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Fioares 8. —mmumohistochemistry for NeuN of the cershellum from contral (leR oglumn) and cyclopamine-trested (right column) Pich 1 mice at
PNDI4{A =nd B}, 21 (C and D), and W12 (E amd F). Granularcells of the mismal granuler layer were strongly positive for NeuN in 2l animals In
addition, NeuN pasitive cells were distributed parallel to the Purkinje ozl] layer in ghe deeper molecular layer of cychopeamine-treatsd Pich 1 mice st
PND14 (B), 21 (D), and W12 (F). Scale tur: 100 pm.

Note. PND = postnstal dary; Pich] = patched]; W12 = postnatel week 12.

formation in the cerebellum of Ptchl mice might result from  inhibitor of hedgehog (Hh) target gene transeription compared
incomplete inhibitory effects on the MBs. Another possible 1o several other more potent synthetic inhibitors of Hh signal-
explanation for these differences & the poency of cyclope-  ing. However, given that cyclopamine was the first Hh signal-
mine, which has recently been shown to be only a moderate ing inhibitor available, it has boen used in many in Wow and in
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Frousse 9. —Hisgtopathological findings obwerved in the Purkinje cell layer of fhe cerehellum from omtrol (lefi columm) and ine-treated
(rij:tcohn)ﬂdtlmanl’NDM(A-:dn),zl(C-lD),ud"lZ(B-ﬂF)(l!E).lﬁ.lmtdWednw-mnl:a
cyclopamine group st PND14 (B), 21 (D), and W12 (F). Scale bar: 100 pm.

Noge. PND = postnatal day; Pich] = patched 1; W12 = postnatal week 12, HE = hemadoxylin and eosm.

vivo studies (Heretsch et al, 20108 and b; Fam et al. 2011;  mice, and iendency to inhibit these proliferative lesions is pro-
Gupta, Takebe, and Lorusswo 2010; Scakes and Sauvage 2009).  longed after treatment. This demonstrates that the Ptehl mouse

In summary, cyclopamine trestment during cerebellar  isa pood model for studying the modifying effects of chemical
development has inhibitory effoct on proliferation of the EGL.  exposwre on MB  development during the developmental
and development of MB and prencoplastic lesions in Prchl  perind.

neholagy o Merch 10, 25
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Neonatal Expesure to 17¢-Ethinyl Estradiol Affects Kisspeptin Expression and LH-
Surge Level in Female Rats

Eento USUDAY, Eentare NAGADKAV* Faori NOZAWAY, Baclin FHANGY, Kenmrroshi TAVAY, Midori YOSHIDAY
=nd Gen WATAMABEY

Mﬁi—s&’. mgwm Tobyo Univrsity of dgriculture and Technology, 3-8
amqmmm g’mm I1-]8-1 Enmiyega, Setegaya-fu, Tokye 135-5301, Jman
(Beceived 19 March 2014/ Acreptad 11 Apzil 3014/ Published ooline in FSTAGE 1 May 2014)

ansTeacr Comtamination of estrogsnic compomnds disnmts endooinelogical nd neumlogical remredictive systems in amimals. RNeonatal
Wmih@aﬁﬂ&?mﬁm&adm&mq&mmmm 180, e mot at PHDS0. TWe fnmnd that
senae bevel of heeinizng bovpens (L H) 22 the Tntter halFof proectius I FE-treated rats was lowsr than in the cantwls ot BID9) when there

was e sipnificans Jfrenre on estroes cyclicty. AdStenally, Kesl mBNA levls in the atmoventd periventriruler morles preoptic
arez (AVFVPOA) wers lover in EE-traxiad rats than in the contols. The expression of GoRH meozser ((REET) mBNA i te S
PO 2nd thet of L H beta sulbvmit (LHG} mif 34 in the péivitary were sivslay in the control- and EE-rested groups. O pesults indicated that
ecnzial exponze to EE leads o edred expression of ol mENA in AVPWPOA and 1 H surps, which s Hkely related to the delayed

dysfanrion saen in adul Eralemk.

Epmdurive
errwoze 1Te-ethiny] estradiol, AVFVPOA, endorine Eanmpinr, Esspaptin

ol 103390 vms M-0148, T For Med. 5 T8F) 12051100, 2034

Tt hiss been spproximately 30 yesrs since the frst Wodd
Wildlife Federation (WY Wingspread Confersnrs focused
mmw&mmmm)m} EDCs =
& broad class of synthetic #nd natursl chernicsls, most of
mmgw activity [11}. Bmmdm-
development, i

ooz daring the Iste ebryonic snd early postatsl periods
[14]. I males, andivogen secreted from fie testis passes tha
Blood-Breip-Berrier (B-8-B) and reaches the brain, where it
is comverted to estradiol by the sction of pd 30 arotmtase en-
zymes [10]. The estradicl is essentisl for the normel semmal
differentiation of the male brain o females, the developing
owary secretes exradicl, bt most of the chodlating estradiol
mmmmmﬂmw the B-B-B
[21] Syphetic ectogenic compomds show e shility o
sacape frm binding to o-ftoprotein. Therefre, expomms

t synehetic estrogen compomds during the perinsts] pesiod
may affect the sexnal differestiztion of the brzin in femals
Todents.

Eisspeptin, s newcpeptide, plsys key oles in datermining

WIé'IkI@mSﬂGKgMSM
I‘hnmuw articks Mm&&mﬁ&&m
Hon-C

I ¥ Daies
b Sty iorats arg/licensesfoyn-ndi3 -,

mmﬁwmmm@mmw
Pititery-Goasdal axis (HPG

5 surons in the AVFV is sub-
stentially higher in females than in msles, bet thedr mombers
in the ART s1e not senslly dmorphic [7]. In fernale trice,
mmi@kwmmmwm
sfiter birth and resches adult levels at the tims of puberty
[4]. Bacamss Kisspeptin nereons expiess S5E0SED TRCEDST O
{ER.a), it is thonghs that fhe inrresse in the mumher of kiss-
paptin nemmons is regubated by estradiol secreted from the de-
veloping ovary. Conditions] deletion of ERa Som kacpaptin
namons eoakted in 20 syrest in the puberts] maturation snd o
faihee to soquie normal estrons oycle [20].

Elisspentin acts tumagh binding to the (& protein-coupled
recepinr GPRS4 [15]. This receptor is expressed in GaRH
neuTens, which are primarily located i the preoptic m@es
{(POAY and the ARC {135, 17]. Eisspeptin bound to the e
ceptor in POA induces 8 GaRH-surge followed by an TH-
swEe [9]. Eisspeptin bound to its receptor in ARC confrals
the GoBH and 1H polses [17, 18], Snadies have shown that
EDCs canss reproductive dysfumction by affecting tha popn-
lation of kisspeptin peurons [7, 26]. Howeve, the effects of
EDCs on Eisspeptin nesmons rereein pely macheracterized.

