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ASSTRACT e W«: ;ffr*vimss’“r m;v:sqm;i that wamiﬂl exposure tv | Ta-sthvnylestradind (F

AR rats recuived s single BEE
1t champes n ovanan and
sz, Immunsksto-
oy o] esl reeepior alpha (ERa) in the weres, serum levels of sex-related hosmones
and goae enpression i the hy pothalamis were expmined. Although peonsial exposwre o EE 830 not
alfent body growih or ovarisn development, serum FSH tendad o docsense ot doses 2 2 ppkg. and Kiss?
miHA lovel i the whele hvpothalamus wes significantly decseased in all EE-treaned groups a1t PR
The number of uterine glands &1 FRIXET wos suppressed at doses = 20 pp'kp and ERe eupresson i the
uberane epathelim ot esiius stage decrenssd i g dosssdependont mamer 82 10 weeks of sge. These resulls
»js_mmwﬁam dhurt thse varions identified changes that ocowrsed before the appearance of delaved ndverse

9422

effeets could be candidae early indicatons
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INTRODUCTION

T mammeals, sexug] differerdiation of the Team aciurs
during prensial and setlh posinatal de sevenit. | hese
srgmatonnl processes wre crfieally impertant for te
i and mmimlenonee of adult reprodestive fume-
uog (Thekerson ol 20000 The exposurs of apmmals
o cherpicals with csrogenic seinay dunmg the suseep
tible period of devebopment {late embeyome 1o early pos-
patal sge m rodants) reportsdly tauses r?ﬁt’&f&z&ﬂ% defi-
eils (Dekierson of of | 2011 Gore e ol 20111 In seme
sases. morsased coroinagenic nisk and fmpaired reproduc-
sive Pumstion are appaseat later o hfe as delfayed advers
cifects in rodents a5 well a2 in hmnans, evin though nor-
! development wil matrstion (Mewbeld e e, 1990

Plewhi H 2081, Swum, 200
we m*emgmicd the longeterm eifesis of

&t ‘;uu;

(DS or To-sthrmylesivadiol (87 on the female ropro-
dustive frsct vsimig ("Yoabpda ot o 2018 Takahssh oo
il L Z013) These dermmnstrated that neonstal expos
sure e DESR or B saltgine aekivily A vT,
indueed sarly onset of sge-refated anevulslion o g dose-
dependent fashon aller sovial maturation. Bstrous 2velie-
ity 3% @ precise mdicntor of Getaved adverse effests on the
female vepmrodhorive tract 4 Yoshoda ef of L 2011, Takohashy
et ol 201531 Additonally, o was supgested xha( the early
arset of anovubation leading o prolonged exponme W sl
atrvely slevaied estropen migh

4 be g opisk faetor for uler-
o cEremegeness. sl unction of the weulation cesser
i the hypothalomgs 15 presymed b 5o 9 possible mech-
andgrn wadedy ing e 2arly onset of anoculation baséd o
the lack of sbrommalities w the rematming follicle: and
pitsitany hormones, although e precias mechandsn has
ot | §x:s:r§ delineated

nmmgﬁé Lxgmam s variens dosey af dhethylsntbestrol

isfenl astris stalus resaliing from the carly onsst
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of anertlution 15 2 uselnl mdicator for delaved effects on
fernade reproductive srgams. However, 3L tnkes & protast
wid time o detert The effects caused by neonatal exposune
e pstrogenie compounds, e poset age being 22 wieks
of age ol the lowest dose tested (Takahashi e of, 2083
For nsk wasessment of ehomnionts, delayved ndverss offects
have bevome » seviom mwiue borause such effocts might
be overlooked by existiag reprodictne lonity or deve-
Ioprsental toxieity studies m accordanse with authormed
gundelines dus 1o hmited olseryation periods. Thus, toxi-
eologse theastors sppdioable o sarly detection of delaved
ndverse effects are peeded lor risk assessment of offs-
pring foxicity. The present siudy wus pedommed 1o exa-
mine early events inllowing seonstal evposure o BE wath
2 view fo lnding carly indicaters for subseqoent delaved
ndverse offects. Using vats that received a single EE injec-
o durng the neonalal periad 5t doses vapable of nduc-
g delayed adverse effects, we conducted hstopatho-
jogieal ebservations of ovarian sad utering development
between postnatal day (PREN 14 to 10 weeks of age. In
addition, smzm&mmammm‘ PNPTEERION 0T E3WOgen
receptor aipha (ERu} m the uteres, semum Jevels of sexere-
luted hormones and gene exgression in the whole by poth-
alamus were examined

MATERIALS AND METHODS

Animals and chemicals

Pregnant Wister Hapnover GALAS s in =47 wese
obtained from CLEA Japan. Ine. (Tokve. Japun) 81 geste-
tional day 14 The rals wers boused imdivideally m pols-
catbanate sages with woisd chip bedding wad muintaned
i an mir-conditioned sl soom (emp FEE SN
relative bomidety. 35 & 3% with a basal dwet (CRF-1
Uiantal Yesst Co, Tokve: Japans and tap wates availa-
bl ad libriswrn Lagh was m ﬂ‘*i foltowa: light an,
S00-17:00; tight o1, FT00-5:00 (32 b lightidark evelel,
The anwnal protaenl wax uumﬁd aid :xgg}m& ed by the
Anmmal Care evd Use Cormraittee of the Mations! Institee

dissobved moarsame o (3 mbAg of body weight) sathn
24 By of barth, Lattess wese eplled randomly te presere
3 pups. with o femnle ﬁr&ﬁ%ml{z:;m& on ?E\». A, amd then
the female allspeing were ue&u% on PED 21 and sep-
arated feom males. From PND 23, we mﬂ§ cheched the
vagimal epeping. Eairous eveliciy was contintowsl mon-
stored by wgsﬁ% émsai froms 7 weeks of age.

b PNDY T4, 27, amd 34, 3 rundomly selested femsle
paws per group were agtopsied. Additionally. § animals
al esims were aulopsied a1 10 weeks of spe. The sntmals
were decapitated. and blood samplas were collected for
horroone asavs Theo. the ovaries, uteri, viging, adeanals,
Yover, privitry. thymus, bran. thyrotd, memmarny glands
ared sites with macroseopie abnormabities were removed
A1 PRI and 10 weeks of sge, weights of the ovaries
and wieri were measured. The hypothalamus was dissest-
od oul, as deseribed in detail elsewhare (Roa of ol 20063,
by 1 horizontal sut of abewt 2 mun i depth with the fol-
fowing hwats: | mim anlenorly from the optie chiasm, the
posterior border of mermmillury bodies, snd the hvpoth-
FlAMic Bases. HVHOIRIIENIC Shieples AWWere ynmedaje
By removed wpon decapitation. frozen in ligud nitrogen,
arwd stored al <B0PC unttl progessing for BNA analyais
We excluded | animel per group that wodervent ranscar-
dial pertusion Moo blood and hvpothalimio ssmpling and
measirenent of organ weighis The sulepsy procedures
{melading decapitation and biood collection’ ware con-
duied e rosm separate rom the enimal room at 1600
-1200.

