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ARC arcuate nucleus

AUC area under the curve

AVPV anteroventral periventricular nucleus
DACT diaminochlorotriazine

DW distilled water
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GnRH gonadotropin releasing hormone
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LH luteinizing hormone
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P4 progesterone
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1 Fim BFREOER

1.1 XC®IZ

ok, A ITEBZIET FEE LT, YOI EN D ENENDOEBIZHEN & 5
HOERKE L Tz, OB T, ALFWEE AR T 2 HMREENS B TiE, < DOESE
SRS - IRFE S, TN OFEBSIERICIE U THEDOHREIS wwmﬁéﬂéio
2725 Tc, ZRERRFT . ARBEREETIAFET DU O bW E S SEE R 2 1) 53
BB PEHE R b 0P K 0 BREEPIZIRIET 2 2 & b ot om Rty
HIA L C&E 72, BEHB L CWDBREETR, =& 23 E T 5 ERL OB E X
BEFEDEBRT HRE LB L TCIKMETHHZ L EWVbRTEY, b FORFRE
& ORSEBIR A BHEMICGE LS ITANS = 620, L L6, irFERELOE
VT 4—=BNINETOENTHoTZNDW DS %MA%%%A7%b%tf?ﬁ
<\ PURESEOEIBIEIL, BIETIREE SN AIH S 2 T, BREHIC
IOV 27 FiiE, =R/ — &R, HERRE LI KT 5 & ﬁmmiwkﬂ
BRIZ, MIEROBEREOTEDICEETH DL EZELALND, T 9 LTEREHEICET S
FFeix, BIETEHIMIN TN D, AT, AP CHA S, BERICEL S
fiLTWD EEZLILDEREA| atrazine & E7 /L & LT, [EHIOIER IR Z 2MEMFSE T
MWHENTVWDHET v &L T, RIERT b b FRE2ZT#TZDIIUATH S
EFHEBED — D Th HHEIIZ b & LT BRI 2 B2 Iz L, b Mk

BT D AFEREEED B D Al HEME I DWW TR L 7=,

1.2 Atrazine O BREFIEM:

1950 FEEE D B EU % B < 545 E TYLH 40TV % atrazine 13, simazine <° prometryn
HLRIERIC s- N TV VBREEFO MY T UV ROIERNLE URBRERITH D (K 1),
—ARARMER DI IR THEICHOA L, MBI A N E M nER A HET 5 2
LT K o THIE T % (Moreland et al., 1959), €D — 5T, HEEHBTHLEHIHAHZ L
X, TNV ETFH ANEIT K - TR S5 %, atrazine BREE 1T K DB T2 & Wb
TV % (Shimabukuro et al., 1970), +H8IZHAT S AL7z atrazine (£, & D%REMIZ L - T
57 4L % (Kaufman and Blake, 1970), HA® T8 CiX, Korpraditskul 5128 > TF 7
LEPEIEREEEIEDS AV TH D RKO14 FEDS atrazine Z0fiFflE & L CHBES L TERY
atrazine D HIHIEESL pH FFIC L o THMEEN R Z LR ESNTND
(Korpraditskul et al., 1993; /NA#R -, 2000),



1.3 Atrazine | X 5 B HEFRE
1.3.1 Atrazine (2 & 2 AFEMEREIE T (2 BE 9~ D AF5E

BEETIZ, B FOHDIWITREFOEMIZX T atrazine WEFEIZ K 2 A 22 £ FH
PREEAR TSR+ D IRRBAMR Z A L2 WA 1372, Ly L7223 5, 2000 4EEH 6
atrazine |2 J 5 ZEFHIEEEIR N OB CTHER SaD 7o, Bl A I1X. Hayes H134%)
BT O A =0 % 0.01-200 ppb @ atrazine (ZHEEE S B 7245, 0.1 ppb LL_E D atrazine
WREE I L 0 HERERARDS 22 B AL, B U7 BED =L D I EH testosterone i & DARAE 2358
DB L AWE LTV D (Hayes et al., 2002), Hayes 5, A[E H7E 51 0D 2 3 ik
D& H D atrazine L /L1X 40 ppb (22T 5H Z & )5, atrazine BREEIC L DN RO
ATz & A AR RO RIR EE R & W L. BREEH O atrazine 73 77 /L D AEFEEERE
KT S5 REMED B D & BEL L CTU D (Hayes et al., 2002), % D, 2004 41 EU I
BWTIE, KEKFITHEMETH D 0.1 ppm LLED atrazine N E FIL TV D & LTER
AL L CoOfEHH % 2L E L 7= (Official-journal-of-the-European-union, 2004; Sass and
Colangelo, 2006),

1.3.2 Atrazine DIEE L b Mt A TEMEEIC BT B

AIROMEY | B O atrazine MREEIZ K 2 B4R et FEgk E & ORIRBRZFEN L7
WIS 72 5700, 2015 40 B AEEMAETSOTRIREEICHET 5 ZBSEEBHT
£5 &, B NTORBEFRBRAFIE, REHEIESEOZ NS S N D WEITR
WESNTWA(EAREER LTS TRRESICETH5EE2,2015), & MBI
S WFEIZ BT DHFSE Tl atrazine IMANIZEB W TV Z T4 L IIBERICTE -
T, ANITINAARB S L AIIWT VX AR E R SN D ERE ST D
(Abel et al., 2004), Atrazine 732 < ] S5 HUBIZ I\ TIE, TEMOFRIJINZIBA L
7o atrazine 23KEKHFICEENDGENHDH, ZO X 5 BRHUBIZIHBW T, iEH D0
IR VICRET 2 FRENEEI TON TS, LLRR S, WLy atrazine 1T &
HAERY A7 EFIEIHED LR, HDHUVIT atrazine HAMD U X7 L IXFE0WEINR
2 EfERRO T BTV S (Munger et al., 1997; Villanueva et al., 2005), 4RO A D 5]
Tl d . AREMH D WIIAHRVE AN L 7E R RE b E STV D,
Cragin O |Z, atrazine % G2 SHER T2 KEA U 2 A M EFER D720 —F 2 b
MO 18-40 i D 2 HITHEFT D LM x BRIz, HREH (n = 67) & R OEBKTE A
JLE  (luteinizing hormone: LH), — A& 7 24—/ (17B-estradiol: E2)¥5 L N7 & 7 &
7 1> (progesterone: PA)DIRH OMIE (n=235)% Kt L7z, €DOFER, atrazine =%
SHHT LAV 7 AINSET LM, EHOD RN S—F 2 M & bl U CH &8 )
DIERINH ST, RO AT 53U L TR R RENBD b rino T,



BEOMET ~ N ORFFEDND | atrazine BEFEIZ L 5 MAET LH, B2 35 KO8P4 JRIE D R
A L TWDH A, Cragin HIX 20 H OEWZEMEERIZ V545 atrazine D H &
L KB D atrazine JEFEDIEV, & D WITREZEIZ K HE W EFZE L TV 5 (Cragin et
al., 2011),

1.4 MEZ > b OAFEEERE

T v NeEteih EOIZFIEICK T HINE D OPEINT—E DO HAIEEFF D, E O/
PSRRI K> CRE< B AR D, HlziE, b MIFEH 28 HEW., 7 v M 4—5 HEH
THEINNA U %, BEIROZ121E, NN O IRREHIIL 2 78 5 I3 f kI ~FRE L |
TEAKATIED &M S N D MRS AR LV E L THDH LH O—BIED ' — 27 20E 5 K&
DA IMIEH ~D 53w (LH — N2 WA LT 2528, LH — Y O E%&“ﬁ
HOoDbE, ST 2B S TH D, IEBIRRINE~FEE T 272DITIE LH 72
FCIEAR <L FRRIC FERKRTEE D & W S U5 IRl As /L& > (follicle stimulating
hormone: FSH) & B E 725 E| 24 5, IR EMIHNCIE, BORIPHIAL FIZ FSH 245K
DOFBLO LHANPEECTH Y | HIBHNE D O YLEL S 4172 androgen ZF]H L T E2 DAL
AR E N5, IR E D% 21X, FSH & estrogen DERIZ L - T, IR B X
(VLR D A FEBL L CTUN7e LH 25K 78 BRI C B W TR B O 5.
MHOND EITmD, 3B LT LH /I K 290X LH O/ L 2RO 75U T T

FEAZEREA L T ZAUSHERO B2 D38 BRI 0 E2 JREDN —ERBEZBR D &
l~D E2 RYT 477 4— KKy 72 LT LH =Y 2EETHLEZLLATH
51H%~v%xﬁbk%ﬁﬁﬁmfi BRI~ O/ — RN L, HEIRtE

CITRLRIPBIT AR 2 TR L . BRLIRHIL OO A7 v A RApUAIL B2 225 P4 ICBATT 5
(LaPolt et al., 1990; Nakamura et al., 1991),

UL X512, 7y MZBWTINEREE O mIK AR OB ML, PEIRRH A LVE -
& %\ T steroid D AW 2 MK FIREDEE CE=F —FT 52 ENA[EETH D, £/,
FEERERR | FZ 12 33\ T estrogen receptor o (ERa) 23581 LTV | estrogen #7711 ’H’%Vﬂ
B LRDOEENEENT L DML TERY, FEMIEGZ VbW HEA A T #8152

O MEE I ORRE 2 BLEE T D Z L 23S ATRE T db H(Mowa and Iwanaga, 2000), Estrogen 0)63\
WIS R L BRI « Mk U JEEREIEE bR~ A Bk A 2 i 3
HZEPHONTEBY, BAATIFUTOXLIZHET LI LN TE D, T70bb,
D) ECEE I A A B N K% 00 2 FEIE R (Proestrus), 2) (LAl AN (e

SOTEEBDIRIZ A BN D FIES] (Bstrus), 3) AHIIRE 2D E 00 IZZH D H Bk 7
HIVDIIEH I (Metestrus)Fs LTV 4) HIMER & 52358 B 5 FIERIEH (Diestrus)
Th b, MERALIER O TIZ. 204 >OFBAHANICBIZE SND,



AR D & 30 . IO AR X OWEINIZ 13 FIRRETEED & 70U S 40 5 PEARHINS A L
ko THIEIENTIEY . FEEDD DRLEHWEIENIL S S8 ELOBKRT
S DERICE > THIEI SN TS, 20X 5 RN OBESOIREIL 1930-
1940 SR E D DIED, T D YEE, Marshall 513432 HEINENY) T H 2 M7 - DI
BRMNEE 525 L ZRERAEIEFIET Tho THHINT 5 Z & % fLH L (Marshall
and Verney, 1936), & ®FHF ® Harris I, MY % FOHUR FH O /ErESHRIC L - T
HHEII R SN D 2 L B2 X Ik /= (Harris, 1948), % D%, [FIEEIZ Critchlow 73 H 2K
PENE T 57 v b TH, FIEMRERIMGEIE-H 2 R o hALE X — L2 G L
PEIRM I S T2 TR T, HUR T2 O T ERIRICESN T 5 2 & THIN A
fifei® L 7= (Critchlow, 1958), — 4. FTEAEZFRELZ T v M TITESHIEZ 52 THHE
FRLZ2NZ &t BRI AN LIAERDEINCIZNATH 5 2 N GEH ST,
X 5|2 Harris 51X, Pola <> Green © & OHFEIIFIEIC L > T, FTEIKEHKR T LTS
MAERES 70 b N ERFINRZ M5 A2 F R L7z (Charlton, 2008), = @ ARk
(ZAFERVE A S AL, BUR FE D TERIK~EHT 2,

PERRFIEL A VE i ARV > (Gonadotropin releasing hormone: GnRH) (3, Shally
X Guillemin & XV RERENTZ 10 7/ BIOELXTF RTHY, ZhH LH R
FSH OMRRRIE A LE > 2T 2R+ THLH Z L 2MB L, mHFIL 1977 Fi2 /) —
~NVEFAHFE ZZE Lz, GnRH (X, JIENS DT +— RNy 7 2517 T GnRH
RS ANIE AL L. FERAEMIRTIC GnRH 28 SR E\AZ RIS 5, LH 04y
WEEEIX, GnRH O3k, 377255 GnRH 73/L 28 LT GnRH H— P12 X - Tl
I TWD, ZDEHIT. 7y MBI HAOYENREREIL GnRH % At 3~ 2 HUR
TESE . GnRH AKX YW LH 722 X3 R ha B 27 5 FEER, BLO0=E)
R b ofilifzz D MER (VRPN FE#ICEE T 2 2 & Tl ﬁllé%m
FBY . AR TE— FEA—ERE (HPG fill) & FEXIL TV D (1X12), HEIFD 2121
FEARPIARFIZ GnRH 23 KE AR FERA S fit &4 (GnRH $—3), & @ GnRH ﬁlﬁ%ﬁ(
2RO FEARD S LH 2SRM LI — RISt SN2 2 ERMETH H, 2D LH
P—=F IREND D E2 W X DHIR TEHA~DR ST 4 77 4 — Ry 72k -
Tl & 41TV % (Strauss and Barbieri, 2013),

1.5 WEZ >~ b atrazine (2 & B ZEFEMSREIZ X9 2 =
W7 ~ B atrazine MEFERIZ L D AFEREARIC KT 2 BB L CTlk. B OMFEN 72
EH TV 5, Cooper BT, i?‘\ﬁk&7 > M2 21 HIE 75,150 35 X OF 300 mg/kg @ atrazine
RO U CHEE 2 8152 L7IoRE R, 75 mg/kg TITREFMEE, 150 3 L1300
mg/kg TIFMERBIDIEENFEIR SND Z & 2R LT-, 300 mgkg BT, 21 HF&



BRI LTZ R A B AL, & HITITMES PAREOEHEN A DT LD,
s E MEﬁﬁMvﬂﬁéMTmé(cmmmmlw%nz§% % 51%, 50-300 mg/kg
O atrazine * Hi[Fl&HH WL 3 HEGT 5L LH — U532 2 & s L
DOFEVEfEAMFZEOFE R, 1) TEKF O LH B atrazine 512 K> TR F LT\ 72
VN, 2) BB IR (ovariectomy: OVX) + estradiol benzoate (EB)Fift#%5-7 v kI
ngkg @ GnRH Z H[E[E5-4 25 & fifEd LH 4 M#ﬁtéht_k%ﬁibfwé
(Cooper et al., 2000), Foradori & & [AERIZ, OVX T » KT atrazine & 4 HH#x5- L7z
%12 GnRH receptor agonist #5925 &, LH B ER Th o722 &5, atrazine
HIZ iofTﬁm%%c%@m&w&%Wwaémmmmmm2m%%:@*&
%, FTEIRD GnRH T2 FERO SOSHEICITEEZ KIFE X7, atrazine D KR -
28D TR —IRERERE DR NI, ?ETQ—FJB% Lo ETH D AlgetEZ g LT
%, Atrazine 1T X D HIK FEIZ 3T 552 22 BT 5 WFE TILEB & P4 ¢ 5-L72 OVX
W& > MT atrazine % 4 A& G- L. HK FEIZI1T 2 enhanced green fluorescent
protein (eGFP) CHEak L 7= GnRH &l L OMPRIE M b~ — I —Toh 5 cFOS ¥ >
Ry EYET D L cFOS #%BL9 % GnRH MMM OB 03 B DTz Z &2
atrazine %512 X% GnRH ML OTE MO K T A3~ Z 4TV (Foradori et al.,
2009a), LH $— UPkE512 %4 5 atrazine DRHW OB GIZBAT 5 8E S & U . McMullin
5, atrazine O FE 724 TdH % diaminochlorotriazine (DACT)% EB & P4 ## 5. L
72 OVX ALE T > MZ5 AR G3 % & [&E5 & @ 77 mg/kg (300 mg/kg D atrazine % %
G L7 EORB S5 DACT &MY LH — Y23 l559 5 Z L6, atrazine {3
PNZBWTEH LH —UEE5ICE G LT\ Dd Z & 2/RIB L TWA(T. S. McMullin et al.,
2004), DX HIZ, atrazine BEEEIZ LD LH H— s OBIFIC BT 2 M 3887
TET 20, fINIEE > TV,

1.6 Kisspeptin

L4 TH TR Y | GnRH 7V 26 L O — RG34 estrogen D7 o — K3y 7
Lo THI STV D, Lin L5, £ OFEMRENIT GnRH 2338 & & 1L TLIRE
RO TH o7, GnRH MM IZMEEEI Y DO AT v A MEHOZITF L7725
ERo MHEBL LN LA B TEY . GnRH MR H I AT 2 A RIC X o> CTEdEdH]
HENRNZ ERERFARLEVZAL ), DD, ERaFDAT B A RA/LEZE
K% 565 L H-> GnRH 23U & ELAE I3~ 2 IR D FAED TR IR STz, Z
DEFEDERMITT 5B 2 L 72 DRI 52272 W 555 %, Z 428 kisspeptin
PSR CTd 5,

