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ADI Acceptable daily intake  
ARC Arcuate nucleus  
AVPV Anteroventral periventricular nucleus  
CNS Central nervous system  
DES Diethylstilbestrol  
DIG Digoxigenin  
EB Estradiol benzoate  
EDC Endocrine disrupting chemical  
EE 17α-ethynylestradiol 17α-  
ER Estrogen receptor  
EV Estradiol valerate  
E2 17β-estradiol 17β-  
FSH Follicle-stimulating hormone  
GnRH Gonadotropin-releasing hormone  
GPR G protein-coupled receptor G  
HE Hematoxylin eosin  
IHC Immunohistochemistry  
ISH in situ hybridization in situ  
LH Luteinizing hormone  
NOAEL No observed adverse effect level  
OVX Ovariectomy  
PE Persistent estrus  
PFA Paraformaldehyde  
PND Postnatal day  
P4 Progesterone  
RLX Raloxifene  
SERM Selective estrogen receptor modulator 

 
TMX Tamoxifen  
VO Vaginal open  
3V 3rd ventricle  
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EDC

EDC EDC

[1, 2]

- -

[3, 4]

[5-7]

 

p-t-octylphenol

methoxychlor diethylstilbestrol



 

2 

[8-11]

1)

2)

[10-13]

 

[10, 11]

GnRH

KiSS1



 

3 

G GPR54 ; 

KiSS1R [14, 15] GnRH

LH [16-18]

AVPV

ARC 2 AVPV GnRH

ARC GnRH

[17-19]

ER AVPV

ARC

[20-22]  

17α-ethynylestradiol EE 10 22

[11]

persistent estrus PE
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- - KiSS1/GPR54

KiSS1 mRNA

[23-27]

 

1 young adult

KiSS1/GPR54

2

0 14

3

SERM

SERM
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1  

 

 

17α-ethynylestradiol  

KiSS1  
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[5-7] 

[8-11]

[1, 2]  

- - KiSS1/GPR54

KiSS1 mRNA [23-

27]

 

1

young adult



 

7 

KiSS1/GPR54

22

 

 

  



 

8 

 

 

 

4 Crj:Donryu [8]

1 n=40 2 n=28

24 ± 1 ; 55 ± 5%; 12 5:00-

17:00 17:00-5:00 2

CRF-1  

 

 

17α-ethynylestradiol EE, CAS No. 57-63-6 estradiol benzoate EB, CAS No. 50-50-0

progesterone P4, CAS No. 57-83-0 Sigma-Aldrich St. Louis, MO, USA

EE CAS No. 8008-74-0

EE 17β-

estradiol E2 α- -

[11, 28] EE



 

9 

20 μg/kg 0.2 μg/kg

0.02 μg/kg [11]  

 

1 

EE0.02 μg/kg

EE0.2 μg/kg EE20 μg/kg 4 Middle-age 5

1 : 6-10 EE 24

EE 0.02, 0.2 20 μg/kg

3 1 10

21 3-4 10

23

5

 

10 OVX 1

LH EB 2 μg/kg 9:00 3 EB 3

11:00 P4 500 μg/kg LH FSH

11:00-19:00 n=5-7

-80

[29]



 

10 

AVPV ARC

RNA -80

10% HE

 

Middle-age 22

22 Middle N

Middle PE EE

Donryu 4

[8] Middle-age

5 4-5

5 PE  

 

 

LH FSH 125I

National Institute of Diabetes and Digestive and Kidney 

Disease NIDDK LH-S-11 FSH-

S-11 [30] 

LH 3.45% 17.40% FSH 5.09%



 

11 

20.75%  

 

real-time PCR 

ISOGEN total 

RNA 1 μg total RNA High Capacity Reverse Transcription Kit Applied 

Biosystems, Foster City cDNA 7900HT Fast 

Real-time PCR system Applied Biosystems TaqMan® Gene Expression Assay

Applied Biosystems - real-time PCR

KiSS1 Kiss1, Rn00710914_m1 KiSS1r KiSS1R, Rn00576940_m1 Esr1

ER , Rn01640372_m1 Esr2 ER , Rn00562610_m1 Fos c-fos, Rn00487426_g1

GAPDH Taqman 

Rodent GAPDH Control Reagent, Applied Biosystems  

 

2 

2

2 1 5 n=4-9

1 EE 11

Middle-age 22 1 OVX LH

16:00-17:00



 

12 

65 mg/kg 4% PFA

4%PFA

30% PBS

OCT

-80  

 

 

in situ  ISH  

AVPV ARC Leica, 

CM1850UV  The Rat Brain Paxinos and Watson, 6th edition AVPV

bregma 0.12 mm -0.24 mm ARC bregma 1.72 mm-

3.60 mm 20μm

[31] ISH

KiSS1 mRNA K 1 μg/mL

1% PFA 0.25% 0.1M 60 30

DIG RNA GenBank accession No. 

