Ross et al., 2006) . A RTIE LR TEE 7 L O
Fp AL, R - FEREIC B A RN
A (BEDOY 1 )V ARG EoYibEy R T &
EHREZ EOLHMARNATORS) & EAEN
IZH > TOEIHTER T GRIZMER) 2HHHEIC
TER L THREILEDL LEZ LN TWA (Bayer et
al., 1999; Belmaker, 2004; Freedman, 2003; Maynard
etal., 2001; McCarley et al., 1999). ¥ &b+, Jatk
B - EEl - AREERCBVWCRZER &9
724 & A DRI & & BiZEERE T X A
FN T HMEEFESTER S, BERELEICBL
LIWEBIRHL R A ML AL ) RS
ZRIETAHSOT, 2 BFTERE (two-hit 1K)
EFFIENG. L7zh o T, MiERA - ZE BRI
B LEMRENERITLEE 2L - THRE
DEXEZZITZRADMBEIZIEE ST, £1
Lo TERINLIMERERESHHELEDSRE
EDERELED, DUTIISFEZEOEW ALY
AT AR L. FE, HEMEICE->T
WA RITHT 2 BOBBERERRENRT
BLUHERFAEEICL LV O, EWELHOK
FHER LI, BHREDFEEICES LT a 5
TERE - BEBRIIBIARENER L LTEL
5N TWw% (Heimet al, 2008). ARHFFETIL, FB
B oOmMiEsE - FERRIC, RENERE LT
DAL WE (EERERBE - HHRERTE)
REEEZA PV AZEMD LATEANICA
WL, TO®RICERINDIEE - RHEE IO
THET L7z,

B. WfFEHE:

1. EREY

FEERIZIE, 3Bk C57BL6) Rt~ 2 (A
IRAI) Y — A&, #H), 4~12 850 ICR
RMEHE~Y 2 (ARZ ATV Y —#44) B &
UHAERITH 5 CSTBLIO) AR~ A (HART
ATV —#AEH) BEH L. BiEERy

PGS AHiA %< & 3 HlllE, =ik 23+17T,
MR 50E5%C, 12 R 12 B O BIEE 1 2 L
(I 9 B ~21 ) DEMICTHE L, KBLO
f (CE2; HAZ L7 #A &M, B ZHAC
EE13:) e A

ok, KEBFEIIAHERKFEZT B EBEE
BRTREIN, ABREESLEYEBRIEH
B X O Principles of Laboratory Animal Care
(National Institutes of Health Publication 85-23,
1985) (ZHEL TIT o 72,

2. &Y

F BRI, N-methyl-D-asparate (NMDA) 275k
DIFBENREMECHL 720270 Y VIR
15 (phencyclidine hydrochloride; PCP) % fdi fi L 7.
PCP {3 Maddox & (1965) DHEIC L7z > T4
WORFIEEL HBHEE HI EEREBIY
HRERFHE MBRELIZSEHR L.
TIER 2L T % Toll-like receptor 3 D) H >~
FTHHEHM_AKE RNA 7727 THh 5
polyriboinosinic-polyribocytidylic acid (Poly I:C,

SIGMA 1, KE) %ZM#HL7-.

3. EBREEDB X UERFIHE

3.1, BEHEX b L ARHY Y X OTEIEAT
311 BUHHEX PV ARBROERERE
HAMETERERICIE, =72 714—VF (42X
42X30 cm) DOWIZERT 7 ) VEIREOFR v »
A (FERy~ 7 ARKIH 0 10X6.5X30 cm, EEE 1 cm
DEMEDER R B/ T 5H) PRBEINIEELYE
AL

3.1.2. BEHHER LV ARBROERTFIHE

B A b L ZAERIE Berton 5 (2006) D5
WKETOEEEZMRATiT-72. Thbb, 4~12
HED ICR RN~ v 2D H T C57BL/6] Rl
< 2K LT 10 NS 1 D E B S 2 R T
YYARRBEEESYTA, | SERELIOIEEY



REBVT T AR FRBREEY T AL LTER
L7z, 3ZERTH 2 3 MO CSTBL/6] RN
TYAEBATTALLT, | LT OREREY
W ADEFE S —JICARN, 1 H 105, Ef L T
10 H 4By 128t 72 (A b L ABFT | stress
BE). xJREEE (conwol ) X, BAT Y A ZIRY
BT AOME S — VI 1 B 10 470, Ei
LT 10 HEANRZ:, %, BATY ALEHE
RBFEEYT AOET T —VIZANTL.
HEMATEERRE, S1 kv iavEErby Y
aobil, 1ty aryTld, EBREEIL
ARE SN EN Yy AR~ Y AT
&, BATY A% 305 HEBICER S,
BAT T AOBEFRGTEHZFE L2, H1Ey 3
TR, BD
1 3ICE2 vy v arvEfrol. #2kv =
YT, BOBAYY XA EN~ D A XEITER
T ARFEESEEBIZAN, 5 SHEBHIZE
F&E, BARTAORFETHZHE L. 2B,
HEWTEHFRBRTOEN <Y AL, BATYT A
AINFTIC—ELEML -2 &2 WICR R
Mo ZAEFH, BEETHLWVIEIERET [
FoVEF — L b )T AP (50 mg/kg ip.) S
X B HMEHME] CTRBREITo 7.
SR LT — 205, Kty a v TOLRKE
KB ABEREBLUELI Yy Y a v ilBiT5
HEENOKBEIIEEE% Etho Vision XT (Noldus
Information Technology, Wageningen, Netherlands)
HWTHITL:, 28, 1Yy ia TR
ERIEL TH 5 25~30 50 5 5 & it L7z,
Control #B X W stress FEIZBWTIL, BETT A

10 HEmMS e 1 (B 1 EE), 8 (B20HE)
BIUT15s (E30E) HECHESETERER 1T
-7z,

3.1.3. BY5

AR (0.1 mL/10 g body weight/day s.c.) &
BWIE PCP (10 mg/kg/day s.c.) D51, % 1A

HIZBATRYARMEBE T —VIZREL,

Hof S raabmw 7z, Bb

hE e 5 L7z

314, =y A )Gt

ﬁ% BV A MM ESENELE RS
, @A AR ML AR OB HIZEREE ©

v, AR LA 20%#%, 20 pm DEST

WHEEHEL, BFEICLEF> Ty AVGf 7

f1o7-.

