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Fig. 3.

No significant alterations in mRNA levels of several major regulators in folliculogenesis. Shown Is semiquantitative RT-PCR of LH receptor (Lhr), FSH

receptor {Fshr), p450 side chain cleavage enzyme {Cyp11al), 17-a-hydroxylase (Cyp17a1), Aromatase (Cyp19), estrogen receptor-B (Esr2), cyclin D2 (Cend2),
insulin-like growth factor 1 (lgf1), cyclooxygenase 2 (Ptgs2), or progesterone receptor (Pgr) gene expression.in AR+ and AR/~ ovarles. Results shown were
representative {using one ovary per genotype in each experiment) of five independent experiments,

plasmid (Promega) using Lii)ofectamine reagent (GIBCO/BRL,
Grand Island, NY) to normalize transfection. Results shown are
representative of five independent experiments.

_ Results and Discussion

Subfertility of AR~/ Female Mice at 8 Weeks of Age. The Ar gene
located on the X chromosome was disrupted in mice by using
the Cre/Lox P system (6) (Fig. 1 a—). Female AR/~ mice
showed normal growth compared with the wild-type litter-
mates (Fig. 1d), with no detectable bone loss (Fig. le) or
obesity common for male AR~ mice (8, 9). Young (8-week-
old) AR/~ females appeared indistinguishable from the wild-
type littermates, displayed normal sexual behavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of their reproductive
organs, including uteri, oviducts, and ovaries, also appeared
normal (Fig. 1f). Histological analysis showed no significant
abnormality in the uterus or pituitary (Fig. le), whereas
mammary ductal branching and elongation were substantially
reduced, as revealed by whole-mount analysis (Fig. 1h). Serum
levels of 17B-estradiol, progesterone, testosterone, luteinizing
hormone, and follicle-stimulating hormone were also within
normal range in 8-week-old mutant females at the proestrus
stage (Fxg 1g), suggesting that the two-cell two-gonadotrophin
system in female reproductive and endocrine organs (18) was
intact in AR~/~ mice at 8 weeks of age. The most obvious early
sign of abnormal reproductive function in the AR/~ females
was that their average numbers of pups per litter were only
about half of those of the wild-type littermates, (4R*/*, 8.3 *
0.4 pups per htter, AR™'=,4.5 + 0.5 pups per litter) (Fig. lz)

AR-/~ Female Mice Developed POF Phenotypes, Histological analysis
of 8-week-old AR/~ ovaries clearly showed that numbers of

atretic follicles were significantly increased, with decreased. .

numbers of corpora lutea (Fig. 2 b and f). This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries, Indeed, AR protein expressmn
was readily detectable in the wild-type 8-week-old ovaries (Fig.
1j), with AR expressed at the highest levels in growing follicle
granulosa cells at all developmental stages and at relatively low
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levels in corpora lutea. Thus, AR appears to play a regulatory
role in granulosa cells during their maturation to the luteal
phase.

To investigate this possibility, we examined the ovarian phe-
notype of female AR~ mice at different ages. At 3 weeks,
ovaries contain various stages of follicles, including primary,
secondary, and antral follicles in wild-type animals (Fig. 2a) (19).
In AR/~ ovaries at 3 weeks of age, the folliculogenesis appeared
to be unaltered, with normal numbers and localization of
primary and secondary follicles (Fig. 2 a and ¢). However,
degenerated folliculogenesis became evident with further aging,
Although follicles and corpora lutea at all developmental stages
were still present, corpora lutea numbers were clearly reduced in
8-week-old AR™~ mutants (Fig. 2 b and f), similar to that
observed in another mouse line (20). Expected apoptosis was
seen in atretic follicles by activated caspase-3 immunohistochem- -
istry assays (Fig. 2i). But, by 32 weeks of age, defects in
folliculogenesis in AR/~ ovaries became profound, with fewer
follicles observed and increased atretic follicles (Fig. 2 ¢ and g),
and >40% (5 of 12 mice) of the AR/~ females were already
infertile. By 40 weeks, all AR™/~ females became infertile, with
no follicles remaining (Fig. 2 d and h); at the same age, AR+
females were fertile and had normal follicle numbers. Consistent
with progressive deficiency in folliculogenesis, the pup number
per litter steadily decreased in aging AR/~ females (Fig. 2i).
These data indicate that AR plays an important physiological
role at the preluteal phase of folliculogenesis.

Alteration in Gene Expressions of Several Major Regulators Involved
in the Oocyte-Granulosa Cell Regulatory Loop. To explore the
molecular basis underlying the impaired folliculogenesis in
AR™~ ovaries, we analyzed expression of several major known
regulators and markers of folliculogenesis (21-23). Surprisingly,
no significant alterations in mRNA levels of LH receptor (LAr),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17-a-hydroxylase (Cypl7al), aromatase (Cypl9), es-
trogen receptor-8 (Esr2), cyclin D2 (Cend2), or insulin-like
growth factor 1 (Igfl) of 8-week-old AR™/~ ovaries at the
proestrus stage, and further cyclooxygenase 2 (Pigs2) or proges-
terone receptor (Pgr) at the estrus stage, were detected by

PNAS | January 3,2006 | vol.103 | no.1 | 227

-130-




b 12y . Kitt 1-§ Bmp15 111’ Ggligoos 2
p . p <0.05 U1 phy
08 0.8 " o.s] I l i 0.8
% 0.8 Py 3 0.6 _% 0.6 0.6
ﬁ . £ 04 y
X . . To2 0.2
0

aemtg«po ey L- genotyps 4/+ Lol

E 12
1
X 0.8
0

4+ L/L- genotype 4+ L-/L-
3 Hot |8

Fig. 4. Genome-wide microamay analysis and semiquantitative RT-

regulated in AR/~ ovaries. (a) Microarray analysis of AR~ compared with A
described in Materlals and Methods were used to generate a cluster analysis. Each vertical line represen

AR-I- ovaries compared with wild type are.presented. (b and ¢) Semiquantitative RT-PCR analysis of AR-
eriment) of five independent experiments, Data are shown asmean £ SEM and were

by Northern blot analysis among placebo-, DHT-, and flutamide (FL)-treated AR*/*
N cells. (fand g) Androgen responsiveness in the mouse and human kit ligand

Results shown are representative (using one ovary per genotype in each exp
analyzed by using Student's t test. (d) Comparison of Kit/ gene expression

mouse ovarles. {€) Induction of KITLG gene expression by DHT treatment in KGi

DHT3 week+g+/+[ :\aﬁzdpromom _ . HKITLG promoter
- - ———m -800 -j_.m-
=500 al
- KGN celis s, KGN cells
Kitt 5 pegot 54
Y r—— p<001 't p <001
Gapdh g s 3 g 3] —
3 g
i :
€ _keNeals £ 4 £ 4]
DHT. - _* g o &
KITLG il DHT - + - # DHT -  +
e or - Toeo