AY196983.1, 60



 

13 

RNA

4xSSC/50% RNase 20 μg/mL 2xSSC 1xSSC

2%BSA Sigma, St. Louis DIG 1:1000, Roche 

Applied Science, Mannheim NBT/BCIP Roche Applied Science

1  

 

ISH IHC  

KiSS1 mRNA ISH KiSS1

ERα c-fos ISH/IHC

1%BSA Sigma, St. Louis ERα 1:2000, 

sc-542, Santa Cruz Biotechnology Inc, CA c-fos 1:4000, sc-253, 

Santa Cruz Biotechnology Inc, CA PBS

1:200, Vector Laboratories Inc, CA - HRP

Vectastain Elite ABC kit, Vector Laboratories Inc, CA 3,3-diaminobenzidine-

tetrachloride DAB  

 

 

Bartlett mRNA

ISH ISH/IHC



 

14 

Kruskal-Wallis

EE Middle age Dunnett

5%  

  



 

15 

 

 

 

4-5

EE 6

Middle

PE OVX

OVX EB 3

EE

Middle N

Middle PE

 

 

LH FSH  

LH FSH Fig. 1-1 LH

16:00-17:00 16:00 EE



 

16 

17:00 EE

EE0.02 μg/kg LH

EE0.02 μg/kg

LH 16:00 EE20 μg/kg

LH Middle N 16:00-17:00

LH Middle PE LH

, 16:00 LH FSH

15:00 EE 17:00

EE0.02, EE20 μg/kg 15:00 FSH

Middle N 15:00 FSH  

 

real-time PCR 

AVPV ARC KiSS1 mRNA

Fig. 1-2 AVPV 11:00 KiSS1 mRNA

LH 16:00-17:00

19:00 ARC KiSS1 mRNA

OVX 19:00

EE20 μg/kg 14:00 AVPV



 

17 

KiSS1 mRNA 16:00

ARC 16:00

KiSS1 KiSS1R, ERα, ERβ c-fos Fig. 1-3

EE20 μg/kg KiSS1 mRNA KiSS1

Middle N KiSS1 

KiSS1 EE20 μg/kg

 

 

ISH 

AVPV ARC KiSS1 mRNA Fig. 1-4 1-5

AVPV KiSS1 mRNA 3V

EE20 μg/kg KiSS1 mRNA

EE20 μg/kg

ARC KiSS1 mRNA

AVPV EE Middle age

Middle N  EE20 μg/kg

AVPV KiSS1 mRNA

 

 



 

18 

ISH/IHC  

KiSS1 mRNA ERα c-fos ISH/IHC Fig. 1-6

1-7 AVPV KiSS1 mRNA

ERα c-fos

Kiss1 mRNA KiSS1

ERα KiSS1mRNA

ERα 79.9% EE20 μg/kg

KiSS1 mRNA/ERα 66.8%

c-fos KiSS1 mRNA/c-fos

EE20 μg/kg

28.9% 32.0% Middle N EE20 μg/kg KiSS1 

mRNA/ERα 66.1% Middle 

PE KiSS1 mRNA/c-fos 46.1%

 

 

  



 

19 

 

 

real-time PCR AVPV KiSS1 mRNA

LH 16:00-17:00

KiSS1 LH

GnRH

EE20 μg/kg KiSS1 

mRNA ISH

AVPV KiSS1 mRNA

LH KiSS1/GPR54

- -

-

KiSS1 mRNA

KiSS1 mRNA/ERα

KiSS1/GPR54 ERα

ARC

KiSS1 mRNA

AVPV ARC



 

20 

 

KiSS1  ISH/IHC KiSS1/ERα

real-time PCR

ERα mRNA

ERα ER

real-time PCR

ISH/IHC c-fos

c-fos

LH [20, 31] 

c-fos 60%

KiSS1 c-fos KiSS1

LH

14:00 KiSS1

16:00

 

LH LH 16:00 EE

17:00 EE0.2 20 μg/kg

LH LH



 

21 

GnRH

[32] KiSS1 mRNA LH

LH

Fig. 1-8

 

AVPV KiSS1

KiSS1

KiSS1



 

22 

 

EE LH

[33-35]

[36] LH

KiSS1/GPR54

[23, 24, 37]

LH

[23] EE20 μg/kg

Middle N EE

EE young adult

 

EE FSH 14



 

23 

ERα 10

[38]

 

  



 

24 

 

 

EE young adult

KiSS1/GPR54

 

EE LH

AVPV KiSS1 mRNA

KiSS1 mRNA ERα

AVPV - - LH

 

LH

KiSS1 mRNA
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2  

 

 

 



 

26 

 

 

1 EE LH

AVPV KiSS1

2

1

 

1

[39, 40] 

 



 

27 

1-5 1-15 p-t-octylphenol

15 1.5

5 6

[8, 39] estradiol valerate EV 14

50 71-90

72%

[41] 5

[42, 43]

 

2

0, 5, 10 14 EE

LH KiSS1 mRNA

 

  



 

28 

 

 

 

14 Wistar Hannover GALAS n=37

1 Donryu

Wistar Hannover 

GALAS

24 ± 1 ; 

55 ± 5%; 12 5:00-17:00 17:00-5:00

2 CRF-1

 

 

 

EE, EB P4 EE 1 EE

1 20 μg/kg  

 

 

24

1 10



 