Kisspeptin (X, & I TILKISS-1 BInFIZa— REIND 54T IV BENOLELXTF R



THU. 1999 FICHAELOKESIZE T, G ¥ U XV BRBEAZHELTH D
GPR54 [ZK14 5 U o K& L CHaMdEA & 778 & #U7= (Ohtaki etal., 2001), 2 0%
I, kisspeptin |ZEEICEEBINMEIEE T & LT B TE Y . GPR54 % FRHIFEL S 17- 2
T =M TIERNADOEBEME NHER I TWIZZ ENEYRFIIRA X AT
(metastin) & & FEEILTUN 223, kisspeptin DAEPRUREHEIZ A TH 72, ZD720,
A OITAEBERERRE DO 2L LT, 7 v MEHWTHEINFE SRR 2 S50 L 7245 5.
kisspeptin 28 i < 72 S FR A AR PEINFE I Al & L TH 54 TU 5 equine chorionic
gonadotropin (eCG) & [FIERDHEIFFHFMRE L A T2 Z & 2348 L 72(Matsui et al., 2004),
[EIRFICAR 1%, kisspeptin (X FEEARSNDEZEHZ R I RN DD, kisspeptin 2 5-1%
|Z GnRH AU OIEHEAL 258D T2, ZDZ &iE, AT F RIL FERELCINEIZ Lk
IRk 2 EENRIER 2R S7 . GnRH MM 2/t U CHEIR 235565 5 Alaett 2
RIE LT 5, & DFk, kisspeptin 75 GnRH M#EHIIAIZ EEAEH T 20 E0CBE 5720
2. 2 < OWFFEEIT L - T kisspeptin OFIR FEBIZ IS 1T D RTECAEBRBERE (23 2 AfF
TPMTOITC, ¥ U ADBIGTIBUFHT & 5 WVITSRAE R FRIMFZEIZ IV TR, 1) 8l
R == JE PHEZ (anteroventral perivascular nucleus: AVPV)35 X OV k% (arcuate nucleus:
ARC)FEIKIZ ERa 2345 EL L T % kisspeptin #fEMIIL D FIEN IR S D Z &
2)AVPV, ARC FEIZHELL~UL3 | E2 {KfFHITH Y . AVPV-kisspeptin 1% E2 23 il i
{FE FIZHBW T, — T ARC-kisspeptin % E2 2MEREGFAE FIZB W TR L~LnN
bR 2 2 LA &7z (Adachi et al., 2007; Smith et al., 2005), BiRD EFY |
LH/GnRH =Y OEHITIZ E2 DRV T 4 T 7 4 — RNy IV BRRETH DN, T Ot
T AVPV-kisspeptin f#EHIIEIZTEMHALDFRD H LD & [RIRFIZ, GnRH MREHEIE AN f7AE
T HULZRETEF (preoptic area: POA)IZ kisspeptin (2% 3~ 5 PR #5925 &, LH W
— ¥ DI FE D 5 AL TU N5 (Adachi et al., 2007; Kinoshita et al., 2005), UL L X U | AVPV-
kisspeptin #F&MAIX, LH/GnRH % — @ FALOHIEHIK - THDH EEZEZ BN TEY,
kisspeptin D3 WMEHESE D S & 72 H AN IR STV D
Z D X 9T kisspeptin 1L, GnRH/LH ¥— Y OilfEIK - TH D Z ENRBINTND
25 (X 3), 7 » b O atrazine FHFME LH — IS ERICI51T 2 kisspeptin M5z
—GnRH ##MIIL O B 52 BT 2 0F 98130 72, & 2 TARMFSE Tl, atrazine IR#RIZ K
% LH B — Va5 OAEIC DU T, GnRH ##&ARAE & 5 VN kisspeptin FHAEAR AL 7
LEEICER L, WHEE I LTz,

1.7 AWEOEH)
AAF5EIL, HEZ ~ b O atrazine MEFEIZ L D PEIRZ P & U 7o AR FEBERE I %3 D s 2
ERALMNITHZEEZBNE LT, £, BAEOMET v NI D285 HEH



PRELHEAREFS 1L O GnRH #EHIAZ O kisspeptin SUSEIZAE H LT &21T - 72, IRIZ,
LH —IZxt 9 2B ZH 50T 572012, @RE B2 # Ffcft 5 3872 OVX 7
v MET IV (OVXHE2 BT /WIZE T 5 GnRH ##AIE s XL O kisspeptin AR %f
THRBICER LI 21T o 72,
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2 EROW

—ERBIOHE _EOREA TV 2 —E, TNENH 4 BLOK 8 IR LT,

2.1 SEREY
M Crl:CD(SD) 7 v b~ (Afuipilf s 7 i) d6 L O Jel:Wistar 7~ b (AfafiREiE s 7
HEDIL, ENENART ¥ — L A A=A B IR LT HRASH LV EEA
L. &2 CTOEWIEMES/r— [647.7 cm® ()X 17.4 cm (5 )] % VT SPF
BRI T CRE L7z, B EEREIX TR E L,
fAEE © oy BRIEST U 72 [ERUETEL (CR-LPF, A U > & VEERE T30S )
FCBEK © KIEZK A B R EL
JRE © 20—26°C
TR © 40—70% (FHRHEEE)
R : 12.6 A1/
FRE . DORIR aoedT
MR 501x BAE (R E 85cm)
INIEASEH 4R 7:00 AT KOV 7:00 JHKT (12 BEREJE )
ETOEYFERIL, REEL TERXSHENED 2B OB NCETHH A KF
A NHEo T,

22 HIH
T EIT TR L VEEA LT, Atrazine (FH FULAR L3NS 4E, E2 1X Sigma £,
methylcellulose (MC, METOLOSE SM-100)3(5 B Ptk st KB LUV
HKIIRBREE TS, XA PERARKITE L7 A LV AR TERASt L 202
FUIE A L 72, Kisspeptin-54 (Kp-54)IZKfiE S (Nishimura et al., 2001)D F{EIZ Z D &Rk L
77

2.3 HBRME O
%£9°, atrazine ¥ 5O EMEL LT, 0.5 wiv% MCIRIEZ R L=, +72b5, 200
mL Z 3 256 D BOEY [TAREICK LT 1/10 ERLE O BIK (distilled water:
DW)% 60—70°C ([ZIRD AT MC % 1 g IMA THA L +2ICoB S8 %Ic, A2y
U Z =t L, FHL 4°C O DW THFEWZH (AR 0 K L7223 HEfR S, 200 mL
WA RT w7 Ule, AROpEEIL, atrazine & 5-BE 33 2 xFREEICERICER G LT,
Atrazine % 5-1&1%, 2, 4 3 L8 wV%IRETR (FEBRITIG U T G-k B 1348 8)) 2 3 il
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Lz, T72bb, 4 BLO8 wvelllilika 40 mL 32§ 2454 atrazine % 75

KFEEZHNCarr s va=y 7 IFP—HHT Yy 7RIC 48 g MELTZ, Ty 7
2.4 mL OHIEEINZ 7%, 1 9 2 ¥ —TCTRASET7, TOk, S U CoHHt
LEKEEEDLE Iy FI48mL O TE S CAHPEn L2 6Nz 21%. &
FEX XY —T3MiRA Lz, IBE LTEBREIE 2 o el 72N L 6
AN U H IR, 60 mLICA AT v 7 Lz, EIZ, AAV Y U HE—DHA%ENRT
74 v bha— L, BRENRA L7, TR L 72 SwlRiEIR 2 20 mL BRER L, & 21Ty
% 20 mL C 2 {54 R L CRIEED 1L CHAENER L 4 wvoolimikz s L=, =
NH% 5ml/kg T7 v MIES LT,

24 BEXATORREB L OHEAEHE

At 1 R OBIMEIIR 287 % 6, HH 1 EYFRTHICEA A 7 28T,
T OENILEL Sy DR Z D B O KEKD A - T2 FEmITiZ L, BICABE T2 nk
INHRE LT, KR LI DS T, AEZRED L2Ass bR H
STy MEBSTMBEEATA RTTALBEOAHETAL T L, +43IC BRI
ST, BARATHERN BRI TND Z & 2B LIk, 99.5v0l% T /L=t —
N W TEIR TR 2 RIEE L, HoI2miz Lz, 0%, 3 vol%¥ A i a v
T=EIR T 2530 et L2tk JBA A TIEARANPHBPNELRNE I ITp-< D L2
—3 [P L, WS E, Yt LEEA A THER 2 | L ABEMEE FcE L, A
& HE LT,

JEA AT D53 ¥AF X OE HUE
(1) #1581 (Proestrus)
BB 2 A MRS K2 S, AR ET 256866 5,
(2) FIEH (Estrus)
AL S B SUTEBIRICA B, ABMESIEET 2560 H 5.,
(3) FIEH% M (Metestrus)
AEAMRD E D ICZEOAMEKA A2 LiL, AGMRNRET 258655,
(4) FEIERIEH] (Diestrus)
Ff ek & RRIE 3RO B, THICABMRSSARRSIRET 256 bH 5,

P JE B o)
a. IEEVEEE 4 BEIZS BIC 1 BIREAEEIND,
b, BEEMES S BUERBEHMRA LR,

12



c. VEEHIOBEIE  BEMWEBNL ORI, 4 BEZIT S5 BIC 1 EESEFH B
éﬂéo

2.5 BT
Atrazine #5546 L <1X OVX FEfEDK 2 BRIRT DA A 7 28152 L CHE S
ZHIE L, IEEMERM o8 & S BEEISEND i 7,

2.6 OVX+E2 &5 /LB DR
2.6.1 OVX

T, BOREH2LEEBRNNY B THIE Lz, 2.5%1 Y 70T VIREBHES R %
MBI TR ASHIMEE T CTHDH I L MR LTH%, ~ U A=A DH OMEMES X
WAICE) ) Bz, FERSHFIT CHD L 2R L, 8FA (A1 H
1[E], 2 HRE] (1 mgkg)] BELOPUEWE [X=V » 2 THAL/body)|ZH 5 L. 0.5%
b BT Ty a— LT 2 HE Lok, B A MIEVLONREE T, B 12 B L0 K2
—3 cm B ONLE CTHRERZ & L CEREIZH 1—2em YIBA L7=, HIBHEBERR L K IE DM
ZHBEL, MEBEAK 1—2cem UIBA L, IPELE OB A vt v b T, JRER
BLOTEOEEERIMEY Uiz, V8 & T HOMER-RARTHREE L. INEZ R
M U7z, iz 0ol Le o, RS KO = 2 ENICRE L, IR L O
Fef§ % 3—4 $3ofkS Liz, UL EOBIEL RN b RIERICHE L, FIfif& T#2lic= Y
NRAHT—%IEEFL, 37°CICIROT-r—NTRET S ETHE L, TR, &
IREEBIZRFE DN & 2R L, @ O A — N T 2k L7z, JRERAE %
2 HENTEHOZ v N Y R D T — %2355 LIRS 2R U, Jefr a2 ik —
H 2 [BILL EO—RIREBIEZ 21T > 72,

262 E2FRIEV ) a v Fa—TOERBIOMT v FEFHBE T ~DBHE

vVaryFa—7 (YT AarFa—7 Cat # 100-2N, 2.0-3.0, SH No.2)%#J 2.5
cm ([ZHIWF L. F a2 B 25 A (EXAFINE, REGULATOR TYPE, GC Cooperation,
Tokyo Japan)Z FHWNTHE A L7z, dolf L, BERIDBNE LW 2 & 2R L2k, Bk
DE2EHAWTY Y aryFa—TICHREL, REH, 5K TEA L, BRENE L7k
W & AR L, S0 mL OmibiE IZ AR R K TIZ 37°C TBRERE L7z, BH. 2.5%
AV TNT VHBHRE R~ U A E— AN LR OTIERIIREE F Th D 2 & H iR LT
%, BWOEHIRE BB NY D THIEL, #HA (ARSI 1T HTE, 2 H
(1 mg/ kg)|B L OHMEME [X=V > 2 FHAL/body)|Z# 45 L, 0.5 %t BT
TV a—)LCINE AR Lok, B IERMLOMRRE T, B ERICARENC R L CHEELC
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F1—2cemYIBH L, F2E & REREO R 2 FIBE L 7%, B2 AV v U 3> F o —7 Z{Kih &
AKIAZ72 5 L HICHDIAAMEL R T2 HRRERA Lz, =X T —%35 1,
37°C [ZIRD T — VN THREET 5 E TR LT, BiE%Z, BENPRN L 4R L
W O — PN CEE A Lo, B2 A V) arF o — 7 Bk 5546 3 B H
MAEF B2 JREEIX, 332.26190.44 pg/ml [ : RIA{E (DPCE2 % v b =2 b+
AT 4 = ARASH) ] Th o 72,

27 —RREBEE, BEER IUKEAE

G HIZ1TH 1R, #5811 H 2R E $E5R1E LOEGEK 1 RER)—HBeR
BEIEAEm LT, 77—V A R o[RS LOROMEIR, i, AR L U0EZE
BT, r—VELIEH L, BWOEREHER L, BREEEEOZ({LEBIZE L, &)
WERE L CEMO RN, Em, EEm, Uk, ROREORELZR~-, B
HITERSAHOEELZAE L, O HLFERRICHIE LEOELY 1 HOEBEHREE LT
HH L7z, AEBLICEBHEREIIA N7 —OEFRKIFE2HWTHE L,

2.8 Atrazine &£ 5

1 B 1[E, 500 8:30—10:00 DI AHKE Lz, EHEICT + AR—HFT LD
ROy T L, WP T2 BSE RN ORAGTEL, VT OIMANT AT
& LT IR 2 _X— =2 VT E o 7o, BRI 2Rk, D EREN—E
IR D LR ELTZH &, BREOF WY T ZBPUEDO 7200 L9 ICHNITHA
L. BRI ZEA LT,

2.9 Kp-54 %5

Atrazine # G- BIZTHF B TG Lz (FRGHFZ @ 11:00), To, iz ER Y
B TEELE, BEHENRERAT VI — TR L%, BE e L,
a2 GEAL O TITHIA L, N &8 < BIWTIIKDORADB RN & gl Lo,
FHERIR 2 B NCEA LT, RS2 EH0 T E . il d 2 W IZFR R AR O U HH 23
RN EEER L, REERSNL, T—VICR LT,

2.10 MY > 7 VERER

HEFRER T CHEERIRD OE M L7z, T, SEMAERNY VU CEEL, BER
E L. HEE7 V3= U THTFE O WEICT TRWeE, PO~ T R D
LVRWE 2 E 72 25G RS2 8E EoMafhiE 2 L CEHEIRICRIA S8 7214, @
<Y EWBIL, FrEEZRRILLTZ, BRIIEHERSLNHIZTF 2—7I12 L, & 0508 L
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EAERI LU 77, ML, &R VTE U EEEHIE E C-70°C CTHRA LT,

2.11 Y v 7 VERER
21118 R TERDERER

Atrazine $¢5- 5 H H® 11:30—13:00 Of#IZ GnRH & A &JE D=2, K Tz
BRI LTz, 2—4%A1 Y 7V T CRRBHE G K 2 BN CTIRA S M T Ch o 2 L &
RLTcE, U AL =20 D OREHESKIRAICEI Y B2, BERRHEET Th 5
Ll EMEGR LI, BIIE L., MEEAREIRE L OKEIRZ DI L, st w7, £
%, SHSEH A HI L, A ERIBEL, BHET ARSI, HEHOEET A REL,
KIS KOV Z T L, BRERZE)0 B L KIS K OVMME —fF L TR H L=,
BEZUIWT L. Pk BICHElR L= AR K TR Z2BR 5 Lz, RIZ, K EICHEfE L
TV ATA Y — RKEET LA YA T R - 4T TWTKRPE L OVININ A T8
TEHE FIZ7e 5 & 912k v b, ratbrain atlas % 2% |Z(Paxinos and Watson, 2004), Bregma
0.20—5.6mm THIV H L, EIZ A A HNEHNTYIY H L7=Matsui et al., 2012), < D%,
DW T 5 & LK E WA LTz, 5 DALzt o 7 W I3ilE ki % T-80°C LAT
THRAFE LT,

2.11.280K TES AVPV B L % ARC FEIR DERE

Atrazine #5- 5 H H ™ 11:30-12:30 O []IZ Kiss] mRNA | E D 7= 12 FE F#5 AVPV
BELWARC #EE LT=, 2-4 %A Y 7 VT U IRBHE AR % IRIFAE N TR S ERREE T
ThHdHIEEMHRLIEE, v~ TAE—ADLOMEBHEESRBAIZE) Y B X, B
BRET T D Z & 2R Lictk, BIIE L. I REINRES L OKREIRZ 0IWr L, Ao st
ST, Tk, HEHMARLE, HRNEFEEL, SHEEEFEABRN I, HIEBOEE
BaBREL, KB LI O/MRZ R L, MRERZ IV B L KN X OVIMIKEZ —+5 L TR
D L7e, SREZ UM L, Tk RICHE(R L 7o AR K CIiR &2 BRrE L7, IRIZ,
KEICHE LI T LA v AT A =K d K OVNMRZSRTER A Fic2 b Lok
K L. rat brain atlas %52, AVPV ££EUHIZ1E Bregma 0 2> 5 2 mm OJE S TYJ Y
L. ARC HIZ1Z Bregma2.16 mm 75 2mm OE S THIY H L=, ZD% AVPV (X 1.5
mm DER/ T (KA 7 /v— ) HWTEILL 72, ARC [T A AN ZHNTEIY H
L 7-(Matsui et al., 2012), 455 AV72 Y > 7" W HHIE 3kt & C-70°C £/ 17 L 7=,

2.12 Hk
2-4 %A Y T7IVT VRREHE SR FREN TR ASEMEF T CTHDH Z L 2R Lz

%, YU AE—=ANEOMBHESSWAIZEI Y B, BERTMBET ChHD Z & 2 hk
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R LT-t%, B L. MEEKENRES L ONKERIRZ B L, Buist S 7=, 2o, k.
i, MORR. Arlee. Bhek. Mgk, m0RF. DPEE. PP, FEBIXOWGEAL. X OVX+E2
T LEIIIIRE I O W CIRIRAICBIZE LT,

2.13 PR oHIE
B AE S W2t (FiEIE, FIROEZ S8, I8 2k, A airn cIpE
KEBEGIB L, I ARSI B =90 1- 038 RS &2 B L, IO If1-% £
PRBAMEE T TRt L 7=,

2.14 KR TEH GnRH &8 EDOHIE
YTk =l — A — TR % . 6.25 vol% 272 B K D WOKEE Z RN L, 4°C
T RFRERENEFI Lo, ODBEC LY EIEZ L L, SepPak C18 2 VT80 % 7
T h=hrUW1% bV 704 0liE 1mL CGnRH Z#iH L C, —Bud T CHiks it
L7z, BREHEEN % 0.1%BSA-0.05%CHAPS-PBS CHH&# L C. GnRH 2 X, RIAKit
(BACHEM Peninsula, USA)% FAWCHIE L (HIEHEPE : 10-1280 pg/mL), & /37 JEE
%, Bradford-Protein Assay Kit (OZ BIOSCIENCE) % H N CHllE L 7=,

2.15 RIAEIZ X ZM8EF LH, E2 38X P4 BEHIE
MAE A LH 2 1%. NHPP (National Hormone and Peptide Program)7)> & O A i % fifi
L CHIEL (FE#EZF R : NIDDK rLH-RP-3, HHIEE 0.16 ng/mL), [ E2 2
IZ. DPC+ = A 7 VA —F v b (ZZF(LFAT 4= A (BR), B 10 pg/mL)
2 U CRlE LT,