Al
hKITLG -600 500
promoter

Gapdh mKH 2866 -2066 -500 <500

promotar

PCR revealed that expression of the oocyte-granulosa cell regulator loop was down-
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semiquantitative RT-PCR analysis (Fig. 3). Genome-wide mi-
croarray analysis (17) of RNA from 8-week-old AR/~ ovaries at
the proestrus stage has beén undertaken to identify AR-
regulated genes. In comparison with AR*/* ovaries, expressions
of 772 genes were down-regulated, whereas 351 genes were
up-regulated in AR/~ ovaries (Fig. 4a; see also Tables 1 and 2,
which are published as supporting information on the PNAS web
site). Several genes known to be involved in the oocyte-
granulosa cell regulatory loop (24) were identified as candidate
AR target genes, including KIT ligand (Kitl) (25), morphoge-
netic protein 15 (Bmpl5) (26), growth differentiation factor-9
(Gdf9) (27), and hepatocyte growth factor (Hgf) (28). Impaired
folliculogenesis had been reported in mice deficient in each of
these three regulators (26, 27, 29). To validate the microarray
data, we--performed semiquantitative RT-PCR analysis of
8-week-old AR/~ ovary RNA and confirmed that expression of
these factors was down-regulated (Fig. 4b). To identify a regu-
lator downstream of the AR signaling at an earlier stage of
folliculogenesis, 3-week-old AR/~ ovaries that, as pointed out
earlier, display no apparent phenotypic abnormality were exam-
ined. Fewer genes had altered expression levels (519 genes
up-regulated; 326 genes down-regulated) (Fig. 4a; see also
Tables 3 and 4, which are published as supporting information
on the PNAS web site), and, of the four regulators tested by
RT-PCR, only Kit! was found to be down-regulated at this age
(Fig. 4c). Because Kitl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kitl expression in 3-week-old or even younger
AR~/- ovaries may trigger impairment in folliculogenesis at a

later age. To test for possible Kitl gene regulation by AR,
3-week-old wild-type females were treated with Sa-dihydrotes-
tosterone (DHT). At 4 h after hormone injection, a clear
induction of Kifl expression was observed in the ovaries, whereas
a known antiandrogen flutamide attenuated the induction by
DHT (Fig. 4d). The induction of endogenous human kit ligand
(KITLG) gene by DHT was also observed in human granulosa-
like tumor cells (KGN) in culture (Fig. 4¢). Furthermore,
androgen-induced transactivation of mouse and human kit ligand
promoters (32) was observed by a luciferase reporter assay (33)
in KGN (Fig. 4 f and g), 293T, and HeLa (data not shown) cells.
However, no response to DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hgf genes (data not
shown). Thus, we have shown that, in a regulatory cascade
controlling folliculogenesis, Kitl represents a direct downstream
target of androgen signaling.

As an upstream regulator, AR may also be indirectly involved
in control of expression of other genes critical for folliculogen-
esis, because an age-dependent down-regulation of BmplJ,
Gdf9, and Hgf gene expression was also observed in AR~
ovaries. Bmpl5 and Gdf9 are oocyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles (34, 35), whereas Hgf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decreased Kitl expression, may lead
to impaired bidirectional communication between oocyte and
granulosa cells (24) and, eventually, to early termination of
folliculogenesis, as in POF syndrome.

Thus, we have identified AR as a novel regulator of follicu-
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logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiology, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an essential role of the AR not only in male, but also
in female, reproductive function.

With i mcreasmg age of the first childbirth by womien in the

modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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Abstract

In rodents, steroid hormones are thought to be transported between adjacent fetuses, and male or female fetuses that develop in utero
_between female fetuses may have higher serum levels of estradiol, and lower serum levels of testosterone, relative to siblings of the same sex
that develop between two male fetuses. The consequence in the variation of postnatal growth, development, and function in the intrauterine
position, using various parameters such as anogenital distance, preputial separation and vaginal opening, estrous cycle, locomotor activity,
and growth of reproductive organs, were examined in Sprague-Dawley rats. ICR mice were treated with 178-estradiol before copulation
and during pregnancy to address the interaction with endogenous estradiol during pregnancy. In rats, no evidence of effects of prior
intrauterine position was observed for any of the parameters examined. Mouse fetal exposure via the mother to low-dose 17B-estradiol
revealed no changes in the rate of postnatal growth in males and females that developed in any intrauterine position in utero. The results

of this study suggested that the intrauterine position of the embryos/fetuses did not affect the postnatal growth of the reproductive organs,

sexual maturation, or behavior in rats and mice.
© 2003 Elsevier Inc. All rights reserved.
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* 1. Introduction

The development of sexually differentiated phenotypes
depends upon the hormonal environment during a critical
period of growth [1]. Testosterone secretion by the fetal testis
causes a longer anogenital distance (AGD), seen in neonatal
males, relative to females. The AGD of newborn rats, mice,
and gerbils is longer in males than in females and varies as
a function of the intrauterine position of the animals [1-4].
A longer AGD is associated with the presence of males on
either side of the developing fetus in utero, and a shorter
AGD is associated with the absence of males on either side
of the developing female fetus. Females with a male fetus
on only one side are immediate [4].

In all litter-bearing species that have been examined to
date, the intrauterine position that a fetus occupies relative to
fetuses of the same or opposite sex has profound effects on
its reproductive, behavioral, and morphological traits mea-
sured during adult life [4-7]. Gerbil males and females that

* Correspunding author, Tel.: +81-6-6721-2332; fax: +81:6-6723-2721.
E-mail address: tnagro@msakindai.acjp (T. Nagao).
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developed in utero between two female fetuses or two male
fetuses, respectively, did not differ in relative hippocampal
size {8].

The effects of intrauterine position are apparently not the
result of the position itself, but rather of the movement of
steroid hormones between the fetuses, and variations in the
hormonal environment relative to the proximity of an in-
dividual fetus to other fetuses of the same or opposite sex
[9]. Male rats located between two females had elevated
serum estradiol and larger prostates than males located be-
tween two males, which had elevated serum testosterone
and larger seminal vesicles [10]. The effect of intrauterine
position in mice has been correlated with concentrations of
steroid hormones in amniotic fluid and subsequent sexual
activity [11,12].

Recently, intrauterine position has been the focus of
discussions in the. toxicology community because of its po-
tential to alter the susceptibility of fetuses to endogenous
hormones and endocrine distupting chemicals {13,14]. In
this regard, failure to account for intrauterine position in
endocrine disrupting chcmical toxicology studies could lead
Lo false negative results, especially when adverse alterations
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are produced by low doses in fetuses from only one in-
trauterine position [14,15]. This possibility has been raised
because of investigations into estrogenic compounds in
mice. In rats, consistent effects due to intrauterine position
on testosterone concentrations, and therefore potential inter-
actions with endocrine disrupting chemicals, have not been
found. Howdeshell and vom Saal [16] demonstrated that the
greatest response to the estrogenic chemical, bisphenol A,
occurred in males and females with the highest background
levels of endogenous estradiol during fetal life, due to their
intrauterine position, while fetuses with the lowest endoge-
nous levels of estradiol showed no response to maternal
bisphenol A within the range of human exposure, suggesting
that estrogen-mimicking chemicals interact with endoge-
nous estrogen in altering the course-of development. It has
been demonstrated that 2,3,7,8-tetrachlorodibenzo-p-dioxin
interacted with endogenous estradiol to disrupt prostate
gland morphogenesis in male rat fetuses [17].

The objectives of this study were to determine the ef-
fects of intrauterine position, under normal physiological
conditions, on the development of rat offspring, as well as
sexual maturation, estrous cycle, behavior, and reproduc-
tive organ development. Another objective of this study was
to determine whether the intrauterine position of mouse fe-
tuses, which is related to background levels of estradiol and
testosterone, would influence the response of the postnatal
growth of gonads, including sexual maturation, to low dose
17B-estradiol.

2. Materials and methods
2.1. Animals

Sprague-Dawley rats (Crj:CD, IGS), and ICR mice
(Crj:CD-1) were purchased from Charles River, Laborato-
ries, Inc. (Atsugi, Japan). Twenty-seven male rats (9 weeks
of age), 84 female rats (8 weeks of age), 130 male mice

(9 weeks of age), and 130 female mice (8 weeks of age),

were used. The rats and mice arrived with mean weights
of 301.1 = 7.9 g for males and 216.2 & 8.1 g for females,
and 37.2 £+ 1.2 g for males and 29.1 £ 0.9g for females
(mean =+ S.D.), respectively. The animals were acclimated
to the laboratory for 7-14 days prior to the start of the
experiments to evaluate weight gain and any gross signs of
disease or injury, The animals were housed individually in
stainless steel, wire-mesh cages in a room with controlled
temperature (22-25 °C) and humidity (50-65%), with lights
on from 07:00 to 19:00h daily. The animals were given
access to food (NIH-07-PLD: phytoestrogen low diet, Ori-
ental Yeast Co., Japan) and tap water through metal pipes
(distilled water, Wako Pure Chem., Japan) ad libitum. In a
few instances, the temperature and humidity were outside
the standard ranges, but the magnitude and duration of
these incidents were minimal and judged to be of no conse-
quence. The contents of genistein and daidzein in the diet

and wood bedding (ALPHA-dri, Shepherd Specialty Paper,
USA) used in the present study were determined. Neither
genistein nor daidzein were not detected in the diet or wood
bedding (detection limit: 0.5mg/l00g in each individual
phytoestrogen, by HPLC).

