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Abstract

Testosterone (T) exposure during midgestation differentiates neural circuits controlling sex-
specific behaviors and patterns of gonadotropin secretion in male sheep. T acts through androgen
receptors (AR) and/or after aromatization to estradiol and binding to estrogen receptors. The
current study assessed the role of AR activation in male sexual differentiation. We compared rams
that were exposed to the AR antagonist flutamide (Flu) throughout the critical period (i.e. day 30 -
90 of gestation) to control rams and ewes that received no prenatal treatments. The external
genitalia of all Flu rams were phenotypically female. Testes were positioned subcutaneously in the
inguinal region of the abdomen, exhibited seasonally impaired androgen secretion and were
azospermic. Flu rams displayed male-typical precopulatory and mounting behaviors, but could not
intromit or ejaculate because they lacked a penis. Flu rams exhibited greater mounting behavior
than control rams, and like controls, showed sexual partner preferences for estrous ewes. Neither
control nor Flu rams responded to estradiol treatments with displays of female-typical receptive
behavior or LH surge responses; whereas all control ewes responded as expected. The ovine
sexually dimorphic nucleus in Flu rams was intermediate in volume between control rams and
ewes and significantly different from both. . These results indicate that prenatal antiandrogen
exposure is not able to block male sexual differentiation in sheep and suggest that compensatory
mechanisms intervene to maintain sufficient androgen stimulation during development.

Keywords

sexual differentiation; sexual partner preference; sexually dimorphic nucleus; gonadotropin;
gonadal steroids; sexual behavior

Correspondence: Charles E. Roselli, Ph.D., Department of Physiology and Pharmacology, Oregon Health and Science University,
3181 SW Sam Jackson Park Rd., Portland, OR 97239-3098 USA, ; Email: rosellic@ohsu.edu

There are no conflicts of interest for any of the authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roselli et al. Page 2

Introduction

Sheep, like other mammals, exhibit profound sex differences in the control of gonadal
function and behavior by the central nervous system that result from brain sexual
differentiation. Females display estrous cycles characterized by an estrogen-evoked surge in
gonadotropin that leads to ovulation and facilitates female-typical sexual attraction and
receptive reproductive behaviors. Males, on the other hand, exhibit steady-state
gonadotropin secretion that sustains continual sperm production and testosterone secretion
and supports male-typical sexual attraction and copulatory behaviors necessary for
successful fertilization.

Physiological and behavioral sex differences are programmed during early fetal life and are
the consequence of interactions between sex chromosome genes and gonadal hormones
acting during a limited critical period in development. Sexual differentiation in sheep occurs
from approximately gestational days (GD) 30 to 90 of the 147 day pregnancy (1,2).
Circulating concentrations of testosterone (T) are significantly higher in males than in
females during this critical period (3-7). As in other long-gestation mammals, T secreted by
the fetal lamb testes masculinizes and defeminizes the genitalia and brain systems that
control gonadotropin release and sex behavior (8-11). Masculinization refers to the
expression of masculine physical characteristics and the potential to exhibit the adult male-
typical neuroendocrine and behavioral patterns. Defeminization relates to the suppression of
adult feminine characteristics such as the estrogen-stimulated LH surge and female-typical
sexual behaviors and is normally regulated together with masculinization.

Many of the organizational effects of T on sexual differentiation in mammals result from the
neural actions of estradiol formed via local aromatization of T in the developing male brain
(12,13). Like other species, the fetal lamb hypothalamus and preoptic area express
appreciable levels of aromatase and estrogen receptor (ER)(6,7). Aromatization is presumed
to be obligatory for masculinization and defeminization of the sheep brain and behavior.
Prenatal treatment with aromatizable T, but not with the non-aromatizable androgen receptor
(AR) agonist dihydrotestosterone, programs the development of copulatory and aggressive
behaviors, blocks the development of the LH surge mechanism and decreases the capacity of
females to show receptive behaviors (14,15). The role of estrogens (or estrogenic
metabolites of testosterone) in brain sexual differentiation of sheep has not been studied
directly because maternal estrogen treatments needed to alter fetal brain development disrupt
uterine function and imperil the pregnancy (16). Thus, inferences about estrogen’s role for
masculinization and defeminization in sheep have been made using subtractive approaches.
One strategy is to block estrogen synthesis with the aromatase inhibitor 1,4,6-
Androstatriene-3,17-dione (ATD) during the gestational critical period and compare the
consequences between treated and control offspring (7). Rams exposed to ATD prenatally
exhibit a modest but significant decrease in mounting behavior at 18 mo of age signifying
that prenatal estrogen plays a role in masculinizing copulatory behavior in sheep similar to
other species (17). However, ATD-exposed rams, like control rams, do not respond to
estrogen treatments with either displays of receptive behavior or LH surges indicating that
ATD does not disrupt the defeminization process in males. These results fail to support the
hypothesis that prenatal estrogens generated by aromatization defeminize behavioral and
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neuroendocrine responses in male sheep (18). A complimentary experimental approach used
the AR antagonist flutamide (Flu) to eliminate the androgenic actions of T while sparing T
availability for aromatization to estradiol (16,19,20). Prenatal exposure to T blocks the LH
surge mechanism in adult ewes. Simultaneous prenatal exposure to T plus the antiandrogen
Flu restores LH surges indicating that estrogens are not sufficient to defeminize the surge
mechanism and androgens are necessary (19,20). Neither pharmacological approach
excludes the possibility that the combination of androgens and estrogens may be necessary.