2.16 R TES AVPV B LT ARC D Kiss]I mRNA BEDEE
2.16.1 Total RNA #iHH35 X O} cDNA &%

BREX U 7= BB M D> /L % RNeasy Mini Kit (QIAGEN)% i\ C total RNA % fhiH L
Too £ EHHAEMY 7L %33R0 40 mM dithiothreitol & 45 Buffer RLT Z ¥/ (AVPV:
350 uL/tube, ARC: 600 puL/tube) L. RT3 —&—% W CTRFEKRZ B L 7=, 12000
rpm T 2 53[0 B L7, RIEEEI L 72, FUX L7z B35 I & 0O 70 % ethanol %
WML ERyT ¢ o ZIZTRM L2, K 700 uL DIRGHRZ AT JMIB L,
12000 rppm T 1 7@ DEEE LT, AIREBEIELIZHZIT, R0 ORMKEZ A 717
LT L, FREE 12000 rpm T 1 0 OEE L7, RIT, T L T DNase 73 fig D7z
HIZ, 350 uL @ Buffer RW1 ZFRA1 L 12000 rpm T 1 235 DMRIE L, AiRE B LT,
IZ, 80 uL @ DNase (10 puL: DNase+70 pL: Buffer RDD/tube)Z s L, iR T 15 0&f
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& L7212 12000 rpm C 1 /30 E L, AIKZBEE L7, £ D%, 350 uL @ Buffer
RWI1 ZAE BT MMM L, 12000 rpm T 1 Fyim O E L7k, AIREBFEIELT,
% LT, 500 uL @ Buffer RPE % 7 7 AZERM L, 12000 rpm T 1 i O 0E L7244,
AR REIE LT-, D% EE, 500 uL ¢ Buffer RPE % 57 7 HZHSHI L, 12000 rppm T
2 PREDEIE LT, AIREBEEL., W72 LlnalbsyarFa—T71lB
L. 5412 Buffer Z 25427212 10000 rpm T 1 2y EmEORIEL -, D%, BT
LEFHLnalbrsyaryFa—7ZB L, 30 uLRNase 7 U —/KZEIM L, 10000 rppm
T 1 3 Gd % 2 & T total RNA 2 L7c, & 2 £ TORMETETERTHEML
72. RNA JE¥£|%, NanoDrop ND-100 (NanoDrop Technologies)% VN CiE & L7, cDNA
A E%i%, High-Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific)z >
TiToT. T7hbb, 15M4:H7-9 2 uL @ 10X RT Buffer, 0.8 uL ¢ 25X dNTP Mix,
2 pL @ 10X RT Random Primers, 1 pL ¢ MultiScribe™ Reverse Transcriptase, 1 pL D
RNase Inhibitor, 3.2 uL @ Nuclease-free 7K35 & T8 1 ug total RNA & 4 Nuclease-free 7K %
10 uL OAFE 20 uL OGIEEFRAB L, b—~ Y1 7 T —ZH T, 25°C T10 45,
37°C T 12043, 85°C TS5 ppi ST,

2.16.2 Realtime-PCR 512 & 5 mRNA BEDEE

ERETEM L7 cDNA Z8 & LT, U 7 /1% A L PCR Z i L. Kiss] mRNA ¥
BlE % W& L7-, Tagman Gene Expression Assay (Thermo Fisher Scientific)% VT,
KissI:Rn 00710914 33 X TN deth: Rn 00667869 % V72, 0.5 uL @ Tagman Gene Expression
Assay, 5 pL @ TagMan Universal Master Mix II, with UNG (Thermo Fisher Scientific)33 &
0.5uL ® DW 12, A% L 10 ng/uL in DW [ZFH%L L 7= ¢cDNA % 4 uL iz T, &5t 10
uL THRUS S ¥ 7o, BOSHEEIE, 95°C T 10 o SUs S 7%, 95°C T 15 B I LU 60°C
T153% 1A 70 LTHEH0 Vo1 7 VOGS 'z, Acth ZNEHERE S L, mRNA
FEEUFHTIE A CtiEZE HIV e,

2.17 WEEHLE

2 HEOYA. F REICLY 2 HOSBO—HREOREZITV., FEoHO%LAEITIE
Student O t KiE, RN ELDHEATE Aspin-Welch O t BEIC L 0 SEHMEDZEDKE %
1ToTc. EDAHEKMEL, FIREIL20%., t BEXMIH 5% XN 1% & Lz, HER
JEMERBR DG . Bartlett FUEIC KD BHEDBO— DR E ZIT o 72, Z DGR,
L OGAITIE, B &SRR A iR & L7 Williams #E 21T - 72, Williams
FRE CHE CTRWEAIZIL, Dunnett FE & O CxIREE & & B30 & OSEBfE O 2%
DIREZAT > 72, Bartlett E DRE R, NESMOGE L, B2 &SR % Atz
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& L 7= Shirley-Williams #& %17 - 7=, Shirley-Williams & CTH & TRWEAIIE,
HERE & SR & DO SPERNALL D ZEZ DN T MARZIZE D < Steel #E 21T 2 72, BED
TEKHET, Bartlett #2213 5%, Williams f% & 35 & O Shirley-Williams A% & (3 /18] 5%,
Z OMDOBE M 5% E 1%L Lz, BAEARECONTIE, ANOVA BRIEIS
FORBEOBEANT, ZHEOVEIEZ ST OME LT o2, TORME, AER
HDIZDNTDOBRFERERUEVRE 2 i L7z, SHEHEBIZB1T 5 ANOVA BE %

TRLICR LTz,
- RO IMAEF LH 2 : repeated measures ANOVA
- A LH ©— 7 JREEF KO #R T EFH (area under the curve: AUC)H : one way
ANOVA
FEHTIZIE. SAS System Version8.2 Z i fil L 7-,
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3 B1E MET > O atrazine 12 K D E IR 5 B

3.1 HH

7 > NZ atrazine & —EEBXEHRGT 5L, WEMORFENBIEIND Z LA
HITWDED, ZOJRKITRTIZA S0 E 72> TRV, & 2T, atrazine MEFEIZ L 54
THESREIC ST 2 5B A R D 72l I N EELE OMET >~ M T atrazine & 1 H 1 [H]
KRG L HEICEE L RIETHEBIOEORELE COREEZRL & LHIC
atrazine DYIFIIKEEIC X T DB EZ TR D -0, KEHRGHZOMEET B2 BEL IO
P4 IREOWUEZ Lz, S 5HIZ, GnRH M#EHIIEOD kisspeptin (2% 5 KIGTEEZ TR 5
7212, atrazine KEH 541 Kp-54 Z Hila|Z MG L Ciin s LH BEEZHE L
(X 4).

32 EALET > MR D atrazine KEHR G DORER
3.2.1 AR LU—IREE

400 mg/kg #ECIE, 1B CHG-3-5 BICEEDORED, &5 4 BICAREBOK TE X
DR N2 & NCEE 5 BIAMNE O BOENA A LIV, &5 6 HIZFL Lz,
ZOMOEFEYTIX, #5 1-8 BIZAHI CEEORMD B A LI, #5 8 HIZ 1T
HIE A b, 612, FIEEEG%2 O REEINES X OEBEEORD B x| [
BHRRIAENR Do To 2 LR 8 HICRH| 2225858 S 1 [FIHE D kisspeptin 4% 5-
BRI, AAE AHE R K OPEIRRER T E N L e hr o 72,

200 mg/kg FETITHE G 3-5 HIZ 4 HICTHEEORD DA LINTZNE DR EIEN LI
7= (FE 1),

322 k&

{REE X, 400 mg/kg BF TIFHRG-BHAAIR A L, RFRERE & boi L Tk b 2-8 H CHtat
RN B IR A R L7z, 200 mg/kg BECTIIR GBI L=, 85 3 BHLL
BIZEEMm Z R Lz, Las L, [RIBECIIRIREE & bhl L T 5-9-10 5 L 1V 20-23 H
THEMFICA BERIEEZ R LT (K5),

(REEHIN &L, 400 mg/kg B ClIoef AL & ik L C, &5 0-1 H CTHEEHFEIIIC
AE, 53-8 H CIIARMEBE M 2 7~ L7z, 200 mg/kg BECIE6 RRE & bl L ¢, #5 0-
1 BEU13-16 H THEHFMICH B RIKEE R LTz,

3.2.3 BfEE
400 mg/kg FECITRIPREE & bLlt L CTREG- 0, 1, 2 BE TV 7 H CHGHENICE R R IK
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EaERL, &5 6 A CIHMMEMEM A& ST, 200 mgkg B Tl ERE & bl L T
50, 1 BXO2 HTHEMFHIIICAERIRMEZ AL, #5659 HTEfEZxR LT (X 6),

3.2.4 AL
400 mg/kg FED 3 Bl THE 6 HENSFIIGHI AR L, FBIERIEH OB AR
IS5 BEMEEABIE Sz, 200 mgkg BEICB W T H AR TR G- 6 HED D 400
mg/kg BE & FIEROBEF AN BIE ST, 209 b O 4 FITIEHEE 17 HEMHIER
PER I ~DEIE R S 728, o 1 FHEEENRHR SR h > T2 (32 2),

3.2.5 AFHEIERLVE L OSWEL

M AEF B2 R 52 : 200 mg/kg BEITHFREE & bbilie LT 221338 0 Hivie o 72, 200 mg/kg
HoH L, MEBOEENR LN -T2 1 Bl QFOHIZBWNTE LUVMEKEZ R LTz,
200 mg/kg BEDOVEAMRIE D 4 B> 5 B 3 fi] (2F02, 03 33 LN 05) TIFZE XA LR
Mol D 1] 2F01) TIidE LWMREZ R Lz, £ O 1 FlOfEIMEE ] o [E115 73
NI T2 16 QF04) ERI%ETH -T2 (5 3),

A% P4 P2 FE: 200 mg/kg BEITGFRRE & e U C R AMICH B @2 s LT,
200 mg/kg BED 5 BYEJEWIOBEIE N Hiv7eir->72 1§ QF04)iEL, HLWEEZRL
72 200 mg/kg BED O HIEJEWIOEIEN BT 4 Bl 5 B0 3 4] (2F02, 03 BL W
05) TIXPReEfEZ R L, 16 QFONTIFE LWEEER L, 20 1 FlofEiErtE
HOEEN A LR D> 72 1l 2F04) & [ Th o772 (3R 3).

3.2.6 GnRH M{&HIRE D kissppeptin (Z %9 % 2

Kp-54 #5-mi72 5 NCHEG% 1, 2 B X0 4 FERICH T 2 ifsEd LH &, LH v —
7 EEFR LY AUCoan 2 L7255 5. 200 mg/kg BREDFERIMEERIC 31T 5 i LH
TRRE T, RPHREE L LRl U C Kp-54 #&% 52 B K OV 4 BRI CREGH RIS B R K 2 R
L7z, 72, MfEH LH ©— 7 B2 EF X OV AUCoan 13 200 mg/kg BE Tl IREE & b L
THRHAICA B R Z R L2, 200 mgkg RED 5 BAEAIORIE N B2 -
72 1 B QF04)DOAEIMFFRIZ I 1T A M LH RE, i LH ©— 7 REB IO
AUCoan [T RFERE & b U T3 L <A Z2 7R L7z, 200 mgkg BED 5 B [RIHE 2
FHTZ 4 B9 BHO 3 F] (2F02, 03 38 XY 05)DEERIMKERIZ I 1T 2 s LH
FE. Mg LH B — 27 BB R O AUCoan [ZZ2 T B> 7208, fhod 1 41 (2F01)
TIEE LWERE AR Lz, £ 1 FIOMITHEEMIOREN A S0 -7 1§ (2F04)
ERIRRETH -T2 (55 4),
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3.2.7 AR T O RE
400 mg/kg #ECIE 3 FlIC 1= OZEAE, BIE BRI L OB MBI B RN AL, 2 6]
(D ZENE, 1 B IR O ZERER L O D2 8 E)RNH Hil-, —J7, 200 mg/kg
FECIHBEITRIZA Do T (3 5),

3.2.8 BRI RS B R
K FRRE & BB DO BN 1T 20 o 72, 200 mg/kg BED o BRI ORIE N BT 4
FlD 5 HD 3] (2F02, 03 35 L TN 05) IXxFREEE & bl U223 B2 o 7253, 1 4
(2F01) T LUWMEAEZ R L=, 200 mg/kg BEEERED 5 HAEE D EHE R A 57 h->
72 1 6 2F04) OPEINITHER S N2> T- (GR 6),

33 EBE

W=~ RIZ 200 35 TV 400 mg/kg/ H @ atrazine % [ E# 535 &, 400 mg/kg #ED 3
BN 6 HED B FEHEN 73 IR I 23 2 6 AU R I OB R VR S 7z (3 2),
F7o. 1 BUCHBEIB O T, AEHOBKEDHIL, IRK Tk L OFEERD 0814
Eh, ®E6 BT L (1), TOMOEFFIZE O THEFICERRDB IO
1 BNCHE 2SI S T3 1), RIEETIEE HICIEEHEME O R EHINImHR L SR
WD MH BT Z LD (K5 BLV6), HEMOE, BIE. BRPES X OMROZE
b2 ED—REHER SN, & 25D 200 mgkg BETIE, 5 Bl&fl &Y 6 HEMNS
400 mg/kg B & FIERICERH I R B IER LR AN DD, D5 L 4 I THRE 17
HEED SR DEIE R A S 7= (2F01, 02, 03 B L ON05) (£ 2), [A#E Tl atrazine
B G5ANCE R REHINMEIRS X OEBEEORD N A BTN, ZO%EIED
HHTz (5B EV6), 2 b DOZEIFBRCHE SIL TV HHER (Cooper etal., 1996;
Eldridgea et al., 1999; Shibayama et al., 2009) & 32— L7z, 200 mg/kg TILFE{E & DI
D ig & O— KB EIMIMSNIEE N A S 72 Z LS| Figiay 7R oo
TALITIRBEEEALIZ K D IR 72 2 Cld 72 < | atrazine 23 HAERIZME B I E % K
LR EZZ BT,

200 mg/kg & Tl atrazine #5- 22—29 HDOWFH2y 1 HO 11:00 (2 MHEH E2 B L O
P4 JRIEZWE LTz, HEMOBRIENA S 3 6] (2F02, 03 3L 05) CidimiEH
E2 BEICHRIEDOEBII A LT, METH P4 BEITCCEETH -7 (57 3), MEEW
DEENRZ ST O 1 6] (2F01)F L OMEF O EIE R A Hiv/e o172 1 i (2F04)
TR B2 IBEDREB I OPAREOEM CTH- - (23), ZiLH OB TIEHE)
FRIFEIZ, LK (B THY ., EMRHBEDB R ChoTlclzdT — 4R E TP
FOPEIREGR A 23 7 B dv Tz, Cooper & DRE T, 7 v MZIFVT 300 mg/kg O atrazine

21



Z 21 A9 5 R EL-EHARB L OUES P4 BEDO EH NI 511, atrazine D
PRAEFE BIREMEAN R S LT 5 (Cooper etal., 1996), > T, ARSEERD 2 f5] (2F01
BLO04)TH SN MIEF OEIEE D P4 ITRE LIRS O3 WNTEEIA L, F 7=,
PEIREL DA T IS atrazine $£5-12 X - TIPRRE B HAE S B2 O 43iibds L OWEIR 2341
HEnizr=oAE Uiz bz,

Atrazine %% 5- 22—29 H H DWW Hh 1 HO 11:00 {2 100 nmol/kg ¢ Kp-54 % Hi[a|fz
THE L, Kp-54 BERIZRLONCEYG 1, 28 X004 BEFZ IR LH #E 2H10E L
ToAE S, 200 mg/kg BECTIIf BRAE & bblg L C—iaMEd LH % — PR O 03 2 5 1L
7= (F4, TDHH, WEMOEEN A SO 14 (2F01)3 K OWEEH o [RIFE A
BN o T2 1] (2F04) Tl LH B — VS INTIRIERD b ino T (F 4), &
BRAY e LH Y — I3 3 1ITR L72i@ Y | HIK TEEOD kisspeptin AR At S 2
kisspeptin 7% GnRH #if&Hfa 2R L., £ 2ot &% GnRH 28 FHEE(RZ filig 5
HZLETHREEND, 72, ZOLO 7R LH YV —2F, IR LV SWMEhD AT a4
RARNVEUPIEDT 4 — RNy 7 IR TEICED 2 & THFE I D, Atrazine WEER
& LH B — 5 & OBE Z FH 72T FETIE, OVX 7w MIZ EB & P4 Z[RIFFIC
Figifk 5- L atrazine & 5 ARl G-9 5 & Mg LH IREMUELZ R LT Z L b,
EB 35 X O P4 1T UK FE OSSO T 23R S 41TV % (Tami S McMullin et
al., 2004), F7-, T » MT atrazine & 4 HE#EE- L, UK FEIZI 1T % eGFP-GnRH
B L O OEMAL~——TH D FOS OX X7 BIET S L HLRBT 5 #
VR DWW DRI BT Z LD atrazine #5125 D GnRH #RHIIROIETE DK T
DARIZ X TCU D (Foradori et al., 2009a), & 512, OVX 7 v MMZ EB & ek 5- L.
atrazine % 3 A& G L7222 GnRH #5925 &, LH 8 —@PRIC ER- L2 &
5. atrazine %5 L TCH FEARD GnRH 15T DS MHITHEFF SN TnWba &2 5
U5 (Cooper etal., 2000), Kisspeptin (% GnRH & E o 4 FEFEBE & - AT §E 72~ 7"
KCToHY ., M7~ T kisspeptin @ 100 nmol/kg & H[RIZ TG4 5 & &5 2 Ktk
e —7 & Lic—i@thEd LH —RO5W AL 5 2 L RHE ST % (Ishii et
al., 2013), —J5C. kisspeptin (2 X5 LH O3 UWAMIILEEED E2 BNMLETHDH Z LN
JRIZXILTHE Y (Pielecka-Fortuna et al., 2007), ASAFZE C O F g4 E A %2 7~ L 7 BRI
BT % kisspeptin & Hilal[ 5% O—i@ D LH O EHANFER SN2 77 " & LT,
E2 K F &2 L= L OVdH 5% GnRH MR H & OFEHK T35 2 btz
1 B QFODIZ DWW TR MAEF AN AREOELN A LA, WEMITIER Th -
7o (R2BLUVY), LrLERL, ZORKIFFETE R0, SBRFID 4
HLCThHD,

P EOFERI Y, M~ MZ 200 mgkg/H O atrazine & NAERR #5795 & PEE
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WCHREAZRTZ ENMEREINT-, £, 20D OEM) TIZIINZEE OMFIRCINED 5
D E2 A3 WOAK T, W2 BRI AR K O kisspeptin KTERY 72— Uk LH UH OIK T
WMEMBIEEZIENDZENHALNE o7, 2D X 9 772 atrazine BEFE 12 L D 522803,
PREIZ R AEAER, & L <IIHUR THF (kisspeptin £ E8HHE 35 K O GnRH 5 HA2)
T DERMNE 2 B0 508, Bk odi@ V) HPG IR FH8, F AT L OWRE A
PRICEB L CTHRET A Z LD, EREATEEMEOWT N, H D WIXEDI 72D
DWTIEAME TIEH LN T D 2 LT 2D o 70, BUR TR, INEEERE, =
NENUTHE R 2 Y CifE 21T 5 2 L T, atrazine DB BE4 2 ZEI 22 AT 23 Al REIC
RHEZEZLND,
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Atrazine R 1B 1% SRR (2004 £ 1400 mg/kg)
-— KRR ER R
e -RE
- 14 B £A
BE5EREBE—
BgAER—"— 90
\ 1000| | <@ i —> LH, E2, P4
11:00] | <| 100 nmol/kg Kp-54 i [E1% 5
“""-.“12:00 < ﬁ‘gm\
""'\“13:00 <« gmn— |4
15:00 4 ?sTéxm/
900 | <| HIBRUBINE S