All prgans except for the beain were fixed m 10%
nestral betfered formalin Tissues were routinely proc-
eazed and stoimed with hematooshin and cosin (HE | fin
tastopathologival examination. The lefl ulerine homs
wers ¢ul 1 eross-sechon ot 3 wm mtervals Te shuct-
date the development of wlerne glands, the number of
uterine glands per seetion was messured. Using wanss
verse sections of the slens obiained at PRI, 2T and
¥4, the number of sterine glands losnled pway from the
tridtin Wk counted, end the number of utening

eragiing

of Health Seiences {Japan)

EE way purchased from Sigma (UAS
A1 Louks, B0 USAS with pursly > 98%
8 smadl et of sesame ol ovesmghl and then used
affer dilution.

Experimental design

Drams wete asstgned e & groups before delivery:
2 10 5 dama/group for autopsy at PR and 21: 3 1o
5 shmsdgroup for swopsy el PHIIGE and 10 weeks of age.
Al of the paps :ﬂ‘mimd u single subvitaneous njection
of FE 40, 002, 62 2 20, ar 200 gwiky of bedy weighty

Vol 303

glands per section per animsd wad saleuksted by dnoding
the pusber of sootions observed. Hisological patten of
ealreus ciele stage was checked using the pyvary. uterus
azel vagime (Westwood. 2008

Hormone assays

Serum samiphes obained atter decapitation weve lored
at -BOPC mul ssaay. The serum congenirations of Tolli-
tlesstimulating homone (FSH and ltemiring hermone
iLHy were deternured vang Snible-mtibody mdwimrme-
nogssay s snd 2 -labeled radin-liganda. Mationad Thges-
tive and Kidney Disease (MIDODK]) ndicimmanoassay
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Early finifings of delawed ndv

fts were geed for var Pul and LH (MIARMED, WIEL
Bethesda, M. USBASL a4 e pre npisly
il 1BE3Y Ag ov e serum ssmples st PRD2A and 10
weghs of age. estradiod- 178 (B2} and progesterone {Pdy
were i -‘mm by redssmmunoassay as desoribed by
(1Rl

Realtime RT-PLR
Total R¥A was ssolated from whole by pobala-
A Using TROGEN 1 {Mippon Gine Ue, Ead . Takyo,
Japon g of total BM& was used for revense iran-
seraptann (RS wath & high=capaesty o004 Apchive K
rapplied Biosvatems Japan lad, ’Euig & Japuny. Then,
quamiitative real-time RT-POR was perforeed with an
ABL Prism T90GHT {Applied Bioavsiems Japan Lud s
Tagmun® Gepe Expression Assay (Apphed Biesvstems
Japsarr 1ad 1 wss used o measure mERA 3:%’-:’%% of Kiss!
metastasis-suppressor (A ] RaliT 149
“peceplor (iasfr. RnQ0376940_inly gmmdmumﬂ'n&aﬁ«
mig hormorwe 1 (Caplid, K‘nik 2734 _pali, sstrogen reeng-
: ﬁsg‘ﬂs%ﬂ ilEiL cwngca; zxp‘»@gsm LT

A ajptm FOiy

‘3 ssibfamily a mmmam»& £ 1;}?%;' mv; 22 !!T‘! 3
pression valeed were mormaiized 1o glyeeraldohvde
Lophosphate deby drogenuse (Sapdly, 1 Gl does ot
change during development n the Torpothalamus of rat
(Walker ef af . 2004 The expreasion heeld inthe U ppkg
group was euprsssed as | and relative levels w e EE-
treabed groaps were ealenlated,

£

Immunchistocchemistry

Formabin-lixed. paraflii-embedded lenne sestions
(= Hproup, exeept for 1 rat that underwent yag
dial pertusion) wers subgested 1o imimelistochenizin
for Bl wred probifersting eell muclenr anygen (FUMAS
Hablul pobyelona] anuhody agrinst BRe -7207. dilu-
thon sl v 5 Sania Cruz Botechnelogy, [ne | Sane Cruz,
2 A5 and mouse moneslonal sntibody agains
ap > MG Dako Japan loe .
mm'} were gz s proveny antibody (Yeshide ef
21121 Dmumedetection was »:f’amiu *@eé wEng
sitle St E‘yt'-‘& PO e
Japen) with 3 »dmmtsybumrln sHLC
the :hmmogc‘n For ungsm mmu‘ai the sgelions were
heated 1 et bdfer sobeton (ph 71 by muerowave for
10 e ar SR el B05U befire inoubstion with the ERn
and PURA aniibodies, sespeetively.

The perosstage-of FRaand PONA posinve eolls was
asamsed wl 4i-ald magmbeation ssparstaty in endorme-
teial epithelial cells, wterme glands aod stromal cells
and seored as fellews: O, aegative; 1, shghtly pesitive

S (MNETAL diluiion
T{!%’Tl‘}
[

{Tava o

3
i
et

@t o sbo
TT“;& gvarage

ST WUy m%ﬁ;
e wreas from the ug‘pﬂ: mlmi;g md mefr st huﬁgg

Statistical analysis

Becpuse FE was nel injested i the damws but wio
eiih pep atter bl we analvesd the data by mdsedu-
af pups A recend sepoet mowhiech pups freated with van-
g doses of BE at PRI were allecated o foster dams
derponsirnted thar differences between blers fusve hale
miffaence on delaved adverse effee) (Sharota er ol 20120
Haowever, litier sive has o large eifect an body growth
wuritil sevunl mavmaton. Therefore, the dats for body and
segan ywiaghts wese checkied by indiadaal pups as well as
Tetiers,

Following Berthett's fesl the variance o darg Gy body
ane argan warghts, the number of wenine glands per soe-
i, serim hormones, wnd gene i::»;prrzﬁ;iifm lavels wesg
compased weth the U ped group by onesany an :
UF L U E ksl W s Wlien sl
sgntcant ditterences were detected, Dunneti’s muftfpk.
comparison test was empleved for comparison betweon
the 07 pehy groay and the reatment groups

RESULTS

Body and organ development

Fefors wetring, me deaths o7 sboormal chues] signs
cauised b BE weatment weve observed, eod body weight
gain por srdmalor per ltler woas simidar among the
groups (data el shownl Inanimels ausopsicd at PR
bady weaight per snimals was sigaificantly clevaled at
200y compared wath the 0 pgthg groep Fig B A2
PRI, a significars memense of rebsiive b weigh! m
the 042 upike proup was Fowed. but without dese-de-
pendency { Table 1) There was oo intergroay diffevence
g by of orgen weight a1 B wesks of age

With regard to ansmals autepsied ol PRI and
I weeks of age, the avemge {ungngl openmg was
WERRO or 31 ¢Takle 23 b onergroup difference was
formd when anzlveed by ndividual pups o0 by Bters. As
shonwn n Table 2, alibowph ditferent estrous stoge exiatid
at PRTGS, there was no perticuler s among the groups
Al animals susopaied an 1 weeks of ape demonsiaied
rogrsad cstroes cvelicity @ the examination of vaginal
SITHEAT,

Histopsthological examination of the femals
reproductive organs
I the ovaries, follicular devebopment was neamal both
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Table 1. Organ weights a1 postratad dav 39 and 10 weeks of age

