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CHAPTER 4

PRENATAL GONADAL INFLUENCES ON MOUSE SQCIQ-SEXUAL
BEHAVIOQURS

Frederick S. vom Saal

INTRODUCTION

A Dbasic assumption in research on sexual
differentiation has been that after
differentiation of the gonads, testosterone (or
its intracellular metabolites: 178-cestradiocl and
Sa~dihydrotestosterone) mediates the process of
masculinization (the induction of species—-specific
masculine characteristics). Active defeminization
(the loss of species-specific feminine
characteristics) 1is proposed to occur in male
rodents (but not primates; Karsh, et al., 1973) as

a result of intracellular conversion of
testosterone to oestradiol within specific areas
of the brain. Examples of defeminization of

specific traits in response to testosterone
secretion by the male testes during early life in
mice and rats are: the 1loss of the capacity
respond to elevated oestradiol by exhibiting a
surge in LH or the sexually-receptive posture
(lordosis) when mounted by a stud male (Gorski,
i979). A seccond hormone secreted by the foetal
testes, Mullerian inhibiting hormone, 1is also
required for active degeneration (defeminization)}
of the derivatives of the Mullerian ducts
(fallopian tubes, uterus, and upper part of the
vagina; Jost, 1972).

In contrast to the active processes of
masculinization and defeminization in males, the
process of feminization in females was presumed to
be passive. Circulating gonadal steroids were thus
presumed to play little role in the development of
the female phenotype. The findings presented below
provide evidence contradicting some of these
hypotheses. Specifically, the hypothesis that
gonadal sterocids have 1little effect on the
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Prenatal Influences on Behaviour

Figure 4.1: Selected characteristics of organisms,
labelled as either masculine or feminine, which
influence whether an individual can compete for
mates and produce and raise healthy young.
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components of both the masculine and feminine
phenotype have been identified in rats and mice.

SOURCES OF TESTOSTERONE IN RODENT FOETUSES

Redents are polytocous mammals. Around the end of
the second week of gestation in rats, mice and
hamsters, the testes in male embryos differentiate
and begin secreting testosterone (Block, et al.,
1971; Pontis, et al., 1979; 1980; Feldman and
Bloch, 1978; Vomachka and Lisk, 1986).
Organization of the ovaries in females occurs
later in foetal 1life (shortly before parturition;
reviewed 1in: vom Saal and Finch, 1988). The testes
are not the only source of testosterone during
foetal 1life 1in rodents., The placenta in primates
metabolizes androgen to oestrogen due to the
presence of aromatase (Siiteri and Thompson,
1975). 1In contrast, placentae in rats and mice
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Figure 4,2: The serum concentrations of
testosterone (+SEM) measured by RIA in pregnant
female CF-1 mice and male and female foetuses
during the latter part of pregnancy and the day of
birth (unpublished observation).
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secrete androstenedione (a weak androgen)} and
testosterone (Jackson and Albrecht, 1085; Soares
and Talamantes, 1982, 1983; Vreeburg, et al.,
1983) rather than oestrogen (Sybulski, 1969). The
importance of this finding 1is that both male and
female foetuses are exposed to supplemental
androgen of placental origin. But, the activity of
enzymes involved in the synthesis of testosterone
(17 c=hydroxylase and Cl17,20-1lyase) is
significantly higher in placentae collected from
female than from male foetuses on Day 18 of
pregnancy in CF-1 mice (vom Saal, et al., 1987).

We also find that female foetuses have fairly
high titres of circulating testosterone during the
last four days of pregnancy in mice, although male
foetuses have about 2.5 times higher «circulating
levels of testosterone than do female foetuses and
pregnant females (Figure 4.2; unpublished
observation). Similar sex differences in
testosterone exposure during foetal life have been
reported in rats (Weisz and Ward, 1980), hamsters
{(Vomachka and Lisk, 1986), monkeys (Resko, 1975)
and humans (Reves, et al., 1974).