T this stody, we used | To-ethiny estradicd (FE) 2= modsl
EDC. Previous stadies found that 5 one-time a@minictrstion
of EE {20 pgkx) ot postnetsl day 1 (TN indored shoos-
mal estrons cycle dming FRIdD1T1-100 [22]. To identify the
exposure to EE, we dstermined he serum levels of reprodac-
tive hormones and analyzed the gene expression in AVPV/
PCA, ARC and pituitary at TNDS0 before the sprearance
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of the sbmormal estrows cycle. Here, we show that neonatal
EE exposswe leas o 2 reduction in L H-surpe god meduced
expression of kisspeptin in AVFV/POA.
MATERIALS A¥VD METHODS

in an asime] vooms wder 2tandard bousing conditions with
controlied lighting (ights on from 05 br 00 to 19 ko 00},
temperature {25 = 2°C) and bamiday (50 = 1096). Animals
weeze provided with a rat chow diet (MR-Breeder, Mosan
WYMWN@M&WA&

mittee of Tokyoe Usiversity of Azricaliure snd Technalogy,
Japmn.

Experimertal desior: Fimeme 1 ihusteates the experimental
design The sex ratio of fhe newborn paps in each litter was
adiusted to 63 (fernsles: males). Female pups were given
ome of the follewing necaatal reatments: 1) sesame off ve-
hicle slone (control growp), 2) EE at 20 ppkg aad 3)EE at
200 pgkg These trestments were admanistered within 24
b of delivery, on PRDO. by subcoteeons (S.C) injection
in the mope of the peck. Once vaginal opening ocomred, 2
daily vagins] smear was collected from esch rat and the cyto-
iogical chenges were monitored watil PRDS0 (=18 for each
treatmend). At approximately PNDS0, pups were epthanized
£ 11 b 00 oo the second disstrous doy (D), 2t 11 r 00 on
fhe proestrons day (PEIT), a2 17 he 00 on the poosstrons day
(PE17) and at 11 br 00 on the estrous day (B}, and the blood
zad tasins were collected (o=t for each time point). The
blood samples were inmnedistely centrifuzed (1,500 » g for
15 men at 470, and the sen=n was stiosed ot -20°C until use.
ot from the brain, sasp froren in Heuid nitrogen end stored
~80°C until firther wse in BHA exraction. The AVPV/POA
=nd the ARC regions were punched out with the help of a
Tomin pomch st (fomer dismeter of 1.0 mon Stoeling Cor-
poration., Wheat Lans, Woed Dale I, TS A 121 fom
the coronsl section of the brain following the coondinates
‘provided in the brain stlas (Paxinos and Wetson atles) [16].

Humuw gy Seram cmmm of LH, follicls

154 ) Theindingted preparations psed were rat LHL-T, mat
F5H-I-7 end PRI-I-6. The snfivera used were anti-mt TH-5-
10, anti-rat FSH-5-11 20d PRI -5-0, recpectively The resulis
were expressed in temms of MIDDE st LH-REP-3, FEH-EP-2
=d PRL-BE3. The intra- =nd Ier-assey coefficients of
vazinticns were; 2. 7% snd 22.08%: 7.3% zud 22.75%; and
24652 =nd 22.20% for LH, FSH and profactin, respectively.
Thmcmofmuw{z—)nﬁﬂm
wee measmed wsing the rabbit sntiserum against bovine n-
mfmljmm‘ﬁzmmmm
Resnlts were expressed as the conceatrations of 32-kDa
hovipe inhibin The infre- snd imterassey coefficients of
variation were 4.77% and 103092, respectively.
The seram concentrations of estmdiol and testosterone

K USUDAETAL

were messured with the belp of 2 domble-wibody RIA
system using *Idabeled mdio lizmnds. Anfivers speinst
estradiol (G #2449 s testostezone (GDR 2250 wame
provided by De G D. Miswendsr (Animal Beproduction
and Biotechmology, Colomdo State University, Fort Collins,
CO, VLS A). The intra- and inter-assay coefficients of vazia-
tion were $47% znd 18 409, respectively for estradiol apd
2.89% and 21 28%, respectively for testosterone.
Ouantizative real-time PCR: Total BNA from each sample
was extracted wsing ISOGEH

Ex Tag™ {Ta¥aRa Bio). The relative expression level of
each terget mBHA was determined using the 2447 method.
GAPDH or fi-Actin was used a5 the endogencus control gene.

Seatiztical enalysis: The data are presented se the mesn
= SEM of values from theee independeat experiments. The
level of sipnificance was analyzed using one-way anabysis of
variance (AMOVAY, Bllowed by smitiple range tests (Graph
Pad Prism3). Diferences with P<0.05 wene considened =ta-
tistically siznificant.

RESULTS

Effect of veonatal EE axposiae on raproductive paras-
eters: The changes in body weights are shown in Fiz. 22 The
rats in all treatment groups grew normeslly, and there was no
sigmificant difference between the body weighs of control
and EE-treated proasps. The tndng of the vaginal opening,
which is indicative of puberty, is compared between coatrol
i EE-treated gromps in Fig Jb. These was no significant
differsnce betwesn the tming of vaginel opsning of the
contzod and EE-treated proups. The time speat in each cycle
day 2 P80 s showm in Fig 2c There was po sigmificant
difference in the estrous cycles of all growps a8 PRDSD.

Effect of reonminl EE exposure on bormonal changes
at PRDST: The chanpes in the serum levels of LH, FEH,
inhibin, prolacting estrediol and testosterons are shows in
Fig. 3. L H-qurpe was chserved st PE17, and the pesk levels
ware redaced in the EE-trested groups compared to comtrol
. In 200 pzke ER-trested group, incresses of FEH &
diestrons and testosterpne 2t PEIL were observed (Fiz 3b

Effect af reonatal EE exposure on Rypothalamic gene
expression @t FNDEG To suspine the potentisl hypoths-
GPR34, ERg and GNRFI mBA levels in the AVPVPOA
mmmmmm ; quantitative real-
dime PCR. EE treatmest meduced the levels of iss] mBHA
in the AVFV/PQA st PEIT (Fig 4a). In 200 ppke EE-trested
groug, decresse of (BEH] mRMA expression st dissrous
was oheerved (Fiz 4 There weme no sipnificant diffes-
ences in the mPNA levels of GPRSY and Efln (Fig. 4o and
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e serastdly mand with weuse ofl and wid
vginal cytology. Det 2o presented as 3o mean = S8

4cy. Compered to comrols, the expression of &ool mPHA In
the ARC of 200 pglky EE-treated gromp was lowes st FEI7
(Fig. 5g). Bowever, there were no significant differences in
the mBHA levels of GPRES, Efo snd GNRE] betomen the
ABCs of control and FE-tresfed groups (Fig. 5b, Scand 540

Effect of necnemal EE exponoy on pitultery pene expres-
ziom o PNDAD: The mPMA levels of LHE, F5H bets subumit
m},mmmmm{mm
mwmm—m BCE {Fig. 4). Thee
were oo significant differences in the mPMNA expression
levels of other genss between the confrol md the featmen
EFOUS.