Animal care and use conformed to published guidelines
[18].

2.2. Experiment [ (examination of intrauterine position
effect on postnatal growth in rats)

2.2.1. Cesarean delivery and fostering
Estrous female rats at 10—11 weeks of age were cohabited
overnight with a single male to obtain 66 pregnant females

. within 4 days. The next morning, females with sperm in

their vaginal smears were regarded as pregnant, and this
day was designated as day O of gestation. Thirty-three preg-
nant females were killed by CO; asphyxiation and cervical
dislocation, and subjected to cesarean sectioning on day
21 of gestation. The fetuses were rapidly collected, and
their intrauterine position was recorded, identified by tattoo,
weighed, and sexed. Anogenital distance (AGD) was mea-
sured with a digital micrometer (reproductive precision of
0.01 mm, Digimatic caliper CD-15C, Mitutoyo Co., Kana-
gawa, Japan) under an Olympus dissecting microscope for
each fetus, and the average was taken. The subject was held
steady and in the same position during measurement, Mea-
surements were made without knowledge of intrauterine
position by one person. The AGD was measured from the
center of the phallus to the center of the anus. The fetuses
obtained by cesarean delivery were fostered to 33 dams that
had just given birth naturaily (one litter to each female). The
original littermates remained together when cross-fostered.
The litter sizes were similar for each cross-fostered dam.
The day of cesarean section was considered as postnatal
day (PND) 0. Pup body weights were recorded on PND 21
(day of weaning). Following weaning, and until 10 weeks
of age, offspring were weighed once a week. .

Neonates from 33 pregnant females were categorized as
occupying six different intrauterine positions: 2M (male fe-
tus located between two male fetuses; number of pups and
litters on PND 0 = 36 and 19); IM (male fetus that located
between a male fetus and a female fetus; n = 73 and 27);
OM (male fetus located between two female fetuses; n = 45
and 24); 2F (female fetus located between two female fe-
tuses; n = 38 and 18); 1F (female fetus located between a
female fetus and a male fetus; n = 83 and 29); OF (female
fetus located between two male fetuses; n = 41 and 27).
Fetuses adjacent to dead embryos (resorptions or macerated
fetuses), and fetuses that were closest to each ovary or the
cervix, were discarded from further analyses.

2.2.2. Observations of postnatal growth

2.2.2.1. Measurement of AGD and reproductive organ
weights, and evaluation of sexual maturation. On PND
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4, the AGD was measured for pups in each group using
calipers with a reproductive precision of 0.0/ mm. On PND
21, all pups were weaned and half of the pups in each
group M = 13, IM = 37, 0M = 11, 2F = 14, IF = 43,
OF = 12) were subjected to necropsy, and the testes, epi-
didymides, and prostates with seminal vesicles (fluid was
not removed and all lobes were included) in males, and uteri
and ovaries in females, were weighed. For the remaining
male and female pups in each litter 2M = 21, IM = 32,
OM = 30, 2F = 23, |F = 36, OF = 26), as criteria for
sexual maturation, the day of vaginal opening for females
(beginning on PND 28), and preputial separation for males
(beginning on PND 35), were assessed, and each rat was
weighed when these criteria were achieved.

2.2.2.2. Postweaning tests of behavior; evaluation of estrous
cycle, and histological observation of reproductive organs.
One male and one female were randomly selected from each
litter in each group (number of rats examined: 2M = 18;
IM = 27;0M = 25; 2F = 17; |F = 27; OF = 25), and were
subjected to an open field test and wheel cage activity test
to assess the emotionality and regulatory running activity,
respectively. At 4 weeks of age, the rats were placed into
a circular area (140cm in diameter) surrounded by a wall
(40cm in height). The light and noise levels averaged 500 Ix
and 50dB, respectively, at the center of the circular area.
Rearing, grooming, defecation, and urination were counted,
and ambulation was recorded automatically on a computer
(Unicom, Inc., Japan), during a 3-min trial between 13:00
and 16:00h on one day. At 7 weeks of age, the rats were
placed into a wheel cage (Nippon Cage, Inc., Japan), 32cm
in diameter and 10cm in width, as a measure of spontaneous
activity. Each rat was kept within the wheel for 24 h with free
access to food (NIH-07-PLD) and distilled water in the same
animal room. The number of revolutions was automaticatly
recorded with a 20-channel digital counter (Seiko Denki,
Inc., Japan).

Each morning (9:00-10:00 h), from 6 to 10 weeks of age,
all females in each group were subjected to vaginal lavage.
“he lavage fluid was applied to a glass slide, air-dried, and
stained with Wright-Giemsa stain. Cytology was evaluated
and the stage of the estrous cycle was determined using the
method of Everett [19]. v

At 10 weeks of age, 3-5 males in each group were
weighed, and anesthetized. Transcardial perfusions were
carried out with a mixture of 0.1 M phosphate-buffered
1.25% glutaraldehyde and 2% paraformaldehyde. Follow-
ing fixation, the prostate gland was sampled, rinsed three
times in phosphate buffer, postfixed for 2h at 4°C in 2%
osmium tetroxide, and dehydrated in alcohol; the prostate
gland was embedded in epoxy resin. Ultrathin sections of
the prostates were stained with urany! acetate and lead cit-
rate, and observed with an electron microscope (H-7100,
Hitachi, Japan). The remaining males in each group (ZM =
18, IM = 27, OM = 25) were weighed and subjected to
necropsy, and the testes, epididymides, ventral prostate, and

dorsal prostates with seminal vesicles, were weighed and
fixed in 0.1 M phosphate-butfered 10% formalin solution.
All females (2F = 17, IF =27, OF = 25) were weighed and
subjected to necropsy when the stage of the estrous cycle
was diestrus. The ovaries and uteri were then weighed and
fixed in 0.1 M phosphate-buffered 10% formalin solution.
These reproductive organs were embedded in paraffin, and
tissue sections were stained with H&E for light microscopy.

2.3. Experiment Il (examination of low-dose in utero
effects of 17B-estradiol in mice)

The objective of this experiment was to determine whether
the intrauterine position of male fetuses, which is related
to_background levels of estradiol (elevated in males lo-
cated between two female fetuses) and testosterone (ele-
vated in males located between two male fetuses), would
influence the response of the developing prostate to low
dose 17B-estradiol. In addition, we examined whether the
intrauterine position of male and female fetuses would af-
fect the postnatal growth of other reproductive organs and
sexual maturation.

2.3.1. Administration, cesarean delivery and fostering

Thirty female mice at 9 weeks of age were adminis-
tered 17B-estradiol (Sigma Chem. Co., MO, USA) subcu-
taneously at a dose of 0.05 ug/kg per day for 7 days before
mating, during a mating period of 7 days at the longest,
and on day O through 17 of gestation. In a preliminary
study, the offspring of the ICR pregnant females exposed to
[ 78-estradiol at 0.05 pg/kg per day on day O through 17 of
gestation showed no changes in weight and histological mor-
phology of reproductive organs in adulthood. However, the
offspring of dams exposed to 17B-estradiol at 0.1 pg/kg per
day on these gestational days showed changes in the param-
eters in adulthood (data not shown). In the present study, 30
control females were administered corn oil (Nacalai Tesque,
Co., Tokyo). After the administration for 7 days before mat-
ing, female mice were caged with untreated males overnight
and examined for a vaginal plug the next morning. The day
on which a plug was found was termed day 0 of gestation.
In this study, 30 female mice in the 17B-estradiol exposed
group and the control group copulated and became pregnant.
On day 18 of gestation, pregnant females were killed by CO2
asphyxiation, and subjected to cesarean sectioning. The fe-
tuses were rapidly collected, and their intrauterine position
was recorded, identified by tattco, weighed, and sexed, and
then the AGD was measured. The fetuses obtained by ce-
sarean delivery were fostered to 60 dams that had just given
birth naturally (one litter to each female). The day of ce-
sarean section was considered as PND 0. Pup body weights
were recorded on PND 21 (day of weaning), and at 5, 7, and
10 weeks of age.

