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Abstract

Sexually dimorphic behavior in nonhuman primates results from behavioral predispositions organized by prenatal androgens.
The rhesus monkey has been the primary primate model for understanding the hormonal organization of sexually dimorphic behav-
ior. Historically, female fetuses have received high prenatal androgen doses to investigate the masculinizing and defeminizing effects
of androgens. Such treatments masculinized juvenile and adult copulatory behavior and defeminized female-typical sexual initiation
to adult estrogen treatment. Testosterone and the nonaromatizable androgen, 5Sa-dihydrotestosterone, produced similar effects sug-
gesting that estrogenic metabolites of androgens are not critical for masculinization and defeminization in rhesus monkeys. Long
duration androgen treatments masculinized both behavior and genitalia suggesting that socializing responses to the females’ male-
like appearance may have produced the behavioral changes. Treatments limited to 35 days early or late in gestation differentially
affected behavioral and genital masculinization demonstrating direct organizing actions of prenatal androgens. Recent studies
exposed fetal females to smaller doses of androgens and interfered with endogenous androgens using the anti-androgen flutamide.
Low dose androgen treatment only significantly masculinized infant vocalizations and produced no behavioral defeminization.
Females receiving late gestation flutamide showed masculinized infant vocalizations and defeminized interest in infants. Both late
androgen and flutamide treatment hypermasculinized some male juvenile behaviors. Early flutamide treatment blocked full male
genital masculinization, but did not alter their juvenile or adult behavior. The role of neuroendocrine feedback mechanisms in the
flutamide effects is discussed. Sexually differentiated behavior ultimately reflects both hormonally organized behavioral predisposi-
tions and the social experience that converts these predispositions into behavior.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nonhuman primates, like humans have a long devel-
opmental life span, live in complex social groups and
exhibit striking sexually differentiated behavioral pat-
terns both during development and in adulthood. Addi-
tionally, nonhuman primates have important biological
similarities to humans, including a prenatal period of
sexual differentiation, making them ideal for investigat-
ing basic mechanisms of sexual differentiation. Sexual
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differentiation of behavior has been investigated in few
of the many nonhuman primate species, with the vast
majority of studies using rhesus monkeys. While these
studies have elucidated a great deal about sexual differ-
entiation in a nonhuman primate, we know little if any-
thing about the extent or the mechanisms of sexual
differentiation of behavior in apes, new world primates,
or nonmacaque species. However, the range of treat-
ments investigated in rhesus monkeys and the diverse
social conditions employed have revealed a number of
important relationships that help frame research in other
primate species, including humans. Thus this review pri-
marily focuses on hormonal influences on sexual
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differentiation of behavior in rhesus monkeys, with other
nonhuman primate species discussed where appropriate.
Hormonal mechanisms of sexual differentiation in rhe-
sus monkeys have been investigated in the context of a
long history of studies on the role that hormones play in
sexual differentiation.

The organizational hypothesis, the notion that andro-
gens or their metabolites alter the developing nervous
system during specific developmental periods perma-
nently inducing behavioral characteristics of male and
females, has become a central tenet of behavioral neuro-
endocrinology since the pioneering study of Phoenix
et al. [78]. While specific details of hormonally induced
organization continue to be debated [5,21], there is little
doubt that exposure to steroid hormones during some
period of developmental sensitivity permanently alters
the responsivity of individuals to their environment.
Most studies of the organizational effects of steroids on
the sexual differentiation of behavior come from studies
of altricial species who are born prior to complete neural
differentiation, [101]; guinea pigs and nonhuman prima-
tes being the only precocial mammalian species whose
sexual differentiation has been extensively studied.
Whether this developmental distinction explains differ-
ences in sexual differentiation remains unresolved. There
is little doubt, however, that these precocial species differ
from the more typically studied altricial species in the
timing of sexual differentiation and in the role of estro-
genic metabolites of androgens in sexual differentiation
[101]. This is of particular importance for considerations
of human sexual differentiation, as the dominant rat and
mouse models of sexual differentiation seem unlikely to
apply to human sexual differentiation. In contrast, stud-
ies of nonhuman primates are likely to be more directly
applicable to humans.

2. Basic processes of behavioral sexual differentiation

A cascade of physiological and cellular events leads to
anatomical and psychological sexual differentiation of
male and female mammals. Sex determination is the pro-
cess by which the male or female pathway is selected and
then sexual differentiation elaborates the chosen path-
way [26]. Sexual differentiation is achieved through the
processes of masculinization and defeminization that
sculpt the developing fetus in a male or female direction.
The sexual differentiation cascade is well understood,
even if many molecular details remain to be elucidated.
Similarly the evidence that sexual differentiation results
from the processes of masculinization and defeminiza-
tion is convincing.

Genes on the Y chromosome in males trigger a cas-
cade of sexually differentiating events resulting from the
expression of these genes, as well as autosomal genes [5].
A critical step in this process is the differentiation of the

indifferent primordial gonad into testes as a result of
products of the Sry gene on the Y chromosome interact-
ing with products of the X chromosome genes, Sox9, and
autosomal genes [54]. Without this system of genes, the
gonad differentiates into an ovary. Testicular differentiation,
and the activation of the hypothalamic—pituitary—
gonadal axis (HPG), results in the production of testicular
hormones which direct the differentiation of masculine
and suppress feminine characteristics. This developmen-
tal cascade from gene expression to morphological and
behavioral differentiation is the principle pathway for
sexual differentiation, but nonhormonal pathways may
also influence sexual differentiation [4]. Evidence from
mice suggests that the Sry gene is transcribed in the
developing male, but not female brain, raising the possi-
bility of a direct effect of Sry transcripts on neural orga-
nization [55,67]. While these findings are intriguing and
demonstrate that a full description of sexual differentia-
tion will likely contain surprises, it is apparent that the
actions of testicular hormones play a large and critical
role. The role of steroid hormones on behavioral differ-
entiation in primates is the focus of this chapter. This is
preceded by a brief description of the cascade of differen-
tiating events that testicular hormones influence.

Mammalian sexual differentiation is biased in a
female direction [52], meaning that morphogenic pro-
cesses produce female endpoints in sexual differentiation
more easily than they produce male endpoints. This bias
towards female endpoints in sexual differentiation has
resulted in referring to the production of females as the
“default” path, meaning this pattern occurs most easily.
Unfortunately, others have equated default with passive
or inactive and the term has become politicized and lost
its original sense that masculine characteristics are
imposed on an essentially female life-plan [52]. This con-
cept is valuable as it implies that the failure of a process
necessary to produce a male trait will lead to the creation
of a female phenotypic trait instead. The converse is not
true; that when a process necessary for full female sexual
differentiation is blocked, a male characteristic arises.
Thus, while there can be no doubt that female differenti-
ation requires a suite of active morphogenic processes
[21], it is also the case that male differentiation requires
two specific processes that allow the male phenotype to
emerge from what is essentially female-biased differenti-
ation.

The nomenclature used to describe the processes
through which sexual differentiation is achieved has been
historically quite confusing. With little precision, terms
like feminization and demasculinization have been used
in descriptions of sexual differentiation even though
there is little evidence to support their existence in mam-
mals. Demasculinization, for example, would require the
preexistence of a masculine characteristic that is elimi-
nated or suppressed during sexual differentiation. While
this term is appropriate in birds and other nonmamma-
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lian species [53], such pre-existing masculine traits have
not been demonstrated in mammalian sexual differentia-
tion. Instead, investigators use demasculinization when
they are actually describing the prevention of the mascu-
linization of an underlying feminine trait [22]. The case
for feminization is a bit better, when one is addressing
sex differences in cognitive function [21], but is not yet
applicable to differentiation of sexual behavior. Instead,
it now seems likely that there are only two fundamental
differentiating processes necessary to create a male: mas-
culinization and defeminization. —Masculinization
imposes male-like characteristics on the developing
organism, whereas defeminization suppresses female-
like characteristics that would otherwise arise. These
processes are involved whether the endpoints are ana-
tomical or behavioral and operate in concert or indepen-
dently.

This review refers to these two processes as underly-
ing sexual differentiation:

A. Masculinization. The production of male-typical
anatomical and behavioral characteristics. Anatomi-
cally, these would be the presence of penis, scrotum, tes-
tes, and internal Wolffian duct derivatives. Behaviorally,
this refers to male-typical copulatory behavior, partner-
preference, and male-typical patterns of infant vocaliza-
tion, juvenile mounting and high energy expenditure
play.

B. Defeminization. The suppression of female-typical
anatomical and behavioral characteristics that would
have differentiated without hormonal intervention. Ana-
tomically this results in suppression of the development
of uterus, fallopian tubes, portions of the vagina, and
vaginal opening. Behaviorally, this refers to the suppres-
sion of infant vocalization patterns, and juvenile pat-
terns of social affiliation and interest in infants. In
adulthood, defeminization suppresses sexual receptivity
(receptive defeminization) and female sexual initiation
(proceptive defeminization).

The original notion for these separate processes came
from anatomical investigations of sexual differentiation
and is modeled after the differentiation of the Miillerian
and Wolffian duct systems into the male or female inter-
nal reproductive organs. Since these internal nongonadal
reproductive structures arise from separate male and
female primordial structures, normal sexual differentia-
tion needs to result in full development of only one duct
system. Thus, errors in sexual differentiation can result in
derivatives of either, both, or neither duct system. It
remains unclear whether this anatomical model fully
applies to behavioral differentiation. It is apparent from
the widespread occurrence of bisexual characteristics in
mammals [35] that it is possible for both masculine and
feminine endpoints to co-exist suggesting that masculini-
zation and defeminization may be operating on separate
neural primordia underlying masculine and feminine
behavioral traits.

2.1. Developmental stage at birth and sexual
differentiation

Species vary widely in the extent of their development
at birth. Following a distinction first developed in orni-
thology, species that are born with their eyes closed and
lacking the capacity to function relatively independently
at birth are termed altricial while species with more com-
pletely developed offspring are termed precocial.

Many of the most often studied species are those
where sexual differentiation is only partially completed
at birth. In these species a significant portion of the
differentiating process occurs when the offspring is no
longer attached to the maternal circulation. Typically,
many neural systems in these species are not fully devel-
oped at birth and they are born with their eyes closed,
poor motor coordination, and without the capacity for
thermoregulation. Although the gonad and duct systems
have differentiated in utero, the external genitalia have
only begun to differentiate and distinguishing males
from females typically requires measuring the distance
from the penile/clitoral glans to the anus,(ano-genital
distance), which is longer in males than females.

Whether a species has altricial young follows no clear
phylogeny. Species as diverse as rats and ferrets produce
altricial young. While altricial offspring are characteristic
of many laboratory rodents, not all rodents are altricial.
The guinea pig is the principle exception. It appears in
some orders, such as the carnivores, that altricial
offspring are the rule.

Altricial and precocial species probably reflect two
different reproductive strategies that are expressed in
different patterns of neural development [23]. In general
precocial species are characterized by a greater brain to
body-weight ratio than are altricial species [73]. In addi-
tion, a substantially greater portion of brain develop-
ment occurs in utero in precocial than in altricial species.
This difference in development may reflect a life-history
difference in that altricial species produce young rapidly
with short maturation times and rapid brain growth [57].
In contrast, precocial species develop more slowly, even
though both species may reach maturity at comparable
times [92].

3. Sexually differentiated behavior in rhesus monkeys

Rhesus monkeys are born with their genitals and
internal reproductive anatomy completely differentiated.
Unlike altricial species, like rats, hamsters, and mice,
morphological sexual differentiation occurs prenatally in
rhesus monkeys and likely apes and old world primates
in general. Monkeys have an approximately 168 day ges-
tation with the testes differentiating between gestation
day 38 and 40 [85]. Fetal testes become steroidogenically
active around gestation day 40 and secrete androgens
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throughout gestation with peak levels at gestation days
40-75 then declining for the rest of gestation with
another apparent increase around gestation day 140 [85].
Throughout the prenatal period males experience signifi-
cantly higher levels of testosterone (T), though there are
no apparent differences between the sexes in either Sa-
dihydrotestosterone (DHT) or androstenedione [84,85].
The fetal ovaries are apparently quiescent at this time
since females show significantly elevated LH levels in
comparison to males and luteinizing hormone (LH) lev-
els are suppressed by exogenous T in fetally ovariecto-
mized females [18]. Thus fetal males are exposed to
elevated levels of T from their own testes and females are
exposed to lower, but quantifiable T levels, presumably
of maternal origin since the fetal ovary is inactive during
this time.

