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Abstract

Gonadal steroid hormones play important roles during critical periods of development to organize
brain structures that control sexually dimorphic neuroendocrine responses and behaviors. Specific
receptors for androgens and estrogens must be expressed at appropriate times during development
in order to mediate these processes. The present study was performed to test for sex differences in
the relative expression of estrogen receptor-a (ERa) and androgen receptor (AR) mRNA during
the window of time in gestation that is critical for behavioral masculinization and differentiation
of the ovine sexually dimorphic nucleus (0SDN) in the sheep. In addition, we examined whether
ERa and AR mRNA expression is localized within the nascent 0SDN and could be involved in its
development. Using quantitative RT-PCR, we found that females expressed more ERa mRNA
than males in medial preoptic area and medial basal hypothalamus during the mid-gestational
critical period for brain sexual differentiation. No sex differences were found for AR mRNA in
any tissue examined or for ERa in amygdala and frontal cortex. Using radioactive in situ
hybridization, we found that the distributions of ERa and AR mRNA overlapped with aromatase
mRNA, which delineates the boundaries of the developing 0SDN and identifies this nucleus as a
target for both androgens and estrogens These data demonstrate that the transcriptional machinery
for synthesizing gonadal steroid receptors is functional in the fetal lamb brain during the critical
period for sexual differentiation and suggest possible mechanisms for establishing dimorphisms
controlled by gonadal steroids may exist at the level of steroid hormone receptor expression.
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Introduction

Sexual differentiation of sheep is dependent on exposure to the gonadal hormone
testosterone (T) before birth (1). The broad critical period for differentiation occurs between
gestational day (GD) 30 and 90 of the 147-d term pregnancy (1,2). Female lambs born to
ewes treated with T during the full 60-day critical period are born with completely virilized
genitals (2). Behaviorally, these T-treated females exhibit more male-typical copulatory
behaviors and less female-typical proceptive and receptive behaviors than controls,
indicating that behavior is both masculinized and defeminized (3,4). Prenatal exposure of
females to T throughout this period also reduces hypothalamic sensitivity to the major
feedback systems involved in control of cyclic GnRH and gonadotropin secretion, including
estrogen negative and positive feedback and progesterone (P) negative feedback (5-7). In
addition, exposure to T throughout the entire critical period was shown to masculinize
sexually dimorphic cell groups in the arcuate nucleus of the hypothalamus (8,9) and the
central component of the medial preoptic nucleus, also known as the ovine sexually
dimorphic nucleus (0SDN) (10). These anatomical structures are presumed to be involved in
the regulation of GNRH secretion and the expression of male-typical sexual behavior,
respectively.

Treatments with T for shorter periods demonstrate that timing and duration of steroid
exposure are important and reveal that multiple overlapping critical periods exist. Early
administration of T from GD30 to GD60 results in development of a penis and scrotum
devoid of testes in genetically female offspring. By contrast, late treatment between GD60
and GD90 causes slight enlargement of the clitoris but does not alter the basic structure of
the female genitalia (11). Both early and late treatments alter the timing of puberty and the
LH positive feedback response to estradiol (E2) in females, but neither treatment alone
completely defeminizes hormone feedback or receptive behavior (11,12). In contrast, late
treatment is sufficient to masculinize courtship and mounting activity (4,13) and enlarge the
volume of the 0SDN (14). Thus, the prenatal critical period for masculinization of the sheep
brain and sexual behavior appears to occur later than and separate from the period for
development of the male genitals and is more time-limited than the critical period for
gonadotropin control.