Neonates from 30 pregnant females exposed to corn oil
and 30 pregnant females exposed to 17B-estradiol were cat-
egorized as occupying four different intrauterine positions:
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2M (the number of neonates in the 17B-estradiol exposed
group and the control group: 38 and 41) and OM (33 and
32), and 2F (41 and 32) and OF (28 and 37). Fetuses adja-
cent to dead embryos, and fetuses that were closest to each
ovary or the cervix, were discarded. In this experiment, fe-
tuses of two intrauterine positions, 1M and IF, were also
discarded.

2.3.2. Observations of postnatal growth

2.3.2.1. Evaluation of sexual maturation. On PND 21, all
male and female pups (2M, OM, 2F, OF) in each litter were
weaned. For all male and female mice in each litter, as cri-
teria for sexual maturation, the day of vaginal opening for

females (beginning on PND 25), and preputial separation

for males (beginning on PND 30), were assessed, and each
pup was weighed when these criteria were achieved.

At 10 weeks of age, five males in each group were
weighed and processed to the transcardial perfusion to
observe the histological alteration of the prostate by elec-
tron microscope. The remaining males in each group were
weighed and subjected to necropsy, and the testes, epi-
didymides and seminal vesicles, were weighed. All females
were weighed and subjected to necropsy. The ovaries
were then weighed. These reproductive organs including
prostates and uteri were fixed in 0.1 M phosphate-buffered
10% formalin solution and embedded in paraffin, and tissue
sections were stained with H&E for light microscopy.

2.4. Data analyses

Statistical analysis of the data for the offspring (AGD,
body weight and organ weight, organ/body weight ratios,
timing of vaginal opening and preputial separation) was pet-

formed using the litter as the unit [20,21]. The AGD, body
weight and organ weight, organ/body weight ratios (relative
organ weight), timing of vaginal opening and preputial sepa-
ration, were analyzed using Bartlett’s test. When homogene-
ity of variance was confirmed, one-way analysis of variance
was applied to detect the significances among the groups.
If a significant difference was detected among the groups,
Dunnett’s test was applied for multiple comparisons. When
variance was not homogeneous, or there was a group whose
variance was zero, Kruskal-Wallis analysis of ranks was ap-
plied. If a significant effect was detected among the groups,
Dunnett’s test was applied for multiple comparisons. Com-
parisons between groups were made using P < 0.05 as the

level of significance.

3. Results
3.1. Experiment |

3.1.1. AGD and body weights of fetuses at cesarean
section and pups at PND 4

Table 1 shows the AGD, body weight, AGD/body weight
(AGDI: anogenital distance index), and AGD/ Ybody weight
of fetuses at various intrauterine positions and pups at PND
4. It is reasonable to anticipate that the AGD might vary
with body weight of fetus or pup. It has been proposed that
the relationship between AGD and body weight should be
more properly evaluated using the cube root of the body
weight [22-25]. If it is desirable to normalize AGD to body
weight, the AGD//body weight seems to provide a more
appropriate adjustment.

There were no statistically significant differences in any
parameter evaluated at cesarean section (PND 0) or PND 4

Table 1
Effects of prior intrauterine position on anogenital distance in Sprague-Dawley rats
Group
2M M oM 2F IR OF
AGD of fetuses at cesarean section
No. of litters 19 27 24 18 29 27
No. of pups 36 73 . 43 38 83 41
Body weight (g) 5.6+ 0.4° 56 +03 57+ 04 52403 54403 53404
AGD 243 + 0.22 242 +£0.22 242 £ 0.28 1.21 £0.20 1.23 £ 0.19 1.22 + 0.24
AGD/body weight 0.43 4 0.04 042 £ 0.04 0.42 + 0.05 0.23 £ 0.02 0.22 £ 0.02 023 £ 0.02
AGD/ Ybody weight 1.36 £ 0.12 1.36 £ 0.14 1.35 + 0.18 0.69 £ 0.08 0.70 £ 0.07 0.70 £ 0.08
AGD of pups on PND 4
No. of litters 19 27 24 18 29 27
No. of pups 34 69 41 37 79 38
Body weight (g) 109 &£ L5 112 £ 15 10.8 + 1.1 104 £ 14 103 £ 1.1 104 £ 1.3
AGD 4,57 + 0.54 441 + 048 443 £ (.51 2,00 £ 022 1.99 £ 0.19 2.00 £ 0.21
AGD/body weight 0.42 £ 0.06 0.40 £ 0.05 041 £ 0,03 0.19 £ 0.04 0.19 £ 0.03 0.19 £ 0.04
AGD/ ¥body weight 2.06 & 0.22 199 £ 0.19 1.99 & 0.19 092 £0.12 091 £ 0.1 092 £ 0.13

2M, male fetus between two male fetuses; IM, male fetus between a male fetus and a female fetus; OM, male fetus between two female fetuses; 2F,
female fetus between two female fetuses; IF, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses,

No significant differences were observed between groups.
* Mean +8.D.
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Table 2 .
Effects of prior intrauterine position on reproductive organs before maturation in Sprague-Dawley rats
Group
2M IM oM 2F tF OF
Organ weight on PND 21
No. of litters 18 27 24 17 27 25
No. of offspring 13 37 11 14 43 12
Body weight (g) 409 * 6.3* 405 £ 6.5 402 £ 9.6 388 + 6.3 3824+ 7.0 40.7 4+ 7.0
Testes (mg)" 169.3 £ 27.5 172.2 £ 22.2 164.9 £ 26.1
Testes® 416.3 £ 48.4 429.2 + 40.3 4182 £ 46.7
Epididymides (mg)" 233 4 3.1 235+ 438 21.9 + 44
Epididymides® 60.5 + 10.8 582478 55270
. Prostate + SV (mg)"¢ 472+ 99 46.7 £ 10.3 459 + 79
Prostate + V¢! 115.6 £+ 18.0 1157 £ 19.0 1172 £ 19.5
Ovaries (mg)" 243 £ 4.0 229 + 39 24.8 £ 3.6
Ovaries* 63.5 & 10.1 60.8 £ 9.5 61.5 £ 173
Uterus (mg)® 102 £ 2.0 12 £ 37 i1.8 £ 29
Uterus® 264 4= 4.5 288 + 6.8 29.1 £ 6.0

2M, male fetus between two male fetuses; [M, male fetus between a male fetus and a‘female fetus; OM, male fetus between two femnale fetuses; 2F,
female fetus between two female fetuses; IF, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses.

No significant differences were observed between groups.
2 Mean £ S.D.
" Absolute weight.
- ©Relative weight (g or mg per 100g body weight).
d Seminal vesicle.

between groups 2M, 1M and OM in males, or groups 2F, 1F
and OF in females.

No significant differences in viability of fetuses at ce-
sarean section (PND 0), or that from PND 0 to PND 4 (the
number of pups died; 2M = 2, IM =4, 0M = 2,2F =1,
1F = 4, OF = 3), were detected between the groups. In ad-
dition, there were no statistically significant differences in
body weight at PND 0 and 4.

3.1.2. Body weight and reproductive organ weight of
offspring at PND 2]

The absolute and relative weights of testes, epididymides,
and prostates with seminal vesicles in males, and ovaries
and uteri in females, as well as body weight of off-
spring at PND 21 are shown in Table 2. Irrespective of
‘he intrauterine position, no significant differences were

detected between the groups in absolute or relative re-
productive organ weights, or body weights of male and
female weanlings, suggesting that the intrauterine posi-
tion did not affect postnatal growth before weaning in
rats. c

3.1.3. Sexual maturation and estrous cycle of offspring

Table 3 shows the days of preputial separation in males,
and of vaginal opening in females. There were no significant
differences in these endpoints of sexual maturation or body
weight at which these criteria were achieved between the
groups. The estrous cycle of female offspring from 6 to 10
weeks of age is shown in Table 4. No significant differences
were detected between the groups in mean estrous cycle
length, or the frequency of females showing each stage of
estrous cycle.

