Twz, $EEREOBROBRILICEDSBOBHYED LAFH ST 2MEEIEr o,
T, COTRMZ RS AHERE STV S M), Rabb, ERRORTEERCL2
—MOTRBERMEO~12) ITHVTEL, & MY 228REle TReZFM L T, MHHEN®E
(R S N EREIHERIE S N AR, MWHEEORB ISR L2013, 22T BREA
FEREROERILICDSBOBENER 25 2 TuE P E ) IR b 1 his,

AEMBREZL £ LD, WREC Lo T BB ADNAICDSBYER SN 20T, Zh 60
HENEST S WM EKNT U ENHD, £CT, AGARHOMb DI, RIPREENEI-Scel
RHA7 2 -DRRIC LY ARPEEROFESIICDSBAER &€, TODSBISMAH L
EFBTEILLE, Tabb ZREFEOBERILH LD 680 Eﬁ%ﬂ#%i‘-‘f* DSBYSTE
ERZTHENOYENBOLNIPTBIDRIETH 5.

FC b, 1-ScelRIT £ ZDSBIEMORMEY . SARNGRT I X 2B fb P R -
REEEY RIS RMEIDICEREORBICHERTE 2 i LA s 20T DT ICHNT B

2. DSBEWERNSR (I-Scelk) DHsE
AWM RGOS TR B, TRBEE-Scel B2 Y — L L DB HROF IV F -+
(TR) MIRTREOFEHA (WIRBEREI-Sce BT (CDSBAMATHR(14~16) . B b

1 /SR RTKORIE N TR L7 (91 2). oI, TKeHH (Th+/~~7 o) <

b) ~ Non Homologous() L :
End-Joining \ Hemiizygous

_ (N/Hl;u/ LOH
Homh\ ﬁ!ea ﬁ!

Recombination :
(HR)  Homozygous LOH
BT WREER-Scel R TIC L BDSBOAER & B0
a) TKEHIOF I ¥ 0+ — 4 (TK) ETHEPI 0181 O 1-Seel MR A DSBORAY
EhoTWna, .
b) ~F O%TKRET % b OTKeHIfE 12, DSBISMEY 2 88 Cd HNHE] L HRAHH S
E. FhF{Hemizygous LONE Homozygous LOHZFHT S
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FELTWATKREFRERET S — 7' v 74 ¥ 79 % —pTRAIE L 5 T4V Y5OH K % neo
R EF THERMAZ RIS, -Scel MBI LA HLD, 2RHEOMEF Y~ 971

ZY ATy —pTKI0 (#6keDF ) I F N PRBIR-F2 22 25, 6, 7. 80% LT-Sce HEMBH £
L7 2 ¥5075bp LI D) CHEBBLASEHRERE#Z L, CoOLSKLTHLLAETIEA
oA A TSCESMINL & B2 2 (82). K. TSCESHRED HREMZRE(TR—/— | TK2
ISy Faruf, x50V OBFEOI FYECALR) FNET A LT,

TSCERZEZDH L (B2), 46 DRMEEI-Scel X ¥ —pOBASce TR (=, TSCESHIRLT
ETETH % RIS L TTK™ ForwardZ %, TSCERZHIM TIXHATER M2 1580 L CTR 400
EROBEFEBELUET AT ECE D, DSBOEMEHENT 2R EMELE (03). DSB
DIEMIZIREIC 2 o0, JFHIFIERERE (Non homologous end-joining: NHEJ) &4 [A1 g4k
% (Homologous' recombination: HR). #iEI6 3 TwWA (17,18) 7%, NHENZ L o T 2 L ®
# Forward Mutant® LT, HRICE o THF 5 #8072 RE 2 Revertant & L TRH L. DSRIEH
MAELMET AR CHS @1 b, 3). ERZ, SORTOSBEADRLET2 L. NHEIO
FAHAREY B E TI00BEHFE L CDSBEHUTELT LIS Picth o 2o (14). Bzt
T ISSeel RS2 &~ ORRINRA (100EoHiiE® 5 & 1 @ELE : kD106 £WREICT
BI7 s bRV =L a VORREMLT A T EATE, L) REOEEL T T F L
£ L7 (15,16) WSO BRERATEIRITC & » CHTADSBAHRE 0 ¥ NHEIS Lo T &
DR CEMENED LS REOMRE b—HT 5 Lhs . BTSN L 1 ER SRS
DSBOFSHET VSN ) AL DEZ LGNS, L LM, SORTIEC: - SO

4,0005,0006,0007,0008,0003,00010,00011,00012.0001 3,000 (posktion; bp)

] I i U i 1 1 { | ] I E
¥ VUM tkk (TKS) 9
0 S T +
ol el "\E_I i
J, 1sttargeting by pTK4 ég/ € B 32
) &0 pnmpuvu( bp = | i
-’ -
3 = ?’E&’ 150w
A : ;
l 2nd targeting by pTK10 e 4 (— ——
=2
i s S T S -,
- lisesi (TSCES) S
I Spontanecusly occurring
i 4 :
= Eﬁi“ (TSCER2)

E2 HiRREIE-Scel BB AE % & DAII MR DB AT
AEOBETZ— T 27 4 PRIV = —h — 4 B2 IR0 L CTSCESHIiE 4o
L. ki, TSCESHliE® BB MR Zs Bla (HATRIMER) & L CTSCER2MIE 243 L 7=,
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TSCES5 for EJ TSCER2 for HR
(tk+/-: HATTFT®) (tk-/--HAT®/TFT")

Vo Ev VI Vil 1\ EV RV
+ o 2

tk- th-
| $oe
: : = PP
letion
| e,
= K- =T
_Non homologous
‘end-joining
tk. =H——————{T=
th- —l——————T =
TK* mutants TK* revertants
{tk-l- AT'TTFT") (tk+[-: HATTTFT®)

@3 DSBASHIEIRO LOHRS SEMIHEE 2+ 5 OHEH
BT L 2l X A DSBS R o dilE A 2 HERY ITR LRI T, mmm‘scssml
BHTK (=) ZE OISR 5, HRIETSCERZAIRO TR (+ ) B4 O B 554 & DSRASHA]
wAfiET b,

BT 51 ZHROFS £ 2T E B S K 6, DSBIEHII 1T HNHEIOH 52 HROME L Y
& AT IR L TV A R BET SV

= oGt DSPASHlIC RIZHNA 2R T OB EE~L T, T OI-ScelRAKBIFHHETH
2L ABEEETRARER, 2OHE LT, MHEEREORMRIIS T ER AT
D

3. I-ScelRIC & 2DSBEEDORIE
1) ISR X 200 %

TREZ | (8RO XS 2475 & . TOROFEXIMAS 2 X 2 TKERZEROWBRH
RS LOBEL VLB EE, Tabh, BROBEASRILE NGRS EROTLU3). &
BT EH, —EOWEERRDE s Th . BRILOBERFEHR LI LTS, MEH
OUEIEIE5:Gy, AT OB 122Gy, FBM EARIEHO 1 25—/ ds i THo