As is the case in humans, rhesus monkeys have a
period of infant and juvenile dependency and develop-
ment, where behavioral predispositions fully develop.
Rhesus monkeys develop about four times more quickly
than do humans (e.g., developmentally, a rhesus monkey
year equals four human years). Thus, while sharing
many important features with humans; rhesus monkeys
make a practical and valuable model system for investi-
gating behavioral sexual differentiation.

Rhesus monkeys display several sexually differenti-
ated patterns of juvenile and adult behavior [59,98]. The
primary sexually differentiated behavioral patterns are
higher levels of juvenile mounting and high energy
expenditure play (rough play) in males and higher inter-
est in infants [47] and greater association with adult
females in juvenile females [59,98]. In addition, infant
vocalizations have been found to be sexually differenti-
ated [94]. In adult rhesus monkeys, play rarely occurs,
but adult males display greater levels of mounting, now
accompanied by intromissions and ejaculations, whereas
females show increased interest in infants [60] and higher
levels of sexual initiation [60,106]. Vocalizations con-
tinue to be sexually differentiated with the primary sex
difference being volubility with adult males rarely vocal-
izing and females displaying routine vocalization [94].

4. Social influences on behavioral sexual differentiation

Social context and rearing conditions affect the
expression of infant and juvenile sex differences. A previ-
ous review of social influences on sexually differentiated
behavior concluded that some patterns of sexually differ-
entiated behavior differ between males and females
almost completely as a result of social context and rear-
ing history. In contrast, other behaviors appear to differ
between the sexes across a range of a social and rearing
conditions [98]. This review focuses on those behavioral
patterns where sex differences either occur in more than
one social environment, or, like infant vocalizations, that

have not yet been studied under multiple social contexts
and thus the effect of socialization processes is unknown.
Other behavioral patterns such as juvenile aggression
that have been suggested to be sexually differentiated
[43,44], now appear to be very situationally variable,
occurring in some environments and not in others [98].

Understanding the social conditions of rearing is
important for assessing whether hormones affect sexual
differentiation of behavior. Three principle systems for
rearing laboratory rhesus monkeys have been employed
with markedly different effects on sexually differentiated
behavior. Harlow developed a minimal socialization
procedure that he claimed produced fully socialized
monkeys [44]. This procedure minimized social input
from any other monkeys except peers (peer-rearing), and
even peer access was severely limited to 60 min or less
per day. Although males reared using the Harlow rear-
ing paradigm showed consistent levels of male-typical
play, males reared in this manner were not sexually func-
tional as adults [36]. In response to the limitations cre-
ated by the Harlow rearing system, a system of
continuous housing of 4-6 mother-infant pairs was
developed (mother-peer), which resulted in the expres-
sion of rhesus typical juvenile behavior and sexually
competent adult males [36]. More recently, sex differ-
ences in behavior have been studied in large age-graded
socially stable groups of outdoor housed rhesus mon-
keys (social-group rearing) [47,48,59,94,98]. These
groups, some of which have been studied for more than
30 years, duplicate significant aspects of rhesus social
organization, absent from other rearing conditions.
These groups have an enduring matrilineal structure,
with the presence of offspring at almost every develop-
mental stage. Thus infants are reared under conditions
where interactions can occur with mothers, peers, sib-
lings, and related adult females. This complexity allows
the investigation of sex differences in behavior, such as
interest in infants, not possible in the more limited social
contexts historically employed in laboratory studies.
Where relevant the specific rearing condition, peer-rear-
ing, mother-peer rearing, or social group rearing, will be
referred to in assessing how hormones affect the develop-
ment of sexually differentiated behavior.

5. Neonatal hormonal secretions and behavioral sexual
differentiation

In male rhesus monkeys testicular activity falls on the
day of birth and then increases, remaining at post-puber-
tal levels for the first 2-3 months of life [65]. In contrast
there does not appear to be a similar activation in female
rhesus monkeys, although there may be a gonadal
restraint on female gonadotropin secretion during the
neonatal period [79]. Suppression of male neonatal T
secretion appears to influence the timing of puberty
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[63,64], but has no striking effects on either juvenile [105]
or adult male behavior [17]. Neither neonatal castration
[37,81] nor suppression of neonatal T secretion using
gonadotropin hormone releasing hormone (GnRH) ago-
nists or antagonists in males have produced substantial
evidence that neonatal hormonal secretions are generally
involved in masculinization or defeminization in males
or in normal female sexual differentiation [10,71,98,105].
Males who were exposed to supraphysiological levels of
T neonatally initiated proximity with their mothers less
than did either females or males whose neonatal T had
been suppressed [105]. However, even though supraphys-
iological T levels altered this social behavior, males with
suppressed T were neither significantly different from
normal males or females. While this finding suggests that
some aspects of juvenile social behavior may be sensitive
to neonatal hormonal influences, the effects are not strik-
ing. It seems more likely that hormonal influences during
the neonatal period elaborate predispositions that are
organized prenatally. In this regard, the effects of neona-
tal androgen may more closely parallel their effects on
genitalia. Penile differentiation is determined prenatally,
but the penis is sensitive to androgens neonatally, such
that suppression of the neonatal T secretion produces a
smaller penis [11,105] and supraphysiological T results in
a larger penis [11,105], or clitoris in the case of T treated
females [11]. The effects of neonatal T on penile growth
disappeared soon after the T treatment ended [11,105].
However, T treatment produced a longer lasting increase
in clitoral size, but did not alter the basic anatomy of this
clitoris suggesting that some aspects of genital anatomy,
at least in females, can still be organized postnatally [11].

In contrast to the limited effects of neonatal T in
macaques, there appears to be a period of neonatal sex-
ual differentiation in new world monkeys during which T
significantly affects the adult sexual behavior potential
of males [14,19]. In both tamarins and marmosets neona-
tal castration reduces adult masculine sexual behavior,
but does not completely eliminate responsiveness to the
ability of T to activate male sexual behavior [14,19]. Sim-
ilarly, neonatal T treatment of genetic females partially
masculinizes genitalia and also partially masculinizes,
but does not defeminize their behavior [1,2]. While fur-
ther studies are needed, it appears that within the pri-
mate order there may be significantly different patterns
of the effects of neonatal T on sexual differentiation.

6. Sex differences in maternal treatment of infants

Sex differences in juvenile and adult behavior could
result from differential maternal responses to male and
females infants resulting in differential patterns of devel-
opment. While the notion that sex differences in social
behavior stem from differential maternal socialization is
attractive there are no data to support this notion. Rhe-

sus monkey mothers do not appear to react differently to
males and females in regard to time spent grooming,
restraining or interacting with infants of each sex [59,98].
There are two patterns of maternal behavior that may be
differentially expressed to male and female infants. Goy
et al. [40] reported that mothers inspect the genitals of
their male offspring more frequently than they do those
of female offspring. The original report was obtained
from 4 to 6 member mother—infant groups in relatively
sparse surroundings, thus the behavior might have
reflected limited options in the social environment. How-
ever, this maternal difference was also seen in larger
more socially complex groups housed in outdoor com-
pounds offering many behavioral opportunities [105]. In
this latter case, the extent to which mothers inspected
their male offspring’s genitals was proportional to penis
size. The only other maternal behavior expressed differ-
entially to male and female infants is maternal respon-
siveness to infant distress vocalizations with mothers
responding more reliably to male than female infant
vocalizations [94]. This difference is described more fully
in the following section on prenatal influences on behav-
ioral sex differences. Taken together there is limited evi-
dence that mothers treat infants differently on the basis
of sex independently of sex differences in the infant’s
behavior. Inspection of infant genitals seems to be the
only reliable maternal sex difference in infant treatment.
Thus, it seems very unlikely that the behavioral sex
differences described in the following sections stem from
differential maternal socialization. It is more likely that
they result from hormonal modulation of nervous sys-
tem development producing behavioral predispositions
that differ between males and females.

7. Prenatal hormonal influences on behavioral sexual
differentiation

Prenatal hormonal influences on behavioral differen-
tiation has been investigated primarily by exposing
female fetuses to supraphysiological levels of androgens,
by injecting their mothers with either esterified testoster-
one (testosterone enanthate, propionate, or cypionate)
or dihydrotestosterone (dihydrotestosterone propionate)
in amounts ranging from 5 to 25mg/day [37]. One study
of Japanese macaques, a species closely related to rhesus
monkeys, employed abdominal implants of silastic pack-
ets containing crystalline testosterone, which produced
maternal T levels (~75ng/ml) comparable to those pro-
duced by injections [16]. Treatments have typically
resulted in very high maternal androgen levels, which
produces fetal levels one-eighth to one-tenth of the
maternal levels [86]. Thus a treatment that produces 75—
125ng/ml in the mother will produce levels within the
normal fetal range for males, but levels 10- to 20-fold
higher than normal in fetal females [86,87]. These
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amounts are sufficient to completely masculinize female
genitalia when the treatment is started early enough in
gestation. The behavioral effects of such treatments are
thought to reveal the processes involved in normal mas-
culine sexual differentiation on the assumption that mas-
culine characteristics are imposed upon an essentially
female anlagen. By varying the timing of the prenatal
treatment the effects of androgens on genital anatomy
can be separated from some of their effects on sexually
differentiated behavior [40]. In general androgen treat-
ments starting around 35 days of gestation and contin-
uing through gestation day 75 affect both the
development of reproductive anatomy and some behav-
ioral patterns. Treatments starting after gestation day
100 have no detectable effect on female reproductive
anatomy, but have been reported to alter aspects of juve-
nile behavior [40]. The role of timing of androgen expo-
sure is addressed more fully under the specific behaviors
in the sections that follow. These androgen treatments
have not been reported to have any effect on male
offspring, possibly because the serum androgen levels in
male fetuses of treated mothers do not differ from the
endogenous levels produced by fetal males [86].

Recently we have used lower androgen doses and the
anti-androgen flutamide administered prenatally to
investigate sexual differentiation in my laboratory [48].
Treatments were done on pregnant time-mated females
[110] living as members of 65-125 member social groups
containing multiple adult males and females and their
offspring. Pregnant females received either testosterone
enanthate (20 mg/week, IM in oil vehicle), or flutamide
(30mg/kg twice daily in dimethlyl sulfoxide (DMSO)
vehicle), or vehicle (twice daily DMSO). The timing of
treatments was varied such that about half of the sub-
jects’ mothers received hormonal treatments starting on
gestation day 35 or 40 through gestation day 70 (early
treatments) or gestation day 110 or 115 through gesta-
tion day 145 (late treatments). All treatments were
administered within the pregnant female’s social group
and infants were delivered within the social group and
mothers and offspring remained in the group for the
duration of the longitudinal study.

Testosterone treatment produced substantially lower
maternal T levels than reported in previous studies with
amounts ranging from 2.4 to 21.7ng/ml at the treatment
nadir [48]. Females exposed to these levels of testoster-
one early in gestation (early androgen females or EAF)
were not genitally masculinized, although their neonatal
gonadotropin secretion was altered, suggesting that sig-
nificant androgen had reached the fetus, but at levels
below those necessary to masculinize genitalia [48].
Females exposed to testosterone late in gestation (LAF)
and females exposed to flutamide early (EFF) or late
(LFF) in gestation showed no clear effects of treatment
on genital anatomy or neonatal neuroendocrine func-
tion [48]. Males exposed to flutamide early in gestation

(EFM) had significantly less masculinized penises and in
two cases, a urethral meatus that was not integral to the
penile shaft as is typical of males. Thus EFM penises
were both smaller and less typically masculine than
those of control males. Males exposed to flutamide late
in gestation (LFM) had male typical genitals, but their
penises were significantly smaller than those of control
males. Androgen treatment either early (EAM) or late
(LAM) in gestation had no measurable effect on male
genital anatomy. These findings demonstrate that the
penis remains sensitive to androgen levels after an early
period when it differentiates from the genital tubercle.
Prenatal treatment did not affect neonatal gonadotropin
secretion, but did increase T secretion during the first
two postnatal weeks in LFM subjects [48].

The range of prenatal treatments and the differing
social conditions under which rhesus monkeys have been
studied allow some generalizations about the role that
prenatal androgens play in sexual differentiation of
behavior. The sections that follow are organized around
specific behavioral endpoints. The specific nature of the
behavioral sex difference is first described and then the
effects of alterations in the prenatal hormonal environ-
ment are discussed. Although much work remains to be
done to fully articulate the role that prenatal androgens
play in behavioral differentiation, it is apparent that
their effects are pronounced and that androgens are crit-
ical for masculinization of behavior, whether the end-
point is one requiring concurrent hormonal activation,
like adult copulatory behavior, or a pattern not needing
hormonal activation, like juvenile rough play.