Table 3 .
Effects of prior intrauterine position on sexual maturation in Sprague~Dawléy rats
Group
M IM oM 2F IF OF
No. of litters 18 27 2 17 27 25
No. of offspring 21 32 30 23 36 26
Day of preputial separation 433 + 1.3 434 £ 1.2 440+ 1.8
Body weight (g)? 2118 £ 55 212.1 £ 43 2129 £ 52
Day of vaginal opening 338 £ 22 338+ 18 4.1 £ 17
Body weight (g) 1256 £ 4.1 1246 £ 44 126.1 £ 3.9

2M. male fetus between two male fetuses; |M, male fetus between a male fetus and a female fetus; OM, male fetus between two female fetuses; 2F,
female felus between two female fetuses; IR, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses.

No significant differences were observed between groups.
 Mean &+ S.D.
P Body weight when the criterion was achieved.
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Table 4
Effects of prior intrauterine position on estrous cycle in Sprague-Dawley rats
' Group

2F IF OF
No. of litters . 17 27 25
No. of female offspring ' 23 36 26
Mean-estrous cycle length (day) 4.16 + 0.29* 4,08 £ 0.30 420 + 0.42
No. of females showing
Regular cycle (%) 18 (78.3) 28 (71.8) 21 (80.8)
No. of females showing
Trregular cycle (%) 521 8 (22.2) 5(19.2)

2F, female fetus between two female fetuses; [F, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses.

No significant differences were observed between groups,
2 Mean £ S.D.

3.1.4. Behavior and locomotor activity of offspring

Table 5 shows the results of an open field test at 4 weeks
of age, and spontaneous activity within the wheel for 24 h at
7 weeks of age, for male and female offspring. There were
no significant differences between groups 2M, 1M and OM
in latency, ambulation, rearing, grooming, defecation and
urination, or number of revolutions for 24 h in a wheel cage.
In the females, urination in group OF was significantly in-
creased as compared with that in group 2F, whereas other be-
havioral parameters, including the number of revolutionsina
wheel cage were comparable between groups 2F, IF and OF,

3.1.5. Weights and histology of reproductive organs of
offspring in adulthood

Table 6 shows the terminal body weights and reproductive
organ weights of male and female offspring at 10 weeks of
age. No significant differences were observed in the body
weights, or the absolute and relative organ weights, between
the groups. In the histological observation of the prostates
by electron microscope, and reproductive organs of males
and females by light microscope, no changes were observed

in any of the reproductive organs, including the prostates, of
the offspring.

3.2. Experiment II

3.2.1. AGD and body weights of fetuses at cesarean section

Table 7 shows the body weight, AGD, AGD/body weight,
and AGD/./body weight, of embryonic day 18 (PND )]
fetuses exposed to corn oil or 17B-estradiol. There were
no significant differences in any of the parameters between
the groups. No significant differences in viability of fetuses
at cesarean section, or that from PND 0 to PND 2! were
detected between the groups (the number of pups died from
PND 0 to PND 21: see Tables 7 and 8).

3.2.2. Sexual maturation of offspring

Table 8 shows the days of preputial separation in males,
and of vaginal opening in females. There were no significant
differences in these endpoints of sexual maturation or body
weight at which these criteria were achieved between the
groups,

Table 5 .
Effects of prior intrauterine position on postnatal behavior in Sprague-Dawley rats
Group
M M oM 2F IE OF
Open field
No. of litters 18 27 24 17 27 25
No. of offspring 18 27 25 17 27 25
Latency (s) 204 £ 40.8° 179 £ 16.9 153 £ 162 12.0 £+ 9.4 13.8 £ 123 16.9 & 36.1
Ambulation (cm) 676.3 + 411.3 627.1 £ 417.2 659.0 £ 501.9 940.6 £ 538.1 1039.8 & 4363 970.7 & 449.8
No. of rearing 23 +£3.1 30+£32 5+ 1.4 35421 45 4 34 38423
No. of grooming 06 £ 09 0.7 £ 07 L1+ 1.2 08:+09 04405 08 x038
No. of defecation 284 1.9 2115 33+22 19+ 19 17418 18419
No. of urination 04 +06 04 £ 06 0.5 4 05 02+ 04 05 %05 0.7 £ 0.6*
Spontaneous activity _ )
Count/24 h 1547 + 467 1789 + 697 1559 + 638 4107 £ 1140 4429 £ 1501 4746 & 1831

2M, male fetus between two male fetuses; IM, male fetus between a male fetus and a female fetus; OM, male fetus between two female fetuses; 2F,
female fetus between two female fetuses; IF, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses,
**Significantly different from group 2F, P < 0.01 (by multiple comparison and Student r-test). :

3 Mean £ S.D.
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Table 6
Effects of prior intrauterine position on reproductive organs after maturation in Sprague-Dawley rats
Group
2M M oM 2F IF OF

Organ weight at 10 weeks old
No. of litters 18 27 24 . 17 217 25
No. of offspring 18 27 25 17 27 25
Body weight (g) 4172 £ 316 416.1 + 344 4136 £ 369 2700 + 23.2 271.8 + 289 273.6 £ 29.1
Testes (mg)" 3.00 £ 020 2.98 & 0.15 3.00 £ 0.17 -
Testes® 0.72 + 0.05 0.72 £ 0.06 0.73 £ 0.07 -
Epididymides (mg)® 0.77 £ 0.05 0.78 & 0.07 0.76 £ 0.06 -
Epididymides*® 0.19 X 0.0¢ 0.19 £ 0.02 0.18 £+ 0.02 -
Ventral prostate (g)" 0.46 + 0.08 0.44 + 0.08 0.43 £ 0.10 -
Ventral prostate® 0.11 £+ 0.02 0.11 £ 0.02 0.11 £ 0.03 -
Dorsal prostate (g) + SVb:d 1.53 + 0.28 1.56 + 0.24 1.52 £ 027 -
Dorsal prostate + SV¢d 0.37 £ 0.07 0.38 &+ 0.05 0.37 £ 0.07 - :
Ovaries (mg)® : 926 * 133 91.8 + 13.7 954 + 16.9
Ovaries® 343+ 36 338+ 34 350+ 5.8
Uterus (g)° 0.36 £ 0.06 0.38 £ 0.06 0.38 + 0.05
Uterus® 0.13 £ 0.02 0.14 £+ 0.03 0.14 + 0.02

2M, male fetus between two male fetuses; 1M, male fetus between a male fetus and a female fetus; OM, male fetus between two female fetuses; 2F,
female fetus between two female fetuses; IF, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses.
No significant differences were observed between groups.

% Mean £ S.D.
b Absolute weight.

¢ Relative weight (g or mg per 100 g body weight).

4 Seminal vesicle.

Table 7

Effects of prior intrauterine position on anogenital distance in ICR mice exposed to 178-estradiol

Treatment and Corn ail 17B-Bstradiol

int . -

intragterine position oM 2F OF ™M oM 2F OF

No. of litters 28 30 29 27 24 28 30 27

No. of pups 41 32 32 37 38 33 41 28

Body weight (g) 141 £008 1424005 132+£005 133004 1424009 141+010 132:£007 130+ 0.11
AGD 1.92 £ 0.07 1904+ 006 0954002 095+003 1.92+008 1.93+006 093+009 095005
AGD/body weight 1.36 + 0.09 1354010 075+£003 073+005 140+009 1.38+£0.10 075+£005 0.74 £ 0.07
AGD/Ybody weight  1.71 = 0.07 170 £ 0.10 0388 £0.03 089 +£005 (70£009 172£011 089007 088+ 0.08

2M, male fetus between two male fetuses; OM, male fetus between two female fetuses; 2F, female fetus between two female fetuses; OF, female fetus

between two male fetuses.