Sexual partner preference is another aspect of sexual behavior that is highly sexually
dimorphic and organized by perinatal exposure to gonadal hormones in many mammalian
species (21). Typically, females prefer males over females and males prefer estrous females
over males. Testosterone exposure during both prenatal and postnatal life masculinizes and
defeminizes partner preference behavior in rats and ferrets (13). Testosterone acts perinatally
to organize sexual partner preferences after conversion to estrogen in rats and mice (17,22).
In male pigs, estradiol can defeminize sexual partner preferences by acting as late as 3
months postnatally (23). The expression of sexual preferences requires integration of social
chemosensory signals and steroid hormone cues that involves neurons in the medial
amygdala and medial preoptic area/anterior hypothalamus (MPOA/AH) (24,25) In male
ferrets the mPOA/AH contains a cluster of large neurons in nissl-stained brain sections that
is not seen in females (26). Either excitotoxic (27) or electrolytic (28) lesions centered in the
this so-called male nucleus of male ferrets caused them to prefer to approach and interact
sexually with another male, as opposed to a female, in T-maze tests of partner preference. A
cluster of neurons exists in the mPOA/AH of rats that is larger in males than in females and
has been named the sexually dimorphic nucleus (SDN) of the preoptic area(29). Perinatal
experimental manipulations that alter sexual preferences produced significant positive
correlations between an animal’s preference for a receptive female and the volume of the
SDN (30). In humans, the volume of the third interstitial nucleus of the anterior
hypothalamus is larger in heterosexual men than in women homosexual men (31).

Male and female sheep are typically motivated to approach opposite sex conspecifics in
response to visual and olfactory cues (32). However, roughly 8% of rams show a
spontaneous preference for other males i.e., male-oriented rams (33). Sexual partner
preferences in sheep are also assumed to be organized prenatally by T because the ovine
sexually dimorphic nucleus (0SDN), a hallmark of gestational masculinization (34), is
significantly smaller in male-oriented rams than in rams that are attracted to receptive
females i.e., female-oriented rams (35).

A clear picture of the steroid requirements for programming the masculinization and
defeminization of the sheep brain and behavior remains elusive. Prenatal T clearly
masculinizes copulatory behavior and defeminizes receptive behavior and neuroendocrine
responses such as the LH surge mechanism. Prenatal mechanisms program sensitivity to
negative feedback actions of estradiol and the timing of neuroendocrine puberty (14,16). The
case for a role of estrogens in defeminization is mixed (14,19,36). Estrogens may play a role
in masculinization of copulatory behavior but it is unlikely sufficient to act alone (18). There
are no behavioral studies to prove that gestational T masculinizes/defemininzes sexual
partner preferences in sheep, although it does masculinize the 0SDN volume, which
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correlates with sexual partner preference (34). Prenatal exposure to the aromatase inhibitor
ATD does not change adult male sexual preferences or disrupt masculinization of the oSDN
(11), which fails to support a role for estrogens. However, we recently reported that mean
0SDN volume of Flu ram fetuses is intermediate between that of control male and females
indicating that ARs mediate the effect of T on 0SDN masculinization (37). In this earlier
experiment, maternal Flu treatment was used to study oSDN development during fetal
gestation and did not assess the effect of the treatment on adult behavior. Thus, the aim of
the current investigation was to test the hypothesis that T acts through an AR-mediated
mechanism to masculinize sexual partner preferences in male sheep. To accomplish this
goal, pregnant sheep were treated with Flu and their male offspring tested for signs of
anatomical, behavioral and neuroendocrine masculinization and defeminization.