BE fo ks
i1 g 2 i gl Hi

Poatwaial day 34
e of anmals (N of Lige) did 443 4
Tirgin iz 159 2 00z 156005 163« 005

1279} 135 . 00 P 7 Ladd = 547
{Ivanica {mag) 00 .6 Xa.4az A28 . 54

(mgs) 3392 G0 3262 b T A= A7
{ Heiis Y G720 (26 = 837 i3 02

g§3 ) 054 =052 0352406 417 = B

3 wenkeof age

Ko, of wmmalds (Mo of Hiar) g4y 4 {43 24y 404y
Hruin (3] 1.74 = 008 P76 2G04 P9 =01 £ 717 )
(g%} G842 019 GTR =002 28 = H0d G006 6.0
Chripries img LR S8 ins Bi% =147 ThR o 137
[ ] 434 =28 iz 48 3T9 64 Az A 721
Pherus [ 3] (4% i 451 48 - 408 DEF L 020 nas - 412 5% 841
[ 022 005 073 = .22 = 302 .28 = 011 01,35 = 408 G20 = 420

o wean © 03
*, SIgRITCANIY SIS 16O U R GO0 AT 7 1703

Table 2. Wean davs of vapinal opermimg and estrous evele stage at postmstal day 34 in ruts exposed to FE during the

eegrsaial poriod
. ) Vaginal cpening Estreass ovele atags at PRDSS
EE {ppkyy e . - ; - pe
Fey apigmal (1t} Pey Bitter P E 5 5]

i R A (1 " 1 ) 2
2 KT (kn 2 14 1 2
0z ME. 1l [$ i} & i 2 2
z 3214 [ o 2 s H
-1 E = {18 i H i 1 &
i T o018 [§ LU & i 4
omenn = 503
b astrons evele stage was checked by histopathological eansination of te vvary, nlenss and vaging

P oprosms. B ostoes. 5 melestous. 1 disstrus
PRI poatnatal doy.

4 in the U ppde sad EE-treted groups. Polvovular Tolheles
. ware evenly found io small punher b all grougs,

- Q I the 20 and 2090 pakp groups. the number of uier-
j . % e fate grhaneds per section showed g tendeney lo deereasy al
% % . /5 PRE2E (Fig. 25 A PR3, the sumber of slenne glands
S . vared widely between indnviduals Clear corelation with
7 eatrons svele was not detected and there was no inter-

mrf:’,’}.; - s ot group difference in e number of wlerine glaads. A1 10

weeks of age, sigmbicunl changes were not seen i the

Fig L Body weight curves for rats subjected o nowatal px- 2ni0ef of dterine glands o the bsstopathologienl exame
‘ posure fo FE. Dt are reprosent means = § 0. a5 5 03000 & few animalz from differend dams of the 20 and
per g, sipnificanily different from 0 peke group 200 pefg group showed some sbnormalities in the histol-

atp o« 005, PRI posmatal day:. FHW, posmatal week gy of the oeary, sterus and vagia, Thewr histelogy could

Yol 39%a. 3
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Fatly fladong

Do oe s

Humsber of sterine ghands per section Gaw postuatal
daya 1427 and 34 Dato sepreent means = B0 = 3
oot geowgn . signifieaniiy doferent froen O i ki group
g 005

nat b elnssified into any estrus evele stage. [ the ovan
navvly Gormuek surpory bal omnd] bagsoplidie vello, o
feaiure of corpora jub H woux st found, ond the
aumiber of recent corpora Jutes way decreased Althengh
there wers some lorge antral Pollicles. he bistelomy was
diflerent from both proesizus apd estnus, The lumen of
this wteri sibelly difsted, and the degeneralion/upopiosis
of epithelial cells charmetoristic o exiries wag nol found
I heir vagina, the epithelium showed oemplene Berat-
mmization, anithe topiead of estros stage. Treatment-relat-
ed shoormalities were not found 10 othey ergans such as
the pitusery, maneeny glands . Bven adrenal glands, o
thie thams

Bex-related hormones
The levels of serum FR

[ and LH u2 PRDIL and 21
Serem FSH m the groups freated
with 2 ugike ov dove shoived a tepdency 10 decregse
FROE I comirast, the bevel of LH 4id oot differ s
the grovps, Al PREZ L signdfieang ehanges related oo
Treslment were pod fir:‘iz,s%r:ﬁ e zither FEH or LH. Sines
thie ot leveds by Nacizmied dus 2o mixed datrous
#age. intergroup differsmces were ne found in F
E2 or P4 st PNIN (date oot showns, AL 10 weoks
age. level of EI rended 1o be high in the animals s o
shnormad Bestology of (e overy. wlerus and vagine. The
aversge leveds of FAH, LH. B2 or T4 st asirus stage were
a0t statistieally differcut anweag the groups Fig. 43

arg shown in Fig

Expression of Kiss1 and related genes

Trs the whole ]gy@alﬁé!ﬁm%, the fevel of A% d mBERNA
was significantly deereased i all of e EE-trentid provps
af PRI (Fig. 55 Hewseer, Krsed mBENA A oot Mhestu-

TR

af defased adverse elfets i nux

{A) F5H
BHOZI

FROIE PHDZI

Fig. % -Bepem levels of FEH (A7 and LH (B @ postaatal days

SE o =4 per group,

14 and I1. Dsie sre means = 5
* sigmificantiy different foom B opgkg group 2t

-gte ot PRIXZL. 34 g0 B0 weeks ol age. Mo tresimentere-

lated change i the expression of Eisade (Fig. 35, Exed.
Esr2, Ginrdeoor Cypfdal (dass nos shown) was found ar
tirne Pt exarmined, alihough 2 few statistical differ-
snces were nobed withow dossdependency

Expression of ERg and PCN& during uterine
develapmant

ERa ond PORN A were strongly exvprossed in the nuels
of ghapdubar cells and stromal cells at PNINS in both the
0y s the Fforeated groups Shnilurly, the expros
sten of ERea o POMA wis mamdy fousd i the ghavdu-

far eells amd Stroms] oclis st PHDZT (Fig 61 Although
expression patterns of ER o and PUNA changed degend-

g o the astrons cvele of PRIEE there was o difles-

enee among the groups 1 wesks of age. most of the
endemetial epithelial cells cugressed ERw in the 0 ppfiip
group. i eontiest, ERa-pesitive epithelind eells dormsased
oz i cksecdependent manner, sl there wese fewr epithelinl
el expressmg ERa i the 200 mfe grovp g 71 The
seores for exprassion of ERa i the planduler cells and
strormal selis did net differ among the grougs. Mo e
growp differense was found m the sxpression of PCRNA I
the endomeivisl epithelnl cells. wierme glinds and strom-

ik 38 le 3
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FSH W = 3 % -
! 30s e
o i ! 2 ehg
' ? . | i THy

5s 06 :0. gy
4 | . Qr M
LAt [ =15 L) 1w
3 3 4 Kisslr
§ 13
2
£2 P4 I
s
; ] ~ = = 3
.* ] q Mo Ll b5 uTA 1w
I ..,.....,-,. Fig &  Hypothalamee mRNA levels of rats subjected to neo-
il =? - £ o natal exposure o EE. Data are means = 8D n = 4 per
o o group. . sgnificanily deflerent from the ¢ ug kg group
Mp- 0