29 

5 n=7-8

0 EE 20 μg/kg 0, 5, 10 14

PND 0, 5, 10 14 21

2-4 n=30/group 23

5

 

 

LH  

10 OVX n=10 1

1 LH 16:00-

17:00 n=5 1 real-time PCR

RNA -80

1 ISH n=5 -80

10%

HE  

 

 

n=16 40

5 4-



 

30 

5

5 PE

5 persistent diestrus 40

10% HE

 

 

 

real-time PCR 

1 - real-

time PCR KiSS1 Kiss1, Rn00710914_m1 KiSS1r KiSS1R, Rn00576940_m1

Gnrh1 GnRH, Rn00562754_m1  

 

ISH 

1 KiSS1 mRNA  

 

 



 

31 

1 LH

3.27% 17.74% FSH 4.01% 16.71%  

 

 

10 14 EE

EE

PND10 PND14

PND0 PND5

n=4 10%

HE

ERα 1:1000, sc-542, Santa Cruz Biotechnology 

Inc. Vectastain Elite ABC Vector Laboratories 

Inc. ERα

[38] ERα

0 1 20% 2

20%-50% 3 50%-80% 4 80%

10 200

 

 



 

32 

 

Bartlett

mRNA ISH ERα

Kruskal-Wallis

EE Dunnett

Fisher 5%
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Table 2-1 PND10 PND14

 

 

 

40 Fig. 2-1

4-5 29

40 43.8%

PND0, 5 10

PND0 17 PND5 10 19

PND0

21-29 PND5 10

PND5 10 40

PND14 PND14 25



 

34 

 

 

real-time PCR 

LH AVPV ARC KiSS1 mRNA

Fig. 2-2 AVPV KiSS1 mRNA PND0, 5 10

EE

PND14

ARC PND5 KiSS1 mRNA

AVPV KiSS1 GnRH1 KiSS1R

EE KiSS1

 

 

ISH 

AVPV ARC KiSS1 mRNA Fig. 2-3 2-4

3 3V KiSS1 mRNA

AVPV PND0 KiSS1

KiSS1

PND5 10 PND14 KiSS1 mRNA
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real-time PCR

KiSS1 EE ARC

KiSS1 PND0 5

 

 

LH FSH  

LH FSH Fig. 2-5

LH 16:00-17:00 [44] 

LH PND0, 5, 10 14 11.64 ± 3.87 5.56 ± 

2.56 6.73 ± 2.07 2.70 ± 0.95 10.32 ± 2.51 ng/mL PND0, 5 10

LH

PND14 LH FSH

PND0, 5, 10 14 19.25 ± 2.40 13.36 ± 2.35 20.44 ± 1.94

14.23 ± 3.48 28.80 ± 1.68 ng/mL PND14 FSH

FSH  

 

 

40 Table 2-2

Fig. 2-6 PND0 5
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10

PND14

 

 

 

PND14

ERα Fig. 2-7 PND10 14

ERα

PND0 5 10 14 3.88 ± 0.10

3.90 ± 0.14 3.93 ± 0.10 3.93 ± 0.10 3.90 ± 0.12 2.78 ± 0.30 2.80 ± 

0.18 2.78 ± 0.10 2.53 ± 0.26 2.70 ± 0.16
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PND0 5 10 AVPV KiSS1 mRNA

KiSS1 EE

10

AVPV KiSS1 mRNA

- -

LH

LH

1

PND0 5 10

 

PND0

17
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[11] PND5 10 19

PND0

AVPV KiSS1 mRNA real-time PCR

ISH KiSS1

PND14 KiSS1 mRNA

PND14

 

[45] 

18 27

[42, 43] 21 18

5 CNS [40, 

46] diethylstilbesytrol DES [47] Swan

vaginal adenosis DES

85% 14 DES

2 22

[48] DES vaginal adenosis



 

39 

10 3 [49, 50]

 

Cruz 1, 7 14 EV 10 mg/kg

21 30

14

14 EV 2 mg/kg

70 90 [41] 

PND14 KiSS1

14

EV

14

14



 

40 

14

 

Wistar Hannover GALAS

1 Donryu PND0 EE 20 g/kg

LH KiSS1 mRNA

40 50% Donryu

40 0%

KiSS1

 

10 14 EE

[16, 41, 51, 52]

[52] PND14

- -



 

41 

EE

ERα

10 14

 

  



 

42 

 

 

2

0, 5, 10 14 EE

 

0, 5 10 EE 20 μg/kg 11

KiSS1 mRNA KiSS1

LH

EE

14 EE PND14

 

0 10

14  

  



 

43 

3  

 

 

Selective Estrogen Receptor Modulator SERM  

  



 

44 

 

 

1 2 EE

3

SERM SERM

 

SERM

[53, 54] SERM

CNS

CNS Pinilla

[55, 56] 

SERM CNS



 

45 

SERM CNS

SERM

 

3 SERM

SERM

SERM

1

SERM

SERM

 

  



 

46 

 

 

 

1 Crj:Donryu 1 n=28

young adult 7 2 n=30 3 n=35

24 ± 1 ; 55 ± 5%; 12

5:00-17:00 17:00-5:00 2

CRF-1

 