TASCTISSION
Iz bas been reported that the pevinats] expoomre to EDC:

sffects the HPG axis and the brein development redated to

2 comcaniratioss of FE {20 ppfis and 200 ppksl Extrous stage was determized by

thar g potentially related to the delayed reproductive dys-
fimction. Neonetsl FE exposme osed & redncton in the
LH-zrpe level ot PRIDE0 when fhe animals showed 2 nomns]
astroms cycle. In comrast, these snimsls showed sboormal
estrons cyce st PHE0. Reduced Heoxl mBNA epression
was alsp ohserved in the AVFV/POA of EE-treated sndmsls.
It has been reponed that in males no LH-smge ocommed
and the expression level of Mspeptin in the AVPV/POA
was lowes in males tham Semalec {1, 7], Meonatal expoams
of neonatal females to EE might indure the masoplinizetion
of the AVPV/POA region during the semal diffsentistion
of the train, which is Hiely the reason for the reduced kis-
speptin pene expression end the Jow 1T5-surme at PRDS0.
Itz stedy, we adrinistered EE (20 and 200 pgkel to
pims subomianecusty at PHD0. The EE kas been widely nsed
for oml comtraception o women, and the pills comsin 30
pg EE corespondins to 1.0 ggkg'day. The doses selected
in fais stody were yproximstely 20300 tmes bighs then
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expeezze of women In 2 previons stedy, EE (530 pzls/
day} was adodniztered to dewms by oral Favaze from peste-
tional day (I 7 to FRID22 [18]. The swhers peported thar
there were no chenges in the Bzl mRMA expression in the
AVPVPOA of pups st PRS0 [18] However, the quantity
of EE thet resched the pup's dircalation &= oot known. The
lower cironic exposare was act safficient to induoe changes
in kzzl gere emwession B is Beey thet the metabolism
of EE in the mother’s body, placents snd mammary . gland
gt prevent FE fom entering the pup’s dromdation. There-
fime, the tirming #nd mesthed of sdministration sheuld be pee-
mﬂ:edﬁracmmesmafkeﬁecsﬁm
Estrozen regulates berd mBHA expression in kisspeptin
memmons {15]: Toro distinct sulbtypes of ER, ERa snd ERE,
=z known (211 ERn & predomivastly sxpressed in the
wtares, mammery gland testis, pitpitary, Hver and kidoey,
wheress ERS is primarily expressed in the ovary snd mostste
{]. Eisspeptin pewrons highly express high levels of FRa,
wikich is bighar in females then in males 3, 16, 25]. Estmo-
@@EWMIWWIRW
newops of the ovariaciomdzed ERoe-dkoockout wmice [281
Thazs, ERny medistes esfrogen-indnred &s] gene expreszion
5}, Oner resudts showed that the expression level of ERa in
the AVFV/POA snd the ARC of the control- and EE-treated
groups was siniler Additionsily, senom level of estrogen
wras un=ffected by EE treatment. Taken togsther, the reduced
expression of Mol mRYA in the AVFV/POA of EE-reared
znimzls may bave been due to 3 fonctionsl ingainment of
signatines downsiresm of ER.

1198

The semum LH-sge levels decreased along with the e
duction in the Iovel of Hesl mRMA Geoemlly, kisspeptin
cmmmmmmmm
saEge wmisased fom the AVEV/POA stnmistes pitmitery

apscription. GrRH-pulse

basal TH and FEH sxpressicn. The AVPV/POA md ARC
contzned CGoRH pewrons and we investigeted the expression
levels of GNRH] snd GPRIY mFNA, however, there ware
o significant differences in both regions. Furthermore, the
expression of LHE and GNRHE mBHA mmamed unchanged
inthe pitmitery. In 200 ppks FE-trested somp, the sermm
medm]mm&nmgﬁeque,m
the sxpression of FAHE wRMA did not change in the pite-
itary. Tt was reported that kisspeptin slen elicits FSH seqe-
tion snd Intecareteoventriculer sdoguistration of kisspeptin
paptide stinmisted FSH secretion in prepuberts! and sdakt
rats [23, 27]. These ohservetions provided the possibility that
wmmmmmmmum

Pﬂkﬁdm}.ﬁmm:sm?mgi
the delayed repmoductive dysfmction in the sdult snimals.
Previos studies hove foamd that when conpered to young
s exhibifing normal estous cycle, midde aped miE with
mmmmmmgmmm
of ksl mPIA- negrors with oSS Dommore-
ammym!beAW{E, 13,18, 39 Since thers ate some

Bisk of Chemirs] Substances, Ministry of Hadlih Laborand
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ARTICLE INFOD ABSTRACT

Articie g Necnatal exposure to 17 3lpha-sthynylestradsol (EE) causes delayed efect, 3 kte-ocourring imeversible

Received 14 Augest 2074 dmgh@m&dimﬁmbusd:m@dbg&aummmafaymdmmdm

:;"""""g:m cyeling. To clarify the invok af 3 hypothalamic key cycling regulator KiSS1/GPR54 in the delayed

“u‘!’m 2015 effedt, we igated artificially i i [H surges md K551 mRNA in the

ml Ilemljlnem.pnmzms periventricular nuclens { AVIY) of cycling young adult 1h d to EE, and compared thess
parameters to thase in about 5 months old middle-aged rats. 1 mlhllexpnnlul. the number of

Teywords: Ki55 | -positive c=lls and Ki551/ERa co-expressing cells in the AVAV demeased in both EE-exposed and

Dedayed sffect middle-aged rats The peak area and bevels of LH surge dose-de) decrezsed im EE-exposed rats,

1T Alpha-stiynylestradiol and rechsction was more evident in middle-aged rats. Thess results mdicate that the prior attenuation of
Meomatal sxposure Ki551 and consequent depression of LH surges plays a key role in the onset of abnormal estrous cpding
EDCs im the delayed ffect.

