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s Photo 4-a.
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Photo 4-b.

Photo 4-c.

Testis of a 7-week-old rat treated
with 500 mg/kg of DEHP in ute-
ro showing no abnormalities in
the seminiferous tubules and in-
terstitial cells. HE stain, x310.

Testis of a rat of the same group
as Photo 4-a, showing multinucle-
ated giant cells in a seminiferous
tubule. HE stain, x310.

Testis of a 7-week-old rat treated
with 1000 mg/kg of DEHP in
utero, showing atrophy of semin-
iferous tubule epithelia with
multinucleated giant cell in the
lumen, and also hyperplasia of
interstitial cells. HE stain, x310.



187

DEHP on rat testicular development.

Photo 5-a. Testis of a 7-week-old rat treated
with 1000 mg/kg of DEHP in
utero, showing dilatation of sem-
iniferous tubules and of rete
testis. HE stain, x80.

Photo 5-b. Testis from a 7-week-old rat

. treated with 1000 mg/kg of DE-
HP in utero, showing branching
of atrophic seminiferous tu-
bules. HE stain, x80.

Photo 5-c.  Testis of a 7-week-old rat treated
with 1000 mg/kg of DEHP in
utero, showing extensive necro-
sis and foreign body giant cells.
HE stain, X160.
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of the offspring in any groups (control and 500 mg/kg
DEHP groups).

Expression of androgen receptors

Immunohistochemical staining revealed an
increase of androgen receptor-positive cells, namely
hyperplasia of Leidig cells, in the interstitium of fetal
testes at G20 in the 500 mg/kg group (Photo 9). In the
offspring at 5 and at 10 weeks after birth, however, the
expression of androgen receptors observed in Sertoli
cells, myoid cells and interstitial cells was not different
among the control and DEHP treated groups (data not
shown).

Vol. 30 No. 3

Examination of sperms

Sperms collected from the cauda epididymidis of
10-week old offspring were subjected to examination
of motility and morphology of the spermatozoa.
Results are shown in Table 8. Sperm count and sperm
motility were not significantly different between the
control and any of the groups treated with DEHP at
125, 250 or 500 mg/kg. There were no remarkable
changes in spermatogenic parameters related to treat-
ment.

DISCUSSION

Oral administration of DEHP to pregnant rats at
doses up to 1000 mg/kg from G7 to G18, which corre-

Photo 6-a. Epididymis of a 7-week old rat
treated with 1000 mg/kg of DE-
HP in utero, showing atrophy of
epididymal ducts and cell debris
in the lumen. HE stain, x80.

Photo 6-b. Granuloma formed in the epid-
idymis of a 7-week-old rat treated
with 1000 mg/kg of DEHP in
utero, accompanied by numerous
foreign body giant cells and fi-
brosis. HE stain, x160.
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sponded to the organogenetic period of a rat fetus,
induced fetal damage such as increase in fetal mortal-
ity, inhibition of fetal weight gain, and some malforma-

tions in the highest dose. Histopathological studies

revealed degeneration of germ cells and hyperplasia of
interstitial cells in the fetal testis in the groups treated
with DEHP at doses of 500 mg/kg and above. Similar

¢hanges were also observed in slight degree in the 250
mg/kg group but not in the 125 mg/kg group. Electron
microscopic examination of these testes of affected
groups revealed smaller-sized interstitial cells in which
lipid droplets were depleted. Testicular toxicity of a
phthalate ester by in utero exposure in rats have been
described by Mylchreest et al. (2000) using di-(n-

Table 6. Histopathological findings of testes of offspring exposed to di-(2-ethylhexyl) phthalate (DEHP) during ges-

tational days 7-18 (Experiment 2).

Group DEHP 0 mg/kg @ DEHP 125 mg/kg DEHP 250 mg/kg DEHP 500 mg/kg
Grade - * 4+ 4+ H+ - + + A HH -+ 4+ - & + 4+ +
Gestational day 20 (15) (21) (19) (28)
Multinucleated germ cells 15 0 0 0 O 6 5 0 0 0 4 15 0 0 O 2 25 1 0 O
Increase of germ cellsinacord 15 0 0 0 O 200 0 0 O 6 3 0 0 0 1 21 6 0 O
Hyperplasia of interstitialcells 15 0 0 0 O 210 0 0 O 6 121 0 O 6 5 17 0 O
Degeneration of germ cells 15 0 0 0 O 21 0 0 0 O 19 0 0 0 O 26 2 0 0 O
Apoptosis of germ cells 15 0 0 0 O 2600 0 0 0 19 0 0 0 O 271 0 0 0O
5 weeks after birth @ C)) ()] “)
Abnormalities 4 0 0 0 O 4 0 0 0 O 4 0 0 0 O 4 0 0 0 O
10 weeks after birth @ 4) @ 4)
Abnormalities 4 0 0 0 O 4 0 0 0 O 4 0 0 0 O 4 0 0 0 O