4. B1EITBIT I ERME

R MR SRS S VT ET > R IZ 200 35 KT 400 mg/kg @ atrazine D 5 H [l K AE#E
5% Bith L7, 400 mg #EClX, FEREMEORERMMEIN 2 B 2 &b 8
HIZ R 2R S 72, 200 mgkg BEIZ, #%5 22-29 HOMIC (Fof&d& G-kl CIEFR
JEH P A, BEMEER 0 D #1) 100 nmol/kg D Kp-54 ZHAIf F& 5L, #5725
IZHEE 1, 2 B4 R O ME T ARLE L REARIE LT, & 512, atrazine Fr &R
BB RIZHI I K OPEIRE 2 FE ki L 72,
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Day after administration of atrazine

5. EENLEMET > D atrazine T 5 L AEREICKT AHE

HEALE OMEZ ~ BT 200 3 X0V 400 mg/kg O atrazine % 1 [Bl/H KA G- L, A %
E LT, &85 ILOYEE HEHERZE (SD)E L TR LT, * p<0.05 vs. vehicle control.
(two-tailed Williams’ or the Shirley—Williams test)
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Day after administration of atrazine
6. IEALET v b D atrazine £ 512 L A BERICK T HEE
HEALE OMEZ ~ BT 200 3 1OV 400 mg/kg O atrazine % 1 [Al/H K E#E L. E{E %

HIE U7, &8 S ICORE R 2= (SD)& L Cor L7, *; p<0.05 vs. vehicle control.
(two-tailed Williams’ or the Shirley—Williams test)
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Kisspeptin {3 #HRa Atrazinez 512 & 55E

R DEIE
KisspeptinZy i
i A
GnRH##ZHE
GnRH%3 ik
LHiR & 642 &L 1=
kAT kisspeptin R it £ DIET
LH%> 384
- ’ s
BRR(B2/P4) [ s n(RALEL RS

7. B1EZBROHPE

HEALE OIEZ ~ B IZ 200 mg/kg O atrazine % 1 [0/ H KEB G U72fE R, MHEHI2ME R
L. ZOJRKE LT, atrazine 23IFFAEREIZ/EAH L E2 IR 441 L C HPG 23 8% & 7
S 7o AREME, 3 KON atrazine 7% GnRH &AMl IZ/EH L C kisspeptin (2132 RS MED
T L7z ATRBPE DS RIR S 4L72,
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£ 1. ELEMET o b O atrazine B 512 X 5 —IREBIT R 2 2

Test article Vehicle Atrazine Atrazine
Dose (mg/kg/day) 0 200 400
No. of animals 5 5 5

Pretreatment period

Normal 5 5 5

Treatment period

Normal 5 1 0
Emaciation 0 0 1 (day8)
Decrease in locomotor activity 0 0 1 (day4)
Soiled fur 0 0 1 (day5)
Ptosis 0 0 1 (day4)
Decrease in feces 0 4 (day3-5) 5 (dayl-5)

HEALVE DT ~ B2 200 mg/kg O atrazine % 1 [8l/H K fEHE L FEHG-HIL1 H 18],
BH5HIE A 2 ELE @GR X O G% 1 R —BeR B8R 2 550 U 7=, Bl
X, FhENBIE SN EEE R LT,
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# 2. EALEMET >~ b O atrazine ¥ 52 L A HEHICxT S

Test article Vehicle Atrazine Atrazine
Dose (mg/kg/day) 0 200 400
No. of animals 5 5 5
No. of females with regular estrous cycles 5(100.0) 0(0.0) 2 (40.0)
(%)

No. of females with irregular estrous phase 0(0.0) 5(100.0) 3 (60.0)

(%)

First day of irregular estrous phase

No. of recovered females from irregular

estrous phase (%)

First day of recovery

6.4+0.99  63+0.69
4 (80.0) 0(0.0)

17+2.8

HEALE OMEZ ~ BT 200 B XV 400 mg/kg D atrazine & 1 [Al/H REHREG L, A A

TBIZZ Ko THE 2 HIE LTz,
a: SEPEE RS S L BIR O AR R (SD)

b: BRI 5 OEIE SRR S T ER O EEIE R HER 7 (SD)
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F 3. EALEMET v O atrazine T 52 X B IPEKB N ITHT D RE

Test Dose Animal

article (mg/kg/day) number E2 (ng/mL) P4 (ng/mL)

Vehicle - 1FO1 41.861 3.231
1F02 19.985 5.218
1F03 38.087 1.641
1F04 44351 4.850
1F05 57.727 3.440
Mean 40.402 3.676
SD 13.602 1.427

Atrazine 200 2F01 12.617 58.056
2F02 67.649 14.865
2F03 34.459 10.076
2F04 14.018 54.719
2F05 75.463 7.402
Mean 40.841 29.024 **
SD 29.471 25.150

HEALEREZ ~ M2 200 mg/kg D atrazine % 1 B/ HPEH- L, # 5 22~29 HHDOWT i
2> 1 HO 10:00 O M B2 JRE RS X OV P4 B, &8 5 VLo FXE LR 2E (SD)&

L C/r L7z, *;p<0.05 (t test) vs. the vehicle control.
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# 4. ELEMET v b atrazine ¥ 512 X 5 GnRH ##EAEIE D Kp-54 1289 5 K

PSRy -2
Test Dose Animal Time after dosing of Kp-54 Peak AUC
article (mg/kg/day)  number (ng/mL) (ng-hr/mL)
Pre 1h 2h 4h

Vehicle - 1FO01 0.258 80.280 56.718 6.228 80.280 171.714
1F02 0.852 9.332  52.394 8.718 52.394 97.067
1F03 0.192  12.750 73.994 12.910 73.994 136.747
1F04 0.222  66.954 74976 11.856 74.976 191.385
1F05 0.352 45.012 58.518 10.874 58.518 143.839
Mean 0.375 42.866 63.320 10.117 68.032 148.150
SD 0.273 31.687 10.438 2.668 11.925 35.995

Atrazine 200 2F01 0.078 4.104 6.816 0.266 6.816 14.633
2F02 0.386 51.410 35.632 1.736 51.410 106.787
2F03 0.540 20.206 41.522 2.978 41.522 85.737
2F04 0.026 2.306 8.916 0.136 8.916 15.829
2F05 0.458 16.246 42.514 4.770 42.514 85.016
Mean 0.298 18.854 27.080* 1.977* 30.236* 61.600*
SD 0.231 19.748 17.752 1.948 20.794 43.225

MEALIEMEZ ~ M IZ 200 mg/kg @ atrazine 2 1 [FI/HFH- L, #5-22~29 H H DWW T
2> 1 B 11:00 (Z 100 nmol/kg ?® Kp-54 % H[AIfZ F#5- L% O MmEd LHIE, LH v
— 7 IR LV AUCoan, HF 5 IEDOFEJE AR HER A (SD)& L TR LT,
P <0.05 (AVOVA and t test) vs. the vehicle control.

* indicates
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* 5 ELEMET o b O atrazine B 512 X 2 F BRI R A EE

Test article Vehicle  Atrazine  Atrazine
Dose (mg/kg/day) 0 200 400
No. of animals 5 5 5
Normal 5 5 1
Stomach (focus, black) 0 0 3
Adrenal gland (large, bilateral) 0 0 3
Uterus (small) 0 0 3
Spleen (small) 0 0 2
Thymus (small) 0 0 1
Lung (discoloration) 0 0 1

MEZ > FIT 200 35 & TN 400 mg/kg O atrazine & KIEH G L. HERERICHBL, &
TR O RIIREIZR 2 30 L 7=, B, T sk zr Lz,
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£ 6. EEMET > D atrazine ¥ 512 X HHEINC R A &

Test Dose Animal No. of oocytes

article (mg/kg/day) number Right - Total

Vehicle - 1FO01 7 2 9
1F02 7 6 13
1F03 5 8 13
1F04 7 3 10
1F05 3 5 8
Mean 5.8 4.8 10.6
SD 1.8 2.4 2.3

Atrazine 200 2F01 0 1 1
2F02 5 7 12
2F03 6 12 18
2F04 0 0 0
2F05 10 13
Mean 4.2 4.6 8.8
SD 4.3 4.9 7.9

M2~ MZ 200 mg/kg @ atrazine )KAE G- L. fef& B OFRRHZYIRE o O JRE/ A

& FRBAME F CTRHA Lo, #EGEH AR EZITRRO Do iz,
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4 H2E MET v b atrazine IZ X 5 GnRH &AM R X O kisspeptin %M IZ
X9 o HE

41 HH

1 EOMKREIY, HET >~ FT 200 mgkg/H @ atrazine ZXEHG5T 52 L2 L -
THNEMEEEME T L, B2 /3 2ME T, 38 K OV& % i GnRH ML O kisspeptin (2
KD BOSHEPME T L7k, LH 0w A i 41, HPG #liDEH 2 41 L CTHEJE 23
A L7z &3 2 iz, GnRH #EHIIE O kisspeptin (2 %F 95 B TEIZ I BEAERE D 52 28
HERELSZITHIENMBNLTWNWD, £ 2 TARETIL atrazine DIFEFEREIZ XI55
B ERT 5 729012 LH H— PHFEICILE S 41TV 5 OVXHE2 £ 7 /L & HIV T L GnRH
PRARAR LS KON kisspeptin AR X3 2 S22 2 G~ 7= (1X 8),

42 OVX+E2 EF /T v MIEIT 5 atrazine D 5 H BRER 5 OFRER
4.2.1 —IREE, KEB IO LH —I25 5%

OVX+E2 #i#1Z 100 1 £ 18 200 mg/kg @ atrazine % 5 H &5 L7=fE %, 200 mg/kg
HETIE, THBIXOEMBEEOWD N ENEN 1 FITAHALNTE (FT), £, KEITX
FERE & bhie LT, 100 38 K UV 200 mg/kg BE TEALELL 7.5 %3 KOV 12.1 % & A EISHD
L7= (X 9A), £7-. atrazine %55 H H (B2 Ffci% 5-B045 2 H B)IZ LH % — ¥ &2 852
L7455, 100 38 £ TV 200 mg/kg #:C LH Y-— VI AR S, £ OREILFZ%ETH
52 ENRENT (K9B-D), HEZ » B Ti, 10%F TOREHE PG Tl ATEMERE I
KT HEBT T EE D L IEXA LNV L STV D (Tropp and Markus, 2001),
L7eo T, LIBEOEBRO B &IXEEFEEO DI o+ 78 LH H— Ui
ZiH%3 5 100 mg/kg I[ZF%E LT,

4.2.2 GnRH R BICK T 2 &

FUR T o GnRH &4 &iX, WERMO GnRH/LH H— VIRIFIICEEN T 5 L s
SN TWD Z &5 (Barr and Barraclough, 1978), HNE®) Z#kElS 5 7212 11:00-
13:00 ® GnRH & A &% HIE L=, Atrazine %5 5 H H OFK FEH O GnRH & H &
%, XHREEE L atrazine BEDHIZ 2T A DR o7 (X 10),

4.2.3 GnRH ##EHIFL D Kisspeptin 12 %32 Rt~ 5
Atrazine ¥ 5- 5 0 B (B2 £ipif 5-B844 2 B BT Kp-54 (2645 OS2 774 L 72,
E2 #&G-RIOEERDIEA A T BITATHRIERIEFOGNBIE SN TEY | B2 Fifcik s
Bts 2 A B OEROBEA X 7 BRITETRIEM OGN BIE Sz, *THREEL atrazine ff
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EDORNTIEA A TR O T B> T2, B2 %52 H H® 11:00 (2 Kp-54 @ 0,0.1,
1 £7213 10 nmol/kg Z B[R T4 5 L7z, &G54 1. 2 3 X083 Bffilig o Mgt LH =
JE 2 E U -5 5 e FRBE & atrazine BED W Kp-54 O F BARIFA) 72 fffEh LH 2
JE D@D I A 7~ Uiz, s LH v — 2 #2513 Kp-54 @ 10 nmol/kg #% 57T,
KFHEHE & Hel LU C atrazine BEIZ B W CREGHPRIICHE RN Z R L7z (X 11A), 72,
AUC [ZxHIRRE & i L CEIZA B o 72 (K 11B),

4.2.4 Kissl BRTRIICHTHHE
Atrazine ¥ 5- 5 H H® AVPV @ Kiss] mRNA 5 &% E &1 PCR CTHIE L7k E.
atrazine #EIZ B W T, HEHFHIICHARRBEEDIK T2~ L7 (¥ 12A), —F4 T, ARC
® Kiss] mRNA FEHE (3R L atrazine % 5 OIS FHANICH B R ZIXA BN
73 7=(IX 12B),

43 EE

—FETIX., EOHMT >~ N atrazine BEFRIC L o> C LH fRHiEZHEELE L2
kisspeptin (25925 GnRH #5332 SOSMEDIK T35 bivlz, LinLReni b,
GnRH %Al kisspeptin (2419 2 SUSHEIXINRMERE D EZ R&E 2T 5728
atrazine $¢5-12 X % kisspeptin SCGMEAR T OJRIK A, JNEAKEE R FIZE K T2 D,
atrazine DTERIZ LD b DORODBXEF LEWERE -T2, 2 TH _FETiX, LH
=TI STV D OVXHE2 7 /L& T, GnRH 35 X O kisspeptin (5%t
THREEI T, T atrazine 512X 5 LH —VHET VEERT 5720
OVX 7 v FZ 100 F L1200 mg/kg D atrazine 1 H 1 [BIF& O #5- L. atrazine $5- 3
HHEHMNMD B2 #5843 L C. atrazine % 5-5 HE (B2 52 HE)IZE TS LHY—
EEIERLIZEZ A, 100 B X0 200 mg/kg TIEFLZD LH % — Y OREEINFRO Hiviz
(X1 9B-D), — 5 T, RE T IRAE & bhlE L C 100 353 X OV 200 mg/kg T, NI 7.5%
BLO12.1 %A L= (1 9A), 200 mgkg TH HAVT- 10%% 8 2 5 (K EHEINHNH] 72 &
DA NV RAAMHIEL, MET > N OAFIEEEICEZ KIET 2 N LTS (Tropp
and Markus, 2001), & HIZ[EHETIX, FHIZR EDO—RAIRBOE(LNBDO LN TND Z
EMB (F 7). WEEIZE 5T LH Y — V5N ER Szl itk n s z bz,
100 mg/kg 1% 200 mg/kg & A% LH 47‘~://Bz%% ISFRSD B AVTZ DS, REEEEINHNH] 3o B
BE & HEHE LT 10%AK0# Td v . AREHININHIC & 5 R 72 A THEERE 12 %3 2 528803
Dipun&EE 2 B (Tropp and Markus, 2001), Ho—ﬂx)ﬁ(ﬁg IZEAER B LI o T 2
Enn . BEFRREO DI NE S5 LH — Y OREI A A H AT 100 mgkg %
AAFFED atrazine |2 &L D LH —UE5E T /L & L CHWE, BERS TIX, OVX ALE
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7 v b Tl atrazine $¢5-12 1> T GnRH %7 2 SOSMEITIER TH D Z LRI S 41T
%Y (Foradorietal.,20092), & 5(Z, OVX+E2+P4 #LiE 7 » k@ atrazine (Z L 5 GnRH
AL DIEME DAL T 23R 4TV 5 (Foradori et al., 2009b), ZALHD T Lk,
atrazine £ 5-12 X 5 LH ¥ — 59 O JFUR 213 1) GnRH ###1AE © GnRH A BEAS R,
& 5N 2) GnRH it 2 I3 25 BALO > 7 F ARER, T 725 kisspeptin £F#EHH
FalZ 2 % R IE LTV D RTEEMENRE 2 Tz,

OISR TIX,. £ 1) GnRH ##EAIIIZIS T 5 GnRH Atresiii 2 B A9
ammm&ﬁsBamuﬂw:mw4%$E&T&5LT\%@%@ﬂ&@LH%E%
GnRH itioV a7 — h~—J01— & U TREIFIIICHIE L7z, Kisspeptin |3 GnRH f##%
HMA A B4 L C GnRH % & &4 (Seminara, 2005), Mt ~ @ AVPV (ZBIT 5
kisspeptin /X, GnRH % % —IRIC/3 I S5 (Maeda et al., 2007), 7 b IZ kisspeptin
R FEE T % & GnRH MR OTEMED N 540 (Matsui et al., 2004), HELLE O
> MZ Kp-54 R #5932 &g LH RER —@MEIZ BA-925 2 & 206 (Ishii et
al., 2013), kisspeptin D & F 51T K 5 8+ LH IRE O ER1X, AX7F R2% GnRH
PRARARRL 2 FITR L 72 R A L T D & B 2 BiL D, Atrazine $25-% O kisspeptin %
FAZ X % —#tEo LH fitisgid, Kp-54 O H&EFIIC EF L (K 11A-B), & 512 Kp-
54 @ 10 nmol’kg Tlx, xHHEL ik L TAHER EH 2R L7 (K 11A), atrazine #%5-
I3 Gnrh mRNA OFEFEIITHEZ LT ST —J7 T GnRH MRS OIEMEZ KT &
252 ENRBEE TV D (Foradori et al., 2009a), =ik O kisspeptin (2% 3 5 SOt
A EF LKA & LT GnRH AR RIS & o THIR M1 o> GnRH & A &30 L
TWD Z EITERT 5 A[REMEDN S 2 HALT2 03, AWFSE CIEHK T GnRH & A &2

ITRENA LN o T, WEORETIX, BAEOMEZ »~ MC atrazine & 4 H [
HL72%OEHEE (median eminence : ME)IZ51F % GnRH & H &ENHEMNT 5 Z &M
IREFLTUND (Cooper et al., 2007), ME (213 GnRH #fE DO KA 3 B RIEL TWD =
L% (Herbison, 1998), atrazine (Z 2> T GnRH 43 WAHEME T LAKHI TE TuvZen
GnRH 237 L7IREETH D A[REMEN B 2 b D, ARIFETIL, R MK TO
GnRH GH &ZJIE Lizizh, bTh7d 5 W IEIRFTHZ GnRH AR Tkt 3 2
AL ZRZ TN TRV DD E LR,