Fig 4+ Serum levels ol sex-related hormones at 10 weeks of
age Dato are means - S E n - 4 per group

EpltnaIa

Score

) o e

Score

Stromal

F & -'L:.c
W SRR 4

) 0 00Oz @ 20 200
EE (pgfug|

PCNA Epithalial
. "% o R'W I '.'-'g.w (] )

00N

Score
T v

“l
]

t-o

b £ .“ o g3
¥ oyl »g " Loty 1
& “ Q’. Y Q ‘.. k) ‘ .. o
PV T RS -.. wi) e
7"&‘"&\-‘-’ g L ‘3 g
i.‘ Y " !"m .f‘ _\‘V!‘. . ; }
D Iy 0NN, a

Mﬂw ..“. \

9 0p202 2 X 200
EE {ug/kg)

Fig. 6. Immunochistochemical expresson of ERw and PONA 11 the uterus at postnotal day 21 Representative photoanerographs
and scores of pesitive e¢lls m endometrial epithedial cells. uterme glamds and stromal cells ERa (upper) and PONA (Jower)
were strangly expressed in the nuclei of glandular cells and stromal cells both in the 0 pg'kg and EE-treated groups. Upper
nght comer ia cach photo shaws hagh-power field of ERa- and PCNA<pasitive nucler Hars = 50 pm - Score: 0. negative: 1,
shghtly posative (< [0%e) 2. partly postive ( 10-30%x 3, positive in about balf (30-T0" o). 4, mostly possiive (- 70%%). Dula
are means = 5.0

Vol ¥WNa §
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Early findmgs of delawed adverse effects n rats

s
"".:

b

Fig. 7.

Q aur o 1 0 oo

EF {ugegl

Immunchisiochemical expression of ERu in the vierus a1 10 woeks of age. Representative photomscrographs and scores of

positive oells m endometrial epethelial cells userine glasds and siromal cells [n the & e Xg growp. most of the endometrial
wpithelial cells expressed ERu ERu-positive epetiselial <ells decreased in a dose-dependent mamney and there wiere few epi-
thelial wells exprossig ERum the 200 ug kg group. Baxs - 30 pm. Score: 0. negative: 1. shghtly positive (< 10%9), 2, paniv

positive {10-30%01 3. posative m about half (30-7074): & mostly positive |

al cells a1 10 weeks of age
DISCUSSION

A sigrnficant increase of bodv weight was obsenved in
the 200 pg'kg group at PND 21 This finding was con-
sidered meidental due 1o Nitter s1ze because there were no
mtergroup differences in the body weight gain of total
pups prior o weaning Although relative bean weight in
the (.02 pg/kg group significantly mereased al PND34,
it 1s not regarded as toxicologically sigmficant. because
dose-dependency was not found. Therefore. under the
present copditions. neonatal exposure to EE did not aftect
body growth

In the histepathological examimation, there was no
effect of EE exposure on ovarian development. It has
been reported that the incidence of polyovular foll-
cles was increased by neonatal DES exposure m mice
(Tguchi er ol 1%90), In the present study, polvovular fol-
licles were found in small numbers distributed evenly
gerass all groups, and unrelated w neonatal EE exposure.
At 10 weeks of age, although all animals exhibited nor-

T o) Duta are means = S D

mal estrous evele m the examination of the vaginal smear.
decrease of Tecent corpora lutea was obsenved n g few
anumals at 20 and 200 pgkg. suggesting wregular ovula-
tion during recent evele

In the uterus. there was a tendency for a decrease in
the number of wierine glands per section in the 20 and
200 pg'kg groups at PND21 Additionally. immunohis-
tochemcal stammg revealed that the expression ol ERa
by endometrial epithelial cells decreased m a dose-de-
pendent fashion at 10 weeks of age It is known that ear-
Iv postnatal exposure Lo estrogenic compounds can sup-
press uterine gland genesis and expression of ¢strogen
receptors. and can altes the uterne response 1 estrogen
(Branham er of , 1985, |988. Yoshida et af, 1999
Katsuda er o/ . 2000. Newbold er af . 2004). Therefare.
it 15 likely that these findings were caused by neonatal
exposure w EE Because the doses that showed signifi-
cant decrease were different between the number of wer-
ine glands at PNID21 and the levels of serum FSH and
Kiss{ mRNA at PN 14, it 15 considered that EE direet-
Iv affected the ulenne glands, without through hypethala-
mus. I our previous stody investigating long-term effects
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of neenatal expesire o BT (Takabashi ez of L 20050 the
inetdence of adenomyosis was decreased m the high
dose groups al 10 months of age Adenonosie has bosn

reporied 85 2 commo lemon moaged suty (Divens of ol
E99%) Tt s bikely that hormonal perturhatons are uper-

tanst for the development of sdenomyosis similar to mice,
altheugh sudies of adenomy vsis using sals see very Bmit-
il [Crenves mud White, 2 Beuase preseune sof Jugh
P4 level 15 knoun o be one of & {relor lo develop ade-
pomosis, lvened PA Jevel at 10 months of age nught
contribute decrensed incidence. However, the possibil-
ities that suppression of uterine gland genesis and alter-
ation of Ela expression afiected adenomy osis in later
life enmmnt be excluded In mce, o hus been reported that
meofatal exposire 1o bisphenol A dnereased adenomyosis
{Meavhold e of . 2007 Thesefore. further soveatigation is
resmired o olarify the corly and long-teom offeets of nose
natal exposwrs to BEE on the wierus w rats.

Althesgh meomplete keralinszation of vaging! epithe-
liven was shazrved only o fow spimals of e 20 ppks
groag ai 15 weels of age. no sbnermalily was obaceved
i sdevelepment of morphelogy of the vagine tn (e his-
opathplogres! examumsbon In the sommasy glands, an
inerease i acis exhibiting oxyphilic and hyperiraph-
ie changes (vistlization) was observed at 202 pekg o &
doss-dependent munner at 10 meaths of ape in our previ-
s report (Takahashy ef of L 20130 However, treatment-
related chunges were pol found wnti] 14 weeks of age
There are some reports thal penmatal exposure o hor
gl agents, sach as gendstein and biaghenol & leads
1o abmormal development and morphology of the mam-
mary ghand sround puberty o Tats {Durande of ol 2807,
Bl Shekb Ssad oy of | 2011, Theretore, mose detatled
2 wrtaie grietbuoads mmight b s
easary o clarify whether neonatsl expesure o EE affects
development of memmsny glands o ot

At PNI3 14, the sorum leve] of FSH exhibited a ten-
deney e decrense o = 2 ppdp o rals, the FSH leel
blood 12 fow al FNIDNO and dubseguently reaches o pead:
around PRIIES. followed b g remarkable reduction a1
PRS- 30, This transient inorease of F5H oecurs inde-
pendentdy of mbibin regulation {(Herath ef ol 2001
T has been reposted that the peak of FSH 15 delaved or
deerrased in androgenized Tonale ras, b the difference
disappeared a1 P20 - 25 (Cheng and Jobnson, 1974,
Chiapps and Firk, 19773 Also, chemizal exposure dur-
g the penmatal perind affsets the level of FSH sn infane
e female mis (Wilson and Handa, 1997, Katsada e
af . 200001, Therefore, i dedroase of FSH level sl PRITIA
might be mvelved 1o neonatal BE exposure. However,
further stidy is required to cordirm that the peak of FSH

