetoxymethy-
lester in BSS for 1 h at room temperature. Changes in
[Ca®*1i were assessed by ratiometric images (F340/F380) of
fura-2 fluorescence, which were detected with Aquacosmos/
HiSca (Hamamatsu Photonics, Hamamatsu, Japan). For
TNP-ATP(100 M), PPADS (10 uM), or 0 Ca®* (removal of
extracellular Ca®*) experiments, cells were treated with
these antagonists or the 0 Ca?* solution 2 min before and
during ATP-applications.

Chung Model

All experiments were performed using 8-week-old
male Wistar rats. All surgeries were performed under in-
halation anesthesia using Forene in 100% O, induced at
5% and maintained at 2%. The spinal nerve on the left
side was exposed at a 1E)roximal location under an aseptic
condition. Then the 5™ lumber spinal nerve was tightly
ligated with a silk suture (5-0) and its peripheral side
was completely transected. The muscle and the skin were
sutured closed, and the animal was allowed to recover
before the behavioral testing. To evaluate allodynia, von
Frey filaments were applied to the plantar surface of the
hindpaw, and the withdrawal from mechanical stimulus
was monitored as previously reported (Tsuda et al., 2003).

Intrathecal Catheterization and Injections
of Microglia

For intrathecal microglia administration, intrathecal
catheterization was performed on Wistar rats (12 weeks,
male) (Tsuda et al., 2003). Briefly, with the rat under inha-
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Fig. 1. The effect of fibronectin on the mRNA expression of micro-
glial P2X,. Fibronectin increased the expression of P2X, in microglia at
the mRNA level. Microglia were cultured on fibronectin for 3 h at 37°C,
and the expression of P2X, was assessed by quantitative RT-PCR. P2X,
was markedly upregulated by fibronectin, whereas the mRNA expres-
sions of P2X,, P2Y,, P2Y; and P2Y,, purinoreceptors were signifi-
cantly decreased. Data are mean = SE of 3 separate experiments.
Asterisks show significant difference from control (*P < 0.05,
*#* P < 0.01 vs. control, Student’s ¢-test).

lation anesthesia, an incision was made in the atlanto-occi-
pital membrane and the catheter was inserted caudally to
the lumber enlargement (close to L4-L5 segments) of the
spinal cord. Verification of the catheter placement was
made by the observation of hind limb paralysis after intra-
thecal injection of lidocaine (2%, 5 pl) 3 days after catheter-
ization. Animals that failed the verification for the catheter
placement were not included in the data analyses. Micro-
glia were cultured on uncoated- or fibronectin-coated
dishes for 24 h at 37°C, washed twice with PBS, and har-
vested. After adjusting their concentrations, cells were sti-
mulated with ATP at 0, 0.5, and 5 pM, incubated for 1 h at
37°C, and subsequently microinjected. Animals were sub-
ject to the behavioral testing 5 h after the injection.

Statistical Analysis

The von Frey test results were analyzed by the Mann-
Whitney U-test and values with P < 0.05 were consid-
ered statistically significant. For the other data, the
Student’s ¢ test was performed, and values with P <
0.05 (or P < 0.01 where appropriate) were considered
statistically significant as compared to controls.

RESULTS
Fibronectin Increased the Expression of P2X,
Receptors in Microglia at both the mRNA
and Protein Levels

Microglia were plated onto fibronectin or control plastic,
and their P2 receptor expression was studied by quantita-
tive RT-PCR (Fig. 1). To normalize the results, we used the
mRNA expression of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as the endogenous control and, therefore,
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Fig. 2. Time-course study of the microglial P2X, upregulation. Fibro-
nectin increased the expression of P2X, in microglia at the protein level.
Microglia were cultured on fibronectin for 1, 6, 12, and 24 h at 37°C, and
the protein expression of P2X, receptors was analyzed by Western blotting.
The protein expression of P2X, receptors began to increase after 12 h of
incubation and increased strongly after 24 h of incubation. The intensity of
the bands was quantified with a computing densitometer using NIH Image
J 1.33u image analysis software. Asterisks show significant difference from
control (*P < 0.05, ¥* P < 0.01 vs. control, Student’s ¢-test).

the P2 receptor gene expression was given as the ratio
P2X(Y)/GAPDH. As shown in the figure, incubation of
microglia on fibronectin at 10 pg/ml for 3 h resulted in
the marked upregulation of P2X, gene expression, whereas
the mRNA expressions of P2X,, P2Y,, P2Y,, and P2Y;, were
all rather diminished (Fig. 1), suggesting that the P2X,
receptor is unique among the purinoceptors on microglia.