a Vehicle control (corn oil, 5 mL/kg). Figures in parentheses indicate number of fetuses or offspring examined.
— : not observed, *: very slight, + : slight, ++ : moderate, ++: severe.

Table 7. Morphometric analysis of spermatogenesis of the offspring exposed to 500 mg/kg of di-(2-ethyl-
hexyl)phthalate (DEHP) during gestational days 7-18 5 weeks after birth (Experiment 2).

DEHP 0 mg/kg @ DEHP 500 mg/kg
(Number of offspring examined) @ @

Group 1 (Stage I~VD) ’

Count of germ cells in a seminif. tubule 1098.5 £434 1150.8 £ 110.9

Count of Sertoli cells in a seminif. tubule 1338+ 79 1308+ 4.6

Germ cells/Sertoli cells 82+ 07 88+ 1.1
Group 2 (Stage VII~VII)

Count of germ cells in a seminif. tubule 1026.5 £ 84.3 10393 £ 244

Count of Sertoli cells in a seminif. tubule 1370+ 74 1205+ 90

Germ cells/Sertoli cells 75+ 09 8.7+ 07
Group 3 (Stage IX~XI)

Count of germ cells in a seminif. tubule 933.8 £ 66.5 9383+ 20.9

Count of Sertoli cells in a seminif. tubule 1353+ 3.0 1250+ 82

Germ cells/Sertoli cells 69+ 0.6 75+ 04
Group 4 (Stage XII~XIV)

Count of germ cells in a seminif. tubule 768.5 £28.9 738.8+ 62.9

Count of Sertoli cells in a seminif. tubule 1308+ 7.0 1270+ 97

Germ cells/Sertoli cells 59+ 0.5 58+ 0.2

Values represent mean £ S.D.
a Vehicle control (corn oil, 5 mL/kg).
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butyl)phthalate (DBP). They made oral administration
of DBP at doses of 0.5, 5, 50, 100 and 500 mg/kg to
pregnant rats from G12 to 21, and observed histopatho-
logical changes in fetal testes such as degeneration of
- seminiferous tubules, focal interstitial cell hyperplasia
and adenoma at 500 mg/kg, but not at 100 mg/kg.
Parks et al. (2000) treated maternal rats with 750 mg/
kg of DEHP from G14 to postnatal day 3 and observed
the appearance of multinucleated genocytes and hyper-
plasia of interstitial cells in the testis of G20 fetuses

and in offspring at Day 3 of lactation. Thus, the present
study has confirmed the characteristics of phthalate
toxicity on testicular development in rats, which seems
to occur in spite of differences in esterifying alcohol
and administration protocol. The no-observed effect-
level of DEHP on the testicular development of rats by
in utero exposure during the period of organogenesis
was 125 mg/kg. Target cells of the testicular toxicity of
phthalates are the germ cells in the fetal rat, while they
are the Sertoli cells in the adult rat when the blood-tes-

Photo 7.  An electron micrograph of genital ridge of a rat fetus on gestation day 16 treated
with 1000 mg/kg of DEHP, showing degenerated germ cells. x2830.
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tis barrier is established (Creasy et al., 1983, Saitoh et
al., 1997, de Kretser and Kerr, 1994).

In the present study, EE was used as a reference
compound, considering some interventions of estro-
genic activity of DEHP for its toxicity on the testis.
The result was negative for this consideration, although
some relation may have existed to the increase in
embryonic mortality. Estrogenic activity of various
phthalate esters was investigated by Zacharewski ez al.

-1055-

(1998). They observed weak estrogen receptor affinity
in vitro for some phthalate esters other than DEHP, but
no estrogenic activity in vivo for any of the phthalate
esters by rat uterotropic assay. On the other hand, anti-
androgenic activity has been suggested as one of the
mechanisms of testicular toxicity of phthalate esters
(Mylchreest et al., 1998). Mylchreest et al. (1999)
observed disturbances in male reproductive develop-
ment with, 500 mg/kg of DBP comparable to 100 mg/

Photo 8-a. An electron micrograph of testis
of a rat fetus on gestation day 18
treated with 1000 mg/kg of DE-
HP, showing decreased number
of lipid droplets in small-sized
interstitial cells. x3140.

