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CHAPTER I

INTRODUCTION AND STATEMENT OF THE PROBLEM

Sexual differentiation in mammals is a complex
developmental process resulting in an organism with a male
or female phenotype. Sexually differentiated anatomic
structures include: the gonads, the external genitalia,
some brain nuclei, the reproductive tract and accessory
organs of reproduction, as well as nonreproductive organs
and tissues. The primary brain functions organized during
sexual differentiation are the pattern of gonadotropin
release (tonic or cyclic) and stereotypical sexual
behaviors. Male sexual differentiation occurs when
undifferentiated tissues are exposed to secretions of the
fetal testis. Individuals not exposed to threshold amounts
of androgen (e.g. genetic females, males unable to produce
androgens, or males unable to respond to androgens) develop
as females. Androgen exposure must occur during a tissue-
specific "critical period" or period of maximal
susceptibility to androgen.

Steroid hormones bind specific receptors in target
tissues; receptor/hormone complexes interact with cellular
DNA to regulate protein synthesis. Androgen receptors are
necessary for normal male development. Men with complete
androgen resistance possess feminine external genitalia, are

usually reared and behave as females, and have abnormal
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gonadotropin secretion. The ontogeny of androgen receptors
may be important in determining the critical period by: 1)
conferring initial sensitivity and steroid specificity to
target tissues or 2) signalling the beginning and end of the
critical period when receptor concentration exceeds/drops
below a minimum level.

In rats and mice, in situ metabolism of testosterone to
estradiol (aromatization) appears to be essential for brain
masculinization. Testosterone then serves as a pro-hormone.
However, in other rodents, such as guinea pigs and ferrets,
and in non-human primates, androgens alone appear sufficient
for masculinization. In these animals testosterone either
acts directly or serves as a pro-hormone for
dihydrotestosterone formation. In these latter cases, an
understanding of the ontogeny and dynamics of the androgen
receptor will lead to a better understanding of cellular
mechanisms involved in brain sexual differentiation. There
are currently no reports on androgen receptor distribution,
specificity, or capacity for activation in the fetal guinea
pig brain.

The objective of this study is to provide new
information pertaining to the above-mentioned parameters for
androgen receptors in brains of fetal guinea pigs. The
specific aims are: 1) To determine the ontogeny of androgen
receptors in specific regions of the fetal guinea pig brain,

and 2) To assess the specificity and "maturity" of androgen



receptors in the fetal brain, i.e. do receptors bind only
androgens and become "activated" (increase the number of
nuclear receptors) in the fetus.

To address these questions we measured in vitro binding
of radiocactive androgen in guinea pig brains throughout
gestation and at four months of age. We describe the
ontogeny and distribution of this binding in males and
females. Males showed increased amounts of nuclear androgen
receptor binding in brain areas associated with reproductive
functions. Treatment of pregnant guinea pigs with androgens
activated androgen receptors in the brains of female
fetuses; activation was demonstrated to be specific for
androgens. The effects of maternal androgen treatment on

fetal serum steroid levels were also observed.



CHAPTER II

REVIEW OF SEXUAL DIFFERENTIATION IN MAMMALS

HISTORICAI, BACKGROUND

It is written in the Bible that "God created man...male
and female he created them"'. For centuries, man has tried
to understand the biological mechanisms which constitute
this differentiation process, whereby with each new birth
either a male or female is produced. Early attempts to
explain sexual differentiation were mostly philosophical.
Plato believed "The males were descended from the Sun, the
females from the Earth, and the hermaphrodites from the
Moon, which partakes of either sex,..."?, or alternatively,
that "Of the men who came into the world, those who were
cowards or led unrighteous lives may with reason be supposed
to have changed into the nature of women in the second
generation."®, The philosopher/naturalist Aristotle (384~
322 B.C.), through his observations, came to believe that
the sex of lambs and goats was determined by which waters
their parents had consumed and which way the wind was
blowing during copulation®s. Aristotle also noted that
castration results in feminization of males, and concluded
that certain organs are important for sex determination.