LH surge © 2015 Ebsevier Inc. All rights reserved.
CPRSE

AVFV

1. Introduction reproductive functions in human being and wildlife

Exposure o the endocrine distupting chemicals (EDCs) con-
tzined in man-made chemicals such as pesticides, plasticizers
and drug medicines, has been 2 major concern for human
health because EDCs possess eXOgenous estrogenic activity and
interfere with normal physiological systems and hormone bal-
ance, potentially induce various adverse effects on hormones

AN, nutiess; ARC, anouate
nucleus: EH, estradiol Derooate: EDCE, m m chemicals: EE,
7 aiipha-=tiny F3H, fedlicle: p

sonadal; IHC, Eu.tnsm ¥ L8, st
mwmmmrmn day: P4, progy IV, third

mmm‘l’d +E1 3 3700 D821; G +81 3 3700 1425,
E-motl aetdress: mridoriyin s gnUp (ML Yioshida)

It Jdx dotorgf 10,101 6{L.re proto 701 5.01.004
DB00-EZ38)0 2015 Bsevier Inc. All rights reserved.
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regulating
[1.2] it is widely known that prenatal and neonatal expo-
sure o estrogens can cause irreversible, complex damage to
the hypothalamus- pituitary- gonadal (HPG) axis and disrupt the
programming of endocrine signaling pathways during early devel-
opmental stages in mammals [ 3 4] Forexample, neonatal expasure
to Large amounts of varions estrogensc compounds during critacal
perinds of development have a serious influence on the sex differ-
entiation of the brain, causing various irreversible abnormalities,
such as masculinized sexual behavior, lower gonadotropin levels in
puberty, malformation of the reproductive tract, and cessation of
cydlic ovulation [5-7 |. These effects are known as “defeminiz ation™
or “masculinization” of female sexual behavior and reproductive
functions and these abnormalities are usually manifested during
the pre- or peri-pubertal periods.

On the other hand, shorter and lower-dose neonatal expasure
t0 estrogenic compounds ke EDCs also causes multiple adverse
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effects on female reproductive functions, bat the timing of appear-
ance and type of effects are reported to be different from that
observed in “musceinization”, For instance, neeatal or perinatal
expaosare to chemicals such as p-t-octylphens!, methoxychlorora
synthetic estrogen, diethylstibestyol, are reported to induce early
onset of sbpormal estrows oydle, advanced repraductive senes-
ceace and increased uterine Carcinogendc risk in young adult or
aﬁumi&iﬁ;m&mmMMMmm

o normatly develop and normal estrous cycles were also ohserved
after the vaginal opening; however, the early oaset of age-matched
abnormal estrous cycle become apparent in young adult age, and
increased carcinogenic risk due to the chronic increase of estro-
genfprogesterone ratio were observed later in life 12-11] These
late-orcurring adverse effects are recognized a3 “delayed effects™

fayed reproductive dysfunction” in the previous reports
{10-121 and could be defined as various reprodactive dysfanctions
having the ilkowing features; 1) be induced by the perinatal expo-
sure to relatively low-dose of estrogenic compousds, and 25 mani-
fest after the peripubertal period inassociation with the early ressa-
tion of estrous cycle, Disruption of the hypothalamic cycle regulat-
ing center inearly developmental stages hasbeen considerad as one
of the major meechanism of the delayed effect; howaver, the pre-
cise mechanism underlying the defayed effect remains unknown
110,311 Mareover, the potential of compounds lke EDCs to induce
the delayed effect nuglt be overlpoked in short-term bicassay and
existing developmental toxicity stodies, because the delayed effect
usually becomes apparent ondy afier the general observation period
of most authoszed reproductive toxicity studies. Therefore, inves-
tigation and eluckliation of the mechanism and exploration of the
early indicator of delayed effect are toxicologically important for
the risk assessment of these estrogenic compounds.

Kisspeptin, the endogenous ligand of the in-coupied
receptor GPRS4 (KiSS1R) previously called metastin 14,151, is now
recognized as playing critical rofes in various female
tive functions and i the regﬂzﬁmefestmmqﬂiag{a&ﬁi.
Kisspeptin & a neuropeptide encoded by the Ki5S1 gene and reg-
ulates GnRHLH secretion in the HPG axis [17,72] In the rat brain,
the population of Kisspeptin pearons is boated maindy in teo spe-
cific areas of the hypothalamus: the antesovenival periventricalar
niecleus (AVPV) and the arcuate noclews (ARC), Interestingly, each
area is considered to play a site-specific role; the AVPY triggers
the surge in secretion of GoRH, leading to ovulation in the nor-
mal estrous cyde, and the ARC induces GnRH pulsatile secretion,
which is responsible for follicalar development [17-319] A num-
ber of recent studies focused on ki have revealed
that this peusotransmission pathway is the target of estrogen
feedback systems in the HPG axis, ie, activation of kisspeptin
meurnns is regulated by ovarian estrogens and receives positive
feedhack in the AVPV or negative feedback in the ARC via estrogen

receptors expressed on kisspeptin newrons themselves [20-221
kgxrﬂm:}tﬁ: ovislation control, activated kisspaptin neurons
secrete kisspeptin in the AVPV and conseguently activate GnRH
secretion, which induces the transient secretion of large amountsof
1LH from the pitustary {LH surge) and leads to cyclic ovilation in the
normal estroas cycle [23-25] Since these reproductive functions
are unigue to female animals, the number of kisspeptin neurons in
ﬂuAVPV:shm to b markedly sexually dimorphic {26371

we reported that neonatal exposure to 17alpha-
W{ﬂ}m:ﬂ&mm&m&hﬁd
effect, characterized by an increased incidence of early onset of
abnormal cycling from 10 to 32 weeks of age {111 This abnor-
mal estrous cycling is mainly persistent estrus, which is similar
ta the age-related persistent esinus observed in the middle-aged
femnale rat Since no abnormalities inovarian follicles woere detected
in these animals, disruption of the HPG axis, especially of the
lateinizing hormone (LH) surge and hypothalamic KiSS1/GrRS4

r 5 (295) M5-156

signaling are predicted, 1n fact, there are a few reports that show
2 significant decrease i KiSST mRMNA expression and kisspeptin-
immuncreactivity in the hypothalamic kisspeptin neurons in
middle-aged rats [2829] and in animals necnatally exposed to var-
inas estrogenic compounds 30-321 However, the selected dose
in these reports are extremely high, and sufficient to cause the
~masculinization” of the female brain; therefore, the contributionof
kisspeptinto the ocowrrence of delayed effects indoced by bow-dose
negnatal expostre to estrogenic compounds Temains unclear,

In the present study, we investigate the artificial LH surge and
KISST mRNA expression in the anterioe/posterior hypothalamaos
of neonatal EE-exposed and middle-aged ovariectomy (OVX) rats
to plucidate the fanctional changes of kisspeptin nearon in the
delayed effect and in middie-aged rats, and to explore the potential
of changes in kisspeptin newons as early toxicological indicators
of the delayed effect.

2. Materials and methods
21 Anfmels

Pregnant CriDonryu rats maintzined in house were prepared
ﬁrfmmz 1 {n=40) and Experiment 2 {n~-28) This strain
is known to show regular 4-days cycle after puberty (8] The
rats were housed individually in polycarbonate cages with wood
chip bedding and maintained in an air-conditioned animal room
{temperatnre, 244 1 < relative lmidity, 55 £ 5%; 12-h ightf dark
cycle: light on, 5:00-17:00; light off, 17:00-5:00) with a basal diet
{CRF-1; Ogiental Yeast Co,, Tokyo, japan) and tap water available
ad Ebitusn, CRF-1 is 2 standasnd dest that inchedes soy protein and
is known to contain a relatively low level of estrogens. The animal
protocol was reviewed and approved by the Animal Care and Use
Committee of the National mstitute of Health Sciences (Japan).

