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Abstract

Circulating concentrations of gonadal steroid hormones and reproductive behavior in female vertebrates vary as a function of ovarian
state. Steroids secreted by the ovary, specifically estrogen and progesterone, influence the expression of behaviors associated with
reproduction by interacting with intracellular sex steroid receptors located in specific regions of the brain. Using in situ hybridization, we
analyzed estrogen receptor and progesterone receptor messenger ANA expression in several brain regions of ovariectomized, vitellogenic,
and postovulatory individuals from two species of whiptail lizards {Cnemidophorus uniparens and C. inornatus). Although these species
are genetically very similar, they differ in two aspects of their reproductive biology: (i) the unisexual C. uniparens alternate between
expressing female-typical and male-like pssudosexual behaviors while female C. inormatus normally express only female receptive behaviar,
and (i) circulating estradiol concentrations in reproductively active female C. uniparens are approximately five-fold lower than in
reproductively active female C. inomatus. We found that the regulation of sex steroid receptor gene expression was region specific, with
receptor-mRNA expression being increased, unchanged, or decreased during vitellogenesis depending on the area. Furthermare, several
species differences in the amount of sex steroid receptor-mRANA were found that may be relevant to the species differences in circulating

estrogen concentrations and sexual behavior,

Gonadal steroid hormones modulate reproductive behavior and
physiology by interacting with steroid-specific receptor proteins
localized in specific neuronal groups in the vertebrate brain (1).
Sex steroid receptors are members of a superfamily of ligand-
dependent transcription factors which mediate the genomic effects
of gonadal steroids by altering the rate of gene expression (2}
Sex steroid hormone-induced changes in gene expression in certain
brain nuclei are thought to influence directly the display of
reproductive behaviors. For example, estrogenic induction of the
neuropeptide oxytocin and its receptor in the ventromedial nuc-
leus of the hypothalamus is thought to be crucial to the expression
of lordosis behavior in female rats (3). Although a great deal of
information is available on the relationship between circulating
steroid hormone concentration, gonadal development, and repro-
ductive behavior in several small mammal species (4), little is
known regarding the dynamics of sex steroid receptor expression
and its relation to behavior in the brain of non-rodents.
Whiptail lizards (genus Cnemidophorus) provide a model system
for studying the evolution of hormone-brain-behavior relationship
(5). Cnemidophorus uniparens is an all-female species of lizard
descended from a hybridization event between C. inornatus and
another Crnemidophorus species that resulted in a triploid genome,

two-thirds of which is derived from C. inornatus (6). The sexual
ancestor and unisexual descendant species differ in reproductive
behavior patterns and normal circulating concentrations of
estrogen. Investigations into the hormonal and neuronal control
of reproductive behavior of both species reveal that the expression
of reproductive behavior in female whiptail lizards varies with
ovarian condition (7, 8) and is controlled by ovarian steroids
which act on certain hypothalamic brain regions (9-11).

Recently, in situ hybridization studies have revealed the neuro-
anatomical distribution of estrogen receptor (ER), progesterone
receptor (PR), and androgen receptor (AR)-mRNA expression
in C uniparens and C. imornaus (12). Information on the
estrogenic regulation of ER- and PR-mRNA expression in the
brain has also been reported (13). The primary goal of this study
was to use in siru hybridization assays o determine (i) if sex
steroid receptor-mRNA expression in the lizard brain varies as a
function of ovarian development, and (ii) whether species differ-
ences in sex steroid receptor-mRNA expression exist which may
be relevant to species differences in reproductive behavior and
circulating estradiol concentrations.

The data presented here provides the first information on sex
steroid receptor gene expression in relation to the ovarian eycle
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of nonmammalian vertebrates and offers insights into the evolu-
tion of hormone-brain-behavior relationships.

Results

Hybridization with the radiolabeled antisense cRNA probes
(Fig. 1) resulted in specific labeling of neurons (Fig.2) in a
pattern consistent with previous studies (12). The neuroanatom.
ical positions of the brain regions analyzed are illustrated in
Fig. 3. The results of the analysis of the silver grain density in
brains hybridized to ER and PR antisense probes are presented -
in Figs 4 and 3, respectively.

Sex steroid receptor-mRNA exprassion changes with ovarian
state in some, but not in all, brain regions. The relative abundance
of ER-mRNA varied as a function of ovarian condition only in
the periventricular nucleus of the preoptic area and the ventro-
medial hypothalamus. In the periventricular nucleus of the preop-
tic area, ER-mRNA levels were lowest during vitellogenesis when
estradiol concentrations are elevated. In the ventromedial hypo-
thalamus, ER-mRNA levels were highest in ovariectomized and
lowest in postovulatory animals. When ER-mRNA expression in
the ventromedial hypothalamus of vitellogenic animals was correl-
ated with the stage of ovarian development, it was found that as
a group, C. uniparens with medium sized follicles (MPRE, 4-7 mm
diameter) had lower ER-mRNA concentrations than animals in
earlier (EPRE) or later (LPRE) stages of vitellogenesis. Although
the significance of this difference is unclear (a similar correlation
was not found in female C. inornatus), analysis of estradiol

concentrations in the pooled plasmas from these groups indicated
that animals with medium sized follicles also had a lower estradiol
concentration than the other groups (Fig. 6).