 

 

17α-ethynylestradiol EE, CAS No. 57-63-6 raloxifene RLX, CAS No. 84449-90-1

tamoxifen TMX, CAS No.54965-24-1 ICI182,780 ICI, CAS No.129453-61-8

Sigma-Aldrich St. Louis, MO, USA

CAS No. 8008-74-0

 

 

 



 

47 

1 

24

1 10

5 n=5-6 24

RLX 0.1 1 10 mg/kg RLX0.1, 

1, 10 TMX 10 mg/kg TMX10 EE RLX

TMX

[55, 56] 21 2-4

n=26 group 23

5

 

2 10

LH n=10 16:00-17:00

n=5 real-time PCR ISH

n=16 2

26 26

 

 



 

48 

2 

RLX TMX

KiSS1 2

n=30 7 OVX 2

6 n=5 3

RLX 0.1 1 10 mg/kg RLX0.1 1 10

TMX 10 mg/kg TMX10 EE 20 μg/kg EE20 ; 3

in vivo

[57] 24

OVX KiSS1 AVPV

ARC SERM

real-time PCR KiSS1 mRNA  

 

3 

3 RLX TMX



 

49 

EE RLX TMX

3 2 n=35 7 OVX 2

7 n=5 3

EE 1 μg/kg EE1 EE 1 μg/kg  RLX 

0.1, 1, 10 mg/kg EE1+RLX0.1 EE1+ RLX1 EE1+RLX10 EE 1 

μg/kg TMX 10 mg/kg EE1+TMX10 EE 1 μg/kg ICI182,780 500 

μg/kg EE1+ICI ; ICI182,780 ER

 [58] 2

24

 

 

 

real-time PCR 

1 - real-

time PCR KiSS1 Kiss1, Rn00710914_m1 KiSS1r KiSS1R, Rn00576940_m1

Gnrh1 GnRH, Rn00562754_m1  

 



 

50 

ISH 

1 KiSS1 mRNA  

 

 

1  LH

5.41% 12.39% FSH 8.50% 17.34%  

 

 

Bartlett

mRNA ISH Kruskal-Wallis

RLX TMX

Dunnett

Fisher 5%

 

  



 

51 

 

 

 

26

Fig. 3-1 Table 3-1

TMX10 11

RLX10 TMX10

2  

 

 

26 Fig. 3-2

4-5 18

26

37.5% RLX0.1 RLX1

RLX10

12 26

TMX10 7

 



 

52 

 

real-time PCR 

LH AVPV ARC KiSS1 mRNA

Fig. 3-3 TMX10 KiSS1 mRNA

RLX10

TMX10 KiSS1 mRNA

KiSS1 GnRH1

KiSS1R mRNA SERM

 

 

ISH 

AVPV ARC KiSS1mRNA Fig. 3-4 Fig. 3-5

Fig. 3-5 KiSS1 AVPV

3 3V KiSS1 mRNA

TMX10 KiSS1 mRNA KiSS1

KiSS1

RLX10 RLX0.1 RLX1 KiSS1

KiSS1 ARC 3V

KiSS1 TMX10 KiSS1



 

53 

 

 

LH FSH  

LH FSH Fig. 3-6 LH

16:00-17:00 TMX10

LH LH

RLX10 LH

LH 50% RLX0.1

RLX1 LH 2

TMX10 LH FSH

FSH

FSH

 

 

 

26 Table 3-2

Fig. 3-7 Table 

3-3 RLX10 TMX10

TMX10



 

54 

RLX1 RLX10 TMX10

RLX10 TMX10

TMX10

RLX10

TMX10 RLX10

TMX10

 

 

RLX TMX  

2 3 AVPV ARC

KiSS1 mRNA Fig. 3-8 2 EE 20 μg/kg TMX 

10 mg/kg 3 RLX 

0.1 1 10 mg/kg RLX0.1

3 RLX 0.1 1 10 

mg/kg TMX 10 mg/kg 3 EE 1 μg/kg

EE1+RLX1 EE1+RLX10

EE1+ICI

RLX 2

KiSS1 mRNA EE 20 μg/kg 3 AVPV



 

55 

KiSS1 ARC KiSS1

RLX TMX

KiSS1  

  



 

56 

 

 

SERM

0

RLX TMX 10 mg/kg young adult

LH 1

2 SERM

- -

Pinilla 1 5

50-500 μg RLX

GnRH

[55, 56, 59] 1 5 100 μg TMX

SERM

 

SERM

AVPV KiSS1 mRNA

KiSS1



 

57 

KiSS1 LH

[44, 60, 61] RLX TMX10

SERM - -

 

SERM ER

[62] SERM

Wilson 480 μg/kg TMX OVX 21

TMX LH

TMX LH [63] 

Sanchez-Criado 3 mg/kg TMX GnRH

LH RLX

[64] Pinilla OVX

RLX 500 μg/rat 3 OVX LH

RLX LH

SERM

RLX TMX OVX AVPV ARC



 