To confirm this effect of fibronectin on the P2X, recep-
tor at the protein level, we examined its expression by
Western blotting using anti-P2X, antibody (Fig. 2). As
seen in Fig. 2, microglial P2X, appeared as a single band at
~75 kDa, and since its predicted molecular weight from its
protein sequence is 43 kDa, the molecule seems to be heav-
ily glycosilated (Soto et al., 1996). We previously reported
that fibronectin induces profound microglial proliferation
through B1 integrin (Nasu-Tada et al., 2005), and thus the
protein amount loaded on the gel was carefully adjusted.
In addition, B-actin was used as the endogenous control to
normalize the Western blot data. Each band was quantified
using computing software, and the basal value of B-actin
was subtracted from the P2X, results. The increase in
P2X, expression became evident after 12 h of fibronectin
stimulation (Fig. 2) (1.3-fold as compared to 1 h incubation,
P < 0.05), and the increase continued until it reached an
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Fig. 3. Enhancement by fibronectin of the function of P2X, receptors
in microglia. The function of microglial P2X, was assessed by fura-2
based [Ca®*1i imaging (ratio of F340/F380). Microglia cultured on fibro-
nectin showed an increase in the Ca?* response to stimulation with
ATP 50 pM. Microglia were cultured for 24 h on fibronectin or on a con-
trol, and pretreated with TNP-ATP (100 uM) or PPADS (10 pM) for
2 min where required. Flexiperm cover glass (i.e., non-coated) and the
ATP (50 pM)-evoked increase in [Ca®'}i was monitored. 0 Ca®* indi-
cates removal of Ca" from the extracellular medium. Asterisks and #s
show significant difference from non-coated control and ATP alone,
respectively (*P < 0.05, ** P < 0.01 vs. control; # P < 0.05, ## P < 0.01
vs. ATP alone, Student’s ¢-test).

approximately 2-fold increase after 24 h incubation (P <
0.01).

Microglia Cultured on Fibronectin Showed
an Increase in [Ca%*]i in Response
to ATP Stimulation

To confirm that fibronectin upregulates functional
P2X, receptors on microglia, the ATP-evoked increases
in [Ca®*li were subsequently studied. Microglia were
cultured for 24 h on fibronectin or on uncoated Flexi-
perm cover glass (control), and the changes in [Ca%*)i in
response to ATP (50 pM) were detected by the conven-
tional fura-2 method., i.e., the ratiometric images of
fura-2 fluorescence. The nucleotide receptors that are
known to be expressed in microglia include P2X,, P2X,,
P2Y,, P2Ys, P2Y;; (Inoue, 2002; Sasaki et al., 2003;
Tsuda et al., 2003), and possibly P2Y,; due to its abun-
dant mRNA in the brain and the immune system (Zhang
et al.,, 2002). P2Y;, and P2Y,; receptors are Gi-coupled
P2 receptors, and the activation of these receptors, in
general, does not cause an elevation in [Ca®*]i but
decreases the intracellular cAMP.
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In the absence of extracellular Ca?* (Fig. 3, 0 Ca2"),
neither the control nor microglia cultured with fibronec-
tin showed much response to ATP 50 uM stimulation,
suggesting that Gg/11-phospholipase C coupled P2Y
receptors, which are dependent on intracellular Ca?*
storage, were not relevant to this case. In contrast, in
the presence of extracellular Ca®*, microglia on fibronec-
tin showed a significant increase (P < 0.01) in the Ca?*
response to ATP 50 uM (Fig. 3, ATP alone), indicating
that the expression of the ion-channel type purinocep-
tors, i.e., P2X receptors, is augmented by fibronectin and
that these are likely to be P2X, receptors, since the
P2X7 receptor is activated at a relatively high concentra-
tion of ATP (i.e., concentrations greater than 100 pM)
(Ralevic and Burnstock, 1998). Pretreatment of cells
with TNP-ATP (an antagonist of P2X; 4 receptors) dra-
matically reduced the [Ca®*li response in microglia on
both control and fibronectin-coated dishes, indicating
that basal response to ATP at 50 uM as well as its aug-
mented response on fibronectin substrate mostly result
from microglial P2X, receptor. On the other hand, pre-
treatment with PPDAS (an antagonist of P2X; 53 5) did
not fundamentally affect but only slightly reduced the
[Ca®")i response in both populations. PPADS is known
to inhibit P2Y,., receptors as well and, therefore, the
result indicates that microglial P2Y, receptor also con-
stitutes the [CaZ*]i response to ATP stimulation. In con-
clusion, fibronectin upregulated the functional P2X,
receptors on the microglial surface, and this lead to an
enhancement of the increase in [Ca*]i evoked by ATP
50 pM via P2X, receptors.

Fibronectin Was Upregulated in the Allodynia
Rat Spinal Cord

As described earlier, the importance of the microglial
P2X, receptor in the induction of mechanical allodynia af-
ter nerve injury has recently become evident (Tsuda et al.,
2003). We sought to determine the profile of fibronectin
expression in the spinal cord of nerve-injured rats, where
the microglial P2X, receptor expression is increased. L5
spinal cord segments were harvested from rats of control,
1-, 3- and 7-day post nerve injury, and the expression of
fibronectin was assessed by Western blotting. There has
been little evidence for fibronectin in the normal CNS other
than in the basement membrane of endothelial, pial, and
ependymal cells, and our result showed that Naive and
Day 1 rats exhibited slight signs of fibronectin (Fig. 4).
However, spinal fibronectin became evident on the ipsilat-
eral side at 3 and 7 days following the nerve injury (Fig. 4,
Day 3 ipsi, Day 7 ipsi). The contralateral side remained
unchanged throughout the experiment.