No significant differences were observed between groups.

3 Mean £ S.D.

Table 8

Bffects of prior intrauterine position on sexual maturation in ICR mice exposed to 17B-estradiol

Treatment and Corn oil 178-Estradiol

intrauteri it

intrauterine position ™ oM P oF o™ oM 2 OF

No. of litters 28 30 29 27 24 28 30 27

No. of pups 39 30 31 35 37 31 39 28

Day of preputial separation 272+ 1.5 273 £ 1.3 270 £ 1.8 269420

Body weight (g) 303+ 19 3L £ LS 300£21 31318

Day of vaginal opening 245+ 16 251+%15 24417 249+ 16
Body weight (g) 215409 216+12 216 £ 1.1 220% 15

2M, male fetus between two male fetuses; OM, male fetus between two female fetuses; 2F, female fetus between two female fetuses; OF, female fetus

between two male fetuses.

No significant differences were observed between groups.

3 Mean 4 S.D.
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Table 9
Effects of prior intrauterine position on reproductive organs after maturation in ICR mice exposed to |78-estradiol
Treatment and Corn oil 178-Estradiol
intrauterine position ™ oM oF oF M oM o oF
No. of litters 28 30 29 27 24 28 30 27
No. of pups 34 - 25 26 30 2 26 34 23
Terminal body weight (g)  51.5 & 4.2¢ 536 £ 44 403 +£27 412434 S50 %5.0 531 +62 418+£210 42t £ 30
Testes (g) 257.9 + 284" 2665 £ 23.5 2593 4+ 255 2603 £ 199
486.3 £ 76.3° 4842 £ 713 4883 &£ 623 479.1 £ 60.9°
Epididymides (mg) 89.5 & 8.7 922 £ 93 946 + 7.1 931 £ 7.1
1752 £ 215 161.9 + 169 1612 £ 136 1736 £ 49
Seminal vesicle (mg) 4139 &£ 306 4522 £ 139 4313 £ 182 4548 £ 21.0
8128 &£ 569  802.6 + 44.2 ) 811.5 £ 423 8093 £ 335
Ovary (mg) 153 £33 46£42 155439 153+45
356+ 75 332146 M1 +69 336+£5.1

2M, male fetus between two male fetuses; OM, male fetus between two female fetuses; 2F, female fetus between two female fetuses; OF, female fetus

between two male fetuses,

Five males in each group were processed to the transcardial perfusion. Male pups shown here were subjected to necropsy.

No significant differences were observed between groups.
" Mean + S.D.
b Absolute weight.
¢ Relative weight (mg per 100g body weight).

3.2.3. Weights and histology of reproductive organs of
offspring in adulthood

Table 9 shows the terminal body weights and reproductive
organ weights of male and female offspring at 10 weeks of
age. No significant differences were observed in the body
weights, or the absolute and relative organ weights, between
the groups. In the histological observation of the prostates
by electron microscope, and reproductive organs of males
and females by light microscope, no changes were observed.

4. Discussion
4.1. Anogenital distance

The AGD of newborn rats and mice is longer in males
than in females, and it has been demonstrated that the AGD
varies as a function of the intrauterine position of the animals
[1-4]. The AGD is commonly regarded as a hormonally sen-
sitive developmental measure in rodents [26], and it has been
reported that a longer AGD is associated with the presence
of males on either side of the developing fetus in utero, and
a shorter AGD is associated with the absence of males on
either side of the developing female fetus [27,28]. Evidence
supports the hypothesis that exposure to testosterone and es-
trogen in utero are critical components of the intrauterine
position effect {29]. Female mouse fetuses located between
two males have significantly higher serum testosterone lev-
els and lower estradiol levels than their sisters that were
focated between two females. Male mice located between
two females have significantly higher levels of estradiol and
lower levels of testosterone than males located between two

males [4,12]. The mechanism for these intrauterine position
effects can be traced to amniotic fluid transport between ad-
jacent fetuses in uterus [30,31]. However, our data were not
consistent with previous reports showing a significant effect
of intrauterine position on AGD in rats and mice [2,32-34].

A failure to replicate the effects of intrauterine position on
AGD may have potentially arisen for a number of method-
ological reasons. A set of potential problems revolves around
possible errors in the measurement of the AGD. One pos-
sibility was that our calipers were not accurate enough to
detect small mean differences between females located in
various positions in the uterus, found by other investigators
{2,32-34). However, as the calipers could be read to an ac-
curacy of 0.0l mm, they were clearly accurate enough to
detect differences of this magnitude. Another possibility is
that of human error. Given the short distances being mea-
sured, it was absolutely essential that all fetuses or pups be
oriented in exactly the same fashion, as even a slight arch-
ing of the animal’s back could significantly distort the AGD
measurements. Two attempts were made to minimize these
sorts of errors: (i) efforts were made to orient all fetuses or
pups in exactly the same fashion when measuring, and (ii)
two independent measurements were taken for each fetus or
pup and averaged to obtain the value used. In most cases,
the different measurements were highly similar for the same
animal,

Simon and Cologer-Clifford [35] reported an absence of
an intrauterine position effect on AGD in CF-1 mice. Their
finding is only the second study to examine AGD in CF-1
mice, and the original report was more than [0 years old
{2]. Therefore, it is possible that either genetic drift, or dif-
ferences in the source of the CF-1 breeding stock, may
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underlie the discrepant findings. In this context, Jubilan
and Nyby [6] also found no effect of intrauterine position
on the AGD/body weight (AGDI) in CF-1 offspring, using
stock from the same supplier employed by the Simon and
Cologer-Clifford [35] report.

4.2. Sexual maturation and estrous cycle

Since prenatal exposure of females to testosterone delays
vaginal opening [36,37], it was predicted that females sit-
uated proximate to males in utero would display vaginal
opening later than females not proximate to males during
gestation, However, in the present study in rats and mice,
there were no significant differences in days of vaginal open-
ing or preputial separation between the groups (see Tables 3
and 8), suggesting that intrauterine position did not influ-
ence the sexual maturation in males and females. vom Saal
[4] reported that 2F and OF mice did not differ significantly
in the age at vaginal opening, although 2F tended to exhibit
vaginal opening at a slightly younger age than OF (see cat-
egorization of the different intrauterine positions shown in
_ Section 2). '

Female mouse fetuses occupying an intrauterine position
between male fetuses exhibit longer estrous cycles in adult-
hood than females formerly residing in utero next to other
female fetuses [11,27]. Prior intrauterine position is there-
fore a source of individual variation in the production of,
and sensitivity to, cues that modulate the timing of puberty
and the length of subsequent estrous cycles in female mice,
suggesting that prenatally androgenized females occupying
an intrauterine position between male fetuses may have a re-
productive advantage over other females at high population
densities [4]. In the present study of rats, however, OF and
2F did not differ significantly in the estrous cycle length, al-
though the estrous cycle length of 2F (4.16 = 0.29) tended
to be shorter than that of OF (4.204:0.42). Prior studies have
shown that, in the absence of males, vaginal estrus does not
correlate with ovulation in peripubertal CF-1 female mice
[38,39]. Further studies in which ovulation is confirmed by
the presence of corpora lutea and tubal ova is thus required.