L . s . K p
B warsd vl vt

el BN

e

=

™

s decresed or deleved O the other hand there were no
misrgroup differences i senum bormenes at PNDSH and
Hi weeks of age. slibough level of B2 tended 1o b hugh
in the argmals showing abnormal hstology of the ovary,
wteriss and vagine st 10 weeks of age In both our pre-
visus and present stdies. there was no Gifference in the
aversge dav of vagingl opening (Takahashi ef of, 20133
Thewle, ¥ o prdable et BB eapusie wthe aeossal
period bas Litthe impact on ovurian development and sex-
] st bon,

D sfunction of e hypothalamis s suspeeted a3 one
canse of delaved adverse effects (Takahashd of af, 20030
Frggpeptin, which is expressed in specific neurons in the
smteroneningl perventneular (AVPY) mclens and arcuste
{ARL) nissbeus of the hypothalarmus, 15 widely recognized
a3 plaving a critical rele in fomale reproductive fupe-
tion, ineluding regelation of evalation and estrous tyelie-
v {Usnovemm of af  200% Roo ef ol 20710 Thesetose.
we engmined the expression of Kissd mEMA 0 the whele
epothalamus from PRI o 10 weeks of age In addi
oy, Hiasd volated goswes stch as Mandy, Esed | Bl Gl
and Cypifal were examined using the same sawples.
by Kiss! showved o signifieont decrease n alf of the BE-
tremted groups al PRI Meooalal auection of estradi-
ol bergoaie 1o male and Female rats results in @ dosede
pendent decreass i by pothalanue Kissf mBRA fevels i
the prepubertal stage (Navarro o7 o, 2009 Theretors, a
sigmificant decrense of A5 { mENA 01 PN might be
mdused by aeosatal exngmsure 1o BB The expresston pal-
terms of Kvasd in the AVPY and ARC durng tae postoe-
tal period ave diterent (Tabumi er o, B30 A1 PRENA
besauss the expression bevel in the ARC is dominant, &
decrense of Alay) mRMNA s Bhely 1o be cavsed b sup-
prssed expreesion 1 the ARD However, 1133 knotm that
the AVPV but ot the AR regulates ovulution {Adach) o
af.. 20071 I our stidy. because we need whele hypatha-
Farmus fo oxamine Riggd and its related genes, the expres-
sion patierns in the AVPY and ARC were combmed.
Simee thie relation between Kiss| expression and gona-
dogropin sectetion dunng posindial period s gt fully
pndersiood, the agsocintion with the decreass of seruum
FRE gt PRI o unchanped LH remaine unceniain, ILis
krown teat the expression levels of Kisef mRNA fucty-
wies i sssociation With estrows evele, and s expressions
beoormes highest in the proestrous aftesmoon n AVEY
induce LH surge{ Adachi ot af, 2007} The level of £iesd
mRIA at PRINE widely Suctusted due 1o mixed estrons
stage in the present study, and further anelysis of unified
exlzies stage will be necessary. Tn addition to estriss, the
expreson speetfic to proesious should be examined.

In surnmary, delaved sdverse effects have been report-
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ed 1o eppear only after maturation so fan, Howeves,
muls neonotally exposed o BE demonstrated vorni
changes, such os s%x@'vr sset development of the ter
R eNpresaon mothe sienme epie

§;‘ihi1 SN %%ﬁﬂ&sﬁ FEE level and reduced exprassion of

Kisal mBMA i the hypothalamus prior to the appest-
anse of delaved sdverse effzets by detailed bnoestigations
Alihwogh the association betwesn the above changes and
the sceelersiion of age-related avpnlabon must be alast-
fled. 1t i suggested that thise changes or thetr combing-
oy mieglit B candidate mdieators for e early detectaon
of delaved adverse effests, Particularly, Kissd 15 expoet-
o s the bev molecule, because the change was delected
from owest dose and o 15 direatly nvoived m regalation
of poudation In erder 1o ehanfy the relevance botween
carly onsed of snovalation and Asd expression, hupotha-
lamie septen and eslrous stape specific analysls o clmen-
v peagress i our leborton:
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Modullohlastoma [MB) is the mest common malignant
brain tumor in children Kortmann, and Saran 2013;
Dileall 20692, M&!WRMI 2001 Jones ot & 2012,
Am@wmmmmmmmmm
during the developmentsl period and carly life 2ages has boen
thought to be aritically invelved in the causation of tumars, 1i-
tle is known shout the cticlegy of childhood brain tumors
{Bunin ot al, 2006; Bircbsum and Fonton 2003; Districh
et gl 2005, Mcean-Cowdin et al. 2603; Norman, Holly, and
Preston-Martin 1995 Takahashi of sl 3012}

mqu&mim p&mﬁm&e&d‘:m‘ﬁmgmu
o of Bis wriiche.

mw{s}wmﬁkmmw&&
mmamﬂmwwsﬁmmm@mw
supgorid by Healih and Laber S0 & Grazss, Research om Risk
of Chemiedl Scbwances, Miniry of Heath, Laber azd Welfars [HIS
Teod eed 3]
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HOF, hepatocyie g factor; M, medalloblatoma il day
Piehl, packedl; Sh sonic badgeboy Smo, smood =wnz. 4
week 12

phxte lasion; mmootherad 2

Mok cular analysis of sporadic buanan MBs revesled active
tion of the senic hedgehop (Shly) sipnaling pathway caused by
the loss of patehed] {Prehl) and smtations in other compo-
nents of the Shh pathway. Prehl encodes a receptor for Shhy,
Prehl, and iz one of the key genes relsted to MB formation
in hummans {Dhall 2000, Raffel 2004). Pathiewy activation iz
triggered by binding of Skl i Pichl; in the sheonoe of Shh, fie
sctivity of Smoathensd (Smo) & suppressed. Shh binding to
Pichl or mutational inactivation of Pichl relieves the inhibition
o Smo culminating in the sctivation of one or more of the Glil
franseription factors thet mpulae the espression of down-
stream targets (Hahn ot al. [99%; Huse and Holland 20100,
Roussel and Hatten 201 1)

Haterezygous Pk knockout mice (Pichl mice) have boen
usod a5 a valusble medel of MB due i the high incidence of
MBs (14-30%%) and the merphological and moleculr similari-
ties to human MBs {Corcoran and Scott 2001; Goadrich et al
1907, Hahn ot ol 1990; Pazzaglia 2006; Raffel 2004; Wetmose,
Eberhart, and Curran 2000). Moreover, it has boon reporied that
Shis Sgnaling is activated in MBs of Prehl mice (Dyer 2004;
Goodrich o al. 1997, Oliver et 51 2005; Wetinore, Eberhart,
and Croran 2000),

MBs in humans and Pehl mice are thought to be derived
from residual presule coll precursors {GUPs) located in e
extemal granule cell or external granular {germinal) laver
{EGL ) of the cabelban {Behesti and Maring 2000, Roussel

Mt 10, 2HE
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and Hatten 2011}, During normal cercbellar dovelopment in
mice, GCPs proliferate postuatally, snd e peoliferative period
poaks betwoen postiatal days (PND) 4 and 8 (Behesti and Mar-
inp 2009, Roussel and Hatten 2011}, For GCP proliferation,
Shh signaling is roquited {Lewis etal. 2004; Raffel 2004; Rous-
sel and Hatten 2011; Vaillant and Monad 2009; Wallace
1999).