7.1. Sex differences in infant vocalizations

Rhesus monkeys use vocalizations for a variety of
social functions, including threats and aggression, warn-
ing calls, and communicating distress and fear [28-30].
These vocalizations are quite specific referential calls
requiring a period of development to be used in the cor-
rect social context. Development of this vocal profi-
ciency is sexually differentiated, at least in pigtail
macaques, with females developing vocal fluency earlier
than do males [27]. Vocalizations are also used to indi-
cate emotional distress and infants, in particular vocalize
intensely when separated from, or are rejected by their
mothers [94]. Both male and female infants vocalize, but
with different frequencies and intensities. When vocaliza-
tions are categorized into discrete call types (Table 1),
females utilized more call types and had longer separa-
tion-rejection vocalization bouts than did males. In addi-
tion, males used more high energy call types (noisy
screams and geckers), whereas females used more low
energy, “pleasant” calls (coos and arched screams) when
separated [94]. In addition to sex differences in the nature
of the calls, males and females differed in the efficacy
with which their calls elicited retrieval by their mother.
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Table 1

Vocal features of separation-rejection vocalizations in infant rhesus macaques

Call type Acoustic properties General contextual usage
Coo?b Tonal, some harmonics, start frequency To solicit aid, indicate need for “friendly contact”
<3kHz
Girney** Similar to coo, but with variable frequency Nursing call
Gecker® Rapid pulses of energy Distress call accompanied by convulsive jerking of the body

Noisy scream?
Tonal scream?

Broadband, high frequency
Tonal, narrow frequency range

Arched scream? Tonal call with inverted “U” shape

Undulated scream?
harmonics, and an atonal quality

d Short, rapid pulses of energy

Pulsed Scream

Nasal sounding, with many narrow-band

In adults, physical aggression from higher-ranking individual
In adults, aggression from kin or higher-ranking individual
without physical contact

In adults, aggression from a lower-ranking individual
without physical contact

In adults, aggression without physical contact

by higher-ranking individual

In adults, aggression from kin member

& Ref. [72].
b Ref. [88].
¢ Ref. [58].
4 Ref. [30] (adapted from [94]).

Mothers were significantly more likely to retrieve their
male infants than their female infants following a sepa-
ration call [94]. This difference may reflect the differences
in call types that males and female’s employ in separa-
tion-rejection vocalizations. Possibly, the broad spec-
trum, high energy nature of the male infant’s calls makes
it difficult for its mother to ignore, unlike the less intense
calls of female infants.

Sex differences in infant vocalizations have not been
extensively studied and only a single study has investi-
gated whether prenatal androgen exposure affects their
expression. Subjects were treated with testosterone enan-
thate, flutamide, or vehicle as previously described.
Table 2 summarizes the effects of prenatal hormonal
manipulations on infant vocalizations for sexually differ-
entiated call parameters. In females, exposure, early in
gestation, to androgen levels that did not masculinize
their genitalia completely masculinized their infant sepa-
ration-rejections vocalizations (EAF, Table 2). Similar
androgen exposure late in gestation produced less pro-
nounced masculinization of vocalizations, but still
resulted in masculinization of three of six vocal charac-
teristics (LAF, Table 2). Surprisingly, prenatal flutamide

Table 2

treatment also had a masculinizing effect on female
vocalizations with early flutamide treated females having
three of six parameters masculinized and late flutamide
treated females have five of six parameters masculinized
(EFF and LFF in Table 2, respectively). Prenatal andro-
gen treatment had no clear effect on male vocalizations
as both early androgen treated (EAM) and late andro-
gen treated (LAM) males had four or five masculine
vocal characteristics of the six measured. Early flutamide
treated males (EFM, Table 2) had the fewest masculine
vocal characteristics with three of six. Late flutamide
males (LFM, Table 2) were indistinguishable from the
androgen treated males Table 3.

These results show that infant vocalizations are sensi-
tive to prenatal hormonal manipulations, but the results
are somewhat contradictory. In females, exposure to
either androgen or flutamide prenatally masculinized
female infant vocalizations either strongly, as in the case
of early androgen or late flutamide exposure, or par-
tially, as in late androgen treatment or early flutamide
treatment. In contrast to its effects in females, where it
appeared to act as an androgen, flutamide treatment
partially blocked masculinization of vocalizations

Summary of prenatal treatment effects on female-typical and male-typical separation-rejection vocalizations in infant rhesus monkeys

Vocal feature Prenatal treatment group®

EAF LAF EFF LFF EFM LFM EAM LAM
Percent coo usage M F M M F — M F
Percent gecker usage M M M M F — M M
Percent arched scream usage M — — — — F F M
Total number of calls M — F M M M M —
Types of vocalizations M M F M M M M M
Vocalization duration (seconds) M M M M M M M M

M, male-typical (e.g., differs significantly from control females, but not from control males).
F, female-typical (e.g., differs significantly from control males, but not from control females).

—, does not differ from either control males or control females.

* EAF, early androgen female; EAM, early androgen male; EFF, early flutamide female; EFM, early flutamide male; LAF, late androgen female;
LAM, late androgen male; LFF, late flutamide female; and LFM, late flutamide male (adapted from [94]).
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Table 3

Summary of effects of prenatal hormonal manipulations in relation to dosage and gestational timing on anatomical and behavioral endpoints in

male and female rhesus monkeys

Prenatal treatment (references) Sex Genital anatomy

Infant vocalization Rough play

Mounts Infant interest

Early flutamide 35 or 40 days [47,48,94] ¢ temale-like —
3 Jmasculinization <«

Early testosterone 35 or 40 days (Low) Q - 13
[47,48,94]

3 — —

Late flutamide 35 or 40 days [47,48,94] Q > 13
3 I penis length —
Late testosterone 35 or 40 days (Low) Q — PN
[47,48,94]
3 tpenis length -
(not significant)
Early testosterone 25 days (High) [40] Q masculinized NS
Late testosterone 25 days (High) [40] Q — NS
>50 days TP or DHTP (High) [31,32,34] ¢ masculinized NS
DESDP > 100 days [38] Q - NS
3 - NS
DESDP 25 days late gestation [38] Q > NS

<« <« <«
Not different from  Not different from <
control ¢ or & control  or &

Not different from P

control @ or &

Not different from P

control @ or &

Not different from Jinterest

control ¢ or &

— fmounts And

<« «> <«

trough play > —

— fmounts NS

trough play fmounts NS

trough play fmounts NS

frough play >control ¢ NS
<control &

<~ <~ NS

Key: @, female; 3, male; <, no effect; 1, increased; |, decreased; NS, not studied; DHTP, 5a-dihydrotestosterone propionate; TP, testosterone propi-

onate; DESDP, diethylstilbestrol dipropionate.

whether given early or late in gestation. Why the differ-
ent effects of flutamide? One possibility is that flutamide
does not cross into the brain in very high concentrations
and thus, while it works excellently as an anti-androgen
peripherally, it is less effective centrally. Prenatal flutam-
ide treatment did result in increased maternal T levels
[48], which would have been high for females, but lower
than male endogenous T levels. If flutamide does not
enter the brain in very high concentrations, then the ele-
vated maternal T could actually expose developing
females to higher levels of androgen than would occur
naturally. In males, as a result of their higher androgen
levels some reduction by flutamide could result in partial
blockade of masculinization. This, however, seems
unlikely to be the whole story, as will be seen when other
behavioral end points are considered. Prenatal flutamide
treatment turns out to be particularly problematic and
does not appear to have actions completely consistent
with its capacity to weakly occupy androgen receptors.

7.2. Sex differences in juvenile social behavior

The findings of Phoenix et al. [78] that prenatal hor-
mones altered adult responsiveness to the effects of
gonadal hormones on adult sexual behavior led some to
suggest that steroid hormones primarily organized sensi-
tivity to hormonal activation [108]. While this likely
applies to many aspects of adult sexual behavior, the
existence of sexually differentiated behavior that does
not rely upon hormonal activation for its expression
provides the opportunity to distinguish the organization

of behavioral patterns from the organization of sensitiv-
ity to hormonal activation. The demonstration by Har-
low [44] of sexually differentiated infant and juvenile
behavior in monkeys provided an excellent behavioral
system for investigating the effects of prenatal hormones
on the organization of behavior. While several of the
sexually differentiated patterns described by Harlow,
rigidity, threatening, and withdrawal, are only sexually
differentiated in very specific and socially impoverished
environments [98], two patterns in particular, rough play
and juvenile foot-clasp mounting are particularly impor-
tant behavioral endpoints for demonstrating the effects
of prenatal hormone manipulations.

Rough play (also called rough and tumble play, Fig.
1A) is a high energy expenditure whole body play with
grasping and tumbling that is exhibited more frequently
by males than females in a peer groups [31,43,44],
mother peer groups [36,103], and in large social groups
[59,105]. Described by Harlow as the primary indicator
of proper social adjustment [44,46], it is now apparent
that it does not predict adult social competence, but its
complete absence indicates severely inappropriate
socialization [36].

Juvenile rhesus monkey males display a variety of
mounting postures, but of primary importance is the
double foot clasp mount (Fig. 1B) that is typical of the
mating posture of adult male macaques [3]. This mount
is displayed more by males than females
[31,44,45,59,105], but is only displayed with any appre-
ciable frequency when males are reared with substantial
opportunities for continuous social interaction with
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Fig. 1. (A) Rough play in yearling rhesus monkeys. The two male rhe-
sus monkeys at the right engage in friendly wrestling play, character-
ized by grappling and whole body involvement. Play may involve
more than two animals as the infant on the left is about to demon-
strate. (B) Foot clasp mounting by an infant male to a yearling rhesus
monkey. This mount is a highly cooperative behavior that is of the
same form as that used by adult males during copulation (Photos K.
Wallen).

peers [36,98,103,104]. In more socially limited contexts
foot clasp mounting is almost never displayed
[45,46,104]. Unlike rough play, which may be displayed
at high frequencies under social rearing conditions not
conducive to the development of adult social compe-
tency, the routine occurrence of foot-clasp mounting
indicates adequate juvenile socialization [36,98].

7.2.1. Studies of exogenous prenatal steroid
administration to genetic females

Early studies of the role of hormones on the develop-
ment and expression of rough play and foot-clasp
mounting demonstrated that their juvenile expression
was not dependent upon the presence of male gonadal
function as neonatally castrated males displayed these
behaviors at levels indistinguishable from gonadally

intact males [31]. In contrast to the lack of effect of post-
natal androgenic influences these behaviors were signifi-
cantly increased in genetic females whose mothers had
been treated with testosterone during much of gestation
[31,33,37]. The use of an aromatizable androgen did not
appear to be critical as female offspring of mothers
treated with 5a-dihydrotestosterone, a nonaromatizable
androgen, displayed comparable masculinization of both
rough play and juvenile mounting to that produced by
prenatal testosterone treatment [32]. Similar effects of
prenatal androgen treatment were also found in Japanese
macaque females whose mothers received testosterone
from approximately gestation day 40 to gestation day
100, of the 168 day gestation, who showed higher levels of
mounting, but not rough play than did control females
[16]. The androgen levels in this study were lower than
those employed by Goy and colleagues in the rhesus
monkey as the Japanese macaque offspring exposed to
androgen in utero did not have the extensive genital mas-
culinization reported in the rhesus. Thus, if these differ-
ences do not reflect species differences in the metabolism
and action of androgens, these results suggest that lower
levels of androgen are required to masculinize mounting
than are required to masculinize rough play. Further evi-
dence that play and mounting have different sensitivities
to androgens came from a study in which limited andro-
gen exposure to a 25 day period during gestation, but
varied the gestational timing of the 25 day treatment [40].