ZZETORERMND ., atrazine ¢ 512 X > T GnRH OG /2> 5 LH 53 WE T
BERBICR BT A LN WD EXRIBE I, FTMEDOHALE L E LR WRERTH -
72o = 2 TWIZ, 2)GnRH O _EALD > 7 F V%, § 725 kisspeptin ~D L fFt L
7

7 v MR TEICIE O kisspeptin ARSI NFIET D Z ENH BTN D
—2l% ARC ICHEMEILICHFAEL CAT A RARNVELC DRI T 4T 7 4 — RNy 7 %
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Z 17T GnRH/LH D/ )L ZARSGWNZEH 535, & 9 — 2% AVPV IZHMED R ZTFET 5
kisspeptin HHRHMA CTH 5, MEZ ~ F D AVPV T 1T % kisspeptin #FHIfRIL, E2 DR
VT 477 4 — KNy 7 % kisspeptin #EMIAE FICHBLT D ERo 4T LTS 7o,
Kiss] BIRFRBLEZIEML, TSI EHEE GnRH & — RO W S5 Z & 2VA
HIL TV D (Maeda et al., 2007), Atrazine $£5-12 K % K T AVPV H10 kisspeptin (2
X BB EY] ST 57201, Kiss] mRNA ORBLEZ /=L Z 5 atrazine £
HAZ X % Kiss] mRNA BB EDOF BRI T ARO b7z (M 12A), Kiss] mRNA DOFE
Bif: L kisspeptin X7 F RPEA 8X° kisspeptin #FEHMIE 2> & @ kisspeptin fiH & & DR
FRIZOWTIHIF L A LR TWRWAS, Hu HIid AAV 7 A L 2% W T Kiss 12
o7 F ALY AEEE AVPV IR G952 LT, LH — YRk
HZ &R LTEY (Huetal,2015), atrazine %512 & % Kiss] mRNA JEH £ DK T 0
kisspeptin FEAE DK FIZ-D72 230 | FEFRAIC LH Y — R GW DI D7 i o7z &
BZHTLIIHYTHD, Ho &b, kisspeptin MEFAAD B AR DIEHALIZ DU TIEAHF
ZECIIMETHR TIR HJ°, kisspeptin MFEMAE 2> & O GnRH ##EHEIEL~ kisspeptin X
HIETIZOWTHRMETTE TWVRY, D DRI OWTIA R IFMARRE AL E T
&%, Goldman L DME TIL, REBRMER LITHEZRY | OVX+E2 7 v NI atrazine %
4 0 5% WK T AVPV H1 0 Kiss] mRNA FEBURIZHEN 2N L 0URBR E i
TUW% (Goldman et al., 2013), A4 Tl atrazine |2 & ¥ Kiss] mRNA FEHZEL T L T

AEROMEOHBIIRATHS, —2dOAFEMEE LT, LH b — VST T LD
T/E@Jﬂiij’o F OB EF D3FE VN E 2 5415, Goldman b DHFSE Tid, OVX 3 L OVE2
DFFge 5 Fhin & [RIRFIZ atrazine £ 5- 2 Bila L TRV | S HIT E2 OFffei 5134 HH
&0t S 4L TV % (Goldman et al., 2013), — . AWFIE CTld OVX Ffft L [RIFE I 2 5% 1)
7212, ¥ 7 atrazine DA D NER 5 % BtG L. atrazine % 5-3 H H (%M%L@ 2 HEND>
5 E2 OFfifk 54 BitG L, E2 Frfefk 52 H HEM LTz, #EZ ~ MT@E 4—5 HO W
A 7 NVTHRIET 203, OVX 7 v MTEIRED E2 28k 592 2 & CHgisEiFs &
MEHOY—I8 LH i 25| S 2T Z EBAEETH L, LR s, 20—
UFk LH ActiE B2 Figefe 5-B46 3 H B D RIS 35 2 EnlE S Tns 2
&5 (Tsukamuraetal., 1988), OVX+E2 7 v MIH1F 5 LH W — VR HRED FBR 5
RIZ L0 B D ATREME DN E X AL, 2460 Goldman B O & OFEDFETH 5
b LIV,

Kiss] mRNA JEHX, E2 DRTT 4 77 4 — K3y 27 % ERa A3 T ELD 2 & CHil]
INTWVD, RFEBRTIE, OVXHE2 S TIZH T D MM B2 R EEI3oe FRE & bl L
TENRNI LD, ERa ~DfEiE % atrazine 2P ET D AHelE S L <X E2 @ ERa
fEE % OIERIZXTT % atrazine DIHIIIEH 3B 2 b7z, McMullin 512X 57 > b
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FLR THEB A FH 2 in vitro 2 KRS A 5ABR TlL, 125 mg/kg O atrazine %5 L7255
DK atrazine @ Cmax 737 0.3 pM (64.8 pg/mL FH )% L T, #EAHEER (Kifi)
(% 0.2 mM (43.2 mg/mL) & atrazine JNIRIED 660 f5LL EDOIRE TH 722 L5
(Albanito et al., 2015; T. S. McMullin et al., 2004), “E{RNIZI51T 5 atrazine D ERa ~D[H
EIEMEITEH CTE D LR IS, — T, ERa &I3HID G & /37 HHAER T 2 |
07U KT D GPR30 % atrazine 23HET 2 Z L AR ST S (Albanito et
al.,2015), L2 L7235, Treen . AVPV @ Kiss] FELE GPR30 IEKIFHITH 5 &
WELTWDZ LD (Treenet al, 2016), AMFZEITISIT 5 Kiss] FEBUK FIX, atrazine
I2& % ERa [HE S L<1X GPR30 ¥ 7 FABREICITERN LAV EBEx bz, 4%,
E2-ERa fESH D T D> 7 F %4 5 TR Kiss] @ ERo fBIkO -y = %7 «
v 7 72@%2%7& E OGN, atrazine 12 K 5 LH Y— U589 OMEIEMEICEKN D L& 2 5
iz, S HITARMIETIE, ARC @ Kiss] HBEUITEEIZI AN -7 (X 12B),
Foradori (%, OVX 7 v NMZFW T atrazine BEFEIZ X > T LH 7SV ANEI T 5 2 &
&S L CW 5 (Foradori et al., 2009b), ARC @ Kissl #BlX, = A ka0 BAD7
4= RNy ZIZE>THIEEND EF X 5TV D (Oakley et al., 2009), L->T, K
DHIEIC T D miRED E2 fAE T, T72bb 7 L b EH#L~LTD ARC O Kissl
FHEBB L OENICED LH WIS EZ RIE S RV ATRBER R S iz, 4.
AVPV 3 X T ARC FEIR D kisspeptin MFEAINIIZ 51T 5 E2-ERo fE G HEIIZE B L7245y
F AN =X LOMHBHIRFEND,

AR O Y . B RO atrazine MEEEIC L 2 B @Y E & ORIREGREZFEH Lz
WEITRE 57220 ALFWEDO e MO LM Hbc I, FERRR L 2R )
53k 5415 NOAEL (No observable adverse effect level)22 5 & MMIBIT 5 — HHFAE
DRERHEND, 2015 0 A AEEREFZOFRREFICHT 2 EZBERERC LD L.
2 [ D atrazine DIRAEF 53R Tl »~ & d NOAEL 1% 70 ppm (3.5 mg/kg #H2) T
Sl Einb Ty hE b FOREE ’F%ﬁ“‘éﬂﬁ%@iﬁz% 10 LfELT, & FO—H
TREEL 035 mgkg EFAH SN WD (HAEERAYS FRBESCHEHTLIE
B2, 2015), EBRIC atrazine 4% 5 TIHIZ BT Dk é?@% . 10 — 700 uM/workshift
(8h) ({AHE 50kg THAFL L7-3A. K 0.0004 mgkg/day FH2) L& i STV DM
(Catenaccietal., 1993), t h % iﬁ)ﬂﬁk% PERREE 35 2 &2 K D AETHERE IS % BT
B2 AT Y 72 B 72, ARBFZE TR, atrazine O HIFIIREE (23510 5 BT RE I %)
T 5 R BLOIEMI] %2 GnRH AT X O kisspeptin #H#SHIILIZE B LIFSET
% 7=8\T atrazine % & FHE CIREE SH722, A%, bzt MlhlcBI 5 Edinfkie
DFBOAREMEL IS 2 LTkt MBI 2BEMREEMMIOAREEZZ D, &6
ICRHIMRER BT 2 B RBOA S LOWIEMANEE TH L LB X b,
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LLEDOFEE DG [atrazine 5 5-12 K % LH ¥ — 2 OJEIHIT I kisspeptin #H#E 255 5- L |
FRIZ Kiss] BAG 1 OHRE L)L COIH D Z 72 Z 12X D kisspeptin D57 &= AKX
T GnRH/LH H— Y OF5 % 5| X i & L7z AlREMES RIB S iz, 414, atrazine 12 &
% Kiss1 ZEBNHI OEAE T3 L O klsspeptm NTF ROPEA « FUWBEIZDOWT LV FE
KRGS 5 Z & T, atrazine £ 5-1C WL LOHLNCTHZLENTELLEE R
Y W e
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[EEHARE (5B[M)

Atrazinetx 5 H#if (5HE)

A
OVX

A A A A

A

100, 200 mg/kgF f=FiaHE

E2HiR5 I
A

8. F2EIIRITHEBRME

—

4

EFMEEMPA MR INTZMET v MCOVX Z M L, 5 B M ORI 2% T 72, 20
#%. 100 ¥ KT 200 mg/kg O atrazine @ 5 H FRAERE O # 5- %2 Bth L7z, Atrazine X5
3 HBICHEME FICE2 BT 2 — 7 DAL, Z D14 atrazine £ 5- 5 HH (B2 ke
52 B EDIZA IR,
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—~ 200 ) | —— 100 mg/kg
C ES —e—200 mg/kg
) [=)]
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> g4 -
B 140 === Vehicle @
@ —&— 100 mg/kg z 2 -
120 -
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Day after administration of atrazine Clock time (h)
C D
10 - __60 -
£
8- E 50 4
< o
§ 540 E
g 6 - * S
3 * 3307
S 4 - g * *
T o 20 1
4, ] 2
- 10 1
-l
0 T T 0 T T
Vehicle 100 mg/kg 200 mg/kg Vehicle 100 mg/kg 200 mg/kg

¥ 9. OVX+E2 5 » hO atrazine B 512 X AHREB L LH — DIk 5%

OVX+E2 7 v NZ 100 mg/kg @ atrazine % 1 [Bl/H, 5 HREEHRGHFOKRE (A) *;
p <0.05 vs. vehicle control. (two-tailed Williams’ or the Shirley—Williams test), Atrazine % 5-
5 HHOIMEES LH #EE (B), LH E'— 7 2 (C)F L U LHAUC 10.0021:00 (D)o
Two-way repeated measures 2-way analysis of variance (AVOVA) (B) % L < % one-way
ANOVA test (C, D)IIZHBVT p<0.05 7R L72ZEIT DV T two-tailed Williams or the Shirley—
Williams test Z JZfifi L7z, *; p < 0.05 vs. vehicle control. &-#f 6 VT D -IME = A2 U {7 7=
(SD)& L T/RLTo,

41



A 0.020 -
[0}
© |
5 0.015 -
Y
o
2 0.010 -
S~
(@]
£
T 0.005 -
e
[
O 000 :
Vehicle Atrazine

B 10. OVX+E2 7 v b atrazine #2512 £ 28K THE GnRH S &IZH 25 &
OVX+E2 7 v NZ 100 mg/kg @ atrazine % 1 [Bl/H ., 5 HREIER G L72% OFK TH

$ GnRH & &, &8 6 IEOFHE CHEHFEZ (SD)& LR Lz, Mt A EEITA
LR o T,
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60 - 400 -
[ Vehicle *
B Atrazine _ 350
50 - 3
- g 300
£ 40 T 5, 250
(®)]
£ 1 2
T 30 - £ 200
o
X O 150
T 20 2
o ; 100
10 A - 50
0 -l:l.-.l_:l.ﬁ.Iji_ 0

0 01 1 10
Kp-54 (nmol/kg)

[ Vehicle
I Atrazine *

0 01 1 10
Kp-54 (nmol/kg)

X 11. OVX+E2 7 v b ® atrazine £ 5:1C X % GnRH #iZHHIID Kp-54 (T35

Bt~ gL

OVX+E2 7 v N 100 mg/kg @ atrazine # 1 [8l/H, 5 HMKE# 5% D 11:00 (Z Kp-
54 ZHAAIRZ T 5 L7z, Kp-54 FeHAi72 5 NNTHEG% 1, 2 B IO 3 Kl o g LH
E— 7 RE (AKX LHAUCosn (B), #HE 5-6 VCOVEHfE MR (SD)& L TR L
7z [Dose of Kp-54: 0 nmol/kg (n = 5 in each group), 0.1 nmol/kg (vehicle: n = 5, atrazine: n =

6), 1 nmol’kg (n = 6 in each group)], *; p <0.05 (Williams’ or Shirley—Williams test) vs. the 0

nmol/kg group. #; p < 0.05 (t test) vs. the vehicle control.
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Vehicle Atrazine Vehicle Atrazine

12. OVX+E2 7 v b ® atrazine #% 512 X 2K T#F AVPV KO ARC D
Kiss] mRNA JBIZ%4 5 s

OVX+E2 7 v hZ 100 mg/kg @ atrazine % 1[5/ H 5 HME# 5% OFUK T4 AVPV

(A)F LTV ARC (B)IZH51F % Kiss] mRNA F8BL&, #5#f 6-7 L (vehicle:n=6,ATR:n=7)
D -IIE = HEHER 7= (SD)& L Crn L7z, * indicates p < 0.05 (t test) vs. the vehicle control.
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Kisspeptinfd{Efliia —— KissT Bz FHIREET

Kisspeptin4s i .
PPN S RHD & Rtz I2 2%

° RIFEH
GnRH###Z#i GnRH##E48R Dkisspeptin|
T ARBHCEEELAL
GnRH% i
TEMAEIE

LHY—S«—— LHY — 2 D EES

\ 4

ONE (E2/P4)

13. F2EZBLZOMPE
OVX+E2 7 » FZ 100 mg/kg O atrazine % 1 [0]/H KIE#5 L7-fE 5. GnRH £ Kp-

541 ZKkT BRI ITREZ KIFE X, LH — Y OJEE5121T atrazine (2 K 5 AVPV D
Kiss] BB EDOIKTFAEE L TS A[REMED RIE ST,
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£ 7. OVX+E2 7 v hD atrazine #5112 L 5 —fIRBEBIZ X4~ B &8

Test article Vehicle Atrazine Atrazine
Dose (mg/kg/day) 0 200 400
No. of animals 5 5 5

Pretreatment period

Normal 5 5 5

Treatment period

Normal 5 1 0
Emaciation 0 0 1 (day8)
Decrease in locomotor activity 0 0 1 (day4)
Soiled fur 0 0 1 (day5)
Ptosis 0 0 1 (day4)
Decrease in feces 0 4 (day3-5) 5 (dayl-5)

OVX+E2 7 » MZ 100 mg/kg @ atrazine % 1 [Fl/HKEHEG L, FH&EE5HIZ1 H 1 [F],
FERIT 1 A 2 FEE &A1 IOREERK 1 R —RBBIEE 2 F0E L 72, Bl
X, ENENBIE ST EERE R LT,
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5 WeBH

AAFTEIL, MET ~ b O atrazine BEFEIZ L 5 AEFHMREIC T 2 B A LT H I &
EHME Lz, £9°, EBABEOHET v MO 82 M, JIEEAE & O LH /i
ZEREIE L L7-ARER RO kisspeptin RUSHEICE R L7oife 2177 (8 1 3), RIZ,
GnRH/LH % — Ik 2 58 4 B 6023 5 72012 milik B B2 e 5- S ¥ 72 OvX
Z v MNETIVIZEIT D GnRH #EHIAE & O kisspeptin #HRE AR C x4~ 2 2RI EH Lz
Wzt -7- (552 %),

H-ETIE, £, MET v MC 200 mgkg/ B O atrazine & K{EH G L7 fER, 56
A B> D VEJE I O45 155 D LA SR 3 - DAV Tz, Atrazine £ 550 3 % O IR H A L
T, RPRREE & bl UCL R B2 IREIIZZEN A DT, — 5 CTIUEF P4 R
WEFAAE R ERZ R LI Z 80D, atrazine #5-12 X 5 UNBERE DK T 28R S
Too ETo, BEHK 3 MHRE £ TR L TREMERNZ 5 EIR T, S8R0
BLOHEIIE DR T2 2 H 7z, RIZ GnRH #EEHIE O kisspeptin (2513 2 SO % i
N5 72U, atrazine KIE R 51212 Kp-54 ZH[EIEZ TG L, £ O%KOMIET LH BE
ERE LTz, TOME, MR LH I3 atrazine £-5-8F Tl JREE & Heile L CIRET
&Y | kisspeptin SUSMEDIR T 235580 bivlz, AR LH — I 3 IR L72E Y |
AR T E8 D kisspeptin FHARHEAL A & Bt 415 kisspeptin 75 GnRH R Al 2 HlE L |
ZIMBHENS GnRH 28 FEREZHIET 22 L THFEEND, £, 20X 7%
LH —20%, IR IV WS d AT A RELVEVRIEDT 41— KNy 7 KT
HRIZED Z L TR SN D, Kisspeptin 1% GnRH #R A o0 AE BEHE 2 RFAH rTREZ2
FRTHY, #Z ~ MIT kisspeptin @ 100 nmol/kg & Hi[A[fZ FE 535 & 85 2 WEf
BrE—7 L Lle—@ED LH r— RO WA E T 5 2 & BHlE STV S (Ishii et
al., 2013), —J57C. kisspeptin (Z X5 LH O UWNITEIRED E2 B ETH H Z L DR
2 I TH Y (Pielecka-Fortuna et al., 2007), ANAFZE T B E M JE ] 2~ L7 BRI 1T
% kisspeptin % HL[F[ & 5% O—i@MED LH O LA PNFER I 2o 7R A & LT, B2 K
T LI EB L OH 5 0E GnRH MR J OIEMEIRTAE 2 bz, 7720
b, atrazine #5237 ~ b GnRH M#ESHIFL D kisspeptin (2% 2 SUSHEAR FIZ-D72203
DT ENTRBEINTZH OO, atrazine $ 5 OIFEFEREIC KT 2/EMA L. GnRH %Ml
WX HEH & 2 X0 L TRETT 2ITIZRA DR B - 7,