While Pehl mice have boen accepted as a useful MB
model, it tekes an exlended amount of time to dotect the effi-
cacy of treatments using end points such s e clinical signs
of increased intracranial pressure due to MEB or doath after the
long latent period of 9 to over 12 months (Aymultetal 2009,
Briggs o al 2008; Ecke et al. 2008; Faroli-Vecelioli et 4l
207, Kinura ot al, 2005; Paxemagls ot al. 2006; Pazzsglia
ot al. 2000; Pogoriler ot al. 2006; Usziel ot al 2005; Wetmore,
Eberhart, and Curran 2001},

Wwewmmmmﬁmmm
preneoplistic ksions in Preh! mice wem momphologically
detoctable within 2 wooks after binth (Matsuo et al, 2013)
Changes in these indicators are thought © be early novel end
points for assessment of the modifying effects of chemicals
and/oragents on MB development in studies using Prchl mice.

Cyelopamine i 3 natrally otcorring alkaloid of fie com
lily Veratrum colfforsicton that camsses cyclopia in deep by
blocking the ShvPto/Smo signaling pathway (Edke ot 4l
2008; Heretsch ot al 2010a and b; Lipinski ot al. 2008), The
inhibitory effects of cyclopamine on the Shh pathway have
beon reported in a nuaber of in vitre and ix vivo studies (Ecke
stal 2008; Scales and Ssuvage 2009; Siecca and Ruiz i Altsba
2002). Purthermore, cyclopamine was shown 1 inhibit the &
vitre growth of human MB cell lines {Berman ot al, 20032), and
other studies have examined the effoct of exclopaming in wio
on spontanecusly developing Hedgehog (Hhjdependent
! including MBs {Sanchez and Ruiz i Altaba 2005; Ecke
et al, 2008; Fan ot al, 2011; Coon et al, 2010} Howewr, the
effects of developmental expostre © cyclopaming nang Pichl
mice ave not been reporied. Here, we used the Prchl mouse
maodel of MB 1o test if eyclopamine treamment from FND 1 1o
14 iz able to inhibit tumor growth and to affoct cerobellar
development.

Materuan s Avn MeTsoos
Animaly

Heterozygous prehl knodkout mice (Pickl mice) muain-
tained on a mixed CITBUE = 1298y background were
obtained from the Tackson Laboratory (Bar Harbor, ME). Mice
ware housed in our facdity in polycarbonate cages with wood
eh:pbed&ngmdmmmdmmwmmmdmw
room {tempersture 24°C & 1°C, relative umidity 55% &
5%, 12-0r tight-dak cyeld) with a basal diet (CRF-1, Orental
Yeast Co., Tokyo, Japany and tagp water available ad Fhitum,
Animak were genotyped by polymersse chain reaction ampli-
fication of genomic DNA extracted from il (Matsuo o ol
2013, The experiments] protoce]l regantding animal vse was

ERFECT OF CYCLOP AMINE ON MEDULLOBLAST(REA 4175

reviewad and spproved by the Animal Care and Use Commit-
tee of the Ratioral hstitute of Health Sciences, Japan,

Cyelopamine Treatment

Cyclopaming (CAS No. 4449-31-8, punty >09%, LC
Laboratories, Wobum, MA) was disolved in ethanol then sus-
pended in thclein (Wake, Osaka, Japan). Animals were
weighed jug prior to each injection, and cyclopamine {40
mgkg/day) or vehick (iriolein; othanol, 4:1 volivel) was
injected subcutancously from FNDI to FNDI4. The dosing
volume, dose of eyclopamine and vehicde, and soute of admin-
istration were selected based on previeus sudies (Berman ot al
M2, Lipinski ot al, 2008) and our preliminary study. The
administration pedod, from PNDI 1o PNDI4, was chosen 10
match the developmental peried i the cembellum in which
GCP proliferstion is prominent (Behesti and Marino 2009;
Haldipur ot al 2012; Vaillant and Monasd 2009), This duration
slso covers fhe highly susceptible period of Pichl mice to
Xeray rradistion and carcinogens (Pazeaghia ot al. 2002; Taka-
Teashi et al. 212}, The number of mice in each group at each
time point is lsted in Table 1. At Jomst § wild-type mice and
9 Prehl mice from 3 to 9 dams were allocaied to cach group.

Necrapsy

To examine the effects of cyclopamine on carly ceorebellar
development, Pich! and wild-type mice &t PND7 wesm sub-
Jeced to necropizs, To examine the offect of cyclpamine
on MB devel mecropsy was performed st PNDI4 and
PRD2L In addition, at postratal week 12 {W12), Prehl and
wildtypr mice were examined to deermine wlether fhe
effects of eyclopaming treatment on he corchellum during the
developmentsl peried persist after the maturation of the core-
bellum, At npcropsy, dll mice were euthanized under deep

Tigsue Fr g and Histopathology

After necropsy, brains were removed and weighed before
fixation in 10% noutal buffered formalin, Midsagitil {right
hemisphere) and cross (left homisphere) sections of the cere-
bella wers routinely processed for paraffin embedding, sec-
m@aﬁmﬁmﬁx&m@xyhaﬂm%mmﬂ
higtopathelogical specimens were examined by light micro-
soopy. Toexamine the effect ofmlop&nimml\{adewlap-
mgnt, we coumted pr lastic lesions such as fickenings of
ﬁmEGLaIPNBMn‘le—G’?—pe&mfema Pmm ad W2
in addition o MBs, MBs were divided into 2 typesacconding to
the previpus shedy (Matsuo et gl 2013} a focal MB ocoupying
1 to 2 lobules of the cerchelhm was defined 33 3 snall MB and
an advanced MEB spreading over 3 or more lobules was dofined
@ a'hge MB.