Exposing genetic females to 10mg of TP injected
daily to their mothers on gestation days 40-64 exten-
sively masculinized their genitalia, producing a fully
formed penis, scrotum, and no vaginal opening. Behav-
iorally, these genitally masculinized females mounted at
frequencies not different from control males and higher
than control females. However, these females, like
Eaton’s Japanese macaques exposed to lower levels of T,
did not show increased frequencies of rough play [40]. In
contrast to the effects of this early androgen treatment
on behavior, the same dose of T administered from ges-
tation days 115-139, produced no detectable masculini-
zation of the female’s genital anatomy, but both
mounting and rough play were significantly elevated
over that seen in control females, and in the case of
rough play, over the levels displayed by early androgen
treated females [40]. Thus, the timing of androgen expo-
sure androgen separated its effects on genital anatomy
from its effects on behavior. This study also suggested
that late gestation is a period of particular sensitivity of
the developing nervous system to prenatal androgens.
This might be expected since genital differentiation
differs markedly in its time course from that of neural
differentiation. While genital differentiation is complete
by approximately gestation day 75, cortical neurons
have not completely proliferated in some areas of the
macaque brain until after gestation day 100 [83]. In addi-
tion, synaptogenesis of these neurons occurs and even
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continues through the first two postnatal months [9,41].
Evidence that synaptogenesis can be influenced by
androgens [66] provides support for the latter part of
gestation being a period of particular sensitivity to
androgens for behavioral differentiation.

While both aromatizable and nonaromatizable
androgens masculinize juvenile behavior, there is some
evidence suggesting that estrogens can also masculinize
juvenile behavior. Goy and Deputte [38] treated preg-
nant females with 100 pg per day of diethylstilbestrol
dipropionate (DESDP), a dose 33 times that shown to
masculinize and defeminize aspects of the behavior of
genetic female guinea pigs [50], for more than 100 days
of gestation. Females of this long DESDP treatment had
normal appearing genitalia, but displayed increased
juvenile mounting and rough play. Another group of
females received shorter DESDP treatments timed simi-
larly to the late gestation androgen treatments described
above. These short-treated DESDP females showed no
evidence of behavioral masculinization, in contrast to
the significant masculinization produced short TP treat-
ments late in gestation. These DESDP females were only
studied for their first year of life while still in the pres-
ence of their mothers when the full expression of juvenile
sex differences has yet to be realized [36]. Thus, it is hard
from these data to determine whether the masculiniza-
tion produced by long treatments with large amounts of
DESDP reflect an involvement of estrogens in masculin-
ization, or a pharmacological effect. Clearly, the DESDP
treatment had the capacity to influence sexual differenti-
ation, but the short term nature of this single report pre-
vents reaching any definitive conclusion about the role
that estrogens play in the sexual differentiation of juve-
nile behavior.

Our own studies of prenatal flutamide treatment have
not yet provided evidence that the masculinization of
juvenile behavior was prevented by either early or late
flutamide treatment. In fact, we have evidence, described
more fully in the following section, that late flutamide
treated males display significantly higher levels of juvenile
play and mounting than do control males. We think it
unlikely that these data are truly evidence that androgens
late in gestation suppress the full masculinization of male
juvenile behavior. Instead we think it more likely that
these results reflect an increased testicular output during
the flutamide block due to the suppression of negative
feedback as had previously been demonstrated in rats and
humans [24,91,96]. If this is the case, these preliminary
findings could be consistent with an estrogen effect on
masculinization of juvenile behavior, since AR would be
blocked by the flutamide, but ER would not and the
increased testicular activity might elevate estrogen levels
enough to produce effects similar to those reported for
DESDP. Whether or not estrogens or estrogenic metabo-
lites play any role in the normal course of juvenile behav-
ioral differentiation remains an open question.

7.2.2. Alteration of endogenous prenatal androgens
7.2.2.1. Effects on rough play and mounting. The hypoth-
esis that late gestation is a period of increased sensitivity
to the organizing actions of androgens on sexually differ-
entiated behavior, was tested using lower doses of exoge-
nous testosterone than previously employed and
attempting to block endogenous androgens using the
anti-androgen flutamide [48]. We here report the effects
of these treatments on rough play and juvenile mounting
during the first two years of life [59,105]. Subjects were
the offspring of mothers receiving treatments as
described for the study of infant vocalizations. All sub-
jects were born into one of two social groups consisting
of 75-125 monkeys that had been established at least 20
years prior to the start of the study. The treatments and
observation procedures have been previously described
[47,48,94]. Early flutamide treatment of males (EFM)
prevented full masculinization of the male’s penis,
whereas late flutamide treatment resulted in a fully
formed, but significantly smaller penis. Early flutamide
treatment in females (EFF) modified their genitals in a
more female-typical direction. None of the androgen
treatments significantly affected genital anatomy in
either male or female offspring, although males exposed
to androgen late in gestation (LAM) had the longest
penises of any male group [48].

First year of life. During the first year of life, subjects
were distributed between treatments as follows: vehicle
control females (VCF)=7, vehicle control males
(VCM)=7, EAF=6, LAF=6, EFF=7, LFF=7,
EAM =6, LAM=4, EFM=7, LFM =6. Behavioral
data were collected as previously described for the first
six months of life [47,48,94]. Overall effects were com-
pared using a one-way analysis of variance with Bonfer-
roni’s post hoc test for multiple comparisons between
treatment groups.

During the first six months of life, rough play was not
sexually differentiated in the presence of the mother, but
differed significantly across groups (F(9,52)=6.36,
p<0.001) when out of the mother’s presence with males
displaying much higher rates of rough play that did
females (p =0.014, Bonferroni, Fig. 2A). Although there
was an overall effect of prenatal treatment on rough play
rates, neither prenatal androgen nor anti-androgen
treatment significantly increased female rough play com-
pared to control females during the first year (all
p’s=1.0, Bonferroni, Fig. 2A). The only suggestion of a
prenatal hormonal effect was that the LAF and LFF
subjects played at frequencies that were not different
from either control males or control females. In contrast
in males, prenatal treatments affected rough play.
Whereas control males played at higher levels than only
control female and EFF subjects, androgen treated
males, either early or late had higher rates of rough play
than all females groups with the exception of the LFF
subjects (Fig. 2A). Contrary to predictions,
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Fig. 2. Rough play (A) and mounting (B) displayed by control and pre-
natally treated rhesus monkeys during the first year of life. Abbrevia-
tions: VCF, vehicle treated control female; VCM, vehicle treated
control male; EAF, early treated androgen female; LAF, late treated
androgen female; EFF, early treated flutamide female; LFF, late
treated flutamide female; EAM, early treated androgen male; LAM,
late treated androgen male; EFM, early treated flutamide male; and
LFM, late treated flutamide male (see text for details of treatments).

administration of flutamide late in gestation did not
decrease rates of rough play. Early flutamide treatment
produced the lowest rate of male rough play, and EFM
subjects did not differ significantly from any other treat-
ment group. Thus they were not significantly more mas-
culinized in their play than females nor significantly less
masculinized than the other males.

Mounting is very infrequent during the first 6 months
of life, so the measure presented in Fig. 2B includes all
properly oriented mounts (penis in correct juxtaposition
to the rear of the animal being mounted), not just foot-
clasp mounts. Control males mounted more than
females, but the frequencies were so low that the differ-
ence was not significant. There was an overall treatment
effect (£9,52)=292, p=0.007, Fig. 2B that stemmed
from LFM subjects mounting more than either control
males or any of the female control and treatment groups.
Thus contrary to our hypothesis, that flutamide late in
gestation would block juvenile masculinization, it para-

doxically seems to have hypermasculinized these males,
an effect not evident in EFM subjects who, as they did in
rough play, did not differ significantly from any other
group. None of the other apparent differences between
treatment groups were significant and there was no evi-
dence that prenatal androgen exposure affected female
mounting rates.

Second year of life. During the first year of life, sub-
jects were distributed between treatments as follows:
VCF=6, VCM =8, EAF=5 LAF=6, EFF=6,
LFF=6, EAM =6, LAM =4, EFM =7, LFM =4. The
difference in subject numbers from year reflect the addi-
tion of two unmanipulated male controls to replace ani-
mals removed from the study due to illness, and the loss
of subjects due to illness where insufficient data could be
collected. Behavioral data were collected as previously
described for the first six months of life for 13-15 weeks
starting on the subject’s first birthday and analyzed as
previously described [47,48,94]. Since yearlings spend a
majority of their time away from their mothers, we col-
lapsed the data across all weeks of observation to pro-
vide a total occurrence of the specific behavior.

Rough play varied with prenatal treatment
(F(9,48)=691, p<0.001). There was a clear sex differ-
ence between VCM and VCF subjects (p=0.012, Bon-
ferroni, Fig. 3A). Among the female treatment groups,
only EAF subjects displayed significantly less rough play
than did control males (p =0.009, Bonferroni) and none
of the female treatment groups displayed significantly
more rough play than did control females (All p’s>0.17,
Fig. 3). Thus, the effect of all prenatal treatments to
females, except early androgen administration, was to
increase rough play sufficiently such that females were
neither completely masculine nor feminine in their pat-
tern of play. As seen with infant vocalizations, late
flutamide treatment had the most pronounced masculin-
izing effect on female rough play, although this was not
significantly different from any other female or male
group. Although the differences were not significant it is
interesting that the increase was greater than either of
the testosterone treatments. In addition to control males,
males receiving prenatal manipulations late in gestation,
regardless of treatment, were the only other male treat-
ment groups to differ from control females (LAM,
»<0.001, Bonferroni; LFM, p=0.033, Bonferroni). In
addition, LAM subjects differed significantly from all
prenatally treated female groups (p <0.006 in all cases,
Bonferroni, Fig. 3A). LFM subjects differed significantly
from EAF subjects in addition to control females
(p =0.024, Bonferroni), making them the most fully mas-
culinized of the male treatment groups after LAM sub-
jects. In contrast the to the LAM and LFM subjects
early male treatment groups (EAM and EFM), did not
differ significantly from any other group in their rough
play. Thus, like the late flutamide females, these groups
of males were neither fully masculine nor feminine in
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Fig. 3. Rough play (A) and mounting (B) displayed by control and pre-
natally treated rhesus monkeys during the second year of life. Abbrevi-
ations: VCF, vehicle treated control female; VCM, vehicle treated
control male; EAF, early treated androgen female; LAF, late treated
androgen female; EFF, early treated flutamide female; LFF, late
treated flutamide female; EAM, early treated androgen male; LAM,
late treated androgen male; EFM, early treated flutamide male; and
LFM, late treated flutamide male (see text for details of treatments).

their play patterns, suggesting that these early prenatal
treatments had partially blocked full masculinization.
The total number of foot clasp mounts displayed dur-
ing the observation period, with or without pelvic thrust-
ing, varied with treatment. Control males displayed
significantly more mounts than did control females
(»=0.001, Bonferroni, Fig. 3B) and more than all female
treatment groups as well (p’s <0.009 in all cases, Bonfer-
roni, Fig. 3B). None of the female prenatal treatment
groups differed significantly from the control females
(»=1.0 in all cases, Bonferroni, Fig. 3B), thus unlike the
case of rough play, there was no evidence that prenatal
androgen or flutamide treatment had any impact on the
occurrence of juvenile mounting. Manipulating andro-
gens in males significantly affected their mounting
behavior. As was the case with rough play late treat-
ments, either with T or flutamide, produced elevated lev-
els of mounting (Fig. 3B). Males receiving flutamide late
in gestation (LFM) showed the highest level of mount-
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ing of any group in the study and differed significantly
(all p’s<0.004, Bonferroni, Fig. 3B) from all groups
except the late androgen treated males (LAM). In con-
trast, flutamide treatment given early in gestation (EFM)
produced males that did not differ significantly from any
group, male or female, in their mounting (all p’s>0.11).
Late androgen-treated males mounted at higher fre-
quencies than all female groups, but not more frequently
than any male treatment group. Males receiving andro-
gens early in gestation (EAM) were similar to late
treated males, differing only in that they did not mount
more frequently than EAF (p=0.063, Bonferroni, Fig.
3B) subjects and mounted less frequently than LFM
subjects (p =0.002, Bonferroni, Fig. 3B).

Taken together these results support several conclu-
sions. First, it appears that late gestation is a period of
particular sensitivity of mounting to hormonal manipu-
lations. Second, paradoxically, both flutamide and
androgen have similar effects late in gestation. Last,
differentiation of mounting is sensitive to hormonal vari-
ation early in gestation as well, with early flutamide
treatment producing males with the poorest mounting
performance. Males who received flutamide early in ges-
tation also had the least masculinized genitals. Thus it is
possible that the lower mounting displayed by EFM
subjects was in response to their less completely mascu-
linized penile structure. This does not seem the most
likely explanation as LFM subjects had penises that
were significantly smaller than any other male group,
except the EFM males and that were not significantly
larger than the penises of EFM subjects and yet they dis-
played the highest levels of mounting of all groups in the
study. While there may be some specific sort of sensory
feedback that is provided by a fully formed, but small
penis that is not available to a male with a poorly mascu-
linized penis, it seems more likely that the early flutam-
ide treatment altered some motivational characteristic of
males so treated.