22 Chemfrals

EE {CAS Mo, 57-63-5) with puzity »983% was purchased from
Sigma (St Louis, MO, USAL EE was stirred in a small amount of
sesame ol overnight, then used after dilution. EE was selected
because of #s rapid excretion and lower binding affinity for o-
fetoprotesn in necnatal blood, =0 as to Emit the exposure time to
the neonatal period [33]

23 Expertment T

Dams were assigned to'3 groups: control, EEQ.02 pyiky (EEDOZ],
EE 0.2 pofke (FE02}, EE 20 pglke (EE2D), and middle-age (6-10
dams/groug). The pups of the control and EE groups received a sin-
gle subcutanecus injection of sesame oil (control} or EE (0.02,0.2,
30 pgike of BW) within 24 h after birth, 65 002 pgihy was selected
as the non-inducing and EE 0.2 and 20 pgky were sefected as the
imhucing doses of the delayed effect, with refenence to a previous
repart {111 Litters were nsdied randomly to preserve 10 pups with
a female predominance on postnatal day (PMD) 3. On PND 21, the
offspring ware weaned, and 31-40 female pups per group were
housed 3-4 per cage and maintained until 10 weeks of age. Start-
ing on PND 23, we checked the vaginal cpening every day. After
that, 3ll animals were chserved for estrous cycle by vaginal smear
For 5 consecutive days every week throughout the experiment. &
decision on the cyrle pattern was made with every 5-day obser-
vation. Regular 4- or S-day cycles were deemed normal cycles, and
other patterns were judged tobe abnormal estrous cycies. In partic-
ular, animals showing proestrus or estns continuously for 5 days
were designated as having persistent estrus, Chearvations of din-
iral signs, body weight, and mortatity were made throughout the
experimental pericd. At 10 weels of age, gach rat confirmed as
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showing a normal cycle received an OVX under isoffurans anesthe-
sia, One week zfier OVX, 2l anizmals were s ireated
with 2 pgirat of estradicd benzoate {EB) at 9:00 for 3 consens-
tive days and 500 pgirat of progesterone (P4} at 11:00 of the last
day of BB treatment for artificial 1H surge priming. For the time-
course analysis, 2il animals were decapitated at 11:00 {soon after
P4 ingection, 14000, 15:00, 16:00, 17:00 and 19:00 {r=5-7/time
point} of the 14 surge priming day znd blood samples were col-
lected. The middle-age group was maintained until 22 weeks of
age with dadly observation of estrous cycle, then divided into 2
groups, one with normal estous cycle(Middle [N} group, n-5/ time
point, mtal 30 females'group) and another with persistent estrus
{adeddle (PE} proup, n -4/ time poing, tofz] 16 females/group). Both
groups received the same OV and 1H surge priming treatment and
were decapitated at the same times as the control and EE groups,
withoist the time points of 11:00 and 19:00 in the Maddle (P}
group. These middie-aged groups were prepared as the animals
with spontanesus reproductive aging, and this strain is Imownito
show estrus starting from approximately 4 months nf
2ge |8} Brains were removed from the sklls, and the

mﬁmmumiazmmmb@m%a
horizontal cut about 2mm in depth with the following 3 Hmits:
1 mum amtesior to the optc chiasm 35 anterior limit, the posterior
end of mammary bodies a5 posterior Emit, and the hypothalamic
fissures 25 lataral limet. Dissected hypothalami were macroscopi-
cally divided using the optic chiasm s 3 bousdary into anterior and
pasterior hypothalzmus, which incuded the AVPV and the AR,

A

fmgiend)
15

LH Coneaiirafion

T

respectively. The hypothalamic samples were immediately frozen
in liguéd nitrogen and stored at —80+C until the time of ANA isola-
tins. The uterus, vaginz and mammary glands were also resscted
Froam each animal Al organs were fxed in 10% neutral buffered
formalin Tissues were processed routinely and stained with hema-
toxylin and eosin (HE} for kistopathologic examination,

24, HOTMOne Gsuys

Seram samples obtzined from decapitation were stored
at -80°C before assay. The serum concentrations of folbicle-
stimulating hormone{FsH) st LH were determined using doubls-
angihody radicimumunoassays and 125-labeled radio-ligands.
Mational Digestive and Kidoey Disease | NIDDX) radisimmunoaszay
kits wrere used for rat F5H and LH with anti-rat LH-5-11 and anti-rar
F5H-5-11, 35 described previodsly [351 The intra- and inter-assay
coefficients of variations were: S.09% and 2075%: 3452 2nd 17.40%
for F5H and LH, respectively.

25, (uaniitative real-tme PCR

ISOGEN (Nippon Gens Co, Lid, Tokyo, Japan], and reverse tan-
scrigion reactions were performeed using 1 g of tofal BNA with
High Capacity Reverse Transcription kits {Applied Biosystems,
Bostar City, CA, LBAL Foflowing the mamufacturers instroc-
tions, real-fime FCR {7900HT Fast Real-time PCR System, Apglied

o I

1z gt EEAE 3

e EER Y

2 1428 I598  iE9S  ATER

1 EE-
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aut

FigL S@cmwhmmmamm-
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L3538 15T

riddie-age groups and I8 o 18 ab TE:BO{E].

Imbnih middiz-age proups. Defz are

[xmd zm»i&ameﬁirn‘L:{;gamx

nmmmﬁamm*peam try Demmeti's sk, respectivelyl.
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Biosystems) was performed using TagMan® Fast Universal PCR
Master Mix [Applied Biosystems) and TagMan® Gene Expres-
sion Assays (Applied Biosystems) as ~probe sets for
the following genes: KISST (KiSS1, RnOO710914.m1), KISSir
{KISS1R, Ro00S7 65401 1, EsrT (R, ROO1640372 Y | EsrZ (ERB,
Rn5626100mt) and Fos {c-fos, RpOD4STA26.81) The expres-

Man Rodent GAPDH Control Reagent, Applied Biosystems),

26, Expertment 2

For further assessment of kisspeptin nevrons, we conducted
anpther experiment to obtain beain samples for in sita hybridiza-
Hion. Dams were assigned to 5 groups (4-9 damsfgroapl AR
pups were processed as in Experfment T with subcutaneous injec-
tion of EE on PNDO for astificial 1H sarge priméng at 11 weeks
of age. Om the LH surge priming date, all animals were deeply

A KIBST APV 084588)

poration,
mmwam&mmmmrmmm
Japan daring the interval from 16:00 to 17:00{n - 4jgroup}. Brains
were removed immediately and post-fixed in 4% PFA overnight at
4+, then immersed in 0% sucrose/ PBS sofution at 4°C untd tis-
sues sapk. The fixed brains were embedded i OCT. compound
{Salawa Finetek japan Co. Lid., Tokyo, Japan} and blocks were stored
at —BO-C until sectinning. The uterns, vagna and pitsitary were
also resected from each anamal. All organs were post-fixed i 4%
PEA. Tissues were magtinely processed and stained with HE for
histopathologic examination.