58 

KiSS1

OVX KiSS1

AVPV ARC LH

EE20 KiSS1 AVPV ARC

RLX

TMX OVX

SERM

SERM

SERM

SERM ER

TMX

RLX

SERM [65-67]  

TMX10 RLX10 KiSS1 LH

TMX10



 

59 

TMX10 ARC

KiSS1 KiSS1 FSH

TMX

FSH ARC

[6, 26]

TMX10

RLX

 

RLX10 TMX10

RLX10

[68, 69]

TMX10

TMX10

TMX10



 

60 

TMX10

 

  



 

61 

 

 

3 SERM

KiSS1  

0 RLX 10 mg/kg TMX 10 mg/kg

young adult LH AVPV KiSS1 mRNA

KiSS1

SERM

TMX10 FSH ARC

KiSS1 TMX

 

SERM

RLX TMX TMX

SERM

KiSS1 SERM

 



 

62 

 

 

- -

1

AVPV

KiSS1 KiSS1 ERα

 



 

63 

2 0 10

14

3 third trimester

[47, 48] 

2

 

1 2 ER EE

3 SERM

SERM



 

64 

SERM SERM

CNS

RLX TMX

RLX TMX

TMX

SERM SERM

 

1 3

1

2

3



 

65 

OECD TG443 PND90

20

NOAEL ADI

TG443

OECD TG440

3 RLX

CNS

KiSS1

 

  



 

66 

 

 

 

1

 

2 3

0 10

 

3 SERM

SERM
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Abstract 

 

In the brains of mammals, it is known that neonatal exposure to large amount of estrogens 

could cause irreversible abnormalities in sex behavior and reproductive function after 

maturation, known as “defeminization” or “masculinization”.  On the other hand, shorter and 

lower-dose neonatal exposure to estrogenic compounds is also reported to cause delayed 

multiple reproductive dysfunction (delayed effect), which is characterized by the early 

cessation of estrous cycle.  Therefore, unexpected neonatal exposure to various estrogen-like 

compounds has been of great concern to the development of endocrine and reproductive 

functions.  Regarding the mechanism of delayed effect, disruption of the hypothalamic 

ovulation regulating system has been considered as one of major cause of the delayed effect; 

however, the precise mechanism underlying the delayed effect and involvement of changes in 

the kisspeptin neuron are remains unknown.  Therefore, in the present study, we 

multidirectionally investigate the functional changes of the kisspeptin neuron in the rats 

neonatally exposed to various estrogenic compounds to clarify the pathogenesis of delayed 

effect and involvement of kisspeptin neuron. 

In the chapter 1, we investigate the hypothalamic kisspeptin neuron and LH surge secretion 

in young adult rats (before cessation of estrous cycle) neonatally exposed to ethynylestradiol 

(EE).  As a result, decreased KiSS1 mRNA expression in AVPV, delayed peak time and 
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decreased area of LH surge were observed in neonatally EE exposed rats, and the percentage 

of KiSS1-positive cells co-expressing ERα was also decreased in these animals.  These AVPV 

specific changes indicate dysfunction of LH surge regulating system in hypothalamus-

pituitary-gonadal axis, and also considered to be related to following “early cessation of estrous 

cycle”.  These neuroendocrine changes were observed both in the delayed effect induced and 

aging rats, therefore, it is considered that changes observed in delayed effect are similar to that 

observed with reproductive aging, suggest that delayed effects might means “acceleration of 

the reproductive aging”.  Furthermore, all these changes occurred before the cessation of 

estrous cycle, indicating that these neuroendocrine changes such as diminished LH surge and 

decreased KiSS1 mRNA expression might have the possibility to be early indicators for the 

delayed effect substitute for the “abnormal estrous cycle” occurred in later age. 

In the chapter 2, to clarify the critical window for delayed effect induced by neonatal 

exposure to estrogen, we exposed EE to neonatal female rats at postnatal day (PND) 0, 5, 10 

and 14, and investigate the changes in hypothalamic kisspeptin neuron and occurrence of 

delayed effect.  As a result, decreased KiSS1 expression and KiSS1-positive cells in AVPV 

were detected, and LH surge also showed diminished tendency at 11 weeks of age in the groups 

exposed to EE 20 μg/kg at PND 0, 5 and 10.  In these groups, associated with hypothalamic 

changes, early onset of abnormal estrous cycle was also detected, suggesting occurrence of 

delayed effect induced by the neonatally exposed EE in these groups, however, these changes 
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are not evident in the group exposed to EE at PND 14.  Considering together, critical window 

for the delayed effect is correspond to the early postnatal ages (PND 0 to 10), in which neonatal 

brains maintain the vulnerability to exogenous estrogens, and this window was considered to 

close gradually toward the late postnatal ages (PND14) being a provisional endpoint for the 

window. 