Early in the twentieth century scientists began to
concentrate on addressing the origins of sexual

differentiation experimentally. 1In 1903, Bouin and Ancel®



examined developing gonads in the fetal pig and found that
testes, but not ovaries, develop interstitial cells; they
postulated that the secretions of these cells during uterine
life determined certain male characteristics of the adult.
In 1916 Frank Lillie in the United States and Keller
and Tandler in Germany, working independently, proposed the
"hormone theory" of sexual differentiation from their
observations on the freemartin’®. The freemartin is the
female of a pair of opposite-sex twins which develop with
placental vascular anastomoses'’. The freemartin's mammary
glands and external genitalia are female; however, the male
accessory organs of reproduction also develop, and the
atrophic gonads resemble testes'!!. Approximately 90% of
freemartins are sterile. The probable origin of the term
"freemartin" is from the Scottish flearr, meaning a dry cow,
and mart, which means meat: These dry, infertile cows were
slaughtered for beef. Lillie asked "...how the association
of a male and female in utero may so transform the
female."®. The hypothesis that androgens from the male twin
entered the circulation of and masculinized the female twin
was supported by the presence of vascular anastomoses
between their placentas; in male/female twins without these
anastomoses the females are unaffected. Although it is no
longer believed that androgens derived from the male twin

are responsible for the freemartin phenomenon'?:'2:3  the

"hormone theory" which had its origins in these observations



stimulated much research into the possible role of gonadal
steroids as mediators of normal sexual differentiation.

In the 1930's, Vera Dantchakoff studied the
reproductive anatomy of hermaphrodites, organisms with both
male and female reproductive systems”. The isolation of
testosterone had made it possible to study the effects of
testicular secretions without actually transplanting the
testis™ ', Dantchakoff injected pregnant guinea pigs with
testosterone and observed the effects on fetal development;
these early studies demonstrated that treatment of pregnant
animals with exogenous testosterone androgenizes the
external genitalia of female fetuses, and results in some
"hypermasculinization" of the male genitalia'®'?,
Dantchakoff concluded that the male hormone stimulated
genetically predetermined growth in the male and that the
same hormone produces the same effects in females by acting
on "polyvalent" or plastic tissues'. Dantchakoff also
found that females exposed to exogenous androgen treatment

in utero displayed male sexual behavior in adulthood?®®. At

the same time, Pfeiffer (1936)21 hypothesized that
pituitaries of male rats showed different patterns of
gonadotropin secretion compared to females. He postulated
that the pituitary is not sexually determined genetically
but is differentiated by secretions of the gonad that occur
at birth?'. The hypothesis that the pituitary gland itself

is sexually differentiated by androgens was later proven



incorrect when Harris? transplanted male pituitaries into
the sella turcica of females and found that the male
pituitary supports cyclic release of gonadotropin under
these circumstances. This was confirmed by the work of

3 and Yazaki®. Regardless, Pfeiffer's

Martinez and Bittner?
work was important because it indicated that male
differentiation of both sexual behavior and gonadotropin
release is due to the presence of male hormones during early
development. Everett and workers (1949) also expressed the
view that sexual differentiation of the nervous system
occurs because of testosterone's action during fetal or
neonatal life®.

In the 1940's Alfred Jost, using rabbits, demonstrated
that the internal organs of reproduction develop as female
unless a testis is present, regardless of the genetic sex.
This female development occurs, in the absence of a testis,
even if no ovary is present?:?’. This work led to the theory
that the mammalian reproductive anlagen is inherently
"programmed" to develop as female unless testicular
secretions are present during development to "override" the
basic programming. This concept of a bipotential
undifferentiated stage, where the anlagen of developing
tissues can be either masculinized or feminized, is now
widely accepted. To summarize this central dogma of sexual

differentiation: regardless of the genetic sex of the

fetus, the inherent mammalian pattern of development is



female, and the presence during development of local
testicular secretions (testosterone and Miillerian inhibiting
hormone) causes male differentiation of the reproductive

tract.

Jost also described normal sexual development as

consisting of three sequential processes':

1. The establishment of chromosomal sex at

fertilization.

2. The development of gonadal sex.

3. The translation of gonadal sex into phenotypic

sex.
In mammals, males are the heterogametic sex (XY) and females
are homogametic (XX); this is opposite to what is found in
birds, where females are heterogametic (Z0) and males are
homogametic (ZZ)%®. In mammals the Y chromosome carries
genes that direct differentiation of the indifferent gonad
as a testis; the specific mechanisms by which this
chromosome regulates testicular development are not clear.
At one time it was believed that the H-Y antigen gene was
the primary determinant of testicular differentiation?®.
Recently it has been shown that the H-Y antigen gene is
instead located near the gene required for male sexual
differentiation, which has been called the testis-

determining factor (TDF)3®. It is not known how many genes

are required for full expression of the male phenotype3'.