2.7. Insitu kybridizatian (I5H)

Hon-radinactive 1SH was used for KiS51 mENA-positive cell
detection with reference to 2 previous regort [35] Slides were
washed with 785 and treated with 1 pgimE proteinase K {Takara
Bio Inc, Shaga, Japan], followed by brief 12 PFA immersion, After
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wizshing in P85, shides were incubated with 0.25% acetic anhydrids
in 1 M friethanclamine, ard then prehybridized with hybridiza-
ticn buffer for 30min 2t 60°C. After prehyhridization, slides were
hybridized with 05 pg/mL of DiC-IZheled anti-senze RMA probe
{sequence posiion 3-358, GenBank arcession Mo, AVIOGSE3.I,
Gmmﬂ;mm;ap@ﬁmnng!ﬂam{};mmﬁ_pm“&
used a5 a negative comtrol. Following hybridization, the slides were
wizshed with £» 5507502 formamide, 2+ 550, and 1. S5C. Bstween
S5C washes, slides were briefly immersed in 2 20 pglml RMasa
warking sclution at 37 +C. After washing, shdes were blocked with
2% BSA {Sigma, St Louis, MO, USA) in 15H buffer-1 and incobated
writh anti-DIG antibody{ 121000, Roche Applisd Science, Mannheim,
Germany) in i5H buffer-1. Following washing with 159 baffer-
1, the skdes were immersed in iSH boffer-3 [100mM Tris-HO
(pH 9.5), 100m34 Macl, and 50mhé MpCl:] and then incubated
with METBCIP sclution [Rache Applied Science] in ISH buffer-3
for 1h

2& Dup-lebeting (3 mumohistochenily (THC)

Following I5H for KiSST mRMA the sections were teated with
1% BSA (Sigma, 52 Louis, MO, USAY in PBS and incebated with rablat
ameti-EBre {12000, 50-542, Santa Cne Bictechnology Inc, CA, 154}
or rabbit anté-c-fos(1:4000, s0-253, Santz Oz Biotechnology Inc )
overmight. & negative control was inmbated withou? primary anti-
body. After washing with PBS, the sertions were incuhated with
bintin-conpugated goat anti-rabbst 1pc {1300, vector Laboratories
tnc., CA, USA] in 1% BSA for 30min. Then the sections were -
bated with avidin-biotimylated HRP comples (Vectastain Elite ABC
kit, Vector Laboratories Inc} in PBS for 30min, The sections weare
visnatized with 3.3-diaminobenzafine-tetrachloride (DAB} mixed
with hydrogen peroxide in PBS.
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23, Sectioning and quantitetive analysis of posttive cells i 15H
anif duck-labeling ISHIHC

In grder to evaluate the whole area of the AVPY and ARC
we made sequential coronal sections (20 pm thick) of the Avev
from approximately 0.12 mm anterior to 0,24 mm posterior to the
bregma, and of the ARC from approximately. 1.72 mm postesior to
350mm posterior to the bregma (Paxinos and Watson, The Rat
Erain, 5th edition) using a Cryostat (Leica, CMIES0UVY After ser-
tioning, all tissue ssctions were immediately mounted on coated
slides {Matsunami Glass Inad, Ltd, Osaka, Japan) and then com-
pletely air dried and stored at —80+C before stzining Since 1
section from every 4 sections from the AVPY and every 15 sec-
tions from the ARC was chosen for staining, 2 total of 4 sections
for the AVFV amd & sections for the ARC per rat were examined,
For positive cefl counting, an Olympas BY51 microscoge with an
Clympas digital cammera DPY3 (Olympus, Tokyo, lapan] was uti-
m;&ﬂ Kizsy mENA-positive cells with visibls rezctions in I5H
and Kis5 1-positive cells with or without ERa/c-fos immanoreactiv-
ity in dual-labeling ISH/IHC cheerved in the ateral half of the brain
were prapually counted 2t high magnification in 2 biinded fashian,
The tofal members of K55 1-positive oelis and KiS51-pasitive cells
with ERajc-fos immumoreactivity in each proup were statistically
compared. 1t was confirmed preliminarity that all sectinns from the
AVPY and ARC had approximately the same member of positive cells
iz each brain half

210 mesfs

Following Bartlett's test, variances in data for the days of vagi-
nal opening, body and organ ,hormone reak-time
PR and numbers and percentages of I5H or dual-labeling 1ISHAHC
positive cells were compared with thosa for the control growp by

B
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for any KIS51-reizied gene. All dataare
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m

Number of K55 1pozitve cols

Fig. . Represetative kafes of KISS1 mRNA- pusitive cefls i the AVPY In control (A), EE20 (), Middie [N) (C) and Middie (FE) (D] jreups. The number af pesitive celts ws

decreased In the EE20 and Middie (N] groups (E). AR
(n~4group). Symbols iIndicte significant dilference

one-way analysis of variance or the Kruskal-wallis test. When sta-
tistically significant differences were detected, Dunnett's multiple
comparison test was employed for comparisons among the control
group, EE-exposed groups and middle-age groups. In these tests,
the level of significance was set at 0.05.

3. Results
3.1. Chinical observation, estrous cycle, and owarfan histology

No abnormalities or deaths were observed throughout the
experimental periods. Significant increases in body weight were
observed in all EE groups during weeks 4 and 5; however,
these changes were transient, and no intergroup differences were
observed after week 6 (data not shown ) No significant differences
were detected in the mean days of vaginal opening between each
group [ data not shown). All animals, except those in the Middle (PE)
group, were confirmed to have normal estrous cycles before OVX
by daily observation of vaginal smears. After OVX, vaginal smear
showed a pattern similar to that of diestrus in all animals, and corni-
fied smears were observed after EB treatment for 3 days. Estrous
cycles determined by ovarian histology coincided well with those
determined by vaginal smears, and no histological difference at
each cycle was found between the control group and EE-exposed

g the Interval from 160001700, ANl data are presemied 25 mean + S0

o Ehe control growp ("< (.05 by Dunmete's test). 7V third ventricle. Scade bar ~ 200 .

groups. In middle-age groups, several animals in the Middle (N)
group showed a decreased number of recent corpora lutea, which
may indicate a possibility of ooourrence of anovulation status in
resent several cycles, although the vaginal smears indicated normal
estrous cycles. Most animals in the Middle (PE] group showed a lack
of recent corpora lutea and cystic atresia, which reflects prolonging
anavulation status in this group.