In the chapter 3, we investigate influence of neonatal exposure to selective estrogen receptor 

modulator (SERM) on delayed effect occurrence and KiSS1 expression of hypothalamic 

kisspeptin neuron. As a result, diminished LH surge, decreased KiSS1 mRNA expression and 

KiSS1-positive cells in AVPV and early cessation of estrous cycle with aging were observed 

in young adult rats neonatally exposed to Raloxifene (RLX) and Tamoxifen (TMX) 10 mg/kg 

at PND0, suggesting that neonatal exposure to SERM could induce impairment of kisspeptin 

neuron development and following delayed effect the same as other estrogens examined in 

other chapters.  In addition, diminished FSH levels and decreased number of KiSS1-positive 

cells in arcuate nucleus (ARC) were also detected in TMX 10 mg/kg group, indicating 

complete masculinization  of neonatal brain by TMX exposure.  In uterotropic assay, we 

also confirm estrogenic activity of RLX and TMX and anti-estrogenic activity of TMX in 

uterus, however, both SERMs did not influence hypothalamic KiSS1 expression in adult rat, 

suggesting that the estrogenic activity of SERMs could be not only tissue-specific, but also 

age-dependent. 
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In conclusion, it was suggested that developmental impairment of kisspeptin neuron is 

deeply involved in pathogenesis of delayed effect.  The essence of delayed effect is considered 

to be functional depression of neuroendocrine systems after sex maturation, and serial changes 

might indicate “acceleration of reproductive aging”.  In addition, early postnatal ages (PND 0 

to 10) in rats, which is equivalent to the third trimester of human gestation, are correspond to 

the critical window for the delayed effect, and developing brains have the possibility of 

maintaining sensitivity to exogenous estrogens longer than the previously expected 

period.  Furthermore, delayed effect is common hazard to various estrogenic compound 

including SERMs, and further investigation are considered to be needed for identifying the risk 

of SERMs for reproductive development. 
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Table 2-1 Mean post natal days and body weight of vaginal opening in rats exposed to EE at various 

postnatal days. 

Groups n Vaginal opening days 

(Post natal day) 

Body weight 

(g) 

Sesami oil Control 30 29.3 ± 2.2a 79.2 ± 9.2 

EE 20μg/kg PND0 30 30.4 ± 2.1 83.6 ± 9.7 

 PND5 30 28.2 ± 1.6 74.8 ± 13.5* 

 PND10 30 24.5 ± 1.3** 58.2 ± 6.2** 

 PND14 30 24.7 ± 1.1** 57.1 ± 4.1** 

a: mean ± S.D. 

*, **: Significantly different from the control group (*p<0.05 and **p<0.01 by Dunnett’s test) 
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Table 3-1 Mean post natal days and body weight of vaginal opening in rats exposed to EE at various 

postnatal days. 

Group N Vaginal opening day 

(Post natal day) 

Body weight 

(g) 

Control 26 28.0 ± 1.6a 81.4 ± 9.9 

RLX0.1 26 28.5 ± 1.5 82.8 ± 8.8 

RLX1 26 28.0 ± 1.9 82.5 ± 11.0 

RLX10 26 24.5 ± 2.2** 65.2 ± 11.7** 

TMX10 26 23.3 ± 1.0** 52.8 ± 5.7** 

a: mean ± S.D. 

**: Significantly different from the control group (p<0.01 by Dunnett’s test) 
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Fig. 1-1 Sequential changes in serum LH (A) and FSH (C) concentration in EE-exposed and middle-

age groups and intergroup comparison of LH concentration at 16:00 (B).EE-exposed groups showed 

dose-dependent decrease in peak area and concentration of LH at 16:00, and this decrease was more 

evident in both middle-age groups. Data are presented as mean ± SEM (n = 4–7/group). Symbols 

indicate significant difference from control group (*: p < 0.05 and **: p < 0.01 by Dunnett’s test, 

respectively). 
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Fig. 1-2 Sequential changes in KiSS1 mRNA expression in the control group in the AVPV (A) and 

ARC (B), and intergroup comparison in the AVPV at 14:00 (C) and 16:00 (D)and in the ARC at 

16:00 (E). The expression significantly decreased in the EE20 and Middle (N) groups in the AVPV at 

14:00, but intergroup differences were not detected in the ARC. All data are presented as mean ± 

S.D. (n = 5/group). Expression level at 11:00 (A and B) or control group (C–E) is adjusted to 1.0. The 

OVX only group was investigated as a negative control. Symbols indicate significant difference from 

the control group (*: p < 0.05 and **: p < 0.01 by Dunnett’s test, respectively). 

 



 

93 

 

Fig. 1-3 mRNA expression of KiSS1R (A), ERα (B), ERβ (C), and c-fos (D) in the AVPV at 16:00. No 

intergroup difference was detected for any KiSS1-related gene. All data are presented as mean ± S.D. 