Immmokistochemisey

Antibodios used for i Tl fetry included miono-
dmulmmmmiﬁsﬁ?{ﬁmma D&o(}ymnuma,
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Glostrop, Denmark) a5 a proliferation masker, monoclonsl rab-
bit anti-cleaved cagpase-3 (Clone SALE, Cell Sigraling, Dan-
vers, MA) = an apopiotic marker, snd menoclonal mouse
anti-NeuM {Clone ASD, Millipore, Billerica, MA)Y a5 3 mature
granule ool marker, A idin-biotin labeling method was
performod with the anti-Ki-67 antibody using a polydonal rab-
bit anti-;at biotinylsted kG (Dako nyoamm;m) and
sireptavidin-conjugaked horseradish peroxidase (Dako Oyto-
mation}. A polymer labeling method was purformed for the
anti~lewved caspase-3 and anti-NeuN antiibodics using the His-
tofine Simple Stin kit (Nichirei Biosciences Inc., Tekyo,
Japan). Ths imnumoreactions were visualized by a
ction. The sections were then
I@ﬁymﬁaﬂmﬁmmﬁn

Marphomatric Assessment

For total srea of prelifemtive lesions in the cerdbelhum,
photomicrographe of the cerebellar sections wore tuken with
a digital sttached © a mi ope (DP71, Olympus
Corp., Tokyo, Japan), then measmements wore made using
image analyds software (WinROOF, Version 5.7.1, Mitani
Corp., Tekye, Japan). The tetal ares of proliferating cclls inthe
carchelium, including Ki-67-positive fod and MBs (Matao
ot @l 2013}, was measured as the Ki-67-positive coll area, and
the mitic of the total prolifessting area o the total area of the
carebellum was cakulated for Pichl mice at PND2T and
W12, For width of the EGL and outer layer of EGL, slides
stained with Ki-67 antibody were scanned using Aperio Scan-
Scope (Apem, Vista, CA), then messuroments wire made
using image analysis software (ImageScope, Version
19.2.1.2315, Aperio, Vista, CA). The width of'the BGL and the
outer layer of the BEGL of cach mouse at PND7T was determined
by § measurements selected &t random from the 3ud combellar
lobule.

Srariseal Analesie

Feor body weight, orga: weight, proliferating area of the car-
ebellum, and width of the EGL and outer layer of the EGL, val-
uwes of cydlepamine-reated mice & each time point were
compared with the curresponding vebick controk using the
Btudent's +test following a test for oqud variance, Incidence
of histopsthological findings wis compared using Fisher's
exart probability st

Resrs
General Remarks

wawmmawﬁwnmmmmwmam
time point whee control and oycle mice wale
eompared by genotype{Table I}, Aﬂﬁﬂ&wawhcm mice
survived the duration of the experiments] pericd. In addition,
no clinical signs of tomor progresdon were detected in cither
genotype with or without cyclopamine reatment up o 12
weeks of age.

EFFECT OF CYULOPAMINE ON MEDULLGBLAS TOBA 177

Absolute weights of the whole brain and corebellim signif-
icantly decreased in Ptchl mice in the cyclopamine group st
PNDT, and in both genotypes in the cyclopaming group at
PRI compared to the control group (Tabk 1)

Effect of Cyclopamine on Prolfferative Lesions in the
Cerebelum of Pickhl Mice

Ko proliferative lesions were detectod in the corcbellum of
wild-type mice at any time point (Figwe 1), The incidence of
lesions was caloulated as the number of animals that had a spe-
cific lesion (e g, Ki-67-positive foci) in he cerebellum relative
to the ttal number of animals eummined (Figures 2 and 3), At
PNDI4, mewamofmewam1nmﬁmwm&g-
nificandy do d in the cyclopaming group in Pehl mice
{Figure 3. In addition, fhe incidence of Ki-67-positive foci and
small MBs was significantly decreased in the cyclopaming
mmhﬂil mice at PND21 (Figore 3). The incidence of

proliferative | in the cerebellum of the cyclopamine
group in Pohl mice st W12 was decreased but was ot statis-
tically significant (Figure 3).

Immunshistochemistry for Ki-67 revealod that fhe total arca
of prolifermtive lesions in the corcbellom was significantly
decrpssed in the cyclopamine group in Piehl mico at PNDXI
{Figure 4. Additionally, 2 decressing trend in the totsl arca
of preliferative lesions at W12 was observed (Figure 43

w&fﬂd}fﬁ 11 gt Cerebellar Devel:

To examine the specific ivhbitery effects of oyclops
ming on the development of MBs and fhelr proncoplastic
lesions, we ako parformed histopathology of the cembellum
of control and cyclopamine-troated mice during the early
developmental period of the cercbellum at FNDT, The width
of the EGL was noticesbly thinned in the cyclopamine
group comparad 1o the control group mgandles of genotype
at PNE7 (Figures 5SA and 6, pictimes of wild-type mice not
shown}, The thinning of the EGL was mainly observed in
lobules 2 flwough 45 of the cocbellim and was obscure
in lobules 6 through 10, T whistoch | staining with
the anti-Ki-67 antibody revealked that the outer layer of the
EGL, which is compesed of proliforsting GCPs, was also
thinned in Pichl mice in the cyclopamine group {Figures
5B and 6, pictures of wilddype mice not shown), Decroas-
ing trend was observed in the outr layer of the EGL in
cyclopamine group of wildtype mice (Figure 5B). Them
was no increase in cleaved caspase-3-positive apoptotic
cells in the EGL of e cyclogaming group compared 1o the
control group (Figure 6}

Histopathological examination revealed that colls morpho-
logically resembling nuclei of the internal granular layer were
distributed paralle] to the Perkinje cell layer in the decp mole-
cular lyer of the cyclopaming group at PNDI4 and 21 regard-
less of genntype (Figure T). These nucki were srongly labeled
for Moul (Figure ). These findings were also present in the
cerebelhm of the cyclopaminetreated group at W12 (Figures
T and 8). Furthermote, mizalignment of the Puddnje cells was

F
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Fioume 1. —Representative images of the cerebellum fram omitral (l=f) and cyclopamine-treated (right) wild-type mice at PND14 (A, BY, 21 (C,
D) and W12 (E, F). No proliferative lesions were detected in the cerchellum of wild-ype mice at any fime paint. Scale bar: 1000 .

Nowe. PND = postratal dey; W12 = postnatal week 12.

scattered in the cyclopamine group at PND 14 and 21, and this
finding was observed up to W12 (Figure 9). These findings
were mainly observed in lobules 2 through 45 of the cerebel-
Tumg and were obscure in lobules 6 through in both genotypes
(pictures of wild fype not shows).

Dnecussion

Currently, human MBs have been classified into at least 4
distinct subtypes by molecular studies (Ellison et al. 2011,
Northcott et al. 2011; Jones et al. 2012; Kool et al. 2012,
Kawauchi et al. 2012). MBs of the Shh subgroup result from

ek 10, 25
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Frouse 2. —Representative proliferative lesions in the cerebellum of control (lefi) and cyclopesmine-treated (right) Ptch] mice at PNDI4(A, B), 21
{C, D) and W12 (E, F). Proliferative ksions in the cerebellum were clasified into the following 4 types: (a) thickened area of the BGL, (b) small
MB, (c) Ki-67 positive focus, and () large MB. Scale har: 500 pm.

Note. PND = posinatal day; W12 = posinstal week 12; Pich] = patched] ; EGL = d lar layer; MB = medulloblastoma.

inactivating mutations of PTCHI or mutations of other compo-  suggesting activation of the Shh signaling pathway in these
nents of the Shh signaling patvway (Kawauchi etal. 2012). itis  tumors (Raffel 2004). Recently, many Shh pathway inhibitors
known that the expression of Glil is increased in MBs of Ptchl such as cyclopamine, HhAntag, GDC-0449, and TPI-926 have
mice compared 0 expression in fe normal cerebellum,  been identified and tested in preclinical and clinical studies
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Frouee 3—Incidence of proliferative lesions in the cerebellum ofoon
trol and cyclopamme-treated Pich] mice ot PND4, 21, and W12
**Significanily different from conirol groagy; p < 8.