WZBAEL. 7 H

3.2. Polyl:C L ~ 7 A DATEY AT

32.1. Y5

PCP B X U Poly L.C (IAEMAIEAKICHEREL, 10
mL/kg D GHEICTE L. iR~ Y ADHE
2 HED D, ZOHES~ 7 RERERKD 5
W {3 Poly LC 5 mgrkg % 5 Hifx G- L7728 & €th <
1 saline B 5\ (3 Poly I.C # & L7z, Saline &f
D 4 JAEH 5 PCP 10 mg/kg % 14 H [ (saline/PCP
). LWL Poly I.C B 5 BEGH S PCP 10
mg/kg % 7 B (Poly LC/PCP #) ZhZhix5
L7,

3.2.2. BEIENERER

PCP & G- EZICEIEANER, RESREOLHL
THRENT 7 )V —A (45X26X40 cm)
WZw AR AN, 120 EOEEEHE S Scanet
SV-10 (7L A v ALV A - A 774, KD
& hiflE L.

3.2.3. Wi mREERER
TYARMSIZLAS00m E— A — ¥ —h—D L
WKEBE, YUARY Yy ¥ 7T 5 F TORRE
(jumping latency) % KM 5 of& L, HE
L7,

3.24. HEWATEIRER
TIARKBOT 7 ) VEERy 7 A (25X25X30
cm) DEBICEMLIE L7200, 2 ARG~y A%
1 IEFo%EICAR, 10 FRBEHICERS L.
3 HEBWRRYARBRLy—VHATHE LTV
C57BL/6] ¥ 7 A (68 & FRFICEEHPIIZA



n, TOEEZE»S 10 58, el LT
Y A HSHHND C5TBLIE] 7 7 ANZEE LT CATE),
BT L1TEY, LBIZHED 05478, TILEA
I ETHITEO VTN 2% R L T ALER %l
EL7:.

3.2.5. FrA AR

~ 77 A % open-field box (40x40x29 high cm) 2 A
n, 105 EoB{txz 3 Hf T -7-. Bt 3 HE®
BHIZ, 2FEHOEL 572 object % box WIZHEL
TEX, vU A% AN, % object \IXFT BHEERE
TFATEN % 10 S FE L7s (BEERAT) . AletlT
D 24 BRI #12, 2 FEE O object D ) B H 7 D object
e B o 728 E object LB L, % object 12
Y BIEEEIATEN S 10 SRBELZ (FA b
#HAT). ENEND object \ZRT B IELRIEHATE)
DE|E %, object DT TU—FEE I HEHL
7z,

4. HEEHEHIRAT
BONTHBIIETEHELEREMEY LTOR
L7z, WEETEMERATICIE, —TERES O S 5
WIS DB LOD 5 TUEES ST AV, £
FER 0 HL B2 13 Bonferroni D4 E ILERE %17 -
7o, 7, 2 BB ORBOSBEIE, " HE0d b
H B\ T HFILA % W Student D tFRE & BV 7.
ETOMETICB W THEKREE 5%LREL,
fElRER S RMOBE e HEEZD ) LHE L.

C. BrFEsR

L BEHEA N VARHE Y 2 DITENENT
FHEEE (control BE) B L OEBUHEAEX ML AAM
<R (stress BE) I2BITA 1 Hb72 ) OFHIK
BAMWFH %K 1128 L7z, Control B B X U stress
Ho 1 B2 ) OPFHRBAFRBIIZEN
14203 BI U 1152308 TH Y, stress BB
A HEARRERIIAEEICE, - /2.

180
&
ﬁ(,_\ * %
[E 120 |
H_v
S
=
Wi
ww %0
m

0 ——

Stress#

ControlE

1. #BE~ > A (control #) BLUEHHEEA ML
ABEW T A (stress BE) 1I2BITA 1 Hb7m ) OFY
WREWMEH., 77 7 3 FH+EEEETRLE

(control #f: n=17, stress B: n=13) , **p<0.01 vs control
# Gt LV e B5E) .

WTNOFEZBVWTHE 1LY ¥ a » ORHKE
AR IE, AELEIRO LN o7z (1Y
2). BI2AITRL-E912, &1 MHOHAEST
BIEBRIC BT, control EDE 2Ly v a VB
VBRI R, 1y avoFh
EHEBLTERIERL, A~ Aot LTt
SEATEIZ R L7, L L, stress FEOE 2 v
Ya BT, KK ERRIE, Eaye
ABFELTVL L2 boT, 1y a
YOZFNEHE L THERICERET, control HD
ThERBELTHAEILEBL TV, ERET
(FRELT) OIER~ 7 A % W26 T, stress
FEICBWTY, 1y varoFhblEL T
ARIER L (2B). FHOBHLE, B~
TAE 10 HEEMS 8 (2 mE) BLU
15 (3 mHE) BRICADON: (F—FRE
). Tz, stress EETIE, ERy~ T AEFERET &
BB LU THFET TR, MEHEREOAELRIERE
bROLNT: (FT—FRET).
Control #£5 X U stress FEICAEMEFRBECTH 5
FEBE A0S NMDA XA RFREHIEE D PCP % Ltk 5-
L, BHEEA ML ZAR~ T ZADHSEATEI~
DB W L7z, 81 0B OHSMATE R
T, BEHIZ control #EB L U stress BEIC AT ALE



K& B\ E PCP (10 mg/kg/day s.c.) & 7 H [EE#E
5L, k5o 1 A% RE~7 2 LHEms
HoEEH2S 8 (B2 mE) HE] THAEMAT
FREB T IT o7, M2CIZRL-EH, 1t
v Y3y ORFKBEAEREIL, WTIholics
WTLHELREIFOL N2 572, Saline,/
control BEIZ BT AE2 vy ¥ a v OFTHRXK A

Bozh B L CHEEICE L, HaMTE O’
ENED LNz, Stress FEIZ PCP (10 mg/kg/day
s.c.) & 7 HREEHRS L2k 25, PCP/stress
BB LE 2Ly ¥ a3 v OGRS EREI,
PCP./control FED F IR THEIZHA L,
SEATEOEEIE SN,

BRE, Bkl arnFn L THEEI
L, & ETErRRo s N,
Ye 5.1 7> stress BE (saline,stress #F) (BT A 2

2. FEKIRL DT RESE AL
A IR AR %

Y Yva ORI BGHIERHE N, salinecontrol 3).