The effects that we have produced using prenatal
flutamide treatments are paradoxical and contradictory
if one assumes that flutamide works strictly as an anti-
androgen and in the same manner on neural systems and
peripheral organ systems. There are several possible
explanations for these findings. One possibility is that
flutamide simply does not get into the brain in sufficient
concentrations to occupy a significant proportion of
androgen receptors. No in vivo studies have demon-
strated that flutamide enters the brain in levels compara-
ble to that seen in peripheral circulation. Since flutamide
is a relatively weak ligand for the androgen receptor [89],
any decreased neural concentration could markedly
reduce its anti-androgenic effects. Probably more criti-
cally, in intact animals flutamide treatment can block
negative feedback [42,91,95] and potentially increase
endogenous androgens making a central flutamide anti-
androgen blockade even less effective. In a study of male
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rats, peripherally administered flutamide had no measur-
able effect when administered to intact male and very
effectively inhibited growth of peripheral accessory
glands in castrated males to exogenous T, but only
reduced, but did not eliminate male copulatory behavior
[91]. One study that administered flutamide to pregnant
rats found it blocked the masculinization of the corpus
callosum [22], there is however, scant additional evidence
that peripherally administered flutamide has significant
affects on brain structure and function. Thus, one possi-
ble explanation for the behavioral masculinization
effects that we found with peripherally administered
flutamide is that flutamide effectively blocks negative
feedback resulting in either increased steroid secretion in
pregnant females, such as the increased T secretion we
found in our flutamide treated mothers [48], or produces
an increased secretion of testicular T in male offspring of
flutamide treated mothers. In this regard it may be sig-
nificant that neonatally, LFM subjects had significantly
higher T levels than any other group during the first two
weeks postnatally [48]. Whether this reflects some alter-
ation in testicular function (LFM subjects did not have
elevated LH at the same time their T was elevated), or
some remaining effect of the late flutamide treatment on
hypothalamic—pituitary—gonadal  function = (HPG),
remains to be seen. Flutamide’s effects on male genitalia
in the EFM group demonstrate that sufficient flutamide
crossed the placenta to affect peripheral masculinization.
However, that behavioral masculinization was not
blocked and in fact was enhanced in some cases does not
seem compatible with significant levels of flutamide
entering the developing brain.

An alternative possibility is that flutamide interferes
with negative feedback, but that it is an estrogenic
metabolite of the resulting elevated androgens that
increases masculinization. Given the capacity of DHT to
both masculinize and defeminize adult copulatory
behavior and the moderate effects of DESP on juvenile
masculinization, this possibility seems unlikely, but it
cannot be ruled out at this time. It is apparent from our
results that the administration of flutamide to animals
with an intact hypothalamic—pituitary—gonadal (HPG)
axis does not produce results consistent with a pure anti-
androgenic mode of action. In some ways this should be
unsurprising given that one of the earliest studies of
flutamide in intact male rats reported no anti-androgenic
effect on male behavior [91].

In addition to the paradoxical effects of flutamide,
there was some suggestion that early androgen exposure
also interfered with normal masculinization, whereas
when given late in gestation, it appeared to enhance mas-
culinization, as seen in penis size, rough play and mount-
ing. We have no definitive explanation for this difference,
which may simply reflect random variation, as the differ-
ences are not statistically reliable. However, if they do
reflect some more systematic differences the explanation

may be similar to that offered for the effects of flutamide
involving alterations in negative feedback. From our
data on females, it is apparent that the levels of exoge-
nous androgen that we employed produced low levels in
the fetus incapable of masculinizing the developing geni-
talia of females. If the T levels experienced in male
fetuses were sufficient to produce negative feedback, but
lower then endogenous testicular T levels, the effects
would be to reduce male fetal exposure to testosterone,
resulting in less complete masculinization. If this mecha-
nism is operating, then our finding that early androgen
treatment appeared to reduce masculinization, while late
androgen treatment increased masculinization would
suggest that endogenous T levels are higher early in ges-
tation than late in gestation. Thus our exogenous andro-
gen treatment produced negative feedback at both
gestational times, but resulted in lower total T exposure
early in gestation and higher total T exposure late in ges-
tation. Although sampling of endogenous T levels in
fetal rhesus monkeys is relatively limited, Resko’s data
suggest that late gestation T levels are lower than early
gestation T levels at the time our fetal males would have
been exposed to our exogenous T treatment [87]. This
proposed mechanism may also account for a similar
finding of reduced masculine behavior in males with
congenital adrenal hyperplasia (CAH). Girls with CAH
have masculinized genitalia, and show masculinized toy
preferences [8], but no increase in rough play [49]. Males
with CAH show typical male toy preferences, but signifi-
cantly reduced rough play compared to unaffected con-
trols [8,49], suggesting that the elevated adrenal
androgen they are exposed to is not as high as their
endogenous testicular androgen and “clamps” testicular
T at a lower level than in control boys and below that
level for the full differentiation of play behavior. Com-
parative studies in rhesus monkeys show that the level of
androgen necessary for masculinization of play behavior
is higher than that needed for masculinization of mount-
ing. Thus, there is support for the notion that masculini-
zation of different behavioral endpoints may reflect
significantly different hormonal thresholds.

7.2.2.2. Interest in infants. Juvenile —and  prepubertal
females exhibit much greater interest in infants than do
prepubertal males in several primate species [47], includ-
ing humans [20,62]. Most of the studies of prenatal hor-
mone manipulations were done in social contexts
precluding measurement of interest in infants and thus
we know nothing about the effect that long T or DHT
treatments may have had on this endpoint. In contrast,
subjects in our current studies were reared in complex
social groups, where access to infants was a typical
aspect of the environment. Subjects were those previ-
ously described for vocalizations and juvenile mounting
and rough play. A variety of measures of infant interest
were collected during approximately 10 h/year of 15 min
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focal observations of social behavior for each of the first
three years of life on each subject: Behavioral measures
included touching, holding, playing with infants, and
kidnapping infants [47]. Sex differences in interactions
with infants are striking, with effect sizes ranging from
1.3 (frequency of kidnapping in yearling subjects) to 5.1
(frequency of touching infants in yearling subjects).
These are among the largest behavioral sex differences
reported in rhesus monkeys, or any other species for that
matter. Together, 14 measures differed significantly
between males and females, and a few of these measures
were affected by prenatal treatment to females, but not
to males. Females receiving flutamide late in gestation
(LFF), showed masculine patterns of interest on five of
the 14 measures. To maximize the power of our multiple
measures we calculated an index of infant interest that
used the deviations from the control males and females
across all measure differing significantly between males
and females [47]. Fig. 4 illustrates the effect of prenatal
treatment on this measure of infant interest. Males
differed significantly from all female groups, but the
LFF group differed significantly from all other female
and male groups, suggesting that they showed less inter-
est in infants than did females, but more interest in
infants than did males [47]. This suggests that juvenile
interest in infants reflects prenatal hormonal action, but
that our treatments were near the threshold for effective-
ness in altering interest in infants.

Juvenile interest in infants is of particular interest
because of the magnitude of the sex difference and that it
occurs at a time when the gonads are quiescent, arguing
that it is the expression of an underlying behavioral
predisposition requiring no hormonal activation. Partic-
ularly intriguing, is that interest in infants in post-puber-
tal reproductive females appears to be strongly
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Fig. 4. Index of interest in infants for control male and female rhesus
monkeys and males and females receiving testosterone or flutamide
treatments early and late in gestation. Bars with differing superscripts
differ significantly. (Adapted from [47]).

hormonally activated under our social conditions
[60,61]. That hormones do not modulate infant interest
before puberty, but do after puberty is also seen in male
mounting. Juvenile mounting, like juvenile interest in
infants, requires no hormonal activation, whereas adult
copulatory mounting does [99]. The mechanism by
which a behavior occurs prior to puberty without hor-
monal activation and then comes under hormonal acti-
vational control post pubertally has not been
investigated. It is likely, however, that understanding the
mechanism of this transition will be important to devel-
oping a general understanding of hormonal modulation
of behavior.

7.3. Adult sexuality

7.3.1. Masculinization of adult copulatory behavior
Unlike juvenile mounting, adult mounting in rhesus
monkey males is steroid-activated and is reduced, but
not eliminated by either castration [76] or pharmaco-
logic suppression of testicular function [13,107]. Rein-
statement of copulatory behavior in castrated male
rhesus monkeys, like castrated male guinea pigs and
unlike castrated rats, is achieved by either TP or DHTP
treatment [74], but not by estradiol treatment [70,75].
This may not be characteristic of all macaques as the
cynomolgus monkey exhibits a more complicated pat-
tern of steroid effects on copulatory behavior. As in rhe-
sus monkeys, DHTP replacement therapy increased
ejaculations in castrated male cynomolgus monkeys
[68,69]. However, it has been suggested that the DHTP
treatment less effectively reinstates behavior than does
TP since the same amount of TP as DHTP produces
greater copulatory behavior than does DHTP [68,69].
However, this comparison ignored that the TP treatment
would have increased both T and DHT from the So-
reduction of T. In contrast, the DHTP treatment only
increased DHT and thus delivers a lower total amount
of circulating androgen than does a comparable T dose,
which was the case when plasma levels of both T and
DHT were compared [69]. Similarly, when brain uptake
of these androgens was compared, DHT treatment pro-
duced brain levels of androgen about one half that
found after T treatment raising the possibility that DHT
is behaviorally effective, but must come from the intra-
cellular 5a-reduction of T to reach behaviorally effective
brain levels. In addition, the evidence from cynomolgus
monkeys that blocking aromatization decreases testos-
terone activation of copulatory behavior is contradic-
tory. Castrated male cynomolgus monkeys treated as
adults with TP and either concurrent fadrozole, an aro-
matase inhibitor that eliminated more than 98% of the
neural aromatization of T, or a control treatment
showed a reduction, but not elimination of male copula-
tory behavior [111]. Concurrent estradiol with the
fadrozole had mixed effects, reversing the copulatory
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decline in three males, but decreasing it even further in
three others [111]. Later studies produced similarly con-
tradictory findings in that the small reduction in male
copulatory behavior seen during fadrozole treatment
was reduced even farther by the addition of exogenous
estradiol [112]. Thus as in the rhesus, aromatization does
not appear to be obligatory for the activation of male
copulatory behavior. However, it is still possible that
aromatization plays some facilitating role in male copu-
latory behavior.

Prenatal treatments with TP and DHTP have had
mixed effects on adult copulatory behavior. However,
the interpretation of these results is complicated by the
different rearing conditions employed in the studies. The
earliest androgenized female rhesus monkeys were
reared under restricted social conditions that produce
very poor copulatory behavior in the control males [36].
When androgenized females reared under these socially
restrictive conditions were tested for male copulatory
behavior as adults, exogenous TP treatment did not
increase copulation with sexually receptive females
[15,75]. Inexplicably, the most extensive test of these
androgenized females reared under socially restricted
conditions [75] used wild-reared adult males as the com-
parison group instead of males that had comparable
socially restricted rearing experience. It is likely that such
males would have shown adult copulatory behavior as
deficient as that reported for the socially restricted
reared androgenized females [36]. Although these find-
ings have been interpreted as showing that male monkey
copulatory behavior is not organized by prenatal andro-
gens [75], a more conservative interpretation would be
that the rearing history of these subjects had a greater
influence on their adult sexual behavior than did their
prenatal hormonal environment [98].

More recent studies of prenatally androgenized
females used a mother-peer rearing system that produces
robust sex differences in juvenile behavior and sexually
competent adult males and females [39,102]. When tested
at eight years of age with sexually receptive females,
both TP and DHTP prenatally androgenized females
displayed increased mounting when treated with exoge-
nous TP [80]. In contrast, ovariectomized control
females showed no increases in mounting during adult
TP treatment, in fact they were never observed to mount
on any test. Although mounting was increased in
androgenized females, it was neither at the level typically
seen in intact males under these testing conditions nor
did those androgenized females with fully masculinized
genitalia show intromission or ejaculatory patterns, even
after 12 weeks of TP stimulation [80]. Thus, the copula-
tory behavior of these pseudohermaphrodites is more
masculinized than is that of control females, but is less
masculinized than that seen in control males.