Materials and Methods

Animals and treatments

Suffolk lambs born in April were obtained from the Reproductive Sciences Program Sheep
Research Facility at the University of Michigan (Ann Arbor, MI). Seven ram lambs were
exposed /n uteroto anti-androgen by treating their mothers with a daily 15 mg/kg s.c.
injection of Flu from d 30 to 90 of gestation (term pregnancy = 147 days) as described
previously (16). Control ram lambs (n=7) and ewe lambs (n=6) were obtained from
untreated mothers. Lambs were weaned at 60 days of age and shipped to Corvallis, OR
(OSU) at 3 mo. of age in June. During the winter, they were fed alfalfa hay supplemented
with barley-based concentrate. They were maintained on pasture grass during the spring and
summer. The sheep had ad /ibitum access to water and a mineral supplement and were
regularly treated with antihelminthics to control internal parasite infection. Flu-treated rams,
control rams and control ewes were raised separately and kept isolated from each other
throughout the study. Lambs were weighed at 3 and 10 mo. of age and jugular blood
samples (5 ml) were collected weekly during this period to obtain a profile of androgen
secretion during the first breeding season. All subsequent testing was done after the sheep
were 1 yr. or older. When the rams were 20 months old they were bilaterally castrated. For
castrations, anesthesia was induced with ketamine and diazepam i.v. and maintained with
inhaled isoflurane and oxygen. The rams were placed in dorsal recumbence and wool was
widely removed from the perineal and inguinal areas followed by a three stage prep of the
skin over the surgical site. A roughly 10 cm incision was made through the skin over each
testis. The parietal and visceral layers of the tunica vaginalis were carefully excised to
expose the spermatic cord. The remaining loose connective tissue surrounding each
spermatic cord was stripped off with dry gauze and the cord was double ligated with
absorbable transfixation sutures. The cords were severed between the ligatures and the testes
removed for histological processing. Animal husbandry and experimental protocols were
conducted according to the specifications of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the Animal Care and Use Committees
of the University of Michigan and the Oregon State University.
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LH surge response to estradiol

The mechanism that governs the LH surge response to an acute increase in estradiol in ewes
is rendered permanently inoperative in rams by testicular hormones secreted during the
critical period of sexual differentiation (38). To determine whether testicular T acts through
AR- mediated mechanisms in male fetuses to suppress the surge mechanism, the LH surge
response to an estradiol challenge was tested in males that were treated prenatally with the
androgen antagonist Flu and compared to control males and females at 12 months of age
(first season anestrous period) and again at 23 months of age 3 mo. after the rams were
gonadectomized. All sheep were given subcutaneous implants containing 0.3 gm. of
progesterone (Eazi-Breed CIDR Sheep Inserts, Pfizer, New York, NY). The CIDRs were
removed after 6 days and 24 h later the sheep were given an intramuscular injection of 50 ug
17p-estradiol (Sigma-Aldrich Corp. St. Louis, MO.) in 1 ml of corn oil. Jugular blood
samples were collected every 2 h from 4 h before until 30 h after the estradiol injection and
serum LH concentrations determined.

GnRH challenge

Male-typical

To determine whether prenatal antagonism of the AR altered anterior pituitary sensitivity,
sheep were administered exogenous GnRH (i.e. GnRH challenge test) to evaluate the LH
response. The test was conducted in testes-intact rams one month after the initial estrogen-
induced surge response was tested. Sheep were given 100 ug GnRH intravenously
(Cystorelin, Merial Limited, Duluth, GA). Blood samples were collected every 15 min.
starting 1 h before injection and then at 30 min intervals for the following 2 h Serum was
used to measure LH concentrations.

sexual behaviors and sexual partner preferences

Sexually naive testes-intact rams were 16 to 18 months old when they underwent male
sexual behavior tests and sexual partner preference tests between September and October of
their second breeding season. Estrus was induced in ovariectomized ewes by sequential
treatments with controlled internal drug release (CIDR) devices containing 0.3 g
progesterone followed by estradiol injections as described above. Sexual behavior tests
began 24 h after the estradiol injection when rams were paired individually with an estrous
ewe in a 10 m x 10 m pen. Rams were observed for 20 min during which time the latency
and frequency of pre-copulatory courtship behaviors (genital sniffs, foreleg kicks and
nudges, flehmen and vocalizations) and consummatory behaviors (mounts and ejaculations)
were recorded. Each ram was tested once on any day and three times during a week for three
weeks or a total of nine separate tests. Two weeks after the final sexual behavior test, rams
were observed in a sexual partner preference test as described previously (18,33,39). Briefly,
rams were isolated for 5 d to prevent mounting and courtship behavior between male pen
mates prior to the preference test. Then each ram was observed for 10-min in a testing pen
that contained two restrained rams and two restrained estrous ewes (18). The sex of the
preferred stimulus animal and the frequency of courtship and consummatory behaviors were
recorded and the test was repeated three times at five day intervals.
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Female-typical sexual behaviors