Individual differences in the «c¢irculating
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levels of testosterone 1in both male and female
mouse foetuses (and, most likely, also in rat
foetuses) are correlated with the sex of the
foetuses next to the animal being examined. Thus,
male foetuses have higher blood levels of
testosterone than do females, and animals
positioned in utero between male foetuses (2M
males or 2M females) have significantly higher
blood titres of testosterone than do animals of
the same sex positioned between female foetuses
(OM males and OM females); animals situated
between a male and a female (1M) represent 50% of
the population of males and females and are
intermediate in their bhlood testosterone levels.
Exactly the opposite relationship 1is observed for
blood levels of ocestradiol, with females having
significantly higher 1levels than males, and OM
animals having significantly higher levels than 2M
animals of the same sex (Figure 4.3; Figure 4.4;
vom Saal, et al., 1988). During foetal life in
humans, females also have higher blood titres of
oestradiol than do males (Reyes, et al., 1974).

There are thus three major sources of
testosterone in foetal mice: males have a source
of testosterone, the testes, that result in higher
circulating concentrations of testosterone in
males relative to females. Testosterone is also
secreted by the placentae, but the placenta of a
female may secrete higher titres of testosterone
than that of a male (vom Saal, et al., 1987).
Finally, both males and females may receive
supplemental testosterone as a result of having
implanted 1in the uterus next to one or two male
foetuses (1M and 2M animals).

Since female mouse foetuses develop in the
presence of high circulating levels of
testosterone yet remain fertile, it is of interest
to determine the possible basis for the absence of
characteristics typical of males. Three
possibilities are: 1. the levels of testosterone,
while high, may still be below threshold values,
2. activity of androgen receptors may be lower in
females than in males, and 3. development of some
tissues require conversion of testosterone to more
potent metabolites [for example, oestradiol in the
sexually dimorphic nucleus of the preoptic area
(SDN-POA; Dohler, et al., 1984; 1986) and
dihydrotestosterone 1in the external genitalia;
George and Wilson, 19881}. Females have lower
levels of activity of the enzymes that metabolize
testosterone to these more potent hormones than do
males during sexual differentiation; specifically,
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Figure 4.3: Schematic diagram of the uterine horns
and uterine loop arteries and veins of a pregnant
mouse, The labels: OM, 1M, and 2M refer to the
number of male foetuses an individual 1is next to
(2M = between 2 males, 1M = between a male and a
female, and OM = between 2 females). Arrows within
the vessels indicate the direction of blood flow.

Intrauterine Position

Figure 4.4: The serum concentrations of
testosterone and oestradiol in OM, 1M and 2M male
and female CF-1 mouse foetuses (mating = DPay 0).

For both testosterone and oestradiol, males vwvs.
females, and within each sex, intrauterine
position differences were statistically
significant (p < .05; vom Saal, et al., 1988).
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hypothalamic aromatase activity (Naftolin, et al.,
1976; MacLusky and Naftolin, 198l) and perineal
tissue Sa-reductase activity (Kelch, et al., 1971;
Siiteri and Wilson, 1974). During the
differentiation of these tissues, even in the face
of exposure to equal circulating titres of
testosterone, females would thus not respond to
the same degree as would males.

INDIVIDUAL DIFFERENCES IN PHENOTYPE 1IN FEMALE RATS
AND MICE DUE TO INTRAUTERINE POSITION

The intrauterine position phenomenon provides a
unique method of correlating testosterone and
cestradiol exposure during £foetal life with
postnatal traits in rats and mice (we also have
found differences due to intrauterine position in
pigs; Rohde-Parfet, et al., 1988). Embryos of each
sex implant randomly in terms of their
intrauterine position (vom Saal, 1981), so there
should be no systematic difference 1in genotype
between animals from different intrauterine
positions. The relationship of intrauterine
position to postnatal characteristics in rats and
mice will be reviewed. In these experiments
females are time mated, and young are delivered by
Cesarean section shortly before normal
parturition. The 1intrauterine position of each
foetus 1is identified by a toe-clipping procedure,
and litters are fostered to mothers that had
delivered normally within the preceding 24 hr.