The moderately masculinized copulatory behavior of
these androgenized females may reflect the timing and

duration of the prenatal treatments or the fact that they
had a markedly different life-history exposure to andro-
gen than do normal males. These androgenized females
did not experience the neonatal elevated T typical of
normal males [65]. While neonatal T was not found to
affect sexually dimorphic patterns of juvenile behavior,
its elimination resulted in a later puberty and a lower sex
drive in these males as adults [17,63,64]. Thus, the low-
ered responsiveness of androgenized females to the acti-
vating effects of adult TP treatment could reflect a
developmental effect of neonatal T. Similarly, these
androgenized females were not exposed to any T until 8
years of age, almost 5 years later than a male would typ-
ically be exposed to pubertal elevations of androgen.
Evidence is accumulating that puberty is a period of sig-
nificant changes in brain structure and may be a period
of increased sensitivity to the organizing effects of
androgens [90]. Whether a pubertal period of sensitivity
to androgens affects post-pubertal sensitivity to T is not
known, but the possibility remains that that full activa-
tion of adult male copulatory behavior by T requires not
only prenatal organization of neural systems, but also
additional neonatal and pubertal T exposure to produce
maximal sensitivity. A similar possibility has been
reported in human hypogonadal males who were
exposed to T for the first time as older adults. Although
there were increases in erections and sexual functioning,
these changes required months of T therapy, even
though T levels increased to within the normal range
within 48 h after the start of T therapy [12]. In contrast,
normal men reported decreased sexual interest after 2
weeks of testicular suppression with a GnRH antagonist
[6]. While the role that androgen during the life-span
plays in determining sensitivity and responsiveness for
androgen-activation of male copulatory behavior can-
not be currently resolved, it is interesting that adult cop-
ulatory behavior was masculinized whether the prenatal
androgen given to females was aromatizable or not.
Very little is known about the effects of removing
endogenous prenatal androgens on the adult copulatory
behavior. Our current studies of the effects of prenatal
flutamide either early or late in gestation cannot provide
a definitive answer, but they do suggest that our prenatal
flutamide treatment had little if any effect on central
mechanisms regulating male sexual behavior. Insuffi-
cient males exposed to exogenous androgen prenatally
reached adulthood to analyze their sexual behavior,
however we have observed 12h of mating behavior of
our flutamide-treated and control males when they were
six or seven years of age and fully adult. All of the males
mounted during observations, with the EFM subjects
showing the highest frequency of pelvic thrusting
mounting (EFM =5.34+0.75mounts/h, LFM =2.85+
0.75mounts/h, VCM =3.3+1.05mounts/h, F(2,17)=
3.76; p<0.05). However, when social rank was covaried
out of the analysis there was no effect of treatment
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(F(2,16)=1.99; p=0.10), reflecting that three of the
EFM subjects were the highest ranking males in their
social groups [56]. Thus, there does not appear to be a
treatment effect on this measure of male copulatory
behavior. Similarly, males from all three groups were
observed to ejaculate, even the EFM subjects who had
poorly masculinized genitalia. Only when thrusting
mounts without intromissions or mounts without pelvic
thrusting were evaluated was an effect of treatment,
independent of social rank discovered. Males who
received flutamide treatment early in gestation displayed
these mount types at greater frequencies than the other
two male groups, even when social rank was entered into
the analysis (Thrusting mounts without intromissions:
EFM =2374+046mounts/h, LFM=1.07+ 0.43mou nts/h,
VCM =0.81+0.28mounts/h, F(2,16)=4.87, p=0.021;
Nonpelvic thrusting mounts: EFM =129+ 0.32 mounts;
h, LFM=040 & 0.16mounts/h, VCM =025 £+ 0.09
mounts/h; F(2,16)=7.29, p=0.005,[56]). The increased fre-
quency of these mount types most likely results from the
poor genital masculinization of the EFM subjects which
reduces penile sensory feedback. Their motivation to
mount is clearly unaffected by their prenatal treatment, but
the specific form of their sexual behavior reflects their geni-
tal anatomy as well as their motivational state. Thus mark-
edly altering male penile anatomy did not appear to have
any significant impact on the sexual behavior of these
males.

7.3.2. Defeminization of adult sexual behavior

Assessing defeminization in monkeys is problematic
in that female monkeys do not display behavior analo-
gous to lordosis in rodents, or the immobility posture in
pigs [97]. In fact, it appears that sexual receptivity, in the
sense used in studies of rodents, is not hormonally regu-
lated in anthropoid primates [51,100]. In the rhesus mon-
key, a better measure of female sexual behavior is her
propensity to initiate sexual behavior under the activa-
tion by ovarian hormones [97,106]. Sexual initiation by
rhesus monkey females is overwhelmingly directed
towards males and reflects a sexual preference. Thus in
the monkey, attraction to males and initiation of sexual
behavior [proceptivity 7] is used to assess defeminization
and not the willingness of a male or female to accept a
male mount as is the case in rodents.

Male monkeys either castrated neonatally or as adults
do not attempt to initiate sexual activity with stud males
when treated in adulthood with estradiol, unlike ovariec-
tomized, estrogen-treated females who will initiate sex
with males [93]. Prenatal treatment with either TP or
DHTP defeminizes this behavior as both TP and DHTP
pseudohermaphrodites display decreased sexual initia-
tion in comparison to control females [82,93]. Thus,
unlike the case for all other laboratory mammals investi-
gated [101] the evidence in the monkey is that androgen
itself and not its aromatized metabolites are responsible

for proceptive defeminization. This may reflect a differ-
ence in behavioral systems, such that receptivity, the pri-
mary endpoint for defeminization in rodent studies,
utilizes different steroids than does proceptivity. In light
of the pronounced effects that estrogens have on partner
preference in other mammalian species [101], it seems
unlikely that this finding reflects a difference in the hor-
mones differentiating these two behavioral systems.
More likely this reflects a characteristic of monkeys, and
possibly other primates, where defeminization is andro-
gen regulated and does not require neural aromatization
to be effective. The definitive resolution of this issue will
require studies that directly manipulate prenatal andro-
gens as well as prenatal aromatization.

The lower doses of androgen that we have employed
in our studies have not produced any evidence of defem-
inization in our females whether or not they received the
treatment early or late in gestation. All of our experi-
mental subjects have gone through puberty with some
variation in the timing of puberty that reflected late in
pregnancy prenatal manipulations, but not early manip-
ulations [109]. However, all females eventually ovulated
and all have conceived at least once over their first three
breeding seasons. Since in a rhesus monkey group, mat-
ing requires female sexual initiation, as males rarely initi-
ate mating [106], the occurrence of pregnancy in these
females is presumptive evidence of a lack of proceptive
defeminization in these monkeys. Thus whatever hor-
mones produce defeminization in rhesus monkeys; the
threshold for defeminization appears to be much higher
than doses that alter neonatal neuroendocrine function.

8. Conclusions

Prenatal exposure to nonphysiological levels of exog-
enous androgen either during the second third or last
third of gestation masculinizes the juvenile behavior of
genetic females. Only early treatments also masculinize
genitalia, thus behavioral masculinization is not the
result of the genital masculinization but is an indepen-
dent effect of prenatal androgen exposure. Similarly
blocking endogenous androgen in genetic males signifi-
cantly reduced genital masculinization, but did not pre-
vent masculinization of behavior, demonstrating the
independence of genital and behavioral masculinization.
Whether flutamide blockade failed to prevent masculini-
zation of behavior because it did not reach the brain in
sufficient quantities or because estrogens, which would
not have been blocked by flutamide, are important for
male masculinization remains to be resolved.

Across studies, it does not appear, however, that
estrogens are critical to male sexual differentiation,
although there are still too many gaps in the data to be
completely confident of this conclusion. However, it is
apparent that the nonaromatizable androgen, DHT
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both masculinized and defeminized the behavior of
genetic females when administered prenatally. Thus it
seems likely that sexual differentiation in the precocial
rhesus monkey is more similar to the precocial guinea
pig than it is to the other altricial laboratory animals
[101]. In both rhesus monkeys and guinea pigs, prenatal
DHT masculinizes female behavior, whereas in altricial
species like the rat, DHT does not masculinize female
behavior unless estrogen is also given [101]. In contrast
to the guinea pig, where prenatal DHT does not defemi-
nize genetic females [25], prenatal DHT treatment def-
eminized female proceptive behavior in rhesus monkeys.
Whether this reflects a true species difference or a differ-
ence between the hormonal influences on receptivity,
which was the measure of female guinea pig sexual
behavior, and proceptivity used in the monkey remains
to be resolved. Taken together, it seems unlikely that
estrogenic metabolites of testosterone are the active
agents stimulating behavioral sexual differentiation in
rhesus monkeys.

It is apparent from these studies that latter part of
gestation is an important period for prenatal hormones
to affect brain organization. Consistently across studies
using high levels of testosterone, or our studies using
lower dosages and anti-androgen treatment, behavioral
effects late in gestation were more pronounced than
those seen in early gestation. Thus it seems that this
period of significant synaptogenesis [9,41] is also an
important period for behavioral differentiation. Our
finding that late gestation androgen manipulations
hypermasculinized the juvenile behavior of males raises
the possibility that androgen levels are significantly
lower in late gestation than in early gestation, producing
incomplete masculinization of males. Future work
focusing on behavioral differentiation during late gesta-
tion, after reproductive organs are fully differentiated, is
necessary to fully describe this important developmental
period.

The effects of prenatal hormones on behavioral differ-
entiation are profound and significantly determine devel-
opmental trajectories in both males and females. The
consistent findings of effects on mounting and rough play
across different social contexts, suggests that these behav-
iors are particularly sensitive to prenatal hormonal influ-
ences. However, it is important to remember that social
context also significantly affects sexually differentiated
behavior. Other patterns of behavior, such as threatening
behavior, are sexually differentiated in some social condi-
tions, but not others and prenatal hormones do not con-
sistently affect the development of this behavior [98].
Similarly, prenatal androgens appear to have little effect
upon adult copulatory behavior of females reared under
restrictive social conditions [77,78], but profoundly alter
copulatory behavior when reared under less restrictive
conditions [81,82,93]. Thus the effect of prenatal hor-
monal manipulations reflects an interaction between the

specific hormonal manipulation, its timing in gestation,
and the social history of the animal. Ultimately, sexually
differentiated behavior reflects both the hormonally orga-
nized predisposition to engage in a behavior and the
social experience and current social context to convert
that predisposition into behavioral expression.

Acknowledgments

Robert W. Goy’s contribution to the work discussed
here is gratefully acknowledged. Ben Jones, Elizabeth
Griffin, Andrew Kennedy, David Mann, Bernice Pelea,
Katherine Paul, Pam Tannenbaum, Julia Zehr, Michelle
Tomaszycki, Jessica Ganas, Nancy Megna, Rebecca
Herman, Ari Measday, Page van Meter, Jennie Crosby,
Rhiannon Brey, Shannon Stephens, Jessica Raper,
Henry Lange, and Janice Hassett each contributed to the
work described. Research was supported in part by NIH
Grants RO1-MHS50268, K02-MH01062, and by NCRR
Grant RR-00165 to the Yerkes National Primate
Research Center which is fully accredited by the Associ-
ation for the Assessment and Accreditation of Labora-
tory Animal Care International.

References

[1] D.H. Abbott, Differentiation of sexual behaviour in female mar-
moset monkeys: effects of neonatal testosterone or a male co-
twin, Prog. Brain Res. 61 (1984) 349-358.

[2] D.H. Abbott, J.P. Hearn, The effects of neonatal exposure to tes-
tosterone on the development of behaviour in female marmoset
monkeys, Ciba Found Symp. (1978) 299-327.

[3] S.A. Altmann, A field study of the sociobiology of rhesus mon-
keys, Macaca mulatta, Ann. N'Y Acad. Sci. 102 (1962) 338-345.

[4] A.P. Arnold, Genetically triggered sexual differentiation of brain
and behavior, Horm. Behav. 30 (1996) 495-505.

[5] A.P. Arnold, S.M. Breedlove, Organizational and activational
effects of sex steroids on brain and behavior: a reanalysis, Horm.
Behav. 19 (1985) 469-498.

[6] C.J. Bagatell, J.R. Heiman, J.E. Rivier, W.J. Bremner, Effects of
endogenous testosterone and estradiol on sexual behavior in nor-
mal young men, J. Clin. Endocrinol. Metab. 78 (1994) 711-716.

[7] F.A. Beach, Sexual attractivity, proceptivity, and receptivity in
female mammals, Horm. Behav. 7 (1976) 105-138.