4.3. Behavior

Kinsley et al. [40] demonstrated that female mice located
in utero between two female fetuses exhibited higher levels
of regulatory running activity (locomotor activity) in adult-
hood than females located between two male fetuses. Male
mice, which were less active than females, were also influ-
enced by intrauterine contiguity, indicating that intrauterine
position influences the behaviors involved in the mainte-
nance of metabolic homeostasis. Previous work has shown
that female rats and mice display higher levels of regulatory
running activity than males, and that perinatal testosterone
is responsible for this sex difference [41-43). The present
study also showed female rats displayed higher levels of
running activity than males. ’
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In the present study of rats, however, there were no sig-
nificant differences in spontaneous activity in the wheel
cage, or in ambulation in the circular area, as well as the
frequency of rearing, grooming and defecation between the
groups in both sexes, suggesting no intrauterine position
effects on locomotor activity in rats. Interestingly, the fre-
quency of urination for females that developed in utero be-
tween male fetuses was significantly increased, more than in
females that developed in utero between female fetuses (see
Table 5). Females that were located between female fetuses
in utero were found to urine mark at higher rates than fe-
males that were located between male fetuses, in adulthood
in CF-1 mice [2). The frequency of urination in the circu-
lar area, observed in the present study, would relate to the
emotionality of the animals when placed in a novel environ-
fnent, and differ from urine marking. Female urine marking
may play an important role in communication between fe-
male mice, as well as in inter-sexual communication. It has
been suggested that in natural populations of mice, females
urine mark to advertise their dominant breeding status
to other females; urine-marking appears to be dependent
on female social/ireproductive status [44]. Taken together,
these observations suggest that the intrauterine position did
not affect behavior as evaluated by the open field test and
the wheel cage.

4.4, Piostate development

Growth and differentiation of the prostate is primarily
under the control of androgen. Expression of the androgen
metabolizing enzyme, So-reductase, within prostatic mes-
enchyme cells is also necessary for normal development
of the prostate [45). The possibility that estrogen might
be involved in modulating the effects of androgen on pro-
static development during early life has been the subject
of speculation for over 60 years [46-49]. Timms et al. [50]
demonstrated that developmént of the urogenital system
in male and female rat fetuses is influenced by their in-
trauterine proximity to fetuses of the same or opposite sex,
and suggested that exposure to supplemental estradiol (due
to being positioned between two female fetuses) induces
prostatic bud development in females, and enhances the
growth of prostatic buds in both males and females. An
enlarged prostate in males located between two female fe-
tuses was hypothesized to be mediated by an elevated level
of serum estradiol, relative to males located between two
males, due to the transport of estradiol from adjacent female
fetuses [4,30]. This hypothesis was confirmed in a study
in which estradiol was experimentally elevated by 50% in
male mouse fetuses (via maternal administration), and the
estrogen-treated males showed both a significant increase in
prostatic glandular buds and significantly larger buds during
fetal life, as well as enlarged prostates in adulthood [46].

In the present study, however, the weights of the prostates
(with seminal vesicles) of the rats at PND 21, and the ventral
and dorsal prostates (with seminal vesicles) of the rats at 10
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weeks of age, were not significantly different between the
groups. In addition, morphological observation of prostates
in the rats and mice, in weanlings or adulthood, by light and
electron microscope revealed no alteration in males located
in any uterine position,

4.5. Developmental exposure to 17B-estradiol: interaction
with endogenous estradiol during pregnancy in mice

In the present study we examined the effect of 178-
estradiol administration to pregnant mice on the early
development of the prostate in male mouse fetuses,
with attention being paid to the intrauterine position of
the males. Timms et al. [17] reported that exposure to
2,3,7 8-tetrachlorodibenzo-p-dioxin (TCDD) significantly
reduced serum estradiol in males located between two fe-
males, but not males located between two males, and also
significantly interfered with initial budding and subsequent
growth of the prostate in males located between two fe-
males or two males. In sharp contrast, the seminal vesicles
were larger in the control males located between two males
than in control males located between two females, similar
to prior findings in mice [29], and TCDD only decreased
the size of the seminal vesicles in males located between
two males. Taken together, the findings of Timms et al.
[17] demonstrate that in utero exposure to TCDD disrupts
the development of the prostate, but this disruption de-
pends on an interaction with background levels of estradiol.
Howdeshell and vom Saal [16] reported that fetal mouse ex-
posure via the mother to an estrogen-mimicking chemical,
bisphenol A, increased the rate of postnatal growth in males
and females, and also advanced the timing of puberty in
females. They also demonstrated that the greatest response
to bisphenol A occurred in males and females with the
highest background levels of endogenous estradiol during
fetal life, due to their intrauterine position, while fetuses
with the lowest endogenous levels of estradiol showed no
response to maternal bisphenol A treatment, suggesting that
estrogen-mimicking chemicals interact with endogenous
estrogen in altering the course of development.

In the present study, however, mouse fetal exposure via
the mother to low-dose 17B-estradiol revealed no changes
in the rate of postnatal growth in males and females that
developed in any intrauterine position in utero. Therefore, we
concluded that exposure to low-dose estrogenic endocrine
disrupting chemicals during fetal life does not contribute to
the intrauterine position,

5. General discussion

We are at a loss to explain why we were unable to repli-
cate the effects of intrauterine position on AGD, or to find
intrauterine position effects upon sexual maturation, and the
estrous cycle. However, we know the difficulty in demon-
strating intrauterine position effects upon morphology and

behavior [35]. In addition, in contrast to earlier work [11]
which examined blood androgen titers in mouse fetuses,
Baum et al. [51] reported that whole-body androgen levels
in female rat fetuses did not vary as a function of intrauter-
ine position, and suggested that intrauterine position effects
upon rodent morphology and behavior may not have the ro-
bust generality that is generally assumed.

Howdeshell and vom Saal [16] demonstrated that one
soutce of variability in the response of both male and female
mouse fetuses to an estrogen-mimicking chemical, bisphe-
nol A, is their background levels of endogenous sex hor-
mones. They suggested that a very small increase in the level
of endogenous estradiol may substantially increase the sus-
ceptibility of fetuses to endocrine disrupting chemicals con-
sumed or absorbed through the skin or fungs by pregnant
animals and humans.

Contiguous {1,52], caudal [53,54], and no effect
[51,55-57], due to intrauterine position, have been reported.
Hotchkiss et al. [55] in a study with Sprague-Dawley
rats examined the effect of intrauterine position on .con-
centrations of testosterone in several different tissues. No
effect of either contiguous or caudal intrauterine position
on testosterone concentration was detected in fetal car-
casses, reproductive tracts, or amniotic fluid. Furthermore,
no correlation was found between masculinization due to
intrauterine position and increasing anogenital distance. It
is unclear at this time why there is such a discrepancy be-
tween the previous findings and the present results in rats
and mice. However, varied strains of rats-and mice, multiple
uncontrolled variables, and different criteria for defining
the effects of intrauterine positioning, may all contribute to
this uncertainty. In addition, the discrepancies in the data
may be attributed to such factors as the dietary influences
(such as background levels of phytoestrogens and caloric
intake), caging (steel versus polycarbonate), bedding, hous-
ing (group versus individual), and seasonal variation, as
well as differences among the studies in control body and
prostate weights [58,59].

The results of the present study clearly showed that
intrauterine position of embryos/fetuses did not influence
postnatal development, including sexual maturation and
behavior. '
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independent toxicogenomics)
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B ERNTERICEZ o Tn s —E0ERTHY, TV
A2 )7 b—5A (transcriptome) OBEIIZTTOEE
FOBEHRED LICLEBEFIAF— FOEBBRETH A
(1), chddbrhild, BREBEEBHO#E» 2 EHE
BB (Ty P REZHAVE) ORBLLT, LB, &
IR, BMECHEAZZHR L -ERL2 M ERT
WAEEE 25 Z LABREIFINAG. BICIBIE, FrElE,
MR, BN, BAOSFGERBIC BT S E4E 0O KSR
RO, BROPEOEBACLLEAERRLED
BENCEZAEICRBEEZONS. Thbh, ERE
McBiRe e NCAET AR, EREWMO TS v 7
Ry 7 REe DT Ty 7Ky 7 A2 BT HREERAIN T
TEERI THE), INEEEEET I AT — FOBRBI
Lo THNANRATHEEEBLIZ LIRS (M2). oh?
FEHEFEDR,HA21E, T ARBWTIR#EETL v
279 FFRRECLVEEFIEORBBRTETRTH Y,
bt M CIESNPsENBFRICHBETE S, LA L, BESHR
PHEDLRVWEEICEENATEETILIENEVET, &
N RBRERBRICEEN2FETHE. &7 7 28\ oh
Koz, CORMNDOLDICRBERROEECH D
bOFTIRTCOBRBEFORFALE=F—THILRZHNE
L7 Ta—F2ZBEEHE B0,