The final process of sexual differentiation,
determination of phenotypic sex, is directly dependent on
the type of gonad formed. 1In 1959, Phoenix and workers
presented the "organizational hypothesis" which stated that
not only is this determination by the gonad true for the
anatomy of the reproductive tract, as demonstrated by Jost,
but for the neural processes mediating sexual behavior as
well®2, Also, they stated that these brain tissues go
through a restricted period when they are bipotential, and
during which circulating androgens can act on the tissue
anlagen to organize them permanently as male.

The nature of the restricted period when tissues are
susceptible to androgen action during development is still
not fully understood. Barraclough and Leatham (1954) found
that while a single injection of testosterone propionate
caused permanent sterility in 5 day old female mice, the
same treatment in 20 day old mice had no effect3s.
Barraclough® and Goy, Phoenix, and Young® later
demonstrated a spectrum of responsiveness to single androgen
injections in female rats during the first 20 days of life.
In the female guinea pig, treatment with androgens before
birth causes decreased female sexual behavior (lordosis) and
increased masculine sexual behavior (mounting) as adults?;
androgen exposure after birth has no permanent effects on
sexual behavior. Specifically, Goy, Bridson, and Young

(1961) showed that the "critical period" for testosterone
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action on the guinea pig brain fell between days 30 and 65
of fetal life’”’. Subsequently, Goy, Phoenix, and Young
showed that defeminization by androgens was most effective
from day 25 (post-fertilization) in the rat and from day 30
in the guinea pig®; this period in the rat includes the
first ten days postpartum. In 1964 Goy and workers proposed
the term "critical period" be replaced by "period of maximal
susceptibility" (or sensitivity) to the organizing actions
of androgen®. The "short-gestation" mammals whose young
are born immature (with closed eyes, little hair) are
susceptible to androcgenization in the neonatal period; these

41

include the rat3:4%, mouse?*!, hamster*?, and ferret*. "Long-

36,38,45,46  ang

gestation" mammals such as sheep**, guinea pigs
primates*’, on the other hand, require androgen in utero for
male development.

The work cited above indicated that the fetal testis
plays a major role in sexual differentiation and that
exogenous androgen can replace some but not all of the
effects mediated by the fetal testis. It was not known,
however, whether the fetal or neonatal testis actually
secretes testosterone during the "critical period" for
sexual differentiation. The first report of endogenous
androgen secretion in the neonatal rat appeared in 1968 by
Resko, Feder, and Goy“? and was followed in 1970 by their
report of a sex difference in the amounts of testosterone in

circulation in male and female rhesus monkey fetuses*, a
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species in which sexual differentiation occurs before birth.

Differences in fetal male and female levels of testosterone

50 51-53

have also been reported in the mouse’™, guinea pig and

human®4.

SEXUAL DIFFERENTIATION OF THE BRAIN
Anatomical

The presence of a sexually dimorphic nucleus in the
preoptic area (SDN-POA) of rats was reported by Gorski®®.
This nucleus is larger and more dense in males than females
and this difference is dependent on androgens in the
perinatal period. Since then, analogous regions have been

58,59’ and

reported in the gerbil®®, ferret’’, guinea pig
human®%', The function of this area remains unknown, but
may be associated with male behavior. In rats, an area
corresponding to the medial preoptic nucleus which seems to
regulate cyclic release of gonadotropins is larger in
females than in males, and this decreased volume in males is
also due to perinatal androgens®®. Sex differences in the
volume of other brain areas are also seen in the
ventromedial nucleus, medial amygdaloid nucleus, and the bed
nucleus of the stria terminalis as well as the corpus
callosum®®. There is also a sexually dimorphic area in the
hypothalamus of gerbils®3.

Synaptic organization in specific brain nuclei is also

sexually differentiated by neonatal androgens®®. For
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example, the number of spinal and somatic synapses is
greater in the arcuate nucleus of female compared to male
rats; other brain nuclei show different ratios of spinal
synapses between males and females, with males having more
spinal synapses in the SCN and females having more in the
dorsomedial POA. Arai et. al. state "These findings suggest
that synaptic organization may vary according to the genomic
responses of the individual nuclei to organizational action
of sex steroids": Also "A high correlation between the
sexually dimorphic synaptic pattern and the presence of
neurons containing sex steroid receptors indicates that the
occurrence of synaptic sexual differentiation is rather

specific to the sex steroid-sensitive neuronal system"®.

Physiological

The two most-studied functional parameters of brain
sexual differentiation, and the ones we will focus on, are
the regulation of gonadotropin secretion and reproductive
behavior. There are, however, other brain functions which
show sexual dimorphisms and whose development appears to be
steroid-dependent including aggressive behavior*':, social
and play behaviors®®, and body weight and food intake®.