Like the LH surge response, estrogen-stimulated expression of female sexual behaviors is
suppressed (i.e., defeminized) in normal male and in female sheep exposed to T prenatally.
To determine whether prenatal AR activation also mediates this effect, control and Flu-
exposed sheep were given CIDR implants followed by estradiol injections as described
above. The test was conducted twice, first in testes-intact rams at approximately 20 months
of age and then after the rams were castrated 3 mo. later during the second estradiol
challenge test. Female sexual behaviors were recorded 24 h after estradiol stimulation during
both evaluations of the LH surge system as described previously (3;4). Briefly, each animal
was paired with a sexually vigorous ram for 5 min. during which time proceptive (sniffs,
head turns, tail fans) and receptive (standing) behaviors were recorded.

Hormone Assays

Serum concentrations of T, dihydrotestosterone (DHT), androstenedione and progesterone
were measured by RIA after ether extraction and chromatography on Sephadex LH-20
(Sigma- Aldrich) using previously validated methodologies (40,41). Briefly, serum samples
(100-500 ul) were extracted with 5 ml diethyl ether, dried under a stream of air and
redissolved in column solvent (hexane:methanol:ether = 62:20:10) and fractionated. Each
column fraction contained a specific isolated steroid and was subjected to RIA with steroid-
specific antibodies. The percentages of recovery, water blanks and intra-assay coefficients of
variation for each steroid were: T, 78%, 2 pg and 11%; DHT, 57%, 12pg and 6%;
androstenedione, 84%, 11 pg and 2% and progesterone, 63%, 8 pg and 5%. Concentrations
of LH were measured in duplicate 40 ul aliquots of serum using an RIA developed by
Niswender et al. (42). Assay sensitivities averaged 0.2 ng/ml National Institutes of Health
oLH-S19 and the average mid-point intra-assay variation was 9.76%, and interassay CV was
8.6% using the same plasma pool.

Testicular Histology

Testicular biopsies were obtained at the time of castration, immersion fixed overnight in
buffered formalin and then stored in ethanol until processed for histology. Tissues were
imbedded in paraffin, sectioned at 5 um and stained with hematoxylin and eosin by the

Histopathology Shared Resource at OHSU.

In situ hybridization and oSDN volume measurement

To achieve equivalent physiologic concentrations of serum T for anatomical comparisons
among groups, castrated rams and control anestrous ewes were given 2 injections of
testosterone-cypionate (1.5 mg/kg i.m.) spaced 2 weeks apart. Ten days after the last
injection, jugular blood samples (10 ml) were taken after which the sheep were euthanized
with an overdose (15 mg/kg) of sodium pentobarbital (Euthasol; Delmarva Laboratories, Inc.
Midlothian, VVA). The head was perfused with saline and 4% paraformaldehyde as described
previously (43). The brain was then removed, blocked, postfixed overnight, cryoprotected,
frozen and stored at —80°C. Fixed tissues were sectioned coronally (40 um thick) into
parallel series and mounted onto Superfrost microscope slides (Fisher Scientific Co.,
Pittsburgh, PA). Slides were desiccated under vacuum and stored frozen at -80°C. Adjacent
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series of brain sections were stained with thionin and processed for /n situ hybridization
using a sheep-specific [33P] aromatase cRNA as described previously (35). After
hybridization the slides were exposed to Kodak Biomax MR film (Kodak, Rochester, NY)
for 9 days. The volume of the 0SDN was measured bilaterally from both the thionin stained
sections and film autoradiograms using NIH Image J software (version 1.48). Volumes were
estimated by multiplying cross-sectional area x number of sections containing 0SDN x
distance between section (120 um). Thionin sections were used to confirm the location and
boundaries of the 0SDN. No statistical differences between brain sides were found (data not
shown). Thus, bilateral cSSDN measurements for each animal were averaged and used for
statistical comparisons among treatment groups.

Statistical Analyses

Results

Data on hormone concentrations and behaviors collected over time or with repeated testing
were analyzed by 2-way ANOVA for repeated measures followed by Bonferroni posttests to
compare treatments when appropriate. Mean 0SDN volumes were compared by 1-way
ANOVA followed by Newman-Keuls post hoc test. In all tests P< 0.05 was considered
significant.