HPG $illlZ% 3 % atrazine O A Et L7 e THFSE T, Famlc btk L=k 91
PNEABEEE 12659 2 20 FLIX 2\ (Cooper et al., 1996), % Z TH # ClX, atrazine D IFH
BREAEIC 6T 2 WA HEBR T 5 7212 LH % — UHFEICILH ST % OVX+E2 £ 7 /L
Z T, GnRH ##ESHAEES L O kisspeptin #RSHIILIZ kT2 e BAEFH =, £7°,
OVX+E2 €7 /L7 v MZ 100 }F 200 mg/kg/ H O atrazine % 5 H I KER D& G- Lz
FEE. RTPREEE KL CAHER LH — YoMl 2R Lz, wic, [T
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atrazine @ 100 mg/kg/ H % 5 HERER DG L2 ZICHK T+ GnRH & &% i
T TA, XHREE L Il U CEITFE O b i o7, [FIRRIZ, atrazine 2 5 HR#5-L
727 /V 7 » M kisspeptin & HLEIZ T#¢5- L, kisspeptin ¢ 5-% O MAEH LH JRE %
WE U755, atrazine BEISHIRAE & A% D LH itHiAEA 7R L7 Z & 525 GnRH ###%
FHAE O kisspeptin (X792 SUSHEIITREZ MIT S W2 LR Eniz, — 5T, il
IR THB AVPV IZ351F % Kiss] mRNA OFEH B (L, I L g L T atrazine #f THE
RIETFRAH BN, HEZ ~ bD AVPV 28T 5 kisspeptin MFHIRIZ, E2 DR VT ¢
77 4 — KN 7 % kisspeptin ML FIZRELT D ERa 241 L T2 F 7244, Kissl iE
fERBEEZMNL, ZIUIE &/ X GnRH #H— R SE 5 Z &R Tn
% (Maeda et al., 2007), Kiss! mRNA DOFBi& & kisspeptin ~~7"F FPEAEX kisspeptin
FRISHAAR > & O kisspeptin FH & & DBHRIZHOWTIHIF L A TR B TRV,
Hu 513 AAV 7 A VA % AIWT Kiss] \Cx$ 07 o Fr o A4 ) GFilik% AVPV (LR
eG4 452 T LHY =Y ERTHZ 2R TEY (Huetal, 2015), atrazine
BT £ % Kiss] mRNA FEBLE O T3 kisspeptin PEE B DK FIZD72223 0 | fERAVIZ
LH =R W DI DR o T2 L B2 5D 2 L 1T %Y Th D, Kiss] mRNA FEBLT,
E2 DRV T 477 4— Ky 7% ERa DNZITHDH Z L THIE STV D, AHFZET
(X, OVX+E2 4&ff FiZH1T Z i E2 J R I 3oa e & Jle L TN RN 2 Linh,
ERo ~ODif& % atrazine 23PLEF T 5 AIREME S L <IE E2 @ ERa #5GHOIEAICH T2
atrazine D HIFHIFITER 235 2 472, McMullin 512 L5 7 v MUK T8 % F V72 in vitro
SAREFE B TIX, 125 mg/kg @ atrazine Z# % 5- L 72354 O IMA atrazine @ Cmax 73
#1 0.3 uM (64.8 pg/mL FHE)IZKF LT, #EEPREFER (Kifi)i% 0.2 mM (43.2 mg/mL) &
atrazine IMINTRE D 660 5L EDRE CTH o722 &> (Albanito et al., 2015; T. S.
McMullin et al., 2004), ERNIZISIT 5 atrazine D ERo ~DBEJEMEITIEGE T 5 LR
IS5, — i C.ERa L ITHID G Z /7 EIEI T 2 b v 7 5K T % GPR30
% atrazine ’HETH T LRI TV D (Albanito et al., 2015), L2>L7Z2n3 6,
Treen HIX. AVPV O Kiss] FBUE GPR30 IHKIFITH L EHEL TWDHZ LEnb
(Treen et al., 2016), AFIEIZII1T D Kiss] FEHBK TIL, atrazine |2 X % ERa fHE L <
1T GPR30 7 FVEFITITER L2 B2 iz, 4%, E2-ERa f &% D T
2T T ATKT D TR Kiss] O ERa fHID T B2 = 2T 4 v 7 IR E ORBGESHS,
atrazine (2 &5 LH H— s OWIEMRIAICEN S LB 2 bivlc, S DICARWFSETIL,
ARC D Kissl FBUIIEILA L7272, Foradori HlX, OVX 7 v MZEBWT
atrazine g% (2 X > CTLH/ NV ANES T 5 2 & Z#7E LT\ % (Foradori et al., 2009b),
ARC @ Kiss] FBlL, =AM FrOAD7 4 — KRy 7IlkoTHIEENS £ 5 %
HIL TV 5 (Oakleyetal., 2009), K-> T, ARWFRICEIT DERED B2 /7L T, T70b
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B LB HEMEL L TD ARC O Kiss] FEHLIBS KOS S LH WA i3se 8 %
FAFE S IRV ATHEMEDNVRIB S 7=, A 1%, AVPV 15 X TN ARC FEIB D kisspeptin F#EH e
BT % E2-ERa fEGHEICAE B LI/ 1 A 0 = XL OMHR IR S5,

AR DEY . B MO atrazine BEFEZIC ELHER) 7o R & D IRIRBAMRZFER L 72
WEITRE 5720 ALFWED e MIRT 2 LML, FERRIR M R )
5RO LD NOAEL /26 & MIBIT 5~ HIFFEENRHEN 5, 2015 F 0 HARERE
AT EZOTRIREFICET 2EZBSERNC L D & 2 M D atrazine DIREEH 53R
CTHEZ ~ h @ NOAEL IZ 70 ppm (3.5 mg/kg fH4) Th-7=Z L, v hé b FofE
NPT D AMEFR L E 10 SEL T, B hO—HEFAEREZ 035 mgkg & HH &
IWTWD (AARFEEMRAETS FPRIREFICET 5 & 823,2015), FEFRIC atrazine &%
9 TR IT HREEEMEZEFE 1T, 10 — 700 pM/workshift (8h) ((KE 50kg THAR L 723554
K 0.0004 mg/kg/day FH4) & 5 ST 528 (Catenacci et al., 1993), & b 22258
FMEREE 95 Z LT K D ATHRRRE ISR D BT T D AT R A T2 6 20, AHTSE
Tl atrazine DFEHI MR I 1T D EHEHERE 62 %’ MEFEBLOBEIEREY] 2 GnRH #
AR FS L O kisspeptin #HARRAIILIZE B LIFFES 2 72 812 atrazine % i H & CHREE S
7o, A%, SHIiTk Mtk 7‘Z)E?ﬂx}éﬁ%@%*g@Efﬁb'i%ﬁﬂ?fﬂﬂﬁ"éJ:“C“ Eg
BT DMEMREEMIORAELE O, S HICRYIFRERIZH T 2 EMERBLo A
BRLOKEEMANEE THL EEX DT,

LI EDOFER DG | atrazine % 512 & 5 LH Y— 2 OIHIZ 1T kisspeptin %23 BE 5 L |
BRIZ Kiss] BAG T DHRE L~ )L COIH N Z 722 125 D kisspeptin D57 b A
T7% GnRH/LH ¥ — Y Oisgg % 51 & 2 Z L 7= AlgerEA Rk é;mz 5 ﬁ atrazine (Z X
% Kiss1 ZEBMEI OERE T L O klsspeptln NI F ROPEA « SFUWHEIZDOWT XD FE

HZHERT9 % 2 & T, atrazine 512 KX 2502884 L0 B 570 JTE) TENTEDLEEZ
%ﬁ’bf:o

ARMFFEIZ LV | atrazine 512 LD BEMEEPOFERIIL, INEEERKTFTEZN L
GnRH &l iE @ kisspeptin Jiﬁi PR T2 & % HPG fili 0 B OB E 03 R &, & 512
LH Y — Y OWHZIE AVPV 281 5 Kiss] BT RBEOIK TS LT\ 5 arREdE
DIRE I T,
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Abstract

Atrazine, a commonly used herbicide, suppresses the luteinizing hormone (LH) surge in female
rats, although the underlying mechanism remains unclear. Kisspeptin, encoded by the Kiss7 gene,
is a hypothalamic peptide that controls gonadotropin-releasing hormone (GnRH) release from the
GnRH neurons. Kisspeptin neurons in the anteroventral periventricular nucleus (AVPV) are involved
in regulating pre-ovulatory GnRH and LH surge. To clarify the effect of atrazine on the LH surge
in female rats, we investigated its effects on hypothalamic GnRH and kisspeptin. Ovariectomized
female rats in a high-dose estradiol supplementation model were orally administered vehicle
or 100 mg/kg of atrazine once daily for 5 days. This attenuated the LH surge but did not affect
baseline LH levels, with no difference in hypothalamic GnRH levels between the vehicle-treated
and atrazine-treated animals. After the fifth treatment, subcutaneous administration of kisspeptin
(at0,0.1,1, and 10 nmol/kg) induced a dose-dependent LH release almost equivalent in the vehicle-
and atrazine-treated animals, suggesting that GnRH neurons maintain normal responsiveness
to kisspeptin. However, Kiss7T mRNA expression levels in the AVPV were significantly reduced
in the atrazine-treated animals. Given the normal response of GnRH neurons to exogenously
administered kisspeptin, the suppressive effect of atrazine may be explained by suppression of
Kiss1 expression in the AVPV leading to the attenuation of kisspeptin release from kisspeptin
neurons in the AVPV. Further studies are warranted to elucidate more precisely the mechanism of
atrazine’s involvement in the suppression of Kiss7T mRNA expression in the AVPV.

Summary Sentence

The reduction of Kiss1 expression in the AVPV causes the atrazine-induced attenuation of the LH
surge in female rats.

© The Author(s) 2018. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
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Introduction

Atrazine (ATR), a commonly used herbicide, is known to affect re-
productive function in female animals. For example, it has been re-
ported to suppress the pre-ovulatory luteinizing hormone (LH) surge
in female rats [1, 2] These animal studies begin to provide insights
into the epidemiological observations such as the relationship be-
tween chronic exposure to ATR in drinking water and reproductive
function (e.g. menstrual cycles and LH release) in women [3]. For
ovulation, hypothalamic gonadotropin-releasing hormone (GnRH)
neurons secrete GnRH in a surge, which stimulates the pituitary go-
nadotroph and leads to the surge release of LH, which eventually
triggers ovulation. This surge is induced by the positive feedback ac-
tion of estrogens released from the ovaries [4]. Thus, the GnRH/LH
surge requires coordinated action by the hypothalamus, pituitary,
and ovaries. Several lines of evidence suggest that the site of action
of ATR is the hypothalamus. Studies have shown that ATR does not
attenuate the pituitary responsiveness to GnRH agonists in ovariec-
tomized (OVX) female rats [1, 5], but that ATR suppressed GnRH
neuronal activation in OVX female rats in an estradiol benzoate and
progesterone supplementation model [6]. Thus, a plausible explana-
tion is that the suppression of LH surge by ATR is mediated by the
GnRH neurons themselves and/or their upper stream components
in the hypothalamus. However, the underlying mechanism has not
been fully elucidated.

Kisspeptin, a hypothalamic peptide hormone encoded by the
Kiss1 gene, is the cognate ligand for the G protein-coupled receptor
KISS1R (also known as GPR54) [7]. Kisspeptin plays a pivotal role
in controlling the release of GnRH from GnRH neurons [8]. Rodents
have two populations of kisspeptin neurons in the hypothalamus: in
the anteroventral periventricular nucleus (AVPV) and in the arcuate
nucleus (ARC). The kisspeptin neurons express estrogen receptor al-
pha (ERa), and the expression of KissT mRNA in AVPV kisspeptin
neurons is positively regulated by estrogens [9-13]. In addition, the
AVPV kisspeptin neurons are activated during the GnRH/LH surge
in both intact and estradiol (E2)-supplemented OVX rats [9, 14].
Thus, it has been proposed that AVPV kisspeptin neurons are the
critical regulator for generating the GnRH/LH surge.

In this study, we sought to clarify the effect of ATR on LH surge
by specifically focusing on the responsiveness of GnRH neurons to
kisspeptin and the expression of AVPV KissT mRNA levels in OVX
female rats with a high-dose E2 supplementation model.

Materials and methods

Animals

Female Jcl:Wistar rats were purchased from CLEA Japan, Inc.
(Tokyo, Japan) and were group-housed in cages and maintained on a
12-h light, 12-h dark cycle with lights on at 7:00. All had free access
to solid food (CR-LPF, Oriental Yeast Co., Ltd, Tokyo, Japan) and
tap water. Two weeks before the start of the experiments, the rats
were moved to individual cages and vaginal smears were taken daily
to monitor the estrous cycles. The rats that exhibited 4- or 5-day
normal estrus cycles were then classified into three (Experiment 1)
or two (Experiments 2-4) groups. All procedures were performed
in accordance with the institutional guidelines for animal care at
Takeda Pharmaceutical Company Ltd.

d1 d2 d3 d4 d5

Recovery period (5 days) | ATR dosing period (5 days) |
A A A A A A
OvX | ATR 100, 200 mgkg or Vehicle |

Continuous dosing of E2
A
Sampling

Figure 1. Schematic representation of the experimental protocol. The animals
were ovariectomized bilaterally; 5 days later atrazine (ATR) or vehicle was
administered orally by gavage once daily for five consecutive days. Seven
days after ovariectomy (i.e. 3 days after the first administration of ATR), a
silastic tube filled with crystalline E2 was implanted subcutaneously in the
back of each rat. Two days after this (5 days after the first administration of
ATR), bloods or brain samples were taken for the various experiments.

Materials

ATR was obtained from Tokyo Chemical Industry Company Ltd
(Tokyo, Japan). Dosing suspensions of ATR were prepared in a
vehicle of 0.5% w/v methylcellulose (MC) in distilled water. The
control animals were gavaged daily with 0.5% w/v MC vehicle
(5 ml/kg body weight). Kisspeptin-54 (Kp-54) was synthesized by
Takeda Pharmaceutical Company Ltd (Osaka, Japan). Dosing solu-
tions of Kp-54 were prepared in saline, and the control animals were
subcutaneously injected with saline. -Estradiol was obtained from
Sigma-Aldrich, Japan (Tokyo, Japan).

Administration of ATR, and the OVX with high-dose E2
supplementation model

This study comprised four experiments, detailed in the following
sections. For all the experiments, the OVX with high-dose E2 sup-
plementation model (OVX + E2) was implemented as follows (Fig-
ure 1). The animals were ovariectomized bilaterally and, 5 days later,
ATR or vehicle was administered orally by gavage once daily for five
consecutive days. Seven days after ovariectomy (i.e. 3 days after the
first administration of ATR), a silastic tube filled with crystalline
B-estradiol was implanted subcutaneously in the back of each rat,
as previously described [15]. Briefly, the silastic tubes (total length
25 mm, inner diameter 2.0 mm, outer diameter 3.0 mm; Kaneka
Medix Corp., Osaka, Japan) were plugged with silicone adhesive at
each end to leave a 2 cm length to be filled with E2 powder. All
operations were performed under 2.5%-3% isoflurane inhalation
anesthesia. Two days after the implantation of the E2 tubes (i.e.
5 days after the first administration of ATR), blood or brain samples
were taken, as described for each experiment.

Observation of animals

All animals were observed for survival and obvious pharmacotoxic
signs twice a day (before and 1 h after dosing) on the ATR dosing
days and once a day on the nondosing days. Fecal abnormalities,
feces quantity, and animal behavior in the cage were observed. The
animals were then taken out of the cage, and clinical signs were
observed by visual inspection and palpation, which were assessed
in all groups. All animals were weighed on the ATR dosing days
using an electronic balance (XS4002S, Mettler-Toledo K.K., Tokyo,
Japan).
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Experiment 1: Effect of ATR on body weight and the LH
surge

In the first experiment, three groups of animals (n = 6 in each group)
were administered vehicle or 100 or 200 mg/kg of ATR orally by
gavage once daily for five consecutive days to create the OVX + E2
model. In several studies in female rats, the suppression of LH release
was observed at 50, 100, and 200 mg/kg of ATR orally by gavage
for 3—4 days [1, 2, 5, 6]. Moreover, in our preliminary experiment,
the abnormal estrus cycle was observed at 200 mg/kg from around
the day of the fifth treatment of ATR (data not shown). Therefore,
in this study, the dosage levels of ATR for the initial experiments
were set at 100 and 200 mg/kg orally by gavage for 5 days. The
animals were weighed daily during the ATR dosing period. Blood
samples for determination of the LH surge were collected at 10:00,
15:30, 16:30, 17:30, 18:30, 19:30, and 21:00 on the day of the fifth
treatment of ATR, as previously described [15]. Blood was collected
without anesthesia from the jugular vein, using heparinized syringes.
Plasma was obtained by centrifugation and kept at —80°C until
the radioimmunoassay. LH concentrations were determined using a
National Institute of Diabetes and Digestive and Kidney (NIDDK)
rat LH RIA kit (Dr Parlow, Harbor-UCLA Medical Center, CA). The
detection limit of these RIA kits was 0.08 ng/ml (LH). An increase in
plasma LH level to greater than double the basal level was considered
to be an LH surge. Based on the results of this experiment (described
later), the subsequent experiments used 100 mg/kg of ATR and not
200 mg/kg.

Experiment 2: Effect of ATR on GnRH levels in the
hypothalamus

The hypothalami were dissected, as previously described [16], from
the brains of euthanized OVX + E2 animals between 11:30 and
13:00 on the fifth day of treatment with 100 mg/kg ATR or vehicle
(n = 6 in each group), and weighed immediately after tissue collec-
tion. The samples were boiled for 5 min in 1 ml distilled water (DW),
and then chilled on ice until sample homogenization. After homog-
enization in DW, a 1:16 volume of glacial acetic acid (WakoPure
Chemical Industries, Tokyo, Japan) was added to the homogenate,
which was gently rotated for 1 h at 4°C, followed by centrifuga-
tion. The supernatant from the hypothalamic homogenate was then
applied to a Sep-Pak C18 column (Waters, Milford, MA), washed
once with 1 M acetic acid in DW, and eluted with 60% acetoni-
trile containing 0.1% trifluoroacetic acid in DW. The elution was
then lyophilized and stored at 30°C until the analysis. The level of
GnRH and protein content were determined by using RIA (Bachem
Peninsula, CA) and a Bradford-Protein Assay Kit (OZ Bioscience,
CA), respectively. The detection limit of RIA kits for GnRH was
10 pg/ml. The GnRH level was normalized to the protein content.