(A) BEEERIT IR (B)IEREEIERIT IR (CYEEMEM YU X | PCP#5S
##
i~ 200 * 200 200
;i' . * &
ﬁ |
L{E
.H
;E 100 100 ¢ 100t
&
i
{}i‘j
v 0 0 | b 0 . R
Bityiar gaeyigar Bltyyar gokyigr saline PCP saline PCP

Flevrar gty ar

PCP /controff PCP /stressgf

saline,/stressif

[:] saline, controff

2. 3B ABLOEBHEHEAEA P L AER Y AIBITAHEETE, (A) BEENYY AHFEETICBTS
L& 4TE) (saline/control BE: n=13. salinefstress #f: n=17), (B) FEHEE (Bl EH~ Y AFAETIEBT2HE
PE47E) (saline/control BE: n=14. saline/stress #: n=14), (C) 7 x ¥ 27U ¥ (PCP) EfHHE Lo lBiEL &
Bt A A b L AR~ Y A2 B AW TH) (saline/control #: n=6. saline/stress §F: n=8, PCP/control #: n=6.
PCP/stress B: n=8) o 7 7 713+ EHERAE TR L 720 #p<0.05, **p<0.01vs & 1 & v ¥ a » @ saline/control £

GHED & B (HRIE) . #p<0.05. ##p<0.01 vs &2 & v ¥ 3 @ saline/control & (LD 2\ t 158 ) o ¥p<0.01 vs
%14 v a0 saline/stress B GHIEDH B tHR5E) . $p<0.05 vs 2 v ¥ a v O saline/stress F (FIED %\

DG CA3 CA2 CA1

Controlif

Stressii

3. itE<w Y A (control B) BLUEHHEAA MLV ARR Y A (stress Bf) OHEE BT 5 MEMBORE
2T L (= ANYGs), DG BiRE. CA3 ;| CA3 $ERMBAL. CA2: CA2 $/kHIlE. CAl : CAl HEfFHEAZ.

StressEE DRI BT 2 AL, controlfED £
NERTBREENEIIBRE I NG o7 (K



3. Polyl:C ML~ 7 X DITENEMT

2.1. FAEFH Poly:CLE~ 7 R 28T 5 PCP#E
BAR G & 5 EEBE DB

Saline #1Z PCP (10 mg/kg) *2WHKkGT5 L,
EENEAHEML (K 4A), X512 saline FED 4
BLO5 BN S PCP10mg/kg % 14 BX U7 H
MER TG T 5 &, BEHES OMIE (1T
5) RO SRz (1 4A). FHEFEAIC Poly I.C
25 L TH & (PolyLCEf), PCP & l%—a’—? z
LB EENAZ OB X Y PCP iz S- 12
TENRE I S /2 (K 4B).

A &)

- Saline {3 SalineiSaline
_g- Saline/PCP * " ~§— Safine/PCP ™
_@_PCRPCP = _j ' - PoyiCiSaline #
|- PotoipCp vt
1 . 4 - 3
21 ; ] A
= e $ = = L “5
ZE 10 L e ZE 101 o -
% 8 ;ﬂ' - - é % s éﬁ //é
5% 8h o £s 8t -
2t é e £t é‘(/ B
£3 6L g €38 6L e
a0 G o
L ow 8 bl
35 4t S 4t
2L o - 21 N
1] L 1 [4 1 I
st Tth st 7th

4. $rEHFBPolyl:CILE ~ 7 A2 51T A PCPE#HEE S
X EEBE~DOFE, HEHIAEBAEK (A) &
5\ IEPolyl:C(B) & AL L 727 7 R . *p< 0.05, *#p< 0.01
vs saline/saline®. ##p< 0.01 vs saline/PCPEE. $p< 0.05 vs
EIRE (1Y) WEEE,

2.2, FEFH Polyl:CLE~ 7 A1ZB1T 5 PCP#E

BAL G2 & DEHE ORI~ DR

Saline#fIZPCP (10 mg/kg) *7H Mty L C
DEBITEOWINIFED N h o 7205, 14H HHE
Bitx 53 5 L EHE DM b7z (FI5A).

Poly LCE: IZPCP% 7H &tk 595 &, saline®
IZPCP#% 14 H MIEFd 5 L7256 & FARRE D& E)
MM A0 5 (F5B).

(A} B8)
400 _ 400 -

e

300 | 300

280 L 200 |

Jumping tatency (sec)

Jumping lateney (sec)

100 L 100 |

Saline  Sabne PCP Safine  Saline PolgkC  PolviC
Saline  PCF FCP Saline PCP  Saline  PCP

B5. #rEFHIPolyCILE ~ ™7 A 12 BT APCPEGis 5
& D HEE OB MO RE, SE M AT AIEK (A)
& B WVIFPolyl:C (B) ZMEL 72V T A, *pc 0.05 vs

saline/saline#¥,

2.3. FHAEMFH Poly:CLE~ 7 A 2B1T 5 PCP#E
BRGIC L B HEMTHOET~OEE
Saline®¥{ZPCP (10 mg/kg) % 7H BLERIRS LT
DHAMATHOBRTIIEO SNk o285, 14H
BEGR ST 5 L HEETEHORTIBO LN
7= (B6A). Poly LCEEIZPCP % 7H [ # i k59 %
&, salineB#IZPCP#% 14 H BB 5 L7854 L A
BEOHERMUATEIOK T 57 ([X6B).