512, BIEIC BT B HERAB~OERD 101, BIfEf
2 & B BRIREBRBE COBRTILE, &2 vidiiREoRES
IEROBIFETONS, T4bb, "EERTIIEFEER
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ORER LY, NFEH» S OREWHERELBNEIRTLE WV,
HEEAFEZS — LI HREZRI FEK D, BERH
DFEIZPDb BT mRNAR Y ¥ 7 BORBEE 2 8E
TEZ VRN LT EBRTFRERLILBELZONS,
ZDEI, SBOBRRIBIZ NI VA2 Y T b—A
BT, ThbbbbF¥ar ) IR (toxicogenomics) i,
FERD “BEEFER O b O 5 “HEIEFEE (phenotype-
independent)” HBREHERTIRHICETWELEL L

>

7.
II. EIEREFR b2 05/ T O ADORM

BEEFER TR, dLBEOERETRCY v 7 Li-E&E
FE—h— LTERL, SRR CEETH S
LHEETAIENLBEL. CRICH LT, BEREER
FLAF I AOBRE, TTRRBERBEERR EOE
#BEACTI, BOORGBEFRETO7 74 VEBROAE
Y ICRIEZTRABCOBITEZRBALI I ETEEIH 5.
Thbb, HEEUFRCI VI Ly —d—BEFZH
ETERVOT, HIET 5T RCOBRETFIIERD FEI
EETHALLRETHLENS L. ZL T, ZTOFTNTHE
NETRBEML 725, BPL22D, B AVIERETH o
PEERICBNT 2 UEND 5, 51, BEZ0ILEYWES
B LIERDOD T2BMENHL ;R B0, BROE
BROBREREZCOAEVERL, ZhO507— 7 2HHEIC
WHT 5 BBV DB,

ZOEGERLTRORE, §FETof 07T L4F
BEMESD - £ 7, <4207 b4 oMkig: LT,
" mRNA O#I5ET BB AT B 72012 1A 72 9 12
AW mRNAEB 2 BB ICHZ 2 LENH -1 HTH
5, THIEmRNAPALBED LAY T FVET -0
KF—s BB oNT, SBERLEEY I FVNEHMLT

LEoTERERORWTF -7 BB LN EREEET S
LODEETHS. ZOBE, Vv I FOMIBLENRY
O mRNA DM RL BT 5 HFRIGBEERLTLE.
ZD XD N LERTCOY Y S VEHOmRNABHOK
BOl=DIz, B4 OBBRLFENMREAB IR TW A2,
FRREIBIZ i, MEIFHN2EERRER D LIC L EHEE
FOMBMBTOIE. CO L) REEIEL TR, KEO&
BFERF Y TIVETRETH L L ORMBRIVLETHY, +
DFER, ZROBETVH BHLZLEEL 2 LUER
WTohbleid T, EHOKRKEEEERHTAH-DIC
O u—VEOF Y TR LT LR R
FRT B LDBEN. ZOPE, 2V FO—ABOY VSN
THEEAERBELTWARVERETFIERFEEL 25130
NCThL, BLaBPICERL-EROERL BT 21

12, 2 b u—VEOEREEE L BIRT BN E L
TLEI WS HEND S,

.. Percellome &EE)V T 41— F—%

(millefeuille data)

DL LHBERRL, BEEEAFR R a3
TAEBRT A0, 50, ME1AY Y OmRNAK
NEZHELHE (Percellome) %, YEFNIZUNELR&ES
Wiz LTWwie7 74 A b Y27 250 GeneChip 23512 IS
L7z (EFrHES, B#BH). SOVAFAIRKEL 400
EEPLRoTwWa, B1RRNABIEH LY > I V5
BEOZL—HPoZ2ODNABREZBECHET 2 HE,
B HEMREZER L LR E N R4 7 RNA R OFTH
&, ENOBEFBBEAOTME, E3ICHIURICE T3
7NV ITY XA, ZFUTELS, {2707 i 0BEEHAE
HROBEER, N—Va VPRE2EY( 707 L ED
T3 ER, OTR, BRolzA—Fh—DL a7 L4
Bo7F— s ERICHVWIEEY Tty b 7— 55
THITY XL THAb. Percellome F— 7 i 1 B4 @
HMEABTHLOT, FREFORARLYurBNLT S
WEHEHRY) CRRLESERBRT S LATMERTH L. 5%
THWOLRTE oy ba—VcT s hERREES T,
EHELZTHLENRVD, BREEREYTOBEEOER
PHBEICTZS)Z,ME0d,av - vEbMERED
FSICERT L EWTRRE ol T/, 8 57 H5EH#AL
BUEDPALETH L7209, QB L TRTOBEFIZOW
T,RA2707VAMEd L XY, ERBOEELEI TR
ol F—o2WHBATLZLBEERES o
7e®, EMFEENECONBLERMNICIBB LT, #
DBOTFT—FINEL YT 5 <F 4 7 ABERITKE Bt
TAHIEWRINDODE, TS OBBIIEROERH,
LOFREBEICDOLEVERTAILESEDL v asr )
IVAMRICRERLZETHD. /0, BB TH I 1R
20775y F 7 —ARTOT -5 EBRICHIETET

By, BBOREFT—FR—22a V37 2EHIZD

BB W RBEATE .
1. FEOEHE
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WEEH BTS2 L 28T 5725, RNAFEE OB
B O & —# GB%, 104) 2 DNABIEICHE WS/ 1
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e RIEDERE, QOY LTIV - FET R —
FOMBEEDNARE LT LS 2, MRRERIC
AL - BDBEEREBEX /NS JRNAA 7T
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T3 (D~®). Z0HBNEO~@ILBEDOFIEE
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UOBEHMaAE-HERLTWS, BIEL AV
> 7Ish ) mRNA O 1 B AV D2 E—
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ENTE3 (@), GeneChip BV TIRBD
RNA B L@DEIGAEDOBIFEN Hill X Tagik
TE3ZE5FBLTHY, ThERWCER
KL NBIFEEShAETRTOEEFICOVWTY
CTIDHIER EN Y OEMENBEHE
3, BOEA  KETEMEShAFIBE FOE
H T T4 X U720 7Oa-ILFIE.

R ES Y
OEH B

b a—NVEMELL.
(2) ZEBRE B X /81 7/ 7 7 )V (dose-graded spike
cocktail ; GSC)
MM 1Y 72 ) O mRNA ORE#E L LT, MSBEHICR
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AERZDODICHEL T s BEOMER HREET
DRNA % v 7z, STEEOMER RNA & & 4 2,000 EH
DESIZERL,SBEEOHEBICRE LA 7 T VE/ERL
= 2RI KD RV IREERIEE 2 b N — 3 A AR AR AR Bh
METRTOF VI WVICEAT S Z EHNTRBE R L.

(3) e BIL 7O 5 L

774 A MY 27 AGeneChipl2 & h, #HEV 7 F N
mRNA & & O Hill %256 ) BRI T 5 2 L 23R
DLBMEBHEY > AN LIZ X WHERR L 72, TOFRPH,
Hill ROBEHERIC & Y GSC 2 EHML L T &EILZ4T)
BRTVI)ZLZHRL, ThE2EHBETTLTRT T
L HENCRESS L 7=,

(4) GeneChip IS 1ER4ER S L UN—-Va LB 7
Ty b7 —LBTF - 2ERFICDIZDHDLBM
(liver-brain mix) 24> TN L CTF—2EH]T
o3y XL

BEFRRTO7 7 4 Mk & B2 5 —H oMMz —

EDHERTHECHFRLE 2 Ity bERRLEDOHE
HODICHELR. BEMICIE, Lz v, 100:0,
75:25, 50150, 25:75, B L0100 DREHDEH YT
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