(H4 a), CORPTTE, MBM, AREBIHC L2 TRERZRF L 260%HE [(18.3
44.3) %107 f= (11,445.1) X107%; P =0.020] (BT &7c, MIRL LRRMBITH LT,

—446—

100




~FOEEMEDRE (Loss of Heterozygosity: LOH) ZM-~S2HFEH (10 &AL S, DNATK
HIE L B RTREI ANERERE R P OB LR GFLORBIER) 16 E025%
I (7.1X107%-1,0%10°%) FCAE(RD L. HAERZICE 2R EHLORS . 4 ED60%
BETTETGEIXI0 = 30XI07*) +5 L6 H#IZ% o7 (4 bls £2T, FFLOH
BERODNA Y — 7 ¥ AR X 5L, #ETFRIAOY RS2 Iy pRffev {20
TLARBITEET, HoNBEoRH LT ELY, BEOMEE, HMT 2, ZITIL,
1-ScelR|= & 2 DSBAEHO BT A & OFR B I M % - TE< 3,

FEOESRER T M CRIEESER, (04 2) KB IERXRBHORENHY Iz,
AR CHIRE LSl # R E L 5 EADRBEFV, ABMFEEDNALESADN (DSB)
RN S, TOBBERTHEN GGy) OREEIRE LA, o RBE Gk
Tit, DSBHSBN QB TR £ F— L AkR, AAEAR AR RS & SDSBISE ORI, TN %
THL, LZWHSIKHTIO%RERNMLE (R1)s WolZ) ., DSBEEICKELHFSEL

TWD AP — 7 kB0, JRMEANR SR X 2 DSEBOZI AT 2l O MW/

7 s T TKERKD
x-_mﬂ‘*l";ﬁlﬂvﬂﬁﬂ Priming Dase 2 AR
5 SR S¢Gy
250KV p)
=2 o] |
[ Priming = Challenging |

0 5 it 15 20
TK Mutation Frequency (X 10€)

[ eovion RS ST

B4 T2 ¥7oRiisinng

ERY F=¥ s OERMRICS 52 COUVBE B LA (E8) LR LAds
W (R CEERTONBNREWE L. RELS7IH) 4 FTHE T E4F
TEZ, FIZUVE - UVCIEBIE— 2 245, UVALoBEL BN 2T EISw S
AR TE S, FRIIT I OBERROEFFELNEL 12 557 LHUVBT
MR L TH L LRI (UVC) ISEHEIZ % 5, [IZDNAIETHE LY IV 47—
PERLA. HEFALHUVBTEHELTEL & B8 (UVC) K2oTERENRS
DNAIRIBTH BV I PV A 7—RID e 2k,
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F1 Tl XHRBHODSBISHIZ iz TR (£ Fa)

a) NHEJ OOBHE (TSCES #@3) b) HR OFFli (TSCR2 #ik)
Exp. Effect of IR* Exp. Effect of IR*
(Relative MF) (Relative RF)
1 0.98 1 22
2. 0.76 . 2 12
3 0.99 3 1.7
Average 0.91 Average 1.7
*Relative MF [3EREBOD *Relative RF (3 & REBO
MF (X-rays+I-Scel) / MF (I-Scel) RF (X-rays+I-Scel) / RF (1-Scel)
ALHA(E 2 ESE) - MEHEE2 £5H)

F2 T HVTHRERODSBEMICRIETEE (- FA)
a) NHEJ I12& % DSB HEH~0FSOBEAE (TSCES #8hR)

Exp. : Mutant Frequency, MF (X 10%) Eftect of IR*
Control | yrays | I-Scel y-rays + I-Scel | (Relative MF)
, 1 3.5 6.1 8600/ 8500 0.99
| 2 1.8 2 2900 3200 P
| ‘Average b iy 4 4.7 5800 5900 1.1

*Relative MF [$E-REXD MF (y-rays+1-Scel) / MF (I-Scel) A &5
B HR (2% % DSB EEADHS OExilE  (TSCER #H)

Exp. ___ Revertant Frequency, RF (X 107) Effect of IR*
“Control | y-rays I-Scel y-rays + I-Scel | (Relative RF)
1 : - o 90 | 114 13
2 - - 62| 96 1.5
Jig = - 25 45 1.8
Average - - 59 85 | 1.5

“Relative RF [Z&RERD RF (y-rays+l-Scel)/ RF (I-Scel) M SEHH

%3 KA P HRBEODSBIEMI: RITTHE (£— FB)
a}NH'EJ (=& % DSBEEAOFSOEREE (TSCES 1)

Exp. _Mutant Frequency, MF (X 10%) | Effectof IR*
Control [ y-rays I-Scel | y-rays +1-Scel | (Relative MF)
1 R SR 3400 4500 13
2 31 2.8 12000 17000 14
3 - - 11000 11000 1.0
Average 3.0 2 BBOO 10800 12

*Relative MF (& BD MF (y-rays+1-Scel) / MF (I-Scel) A S5
bYHRIZ& 5 DSB EEADFS OEMIFE (TSCER2 i)

Exp. Revenant Frequency, RF (X 107) Effect of IR*
Control Y-TAYS. I-Scel y-rays + [-Scel | (Relative RF)
1 - - 82 160 2.0
2 - - 160 2701|: 1.7
e IS - - 110 190 1.7
A - - 120 210 1.8

verage
*Relative RP [EB=ERD RF (y-rays+l-Scel) / RF (I-Scel) M5 EHH
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B shic, TEOREIL. *ﬂ@f&ﬁﬁﬁ:ﬁ?ﬁ%ﬁﬁ%& S BEROBRHECH
til2h, SEHLOHOBREGE LLRERINSE R L FEL 20, 28, #1 CBITANHES
X UHRIC & 2 DSBBEAOHNMESORDHIZ, Tz, ERE - @Ry R
EXaEoRiTERe) RS Le{MLETH L (F2, ILEIR.

2) BRE - SRR SEHODSBEA~ORE
5 Dk ) % 2 RfECHIIE KRR ASRE CRILEHIEL 2256 7H & OB 3208 (s
HERRETAH) LABLT. SIS0 7 BIAI-ScclFIC £ b 4 S LA DSBOKH I
DL RIZEDEEAR(16), HS 2 DR EREHEAHE S b IS IRAN B
ISR ST WA, BHEAIL, EROEMR XS L 2 RTHEREENBL <1 | 158
XS  BRES Y BCE 2 0b S AIBTH ) A GREINT VR EIERED
RSREIOT VDS, ESRTNS Y ¥R, FoRB 3 BMEESET I
BHPOGRTABOT, REBIE, EHE - SRR 7 RCEIE CFICDSBIRE 2 L 208

OB EHN S 2O OBAVTEZAE S, TORNEH LVIEEOMIEIES LIRSS ES

BREROAPNBLIATHS 10 kB AHFBEEHAGHAIIRT, #HRT0%TH, 4
BETI0% ¢ HUN T TVvh, TIRIHE S BB, ERoBRRE XS 5 Wi
BERETTOHREL L FINC, NHENGEEL S0, AREYREI IS 2w @B 2R LE