Species differences in ER-mRNA expression were found in the
periventricular nucleus of the preoptic area and the medial
preoptic area. In both areas, ER-mRNA expression was higher
in C. uniparens compared to female C. inornarus.

Significant effects of ovarian condition on PR-mRNA expres-
sion were found in the ventromedial hypothalamus, lentiformis
thalami pars plicta, periventricular nucleus of the hypothalamus,
and the torus semicirculans (Fig. 5). In all of these areas, except
for the lentiformis thalami pars plicta, silver grain density was
highest in vitellogenic animals: in this area, silver grain density
was highest in postovulatory animals.

Species differences in PR-mRNA expression were found in the
medial preoptic area, nucleus centralis amygdalae, ventromedial
hypothalamus, and dersal hypathalamus. In the medial preoptic
area, amygdala, and dorsal hypothalamus, PR-mRNA expression
was higher in C. uniparens. In contrast, silver grain density in the
ventromedial hypothalamus was highest in female € inornatus.

Discussion

Plasma estradiol and progesterone levels change significantly with
ovarian development in C. wniparens and € inorngtus (14, 15).
Estradiol levels are elevated during vitellogenesis, and decline
rapidly after ovulation. Progesterone levels are low during wvitel-
logenesis and rise around the time of ovulation. This experiment
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FiG. |. Schematic diagrams showing the size and position of the Cremidophorus estrogen receptor ( LYCUER1b) and progesterone receptor { LYCUPR 3a)
clones relative to the full length human sequences. The structures of the human esttogen receptor (RER), and progesterone receptor (hPR) are

illustrated above the lizard clones to demonsirate the relative position of
study. The numbers positioncd above and below the human receptor struct

the sequences used to generate the radivactive probes used in the present
ures are amino acid sequence positions for the hER (47) and the hPR (48).
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FiG. 2. Photomicrograph illustrating silver grain density over cells in the ventromadial hypothalamus of (A) ovariectomized, (p) vitellogenie, and
(<) postovulatery Cremidophorus uniparens following in situ hybreidization with the antisense progesterone receptor probe. Scale bar =50 pm.

demonstrates that in some brain regions ER- and PR-mRENA
expression also change over the course of ovanan development.
Furthermore, the changes in sex steroid receptor gene expression
occur in a region specific manner and are most likely mediated
by the changes in ovarian sex steroid hormone secretion,

The changes in ER-mRNA expression in the periventricular
nucleus of the preoptic area are consistent with the hypothesis
that ER-mRMA expression in that area is suppressed by estradiol.
Silver grain density was elevated in ovariectomized and post-
ovulatory animals compared to vitellogenic animals. The results
obtained for ER-mRNA expression in the ventromedial hypothal-
amus are more difficult to interpret. Unlike in the pattern found
in the female rat, ER-mRNA expression in ovariectomized lizards
is clearly increased with estradiol benzoate treatment (13, 16).
Yet, the concentration of ER-mRNA in the present study was
highest in ovariectomized animals. This paradoxical result
prompted us to compare ER-mRNA expression in the ventro-
medial hypothalamus with plasma estradiol concentrations. This
comparison suggests that in intact animals, ER-mRNA expression
appears to be positively correlated with estradiol concentrations,
consistent with the earlier experiments with administration of
exogenous estrogen [ |3), Estrogen receptor-mR NA concentration
appears to be higher in vitellogenic animals with higher estradiol
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concentrations ( Fig. 6). Upon ovariectomy, however, ER-mRNA
expression increases, while exogenous EB treatment increases
ER-mRNA expression even further (13). Estrogen receptor gene
expression in the ventromedial hypothalamus of the rat is also
elevated upon ovariectomy (17). It is possible that some factor,
whether it be chemical (18) or a neuronal connection (see (19)
for a review) originating from the ovary suppresses ER-mRNA
expression. Removal of the ovary relieves the suppression, thus
increasing ER-mRNA expression. If this hypothesis is correct,
ovariectomy would remove the influence of this factor, resulting
in an increase in the basal rate of ER gene expression. We are
currently investigating the effects of unilateral ovariectomy on
ER-mRNA expression in the ventromedial hypothalamus.
Estradiol stimulates hypothalamic PR expression in a number
of species, including the whiptail lizard (13, 20-25). In the present
study, PR-mRNA expression in the ventromedial hypothalamus,
periventricular nucleus of the hypothalamus, and the torus semi-
circularis was elevated in vitellogenic animals. This result is .
consistent with the previous work which demonstrated that in
the ventromedial hypothalamus and the torus semicircularis,
PR-mRNA expression is estrogen-sensitive (13). In each of these
areas, ER-mENA appears to be co-distributed with PR-mRNA
(12). In the lentiformis thalami pars plicta, however, PR-mRNA