Reproductive anatomy and testicular histology

The external genitalia of all male lambs exposed to Flu prenatally were phenotypically
female with no evidence of penile or scrotal development. The testes of Flu rams had
descended through the inguinal canal and were positioned beneath the skin in the inguinal
area. Testicular weights were significantly smaller (P < .001) in Flu rams (192 + 23 gm.)
compared to control rams (438 £ 26 gm.). Prenatal Flu treatment did not affect animal size
or rate of growth in males as measured by body weight (data not shown). Histological
examination of Flu-exposed testes showed cardinal signs associated with cryptorchidism
(44) highlighted by a complete absence of mature sperm, reduced numbers of germ cells and
vacuolated Sertoli cells (Fig. 1).

Steroid hormone concentrations

Control and Flu ram lambs had similar serum levels of T prior to the seasonal increase that
began in the Fall at 20 weeks of age (i.e. September 1). Between September 1 and November
24, serum T concentrations increased faster and reached significantly greater concentrations
(F11,167 = 2.8; P<.005) in control than in Flu rams (Fig. 2). After November, serum
concentrations dropped dramatically and were not different between groups. Nearly identical
group differences were observed for seasonal concentrations of serum DHT and
androstenedione (data not shown).

LH responsiveness to estradiol and GnRH

A positive LH surge response to estradiol was elicited in all 12 month-old control intact

ewes (Fig. 3) during Spring seasonal anestrus. In contrast, none of the intact Flu rams or
control rams exhibited an LH surge. The LH surge mechanism was tested again when all
animals were 23 months old, gonadectomized and treated sequentially with progesterone
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and estradiol. Similar to the first test, only females exhibited an LH surge (data not shown).
The LH response to a GnRH challenge was evaluated one month after the first estrogen
challenge (Fig. 4). Injection of GnRH caused a significant increase in LH secretion in both
intact Flu-exposed and control groups. No differences were apparent in the area under the
curve, peak LH response or time to peak LH.

sexual behavior and partner preference

After nine separate tests of sexual behavior all but one ram in each group mounted estrous
females. Testes-intact control and Flu rams displayed comparable levels of pre-copulatory
courtship behaviors such as genital sniffs, nudges, foreleg kicks. Flu males exhibited
significantly greater mounting frequencies than control males, but were unable to ejaculate
because their external genitalia were feminized (Fig. 5). Prenatal Flu exposure did not alter
sexual partner preferences (Fig. 6). Control and Flu rams interacted with both male and
female stimulus animals. Flu males exhibited greater female-directed pre-copulatory
behaviors and mounts than controls. Out of the seven animals in each treatment group, two
were exclusively female-oriented, four mounted both males and females and one showed no
interest in either stimulus gender. No rams in either group exhibited exclusive male-oriented
sexual preference.

Female-typical sexual behavior

All intact control ewes displayed receptive behavior (i.e. stands) and received mounts from
the test ram; 80% received ejaculations. When tested before and after castration, neither
control nor Flu rams exhibited female-typical receptive behaviors and neither group received
mounts or ejaculations (data not shown).

oSDN volume

One-way ANOVA revealed significant differences between groups in the volume of the
0SDN F(2,19) = 9.80, P < 0.01, while no group differences in serum T concentrations were
observed (Fig. 7). Newman-Keuls multiple comparison test showed that the volume of the
0SDN was significantly greater (P <0.05) in control rams than in Flu rams and significantly
larger (P < 0.05) in Flu rams than in ewes. Thus, the oSDN volume of Flu rams was
intermediate between control males and females and significantly different from both.

Discussion

It has long been recognized that when the female lamb fetus is exposed to T during a
sensitive period of /n utero development (~GD 30-90) the neural mechanisms regulating
gonadotropin secretion and sexual behavior become masculinized and defeminized (45). T
acts on ARs directly or after reduction to DHT and on ERs after aromatization to estradiol
(12). In general, short-gestation mammals such as rats, mice and ferrets rely on
aromatization more extensively for male sexual differentiation than do long-gestation
mammals such as guinea pigs and monkeys (13,46). In sheep, the T-treated female has
proved valuable for determining the timing, type and dose of steroid needed to masculinize
neural mechanisms, structures and behaviors (15). However, an equally useful approach is to
block the actions of endogenous androgen in males by prenatally administering an
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antiandrogen to study the effects on sexually dimorphic adult responses. We chose to use the
antiandrogen Flu that is rapidly metabolized to its primary active form hydroxyflutamide,
which competes with T for AR binding. We showed previously that the dose of Flu used in
the current study crosses the placenta and produces therapeutic levels of hydroxyflutamide
in the fetal circulation (37). The antiandrogen effects of Flu were clearly apparent and, as
expected, the external genitalia of prenatally exposed males were feminized. However, Flu
did not significantly disrupt masculinization or defeminization of hormonal and behavioral
responses.