3.2 Serum concentrotion of LH and FSH

Sequential changes in serum LH concentrations are shown in
Fig. 1. LH concentrations were markedly increased during the inter-
val from 16:00 to 17:00 in the control and EE-exposed groups, but
the peak time of LH concentrations were delayed in EE-exposed
groups as it detected at 16:00 in the control group and 17:00 in
the EE-expased groups. in the middle-age groups, a slight increase
in LH oncentrations at 16:00-17:00 was observed in the Middle
{N) group, and the Middle (PE) group was almost near the baseline

the measurement period. In addition, the peak areas
of the LH surges in the EE-expased and middle-age groups clearly
decreased compared to that of the control group. On the other hand,
the peak area in the EEDOZ group was almost the same as that
detected in the control group (Fig. 1A} In intergroup comparisons
at each time point, the serum LH concentrations were significantly
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decreased in the EE20, Middle (N} and Middle (PE) groups at 16:00,
and a slight decrease was observed in the EED2 group (Fg. 1BL
Spovadic increases or decreases were alse observed at other time
points: however, these changes were considered to be incidental
due to lack of consistency and dose dependency. Serum FSH on-
centrations were moderately increased im the afternoon,
peaking at 15:00 in the control group and 16:00- 17:00 in the EE-
expased groups. A significant decrease was observed in the EED.0Z
and EE20 groups at 15:00. The FSH concentration of the Middle (N}
group was not increased throughouwt the measurement period and
significantly decreased from the control growp at 15:00 (Fig. 1CL

33 Quantitative rea-tme PCR

Sequential changes in Ki551 mENA expression in the AVPY and
ARC of the control group and intergroup comparisons are shown in
Fig. 2 In the AVPV, obvious expression of KiSS1 mRNA was detected
from 1 1:00 and peak expression was observed during the interval
from 16:00 to 1700, the same as the peak time of LH surge in the
present study. This peak expression contimeed to be detected at
19:00 (Fig. 2A). In the ARC, expression of KiS51 mENA was sup-
pressed throughout the measured time points when compared to

expression in the OWX-only group, and expression slightly recov-
ered at 19200 (Fig. ZB) Infergroup com| revealed that Kiss1
mRNA expression in the AVPY of the EE20 and Middle (N) groups
was significantly decreased at 14200, and this decreasing trend
continued to be observed in both groups at 16:00, although the
decrease was not statistically significant at this time point (Fig. 2C
and 0L On the other hand, no intergroup differences were detected
in KiSS1 mRMA expression in the ARC at 16200 (Fig. 2E). The mRNA
expression of Kis51-related genes is shown in Fg 3. Although a
clear decrease in KiS51 mRNA expression in the AVPY was detected
in the EE20 and Maddle (N} groups, expression of KiS51R, ERa,
and ERP mRNA was not significantly changed among the control,
EE-exposed, or Middle (N) groups (Fig. 3A-C). In addition, c-fos
expression, which was examined as 3 marker of neuronal activ-
ity in the kisspeptin neurons, was also not changed among the
experimental groups (Fig. 300

34. In situ hybridization

Representative KiS51 mRMNA-positive cells in the AVPV and ARC
are shown in Figs. 4 and 5, respectively. In the AVPV, most Kis51-
positive cells were located around the third ventricle (3v), and the

Humber of KIS51 -pos she cols

£EE LSS

Fig. 5. Represemtative images of KISS] miNA-positive cefls in Ehe ARC n control {4, EE20 (H), Middie [N} (C] and ) [0} gruups. Mo

nurmker of
[o=4gromp}. IV: third veninice. Srade tar= 500 jum.
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Fig. 6. Representative images of dual-labeling SH/IHC for KISST/ER in the AVPV in control (A and B) and EE20 (C and D) groups. Most positive ceis shaw dark biue

statning Tor KSST mNA and brown nuclear staining for ERe. Red armows represent KISS],

cedis and whibe arrows KISS1 miRNA-

eytoptasimic JERa-double positive
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showes the total mumber of KISS] -pesitive cells {closed bar}, the mumiber of KISS1/Eb doutrle positive cells (open bar) and perentage of KISST

crils shawing ERe

o-expression (line chart). All brain ampiles were collected during the interval feom 16:00 to 17-00. Data are presented 25 mean £ S0 or mean + 5.0, (= 4/group). Symbols
Indicate significant difference from the control group (™ p<0.01 by Dunnedt's test) 3 V- third ventricle. Scalle bars =200 wm (A and C) or 50pm (8 and D).

number of Ki551 mRNA-positive cells (half brain) was significantly
decreased in the EE20and Middle (N) groups and slightly decreased
in other EE-exposed groups (Fig 4E). In addition to decrease in
the number of positive cells, attenuation of KiSS1 mRNA signals in
each pasitive cell was observed in the EE20 and Middle (N} groups
relative to that in the control growp (Fig. 4A-C). Interestingly, on
the other hand, KiS51 mRNA intensity in each positive cell seemed
to be slightly recovered in the Middle (PE) group (Fig. 4D). In the
ARC, Kis51 mRNA-positive cells were located in the lower periven-
tricular area of the 3V, In contrast to the AVPY, the number and
intensity of KiSS1-positive cells in the ARC were not significantly
E:h:npd almmg the control, EE-exposed, or middle-age groups
Fig. SA-E

35 Duaklobeling SHIHC

Representative KiSS1 mRNA-positive cells with ERoyc-fos
immunoreactivity are shown in Figs. 6 and 7, respectively. In
dual-labeling staining with KisS1 and ERafc-fos, dual positive
cells showed dark blue cytoplasimic staining for KiS51 mRNA and
brown nuclear staining for ERoyfc-fos (red ammows), and KiS51-
single positive cells only showed cytoplasmic staining for KiSs1
{white arrows) (Figs. 6A-D and 7A-D). In dual staining with
Ki551 and ERc, most KiS51-pasitive cefls showed positive nuclear
immunoreactivity for ERo and the percentage of KisS1-positive
cells co-expressing ERa reached 79.9% in the control group.
Compared to the control group, the number of KisS1/ERa-dual
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Wp_t! F e of K155 1-positive cells 5 nuciear c-fos

tiwity was mot

ged in EE20 and Midile (N) groups, but significantly increased.