67,68

Pituitary secretion of growth hormone and prolactin® are

also sexually differentiated.

From the examples of functional sexual differentiation

70

given above, Gorski’ drew three generalizations. First, as
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discussed in the previous section, critical periods vary
between species, being either prenatal, perinatal (both pre-
and postnatal), or postnatal, depending on the maturity of
the central nervous system at the time of birth. Secondly,
in any single species critical periods for different
functions may vary temporally and may be sensitive to
different steroid hormones. Lastly, some functions may be
sexually differentiated in one species and not in another;
for example, the mechanism that mediates positive feedback
of steroids on gonadotropin secretion is not differentiated
in rhesus monkeys’"”? but is in various rodent species”™ 7,

Another distinction that is useful for discussing the
effects of hormones in sexual development is the use of the
term "masculinization" or the enhancement of male traits
(tonic gonadotropin secretion, aggression, male sexual
behavior) versus "defeminization" or the diminishing of
female traits (lordosis, gonadotropin surges in response to
estrogen). Masculinization and defeminization are
individual processes whose critical periods may be sensitive

to different steroids, as mentioned in the previous

paragraph.

ROLE OF ANDROGEN METABOLISM IN SEXUAL DIFFERENTIATION
Testosterone metabolism has two primary bioactive
steroid products. The enzyme 5a-reductase catalyzes the

conversion of testosterone to the androgen 5a-
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dihydrotestosterone (50-DHT), while the aromatase enzyme
complex converts testosterone to an estrogenic metabolite,
estradiol. While androgens are responsible for male
differentiation of the reproductive tract, testosterone and
DHT each play a unique role in the development of different
parts of the reproductive tract. Specifically, testosterone
directs the differentiation and development of the Wolffian
duct structures (epididymis, ductus deferens, and seminal
vesicles) while DHT guides differentiation of the external
genitalia. In human males with S5a-reductase deficiency,
the external genitalia are ambiguous at birth due to low
levels of DHT production, although testosterone levels are
normal and differentiation of testosterone-dependent
structures is normal.

Male differentiation of the brain proceeds by
mechanisms analogous to those found in the reproductive
tract, i.e., by androgens acting to virilize previously
bipotential tissues. Experimentation with rats and mice,
however, has made it clear that the testosterone metabolite
responsible for male sexual differentiation of the brain in
these species is estradiol rather than an androgen®:¢'.70,77-80
It was found that when S5a-reductase inhibitors are
administered to rats and mice during the critical period
male brain differentiation proceeds normally, whereas
administration of aromatase inhibitors during this period

blocks male sexual differentiation. Estradiol alone, but
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not DHT, given to neonatal female rats can induce male brain
differentiation (i.e. tonic gonadotropin secretion, an
inability to respond to an estrogen/progesterone challenge
with an LH surge, decreased female sexual behavior, and an
increased frequency of male sexual behaviors, such as
mounting, in adulthood)®:®1"8_  1In the rat, estradiol is
responsible for masculinization of the SDN-POA%. Also, in
male rats, inhibition of aromatase activity during fetal
life leads to increased female sexual behavior as an
adult®:%, An interesting question raised by these data is
whether estradiol is the masculinizing agent in all rodents
or whether a difference between short and long-gestation
mammals exists.

The ferret is a short gestation rodent in which the
critical period for differentiation of male sexual behavior
occurs postnatally (approximately day 5-15 postpartum)“.
Both aromatization and S5a-reduction of testosterone occur in
the perinatal ferret brain®. Greater activities are found
in male compared to female brains; however, aromatase
activity in the fetal ferret brain is unaffected by the
plasma testosterone concentration?. Also, when either
aromatization or 5a-reduction are blocked in the neonatal
ferret, male sexual behavior develops normally“. These

results suggest that testosterone itself is the active agent

for masculinization of behavior in the ferret brain.
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In the guinea pig, male sexual behavior develops
normally when 5a-reduction is inhibited®:°. Female fetuses
in this study were more responsive to the positive feedback
effects of estradiol benzoate, indicating a possible role
for endogenous 5a-DHT in defeminization of normal females.
There have been some recent reports that the synthetic
estrogen, diethylstilbestrol (DES) dipropionate can cause
masculinization (of sexual behavior and the sexually
dimorphic nuclear region of the preoptic area) and
defeminization (delayed vaginal opening, decreased lordosis)

91.92. however, females treated

in fetal female guinea pigs
with an antiestrogen (tamoxifen) continue to show some male
sexual behavior without the defeminization observed after
DES treatment®. This data suggests that while estrogen can
masculinize guinea pigs, the role of estrogen in normal
sexual differentiation of the guinea pig is less clear.
These results conflict with earlier data indicating that
testosterone but not estrogen or DHT abolish lordosis
behavior in female guinea pigs®.