Differential Exposure to Testosterone in Female
Foetuses as a Model for Studying Masculinization

There are two basic strategies that have been used
to study the postnatal consequences of having
developed in different intrauterine positions. One
approach has involved using females from different
intrauterine positions as models for studying the
ontogeny of male behaviours. This strategy
involves treating females with testostercone in
adulthocd to induce heterotypical behaviours
(those characteristic of the opposite sex, such as
attack toward a male or mounting of a
sexually-receptive female). An assumption
underlying these experiments has been that effects
due to differential exposure to testosterone
during foetal life would be latent 1in females;
these effects would only be observed if the neural
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areas that had been influenced by testosterone
during early life were subsequently "activated"” by
exposure to exogenous testosterone at the time of
testing for a specific behaviour. This strategy is
useful for learning about the basis of differences
in sensitivity to the activational effects of
steroids.

An example of the above strategy involved
treatment of pregnant rats and mice with
antiandrogens (Flutamide and cyproterone acetate),
which may act by inhibiting binding of androgens
to androgen receptors. The perineal tissue
separating the anus and genital papilla becomes
the scrotum in males and serves as a bioassay for
the 1levels of testostercne to which animals are
exposed during foetal life. In both rats (Clemens,
et al., 1978) and mice (vom Saal and Bronson,
1978) the 1length of the space separating the anus
and genital papilla 1is longer in 2M than in OM
females at birth (IM females are intermediate
between OM and 2M females). Exposure to an
antiandrogen reduced the mean length of the
perineal tissue separating the anus and genital
papilla at birth in female as well as male
of fspring, and all males and females were
indistinguishable (Clemens, et al., 1978). 1In
mice, this was due to anogenital distance at birth
being reduced in 2M and 1M females, such that
these females were similar to OM females on this
measure (vom Saal, 1976).

Prenatal antiangrogen treatment also resulted
in the female offspring exhibiting a decreased
response to testosterone in adulthood:
Flutamide-treated female rats exhibited less
masculine sexual behaviour 1in response to adult
treatment with testosterone than did females not
previously exposed to Flutamide (Clemens, et al.,
1978). In addition, cyproterone-exposed female
mice (2M, 1M and OM) were relatively insensitive
to the activating effects of adult treatment with
testosterone in terms of attack toward a male
intruder (intermale-like aggression), similar to
normal OM females (vom Saal, 1976). Taken
together, these findings reveal that it is
possible to detect an effect of inhibiting the
action of testosterone in female foetuses. On the
other hand, these experiments have not addressed
whether there 1is any conseguence of prenatal
exposure to an antiandrogen in terms of altering
some female~-typical behaviour.
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Differences in the Timing of Puberty, Qestrous
Cyecles, Attractiveness, Sexual Behaviour, and
Pheromonal Cues due to Intrauterine Position:
Relevance for Reproductive Success

The second strategy for examining the consegquences
of developing in different intrauterine positions
in mice and rats has involved designing
experiments with regard to the potential
significance to reproductive success of
individuals in natural habitats. This approach
differs from the first strateqy in that
pharmacclogical manipulations during perinatal
life are not employed. I have used both strategies
for examining the intrauterine position
phenomenon. However, the differences due to
intrauterine position that have been identified
without any pharmacological manipulations have led
to different conclusions concerning the role of
sex steroids 1in the development of the "normal"
male and female phencotype than have
pharmacological studies.