[8] S.A. Berenbaum, M. Hines, Early androgens are related to child-
hood sex-typed toy preferences, Psychol. Sci. 3 (1992) 203-206.

[9] J.P. Bourgeois, P.S. Goldman-Rakic, P. Rakic, Synaptogenesis in
the prefrontal cortex of rhesus monkeys, Cereb. Cortex 4 (1994)
78-96.

[10] G.R. Brown, A.F. Dixson, Investigation of the role of postnatal
testosterone in the expression of sex differences in behavior in
infant rhesus macaques (Macaca mulatta), Horm. Behav. 35
(1999) 186-194.

[11] G.R. Brown, C.M. Nevison, H.M. Fraser, A.F. Dixson, Manipu-
lation of postnatal testosterone levels affects phallic and clitoral
development in infant rhesus monkeys, Int. J. Androl. 22 (1999)
119-128.

[12] A.S. Burris, S.M. Banks, C.S. Carter, J.M. Davidson, R.J. Sherins,
A long-term, prospective study of the physiologic and behavioral



24 K. Wallen | Frontiers in Neuroendocrinology 26 (2005) 7-26

effects of hormone replacement in untreated hypogonadal men, J.
Androl. 13 (1992) 297-304.

[13] M. Davis-daSilva, K. Wallen, Suppression of male rhesus testicu-
lar function and sexual behavior by a gonadotropin-releasing-
hormone agonist, Physiol. Behav. 45 (1989) 963-968.

[14] A.F. Dixson, Effects of testosterone propionate upon the sexual
and aggressive behavior of adult male marmosets (Callithrix jac-
chus) castrated as neonates, Horm. Behav. 27 (1993) 216-230.

[15] G.G. Eaton, R.W. Goy, Effects of testosterone treatment in
adulthood on sexual behaviour of female pseudohermaphrodite
rhesus monkeys, Nature New Biol. 242 (1973) 119-120.

[16] G.G. Eaton, J.M. Worlein, B.B. Glick, Sex differences in Japanese
macaques (Macaca fuscata): effects of prenatal testosterone on
juvenile social behavior, Horm. Behav. 24 (1990) 270-283.

[17] J.A. Eisler, P.L. Tannenbaum, D.R. Mann, K. Wallen, Neonatal
testicular suppression with a GnRH agonist in rhesus monkeys:
effects on adult endocrine function and behavior, Horm. Behav.
27 (1993) 551-567.

[18] W. Ellinwood, W. Baughman, J. Resko, The effects of gonadec-
tomy and testosterone treatment in luteinizing hormone secre-
tion in fetal rhesus monkeys, Endocrinology 110 (1982) 183-189.

[19] G. Epple, M.C. Alveario, A.M. Belcher, Copulatory behavior of
adult tamarins (Saguinus fuscicollis) castrated as neonates or
juveniles: effect of testosterone treatment, Horm. Behav. 24
(1990) 470-483.

[20] S.S. Feldman, S.C. Nash, C. Cutrona, Influence of age and sex on
responsiveness to babies, Dev. Psychol. 13 (1977) 675-676.

[21] R.H. Fitch, V.H. Denenberg, A role for ovarian hormones in sex-
ual differentiation of the brain, Behav. Brain Sci. 21 (1998) 311-
327 discussion 327-352.

[22] R.H. Fitch, P.E. Cowell, L.M. Schrott, V.H. Denenberg, Corpus
callosum: demasculinization via perinatal anti-androgen, Int. J.
Dev. Neurosci. 9 (1991) 35-38.

[23] J.M. Gaillard, D. Pontier, D. Allaine, A. Loison, J.C. Herve, A.
Heizmann, Variation in growth form and precocity at birth in
eutherian mammals, Proc. R Soc. Lond. B Biol. Sci. 264 (1997)
859-868.

[24] M. Giusti, M.R. Falivene, A. Carraro, C.M. Cuttica, S. Valenti,
G. Giordano, The effect of non-steroidal antiandrogen flutam-
ide on luteinizing hormone pulsatile secretion in male-to-
female transsexual subjects, J. Endocrinol. Invest. 18 (1995)
420-426.

[25] D.A. Goldfoot, J.J. van der Werff ten Bosch, Mounting behavior
of female guinea pigs after prenatal and adult administration of
the propionates of testosterone, dihydrotestosterone, and andro-
stanediol, Horm. Behav. 6 (1975) 139-148.

[26] P.N. Goodfellow, R. Lovell-Badge, SRY and sex determination
in mammals, Annu. Rev. Genet. 27 (1993) 71-92.

[27] H. Gouzoules, S. Gouzoules, Sex-differences in the acquisition of
communicative competence by Pigtail Macaques (Macaca-
Nemestrina), Am. J. Primatol. 19 (1989) 163-174.

[28] H. Gouzoules, S. Gouzoules, Agonistic screams differ among
four species of macaques: the significance of motivation-struc-
tural rules, Anim. Behav. 59 (2000) 501-512.

[29] H. Gouzoules, S. Gouzoules, M. Tomaszycki, Agonistic screams
and the classification of dominance relationships: are monkeys
fuzzy logicians?, Anim. Behav. 55 (1998) 51-60.

[30] S. Gouzoules, H. Gouzoules, P. Marler, Rhesus-monkey (Macaca
mulatta) screams—representational signaling in the recruitment
of agonistic aid, Anim. Behav. 32 (1984) 182.

[31] R.W. Goy, Experimental control of psychosexuality, Philos.
Trans. R Soc. Lond. B Biol. Sci. 259 (1970) 149-162.

[32] R.W. Goy, Differentiation of male social traits in female rhesus
macaques by prenatal treatment with androgens: variation in
type of androgen, duration, and timing of treatment, in: M.J.
Novy, J.A. Resko (Eds.), Fetal Endocrinology, Academic Press,
New York, 1981, pp. 319-339.

[33] R.W. Goy, J.A. Resko, Gonadal hormones and behavior of nor-
mal and pseudohermaphroditic nonhuman female primates,
Recent Prog. Horm. Res. 28 (1972) 707-733.

[34] R.W. Goy, C.H. Phoenix, The effects of testosterone propionate
administered before birth on the development of behavior in
genetic female rhesus monkeys, UCLA Forum Med. Sci. 15
(1972) 193-201.

[35] R.W. Goy, D.A. Goldfoot, Neuroendocrinology: animal models
and problems of human sexuality, Arch. Sex Behav. 4 (1975)
405-420.

[36] R.W. Goy, K. Wallen, Experiential variables influencing play,
foot-clasp mounting and adult sexual competence in male rhesus
monkeys, Psychoneuroendocrinology 4 (1979) 1-12.

[37] R.W. Goy, B.S. McEwen, Sexual Differentiation of the Brain, ed.,
MIT Press, Cambridge, MA, 1980.

[38] R.W. Goy, B.L. Deputte, The effects of diethylstilbestrol (DES)
before birth on the development of masculine behavior in juve-
nile female rhesus monkeys, Horm. Behav. 30 (1996) 379-386.

[39] R.W. Goy, K. Wallen, D.A. Goldfoot, Social factors affecting the
development of mounting behavior in male rhesus monkeys,
Adv. Behav. Biol. 11 (1974) 223-247.

[40] R.W. Goy, F.B. Bercovitch, M.C. McBrair, Behavioral masculini-
zation is independent of genital masculinization in prenatally
androgenized female rhesus macaques, Horm. Behav. 22 (1988)
552-571.

[41] B. Granger, F. Tekaia, A.M. Le Sourd, P. Rakic, J.P. Bourgeois,
Tempo of neurogenesis and synaptogenesis in the primate cingu-
late mesocortex: comparison with the neocortex, J. Comp. Neu-
rol. 360 (1995) 363-376.

[42] D.R. Grattan, M.S. Rocca, C.A. Sagrillo, M.M. McCarthy, M.
Selmanoff, Antiandrogen microimplants into the rostral medial
preoptic area decrease gamma-aminobutyric acidergic neuronal
activity and increase luteinizing hormone secretion in the intact
male rat, Endocrinology 137 (1996) 4167-4173.

[43] H. Harlow, M. Harlow, The effect of rearing conditions on
behavior, Bull. Menninger Clin. 26 (1962) 213-224.

[44] H.F. Harlow, The heterosexual affectional system in monkeys,
Am. Psychol. 17 (1962) 1-9.

[45] H.F. Harlow, Sexual behavior in the rhesus monkey, in: F.A.
Beach (Ed.), Sex and Behavior, Krieger, New York, 1965, pp.
234-265.

[46] H.F. Harlow, H.E. Lauersdorf, Sex differences in passion and
play, Perspect. Biol. Med. 17 (1974) 348-360.

[47] R.A. Herman, M.A. Measday, K. Wallen, Sex differences in inter-
est in infants in juvenile rhesus monkeys: relationship to prenatal
androgen, Horm. Behav. 43 (2003) 573-583.

[48] R.A. Herman, B. Jones, D.R. Mann, K. Wallen, Timing of prena-
tal androgen exposure: anatomical and endocrine effects on juve-
nile male and female rhesus monkeys, Horm. Behav. 38 (2000)
52-66.

[49] M. Hines, F.R. Kaufman, Androgen and the development of
human sex-typical behavior: rough-and-tumble play and sex of
preferred playmates in children with congenital adrenal-hyper-
plasia (CAH), Child Dev. 65 (1994) 1042-1053.

[50] M. Hines, P. Alsum, M. Roy, R.A. Gorski, R.W. Goy, Estrogenic
contributions to sexual differentiation in the female guinea pig:
influences of diethylstilbestrol and tamoxifen on neural, behav-
ioral, and ovarian development, Horm. Behav. 21 (1987) 402—
417.

[51] D.F. Johnson, C.H. Phoenix, Hormonal control of female sexual
attractiveness, proceptivity, and receptivity in rhesus monkeys, J.
Comp. Physiol. Psychol. 90 (1976) 473-483.

[52] A. Jost, Hormonal factors in the sex differentiation of the mam-
malian foetus, Philos. Trans. R Soc. Lond. B Biol. Sci. 259 (1970)
119-130.

[53] A. Jost, Genetic and hormonal factors in sex differentiation of
the brain, Psychoneuroendocrinology 8 (1983) 183-193.



K. Wallen | Frontiers in Neuroendocrinology 26 (2005) 7-26 25

[54] P. Koopman, Sry and Sox9: mammalian testis-determining
genes, Cell Mol. Life Sci. 55 (1999) 839-856.

[55] G. Lahr, S.C. Maxson, A. Mayer, W. Just, C. Pilgrim, . Reisert,
Transcription of the Y chromosomal gene, Sry, in adult mouse
brain, Brain Res. Mol. Brain Res. 33 (1995) 179-182.

[56] H. Lange, in Psychology, Emory University, Atlanta, GA, 2004,
p. 45.

[57] R. Lewin, Living in the fast track makes for small brains, Science
242 (1988) 513-514.

[58] D.G. Lindburg, The rhesus monkeys in North India: an ecologi-
cal and behavioral study, in: L.A. Rosenblum (Ed.), Primate
Behavior, Academic Press, New York, 1971, pp. 1-106.

[59] J. Lovejoy, K. Wallen, Sexually dimorphic behavior in group-
housed rhesus monkeys (Macaca mulatta) at 1 year of age, Psy-
chobiology 16 (1988) 348-356.

[60] D. Maestripieri, K. Wallen, Interest in infants varies with repro-
ductive condition in group-living female pigtail macaques
(Macaca nemestrina), Physiol. Behav. 57 (1995) 353-358.

[61] D. Maestripieri, J.L. Zehr, Maternal responsiveness increases
during pregnancy and after estrogen treatment in macaques,
Horm. Behav. 34 (1998) 223-230.

[62] D. Maestripieri, S. Pelka, Sex differences in interest in infants
across the lifespan—a biological adaptation for parenting?,
Hum. Nature-Int Bios. 13 (2002) 327-344.

[63] D.R. Mann, M.A. Akinbami, K.G. Gould, J.M. Tanner, K. Wal-
len, Neonatal treatment of male monkeys with a gonadotropin-
releasing hormone agonist alters differentiation of central ner-
vous system centers that regulate sexual and skeletal develop-
ment, J. Clin. Endocrinol. Metab. 76 (1993) 1319-1324.

[64] D.R. Mann, M.A. Akinbami, K.G. Gould, K. Paul, K. Wallen,
Sexual maturation in male rhesus monkeys: importance of neo-
natal testosterone exposure and social rank, J. Endocrinol. 156
(1998) 493-501.