Sexual differentiation is initiated by the secretion of T by the fetal testis. It is well
documented that T can be metabolized to E2 and dihydrotestosterone (DHT) (15,16);
metabolites that act on separate estrogen (ER) and androgen receptor (AR) pathways,
respectively. Studies in sheep suggest that both androgens and estrogens organize
neuroendocrine mechanisms and behavioral activity, but their relative contributions are not
yet fully understood. For example, estrogen is believed to defeminize GnRH control because
prenatal treatment of females with T (androgenic and estrogenic actions) disrupts or
abolishes the LH surge response to late follicular phase concentrations of E2, but prenatal
DHT treatment (androgenic actions only) do not (17). In contrast, the development of male-
typical play behavior and pubertal timing are dependent primarily on androgens, not
estrogens (18-20). There is some evidence that prenatal estrogen is involved in
masculinization of copulatory behavior in rams, but not required for the development of
male-typical sexual partner preferences (21). Though steroid hormones have been
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established as causal agents in sex specific brain development, the specific molecular
mechanisms mediating these phenomena have not been fully elucidated in sheep. If
estrogens and androgens act through their receptors to organize a male typical brain, then
either the dimorphic brain regions or areas functionally connected to these regions should
express ER and AR during the masculinization process. Additionally, dimorphisms at the
level of receptor expression may play a role in determining the degree of brain
masculinization. Previous studies that established steroid receptors are expressed in the
developing fetal lamb brain used near term fetuses (22) or gross dissections of the
diencephalon that may have obscured possible sex differences (23-26). The present study
used younger fetuses and a more discrete dissection of the medial preoptic area (MPOA) in
order to test for sex differences in the expression levels of ERa and AR messenger RNA
(mRNA) during the window of time that is critical for behavioral masculinization and 0SDN
differentiation in the sheep. In addition, we employed in situ hybridization to examine
whether ERa and AR mRNA expression overlaps with aromatase mMRNA, which defines the
boundaries of the developing 0SDN.

Material and methods

Animals

Adult Polypay ewes, purchased from the sheep facility at Oregon State University (OSU),
were mated during the breeding season after synchronization of estrus with intravaginal
progestagen pessaries (Eazi-breed CIDR Sheep Insert; Zoetis, New York, NY) for 7 days.
Ewes received an i.m. injection of 125 pg prostaglandin F2a, on day 6 (Estrumate: Schering-
Plough Animal Health, Elkhorn, NE) and were bred on day 9. The day of mating was
confirmed by the presence of the stud ram'’s raddle marks on the ewe's rump and recorded as
Day 1 of gestation. To collect fetuses of various gestational ages, dams were sedated with
ketamine and diazepam i.v. and then maintained under general anesthesia with inhaled
isoflorane and oxygen. The uterus was exposed through a mid-ventral laparotomy and
incised to expose the fetus and obtain blood from the umbilical artery. Fetuses were then
removed, weighed and exsanguinated. A total of 16 male and 16 female lamb fetuses were
used in this experiment. All animal procedures were approved by the Institutional Animal
Care and Use Committees of the Oregon Health and Science University and OSU in
accordance with Public Health Services Policy on Humane Care and Use of Laboratory
Animals.

Tissue Collection

Tissues used in this study were obtained from male and female fetal lambs of the following
days of gestation £ 2 days: 65, 85, 100 and 135 and intended to span the critical period for
organization of the oSDN i.e., GD 60 to 90. A full term pregnancy is approximately 147
days long. Fetal brains were rapidly isolated, sectioned mid-sagitally and dissected using
surface landmarks. The left half of the brain was used to dissect out frontal cortex (FCTX),
medial preoptic area (MPOA), medial basal hypothalamus (MBH) and amygdala (AMYG).
The FCTX was dissected from the anterior pole of the cerebral cortex. The MPOA consisted
of a block of tissue extending rostrocaudally from the lamina terminalis anteriorly to the
caudal aspect of the optic chiasm. The block of tissue is situated between the optic chiasm
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and the anterior commissure in the dorsal-ventral plane and extended laterally ~1 mm. The
MBH consisted of a block of tissue immediately caudal to MPOA extending to the rostral
aspect of the mammillary bodies. This dissection extended dorsoventrally from the ventral
border of the thalamus to the floor of the third ventricle and laterally to the hypothalamic
sulcus. The AMYG was a wedge of tissue dissected from the ventromedial left temporal
lobe. The FCTX was a piece of tissue 2 mm deep dissected from the anterior pole of the left
frontal lobe. Fresh tissues were rapidly frozen and stored at -80°C until used to extract RNA.
The right half of the brain was dissected into a block of tissue which extended from the
lamina terminalis to the posterior border of the mammillary bodies. This tissue block was
then immersion fixed overnight at 4°C in 4% paraformaldehyde, cryoprotected in 20%
sucrose, frozen and stored at -80°C until cryostat sectioned.