Photo 8-b. An electron micrograph of testis
of a rat fetus on gestation day 20
treated with 1000 mg/kg of DE-
HP, showing decreased number
of lipid droplets in small-sized
interstitial cells. x3140.

Vol. 30 No. 3
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kg of flutamide, a known anti-androgen, but they could
not confirm any interaction of phthalate with androgen
receptor in vitro. They explained that DBP exerted its
anti-androgenic activity by indirectly interfering with
androgen signaling pathways (Mylchreest and Foster,
2000). Parks er al. (2000) observed inhibition of test-
osterone production of fetal testis (G17-20) with
DEHP (750 mg/kg) in the experiment cited above. In
the present study, increase of androgen receptor-posi-
tive interstitial cells was observed in G20 fetal testis in

the groups treated with DEHP at 250 mg/kg and above.

It is conceivable that interstitial cells and androgen
receptors are increased by compensatory responses to

reduced testosterone levels. Thus, anti-androgenic
activity of DEHP is suggested from the observation of
the present study, although malformations of male gen-
ital organs typical of anti-androgens such as flutamide
(Mylchreest et al., 1998, 1999) were not observed with
DEHP up to 1000 mg/kg in the present study.

The present study has demonstrated that testicu-
lar damage in fetal rats produced by DEHP at 500 mg/
kg (but not at 1000 mg/kg) had been repaired by 7
weeks of age. This was confirmed in the second exper-
iment at 5 and 10 weeks of age. Expression of andro-
gen receptors in testicular cells was normal in these
stages of rats. Moreover, examination of sperm in off-

Photo 9-a. Immunohistochemical staining of

"N 3 : :
. . ot S androgen receptors in testis on rat
7
W fetus on G20 from the control
' group. Positive signals are ob-
P served on peritubular myoid cells
and interstitial cells. x175.
«
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spring of DEHP-treated rats at 10 weeks of age showed
no abnormal features of sperm function and morphol-

ogy.
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Abstract

Tn 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-Dawl

ey rats. ICR mice were treated with 17B-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 17g-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,

Keywords: Intrauterine position; Postnatal growth; Sexual maturation; Behavior; Anogenital distance; Rats; Mice

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

* Corresponding author. Tel.: +81-6-6721-2332; fax: +-81-6-6723-2721.
E-mail address: tnagao@msakindai.acjp (T. Nagao).

0890-6238/$ — see front matter @ 2003 Elsevier Inc. All rights reserved.
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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 disrupting chemicals [13,14]. In
this regard, failure to account for intrauterine position in
endocrine disrupting chemical toxicology studies could lead
to 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-tetrachlorodibénzo-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/100 g in each individual
phytoestrogen, by HPLC).

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

2.2. Experiment I (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 0 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 naturally (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); 1M (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; » = 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 0.01 mm, On PND
21, all pups were weaned and half of the pups in each
group (2M = 13, IM = 37, 0M = 11, 2F = 14, 1F = 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 M = 21, IM = 32,
OM = 30, 2F = 23, IF = 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; 1F = 27, O0F = 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 (140 cm in diameter) surrounded by a wall
(40 cm in height). The light and noise levels averaged 500 1x
and 50 dB, respectively, at the center of the circular area.
Rearing, grooming, defecation, and urination were counted,
and ambulation was recorded automatically ona 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), 32 cm
in diameter and 10 cm 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 automatically
recorded with a 20-channel digital counter (Seiko Denki,
Inc., Japan).

Each morning (9:00-10:00h), from 6 to 10 weeks of age,
all females in each group were subjected to vaginal lavage.
The 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].

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 uranyl acetate and lead cit-
rate, and observed with an electron microscope (H-7100,
Hitachi, Japan). The remaining males in each group M =
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 0.1M phosphate-buffered 10% formalin solution.
All females (2F = 17, 1F = 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 17 B-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 17p-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 pg/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
17B-estradiol at 0.05 pg/kg per day on day 0 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 moming. 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 tattoo, 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 infrauterine positions, IM and 1F, 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 per-

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-
patisons between groups were made using P < 0.05 as the
level of significance.