1) Mode A : Influence of IR before I-Scel digestion

_ TSCE5 or TSCER2 I-Scel DSB repair Assay

rrays 3 Digestion :
30mGy: 25 hr | —f . iy S ¢ o
(2mGymn) | = ’ i b ] TK() Mutants

During. _In!:hh‘_alion Electroporation ~ 1X{*/-) Revertants

2) Mode B’ ! Influence of IR after |-Scel digestion

I-Scel - TSCES or TSCER2  DSB repair Assay
Digestion y-rays 3

e 8.5mGy {88 hr | — _ @
N —
R (0.125 mGyfhr) | = : TK() Mutants
Electroporation During Incubation  'K{*/-) Revertants

El5 (i - Rl > <l L 2DSBIER I Rz S
1) Mode At FOOEBRR/KSREY ¥ (1.2mGy/hr. 30mGy : KfFA) MREHDSBHE
TRDHC T2 ot < o FH
2) Mode B! DSBAERE SO L D{EME RS 7 8 IR0 125mGy/hr. 8.6mGy : %
FEB) 1o X BDSBUSHEAEA ORI L W5 EBOFM
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(F2)o kWAL, UTDEI 25,
O FHoOBERRABREYE (0.20Gy/hr, 0nGy  &fFA) BN L o T, DSBOHREEH
i & B ISR A50% RN T 3 .
@ 1-Seel Ay & —MHEHD & b SHRIL/BMEF 7 B B (0.125mGy/hr, 8.5uGy | £
B) T, MBS & 5 TOSBONREERIROMMORIA 0% RERNT 5.

4. |-ScelRMDIGAEER
1) IE6H :

S OI-ScelFIE, FHRBSH. KENZ POFHIMRAT O WEEL WS T AFEC b
WAL EZ BB, 2008%E11H LAR=Z Y ¥ PVTHRREOTKRIR 2415 I, 15503
BIMCHB LTI AMEREEL, B ECENLTHS, FScellBBEORRU &> TEK
S DSBOMSBIE WA 2 BHE R TV B, 20 LT, HRMET IS HN0% SIBHGE IR L 72
HA TR ERIECRITC SAEU RIS AT, i EOMIEER REOH
EHOBRIIETEZAZIREY EDTHEY, M ERRRORIBERE L THIZ ORE
HRETACERF LY I A, 28, COFHERN LS 2L -y 2 VKR LT, 2E)
Y7HAZ BB AL T L2564 4 7 (136MeV /) % Bk TREMIIRIZ50nGyIRET L T,
EOH1, 2HA. —SOCICHMRALAMKIC, JOIScelRiz & BDSBEMOUE LA 27 &
ZB Liﬁm}ﬁfﬁﬁ;‘%ﬁ&@ﬁ%t [ﬁ!’_ﬂ&t;@ HRIC L ADSBIsHORMH L, R¥EAF ¥ RHL
ARSI ALY bW RABIAFH LTV RRR).

Wol2y, EEAIIETE L LTV op 0 SREEI Mo THD, TORTS, T
ISV TE AL, BRcEs s s L, BILAIA b L AR L, DNARNE, & 2 8)
B (S 2925 YR ERA Y UFERAY) OAREERTLE) LG, BRSALL
FUFAFA VLo TAVANBREND EFXHNTWS (2]). RIFICZ T AR FH%
A ARBR T, TROBIHESICE Y, FERRROEPADI LS Y ¥ /SO R iR
AERENL S LAMWESI TV (22.23). S ORI, TIEHIC I BMRMEEOME L 2*A,
LS A4 T oINS I L AARORR ) OFTLRBA SN TEH, LD, BEHEL
LTRADIEANTELADOLERDNE, R LT, STCHALAT-Scel R FIH LAMRY
ANOERTEHATELOTHS I . FORELE, SOMOTRESHF LV,

2) #% SN

S AL 7, BITEEE-Seell & BB OB E BN £ BAT BRIV TETOM
A HBiLD,

@ 1-Scell= X hAH X1 ADSBAMMERRIC L o TR SN ADSBL 34 ([l OB AR %
SoTwin
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@ NHEJIZL 2. DSBOEERLZRAEE LTy Y VHRICRES NI E TR
iz oRTEEM SR,

B HESEHOIREIC X VR ODSBANERE L TEL ABAORMETE R,
:ns@MEgﬂmﬁﬁa%L:aﬁmﬁﬂmmﬁ?mmmxanmﬁﬁ®ﬁ$mhﬁ#ﬁ

WMInndoLFRIZE 2ROTRLVDPERPEND, 45, NHEJN X 5DSBHEM O

WELETHEYIC ERL2VvOR 2w MERENOFRTERID 2 TFER 64w, 512, BR

RIETERRRME R L TV ARSLOFS (251 BB T, TS THRENHRIEEER O

FFAH =2 ADEER LA B2,

L#L&ﬁafﬁﬁmmﬁﬁwﬁmtm&<m#ﬁmfﬁwTakwu‘:@p&a%u;z

DSBS OMERAZER L ZL 505, B FTHEL, IR0 P TRIBIEE MRS
BELRROVDEDTHS,

5. #9(C (mE) :
ABCUEOREE 54 TULAGE ARRTERKS OAHRBIE 10 & LT, AH
FELR TCLMEHISR L EHOTER L ov, HAREFLSTEROHARLE L0
M - ERERY BB 2 S SHh AL ATRRRLL Tz,
STk, MRF RS @ A% =~ H TR R RIE 0 S TR, ©
SHEBE CRIGIEE DRB L~ COREE LA T LAV CORT 05 WETHE N1
FHRLF A ST TR0, BRTHAT - 3 VAR 2 SRR 70y 2 7
FOMLMEBUIEC S DRRERELGTA TS,
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Up-Regulated Neuronal COX-2
Expression After Cortical Spreading
Depression Is Involved in Non-REM Sleep

Induction in Rats
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Cortical spreading depression is an excitatory wave of
depolarization spreading throughout cerebral cortex at
a rate of 2-5 mm/min and has been implicated in vari-
ous neurological disorders, such as epilepsy, migraine
aura, and trauma, Although sleepiness or sleep is often
induced by these neurological disorders, the cellular
and molecular mechanism has remained unclear. To
investigate whether and how the sleep-wake behavior
is altered by such aberrant brain activity, we induced
cortical spreading depression in- freely moving rats,
monitoring REM and non-REM (NREM) sleep and
sleep-associated changes in cyclooxygenase (COX)-2
and prostaglandins (PGs). In such a model for aberrant
neurcnal excitation in the cerebral cortex, the amount
of NREM sleep, but not of REM sleep, increased sub-
sequently for several hours, with an up-regulated
expression of COX-2 in cortical neurons and consider-
able production of PGs. A specific inhibitor of COX-2
completely arrested the increase in NREM sleep. These
results indicate that up-regulated neuronal COX-2
would be involved in aberrant brain excitation-induced
mcﬂEM sleep via production of PGs. ©2007 Wiley-Liss,

Key words: aberrant excitation; prostaglandin; spreading
depression; sleep; cyclooxygenase-2

Cortical spreading depression (SD) was described
first by Leao (1944), and characterized by a transient
negative shift of direct current (DC) potential (Neder-
gaard and Hansen, 1988) and temporal elevation of cere-
bral blood flow (CBF; Fabricius et al., 1995; Shimizu
et al., 2000). It is due to a self-propagating front of
depolarization that begins in the neuronal and/or glial
ccfl,s of local areas of the brain and subsequently spreads
in all directions at a rate of approximately 2-5 mm/min
(Leao, 1944; Shinohara et al, 1979; Hansen and

© 2007 Wiley-Liss, Inc.