A (8)

20 20

1)

Socialinteracliontime (sec)
Socialinteractiontime (sec)
3

Saline  Saline PCP Saline Saline PolyiC PoidC
Saline  PCP pCce Salkine PCP  Saline PCP

6. FrEFHPoly:CILE < 7 212 BT 5 PCPiEiir 5
I AHEMITHORTNOBE, SEMICERAE
K (A) @ 5 WIIPolyl:C (B) ML L 72< 7 R, % <0.05
vs saline/saline®,

2.4. P FrEMH Polyl:C LE~ 7 R 2Bt 5 PCP
HEFR G L 5 WBRALROBE~NOKE

Saline®£IZPCP (10 mg/kg) % 140 B#HRST 5
YRR EORENZD 5Nz (F7A). Poly



LCEEICPCPRTH M E G T 5 &,

Retention

Training

80

40 -

20 -

Exploratory preference (%)
Exploratory preference (%)

@ )

30
5 3
A i )
g 2r E
£ -
5 3
o &
2 45 L 3
2 8
Py L0

k!

k]

o

PCP
PCP

PCP
PCP

Saline Saline
PCP

Saline  Saline

PCP

Saline Sahne

7. HEFHIPlyLCRLE ~ 7 A 2B APCPELE 52 & 2 YRR ROBEENDLE,
D) ZMLE L 72< % A, Exploratory preference (A, C)o

(A,B) &5 \WidPolyl:C (C,

saline B 12
PCP#% 14 H By 5 L 724 & RIARE O YRR

60 +

40 +

25 L

20 L

MEtENEE o LN (K70).

Training Retention

Satine PolytC  PolytC

Sahne PoiykC  FolylC
PCP PCP

Saline Saline

Saline Satine Saline PCP  Saline PCP

WE AR AEK
Total exploration time (B, D)o

#p< 0.05, *p< 0.01 vs FNFEFAIT. ##p< 0.01, #p<0.05 vs saline/salinefit. $$p<0.01, vs saline/PCPHE,

D. 2%

HEA N VABRETVEMIE, EARSE A
L, WEREIWICAR DR LB LI SEER S
B. REFVEN CREEE SV 1 BKICAE - )
3 OREIRDSEE (Avgustinovich et al., 2005) X
HEWITEHOBE  (Berton et al., 2006) %2 &, K4
LREMITHEENTD SN S (Buwalda et al,
2005). ABFFEIZ BV THRERAE - BEREILD
LEAZOYGFERO~ Y ABEHLIA MV R
EML, BEWNIGE L RICBMITEIREE D5

D HNDLMPE D, HAMEATERERE HVORE
L7z, ZOER, stess BEZBWTHAMWATE N

BEINTBY, HEAMLVAER 15 HEICB
WTHEOLN, ThbDFERIL, Berton b
(2006) HSHE L TV A RMEA M L AAR 28 H
BIEFCHEETHIBEEINLI L E—HLT
Wiz, UL, B~y AREELLE GER
BT) LTHEMWTEIZMET L2 25, stress
BER =~ 7 A8 L THaM TEI 2R L7z, B
BT AIE, BRCEMLLZZEVFHLENYY
x%ﬂijmt% O control FEB X U stress FEIZ BT
HHEMATE R L2 25, control HEB LU
stress BRI, HERY~ v A AL CHEMATE R R
Ehdrols, INOLOREZEZEDLEDL L, ]



Bpey 23~y A LBEEMLI-Z LS
HELEPE) D, B~ TANED L) BIKEIZD
LADONEBBTCXLIDOEWMEBEINS, D Lo
Bb, stress BEIZFIO O N A ESHATEOREE
i, MRS - EERO <Y AIZEEHA A b
VARBAM L7 2 LI X AR5 4 - 36%:E/ 1
BWUBIFHEESEE & 20, RIS
AT DEE SN DERBEINS. /2,
KUTEOBREICIERTORN Y 7 APLE
THrb0ERbRL, LaL, BUHEA L
ABW~ 7 ADEEIZBG LMo
MELIZEIE SN d o722 &b, 411,
TR EIZDWTHRET L T TFETSH 5.

—%, 1970 FERITKEIZBWTEHA S Twiz
PCP I3, FEWHAFE ITHEMAEIR (PCP EHR) %
kT 5 Z & (Javitt and Zukin, 1991) 225, #&
FHIEIZIZ NMDA SAEMHEEEDETAHHRL T
WhHEW) [7VE I VEMETIRE (NMDA %%
FEERBRIR T IRE) ] 2SRIE S Twb. PCP L
513, RS R L 22478 b &
L CHREEBEOMIN (Nagai et al,, 2003), &
ERDOE L 2 2788 LTHEETHR
B2 B HAMATEOKT (Qiao et al., 2001)
B & OTRHIKKERERIC BT B EBIREEO B
(Murai et al., 2007) %773, $7:, RAEEDR
BE L BITHEILE LT, KREEHREBRIIBIT L
HEFEEE (Mouri et al,, 2007) B & UFariksz
AR BT YR E  (Nagai et al., 2009)
PHIGNTWAE, 2T, BAMLIEEIC control
BB XU stress BEIZ PCP % EfRS L, ME%E
B FEBRICBTSEBMHEA P L AR Y
ADHEEATEI~ DB & Kaf L72. PCP,/stress
FETIL, saline/ stress BRI LR THAEATEIOE
EFBMEL T, ZAH5DFEDPD, stress B
RO LMD HEBATEOBEICE, Fvy Iy
FRVEBI MRS L T A BE ARG &
NBED, SHICEMICRET T ALENRD S,