Wi (FE) group (EL Graph shows the total number of KES]-positive cells (ciosed bar), the member of KISS1jc-fos double positive cells {open bar} and percentage of
showing c-fos

KE51-pasitive cells
mean + S0 {m =4 group]. Symbals
bars= 200 um (A and C) or SOpm(B and 0}

pasitive cells was significantly decreased in EE20 and Middle
(M) groups, and the percentage of Kis51-positive cells with ERn
expression was also significantly decreased to 668% and 66.1%
in EE20 and Middle (N} groups, respectively (Fiz. GE) In dual
staiming with Kis51 and c-fos, the number of KisS1/c-fos-dual
positive cells was not changed in these groups, and
the percentage of KiS51-positive cells co-expressing c-fos were
28.0%, 32.0% and 337% in control, EE20 and middle (N) group,

respectively. In contrast, the number of Ki5S1/c-fos-dual positive
cells in Middle (PE) group slightly increased, and the percent-
age of KisS1-positive cells with c-fos expression was reached
46.1%, significantly increased compared to that of control group
(Fig. 7E).
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4 Discussion

Eisspeptin is one of the most recently discovered newropeptides
and is a central regulator of GnRH and gonadotropin secretion in
the HPG axis, consequently controlling various reproductive func-
tions, including estrous cycle, ovalation, and follicular development
[17,18]. Kisspeptin plays a site-specific role in regulating ovulation
by induction of preovulatory LH surges through positive feedback
in the AVPV [24] and regulating folliculogenesis through pulsatile
GnRH secretion in the ARC. In previows studies, we reported the
early onset of age-related abnormal estrous cycles in neonatally
EE-exposed rats 111 indicating some sort of disroption in neo-
roendocrine pathway. Thus, we imvestigated the changes in the LH
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surge and KiSS1 mRNA expression in normally cycling young adult
animals neonatally exposed to EE.

In the present study, real-time PCR analysis revealed that KiSs1
mMRNA expression in the AVPV peaked at 16:00-17:00, the same
time as the peak of LH surge in each group. This result indi-
cates rapid transmission of kisspeptin and GaRH neuron, which
results in quick gonadotropin secretion from the pituitary. In inter-
group comparisons, KiSS1 mRNA expression in the AVPV at 14:00
was significantly decreased in the EE20 and Middle (N) groups, to
nearly half the level of the control group, and the decreasing trend
was maintained up to 16:00 in both Furthermore, in the
more site-specific analysis by 1SH, we found that the number of
KiSS 1 mRNA-positive cells and their signal intensities in the AVPV
were significantly decreased in the EE20 and Middle (N} groups.
These results clearly indicate the down-regulation of KisS1/GPRS4
signaling and neurotransmission in the HPG axis at the time of the
LH surge, suggesting the attenuation of the reactivity to exogenous
estrogenic treatment in delayed effect and middle-aged animals.
In addition, we also found that the number and percentage of
KiSS1/ERa-dual positive cells were significantly decreased in these
groups, passibly indicating that down-regulation of KiSS1 signaling
might be related to the decrease of ERx expression. These results
also mean that a single treatment with EE at PND 0 induces atten-
uation of KiSS1 mRNA expression in the AVPV even approximately
2 months earlier than the occurrence of early onset of abnormal
estrous cycling reported in our previous study [11]. On the other
hand, in the ARC, no statistically significant change was observed
in KiSS1 mRNA expression at 16:00, and the number and intensity
of KiS51-positive cells were also not changed among control, EE-
exposed, and middle-age groups. Therefore, it could be said that
the attenuation of KiS51 mRNA expression in the delayed effect
and middle-aged rats was specific to the AVPV, and, thus, follicular
development may not be influenced by the delayed effect.

Regarding other KiSS1-related genes, none of the investigated
genes (KiSSIR, ERa, ERB and c-fos) exhibited any significant dif-
ferences in mRNA expression detected by quantitative real-time
PCR. The discrepancy of ERx expression between real-time PCR
and dual-labeling ISHAHC might be due to abundant ERa express-
ing cells other than the kisspeptin neuron in the area surrounding
3V, thus the site-specific assay like a dual-labeling 1SH/IHC is con-
sidered to be more robust technigue for detection of common
malecules in the kisspeptin neuron. In contrast, consistent with
the results in real-time PCR, percentage of KiS5 1-positive neuron
with c-fos immunoreactivity was not changed in EE20 and Middle
(N) groups. in previous studies, c-fos in kisspeptin
neurons was clearly related to the functional activity of kisspeptin
neurons and the following LH surge [20.23]. Recently, Ishii et al.
[34] also reported that the percentage of KiSS1 mRNA-positive cells
with c-fos immunoreactivity decreased in middle aged female rats.
In these studies, percentage of c-fos co-expression in activated
kisspeptin neuron reached nearly 60%. The precise reason is not
determined, but the lower percentage of c-fos co-expression in our
control group might contribute to this contradictory resuit. On the
other hand, the percentage of Kiss1/c-fos-dual positive cellsin Mad-
dle (PE) group significantly increased in our study, indicating the
increased reactivity to estrogens in this group. This may result from
the passible imbalance of feedback system in this acyclic group
associated with the cessation of estrous cycle, but this hypothesis
needs to be verified by further investigation.

Assay of serum LH concentrations in the control group indicated
that the peak time of LH surge in the environment of our facility was
at 16:00, although those of all EE-exposed groups were at 17-00. In
addition, dose-related reduction of the LH peak area and peak con-
centration at 16:00 was observed in the EE20 and EE0L2 groups,
and these decreases were more evident in the Middle (N} and (PE)
groups, indicating reduced peak amplitude and delayed peak time
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Fig. 8. Proposed pattrway for the delayed effect. Neonatal exposure to EE induces
am AVPY-spedific decrease in KISST and ERe mANA expression and 3 conseguent
attenuation of LH surge in young adult rats, leading fo the sarly onset of Smormal
estrous cyding.

for the LH surge. Since activation of hypothalamic kisspeptin and
‘GnRH neurons is essential for the induction of the preovulatory LH
surge [23], it is highly possible that the depression in KiS51 mRNA
expression observed in the present study leads to these functional
changes in the LH surge. The attemuation of LH surge could also
contribute to the cessation of ovulation and early onset of abnor-
mal estrous cycling in the delayed effect. The propased pathway is
shown in Fig 8.

Attenuation and delay of the LH surge are normal senescence
processes of the estrous cycle in middle-aged rats [37-39], and
these changes associated with aging have also been reported to
precede the cessation of regular estrous cycling [40]. Recently,
maoreaver, not only the alteration in the LH surge, but also attenua-
tion of KiS51/GPRS4 signaling in the hypothalamus of
rats have been reported in several articles [28,29,41 ], suggesting
depression of kisspeptin neuron might be a trigger for age-related
LH surge dysfunction and reproductive aging [28] In the present
study, we confirmed the similar serial dysfunction of the kisspeptin
neuron and LH surge in young adult animals neonatally exposed
mﬁ.ﬂmmmumagmgzdtbeddayedmm

dose neonatal exposure to various estrogenic compounds such
as bisphenol-A, 17 estradiol berz oate, and
selective ERa agonists also showed attenuation of the LH surge
[42.43] K551 mRNA expression, and/or immunoreactivity for
kisspeptin in the hypothalamic kisspeptin neurons [30-32].

Another important finding in the present study is the fact that
all these hypothalamic and hormonal changes ocourred before the
onset of sbnormal estrous cycling, indicating that the disruption
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