Experiment 3: Effect of ATR on LH release in response
to exogenous Kp-54 treatment
On the fifth day of treatment with 100 mg/kg ATR or vehicle,
OVX + E2 animals were administered Kp-54 subcutaneously at
0.1, 1, or 10 nmol/kg at 11:00, as previously described [15]. Control
group rats received saline in the same manner. In total, there were
eight groups, each with either five or six animals, as follows: vehi-
cle + Kp-54 at 0 (n =5), 0.1 (n =35),1 (n = 6), and 10 (n = 35)
nmol/kg; ATR + Kp-54at 0 (n=35),0.1 (n=46),1 (n=6),and 10
(n = 6) nmol/kg.

Blood was collected before administering the Kp-54 or saline and
at 1,2, and 3 h after administration. Plasma LH concentrations were

determined using a rLH[125T]RIA kit (Institute of Isotopes Company
Ltd, Budapest, Hungary). The detection limit of this RIA kit was
0.8 ng/ml.

Experiment 4: Effect of ATR on the expression of Kiss1
mRNA in the AVPV and ARC

The expression of KissI mRNA in the AVPV and ARC were deter-
mined by quantitative real-time polymerase chain reaction (PCR),
as previously described [15]. On the fifth day of ATR treatment,
at 11:30-12:30, the animals (vehicle, n = 6; ATR, n = 7) were
sacrificed by exsanguination under 2.5%-3% isoflurane inhalation
anesthesia. The brains were removed and sliced using a rat brain
slicer (BrainScience Idea Co., Ltd, Osaka, Japan). Tissue samples
containing the AVPV were sliced with a thickness of 2 mm, starting
at a point 0 mm anterior to the bregma and punched out with a
1.5 mm-diameter biopsy needle (Kai Industries Co., Ltd, Gifu,
Japan). The tissue samples containing the ARC (2-mm thickness)
were dissected with a microknife; the anterior end of the ARC tissues
was approximately 2.16 mm posterior to the bregma according to the
rat brain atlas [17]. These samples were stored at —80°C. The total
RNA was purified using RNeasy Minikits (QIAGEN, Valencia, CA),
followed by first-strand cDNA synthesis using High-Capacity cDNA
Reverse Transcription Kits (Thermo Fisher Scientific, Waltham). The
expression of rat mRNA for Kiss1 and B-actin was determined by
quantitative PCR (qPCR; 7900HT Fast Real-Time PCR System; Ap-
plied Biosystems, Foster, CA) using TagMan gene expression assays
(Applied Biosystems) for B-actin (Actb: Rn00667869_m1) and Kiss1
(Rn00710914_m1). The mRNA expression levels were analyzed by
the comparative cycle threshold method using B-actin as the internal
control, and were expressed as relative expression levels in compar-
ison to the vehicle controls.

Statistical analysis

Statistical significance was analyzed using SAS version 8.2 (SAS In-
stitute Inc., Cary, NC). Data were presented as mean and standard
deviation (SD) unless otherwise stated. The homogeneity of variance
for multiple groups was analyzed by the F test (for two groups) or
Bartlett’s test (for multiple groups), and the differences were then an-
alyzed by the Williams’ test (parametric test), the Shirley—Williams
test (nonparametric test) for dose-proportional data sets, or the t test
(comparison between two groups), as described in the individual fig-
ure legends. The results demonstrated in Figure 2 were also initially
analyzed using one- or two-way analysis of variance. Differences
were considered statistically significant when P values were < 0.05.

Results

Experiment 1: Effect of ATR on clinical signs, body
weight, and the LH surge

Three groups of OVX animals were administered with vehicle or
100 or 200 mg/kg of ATR for five consecutive days, with E2 supple-
mentation starting on the third day. Diarrhea and a decrease in feces
were observed transiently each in one animal at 200 mg/kg of ATR
(Table 1). The body weights were significantly decreased by 7.5%
and 12.1% at 100 and 200 mg/kg of ATR, respectively, compared
to vehicle on day 5 (Figure 2A). Plasma LH levels were determined
from samples taken at 10:00 and then intervals between 15:30 and
21:00 on day 5. This showed an E2-induced surge-like LH release
in the control group, which was significantly attenuated in the 100
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Figure 2. Effect of atrazine on body weight and the luteinizing hormone surge. The body weight after the administration of atrazine (ATR) (A). * indicates P < 0.05
(Williams’ test or the Shirley-Williams test) vs. vehicle control. Plasma luteinizing hormone (LH) levels (B), LH peak level (C), and the area under the curve of
the LH levels (D) at 10:00 as baseline and from 15:30 to 21:00 on the fifth day of ATR treatment. The hormone profiles were first analyzed by repeated measures
2-way analysis of variance (AVOVA) (A) or one-way ANOVA (B-D), and the main effect of dose and main effect of time were found to be significant (P < 0.05).
The data were then analyzed by two-tailed Williams’ test or the Shirley-Williams test. * indicates P < 0.05 vs. vehicle control. Data are presented as mean + SD

(n=6).

Table 1. Effect of atrazine on clinical signs.

Test article Vehicle Atrazine Atrazine
Dose (mg/kg/day) - 100 200
No. of animals 6 6 6
Pre-treatment period
No. of animals 6 6 6
Normal 6 6 6
Treatment period
No. of animals 6 6 6
Normal 6 6 4
Diarrhea 0 0 1 (day 2)
Decrease in feces 0 0 1 (days 2-3)

and 200 mg/kg ATR groups, with no significant difference between
these two groups (Figure 2B-D). In female rats, the body weight
reduction less than 10% was mild and not considered to affect the
female reproductive cycles in multiple rat strains [18]. Based on these
results, the dose level of ATR for the subsequent experiments was
set at 100 mg/kg; this dose provided no abnormal clinical findings
and sufficient attenuation of the E2-induced LH release in our rat
model while minimizing any possible toxic effect.

Experiment 2: Effect of ATR on GnRH levels in the
hypothalamus

To determine the hypothalamic GnRH levels, we evaluated GnRH
contents in the hypothalamic samples collected between 11:30 and
13:00 with the intention of avoiding any endogenous GnRH/LH
surge-dependent fluctuation of the GnRH contents [19]. No sta-
tistically significant difference in hypothalamic GnRH levels was
observed between the vehicle-treated and ATR-treated animals (Fig-
ure 3).

Experiment 3: Effect of ATR on LH release in response
to exogenous Kp-54 treatment

To investigate the dose responsiveness to exogenous Kp-54 treat-
ment, we determined plasma LH levels in the vehicle-treated or the
ATR-treated animals at 0, 1, 2, and 3 h after challenging 0, 0.1, 1, or
10 nmol/kg of Kp-54. Both the vehicle-treated and the ATR-treated
animals showed a dose-dependent elevation of plasma LH concentra-
tion in a similar way following the subcutaneous administration of
Kp-54 at 0.1, 1, and 10 nmol/kg. The peak plasma LH concentration
at 10 nmol/kg for the ATR-treated animals was significantly higher
than that for the vehicle-treated animals (Figure 4A). No statistically
significant difference was observed between the vehicle-treated and
ATR-treated animals in the area under the plasma LH concentration
curve at any dose (Figure 4B).
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Figure 3. Effect of atrazine on gonadotropin-releasing hormone (GnRH) levels
in the hypothalamus. The level of GnRH in the hypothalamus on the fifth day
of treatment with atrazine (ATR). Data are presented as mean & SD (n = 6).
There was no significant difference from the vehicle control.

Experiment 4: Effect of ATR on the expression of Kiss1

mRNA in the AVPV and ARC

Kiss1 mRNA levels in the punched-out brain tissue from the area
containing the AVPV were significantly lower in the ATR-treated
group than in the vehicle-treated group (Figure SA). In addition,
we also determined Kiss1 mRNA levels in the ARC because there
is another kisspeptin neural population, which has been suggested
to regulate pulsatile GnRH/LH release under negative regulation
by steroid hormones [8]. No statistically significant difference of
Kiss1 expression levels in ARC was observed between the vehicle-
treated and ATR-treated animals (Figure 5B), suggesting that ATR
preferentially affect KissT mRNA levels in AVPV than those in ARC
in our experimental condition.
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Discussion

In this study, we sought to clarify the effect of ATR on the LH
surge in female rats by focusing on the hypothalamic kisspeptin-
GnRH system in OVX + E2 model rats. In the initial experiment, we
confirmed that E2 induced a surge-like release of LH and that a daily
S-day oral administration of ATR at 100 and 200 mg/kg attenuated
this release. At 200 mg/kg of ATR, animals showed slight toxic effect
as evidenced by diarrhea. The 5-day treatment with ATR reduced
body weights by 7.5% or 12.1% at 100 or 200 mg/kg of ATR,
respectively, compared with the vehicle control. Metabolic effect
or stress has been known to affect female reproductive functions,
including LH surge [18]. ATR (200 mg/kg) might cause stress on the
animals with excessive body weight reduction. In contrast, the body
weight reduction by 7.5% at 100 mg/kg of ATR was considered to
be acceptable as previously demonstrated [18]. Given no abnormal
clinical sign was observed at 100 mg/kg of ATR as well, it was most
plausible that the attenuation of surge-like LH release observed at
100 mg/kg of ATR was attributed to the direct effect of ATR and not
to secondary effect. In addition, the dose of ATR, which we selected
in this study, was in line with the previous observations [20]. While
the relevancies of doses between animals and human need to be
addressed, results from animal studies begin to provide insight into
the findings from the epidemiological observations [3, 20]. Using this
model, we found that ATR treatment suppressed KissT mRNA levels
in the AVPV without attenuating the responsiveness to exogenous
kisspeptin, suggesting that the cause of the attenuation of the LH
surge by ATR could be attributed to the suppression of kisspeptin
expression in the AVPV and the subsequent kisspeptin input to the
GnRH neurons.

Based on the results of previous studies, we hypothesized that
ATR affected either the neural responsiveness of GnRH neurons to
kisspeptin or the kisspeptin system in the AVPV. In the present study,
we found that ATR did not reduce hypothalamic GnRH contents
in the morning, suggesting that ATR treatment did not abrogate
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Figure 4. Effect of atrazine on luteinizing hormone release in response to exogenous Kp-54. The peak (A) and area under the curve (AUCy_z) (B) for the plasma
luteinizing hormone (LH) level after the administration of Kp-54. The animals were administered Kp-54 at 11:00 on the fifth day of treatment with atrazine (ATR),
and plasma LH levels were determined before the administration and at 1, 2, and 3 h after this. Dose of Kp-54: 0 nmol/kg (n = 5 in both the vehicle and the ATR
group), 0.1 nmol/kg (vehicle: n =5, ATR: n = 6), 1 nmol/kg (n = 6 in each group), 10 nmol/kg (vehicle: n =5, ATR: n = 6). Data are presented as the mean + SD.
* indicates P < 0.05 (Williams' or Shirley-Williams test) vs. the 0 nmol/kg group. # indicates P < 0.05 (t test) vs. the vehicle control.
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Figure 5. Effect of atrazine on the expression of Kiss7TmRNA in the anteroventral periventricular nucleus and arcuate nucleus of the hypothalamus. The expression
of Kiss7 mRNA in the anteroventral periventricular nucleus (AVPV) (A) and arcuate nucleus (ARC) (B) of the hypothalamus on the fifth day of atrazine (ATR)
treatment. Data are presented as the mean + SD (vehicle: n = 6, ATR: n = 7). * indicates P < 0.05 (t test) vs. the vehicle control.

fundamental GnRH production. We then used Kp-54 as a physi-
ological tool to evaluate the responsiveness of GnRH neurons to
kisspeptin stimuli [21]. In our preliminary experiment, we compared
the Kp-54-dependent LH release both at 12:00 and 16:00 and found
no difference between the vehicle-treated and ATR-treated animals
(Supplementary Figure S1). Because we aimed to evaluate the dose-
proportional LH release in response to Kp-54, including low dose
range, we administered Kp-54 at 11:00 to avoid endogenous increase
in LH levels during the blood sampling period. In our study, we
found that the LH release in response to Kp-54 administration after
the treatment with ATR was not attenuated compared to the vehicle
control, suggesting that the GnRH neurons in the ATR-treated ani-
mals maintained responsiveness to kisspeptin at least comparable to
that of the vehicle-treated animals. At 10 nmol/kg of Kp-54, the LH
peak levels in the ATR-treated animals were slightly but significantly
higher than those of the vehicle-treated animals. A previous study
showed that in the median eminence, where GnRH neural terminals
locate, the GnRH level increased after intact female rats were admin-
istered ATR for four consecutive days [2]. d’Anglemont de Tassigny
et al. showed that, after the administration of Kp-10, Kiss1 knockout
female mice exhibited a higher LH release responses compared with
that exhibited by Kiss1 intact mice, with a trend (not statistically
significant) of an increase in the GnRH levels in the whole hypotha-
lamus [22]. These studies suggested that suppression of the release of
GnRH, such as by abrogating kisspeptin input, led to an increase in
GnRH level and LH release in response to exogenous kisspeptin. The
slight increase in LH levels in response to exogenous Kp-10 in our
study might also be explained by the reduction of kisspeptin input to
GnRH neurons; however, no increase in hypothalamic GnRH level
was observed in the ATR-treated animals in our study. This may
be because we used the whole hypothalamic tissue to determine the
GnRH level; a slight increase of GnRH in the median eminence may
not be distinguishable in whole hypothalamus extracts, similar to the
observation by d’Anglemont de Tassigny described earlier [22], while
this point needs to be confirmed by further study. Thus, our results
suggested that ATR did not abrogate GnRH neuronal responses to
kisspeptin.

We found that Kiss1 mRNA expression levels in the AVPV were
significantly reduced in the ATR-treated animals. The kisspeptin neu-
rons and the expression of Kiss] mRNA in the AVPV are responsible
for GnRH/LH surge generation, and it has been demonstrated, for
instance, that the bilateral microinjection of antisense Kiss1 ¢cDNA

in a recombinant AAV-associated virus in the AVPV region abol-
ished LH surge in rats [23]. Therefore, our results suggested that the
reduction of LH surge in ATR-treated animals could be attributed
to the reduction of KissT mRNA expression, possibly leading to a
subsequent decrease in kisspeptin production. Several studies have
suggested that the Kiss1 expression levels are further elevated in
the late afternoon of the day of LH surge in parallel to the eleva-
tion of LH release [11, 24, 25]. We investigated the AVPV Kiss1
mRNA levels in the morning (11:00 h); therefore, KissT mRNA lev-
els around the time of LH surge would provide more precise insights
about the role of kisspeptin neurons in explaining the effect of ATR
in LH surge, and our results should be interpreted that the ATR
reduced baseline AVPV KissT mRNA levels in OVX-E2 animals.
Well-constructed experiments including a relatively large number of
animals and multiple sampling points would be required to precisely
address the temporal changes in AVPV Kiss1 mRNA levels with suf-
ficient statistical power. Goldman et al. reported contracting results
to our study; the administration of ATR for four consecutive days
did not reduce KissT mRNA expression in the AVPV in OVX + E2
rats [26]. The reason for this differential result is unknown, but
one explanation may be attributed to the differences in the exper-
imental protocol. In the study by Goldman et al., the E2 capsule
was implanted and the ATR treatment started on the same day as
the OVX [26]. Thus, the animals had been continuously exposed to
E2 for 4 days on the day of the LH surge evaluation. It has been
demonstrated that the daily LH surge peaked on the second day
after the initiation of continuous E2 administration and that the
surge rapidly decreased from the third day [27, 28]. Therefore, the
amplitude of the E2-induced LH release and related neural functions
might have been attenuated at the time of sampling in the experimen-
tal protocol according to Goldman et al. In our study, in contrast,
the E2 supplementation was started on the third day of the ATR
treatment to observe the LH surge and Kiss1 expression levels at 2
days after the initiation of E2 supplementation, the optimal timing
for the greatest LH surge. However, further studies can elucidate
the underlying mechanisms related to kisspeptin. For instance, in
our study we could not determine kisspeptin peptide content in the
AVPV, probably because the AVPV samples were too small to be
analyzed by kisspeptin EIA method. It would be also valuable to
include immunohistochemical approaches to evaluate the neural ac-
tivation of the AVPV kisspeptin neurons by observing c-Fos protein
expressions or the kisspeptin-GnRH neural contact because it has
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been suggested that the neural contact is flexibly changed by steroid
hormones [29].

Kiss1 mRNA expression in the kisspeptin neurons in the AVPV
is positively regulated by ERa [9, 10]. Thus, the antagonistic effect
of ATR on ERa could be a possible explanation for the suppres-
sion of Kiss1 mRNA expression levels by ATR. However, ATR has
been shown not to inhibit ER signals in the hypothalamus in vivo,
even though it binds weakly to ERe [30, 31], suggesting that ATR
did not act as an ERa antagonist. A second possible explanation
is that ATR inhibited another estrogen receptor, such as GPR30.
In a previous study, Albanito et al. suggested that ATR activated
GPR30, which has been suggested as a G protein-coupled receptor
for estradiol [30]. However, Treen et al. reported that KissT mRNA
expression in the AVPV was not dependent on GPR30 [32]. It is
therefore most plausible that, under the experimental conditions of
the present study, ATR does not antagonize ER« or inhibit GPR30
signals, but it might indirectly inhibit ERe signaling such as by in-
terfering the downstream events of E2-ERa binding event or the
epigenetic modification of the ER« responsive region of the Kiss1
locus [33-35]. In our study, ATR had no effect on KissT mRNA
expression levels in the ARC, which is suggested to play a critical
role in pulsatile GnRH/LH release [8]. This result corroborated our
findings that ATR did not affect morning baseline LH levels (Fig-
ure 2B). Previously Foradori et al. investigated the effect of ATR
on pulsatile LH release in OVX female rats, and demonstrated that
ATR reduced LH pulses in rats [5]. Given Kiss1 expression levels in
the ARC is suppressed when E2 levels are elevated, the most plausi-
ble explanation is that ATR has little impact on fundamental Kiss1
expression in the ARC and the subsequent LH-releasing mechanism
in the ARC. Further studies focusing on the molecular mechanism
of E2-ERa in relation to the effect of ATR on AVPV/ARC Kiss1
expression should shed light on this regulatory mechanism.