Fa RHE SR CIREBORERD, MNE O
KBBOLNBZ L, BEMIIBNTT) F—3
ANRBOLNZWZ L, S62FEAEEEY
DBICRIET A Z 00, MAKREDOHRES X
Ol P D& 23 76 58 A8 R B & Bl
THLRFOEENFEGTLLEELZLONTEY
(Ashe et al,, 2001), T OMIEIEREERFICEED
WZETVEMIOERD 2 STV, AR
REDFIENNL, RERIADA > 7V WidT %
EOMMERDPEFZEE L TV 5E Z LR
EINTWS (Brown, 2006). A AH RNA 7
T B 7 TdH5b Poly LC ik~ A2k 535 &,
BIEORIERVPIIE LI N OBEIrLE TN
72wy A%, BN, E¥VWRISEEEE O
#hn (Ozawaetal, 2006), 7L/S)VA - 4 k¥
¥ a v (PPD) RERCOIEHLIEE
2006), LAF Ay yary®BToiE
EBEZE (Zuckerman et al., 2003), “E1) ZA/KKEE
AERCTOEELEREE (Meyer et al., 2005), FaF
WA ERIC BT 2 HMEE (Ozawa et al.,
2006) 7% EREERFHEICEU L THEY 2 RT.
F7:, & FOFEIRPIIICST- 5~ ADOHE 2 H
HH 5 5 A Poly LC 2¥ 595 &, ik
AREERIZ BT HRAEE, PPI B CoOEIRAL
HEESLHIMATEOETAFEO 55 (bietal,
2009). % Z CAWBFE T, two-hit KFLIZHD &
FrEMAH D Polyl:C #5545 £ 410 PCP i 5-
WL AHMEEDRERBELZO L0 E ) H
WZOWTHET 24T - 72, PCPEHIHR 512 X % EH)
EWIMATENRASE, EEIEOHM, HAUATE DK
TB L UWRERMEROBEIL PCP 54 I
BHFEL RO SNz, —F, FAEFH Polyl.C AL
BIXFEEL DO PCP EHIR 5 IC L 5 T HATEIE
b 3ok L7z, REFEOR 2 OFERICBIT S
RERE D RANE CERETARELS5 202
AR S Tz,

% (Ozawa et al.,



E. &
$mﬁlaﬁwf FEMEROREICES T 4
SEEM O BRBENER P EREMERENG R 5
EEBIIOWTHE L7, 4%, SHIEHMlR
TEREF1Y, %Fﬁ%w%Mk;UWﬁW%m
R A AT, BRENERIC & 2 kR0
bLIcBE5-3 B Hess R 23K - FE L,
FE B OSER R R WA O R B X U9
REAETRICE DO WIIGRER THEORZEIC
ATz,
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Evaluation of cognitive and emotional behaviors in offspring of C57BL/6J mice
after pre-/peri-natal exposure of nicotine on six different time-windows

Tursun Alkam, Tokaya Mamiya, Masayuki Hiramatsu, Nabeshima Toshitaka

Comparative Cognitive Science Institute and Department of Chemical Pharmacology,
Graduate School of Pharmaceutical Sciences, Meijo University, NAGOYA 468-8503,
Japan

Abstract

Tobacco smoking during pregnancy has significant adverse impact on the overall mental
quality of offspring. As an aid to smoking cessation during pregnancy, various nicotine
replacement treatments are being alternatively applied. However, the effects of nicotine
exposure at the prenatal stage on the cognitive and emotional behaviors in offspring are
not well understood due to the lack of systematic investigations. The current study has
therefore aimed to initially evaluate cognitive and emotional behaviors in mice
offspring which experienced pre-/peri-natal nicotine exposure (PNE) in different
time-windows. Pregnant C57BL/6J mice were exposed to nicotine via sweetened (2%
sucrose) drinking water during 6 different time windows including gestational dayl to
day 13 (GD1-GD13), GD14-P0, G1-PO GD14-postnatal day 7 (P7), GD1-P7, and P0O-P7.
During P28-P56 days, both male and female offspring were given a battery of
behavioral tests in following order: light/dark box test, novelty-suppressed feeding test,
marble burying behavior test, sociability test, social novelty preference test, social
avoidance tube test, one-trial delayed alternation in T-maze test, object-based attention
test, Y-maze test, novel object recognition test, elevated plus maze test, and prepulse
inhibition test. PNE during all time-windows induced different types of attention
deficits in offspring. PNE during GD1-P7, GD1-P0, GD14-P0, and GD14-P7 induced
anxiety related behaviors in offspring. During GD14-P0O, PNE exerted the strongest
effects on the observed behaviors in offspring. Neither prenatal anti-oxidant treatment
nor postnatal cross-fostering ameliorated the behavioral abnormalities induced by PNE
during GD14-PO. Results indicated that PNE at any time windows of pregnancy impairs,
irreversibly, emotional and cognitive behaviors in offspring. These findings urge further
considerations for nicotine exposure during any periods of pregnancy.

1. Introduction

The harmful effects of tobacco on prenatal development of human brain are becoming
an increasingly important public health issue, due to the resultant cognitive and
emotional abnormalities that disturb the whole life of offspring and add to the burden of
society. Clinical investigations report that offspring of women who smoke during
pregnancy suffer from neurobehavioral impairments, such as persistent anxiety,
attention-deficit/hyperactivity disorder, learning disabilities, and cognitive dysfunction.
The main component of tobacco is nicotine which can be transferred through the
placenta and interacts with functional nicotinic acetylcholine receptors (nAChRs) in the
fetus. Nicotine, among the myriad inhaled ingredients in tobacco smoke, is thought as
the main disruptor of the development of fetal brain. Reports from animal models
indicate that prenatal exposure to nicotine (PNE) compromises development of critical
neural pathways in the developing brain and leads to the neurobehavioral and functional
impairments which are noted in the offspring of women who smoke during pregnancy.