[65] D.R. Mann, M. Davis-DaSilva, K. Wallen, P. Coan, D.E. Evans,
D.C. Collins, Blockade of neonatal activation of the pituitary—
testicular axis with continuous administration of a gonadotro-
pin-releasing hormone agonist in male rhesus monkeys, J. Clin.
Endocrinol. Metab. 59 (1984) 207-211.

[66] A.Matsumoto, Synaptogenic action of sex steroids in developing
and adult neuroendocrine brain, Psychoneuroendocrinology 16
(1991) 25-40.

[67] A. Mayer, G. Mosler, W. Just, C. Pilgrim, . Reisert, Developmen-
tal profile of Sry transcripts in mouse brain, Neurogenetics 3
(2000) 25-30.

[68] R.P. Michael, D. Zumpe, R.W. Bonsall, Comparison of the effects
of testosterone and dihydrotestosterone on the behavior of male
cynomolgus monkeys (Macaca fascicularis), Physiol. Behav. 36
(1986) 349-355.

[69] R.P. Michael, R.W. Bonsall, D. Zumpe, Testosterone and its
metabolites in male cynomolgus monkeys (Macaca fascicularis):
behavior and biochemistry, Physiol. Behav. 40 (1987) 527-537.

[70] R.P. Michael, D. Zumpe, R.W. Bonsall, Estradiol administration
and the sexual activity of castrated male rhesus monkeys
(Macaca mulatta), Horm. Behav. 24 (1990) 71-88.

[71] CM. Nevison, G.R. Brown, A.F. Dixson, Effects of altering tes-
tosterone in early infancy on social behaviour in captive yearling
rhesus monkeys, Physiol. Behav. 62 (1997) 1397-1403.

[72] J. Newman, Vocal ontogeny in macaques and marmosets: con-
vergent and divergent lines of development, in: E. Zimmerman
(Ed.), Current Topics in Primate Vocal Communication, Plenum
Press, New York, 1995, pp. 73-97.

[73] M.D. Pagel, P.H. Harvey, Taxonomic differences in the scaling of
brain on body weight among mammals, Science 244 (1989) 1589—
1593.

[74] C.H. Phoenix, Effects of dihydrotestosterone on sexual behavior
of castrated male rhesus monkeys, Physiol. Behav. 12 (1974)
1045-1055.

[75] C.H. Phoenix, K.C. Chambers, Sexual behavior in adult gonadec-
tomized female pseudohermaphrodite, female, and male rhesus
macaques (Macaca mulatta) treated with estradiol benzoate and
testosterone propionate, J. Comp. Physiol. Psychol. 96 (1982)
823-833.

[76] C.H. Phoenix, A.K. Slob, R.-W. Goy, Effects of castration and
replacement therapy on sexual behavior of adult male rhesuses, J.
Comp. Physiol. Psychol. 84 (1973) 472-481.

[77] C.H. Phoenix, J.N. Jensen, K.C. Chambers, Female sexual behav-
ior displayed by androgenized female rhesus macaques, Horm.
Behav. 17 (1983) 146-151.

[78] C.H. Phoenix, R.W. Goy, A.A. Gerall, W.C. Young, Organizing
action of prenatally administered testosterone propionate on the
tissues mediating mating behavior in the female guinea pig,
Endocrinology 65 (1959) 369-382.

[79] T.M. Plant, A striking sex difference in the gonadotropin
response to gonadectomy during infantile development in the
rhesus monkey (Macaca mulatta), Endocrinology 119 (1986)
539-545.

[80] S.M. Pomerantz, R.-W. Goy, M.M. Roy, Expression of male-typi-
cal behavior in adult female pseudohermaphroditic rhesus: com-
parisons with normal males and neonatally gonadectomized
males and females, Horm. Behav. 20 (1986) 483-500.

[81] S.M. Pomerantz, R.W. Goy, M.M. Roy, Expression of male-typi-
cal behavior in adult female pseudohermaphroditic rhesus: com-
parisons with normal males and neonatally gonadectomized
males and females, Horm. Behav. 20 (1986) 483-500.

[82] S.M. Pomerantz, M.M. Roy, J.E. Thornton, R.W. Goy, Expres-
sion of adult female patterns of sexual behavior by male, female,
and pseudohermaphroditic female rhesus monkeys, Biol.
Reprod. 33 (1985) 878-889.

[83] P. Rakic, Specification of cerebral cortical areas, Science 241
(1988) 170-176.

[84] J. Resko, W. Ellinwood, Testicular hormone production in fetal
rhesus macaques, in: Fetal Endocrinology, Academic Press, New
York, 1981, pp. 253-267.

[85] J.A. Resko, Gonadal hormones during sexual differentiation in
vertebrates, in: R.W. Goy (Ed.), Handbook of Behavioral Neuro-
biology, Plenum Press, New York, 1985, pp. 21-42.

[86] J.A. Resko, A.E. Buhl, C.H. Phoenix, Treatment of pregnant rhe-
sus macaques with testosterone propionate: observations on its
fate in the fetus, Biol. Reprod. 37 (1987) 1185-1191.

[87] J.A. Resko, W.E. Ellinwood, L.M. Pasztor, A.E. Huhl, Sex ste-
roids in the umbilical circulation of fetal rhesus monkeys from
the time of gonadal differentiation, J. Clin. Endocrinol. Metab. 50
(1980) 900-905.

[88] T.E. Rowell, R.A. Hinde, communication by the rhesus monkey,
(Macaca mulatta), Proc. Zool. Soc. Lond. 138 (1962) 279-294.

[89] S.M. Singh, S. Gauthier, F. Labrie, Androgen receptor antago-
nists (antiandrogens): structure-activity relationships, Curr.
Med. Chem. 7 (2000) 211-247.

[90] C.L. Sisk, D.L. Foster, The neural basis of puberty and adoles-
cence, Nat. Neurosci. 7 (2004) 1040-1047.

[91] P. Sodersten, G. Gray, D.A. Damassa, E.R. Smith, J.M. David-
son, Effects of a non-steroidal antiandrogen on sexual behavior
and pituitary—gonadal function in the male rat, Endocrinology
97 (1975) 1468-1475.

[92] C. Tessitore, P.C. Brunjes, A comparative study of myelination in
precocial and altricial murid rodents, Brain Res. 471 (1988) 139—
147.

[93] J. Thornton, R.W. Goy, Female-typical sexual behavior of rhesus
and defeminization by androgens given prenatally, Horm. Behav.
20 (1986) 129-147.

[94] M.L. Tomaszycki, J.E. Davis, H. Gouzoules, K. Wallen, Sex
differences in infant rhesus macaque separation-rejection vocal-
izations and effects of prenatal androgens, Horm. Behav. 39
(2001) 267-276.



26 K. Wallen | Frontiers in Neuroendocrinology 26 (2005) 7-26

[95] J.D. Veldhuis, R.J. Urban, M.L. Dufau, Evidence that androgen
negative feedback regulates hypothalamic gonadotropin-releas-
ing hormone impulse strength and the burst-like secretion of bio-
logically active lutinizing hormone in men, J. Clin. Endocrinol.
Metab. 74 (1992) 1227-1235.

[96] M.C. Viguier-Martinez, M.T. Hochereau de Reviers, B. Baren-
ton, C. Perreau, Endocrinological and histological changes
induced by flutamide treatment on the hypothalamo-hypophy-
seal testicular axis of the adult male rat and their incidences on
fertility, Acta Endocrinol. (Copenh.) 104 (1983) 246-252.

[97] K. Wallen, Desire and ability: hormones and the regulation of
female sexual behavior, Neurosci. Biobehav. Rev. 14 (1990) 233-
241.

[98] K. Wallen, Nature needs nurture: the interaction of hormonal
and social influences on the development of behavioral sex differ-
ences in rhesus monkeys, Horm. Behav. 30 (1996) 364-378.

[99] K. Wallen, Sex and context: hormones and primate sexual moti-
vation, Horm. Behav. 40 (2001) 339-357.

[100] K. Wallen, R.W. Goy, Effects of estradiol benzoate, estrone, and
propionates of testosterone or dihydrotestosterone on sexual and
related behaviors of ovariectomized Rhesus monkeys, Horm.
Behav. 9 (1977) 228-248.

[101] K. Wallen, M.J. Baum, Masculinization and defeminization in
altricial and precocial mammals: comparative aspects of steroid
hormone action, in: D. Pfaff, A. Arnold, A. Etgen, S. Fahrbach,
R. Rubin (Eds.), Hormones, Brain, and Behavior, Elsevier,
Amsterdam, 2002, pp. 385-423.

[102] K. Wallen, C. Bielert, J. Slimp, Foot clasp mounting in the prepu-
bertal rhesus monkey: social and hormonal influences, in: F.E.
Poirier (Ed.), Primate Bio-social Development, Garland Publish-
ing, New York, 1977, pp. 439-461.

[103] K. Wallen, C. Bielert, J. Slimp, Foot claps mounting in the prepu-
bertal rhesus monkey: social and hormonal influences, in: S. Che-
valier-Skolnikoff, F.E. Poirier (Eds.), Primate Bio-social
Development, Garland Publishing, New York, 1977, pp. 439-
461.

[104] K. Wallen, D. Goldfoot, R. Goy, Peer and maternal influences on
the expression of foot-clasp mounting by juvenile male rhesus
monkeys, Dev. Psychol. 14 (1981) 299-309.

[105] K. Wallen, D. Maestripieri, D.R. Mann, Effects of neonatal tes-
ticular suppression with a GnRH antagonist on social behavior
in group-living juvenile rhesus monkeys, Horm. Behav. 29 (1995)
322-337.

[106] K. Wallen, L.A. Winston, S. Gaventa, M. Davis-DaSilva, D.C.
Collins, Periovulatory changes in female sexual behavior and
patterns of ovarian steroid secretion in group-living rhesus mon-
keys, Horm. Behav. 18 (1984) 431-450.

[107] K. Wallen, J.A. Eisler, P.L. Tannenbaum, K.M. Nagell, D.R.
Mann, Antide (Nal-Lys GnRH antagonist) suppression of pitui-
tary—testicular function and sexual behavior in group-living rhe-
sus monkeys, Physiol. Behav. 50 (1991) 429-435.

[108] R. Whalen, Differentiation of neural mechanisms which control
gonadotropin secretion and sexual behavior, in: M. Diamond
(Ed.), Perspectives in Reproduction and Sexual Behavior, Indi-
ana Press, Bloomington, 1968, pp. 305-340.

[109] J.L. Zehr, P.E. Van Meter, K. Wallen, Factors regulating the tim-
ing of puberty onset in female rhesus monkeys (Macaca mulatta):
role of prenatal androgens, social rank, and adolescent body
weight, Biol. Reprod. (2004).

[110] J.L. Zehr, P.L. Tannenbaum, B. Jones, K. Wallen, Peak occur-
rence of female sexual initiation predicts day of conception in
rhesus monkeys (Macaca mulatta), Reprod. Fertil. Dev. 12 (2000)
397-404.

[111] D. Zumpe, R.W. Bonsall, R.P. Michael, Effects of the nonsteroi-
dal aromatase inhibitor, fadrozole, on the sexual behavior of
male cynomolgus monkeys (Macaca fascicularis), Horm. Behav.
27 (1993) 200-215.

[112] D. Zumpe, A.N. Clancy, R.W. Bonsall, R.P. Michael, Behavioral
responses to depo-provera, fadrozole, and estradiol in castrated,
testosterone-treated cynomolgus monkeys (Macaca fascicularis):
the involvement of progestin receptors, Physiol. Behav. 60 (1996)
531-540.



	Hormonal influences on sexually differentiated behavior in nonhuman primates
	Introduction
	Basic processes of behavioral sexual differentiation
	Developmental stage at birth and sexual differentiation

	Sexually differentiated behavior in rhesus monkeys
	Social influences on behavioral sexual differentiation
	Neonatal hormonal secretions and behavioral sexual differentiation
	Sex differences in maternal treatment of infants
	Prenatal hormonal influences on behavioral sexual differentiation
	Sex differences in infant vocalizations
	Sex differences in juvenile social behavior
	Studies of exogenous prenatal steroid administration to genetic females
	Alteration of endogenous prenatal androgens
	Effects on rough play and mounting
	Interest in infants


	Adult sexuality
	Masculinization of adult copulatory behavior
	Defeminization of adult sexual behavior


	Conclusions
	Acknowledgments
	References