In conclusion, our study revealed that ATR inhibited Kiss1 ex-
pression in the AVPV. The ATR-treated animals maintained or
exhibited slightly enhanced responsiveness to exogenous Kp-54,
suggesting that the suppressive effect of ATR is produced by the
suppression of Kiss1 expression and subsequent kisspeptin release
from the kisspeptin neurons in the AVPV. Further studies are war-
ranted to elucidate the mechanism of ATR more precisely.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Effect of ATR on LH release in response
to exogenous Kp-54 treatment in the morning or the afternoon.
Plasma luteinizing hormone (LH) levels (A and D), peak level (B
and E), and area under the curve (C and F) for the LH level after
the administration of Kp-54 treatment in the morning (A-C) or the
afternoon (D-F). The animals were administered 100 nmol/kg of
Kp-54 at 11:00 (morning session) or 16:00 (afternoon session) on
the fifth day of treatment with atrazine (ATR) and plasma LH levels
were determined before the administration and at every 30 min after
12:30 until 16:00 in the morning session, and at every 30 min after
17:00 until 20:30 in the afternoon session (n = 8 in each group).
There was no significant difference from the vehicle control.
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Increased mesodermal and mesendodermal populations by BMP4 treatment
facilitates human iPSC line differentiation into a cardiac lineage
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Abstract

Human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) have attracted attention as a novel tool for drug safety screening and
several differentiation protocols of hiPSC lines into cardiomyocytes have been reported; the standardization of these protocols will expand their
applications for safety assessments such as “clinical safety trial-on-dish”. Bone morphogenetic protein 4 (BMP4) is an important factor in
promoting mesoderm differentiation and BMP4 treatment has been used at the early stage of cardiac differentiation into different hiPSCs. In the
present study, we evaluated the effects of BMP4 treatment at the early stage of cardiac differentiation. We performed gene expression profiling
of the germ layer during mesoderm differentiation of hiPSCs derived from three different donors. The expression of 7' (a mesoderm marker) and
GATAG6 (an endoderm marker) increased and that of PAX6 (a neuroectoderm marker) decreased in pooled embryoid bodies (EBs) after BMP4
treatment. Single-cell gene expression analysis revealed that mesodermal and mesendodermal populations increased in EBs derived from 253G1.
Finally, BMP4 treatment increased mesodermal and mesendodermal populations compared with that without BMP4 in two other hiPSC lines,
confirming the reproducibility of multiple hiPSC lines. Thus, our results suggest that BMP4 treatment increases mesodermal and mesendodermal
populations at the early stage of cardiac differentiation in different hiPSC lines.

Key Words: BMP4; iPS cell line; Mesoderm: Mesendoderm; Single-cell analysis

Introduction

Cardiotoxicity is a leading cause of failure in the clinical
development of new drugs or withdrawal of approved drugs from
the market!!l. In drug development, immortalized cell lines and
animal models have provided useful information for predicting the
risk of serious adverse events such as QT-prolongation and
arrhythmial? 3. However, only a few models recapitulate human
cardiac physiology; this can be attributed to the lack of native
functions of human cell lines and differences between animals and
humans. To overcome this issue, human induced pluripotent stem
cell-derived cardiomyocytes (hiPS-CMs) have attracted attention as
a novel system for drug safety screening, especially cardiotoxicity,
because these cells possess contractile ability and express cardiac-
specific genes similar to those of normal heart tissue*7. hiPS-CMs
are useful in assessing and predicting drug-induced arrhythmia or
abnormal contractility®'%. Moreover, several teams, including
ours, have recently demonstrated that hiPS-CMs from different
donors can recapitulate the difference in susceptibility among
individuals to a drug-induced QT-prolongation responsel'l: 2],
facilitating a potential application of “clinical safety trial-on-dish”
using hiPSC lines derived from individuals with different drug
susceptibilities. To meet the expectations of drug safety regulations
using hiPS-CMs, cardiomyocytes must be reliably and effectively
derived from multiple hiPSC lines. Several protocols have been
reported for differentiation of different iPSC lines into
cardiomyocytes; however, each protocol is different based on the
treatment with different growth factors involved in major
embryonic  developmental  processes!'®> 4. However, the

contribution of each growth factor during cardiac differentiation has
not been completely investigated.

Cardiomyocytes are derived from the mesoderm!'>- '] and for cardiac
differentiation of hiPSCs, it is important to produce mesodermal cells
at an early stage of the differentiation process [l Bone
morphogenetic protein 4 (BMP4) is an important factor that promotes
mesoderm differentiation'”- 18], and has been used in several previous
protocolst'®23. However, the treatment period, concentration, and/or
cardiac differentiation rate were different in each protocol for
differentiation of iPSC lines into cardiomyocytes. For instance,
Kattman et al. demonstrated cardiac differentiation of four hiPSCs
using BMP4 at 0.5-10 ng/mL concentrations in days 2-5 (without
supplementing additional growth factors for 48 h after dissociation)
of differentiation and the differentiation rate into cardiomyocytes was
different among the cell lines (range: 10%-60%)!'"). In addition,
Ren et al., demonstrated cardiac differentiation using BMP4 at
25 ng/mL concentrations in days 0-4 of differentiation, and the
cardiac differentiation rate was approximately 40%!2). Therefore, it
is important to understand the contribution of BMP4 to the
differentiation of multi hiPSC lines with different susceptibility and
to provide insights on differentiation into mesoderm or
cardiomyocytes.

Single cell analyses have attracted considerable attention because of
their potential in identifying differences between individual cells in a
seemingly homogeneous population® 2. During mesoderm
formation in mouse, the endoderm is also derived from the epiblast

Author Names in full: Maya Kimura', Hatsue Furukawa!, Masanobu Shoji?, Tadahiro Shinozawa'

'Drug Safety Research Laboratories; 2Integrated Technology Research Laboratories, Pharmaceutical Research Division, Takeda Pharmaceutical Company Limited, 26-1 Muraoka-Higashi

2-chome, Fujisawa, Kanagawa 251-8555, Japan

Received 13 May 2019; Accepted 07 Aug 19; Published online: 24 December 2019

JSRM/Vol.15 No.2, 2019; P45

Copyright © Journal of Stem Cells and Regenerative Medicine. All rights reserved



Kimura M, et al. J Stem Cells Regen Med 2019; 15(2)

via gastrulation. After the formation of primitive streak (PS), it can be
divided into the mesoderm and endoderm!'®], suggesting that individual
hiPSCs induce the formation of mesoderm and endoderm in a
heterogeneous population during a process recapitulating PS formation.
Thus, to understand the effect of BMP4 on differentiation into
mesoderm, it is important to investigate the population of cells, which
differentiate into a cardiac linage.

In the present study, we focused on the relationship between BMP4 and
early differentiation of iPSCs into the three germ layers and
investigated the expression of three germ layer marker genes in single
cells to identify the type of cell population increased in the three germ
layers of EBs treated with BMP4.

Materials and Methods

Human iPSC culture, cardiac differentiation, and isolation of
simultaneously beating embryonic bodies

Three hiPSCs lines were used in this study. One hiPSC line (253G1)
from the Kyoto University was maintained as described
previously[?® 271, The other hiPSCs (K20 and A3N) were generated
from human blood, as described previously!'l. All donors provided
written informed consent before participating in this study, and the
study protocol was approved by the institutional review board of the
Takeda Pharmaceutical Company Limited. All hiPSCs were
maintained in Essential §TM medium (E8, Invitrogen, CA). hiPSCs
were induced into cardiomyocytes as previously described with slight
modifications (Figure 1A)1?%, Briefly, hiPSCs were isolated in 0.5 M
EDTA (WAKO, Kanagawa, Japan) and they formed EBs during
suspension culture in prime surface 90-mm dishes (Sumitomo Bakelite,
Japan) with E8 containing 10 pmol/L Y-27632 (WAKO, JP) and 0-100
ng/mL BMP4, depending on the experiment (R&D systems, MN, USA)
on day 0. After two days, the culture medium was changed to
StemPro34 (Invitrogen, CA) containing 2 mM glutamine, 0.4 mM
monothioglycerol (MTG) and 50 pg/mL ascorbic acid (Sigma, MO,
USA). The following cytokines were also used at each differentiation
stage in the same StemPro34 basic medium described above: days 2—3,
0-100 ng/mL BMP4, 5 ng/mL basic FGF (bFGF; ReproCell) and 3
ng/mL activin A (Peprotech); days 4-6, 150 ng/mL CKI-7
dihydrochloride (CKI-7; Sigma) and 10 ng/mL vascular endothelial
growth factor (VEGF; Humanzyme, IL, USA); day 7 onwards, 10
ng/mL VEGF, 150 ng/mL CKI-7 and 5 ng/mL bFGF. During
differentiation, the medium was replaced every 3—4 days. Cultures
were maintained in a 5% C02/95% air environment, and on day 30,
beating EBs were counted under a microscope on a stage warmed to
37°C. This experiment was conducted repeatedly with three
independent experiments for each hiPSC line.

mRNA expression in pooled EBs after BMP4 treatment in 253G1

RNA was isolated from EBs on day 2 using the RNeasy mini kit
(Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. The concentration of RNA was determined by measuring
the absorbance at 260 nm using a NanoDrop ND-8000
spectrophotometer (NanoDrop Technologies, Wolmington, DE), and
the RNA samples were stored at -80°C until further assay. Reverse
transcription (RT) into complementary DNA and the subsequent PCR
were performed using 50 ng of total RNA from each sample using a
high capacity cDNA RT kit (Life Technologies, Japan). Real-time PCR
was performed using the Applied Biosystems 7900 fast real-time PCR
(RT-PCR) system and Tagqman gene expression assay
kits (Applied Biosystems) for p-actin (ACTB: Hs99999903 ml),
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T (Hs00610080 ml), GATA binding protein 6 (GATAG6:
Hs00232018 m1), and paired box 6 (PAX6: Hs00240871 m1).

The RT-PCR cycling conditions were as follows: 2 min at 50°C, 10
min at 95°C, 15 s at 95°C, and 1 min at 60°C for 40 cycles. mRNA
expression level was analyzed using the comparative cycle threshold
method with S-actin as the internal control and expressed as
expression levels relative to those of the controls. This experiment was
conducted repeatedly with three independent experiments for each
hiPSC line.

mRNA expression in single cells after BMP4 treatment in 253G1, K20,
and A3N

On day 2, EBs were dissociated using trypsin EDTA. Single cells were
isolated using the C1 Single-Cell Auto Prep System (Fluidigm, South
San Francisco, CA, USA) followed by RT and pre-amplification,
according to the manufacturer’s instructions. The cells were loaded
onto C1 Single-Cell Auto Prep IFC, and single-cell gene expression
experiments were performed using the Applied Biosystems 7900 fast
real-time RT-PCR system and Tagman gene expression assay kit, as
described above. The results of cells not expressing ACTB were
removed from the analysis. Genes that were not expressed were
assigned a Ct of 40. Data were plotted as a heatmap of the Ct values
without normalization. It is known that the expression of genes
including that of the internal control gene in individual cells varies by
1000-fold. Therefore, in the present study, we used the Ct value
without normalization to avoid misleading. These experiments were
conducted repeatedly with three independent experiments for each
hiPSC line.

Statistical analysis

The data were analyzed using Dunnet or Tukey test. The results with
p values of < 0.05 were considered statistically significant. All
statistical analyses were performed using SAS system version 8.2
(SAS Institute, Cary, NC)

Results and Discussion

Gene expression profile of hiPSCs differentiated into the three germ
layers by BMP4 treatment in 253G 1

Mesodermal cells are produced during cardiac differentiation of
hiPSCs at the early stage of differentiation!'®) and in the present study,
BMP4 treatment was performed at the early stage of differentiation.
To evaluate the effect of BMP4 treatment on differentiation of hiPSCs
into mesoderm, we first investigated the expression level of germ layer
marker genes in EBs at day 2 of differentiation from 253G1. BMP4 at
10 ng/mL concentration produced the highest percentage, 51.0 % =+
10.4 %, of spontaneously beating EBs (Figure 1B). The size and shape
of EBs were comparable between treatments with and without BMP4
(Figure 1C). Next, we investigated the expression of the marker genes
for the three germ layers. The gene expression of 7, a transcription
factor transiently expressed in early mesoderm, and GATA6, an early
endodermal lineage marker, was the highest in the 10 ng/mL group,
which was the optimal concentration for differentiation into beating
EBs as described above (Figure 1D and E). In contrast, the gene
expression of PAX6, an ectoderm marker, was lower in the 0—1 ng/mL
BMP4 treatment group than that in the 10-100 ng/mL BMP4 treatment
group (Figure 1F). These results suggest that BMP4 induces the
differentiation into both mesodermal and endodermal cells and inhibits
the differentiation into ectodermal cells.
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Figure 1 : Mesodermal differentiation after BMP4 treatment of 253G1. (4) The differentiation protocol for cardiomyocytes. (B) EB beating rate at 30 days afier the initialization
of differentiation with BMP4 treatment. (C) Phase contrast image of embryoid bodies (EBs) at 2 days after the initial BMP4 treatment. Bars = 500 um. Gene expression levels of
T (D), GATAG (E), and PAXG6 (F) at 2 days after BMP4 treatment. Gene expression data were normalized relative to 0 ng/mL. Data were then analyzed using Dunnett’s test.
*P <0.05, **P <0.01, and ***P <0.001 vs. 0 ng/mL. Data are presented as mean + SD of independent experiments (n = 3).
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Cell population in the three germ layers of EBs formed with BMP4 in
253G1

Next, to investigate whether T and GATAG6 are expressed in a single
cell or in a population of cells expressing T or GATAG6, single-cell
analyses were conducted. Interestingly, cell populations expressing T
and/or GATA6 were observed in the BMP4 treatment group
(Figure 2A). The number of cells expressing both T and GATA6
increased on day 2 of differentiation, whereas the population
expressing PAX6 was comparable with that in the population not
treated with BMP4 (Figure 2B). We calculated the proportion of the
populations representing mesoderm, endoderm, mesendoderm, and
ectoderm based on the expression of the germ layer markers. The
mesodermal and mesendodermal populations were 31.1% and 35.8%,
respectively, after BMP4 treatment, whereas no such population was
detected without BMP4 treatment (Figure 2C). During the
differentiation of human ES cells into mesoderm and definitive
endoderm, an intermediate stage called mesendoderm appears
recapitulating PS formation!'®]. Moreover, in mouse development,
mesodermal cells in PS co-express T and GATA6 on embryonic
day 6.5™°1. Therefore, BMP4 treatment at early differentiation from
hiPSCs increases the mesendodermal population, which co-expresses
T and GATAG6 and is important for efficiently inducing cardiac
differentiation. Conversely, the differentiation into other cell types in
BMP4 treatment was not clear.

Contribution to management of mesendoderm differentiation
after BMP4 treatment in two hiPSC lines (K20 and A3N)

To evaluate the applicability of BMP4 as a key factor in increasing

mesendodermal population for cardiac differentiation from hiPSCs,
we investigated the relationship between effective differentiation and
increasing mesendodermal population in two other iPSC lines. BMP4
treatment promoted efficient differentiation into spontaneously
beating EBs in both lines. The optimal BMP4 concentrations for
efficient cardiac differentiation were 2 and 7 ng/mL for K20
(66.8% =+ 4.9%) and A3N (55.5% =+ 28.8%) lines, respectively, and
bell-shaped responses to BMP4 concentration were observed in both
lines (Figure 3A). Each experiment to investigate the sensitivity to
BMP4-induced cardiac differentiation was performed in replicates,
and the results revealed that the reproducibility of efficient
differentiation by optimal BMP4 was observed for each hiPSC line.
Therefore, these results suggest that the BMP4 concentrations at the
initial cardiac differentiation phase need to be optimized for each
hiPSC cell line. Cell populations from both lines also expressed 7 and
GATAG as single or double positively with optimal BMP4 treatment
(Figure 3B). Single-cell analysis demonstrated that the number of
cells expressing T'and GATAG6 increased with BMP4 treatment at the
optimal concentrations of 2 and 7 ng/mL in K20 and A3N lines,
respectively, whereas the expression of PAX6 was comparable with
that in cells without BMP4 treatment (Figure 3C). The proportion of
BMP4-treated cell populations from K20 and A3N lines was 19.6%
and 22.4% mesoderm and 32.1% and 53.4% mesendoderm,
respectively (Figure 3D).

These results suggested that BMP4 contributed to key initial
molecular events for differentiation into cardiomyocytes in each
hiPSC line. Therefore, the concept could be employed for the
differentiation of multiple hiPSC lines into cardiomyocytes.
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Figure 2: Mesodermal and mesendodermal population changes after BMP4 treatment of 253G1. (A) Heat map of single-cell gene expression patterns after BMP4 treatment. (B)
Density dot plot of single-cell gene expression in embryoid bodies (EBs) at 2 days after BMP4 treatment. (C) Classification of populations after BMP4 treatment. Data are presented
as three independent experiments. The total cell number in the 0 and 10 ng/mL treatment groups was 103 and 106 cells, respectively.
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Figure 3: Differences under optimal BMP4 conditions for cardiac differentiation using two hiPSC lines (K20 and A3K). (A) Embryoid body (EB) beating rates at 30 days after
differentiation with BMP4 treatment. Data were analyzed using Tukey'’s test. a vs. b indicates P < 0.05. Data are presented as mean + SD of independent experiments (n = 3). (B)
Heat map of single-cell gene expression patterns after BMP4 treatment. (C) Density dot plot of single-cell gene expression of EBs at 2 days after BMP4 treatment. (D)
Classification of populations with or without BMP4 treatment. Data are presented as the mean of three independent experiments. The total cell number was as follows: K20, 130
and 112 cells with 0 and 2 ng/mL BMP4 treatments, respectively. A3N, 114 and 116 cells with 0 and 7 ng/mL, respectively.

Moreover, this finding might help efficiently define optimal BMP4
concentrations; an initial short-term screening of BMP4 can be
completed in a 48-h protocol and used to initiate a full-scale (i.e., 10
days) differentiation protocol using the identified optimal BMP4
concentration. On the contrary, it was not clear whether the
differentiation of cells not expressing any genes was induced, and it has
been reported that native differentiation propensity is different for each
pluripotent stem celll®®). Further studies to explain the differences in
optimal BMP4 concentrations are required to elucidate the mechanism
of cardiac differentiation using a large number of hiPSC lines.

Conclusion

We demonstrated that increasing mesodermal and mesendodermal
populations with BMP4 treatment could contribute to early cardiac
differentiation of different iPSC lines by single-cell gene expression
profiling. An in-depth evaluation with other approaches such as single-
cell RNA sequencing might provide a deeper understanding of the
mechanism for different differentiation propensities of individual cells.
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