Mice are extremely successful opportunists
that have, as a species, occupied a wide variety
of niches with many different types of social
structures. Phenomenal differences in population
size are found in studies of Mus musculus
domesticus, with densities ranging from a few mice
per hectar in fields to thousands per 100 cubic
meters 1in corn ricks (Southwick, 1958; Christian,
1971). Weanling mice often disperse from their
natal environment, but some mice remain and
compete for resources within the natal deme. It is
possible that the intrauterine position phenomencon
provides phenotypic wvariation such that there are
animals within each 1litter with characteristics
that render them likely to be successful at each
of these strategies, thus maximizing the fitness
of the mother. This leads to the hypothesis that
the intrauterine position phenomenon evolved
because it 1is adaptive to have animals within a
litter wvary in phenotype due to a random
developmental event, regardless of the degree of

underlying genetic variation. Even 1in highly
inbred strains of mice, such as the C57BL/6J
strain, there is substantial unexplained

variability in numerous traits, some of which
might be accounted for by the intrauterine
position phenomenon (Felicio, et al., 1984; Svare,
et al., 1984; vom Saal and Finch, 1988).

Many of the following comparisons were made
using only OM and 2M females, since in all studies
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in which 1M females have been tested, they have
been intermediate between OM and 2M females in
their characteristics. The basic approach in all
of the following experiments was to compare 0OM and
2M females in terms of characteristics that could
influence their reproductive success in a natural
environment.

In comparisons of the attractiveness of OM
and 2M female mice to males, most (82%) males
entered a chamber containing a (M female rather
than a 2M female, OM females were mounted more
than 2M females (vom Saal and Bronson, 1978;
1980a), and most males inseminated OM females
prior to inseminating 2M females (Rines and vom
Saal, 1985). OM female mice had higher 1lordesis
quotients (number of lordoses/number of mounts),
an index of sexual receptivity, than did 2M
females (Figure 4.5; Rines and vom Saal, 1985);
similar findings were obtained 1in comparisons of
0M and 2M female rats (unpublished observation).
The age at first oestrus (puberty) occurred at a
significantly younger age in OM than in 2M female
rats (vom Saal, 198l). Finally, in both mice and
rats, 0M females had shorter oestrous cycles
(mostly 4 days in length) than did 2M females (5-7
days in length; vom Saal and Bronson, 1980b; wvom
Saal, 1981). 1In terms of sexual receptivity, the
emission of cues that attract males, the timing of
puberty, and length of oestrous c¢ycles, elevated
blood testosterone (and/or lower oestradiol)
levels during foetal life appears to have
defeminized 2M females (see Figure 4.6).

All of the above comparisons of O0OM and 2M
females suggest that developing between male
foetuses places 2M females at a reproductive
disadvantage relative to OM females, but this may
not be the case in some environments. Ovulation in
female mice 1is regulated by pheromones secreted
into the urine of both males and females. 2M
females are less responsive than OM females to the
effects of pheromones produced by other females
that inhibit ovulation (vom Saal, 198l1; wvom Saal,
et al., 1981; wunpublished observation). 1In an
environment with a high density of female mice,
therefore, 2M females enter puberty (ovulate and
mate) at a younger age than do OM females. 1In
addition, the postpubertal oestrous c¢ycles of OM
females are longer than those of 2M females.
However, exactly the opposite occurs if females
are housed near or with a male, but without other
females around: 2M females enter puberty later and
have 1longer postpubertal cestrous cycles than do
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Figure 4.5: A, Lordosis quotient (# lordoses/#
mounts x 100) for adult OM and 2M female mice that
were ovariectomized and injected with ocestradiol
benzoate 48 hr prior to testing and progesterone 4
hr prior to being placed with a stud male (Rines
and wvom Saal, 1985). B. The percent of 0M and 2M
females (paired when in dioestrus and matched for
age and weight) that attacked and established
dominance over the opponent (based on 20 pairs
that fought; vom Saal and Bronson, 1978).
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OM females (vom Saal, 198l; wom Saal and Bronson,
1978; 1980b; vom Saal, et al., 1981).

An important aspect of the above findings is
that adolescent OM female mice only have short
cycles if the density of females in the
environment is low. The advantage conferred on
adolescent OM females of having short oestrous
cycles, and a higher likelihood of ovulating, thus
only operates when population density 1is low.
Something that 1is often not appreciated 1is that
predation rates of mice in the wild are typically
very high. In terms of population dynamics,
variables that influence the likelihood of
ovulating and mating at the earliest possible age
(early adolescence) have the greatest impact on
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