Zeuthen, 1981: Lauritzen et al, 1982). SD has been
implicated in the pathophysiological states of various
neurological disorders, such as epilepsy, migraine aura,
and trauma (Gorji, 2001), which are accompanied by an
aberrant neuronal excitation in the brain. Although it is
well known empirically that sleepiness or sleep is often
induced by these neurological disorders (Sand, 1991;
Donnet and Bartolomei, 1997; Foldvary, 2002), the cel-
lular and molecular mechanism of the sleep induction
has remained unclear,

Cyclooxygenase (COX)-2 is now known to be
constitutiyely expressed in the central nervous system in
restricted neuronal populations, including cerebral corti-
cal and hippocampaf neurons, Neuronal COX-2 expres-
sion is regulated by neural activity, such as synaptic ac-
tivity or membrane depolarization accompanied by Ca™”
loading in cells (Koistinaho and Chan, 2000; Yermakova
and O'Banion, 2000), and its expression is dramatically
increased in a variety of neurological disorders, such as
cpilepsy, migraine aura, and trauma (Yamagata et al.,
1993; Nogawa et al., 1997; Strauss et al., 2000). COX-2
is a rate-limiting enzyme of the arachidonic acid cascade
and triggers production of prostaglandins (PG) and other
related substances. PGs play important and diverse roles
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in the central nervous system. A varety of central
actions have been demonstrated, such as regulation of
sleep-wake cycle (Hayaishi, 1988; Hayaishi and Urade,
2002), body temperature (Ueno et al., 1982), and lutei-
nizing hormone-releasing hormone (LHRH) secretion
(Ojeda et al., 1982) and potentiation of the action of
excitatory amino acids on Purkinje cell dendrites
(Kimura et al., 1985), These observations raise the possi-
bility that up-regulated neuronal COX-2 after aberrant
neurfm."ti] ex:luauoid in these neurological ddworders lsr
involved in sleep induction via triggering production of
PGs; however, ?;o literature has clarified thg

To investigate whether and how the sleep-wake
behavior is altered by aberrant brain actvity, we induced
cortical SD in freely moving rats and investigated the
functional role of neuronal COX-2 in sleep induction.
SD can be remotely induced in the under the
freely moving condition, b);arhomdymnﬁc oxidation of
a local region of the cerebral cortex using a glass fiber
(Kataoka et al., 2000; Cui et al,, 2003). Here we provide
a new line of evidence that neuronal COX-2 is involved
in signal regulation of non-REM (NREM) sleep induc-
tion after aberrant neuronal excitation in the cerebral
cortex.

MATERIALS AND METHODS

All experimental protocols were approved by the Ethics
Committee on Animal Care and Use of Kansai Medical Uni-
versity and were performed in accordance with the Principles
of laboratory animal care (NIH publication No.85-23, revised
1985).

Animal Preparation for Generation of Spreading
Depression in Freely Moving Rats

Cortical SD was generated in freely moving male
Sprague-Dawley rats (weighing about 300 g SLC, Hama-
matsu, Japan) using the photodynamic tissue oxidation
(PDTO) technique (Kataoka et al,, 2000; Cui et al.,, 2003).
The animals were housed before experimentation in a sound-
proof chamber (ambient temperature 25°C, relative humidity
60%). The chamber was maintained on a 12:12-hr light:dark
cycle (lights on at 8 amM), and standard laboratory rat chow and
water were supplied ad libitum. The animals were anesthe-
tized with 4.0% halothane, and anesthesia was maintained
with 1.0% halothane in air. The head of each animal was
fixed in a stereotaxic apparatus (type 1430; David Kopf,
Tujunga, CA). A small burr hole for injection of rose Bengal
was drilled in the skull at the frontal cortex (2.0-3.0 mm ante-
rior and 2.0-3.0 mm lateral to the bregma). Then, rose Bengal
(3 mM, 1.6 pl) was injected through a glass micropipette (in-
ternal diameter of the tip 50 pm) into the frontal cortex (0.5-
2.0 mm ventral to the cortical surface) taking 40 min in a
dark room. A short plastic cannula for guiding the tip of a
glass fiber on the rose Bengal-injected area was fixed on the
burr hole by instant adhesive. A plug was kept in the cannula
to prevent photoactivation of rose Bengal by room light
before the experiments.
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Fig. l Corncal spr:zd.mg depression (SD) in freely moving rats. A:
The p ic tisue oxidation (PDTO) procedure for inducing
SD in the cortical hemisphere of a freely moving rat. B: Cercbral
blood flow (CBF) changes in a freely moving animal, Two laser
Doppler flowmeter (LDF) probes were placed [one on the parictal
cortex of the PDTO d brain hemisphere (1) and one on the
opposite side (b)]. While the animal was freely moving, the rose
Bengal-injected site in the frontal cortex was phownmduwd (540~
580 nm and 380 mW/cm?) via a glass fiber. Bar in the upper panel
indicates photoirradiation lasting 10 min. Asterisks indicate SD-asso-
ciated hyperperfusion events. Note that some irregular Auctuations of
the CBF, indicated by an arrow, were concomitantly observed in
both hemispheres.

Cerebral Blood Flow Recording

Five of the rose Bengal-injected rats were used for re-
cording cerebral blood flow (CBF). The CBF was detected
with laser Doppler flowmetry (LDF; type FLO-N1; Omega-
wave, Tokyo, Japan). Immediately after the rose Bengal injec-
tion, one LDF probe (0.2 mm diameter) was inserted into
each of two small burr holes (previously drilled in the skull, 7
mm posterior to the dye-injected area and on the hemispheri-
cally opposite side). The plastic cannula and LDF probes were
rigidly fixed to the skull with dental acrylic cement, and two
screws anchored them to the skull. The rats were returned to
their cages for 3—4 hr and allowed free movement. The plug
in the plastic cannula was replaced with a glass fiber (1 mm
diameter), and the rose Bengal-injected area was photoirradi-
ated (metal halide lamp, 540-580 nm, and 380 mW/cm’) via
the glass fiber (see Fig. 1A), The laser Doppler Howmeter
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does not measure actual perfusion units, so percentage of
change in CBF was determined (the data were normalized to
5 min of pre-PDTO values).

Sleep Monitoring

The vigilance stages were monitored in 15 rose Bengal-
injected and 6 vehicle-injected rats using EEG and electromy-
ography (EMG). Because SD reduces cortical EEG amplitude
(Leao, 1944) in the treated hemisphere by causing a transient
membrane depolarization in the neurons, we recorded EEG
signals from the opposite hemisphere. Immediately after the
rose Bengal injection, three Teflon-coated stainless-steel wire
electrodes bared at the tip were chronically implanted into the
parietal cortex of the hemisphere opposite to the dye-injected
cortex for EEG recordings. A stainless-steel screw attached to
the frontal region of the skull served as the ground electrode.
Twao stainless-steel wire electrodes were inserted into the neck
muscles for EMG recordings. The plastic cannula and electro-
des were rigidly fixed to the skull with dental acrylic cement,
and three screws anchored them to the skull.