The vulnerability of the developing brain to the disruption of nicotine is due to its
binding and abnormal regulating the function of nAChRs. The nAChRs act as critical
differentiation signal transducers during nervous system development and regulate
critical aspects of brain maturation during the prenatal, early postnatal, and adolescent
periods. During these developmental windows, nAChRs regulates differentiation and
synaptogenesis in the neural structures by transient up-regulation or by changing its
subunit composition. The dynamic roles of nAChRs in neurodevelopment are
consistently driven by acetylcholine, the endogenous neurotransmitter. Nicotine
exposure during certain time-windows of neurodevelopment either exaggerates, via
receptor sensitization, or disrupts, via receptor desensitization, the regulatory role of
nAChRs and affects the normal functions of the developing structures of the brain.
Further, through nAChRs, nicotine disrupts the timing and intensity of critical
neurotransmitter signals that emerging as necessary to ensure the proper development of
numerous neural circuits and pathways. Accordingly, pharmacological studies selected
various time-windows of gestation of mice or rats or monkeys to examine the effects of
nicotine exposure on the neurochemistry or on the cognitive and emotional behavior of
offspring. Rats and mice that experienced PNE show behavioral abnormalities including
increased anxiety, persistent neurochemical alterations in specific neural pathways, and
altered patterns of neural cell survival and synaptogenesis. These findings firmly deepen
our knowledge about the adverse effects of PNE. Nevertheless, to be able to provide
pharmacological targets for therapeutic interventions, we are urged to conduct
systematic studies with consistent time-window, identical route, and fixed dose of
nicotine to relate PNE-induced neurochemical changes in the brain of offspring to the
consequential abnormalities in behavior. Therefore, in this study with a focus on
behavior, we have examined the effects of PNE during six different time-windows on
the emotional and cognitive abnormalities in mice offspring to select the most
vulnerable time-window for the neurochemical study. We have also then tried to answer
whether maternal nicotine withdrawal or nicotine-induced fetal cerebral oxidative stress
is involved in these abnormal behaviors induced by PNE in offspring.
2. Methods
2. 1. Animals and drug treatment
Male and female C57BL/6J mice (Japan SLC .Inc., ShizuokaJapan) were used.

Mice were mated in the laboratory or were delivered on prenatal day 13 (P13). The
animals were housed in plastic cages and were kept in a regulated environment (25-1°C,
50-5% humidity), with a 12-h light/dark cycle (lights on at 08:00 AM, off at 8:00 PM).
Food (CE2; Clea Japan Inc., Tokyo, Japan) and tap water were available ad libitum.
Dams were prenatally exposed to 2% sucrose sweetened water or 2% sucrose solution
plus 0.2mg/ml nicotine during the time frames that are indicated in Figure 1. Since
Average daily intake of water is 5ml, Vitamin C is solved in the drinking water (2%
sucrose solution plus 0.02mg/ml nicotine) at 0.2 mg/ml concentration. All experiments
were performed in accordance with the Guidelines for Animal Experiments of Meijo
University Graduate School of Pharmacy. The procedures involving animals and their
care conformed to Guidelines for Proper Conduct of Animal Experiments (Science
Council of Japan, 2006).
2. 2. Behavioral investigations

To avoid stress-interference, the behavioral investigations were conducted from less
stressful task to more stressful task as the following order: light and dark box test,
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novelty-suppressed feeding test, marble burying behavior test, sociability test, social
novelty preference test, social avoidance tube test, T-maze spatial attention test,
object-based attention test, Y-maze test, novel object recognition test, elevated plus
maze test, and pre-pulse inhibition test.
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Flgure 1. Experimental schedule
Light and Dark bex

Anxiety in mice was tested in the light and dark box. At the beginning of the test,
each mouse was placed in an apparatus consisting of two opaque Plexiglas boxes of the
dark (15cm long, 27cm broad, 30cm high) and the light (30cm long, 27cm broad, 30cm
high). Light box was illuminated by a 100 W desk lamp through a transparent Plexiglas
cover. Animals cross from one compartment into the other through a small opening
between them. Each mouse was placed in the illuminated compartment and observed for
5 min after the first entry into the dark compartment. A mouse whose four paws were in
the other box was considered to have changed compartments. The time spent in the dark
box and the number of transitions between the light and dark boxes was analyzed as
behavioral variables.
Marble-burying behavior test

One day prior to the testing, mice were housed in clear plastic cages (26 x 21 x 15
cm) with a tick layer (3cm) of sawdust. On the testing day, 12 glass marbles (1.5 cm in
diameter) were evenly spaced on flattened sawdust on the one half of the cage in the
presence of the mouse. During the test, clear plexiglas covers were placed over the cage
without blocking airing. The marble burying activity was measured in dim light. The
results of marble burying behavior were expressed as the number of marbles buried at
least two-thirds deep in this paradigm within 15 min.
Novelty-suppressed feeding test

Mice were weighed and food was removed from their cage. Twenty four hour after



the removal of food, mice were transferred to the testing room, allowed to habituate for
at least 30 min. The testing apparatus consisted of an opaque Plexiglas enclosure (40 x
40 x 40 cm). The floor was covered with 2 cm of sawdust bedding. A small piece of
mouse chow was placed in the center of the arena on a piece of white circular filter
paper (diameter: 9 cm). At the start of the experiment, each mouse was placed in the
comer of the testing area, and the time to the first feeding event was recorded.
Immediately after the mouse began to eat, the subject was removed and placed alone for
5 min in its original home cage with a pre-weighed piece of lab chow. At the end of the
5-min period, the amount of food consumed was determined.
Sociability and social novelty preference tests