Real time polymerase chain reaction (RT-PCR) quantification

Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. RNasin® RNAse inhibitor (Promega) was added after
extraction and samples were stored at -80°C until used. Total RNA (500ng) in each sample
was converted to cDNA by reverse transcription using the First Strand Superscript 111 Kit
(Invitrogen) according to the manufacturer's instructions. The resulting cDNA samples were
stored at -20°C. Real time PCR reactions were run in triplicate for each sample using
PowerSYBR Green Master Mix (Invitrogen). Primers (Table 1) for ovine ERa, AR and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were specifically designed to cross
exon junctions using Clone Manager software ver. 8 (Sci-Ed Software, Cary, NC). All
reactions were run in an ABI Fast 7500 Thermal Cycler (Applied Biosystems, Life
Technologies). Reactions were amplified using the following conditions: 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The primer efficiencies for ERa
and AR were 91% and 89%, respectively. Melting curves showed a single peak. Control
reactions (no template and RT minus) were run at the same time to verify the primers were
specific for amplified product and that the RNA was not contaminated with genomic DNA.
Quantification of gene expression was performed by the relative standard curve method
(27), normalized against the reference gene GAPDH and reported as the fold difference
relative to the mean expression levels of male fetuses at each gestational age (28). Note that
no significant variations in GAPDH expression were observed between sexes.

In situ hybridization

Fixed brains from fetal lambs (n = 2 males and 1female per gestational age) were sectioned
coronally at 20 or 40 pm thick, then mounted onto Superfrost® plus microscope slides
(Fischer Scientific; Pittsburgh, PA), desiccated and stored frozen at — 80°C. Four parallel
series of sections were taken throughout the MPOA-anterior hypothalamus and used for in
situ hybridization and for thionin staining. Partial cDNA clones for ovine ERa (accession
number U30299; nt 53-335), AR (accession number AF105713; nt 1-338) and aromatase
(accession number AF193858: nt 61-285) (29-31) were used to synthesize P33-labeled
antisense and sense RNA probes with the appropriate DNA-dependent RNA polymerase
according the manufacturer's instructions (Promega Corp.; Madison, WI1). In situ
hybridization was conducted according to our previously published protocol (32). Following
hybridization, the sections were exposed for 8-14 days to Hypermax B films and then
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developed in Kodak® D19 developer. Control hybridizations performed using P33-labeled
sense probes showed no specific signal above background (data not shown).

Steroid radioimmunoassay

Fetal serum at all gestational time points was analyzed for concentrations of E2 and T using
radioimmunoassay (RIA) procedures that have been validated and published previously
(33). Briefly, serum samples (500 ul) were extracted with 5 ml diethyl ether, dried under
forced air and re-dissolved in 200 pl of column solvent (Hexane:benzene:methanol = 62:20:
13). The sample was then added to a 1 x 6 cm all-glass column containing Sephadex LH-20
for separation of different steroids. Each collected column fraction contained a specific
isolated steroid and was dried under an air stream before being subjected to RIA. Hormone
values were corrected for extraction-chromatography losses determined by radioactive trace
recovery at the same time with sample extraction; recovery usually was between 60 and
80%. The sensitivity/tube of the E2 and T RIA was 1 and 5 pg, respectively. The overall
interassay variation was less than 15% and the intraassay variations did not exceed 10%.