After housing each animal in the experimental chamber
for 3 days, the plug in the plastic cannula was replaced with a
glass fiber (1 mm diameter), and the 24-hr polygraphic
recordings of EEG and EMG were started at 2 M. The rose
Bengal-injected arca was photoirradiated at 8 pm according to
the same protocol used for generation of SD described above.
At the end of the recording time, animals were perfused with
4% formaldehyde buffered with 0.1 M phosphate-buffered sa-
line (PBS; pH 7.4) under deep anesthesia with diethyl ether.
Then, a histological study was performed to check the posi-
tion of EEG electrodes in the cerebral cortex.

The EEG/EMG signals were amplified, filtered (EEG
0.5-20 Hz, EMG 20-200 Hz), and recorded with a sampling
rate of 128 Hz. The data were analyzed using an animal sleep
analysis software package (SleepSign; Kissei Comtec, Matsu-
moto, Japan); the behavioral states of the animals were auto-
matically classified into one of three stages (i.c., wakefulness,
NREM, or REM sleep) every 4 sec, according to the standard
criteria (Tobler et al., 1997; Gerashchenko et al., 2000; Huang
et al, 2001). The automatically defined stages were verified
by researchers.

PG Enzyme Immunoassay

Fifteen male Sprague Dawley rats were used for PG
enzyme immunoassay. At 2 hr after onset of SD (induced by
photooxidation for 30 min), rats were killed by an overdose
of diethyl ether anesthesia. The heads were immediately fro-
zen in liquid nitrogen. The whole brain was rapidly removed,
weighed, and then homogenized in ethariol (pH 2.0) contain-
ing 0.02% HCl The material was centrifuged at 500¢ for
20 min. ‘H-labeled PGD;, PGE,, and PGF,, (60 Bq for
each assay; New England Nuclear, Boston, MA) were added
as tracers for estimating recovery to the supernatant. The PGs
were extracted with ethyl acetate, which was evaporated
under nitrogen, and then the samples were separated by
HPLC as described previously (Pandey et al., 1995). The
quantification of PGs was performed with enzyme immuno-
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assay (EIA) using their EIA ks (Cayman Chemical, Ann
Arbor, MI),

Immunohistochemistry

Localizations of COX-2 and lipocalin-type PGD syn-
thase (L-PGDS) in the brain were immunohistochemically
examined in five other ras. Two hours after onset of SD,
each rat (under decp anaesthesia with dicthyl ether) was per-
fused with 4% formaldehyde buffered with 0.1 M phosphate-
buffered saline (PBS; pH 7.4). The brain was removed and
further fixed in the same fixative for 24 hr at 4°C. We pre-
pared coronal brain sections (30 pm thickness) using a cryostar
and performed immunchistochemical studies, To immunostain
COX-2, rabbit polyclonal antibody recognizing mat COX-2
(1:2,000; Cayman Chemical) was used. The bound antibodies
were visualized by the avidin-biotin complex method (Vectas-
tain ABC kit; Vector, Burlingame, CA). Double immunofluo-
rescence staining of COX-2 and L-PGDS was carried out by
a series of immunoreactions, first with rabbit palyclonal ant-
body recognizing rat L-PGDS (1:200), which was visualized
by Cy2-conjugated secondary antibody (Jackson Immunore-
search, West Grove, PA) and then with rabbit polyclonal anti-
body recognizing rat COX-2, which was visualized by Cy5-
conjugated secondary antibody (Jackson Immunoresearch). A
confocal laser microscope (Zeiss LSM 510; Carl Zeiss, Ober-
kochen, Germany) was used for observation.

RESULTS

Spreading Depression in Freely Moving Rats

CBF was monitored after surgery at a site 7 mm
posterior to the dye-injected area and at the correspond-
ing site in the opposite hemisphere. After recovery from
anesthesia, some irregular fluctuations of CBF were con-
comitantly recorded from both hemispheres (Fig. 1B).
Such transient CBF changes are thought to reflect
changes in local brain activities in freely moving animals,
After placing each animal in the experimental chamber
for 3—4 hr, the rose Bengal-injected area was photooxi-
dized for 10 min. Beginning several minutes after the
onset of photooxidation, changes in CBF [with ampli-
tudes that were 71.7 * 4.1% (mean £ SEM, n = 30
deflections in 5 animals) of that before photooxidation]
were observed for approximately 1 hr in the photooxi-
dized hemisphere but not in the opposite hemisphere, as
is characteristic of SD (Cui et al.,, 2003). Such transient
CBF changes are well known to be synchronously
accompanied by the twansient negative shifis of DC
potential, as described in our previous report (Cui et al,,
2003) and in other studies (Back et al, 1994; Gold
et al., 1998). The small spontaneous fluctuations of CBF
disappeared during the PDTO-induced SD in the pho-
tooxidized hemisphere. During the photooxidation and
SD, the animals showed hypoactivity but not show
hemiparalysis nor convulsion.

Increase in NREM Sleep Induced by Cortical SD

Sleep-wake behavioral states in freely moving rats,
i.e., experimental (photoirradiated following rose Bengal
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Fig. 2. Cortical spreading depression (SD)-induced NREM and
REM ileep. Hourly changes of amounts of NREM sleep (NREM)
and REM slecp (REM) were plotted for 24 hr (starting at 2 M) in
SD-induced (open circles, n = 5) and sham-operated (vehicle-
injected) animals (solid circles, n = 6). Arrows indicate the 10-min
photoirradiation period. *P < 0,05, two-way ANOVA, Scheffe’s
multiple-comparison procedure.

injection; n = 5 animals) and sham-operated (photoirra-
diated following vehicle injection; n = 6 animals), were
evaluated on the basis of EEG and EMG criteria. The
sham-operated animals exhibited a normal circadian
reduction in the amount of NREM sleep during the
dark period; the amount of NREM sleep decreased to
approximately 18 min/hr (8 pm — 8 am, dark) from 30
min/hr (8 am = 8 pm, light). However, the amount of
NREM slecp in the experimental relative to that in the
sham-operated rats significantly increased for 3 hr fol-
lowing SD induction (P < 0.05, two-way ANOVA,
Scheffe’s multiple-comparison procedure; Fig. 2A). No
significant differences in amount of REM sleep were
noted between the expenimental and sham-operated ani-
mals following SD induction (P < 0.05, two-way
ANOVA, Scheffe’s multiple-comparison procedure).