Nog. PND = posinatal day, W12 = posnstal week 12; Pichl =
paiched] .

targeting MB and other Shiy pathway—activated tumors (Gaj-
jar et al. 2013; Gupta, Takebe, and Lorusso 2010; Les et al.
2017, Low and Sauvage 2010, Scales and Sauvage 2009). The
Pichl mouse has bocn used in various studies as an Shh-
subtype MB model (Behesti and Marino 2009, Sanchez and
Ruiz i Altaba 3005).

Tenosconoac: Pamos ooy

During postiatal cerchellar development in mice, prolifera-
tion of GCPs occurs throughout the 2 weeks afer birth and
GCPs migrate into the internal granular byer by PNDZI
(Behesti and Marine 2009; Haldipur et al. 2012; Vaillant and
Monard 2009). During postatal cerebellar development, Pichl
mice show a high incidence of prencoplastic MB lesions such
as thickened areas in the EGL and Ki-67 positive fisei (Matsuo
et al. 2013). The present study clearly showed that postatal
exposure 0 cyclopamine inhibited the cccumence of prenco-
plastic MB lesions and small MBs in Pich] mice up & | week
afier the treatment period. Concurrently, the reduction in the
total area of proliferative lesions in the cyclopamine group
indicated that cyclopamine treatment inhibited not only fhe
development of prencoplastic lesions but also the expansion
of fese lesions. Furthermore, the inhibitory potential p
for 2 months afier treatment.

During normal cercbellar development, Shh is an impor-
tant signal that regulaes GCP proliferation in the EGL (Hal-
dipur et al. 2012; Lewis ot al. 2004; Vaillant and Monard
20019, Wallace 1999). GCPs express Piehl, the receptor for
Shh, and proliferate in response to Shh secreted by the Pur-
kinje cells (Haldipur et al. 2012; Lewis et al. 2004; Vaillant
and Monard 2009). Examination of the cerebellum at the peak
period of GCP proliferation, PND7, provided evidence that
the inhibitory effect of cyclopamine on GCP proliferation
might be related to the thinning of the EGL, a place of occur-
rence of prencoplastic cells of MBs, in wild-type and Pichl
mice. Immunchistochemistry indicatod that thinning of the
EGL was associated with docreased proliferative activity
rather than increased apoptosis of GCPs by cyclopamine. In
this study, at PND7, the outcome of GCPs treated with cyclo-
pamine was consistent with GCPs treated with neutralizing
anti-Shh antibodies in noonatal mice (Wallace 1999). It is
known that cyclopamine inhibits the growth of cultured MB
cells and allografts by inhibiting Smo (Berman et al. 2002;
Dahmane ot al. 2001). Furthermore, it has been repornted that
cyclopamine treatment inhibited MB growth (n vivwe using
Pic 1™ ~/p53~'~ mice and genetically engineered mice over
expressing bepatocyte growth factor (HGF) and Shh by indu-
cing a potent apoptotic death response in tumor cells and by a
suppressive effect on proliferation (Coonetal. 2010; Sanchez
and Ruiz i Altaba 2005). In addition, another Smo-binding
antagonist, HhAntag, compleely eliminated MBs by blocking
fumor cell proliferation and stimulating apoptosis (Gupta,
Takebe, and Lorusso 2010, Romer ot al. 2004). Taken
together, the decreased proliferative activity observed in
cyclopamine-treated mice in this study is thought to be attrib-
uted 0 the inhibition of Smo and downstream signals. Since
Pichl haploinsufficiency alone & consdered to be insuffi-
cient for tumor induction, additional genetic lesions are
required for wmorigenesis (Wetmore, Eberhart, and Curran
2000, Corcoranand Scott 2001). Our data suggest that cyclo-
pamine treatment during cercbelar development reduced pro-
duction of cells that will give rise to MBs and the subsoquent
chances for additional mutations to occur in those cells, by
decreasing proliferation of GCPs and prenvop bstic cells,

L.
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Fiause 4. —Total area of proliferative lesions in the cerebellum of control and cyclopamine-trested Pich 1 mice at PND21 (A ) and W12 (B). The
total area of the proliferative lesions was calculaded for each animal ax the sum of aress of the Ki-67 positive foci and MBas observed in a cer-
ebellum slide stained for Ki-67. **Significantly different from the control group; p < 01

Noge. PND = postnatal day; W12 = postnatal week 12; Pich] = patched] ; MB = medulloblastoma.
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Cerchellum volume dramatically increases during noonatsl
development (Lewis et al. 2004). This increase in size is prodo-
minantly due to rapid proliferation and expansion ufglmu]:
cells, which are the most abundant newronal in the
matere brain (Lewis et al. 2004). In addition, it s koown fat Shi
is required for proliferation of precursor cellsof fhe cerebeal noo-
cortex and tectm in mice in addition to the cerebellum
{Dabmane ot al. 2001, Secca and Ruiz i Altsha 2007). There-
fore, the docrease in cercbellum weight in the eyclopaming-
treated group was considered to be a result of the docreased
proliferation of GCPs in e EGL. Furfermaore, this spppests
that inhibition of Shh signaling by cyclopamine has a similar
effect on postnatal cerebral development, a2 it does on cerebellar
development and causes a docrease in overall brain weight.

d & control. Scale bar: 100 pm.
hyu"HE hematxylin and eosin.

WeuN-positive granular cells in the doep molecular layer of
the cyclopamine-treated group may underge precocious
maturation during their migration to the intemal granular
layer. Abnormal Purkinje cells similar to those observed in
this study have also been reporied in Shh-deficient mice and
were fwought i be a secondary effect due to loss of GCPs
(Lewis et al. 2004). In our study, the thinming of the EGL, the
presence of ectopic NeuN-postive ganularcells, and the mis-
alignment of Purkinje cells are all thought to be caused by
eyclopamine treatment and are related v each other bocause
these lesions shared a common lecation in the cerebellum
Also, the presence of these lesions at W12 indicated that the
effects of cyclopamine persisted afier the completion of
cerebellar development.
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Fiauss 7—Histopathological findings ohaerved in fhe malecular layer of the cerehellum fram contral (left columm) and cyclopemine-trested
(right columm) Pich] mice at PND14 (A and B), 21 (C and D), and W12 (E and F) (HE). Granular cells, which resemble cells of the intemal
granular layer, were distributed paralle] to the Purkinje cell bryer in the deeper malecular lyer of cyclopamine-trested Pich] mice at PND14
(B), 21 (D), and W12 (F). Scale bar: 100 pm.

Noge. PND = posinatal dy; W12 = postnatal week 12; Pich] = patched]; HE = b ylin and eosin.

Whereas our previous study revealed that more than half  cyclopamine was observed mainly in lobules 2 through 4/
of the Ki-67-positive foci and small MBs were locaied in 5 of the cerebellum at PND7. The differences in regions that
lobules 6 through 10 of the cerebellum (Matsuo et al.  were highly affected by cyclopamine treatment during the
2013), in the present study the inhibitory effect of  developmental period and the commen site of MB
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