Statistical analysis

Results
RT- PCR

Sex comparisons of steroid receptor expression data were analyzed with a t-test corrected for
differences among several means (34). Comparisons between ages were not performed
because the rapid brain growth during gestation leads to tissue dilution which may confound
interpretation of age-related expression data. Hormone concentrations were analyzed by
two-way ANOVA, with post-hoc comparisons made using Fisher's least squares difference
(LSD) test. Data were log;q transformed when necessary to equalize variances among
groups. All data are expressed as mean + SEM,; statistical significance for all analyses was
defined as P<0.05.

ERa and AR mRNA was detected by RT-PCR in all brain tissues that were examined. In the
MPOA (Fig. 1), ERa mRNA expression was significantly (P < 0.05) higher in females than
in males at GD 65 and GD 85. No sex differences in AR expression were observed in
MPOA. In the MBH (Fig. 2), ERa mRNA expression was significantly (P < 0.05) higher in
females than in males at GD 65 and GD 135, but no sex differences were observed at the
other ages. No sex differences in AR expression were observed in MPOA. No sex
differences were apparent in either ERa or AR mRNA expression in either the AMYG
(Supplemental Fig. 1) or the FCTX (Supplemental Fig. 2).

In situ hybridization

ERa and AR mRNA was expressed in both male and female fetal lambs MPOA as early as
GD 65 (Fig.3). The strongest signals were evident in the central component of the medial
preoptic nucleus (MPNCc), which represents the nascent oSDN and occupies the central
portion of the MPOA as defined by aromatase mMRNA expression (Fig. 3). Hybridization
signal was also found in the bed n. of the stria terminalis. The expression patterns for both
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receptors were similar at all ages throughout gestation and overlapped with aromatase
MRNA expression within the boundaries of the 0SDN.

Serum steroid concentrations

The average serum estradiol levels increased with developmental age (F[3,24] = 8.5; P
<0.001), but did not exhibit an effect of sex or an age x sex interaction, Fig. 4. Serum
testosterone exhibited a significant effect of sex (F[1,24] = 12.5; P <0.01), but no age effect
or age x sex interaction. The mean concentrations of testosterone at GD 85 and GD 100
were significantly (P < 0.05) higher in male than in female lamb fetuses, Fig. 4.

Discussion

We found that ERa and AR mRNAs are expressed in fetal lamb brain regions that regulate
reproductive function and behavior. ERa mRNA levels were significantly higher in the
MPOA and MBH of females than of males during the critical period for sexual
differentiation. No sex differences were found for AR mRNA expression in any tissue
examined or for ERa in amygdala and frontal cortex. In addition, our anatomical study
demonstrated that both ERa and AR are expressed within the central component of the fetal
medial preoptic n., which represents the nascent 0SDN as defined by aromatase mRNA
expression. These results complement our previous observation that aromatase mMRNA
expression has a similar pattern of distribution in the fetal MPOA but not quantitatively
different between sexes (28). The simultaneous expression of aromatase, ERa and AR
suggest that both androgens and estrogens, either synthesized in the brain or derived from
the circulation, are available to mediate hormone dependent developmental processes that
lead to functional and structural changes in brain areas important for male-typical
differentiation. However unlike ERa, AR expression levels are similar in males and females
during the critical period. The absence of a sex difference in AR expression suggests that
testosterone dependent dimorphisms in these brains regions are probably mediated by sex
differences in hormone levels, rather than dimorphisms in receptor expression levels.