The social testing apparatus is a rectangular, three-chambered opaque plexiglas boxes
(each box is 20cm long, 40.5cm wide, 22cm high). Dividing walls were made from
clear plexiglas, with small circular openings (3.5cm in diameter) allowing access into
each chamber. The chambers of the social apparatus were cleaned and fresh paper chip
bedding was added between trials. The test mouse was first placed in the middle
chamber and allowed to explore for five minutes. The doorways into the two side
chambers were obstructed by plastic boxes during this habituation phase. After the
habituation period, an unfamiliar C57BL/6J with the same sex (stranger 1) and had no
prior contact with the subject mice, was placed in one of the side boxes. The mouse
serving as stranger had previously been habituated to placement in the small cage. The
location of stranger 1 in the left versus right side chamber was systematically alternated
between trials. The stranger mouse was enclosed in a small, round wire cage, which
allowed nose contact between the bars, but prevented fighting. The cage was 10 cm in
height, with a bottom diameter of 10.5 cm and bars spaced lcm apart. A weighted cup
was placed on the top of the cage to prevent climbing by the test mice. Both doors to the
side chambers were then unblocked and the subject was allowed to explore the entire
social test box for a 10-minute session. The time spent in each box and the numbers of
entries into each box were recorded, by a human observer seated five feet from the
apparatus, to measure the sociability. An entry was defined as all four paws in one box.
At the end of the first 10 minutes, each mouse was tested in a second 10-minute session
to measure social preference for a new stranger. A second, unfamiliar mouse was placed
in the box that had been empty during the first 10-minute session. This second stranger
was also enclosed in an identical small wire cage. The test mouse had a choice between
the . first, already-explored unfamiliar mouse (stranger 1), and the novel unfamiliar
mouse (stranger 2). As described above, the time spent in each box and the numbers of
entries into each box were recorded to measure the preference for social novelty.
Social avoidance tube test

The tube is 30 cm long X 3.5 cm diameter, built with clear Plexiglas material. The

tube is divided in to 3 areas, namely, two entry areas at the left and right ends of the
tube and one neutral area between the entries. Each individual tube section is 13 c¢cm
long and the gates at the end of each section prevent the high speed reaching of one
mouse to other. The test starts with two mice of the same gender placed at opposite ends
of the tube. Both mice begin to explore in a forward direction. At this stage the gates in
the proximity of the neutral area located in the middle of the tube are removed, allowing
the two mice to approach each other. For each trial we identified an approacher (scores
one point) and a shunner (scores zero point). The shunner generally escapes the tube
when the approacher moves forward. In some cases neither mouse was approacher

4



and shunner, and both mice were considered equivalent (no scores).
Elevated plus-maze test

The elevated plus-maze consisted of two open (25x8x0.5 cm) and two closed arms
(25%8%20 cm) emanating from a common central platform (8x8 cm) to form a plus
shape. The entire apparatus was elevated to a height of 50 cm above floor level. Testing
commenced by placing a mouse on the central platform of the maze facing an open arm,
and standard 5-min test duration was employed. Conventional parameters consisted of
the numbers of open and closed arm entries and the time spent the open arms.
Y-maze test
The Y-maze apparatus consisted of black-painted plywood. Each arm of the Y-maze
was 50 cm long, 12 c¢cm high and 4 cm wide and positioned at an equal angle. Each
mouse was placed at the cross points of arms and allowed to move freely through the
maze for an 8-min session. The sequence of arm entries was recorded manually.
Spontaneous alternation behavior was defined as the entry into all three arms on
consecutive choices in overlapping triplet- sets. The percent spontaneous alternation
behavior was calculated as the ratio of actual to possible alternations (defined as the
total number of arm entries—2) x100.
One-trial delayed alternation in T-maze test

The T-maze apparatus consisted of black-painted plywood. Each arm of the T-maze
was 50 cm long, 12 cm high and 4 cm wide and positioned at a right angle. All three
entrances to the arms from the center are blocked 3cm above the floor, so that the mouse
in the center can not see any surrounding objects which are placed outside of the maze,
and rely their immediate spatial memory (if attention is good) to determine which arm is
not visited, or which arm to enter. Each mouse was placed at the starting arm and
allowed to move freely into the next arm after 30 of habituation. The first arm that the
mouse has entered was blocked 30 seconds to prevent the mouse from coming out of
that arm. After unblocking the second arm, if the mouse visits an unvisited arm, one
score is given; if mouse revisits a visited arm, zero score is given. The sequence of arm
entriess was recorded manually, and the percent correct alternation behavior was
calculated by chi-square test.

Novel object recognition task

A plastic chamber (35x% 35x 35 cm) was used in low light condition during the light
phase of the light/dark cycle. The general procedure consisted of three different
phases: a habituation phase, an acquisition phase, and a retention phase. On the 1% day
(habituation phase), mice were individually subjected to a single familiarization session
of 10 min, during which they were introduced in the empty arena, in order to become
familiar with the apparatus. On the 2™ day (acquisition phase) animals were subjected
to a single 10-min session, during which floor-fixed two objects (A and B) were placed
in a symmetric position from the centre of the arena, 15 cm from each and 8 ¢cm from
the nearest wall. The two objects, made of the same wooden material with the similar
color and smell, were different in shape but identical in size. Mice were allowed to
explore the objects in the open field. A preference index for each mouse was expressed
as a ratio of the amount of time spent exploring object A (TA x100)/ (TA + TB), where
TA and TB are the time spent on exploring object A and object B, respectively. On the
3™ day (retention phase), mice were allowed to explore the open field in the presence of
two objects: the familiar object A and a novel object C in different shapes but in similar
color and size (A and C). A recognition index, calculated for each mouse, was



expressed as the ratio (TC x100)/ (TA + TC), where TA and TC are the time spent
during retention phase on object A and object C, respectively. The time spent exploring
the object (nose pointing toward the object at a distance < 1 cm) was recorded by hand.
Object-based attention test