Upregulation of Microglial P2X, Receptors
Lowered the Threshold of Pain Responses
Caused by Intrathecal Transfer of the Cells

In the study by Tsuda et al. (2003), the intrathecal trans-
fer of ATP-treated microglia induced mechanical allodynia
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Fig. 4. Time-course study of fibronectin expression in the allodynia
rat spinal cord. The rat spinal nerve on the left side was exposed,
tightly ligated with a silk suture, and its peripheral side was comple-
tely transected. On Days 1, 3, and 7 post-operation, L5 spinal cords
from control and allodynia rats were collected and the tissues were sub-
jected to homogenization and Western blotting. Anti-fibronectin (Dako,
1:100 dilution) antibody and HRP-conjugated anti-rabbit IgG (Amer-
sham) antibody were used for the detection. The data represent 3 inde-
pendent experiments.

in normal rats, and microglial P2X, receptors were mainly
responsible for this effect. Therefore, we hypothesized
that microglia with more P2X, receptors expressed on
the surface are capable of causing severer mechanical
allodynia. To examine this hypothesis, microglia were
cultured either on fibronectin or on control plastic for 24
h, stimulated with 0.5 or 5 uM of ATP for 1 h or left un-
treated as the control, then intrathecally transferred to
normal rats, and their pain behavior was monitored 5 h
after the microinjection using von Frey hairs to calculate
the 50% paw withdrawal threshold (Fig. 5). Without in-
trathecal injection of microglia, no rat showed any pain
behavior (data not shown). As seen in Fig. 5, no pain
response was observed at ATP 0 (control) or 0.5 pM. An
interesting difference, however, was seen at ATP 5 M,
where a significant decrease in the 50% withdrawal thresh-
old was observed with fibronectin-treated microglia as com-
pared with the non-treated microglia. Additionally, it was
clearly demonstrated that intrathecal transfer of micro-
glia that were treated with ATP at 50 pM, in the absence
of fibronectin, was capable of inducing allodynia in the
recipient rat (Tsuda et al., 2003). Collectively, these re-
sults suggest that upregulation of P2X, receptors by
fibronectin lowered the threshold for the response to me-
chanical allodynia.

DISCUSSION

In the present study, we demonstrated that: (1) the
treatment of microglia with fibronectin enhanced the
expression of functional P2X, receptors, (2) the spinal fi-
bronectin was upregulated after the peripheral nerve in-
jury, and (3) the fibronectin treatment of microglia low-
ered the concentration of ATP that was necessary to cause
mechanical allodynia by intrathecal transfer. Because the
upregulation of P2X, receptors in spinal microglia is a
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Fig. 5. Changes in nociceptive response after intrathecal transfer of
microglia with elevated expression of P2X, receptors. Microglia were
cultured either on fibronectin (red circle) or on control plastic (white
circle) for 24 h at 37°C and both groups were subsequently stimulated
with ATP at 0 (control), 0.5, and 5 pM for 1 h at 37°C. Without intra-
thecal microinjection of microglia, no rats showed pain behavior. Then
the cells were intrathecally transferred to the lumbosacral spinal cord
of a normal rat. Five h after the microinjection, nociceptive responses
were evaluated by measuring the 50% paw withdrawal threshold to me-
chanical stimuli. Six rats were used in each group for this study. The
Mann-Whitney U-test was performed and statistical significance was
set at P < 0.05 [*P < 0.05 vs. control (before microglial injection); #P <
0.05 vs. non-coated microglia; $P < 0.05 vs. ATP-untreated microglial
injection]. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

critical event in the induction of mechanical allodynia
after peripheral nerve injury (Tsuda et al., 2003, 2005),
our present results may partially clarify the mechanism
of mechanical allodynia.

The Correlation Between Fibronectin
and Microglial P2X, Receptor

The P2X, receptor displays a broad tissue distribution,
especially in the CNS (Soto et al., 1996). Although the
precise physiological roles of P2X, receptors remain
unknown, it has been reported that the upregulation of
P2X, receptors is linked to several pathological condi-
tions, such as nerve injury (Tsuda et al., 2003), ischemia
(Cavaliere et al., 2003), and muscular dystrophy (Yeung
et al., 2004). In the present study, we showed that fibro-
nectin increased the microglial P2X, expression at the
mRNA level by more than 2-fold. The elevation was also
confirmed at the protein level, and these upregulated
P2X, receptors were shown to be functional by the in-
crease in [Ca®*]i mediated by P2X, receptors.

These findings are of interest because some ECM
molecules, including fibronectin, are known to be upre-
gulated following adult CNS injury (Jones, 1996). Fibro-
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