Sex differences in ERa levels have been demonstrated previously in several species (35-38).
In adult rats, ER binding in periventricular preoptic area, MPOA and ventromedial nucleus
of the hypothalamus (VMN) is higher in females than in males (39). A bias toward higher
levels in females has also been reported in ERa mRNA levels (37). In adult sheep, ERa
mRNA expression in the VMN and arcuate n. is higher in females than in males, but no sex
differences are observed in the MPOA nuclei (35). In fetal rats, sex differences in ERa
emerge within 24 hr. after birth in the MPOA and appear by postnatal day 2 in the VMN and
arcuate n. (ARC) (36,38,40,41). These differences persist for at least 2 weeks and
encompass the postnatal critical period for sexual differentiation of the brain in rats.
Similarly, our observations show that in sheep the sex difference in ERa expression appears
to coincide with the critical period, which occurs prenatally (i.e. between GD 30 and 90) in
this species. The existence of higher ERa mRNA levels in the brain of females suggests that
the male might be less sensitive to estrogens during this period. However, ERa mRNA has
been shown to be reduced by estrogens in the brains of adult and fetal animals (37,42,43)
indicating that lower levels of mMRNA could represent receptor activation and autologous
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down-regulation of gene expression. Further studies to examine the effect of exogenous
estrogen treatment on ERa expression will be required to distinguish between these
possibilities.

We found that sex differences in ERa expression vary during development, appearing only
transiently as they seem to do in MBH at GD 65 and then again at GD 135. Previous studies
have proposed that there could be multiple critical periods during which gonadal steroids
organize different sexually dimorphic neuroendocrine and behavioral functions in sheep
(44). The present observations are consistent with the view that this may be due, in part, to
temporal variations in ERa expression.

Our results differ from previous reports that found ERa mRNA expression in fetal lambs
does not exhibit sex differences (22,23,25,26). In general, these earlier studies used older
fetuses (i.e. > 120 days of gestation) and/or gross dissections of diencephalon that included
both preoptic and hypothalamic tissue. We used younger fetuses to encompass the critical
period for sexual differentiation of the 0SDN and separate dissections of the MPOA and
MBH to provide better anatomical resolution. These differences may explain why we
detected subtle but significant region-specific sex differences.

No sex differences in AR mRNA expression were found in the fetal sheep brain. These
results suggest that the developing brain of both sexes could be influenced by androgens
under normal or pathological conditions. Similar to our results, earlier studies in rhesus
monkeys, a long gestation species like sheep, failed to find evidence of sex differences in
brain AR content between male and female fetuses (45,46). A study conducted with guinea
pigs found that AR content at midgestation was transiently higher in males than in females
(47). In rats, AR mRNA has been detected in the preoptic area and hypothalamus one day
before birth and then increases over the first 10 days of life (48). On postnatal day 10, a sex
difference emerges in the MPOA and bed n. of the stria terminalis, but not in the MBH, with
males having greater levels of receptor mRNA than females. Rats are less mature at birth
than sheep and developmental stages that occur in rats postnatally occur prenatally in sheep.
In contrast to fetuses, MPOA but not hypothalamus contains greater levels of AR expression
in adult rams than ewes (49) consistent with the role of this region in the regulation of male
sexual behaviors. The MPOA tissue block used in the present study contained several
regions/nuclei in which AR mRNA expression may be regulated differentially. For instance,
while sex differences in adults were found for the AR mRNA content of MPOA and bed n.
of the stria terminalis, no difference was found in the anterior hypothalamus (49). Since all
of these nuclei were included in our dissection a sex difference could have been negated and
should be confirmed using quantitative anatomical studies.

The results of the present in situ hybridization study demonstrate that ERa, AR and
aromatase MRNAS, are present in the developing 0SDN. The adult oSDN is larger and
contains more neurons in males than in females, and is enlarged in females exposed
prenatally to testosterone (10,50). Prenatal exposure of male lamb fetuses to an aromatase
inhibitor does not interfere with oSDN masculinization (51), however, exposure to the anti-
androgen flutamide does (our unpublished observations). These results indicate that the
control of cell number and volume in the 0SDN most likely does not rely on aromatase and
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estrogen metabolites of testosterone in sheep but rather requires androgenic actions. Studies
in rats have shown previously that androgens directly stimulate functional differentiation of
cultured hypothalamic neurons by increasing the number of aromatase-positive neurons and
the expression level per neuron (52,53). Similar androgenic effects could be responsible for
masculine differentiation of the 0SDN. Both androgens and estrogens contribute to circuit
formation by stimulating morphological differentiation of central neurons (54-58). In the
developing male oSDN in vivo, there may be higher tissue levels of androgens as well as
estrogens, the latter being due to higher local aromatization of the increased circulating
testosterone characteristic of males during the critical period. Thus, in addition to a larger
0oSDN, we would predict that axon outgrowth and neuronal connectivity would be more
pronounced in males than in females.