The apparatus is a rectangular, two-chambered opaque plexiglas boxes including
exploring chamber (40cm long, 40 cm wide, 22cm high) and test chamber (each box is
40cm long, 20 wide, 22¢m high). Dividing walls were made from opaque plexiglas with
sliding openings which allowing access from exploring chamber into test chamber. The
chambers of the social apparatus were cleaned and were bedded with sawdust beddings.
The general procedure consisted of three different phases: a habituation phase, an
acquisition phase, and a retention phase. On the 1* phase (habituation phase), mice were
individually subjected to a single familiarization session of 10 min, during which they
were exposed to both empty chambers, in order to become familiar with the
surroundings. On the 2" phase (acquisition phase) animals were subjected to a single
3-min session, during which floor-fixed five objects (A, B, C, D, and E) were placed in
a symmetric position from the centre of the arena, 15 cm from each and 8 cm from the
nearest wall. All objects, made of the same wooden material with the similar color and
smell, were different in shape but roughly identical in size. Mice were allowed to
explore the objects in the open field. Time spent on exploring the two objects (e.g., A
and C) was randomly recorded. A preference index for each mouse was expressed as a
ratio of the amount of time spent exploring object A (TA x100)/ (TA + TC), where TA
and TC are the time spent on exploring object C and object C, respectively. On the 3
phase (retention phase) which immediately follow the 2™ phase, an object from
exploring chamber (e.g., object A) was placed in test chamber. Then, mice were
immediately allowed to enter the test chamber and explore two objects: the familiar
object A and a novel object G in different shapes but in similar color and size (A and G).
A recognition index, calculated for each mouse, was expressed as the ratio (TG x100)/
(TA + TG), where TA and TG are the time spent during retention phase on object A and
object C, respectively. :

Prepulse inhibition Test

A standard startle chamber applicable to mice (San Diego Instruments, San Diego, CA)
was used. The startle chamber consisted of a Plexiglas tube for mice (105 mm, 38mm ,
50mm), placed in a sound-attenuated text box, in which animals were individually
placed. The tube was mounted on a plastic frame under which a piezoelectric
accelerometer was mounted, which recorded and transduced the motion of the tube.
Animals were randomly divided into non-stimulated and PPI groups, and subjected to
the behavioral test only once. Mice were placed into the chamber in the PPI test cage,
and then habituated to the experimental environment for 10 min with 65 dB of
background white noise.. Non-stimulated control mice were used without being
subjected to PPI trials. The PPI test has three continuous sessions: (1) five startle trials,
(2) 10 startle trials, 10 no-stimulus trials, and 40 PPI trials, and (3) five startle trials. The
intertrial interval was between 10 and 20 s, and the total duration of three sessions was
17 min. The startle trial consisted of a single 120 dB white noise burst lasting 40 ms.
The PPI trials consisted of a prepulse (20 ms burst of white noise with intensities of 69,
73, and 77 dB) followed, 100 ms later, by the startle stimulus (120 dB, 40 ms white
noise). Each of the four prepulse trials (69, 73, and 77dB) was presented 10 times.
During the no-stimulus trial, no stimulus was presented but the movement of the animal
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was scored. Sixty different trials were presented pseudo-randomly, ensuring that each
trial was presented 10 times and that no two consecutive trials were identical. The
resulting movement of the animal in the startle chamber was measured during 100 ms
after startle stimulus onset (sampling frequency 1 kHz), rectified, amplified, and fed
into a computer, which calculated the maximal response over the 100-ms period. Basal
startle amplitude was determined as the mean amplitude of the 10-startle trials. PPI was
calculated according to the formula: 100-[1-(PPx/P120)]%, in which PPx was the mean
of the 10 PPI trials and P120 was the basal startle amplitude.

3. Data analysis.

Values are reported as the mean + SEM. Statistical significance in T-test or x2 fest
analysis was considered as p<0.05, and denoted by (*) in the figures and by (+) in the
tables.

4. Results

PNE-induced emotional abnormalities are dependent on time-windows of
exposure
To avoid stress-interference in the behavioral battery, emotional behaviors except
elevated plus maze test were examined before the cognitive tests in an order of
low-to-high stress level. In the light-dark box test, male offspring with PNE spent more
time in the dark compartment during all examined time-windows than the counterparts
in control group. Female of offspring both in control and in PNE groups, except those
with PNE in GO-P0O and G14-PO time-windows, spent almost same amount of time in
the dark compartment. Both male and female offspring with PNE in G14-P0
time-windows spent significantly more time in the dark compartment than the
counterparts in control group. There were no significant differences between the number
of transition of mice with PNE in any time-windows and those in control groups. In
novelty-suppressed feeding test, the latency to initiate feeding is longer in male
offspring with PNE during all examined time-windows than male counterparts in
control group. No differences were found between the latency to initiate feeding in
female offspring of both control and PNE groups in all time-windows except GO-P0 and
G14-P0. Weight loss after fasting or amount of food eaten after the test was not
different across treatment groups (data not shown). In marble burying test, male
offspring with PNE buried more marbles during all examined time-windows than male
counterparts in control group. No differences were found between the number of buried
marbles by female offspring in both control and PNE groups in all time-windows except
GO-P0O and G14-PO. In social avoidance tube test, a mouse responds to a direct exposure
to a stranger in the narrow tube. Male offspring with PNE mice avoided to interact with
unknown same gender partner from control group, showed social avoidance behavior by
turning the head and escape from the tube. All female mice with PNE interacted with
the partners in control groups without escaping or aggressive behavior. In the
habituation session of sociability test, mice in all groups visited each chamber with
equal number of entries and equal amount of time, thereby demonstrating a lack of side
preference. In the first 10 minutes of sociability test session, both male and female
offspring with PNE as well as offspring of control mice demonstrated a significant
preference for spending time in the chamber containing stranger 1 verses time spent
exploring the empty chamber. Ten minutes after exposure to stranger 1, a social novelty
test was conducted for the second 10 minutes. When the choice was given between the
first stranger mouse and a second stranger mouse, the control strains to exhibit a



preference for interacting with the new mouse (stranger 2), as opposed to the now
familiar mouse (stranger 1), male offspring with PNE displayed a decreased preference
for the unfamiliar mouse over the familiar mouse. Furthermore, all male offspring with
PNE exhibited an increased preference for the middle/neutral chamber compared to the
control counterparts. Only female offspring with PNE during GO-PO and G14-PO
demonstrated a less preference for social novelty compared with those in control group.
The number of each chamber entries during the 10 min sociability or social novelty
assessments were not found differ significantly between groups for male and female
(data not shown). In the elevated plus maze test, all male mice with PNE in all
time-windows and only female mice with PNE in G0-PO and G14-PO spent significantly
more time exploring the closed arms and had more entries into the closed arms than did
counterparts in control groups.
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