3. Results
3.1. Experiment I

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/ Jbody 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/J/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 IM oM 2F 1F 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 + 04° 5.6 =03 5.7+ 04 52403 54+03 53+04
AGD 243 £ 022 242 £ 022 242 +0.28 1.21 =4 0.20 1.23 £ 0.19 122 £ 0.24
AGD/body weight 043 + 0.04 0.42 £ 0.04 042 % 0.05 0.23 + 0.02 0.22 + 0.02 0.23 + 0.02
AGD/ Jbody weight 136 £+ 0.12 1.36 + 0.14 135+ 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+ 1.5 112415 108 + 1.1 104+ 14 103 £ 11 104 £ 1.3
AGD 4.57 + 0.54 441 + 048 443 £ 0.51 2.00 £ 0.22 1.99 4 0.19 2.00 £ 0.21
AGD/body weight 0.42 + 0.06 0.40 + 0.05 0.41 £ 0.03 0.19 £ 0.04 0.19 £ 0.03 0.19 + 0.04
AGD/ Jbody weight 2.06 + 0.22 1.99 £ 0.19 1.99 + 0.19 0.92 £ 0.12 091 £ 0.11 0.92 £ 0.13

2M, male fetus between two male fetuses; 1M, male fotus between a male fetus and a female fetus; OM, male fetus between two female fetuses; 2F,
female fetus between two female fetuses; 1F, 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.
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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 1F 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) 40.9 + 6.37 40.5 £ 6.5 402 £ 9.6 388 + 6.3 382+70 407 + 7.0
Testes (mg)® 169.3 £ 27.5 1722 £ 222 164.9 + 26.1
Testes® 4163 + 484 4292 + 403 4182 + 467
Epididymides (mg)® 233 £ 3.1 23.5 £ 48 219 44
Epididymides® 60.5 + 10.3 582+178 552+ 7.0
Prostate + SV (mg)>¢ 472 £99 46.7 £ 103 459+ 79
Prostate + SV>¢ 115.6 + 180 115.7 + 19.0 1172 £ 19.5
Ovaries (mg)® 243 £ 4.0 229 £ 3.9 24.8 + 3.6
Ovaries® 63.5 + 10.1 60.8 £ 9.5 615+ 173
Uterus (mg)® 102 £ 2.0 112 +£3.7 118 £ 29
Uterus® 264 £ 4.5 28.8 + 6.8 29.1 + 6.0

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; 1F, 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.
b Absolute weight.
© Relative weight (g or mg per 100 g body weight).
4 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 21

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
the 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.

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-Dawley rats
Group
2M M oM 2F 1F OF
No. of litters 18 27 24 17 27 25
No. of offspring 21 32 30 23 36 26
Day of preputial separation 433 £ 1.37 434 £ 12 44.0 & 1.8
Body weight (g)° 2118 £ 5.5 2121 +£43 2129 £ 5.2
Day of vaginal opening 338422 338+ 1.8 341 £ 1.7
Body weight (g)" 1256 + 4.1 124.6 £ 44 126.1 £+ 3.9

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; 1F, 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 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 1F 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 4.20 £ 042
No. of females showing
Regular cycle (%) 18 (78.3) 28 (77.8) 21 (80.8)
No. of females showing
Iregular cycle (%) 5@2Ln 8 (22.2) 5(19.2)

2F, female fetus between two female fetuses; 1F, female fetus between a male fetus and a female fetus; OF, female fetus between two male fetuses.

No significant differences were observed between groups.
8Mean &+ 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 revolutions in a
wheel cage were comparable between groups 2F, 1F 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 0)
fetuses exposed to com 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 21 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 1F OF
Open field
No. of litters 18 27 24 17 27 25
No. of offspring i8 27 28 17 27 25
Latency (s) 204 + 40.82 179 + 16.9 153 £ 162 12.0 £ 94 13.8+ 123 16.9 £ 36.1
Ambulation (cm) 6763 + 411.3 627.1 &+ 417.2 659.0 & 501.9 940.6 + 538.1 1039.8 £ 4363 970.7 & 449.8
No. of rearing 23431 3.0+32 L5+ 14 35+21 45+ 34 38+23
No. of grooming 0.6 + 0.9 0.7 £ 07 LI £1.2 0.8 + 0.9 04+ 05 0.8 +038
No. of defecation 28+ 19 2.1+ 15 33422 19+ 19 17+ 18 18+ 19
No. of urination 04+ 06 0.4 £ 0.6 0.5+ 05 02 £ 04 0.5+ 05 0.7 £ 0.6**
Spontaneous activity
Count/24h 1547 &+ 467 1789 + 697 1559 + 638 4107 £ 1140 4429 + 1501 4746 * 1831

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; 1F, 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 muitiple comparison and Student z-test).