(n = 5/group). Expression level of the control group is adjusted to 1.0. 
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Fig. 1-4 Representative images of KiSS1 mRNA-positive cells in the AVPV in control (A), EE20 (B), 

Middle (N) (C) and Middle (PE) (D) groups. The number of positive cells was significantly decreased 

in the EE20 and Middle (N) groups (E). All brain samples were collected during the interval from 

16:00–17:00. All data are presented as mean ± S.D. (n = 4/group). Symbols indicate significant 

difference from the control group (*: p < 0.05 by Dunnett’s test). 3V: third ventricle. Bar = 200 μm. 
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Fig. 1-5 Representative images of KiSS1 mRNA-positive cells in the ARC in control (A), EE20 (B), 

Middle (N) (C) and Middle (PE) (D) groups. No intergroup differences in the number of KiSS1-

positive cells were detected in the ARC (E). All brain samples were collected during the interval from 

16:00 to 17:00. All data are presented as mean ± S.D. (n = 4/group). 3V: third ventricle. Bar = 500 

μm. 
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Fig. 1-6 Representative images of dual-labeling ISH/IHC for KiSS1/ERα in the AVPV in control (A 

and B) and EE20 (C and D) groups. Positive cells show dark blue cytoplasimic staining for KiSS1 

mRNA and brown nuclear staining for ERα. Red arrows represent KiSS1/ERα-dual positive cells 

and white arrows represent KiSS1 mRNA-single positive cells. Percentage of KiSS1/ERα-dual 

positive cells significantly decreased in EE20, Middle (N) and Middle (PE) groups (E). Graph shows 

the total number of KiSS1-positive cells (closed bar), the number of KiSS1/ERα-dual positive cells 

(open bar) and percentage of KiSS1-positive cells showing ERα co-expression (line chart). Data are 

presented as mean ± S.D. (n = 4/group). Symbols indicate significant difference from the control 

group (**: p < 0.01 by Dunnett’s test). 3 V: third ventricle. Bars = 200 μm (A and C) or 50 μm (B and 

D). 
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Fig. 1-7 Representative images of dual-labeling ISH/IHC for KiSS1/c-fos in the AVPV in control (A 

and B) and EE20 (C and D) groups. Positive cells show dark blue cytoplasimic staining for KiSS1 

mRNA and brown nuclear staining for c-fos. Red arrows represent KiSS1/c-fos-dual positive cells 

and white arrows represent KiSS1 mRNA-single positive cells. Percentage of KiSS1/c-fos-dual 

positive cells was not changed in EE20 and Middle (N) groups, but significantly increased in Middle 

(PE) group (E). Graph shows the total number of KiSS1-positive cells (closed bar), the number of 

KiSS1/c-fos dual positive cells (open bar) and percentage of KiSS1-positive cells showing c-fos co-

expression (line chart). Data are presented as mean ± S.D. (n = 4/group). Symbols indicate significant 

difference from the control group (*: p < 0.05 and **: p < 0.01 by Dunnett’s test, respectively). 3 V: 

third ventricle. Bars = 200 μm (A and C) or 50 μm (B and D). 
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Fig. 1-8 Proposed pathway for the delayed effect. Neonatal exposure to EE induces an AVPV-specific 

decrease in KiSS1 and ER _ mRNA expression and a consequent attenuation of LH surge in young 

adult rats, leading to the early onset of abnormal estrous cycling. 
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Fig. 2-1 Sequential changes in the percentage of animals maintaining a normal estrous cycle until 40 

wk of age (n = 16/group). The vertical line indicates the percentage of animals that maintained a 

normal estrous cycle in each group, and the horizontal line indicates weeks of age. Symbols indicate 

significant differences (*: p < 0.05 thereafter until Week 40 without Week 20–23 in PND5 group vs 

control group; #: p < 0.05 vs PND14 group; †: p < 0.05 vs PND5 group; ‡: p < 0.05 vs PND10 group 

by Fisher exact test). 
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Fig. 2-2 KiSS1 mRNA expression in the AVPV (A) and ARC (B) at the time of LH surge. All data 

are presented as mean ± S.D. (n = 5/group). Expression levels in each group are normalized to 

GAPDH levels, and the level of the control group is adjusted to 1.0. Symbols indicate significant 

differences from the control group (*: p < 0.05 and **: p < 0.01 by Dunnett test). 
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Fig. 2-3 Representative images of KiSS1 mRNA-positive cells in the AVPV of control (A), PND0 (B), 

PND5 (C), PND10 (D), and PND14 (E) groups, and total number of positive cells (F). All the brain 

samples were collected during the interval 1600–1700. All the data are presented as mean ± S.D. (n = 

4–5/ group). 3V: third ventricle. Bar = 200 μm. Symbols indicate significant differences from the 

control group (*: p < 0.05 and **: p < 0.01 by Dunnett test). 
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Fig. 2-4 Representative images of KiSS1 mRNA-positive cells in the ARC of the control (A), PND0 

(B), PND5 (C), PND10 (D), and PND14 (E) groups, and total number of positive cells (F). The insets 

in A–E represent a higher magnification. All the brain samples were collected during the interval 

1600–1700. All the data are presented as mean ± S.D. (n = 5/group). 3V: third ventricle. Bars = 500 

μm (low magnification) or 200 μm (high magnification). 