Our results provide information about the relative steady-state amounts of ERa and AR
transcript. While mRNA is required for synthesis of receptor protein, it is not yet possible to
relate steroid receptor mRNA levels to receptor protein and binding. Mismatches have been
reported between the developmental profiles of mMRNA and protein abundance for steroid
receptors in the sheep brain (24,26) suggesting that additional regulation occurs at the
translational and posttranslational levels. In addition to ERa and AR, a second form of the
estrogen receptor ERp is expressed in the sheep brain (26,35,59) but was not measured in
the present study. Though not shown to play a role in SDN development, ERJ has been
implicated in the estrogen-dependent organization of gonadotropin signaling pathways in
rats (36,60). Whether ERp plays any role in the sexual differentiation of the sheep brain
remains to be determined in future experiments.

In summary, we compared the expression levels of ERa and AR within the preoptic area,
hypothalamus, amygdala and cerebral cortex of male and female lamb fetuses. We found
females expressed more ERa than males in MPOA and MBH during the critical period for
brain sexual differentiation. Our anatomic evidence suggests that the developing 0SDN in
the MPOA is a target site for both androgens and estrogens. We speculate that testicular
testosterone acting through both receptors produces the sexually dimorphic brain
morphology and circuitry that underlie sex differences in the neuroendocrine responses and
sexual behaviors of adult ewes and rams.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expression of ERa and AR mRNA in the MPOA of male and female fetal lambs.

Expression of mRNA is normalized against the reference gene GAPDH and reported as the
fold difference relative to the mean expression levels of male fetuses at each gestational age.
Data are the mean + SEM fold differences relative to mean expression of 65-day-old male
MPOA. Data were analyzed by a t-test for multiple means. *P < 0.05, female versus male.
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Figure 2.
Expression of ERa and AR mRNA in the MBH of male and female fetal lambs. See legend

to Figure 1 for other details. *P < 0.05, female versus male.
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Figure 3.
Digitized autoradiographic film images of coronal sections through the right half of the fetal

lamb preoptic region showing the pattern of expression for ERa and AR mRNAs at
gestational days (GD): 65, 85, 100 and 135. Note that the dark signal for aromatase mMRNA
in the central area of the medial preoptic n. (MPNCc) represents the nascent oSDN. All
sections are from males, no significant differences were found in the patterns of the signal in
females. Sections were cut at 20 pm thickness except for GD135 which was cut at 40 um.
All images were enlarged 380x (see bar for scale). Abbreviations: ac, anterior commissure;
BST, bed n. of the stria terminalis; MPN, medial preoptic n.; oc, optic chiasm; ot, optic tract;
3V, third ventricle. Brightness and contrast were adjusted to optimize images.
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Figure4.
Developmental changes in mean (+ SEM) concentrations of E2 and T in umbilical artery

serum from male and female fetal lambs. Data were log transformed and analyzed by 2-
way ANOVA followed by Fisher's LSD test. *P < 0.05, male versus female.
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Table 1
OvineERa, AR and GAPDH primer sequencesused in RT-PCR
Sense Antisense Accession #
ERa GGACCACATCCACCGCGTCC | TGCCTTTGTTGCTCATGTGCCT | AY033393.1
AR CATGGGCTGGCGGTCCTTC | CCGGGACTTGTGCATGCGGT | AF105713.1
GAPDH | TCATCCATGACCACTTTG AGTAGAAGCAGGGATGATGT | NM_001190390.1
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