One possible reason why the external genitalia were susceptible to Flu is that they develop
before the hypothalamic-pituitary-gonadal (HPG) axis becomes active (37). In males, but not
females, the HPG axis is tonically suppressed by T secreted by the fetal testes after the first
trimester of gestation (37,47,48). Thus, it is likely that after the genitalia developed, Flu
blocked negative feedback resulting in elevated concentrations of LH and T in the fetal
blood, which then competed with Flu for binding and activation of ARs in the brain and
pituitary. Two observations support this reasoning. First, we demonstrated previously that
Flu-exposure from GD 60 to 84 elicited exactly this type of compensation in eugonadal
males (37). Secondly, masculinization of the 0SDN was partially blocked in the previous and
current studies as would be expected if the compensatory rise in T interferes with the
antiandrogen at the receptor level. Although this is the most parsimonious explanation of the
results, we cannot exclude the possibility that endogenous T in males acted outside of the
Flu treatment period. Several reports suggest that T remains elevated in male compared to
female lamb fetuses throughout most of gestation and into early postnatal life (5,18,34)
during which androgens could have additional effects. Published reports suggest that a surge
of T occurring in the first few hours after birth contributes to male sexual differentiation in
several mammalian species (49-52). Evidence also exists for a postnatal period of estrogen
sensitivity in sheep that completes defeminization in T-exposed females and consolidates
masculinization in males (1,53,54). In spite of the clearly defined critical period that occurs
between GD 60 to 90 for exogenous administration of T (55), no systematic studies have yet
been undertaken to determine whether sensitivity to T extends into late gestation or early
postnatal life in sheep.

Prenatal Flu exposure did not block behavioral masculinization, but rather increased mount
frequency. These results are consistent with previous reports in rats that used prenatal
treatments with Flu or cyproterone acetate (56,57). It is possible that the elevation in
mounting behavior resulted from sexual excitement due to inability of Flu rams to intromit
and ejaculate. Published data demonstrate that mounting behavior in rats increases when
intromission is blocked by applying lidocaine to the penis and reducing sensory feedback
(58). In general, studies that blocked endogenous androgen receptors prenatally in short
gestation mammals report that copulatory behaviors are either unaffected or reduced, but not
eliminated (56,59-61). Fetal Flu exposure also failed to block masculinization of mating
behaviors in male ferrets (62). Male hyenas exposed to Flu during prenatal development
exhibit abnormal penile development and marked decrements in intromission and
ejaculations (63). In rhesus monkeys, prenatal Flu radically alters penile development (64),
but does not diminish sexual behavior in most males nor does it preclude ejaculation (65).
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Another experimental strategy employed to assess the role of AR activity in masculinizing
copulatory behavior is to examine spontaneous mutant rats and mice with reduced AR
function (testicular feminized or Tfm) or engineered AR knockout mice. Early studies in
Tfm animals and global AR knockout mice found severe deficits in male copulatory
behaviors but like the pharmacological approach were unable to distinguish between
peripheral versus neural-specific function of AR (66). A recent study using conditional
neuron-specific AR deletion (ARNeS/Cre) syggests that AR is not essential for the perinatal
programming of male sexual behavior, but rather is involved in behavioral activation in
adulthood (67). Taken together these data indicate that across species functional ARs are not
essential for the masculinization of copulatory behaviors. Our previous study (18) suggests
there may be a role for ER during developmental masculinization, but this cannot be
considered definitive because normal ewes have an inherent capacity to show male
copulatory behavior in response to continuous T stimulation although its expression can be
enhanced by prenatal T exposure (45,68).