Neuronal COX-2 Expression and Production of
PGs by Cortical SD

The COX-2 immunoreactivity was dramatically
increased in neurons of layers II and I1I, with moderate
expression in all the other cortical layers in the SD-
induced cortical hemisphere (Fig. 3). Small numbers
of COX-2-immunopositive necurons were scattered
throughout the contralateral hemisphere and on both
sides ‘of the cerebral cortex of the untreated animals,
indicating moderate constitutive expression of the
enzyme in cortical neurons, Enzyme immunoassay on
whole brain showed that the amounts of PGD,, PGE,,
and PGF,, in nontreated animals (n = 5 animals) were

Fig 3. Cortical spreading depression (SD) induced COX-2 expres-
sion in cortical neurons, Upper panel: Coronal view of the midcor-
tex (a coronal section at 5 mm posterior to photooxidized area).
Marked COX-2 immunoreactivity in cortical neurons of the hemi-
sphere (the right side) 2 hr after onset of SD. Lower panel: Magnified
views of areas indicated by the left (contralateral) and the right (ipsi-
lateral) rectangles in upper panel. Scale ban = 1 mm m upper pancl;
200 pm in lower panels.

281.7 £ 45.0, 92.7 £ 51.2, and 1129 £ 4.1 pg/brain,
respectively. The amounts of PGD;, PGE,, and PGF,
were greatly increased (10- to 20-fold) 2 hr after onset
of SD ‘induction (n = 5 animals; Fig. 4). Rosc Bengal
without photoirradiation did not affect the level of PGs
(n = 5 amimals).

Selective COX-2 Inhibitor Completely Arrested
the Neural Activity-Dependent NREM Sleep

To verify that neuronal COX-2 up-regulated
SD is involved in such NREM sleep induction, NS-398,
a selective COX-2 inhibitor, was used to suppress
COX-2 activity. One hour before photooxidation for
induction of SD, NS-398 (5 mg/kg, n = 5 animals) or
vehicle (n = 5 animals) was intraperitoneally injected. In
animals pretreated with vehicle, the amount of NREM
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Fig. 4. Increased contents of PGD;, PGEs, and PGFy, only in the
cortical spreading depression (SD)-induced brain 2 hr after onsct of
SD. *P < 0.05, two-tailed unpaired ¢-test.

sleep was significandy increased for 5 or 6 hr after pho-
tooxidation for 30 min (P < 0.05, two-way ANOVA,
Scheffe’s multiple-comparison procedure), which was
longer than the photooxidation period (10 min) used to
induce NREM sleep (3 hr increase; Fig. 5). On the
other hand, in the animals pretreated with NS-398, the
mcrement of NREM sleep after SD induction was com-
pletely abrogated (Fig. 5). NS-398 itself affected neither

e number of induced SD nor the behavioral states
of the animals (data not shown). These results indicate
that the neuronal COX-2 regulates NREM sleep stem-
ming from aberrant brain excitation but not sleep based
on circadian rhythms,

DISCUSSION

In the present study, we first demonstrated that
dramatically up-regulated neuronal COX-2 expression in
the cerebral cortex after aberrant brain activity is
involved in the induction of NREM sleep via triggering
the production of PGs. We show here Lt 1) COX-2
immunoreactvity was dramatically increased only in
neurons of the cerebral cortex that underwent SD;
2) the amount of NREM sleep bur not of REM sleep
increased in those animals and the increase lasted for sev-
eral hours; 3) the contents of PGs were significantly
increased in brain tissue; and 4) a selective COX-2 in-
hibitor, N5-398, prevented the NREM sleep increase.

COX-2 was initially characterized as an inducible
enzyme that is expressed in response to inflammatory
stimuli, cytokines, and mitogens in nonneuronal tissues
(Yermakova and O’Banion, 2000; Schwab and Schlues-
ener, 2003). In the central nervous system, COX-2 is
now known to be constitutively expressed in restricted

pulation of ncurons, including cerebral cortex and
ippocampus, and its expression is up-regulated by
neural activity such as synaptic activity or membrane
depolarization accompanied by Ca** loading in cells
(Koistinaho and Chan, 2000; Yermakova and
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Fig. 5. NS-398, a sclective COX-2 inhibitor, climinated the cortical
spreading  depression  (SD)-induced increment in NREM  sleep.
Hourly changes of amount of NREM slecp in animals pretreated
with NS-398 (dismonds, n = 5) or pretreated with the vehicle
(circles, n = 5). Arrowhead indicates the tume of intraperitoneal
injection of NS-398 ar the vehicle; arrow indicates the ume of SD
induction in both animal groups; dashed line indicates amount of
NREM sleep in the sham-operated animals that did not undergo SD
induction, *P < 0.05, two-way ANOVA, Scheffe's multiple-com-
parison procedure.

Amount of NREM sleep (min/h)

O'Banion, 2000). Neuronal COX-2 expression was
dramatically increased in variety of neurological disor-
ders such as epilepsy, migraine and trauma, which are
accompanied by aberrant brain excitation (Yamagata
et al,, 1993; Nogawa et al., 1997; Strauss et al., 2000).
Previously, up-regulation of neuronal COX-2 expres-
sion in the brain was also observed after SD (Caggiano
et al.,, 1996; Miettinen et al., 1997). We found here
that, consistently with these reports, neuronal COX-2
expression was dramatically increased in cerebral hemi-
sphere following SD.

COX-2 is a rate-limiting enzyme of the arachi-
donic acid cascade responsible for the production of
PGs. To investigate the possible pathway of PGs produc-
tion catalyzed by neuronal COX-2, we also examined
one kind of PG synthase, L-PGDS. L-PGDS immunor-
eactivity is widely distributed in the leptomeninges, cho-
roid plexuses, and parenchymal ali?odendrocytcs, as pre-
vious?y reported (Beuckmann et al., 2000). Double-im-
munostaining  study showed that many L-PGDS-
immunopositive oligodendrocytes abut COX-2-immu-
nopositive neurons, especially in cortical layers IV-V1 in
the SD-induced cerebral cortex (Fig. 6A). L-PGDS
immunoreactivity, however, was not different between
hemispheres 2 hr after onset of SD, indicating that
expression of L-PGDS was not affected by SD (Fig. 6B).
L-PGDS (a member of the lipocalin superfamily; Nagata
et al., 1991) is secreted by oligodendrocytes and lepto-
meningeal cells into the extracellular space (Beuckmann
et al, 2000). In additon, Yamagata et al. (1993)
hypothesized that PGH; is highly lipid soluble and could
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#60 — NREM sleopt
Fig. 6. Hypothetical role of the arachidonic acid cascade in increas-
ing the amount of NREM sleep following excitation of cortical neu-
rons. A: Confocal laser microscope images of immunohistochemically
demonstrated COX-2 (red) and lipocalin-type prostaglandin D syn-
thase (L-PGDS; green) in the area indicated by a rectangle in B. The
inset clearly shows an L-PGDS-i positive cell abutting on a
COX-2-i positive B: Drawing showing the localiza-
tons of COX-2 (red) and L-PGDS (green) 2 hr after onset of SD
(the SD-induced side, right). C: Schema of the hypothetical mecha-
nism of neuronal COX-2-induced NREM sleep following cortical
neural activity, Scale bars = 50 pm in A; 10 pm in inset.

diffuse to the extracellular space or adjacent cells. These
observations indicate that secreted L-PGDS from the
leptomeninges or oligodendrocytes can convert PGH,
produced by neuronal COX-2 into PGD; in the paren-
chymal extracellular matrix. Thus, induction of neuronal
COX-2 by SD contributes at the very least to the rise in
PGD,.