Androgens administered in utero masculinize brain areas
controlling gonadotropin release in guinea pigs. Female
fetuses exposed to testosterone propionate in utero have
androgenized external genitalia and do not release LH in
response to an estradiol benzoate challenge®; sensitivity

of the gonadotrophs to gonadotropin releasing hormone

(GnRH) , however, is unaffected.



17

In rhesus monkeys, the ability to release gonadotropin
after an estrogen challenge is not sexually
differentiated’"”*. The behavioral masculinization found in
this species is androgen-dependent since testosterone or DHT
are equally effective®. Prenatal exposure to androgens
masculinize both mounting behavior and rough-and-tumble play
behavior in monkeys but there is no evidence that this

treatment decreases female receptive behavior (i.e. no

defeminization of behavior)%.

Female proceptive behaviors
(solicitation), however, are diminished in androgen-treated
females®*®,  Also, in these so-called
"pseudohermaphrodites", the external genitalia are
masculinized, and menarche is delayed but there is no
anovulatory syndrome as occurs in laboratory rodents®. 1In
human females androgenized as a consequence of the
adrenogenital syndrome, menarche is delayed but ovulation
does occur”.

Information from the five species mentioned above
enable us to make generalizations concerning hormonal
control of sexual differentiation, differences between
species, and the class of steroid which is responsible for
this process. Primates and the smaller rodents (rats, mice,
and hamsters) seem to differ most, while the ferret and
guinea pig share some characteristics of both groups.

Similar to other rodents, guinea pig behavior is not

masculinized by exposure to 5a-DHT, but the capacity to
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release LH in response to an estradiol challenge is sexually
differentiated by DHT. On the other hand, the guinea pig
resembles the other long-gestation animal in this group, the
monkey, in that estradiol alone cannot masculinize behavior
in females. Therefore, in the monkey and guinea pig,
androgen plays the major role in masculinization of the
areas of the brain that control sexual behavior. This
species diversity for sexual differentiation of the brain
contrasts to the situation in the reproductive tract, where
all mammals utilize the same mechanisms of

differentiation'?,

ANDROGEN RECEPTORS
Androgen target tissues, such as the prostate, of

105 yetain

rats'1%  rabbits'®, guinea pigs'", and man
exogenously administered androgen, hence the concept that
androgen-dependent tissues contain specific binding
molecules called androgen receptors. 1In 1969, Fang and co-
workers demonstrated that the ability to retain androgens in
the prostate was due to a protein in the cell nuclei which
retained 5a-DHT for at least six hours after testosterone
injection'®. Anti-androgens such as cyproterone will

inhibit nuclear androgen retention'”'®”. The hypothalamus

and pituitary are also androgen target tissues in the guinea

pig104.



19

The three known functions of steroid receptors are
hormone binding, DNA binding, and regulation of gene
transcription. Androgen receptors, like other steroid
hormone receptors, are thought to be synthesized on
cytoplasmic ribosomes from one strand of mRNA''’. Early
workers believed that steroid hormone receptors resided in
the cytoplasm of cells and that upon hormone binding, the
receptor-hormone complexes Were translocated to the
nucleus'". Development of monoclonal antibodies to steroid
receptors and the use of immunocytochemistry revealed that
steroid hormone receptors are found only in the nucleus,
with or without hormone treatment, and that unoccupied
receptors are associated loosely with nuclear DNa'12.113,
Human androgen receptors possess amino acids with a high
percentage of homology to nuclear translocation signals,
supporting the idea that receptors are transported to the
nucleus during or shortly after their synthesis'“"5., When
isolated in the absence of steroids, androgen receptors are
associated in large oligomeric complexes along with a 90 kDa
heat shock protein (HSP 90); these complexes are unable to
bind DNA''®. Addition of hormone causes dissociation of HSP
90. In glucocorticoid receptors, loss of HSP 90 from the
oligomeric receptor complexes correlates with loss of
hormone binding activity; this information led to the
hypothesis that HSP 90 is involved in maintaining steroid

receptors in an inactive state (unable to bind DNA), and
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that HSP 90 is required for the receptors to have the
correct conformation for hormone binding''’.

The androgen receptor gene has been cloned and shown to
be a member of a superfamily of receptors including those
for steroids, thyroid ho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>