# Mean £ 8.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 27 25
No. of offspring 18 27 25 17 27 25
Body weight (g) 4172 + 316° 416.1 + 344 413.6 £ 369 270.0 £ 232 271.8 + 289 273.6 + 29.1
Testes (mg)? 3.00 == 0.20 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 + 0.0S 0.78 £ 0.07 0.76 £ 0.06 -
Epididymides® 0.19 % 0.01 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) + SV®4 1.53 + 0.28 1.56 £ 0.24 1.52 £ 027 -
Dorsal prostate + SV©:4 0.37 £ 0.07 0.38 & 0.05 0.37 £ 0.07 -
Ovaries (mg)’ 926 + 133 91.8 + 13.7 95.4 % 169
Ovaries® 343 £ 36 33.8 +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; 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; LF, 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.
b Absolute weight.
¢ Relative weight (g or mg per 100g body weight).
4 Seminal vesicle.

-Table 7

Effects of prior intrauterine position on anogenital distance in ICR mice exposed to 17B-estradiol

Treatment and Com oil 17B-Estradiol

intrauteri i

fnfrauterine posion oM oM 2F OF ™M oM oF 0F

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 + 0.08° 1424005 132£005 1334£004 1424009 141£010 132007 130£011
AGD 1.92 & 0.07 1.90 & 0.06 095+ 002 095003 1924008 1.93£006 093£009 095+0.05
AGD/body weight 1.36 + 0.09 1354010 0754003 073+005 140009 138010 075%£005 074007
AGD/ Jbody weight  1.71 & 0.07 170 £ 0.10 0.88 £ 0.03 089 +005 170009 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.

2 Mean + S.D.

Table 8

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

Treatment and Com oil 17B-Estradiol

intrauteri iti

fntraterine position M oM 2F OF ™M oM 2F 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 & [.5* 273 £ 13 270+ 1.8 269+ 20

Body weight (g) 303419  3L1%15 300421 313:+18

Day of vaginal opening 245+ 16 251 %15 244+ 1.7 24916
Body weight (g) 2054£09 21612 216 11 220+ 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.
& Mean £ S.D.
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Table 9
Effects of prior intrauterine position on reproductive organs afler maturation in ICR mice exposed to 17B-estradiol
Treatment and Com oil 178-Estradiol
Infrauterine position ™M oM 2F OF M oM 2F OF
No. of litters 28 30 29 27 24 28 30 27
No. of pups 34 25 26 30 32 26 34 23
Terminal body weight (g) 515 £ 4.2¢ 536 + 44 403+£27 412+34 55.1£5.1 53.1 £ 62 418 £ 2.1 4211+ 3.1
Testes (g) 257.9 £ 284  266.5 + 23.5 2593 £ 255 2603 = 19.9
4863 £ 76.3° 4842 £ 713 4883 £ 623  479.1 3 60.9
Epididymides (mg) 89.5 £ 8.7 922+ 93 9.6+ 7.1 93.1+£71
1752 + 215 161.9 £ 16.9 1612 £ 136 173.6 £ 4.9
Seminal vesicle (mg) 4139 4 306 4522 + 139 4313 4 182 4548 +21.0
812.8 & 56.9 802.6 + 442 811.5+ 423 8093 £ 335
Ovary (mg) 153 £33 4642 155+39 153445
35675 332446 341 +£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.

Pive 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 100 g 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
located 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 ammiotic 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 0.01 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 10 years old
[2]. Therefore, it is possible that either genetic drift, or dif-
ferences in the source of the CF-1 breeding stock, may

-1066-



T. Nagao et al./Reproductive Toxicology 18 (2004) 1 09-120 117

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 (4.200.42). 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.

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-
ment, 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/reproductive 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. Prostate development

Growth and differentiation of the prostate is primarily
under the control of androgen. Expression of the androgen
metabolizing enzyme, Sa-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 development 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 178-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 [1 1j
which examined blood androgen titers in mouse fetuses,
Baum et al. [S1] 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
source 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 lungs 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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