PGs in the brain are known to possess sleep-pro-
moting effects. Hayaishi and his coworkers demonstrated
that content of PGD; in the cerebrospinal fluid of ras
exhibited a circadian variation (Pandey e al., 1995) and
that infusion of PGD, into the third ventricle or the
subarachnoid space in the rostral basal forebrain induced
NREM sleep in rats (Matsumura et al., 1994). After SD,
PGH, produced by neuronal COX-2 likely increased
the PGD; concentration in the cerebrospinal fluid and
activated the sleep-promoting mechanism, as hypothe-
sized by Hayaish1 and colleagues (Fig. 6C; Hayaishi,
1988; Hayaishi and Urade, 2002). PGE; and PGF,,
were also reported to promote NREM sleep in rats
when they were infused into the subarachnoid space in
the rostral basal forebrain (Ram et al., 1997). Indeed, it
has been reported that the amount of PGs dramatically

increases (Forstermann et al., 1984; Parantainen et al.,

1985) in disorders involving aberrant excitation of neu-
rons, such as epilepsy and migraine, and such disorders
often induce sleepiness or sleep (Sand, 1991; Donnet
and Bartolomei, 1997; Kotagal, 2001; Foldvary, 2002).
These reports also support our finding that SD-induced
neuronal COX-2 is involved in NREM sleep via pro-
duction of these PGs.

The level of COX-2 mRNA has been reported to
rise within 30 min of pathological stimuli, such as sei-
zure discharges (Yamagata et al, 1993; Chen et al,
1995), and COX-2 protein to appear 1 hr after seizure
activity, peak at 3—4 hr, and remain clevated for 8 hr
(Yamagata et al,, 1993). Additionally, the content of PGs
in the brain has been reported to increase even more
rapidly after seizure, the increase in PGD; content being
approximately 50-fold within 5 min after seizure (For-
stermann et al., 1984). We found that, as reported else-
where (Yamagata et al., 1993; Breder et al., 1995; Cag-
giano et al., 1996), constitutive expression of neuronal
COX-2 is sporadic in the cerebml cortex, even under
physiological conditions (Figs. 3, 6B). Thus, the produc-
tion of PGs in the early pfasc (less than 1 hr) likely is
due to the constitutive expression of COX-2. In the
present study, the amount of NREM sleep was signifi-
cantly increased also within 1 hr after onset of SD.
NREM sleep induction in such an early phase following
SD is thougit to be due to the constitutive expression
of COX-2. Because COX-2 is rapidly inactivated fol-
lowing conversion of arachidonic acid to PGs (Hemler
and Lands, 1980), expression of the enzyme would have
to be both rapid and continuous for hours to increase
the amount of NREM sleep. Such a continuous expres-
sion of COX-2 in neurons for several hours was histo-
logically confirmed in other SD-induced animals (data
not shown).

COX-2 in the brain is known to be involved in
NREM sleep induction following several proinflamma-
tory cytokines treatment. NS-398, a selective COX-2
inhibitor, suppresses NREM sleep and fever induced
by centrally injected proinflammatory cytokines,
including interleukin (IL)-1B or tumor necrosis factor
(TNF)-a (Terao et al., 1998a,b; Yoshida et al., 2003).
Studies on localization of COX-2 revealed that COX-
2 was expressed in endothelial cells in response to such
proinflammatory cytokines centrally administrated and
contributed to fever evoking (Matsumura et al.,, 1998;
Cao et al., 2001). These observations suggest that the
proinflammatory cytokine-induced NREM sleep is due
to endothelial COX-2 expression in the brain. In the
present study, we induced dramatic expression of
COX-2 only in the cortical neurons and obtained evi-
dence that neuronal COX-2 is involved in NREM
sleep induction in response to the aberrant neural exci-
tation in the cerebral cortex. In conclusion, we pro-
vide here a new line of evidence that neuronal COX-
2 is dramatically increased in the cerebral hemisphere
following cortical SD and is engaged in signal regula-
tion of NREM sleep induction via subsequent produc-
tion of PGs.
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Dubnium (Db) / Anion-exchange chromatography /
Hydrofluoric acid / Fluoride complexation /
Atom-at-a-time chemistry

Summary. Anion-exchange chromatography of element
105, dubnium (Db), produced in the **Cm("°F, 5n)*Db
reaction is investigated together with the homologues Nb
and Ta, and the pseudo-homologue Pa in 13.9 M hydrofluoric
acid (HF) solution. The distribution coefficient (X,) of Db
on an anion-exchange resin is successfully determined by
running cycles of 1702 chromatographic column separations.
The result clearly indicates that the adsorption of Db on the
resin is significantly different from that of the homologues
and that the adsorption of anionic fluoro complexes of these
clements decreases in the sequence of Ta = Nb > Db > Pa.

1. Introduction

Studies on chemical propertics of the transactinide elem-
ents with atomic numbers Z > 104 are extremely interesting
and challenging subjects in the fields of modern nuclear and
radiochemistry; chemical characterization of these elem-
ents explores the new frontiers of the elements in the 7th
period of the Periodic Table. From sophisticated experimen-
tal investigations so far performed, one can justify placing
the elements rutherfordium (Rf) through hassium (Hs) into
groups 4 to 8 of the Periodic Table [1-5]. The most re-
cent study on element 112 also suggests this element shows
the behavior typical of the group-12 elements [6]. How-
ever, some of these experiments show conflicting results and
some others are criticized due to unsatisfactory experimen-
tal conditions because of the strict restricted experimental
conditions on an atom-at-a-time basis [2]. Therefore, it is of

* Author for correspondence (E-mail: tsukada kazuaki@jaea.go.jp).

great importance to obtain accurate results with good statis-
tics to characterize chemical properties of those elements,

Several attempts to clarify chemical properties of Db in
aqueous solution have been made by extraction and ion-
exchange chromatography methods [7-13]. Comparative
studies of Db with its lighter homologues Nb and Ta, and
the pseudo-homologue Pa were carried out. Typical results
on the halide complex formation of Db demonstrate that
its reversed-phase extraction behavior into aliphatic amines
follows closely that of the homologue Nb; it differs consid-
erably from both Pa and Ta in HCI, while it differs mostly
from the behavior of Pa in HF [12]. For the distribution co-
efficient (K;) of Db in 4 M HF [12], however, only a lower
limit was measured, so that a clear distinction in fluoride
complexation among those elements has not been estab-
lished. In our previous works [14—19], the fluoride complex-
ation of Rf belonging to the group-4 elements was investi-
gated through anion- and cation-exchange chromatography
together with the lighter homologues Zr and Hf, and the
pseudo-homologue Th in HF and in HF/HNO; mixed solu-
tions. Those results revealed that the ion-exchange behavior
of Rf is remarkably different from that of the homologues,
and that the fluoride complexation of Rf is much weaker
than that of Zr and Hf, but it is stronger than the complex-
ation of Th.