Gestational Flu exposure did not alter sexual partner preferences in rams, with the exception
that Flu rams showed significantly greater female-directed precopulatory behaviors and
mounts. The latter observation probably reflects the fact the Flu males were unable to
ejaculate as discussed. However, in general, rams in the present study did not exhibit a
robust female preference and only two were exclusively female-oriented in each treatment
group. Previous studies using Western sheep breeds found ~55% of yearling ram lambs were
exclusively female-oriented (69). The reason for this difference is not known but may relate
to differences in sheep breed or rearing conditions. Similar to sheep, early prenatal treatment
with Flu had no effect on partner preferences in rhesus monkeys (65). Most of the data
collected in rats, however, indicate that developmental estrogens are required for male-
typical partner preference behavior (70). In mice, it is unclear whether T or estradiol plays
the greater role in development of adult partner preferences. Several studies favor a role for
androgens. Male Tfm mice, which lack a functional AR, show a preference for male-soiled
bedding over female-soiled bedding like WT females, while WT males show a strong
preference for female bedding (71). DHT administered to females at birth masculinizes
partner preferences whereas estradiol does not (72). Female mice lacking alpha fetoprotein
(AFP-KO) that are exposed to maternal estrogens sufficient to masculinize and defeminize
sexual behaviors show unaltered female-typical odor preferences (73). However, ARNes/Cre
male mice show normal male-typical preferences and Fos responses in the medial amygdala
and medial preoptic area suggesting androgens are not essential (67,74). The reasons for
these discrepancies are not yet understood but may relate to aspects of experimental design,
completeness of neural AR ablation or the ability of the organism to compensate for
disruptions in the developmental program.

A sexually dimorphic nucleus (SDN) that is larger in males than in females has been
identified in the preoptic area/ anterior hypothalamus of several species including humans
(75). Neural lesion studies in rats and ferrets have linked males’ preference for sexual
interaction with females as opposed to other males to the function of the male-typical
preoptic nucleus (76). In sheep, the volume of the sexually dimorphic 0SDN is significantly
larger in males than in females (35). The volume of the 0SDN is also larger in rams that
express a male-typical sexual preference for ewes than in rams that prefer other rams (35).
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The association between the volume of 0SDN and sexual preferences suggests that this
region somehow contributes to male-typical preferences for female sexual partners. Previous
findings established that prenatal T masculinizes the o0SDN and that aromatization is not
required for T to act (2,18,34). The current results showing that the volume of 0SDN in Flu
rams was significantly different from both control rams and ewes is consistent with the
interpretation that Flu exerted only a partial block on ARs (37) and may explain why sexual
preference was not altered in the present study. Although inconclusive, these results are
consistent with androgenic programming at the organizational level.

Like control rams, Flu rams did not exhibit LH surges or female-typical receptive behavior
in response to estrogen treatment. These results indicate that neuroendocrine and behavioral
defeminization is not interrupted by Flu in eugonadal males. As explained above, the fetal
hypothalamus-pituitary-testicular axis is sufficiently developed during the period of sexual
differentiation that it can react to AR inhibition at this age with a compensatory increase in T
secretion that mitigates disruptions in brain differentiation. Such compensation is not
possible in female lamb fetuses because the ovary does not normally secrete T or exert
negative feedback. This is probably the reason that co-treatment with Flu blocks the
defeminizing actions of prenatal exposure to exogenous T in female lamb fetuses but not to
endogenous androgens in ram fetuses (19,20,77). Despite the ability of prenatal Flu to
restore LH surges to androgenized ewes, the surges were reduced in magnitude. It has been
inferred that estrogens program LH surge magnitude because prenatal treatment with
nonaromatizable DHT failed to reduce the LH surge magnitude (77). Thus, it is possible that
both androgens and estrogens synergize to organize the LH surge system in sheep.

The steroid requirements for defeminization of sexual receptivity have not been extensively
studied in sheep. The potential for estrogenic programming is suggested by the absence of
an effect of prenatal DHT on female receptivity (14). However, males exposed prenatally to
the aromatase inhibitor ATD did not show receptive behavior in response to adult treatment
with estradiol, which contradicts this assumption (18). Thus, the question of whether
androgen and/or ER activation programs behavioral defeminization in sheep needs to be
further addressed.

The LH surge mechanism is sexually differentiated and nonfunctional in males of several
rodent species, including rats, mice and hamsters. Defeminization of the LH surge in rodents
depends predominantly upon aromatization of T to estradiol and ER activation (12) although
there is evidence for an androgenic contribution as well in rats (78). By contrast, ARs appear
to primarily mediate defeminization of the LH surge mechanism in male guinea pigs (46),
whereas in male monkeys, goats and men the LH surge mechanism is functional (79-81).
Most experiments in rats, mice and guinea pigs support the conclusion that defeminization
of sexual receptivity depends on aromatization (66,82,83). By contrast, prenatal treatment
with either T or DHT defeminizes female sexual behavior in monkeys (84). Thus, the roles
of T and its estrogenic metabolites assume different roles in organizing LH secretion and
sexual behaviors across species.