  



 

103 

 

 

 

Fig. 2-5 Serum concentration of LH (A) and FSH (B) at the time of LH surge. All the data are 

presented as mean ± SEM (n = 5/group). 
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Fig. 2-6 Ovarian histology of the control (A), PND0 (B), PND5 (C), PND10 (D), and PND14 (E) 

groups at 40 wk of age. Graphics indicate corpora lutea (CL) (arrows) or follicular cysts 

(arrowheads). HE stain. Bar = 1 mm. 
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Fig. 2-7 Ovarian histology and vaginal IHC for ERα in the control group before VO (A and C) and 

PND14 group after VO (B and D). Animals in PND14 group were necropsied on the next day of the 

day of accelerated VO. Lower graphs show the scores of ERα expression in the epithelial and 

stromal cells in each group. Score: 0, negative; 1, slightly positive (<20%); 2, partly positive (20%–

50%); 3, positive more than half (50%–80%); 4, mostly positive (>80%). HE stain (A and B). Bars = 

500 μm (A and B) or 100 μm (C and D). 
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Fig. 3-1 Sequential changes in body weight through the study period (26 weeks of age; n = 16/group). 

The TMX10 group showed a significant increase in body weight. Symbols indicate a significant 

difference from the control group (*: p<0.05 and **: p<0.01 by Dunnett’s test). 
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Fig. 3-2 Sequential changes in estrous cycling status through the study period (26 weeks of age; n = 

16/group). Estrous cycle in the TMX10 group had already ceased by the start of analysis (7 weeks of 

age). The RLX10 group showed early cessation of the estrous cycle, and the percentage of animals with 

a normal estrous cycle was significantly decreased beginning at 12 weeks of age. Symbols indicate a 

significant difference from the control group (*: p<0.05 and **: p<0.01 by Fischer’s exact test). 
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Fig. 3-3 Relative mRNA expression of KiSS1, KiSS1R and GnRH in the AVPV and ARC at the time of 

LH surge in young adults (11 weeks of age). KiSS1 expression was significantly decreased in the 

TMX10 group in both the AVPV and ARC, but expression of the other genes was unchanged.  KiSS1 

expression in the RLX10 group showed a slight decreasing trend. Data are presented as the mean ± 

S.D. (n = 5/group). Relative expression level of Control group was adjusted to ”1.0”. Symbols indicate 

a significant difference from the control group (*: p<0.05 and **: p<0.01 by Dunnett’s test). 
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Fig. 3-4 Representative images of KiSS1 mRNA-positive cells in the AVPV in the control (A), RLX0.1-

10 (B-D) and TMX10 (E) groups in young adults (11 weeks of age). The number of KiSS1-positive cells 

was significantly decreased in the RLX10 and TMX10 groups (F). All brain samples were collected 

between 16:00-17:00. Data are presented as the mean ± S.D. (n = 5/group). Symbols indicate a 

significant difference from the control group (**: p<0.01 by Dunnett’s test). 3V: third ventricle. Bar = 

200 μm. 
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Fig. 3-5 Representative images of KiSS1 mRNA-positive cells in the ARC in the control (A), RLX0.1-

10 (B-D) and TMX10 (E) groups in young adults (11 weeks of age). The number of positive cells was 

significantly decreased in the TMX10 group only (F). The insets in A-E represent higher 

magnifications of the same regions. All brain samples were collected between 16:00-17:00. Data are 

presented as the mean ± S.D. (n = 5/group). Symbols indicate a significant difference from the control 

group (*: p<0.05 by Dunnett’s test). 3V: third ventricle. Bars = 500 μm (low magnification) or 200 μm 

(high magnification). 
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Fig. 3-6 Serum concentrations of LH (A) and FSH (B) at the time of the LH surge in young adults (11 

weeks of age). LH concentrations significantly decreased in the RLX 10 and TMX 10 groups, and this 

decrease was especially prominent in the TMX10 group. FSH concentration was significantly 

decreased in the TMX10 group only. Data are presented as the mean ± SEM (n = 5/group). Symbols 

indicate a significant difference from the control group (*: p<0.05 and **: p<0.01 by Dunnett’s test). 
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Fig.3-7 Representative images of the histopathological findings. (A-C) Ovarian atrophy in the control, 

RLX10 and TMX10 groups, respectively. Arrows in C indicate the prominent fibrosis observed in the 

TMX10 group. Bars = 1 mm. (D) Higher magnification of the fibrosis of the ovarian capsule in the 

TMX10 group. Bar = 100 μm. (E) Fibrosis of the oviduct in the TMX10 group. Bar = 500 μm. (F) 

Salpingitis in the RLX10 group. Bar = 200 μm. (G) Squamous cell metaplasia in the RLX10 group. 

Bar = 100 μm. (H) Atrophy of the uterus in the TMX10 group. Bar = 500 μm. 
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Fig. 3-8 Uterine weight from the uterotropic assays of experiment 2 (A) and experiment 3 (B) and 

relative mRNA expression of KiSS1 in the AVPV (C) and ARC (D) in experiment 2. A significant 

decrease in uterine weight (an estrogenic effect) was detected in the TMX10 and EE20 groups, and a 

significant suppression of uterine weight increase (an anti-estrogenic effect) was observed in the 

SERM- and ICI-treated groups. KiSS1 expression in adult OVX rats was not influenced by SERM 

treatment. Data are presented as the mean ± S.D. (n = 5/group). Symbols indicate a significant 

difference from the control group (*: p<0.05 and **: p<0.01 by Dunnett’s test) or from the EE1 group 

(#: p<0.05 and ##: p<0.01 by Dunnett’s test). 