The present study aims at experimentally determining
the K, of Db on anion-exchange resin in HF and to com-
pare the adsorption of Db with that of the homologues. To
find suitable experimental conditions for Db, we first meas-
ured K, values of Nb, Ta, and Pa on anion-exchange resin
in 0.97-26.4M HF through batch experiments using the
long-lived radiotracers “Nb, '"Ta, and ***Pa. Then, the on-
line anion-exchange behavior of **Db, '""Ta, '™ Ta, and
“Nb was investigated by column chromatographic methods
with the Automated lon-exchange separation apparatus
coupled with the Detection system for Alpha spectroscopy,

== 118 =



84

K. Tsukada ef al.

AIDA [16,20]. The K, value of Db was successfully deter-
mined in 13.9 M HF where the adsorption strength of the
anionic fluoro complex of Db is comparable to those of Nb,
Ta, and Pa.

2. Experimental
2.1 Batch experiments

The radiotracers ™Nb (7}, = 10.15d) and '"Ta (T\p =
56.56 h) were produced via the “Zr(p, n) and '"Hf(p, n)
reactions, respectively, by bombarding ™Zr (65.1 mgem™)
and ""Hf (141 mgem™) metallic foils at the JAEA tan-
dem accelerator and the RIKEN K70 AVF Cyclotron (nat:
natural isotopic abundance). The target materials were dis-
solved in concentrated HF and the solution was evaporated
to dryness. Then, the residue was dissolved in 1.0M HF
and was fed onto an anion-exchange column (Dowex | x 8,
200-400 mesh, 7mm i.d. x 10 mm). The *"Nb tracer was
eluted with 5.0 M HNO; and 0.2M HF mixed solution,
while ""Ta was eluted with 26.4 M HF, Protactinium-233
(71,2 = 27.0 d) was prepared as an a-decay product of *’Np;
B3Pa was separated from "Np on an anion-exchange col-
umn with 9.0 M HCl and 0.025 M HF mixed solution. These
radiotracers were stored in polypropylene vessels in 1.OM
HF solution.

For the batch-wise experiments, the anion-exchange resin
used was MCI GEL CAOBY, supplied by Mitsubishi Chem-
ical Corporation, a strongly basic quaternary-amine polymer
with a particle size of 22+ 2 pum. The commercially avail-
able CAOBY in the chloride form was converted to the fluo-
ride one by washing the column with concentrated HF, Then,
the resin was washed thoroughly by the batch method with
H,0 and was dried up to a constant weight at 80 °C in a vac-
uum oven. A portion of 10-15 mg of the resin and 3 mL of
the 0.96-26.4 M HF solution containing 50 pL of the tracer
solution were added into a polypropylene tube and were
shaken for 60 min at 20 °C. After centrifugation, 1.0 mL of
the aqueous phase was precisely pipetted into a polyethylene
tube and subjected to y-ray spectrometry using a Ge detec-
tor. As a reference sample, 50 uL of the tracer solution was
diluted to 1.0mL with 0.1 M HF in another polyethylene
tube. Control experiments without the CAO8Y resin were
also carried out to evaluate adsorption of the tracers on the
inner wall of the polypropylene tube. The number of *"Nb,
'"Ta, and *Pa atoms used for each batch experiment was
10"~10"". The concentration of HF was determined by titra-
tion with a standardized NaOH solution. The details of the
preparation of the radiotracers and of the batch-wise experi-
ments are described in a separate paper [21].

2.2 On-line chromatographic experiments with Nb,
Ta, and Zr

To investigate the column chromatographic behavior of Nb
and Ta on anion-exchange resin, “Nb (T, = 14.6 h) and
"=Tq (T, = 9.31 min) were simultancously produced via
the " Zr(p, n) and ""Hf(p, n) reactions, respectively. Each
target of about 100 pgem™ thickness and 7 mm diameter
was electrodeposited on a 5.4 mgem™? aluminum backing.
A stack of target foils, three for each ™Zr and ™HFf set in

a multiple-target chamber, was irradiated with an 11.3-MeV
proton beam with an intensity of 2 LA delivered from the
JAEA tandem accelerator. The beam passed through two
4.2 mgem~? HAVAR vacuum windows and 0.2 mgem™ of
helium cooling gas before entering the target chamber. Re-
action products recoiling out of the targets were stopped
in helium gas (90 kPa), attached to KCI aerosols generated
by sublimation of KCI powder at 640°C and were contin-
uously transported through a Teflon capillary (2.0 mm i.d.
% 28 m long) by a He/KCI gas-jet system to the chemistry
laboratory. The same experiment using the nuclide ""Zr
(T, =4.16 min) produced in the ®Y(p, n) reaction was
also conducted to monitor the chromatographic behavior of
the group-4 element Zr under identical conditions. To this
end, an *Y metallic foil (112 mgem™) was bombarded by
the proton beam from the JAEA tandem accelerator.

On-line anion-exchange chromatography was performed
using AIDA which consists of a modified ARCA [22] and an
automated on-line a-particle detection system [16, 20]. The
reaction products transported by the He/KCl gas-jet system
were deposited on the collection site of AIDA. After de-
position for 180 s, the reaction products were dissolved in
8.0-26.1 M HF and were loaded onto 1.0 mm i.d. x 3.5 mm
chromatographic columns filled with the MCI GEL CA08Y
resin at a flow rate of 1.2 mLmin~'. The effluent fractions
were consecutively collected in 8 polyethylene tubes and
were assayed by y-ray spectrometry with Ge detectors to ob-
tain elution curves for Nb, Ta, and Zr. The number of *"Nb,
17 Ta, and *"Zr atoms present in the anion-exchange ex-
periments was about 10°,

2.3 On-line chromatographic experiments with Db
and Ta

The isotope ***Db (7),; = 34s) was produced via the
#Cm(""F, 5n) reaction. The **Cm material (97.5% ***Cm)
was purified by cation- and anion-exchange separation
methods to remove impurities, The **Cm target of
600 pgem™ thickness and 5 mm diameter was prepared
by electrodeposition of Cm(NO,); in 2-propanol onto
a 2.1 mgem™ beryllium backing foil. To compare the be-
havior of Db with that of the homologue Ta, the chemical
experiment of Db was conducted-together with Ta, There-
fore, Gd (39.3%-enriched 'Gd of 36 jtgem™? thickness)
was admixed in the **Cm target to simultancously pro-
duce "™Ta (7}, = 6.76 min). The 119.2-MeV "F beam
with an intensity of approximately 280 particle nA deliv-
ered from the JAEA tandem accelerator passed through
a HAVAR vacuum window (1.8 mgem~2), helium cool-
ing gas (0.09 mgem-?), the beryllium target backing, and
finally entered the target material at the energy range
of 102.1-103.6 MeV. At this incident energy, the excita-
tion function for the **Cm("*F, 5n)**Db reaction exhibits
a maximum cross section of 1.5+0.4 nb [23]. This results
in an expected production rate of about 0.4 atoms per minute
under the present conditions, The transport efficiency of the
gas-jet system was estimated to be 30-35% [23].

On-line anion-exchange chromatography was performed
using AIDA. The reaction products transported by the
He/KCl gas-jet system were deposited on the collection
site of AIDA for 75 s. Then, the products were dissolved in
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