The anatomical effects of prenatal Flu in sheep agree with those described previously using
a paradigm that combined treatments with exogenous T and Flu (16) and confirm the role
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that fetal androgens and the AR plays in masculinization of the external genitalia. The
current study shows that the testes of Flu rams retain the capacity for androgen synthesis
although the testes are positioned subcutaneously in the caudal abdominal region and are
azospermic. Differences in the concentrations of serum androgen between control and Flu
rams only became evident during the fall breeding season (i.e., between September and
November) when androgens rose precipitously in control rams, but were not different among
groups in the summer and winter. Flu exposure did not alter pituitary responsiveness to a
bolus injection of GnRH. Thus the reduced capacity for T secretion suggests that prenatal
Flu exposure compromised the development and function of Leydig cells either directly or
by altering the endocrine milieu during gestation (85).

In summary, we found that prenatal exposure to the antiandrogen Flu only partially
interfered with masculinization of the 0SDN. Although Flu rams displayed enhanced
mounting behavior as adults, there was no effect on the display of other aspects of male-
typical sexual behavior, including sexual partner preference. Moreover, Flu rams, like
control rams, did not exhibit female-typical receptive behavior or LH surges in response to
estrogen treatment. Prenatal Flu completely blocked masculinization of the external genitalia
and decreased the seasonal increase in androgen secretion. These results indicate that
prenatal exposure to antiandrogens that are sufficient to block masculinization of the
external genitalia were insufficient to totally block male sexual differentiation in sheep and
suggest that compensatory mechanisms intervene in fetal ram lambs to maintain sufficient
androgen stimulation during development.
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Figure 1.
Cross sections of testis from Flu rams (A) and control rams (B). Digital image shows that

seminiferous tubules of Flu rams are devoid of developing germ cells and spermatozoa in
comparison to control tubules. 20X magnification.
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Figure 2.
Mean + SEM serum concentrations of T in control (n=7) and Flu ram (n=7) lambs from 3

months of age through the end of January during the first breeding season. 2-way ANOVA
for repeated measures revealed that T concentrations were significantly greater (P < 0.05) in
control vs. Flu ram lambs between September 1 and November 24.
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LH secretion in response to a surge-inducing dose of estradiol (50 pg/animal) in control
female sheep (n=6), Flu rams (n=7) and control rams (n=7). Blood samples were collected
every 2 h from 4 h before estradiol was injected until 30 h after injection. All 6 females met
the criterion for an LH surge defined as LH values exceeding twice the average pre-estradiol
baseline for a minimum of 6h. No males met this criterion. Values are mean + SEM.
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LH secretion in response to an i.v. injection of GnRH (100 pg/animal) in control and Flu
rams (n=7 rams per group). Blood samples were collected every 15 min before and after
GnRH administration. Time = minutes before or after GnRH injection. AUC, area under the

curve. Values are mean + SEM.
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Figure5.
The frequency of male reproductive behaviors exhibited in serving capacity tests. Rams

were placed with two sexually receptive ewes and behaviors recorded for 20 min on 9
separate occasions. Data represent the mean + SEM frequencies on the final 3 tests (n=6
rams per group). *, P < 0.05 control versus Flu ram. Abbreviations: GS, anogenital sniffs;
kicks, foreleg kicks; Flehm, flehmen; Vocal, vocalizations; Mnts, mounts; Ejacs,
ejaculations.
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Sexual preference tests. Each ram was given 3 preference tests at ~19 months of age (yr. 2).
The frequencies of precopulatory (Pre) behaviors (anogenital sniffs, foreleg kicks, nudges,
flehmen, and vocalizations), mounts (Mnts) and ejaculations (Ejacs) directed at either
estrous female stimulus animals (Female-directed) or male stimulus animals (Male-directed)
were recorded. Data represent the mean = SEM frequencies on 3 tests (n=6 rams per group).
*, P <0.05 control versus Flu ram; #, P < 0.05 female-directed versus male-directed.
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Figure7.

Effect of prenatal exposure to Flu from GD 30 to 90 on 0SDN development in adult
castrated rams and intact ewes treated with T (n=6-7 sheep per group). Data are mean
volumes (+ SEM) calculated from autoradiograms of aromatase mMRNA expression. Serum
testosterone concentrations were measured in jugular blood sampled on the day of brain
perfusion, 1-wk after the final testosterone cypionate (1.5 mg/kg) injection. Bars with
different superscripts are significantly different, P < 0.05.
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