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IS MALE BRAIN DIFFERENT FROM FEMALE BRAIN?

Gregor Majdi¢
Center for Animal Genomics, Veterinary Faculty, University of Ljubljana, Gerbi¢eva 60, 1000 Ljubljana, Slovenia

E-mail: gregor.majdic @vf.uni-lj.si

Summary: In 1959, exactly 50 years ago, was published a paper by Phoenix, Goy, Gerall and Young entitled “Organizing
action of prenatally administered testosterone propionate on the tissues mediating mating behavior in the female guinea
pig”. Before the publication of this paper, it was widely accepted that hormones do act upon brain. However, the general
thought was that hormones, especially sex steroid hormones, directly activate certain brain areas when needed, i.e. at
the time of mating, parental care etc. In contrast to this thought, Phoenix and colleagues for the very first time proposed
that hormone action in neonatal period could also permanently alter brain structure, and thus influence differences in
behavior long after exposure to sex steroid hormones. The study of Phoenix and colleagues was therefore revolutionary,
and as such, had many opponents at that time. Even the authors themselves were very cautious in their phrasing, never
directly claiming that hormones could alter brain structure but rather even in the title used the words “tissues mediating
mating behavior’ instead of brain or central nervous system. Furthermore, as with many such revolutionary studies, study
by Phoenix and colleagues left more questions unanswered than it did answer. The authors did not and could not know at
that time exactly where and how do steroid hormones act in the brain, they did not know whether observed effects in their
study arose from the direct action of testosterone or perhaps from some testosterone metabolite. In half the century since
the publication of this seminal study, hundreds of papers have been published, confirming initial finding of Phoenix and
colleagues, and these papers have provided answers to many questions raised by the authors. Today we know that at least
in rodents, it is testosterone metabolite estradiol that masculinizes the brain. We know that brain structure could be altered
by hormones in different periods including puberty and probably even in adult life. We know many locations in the brain
where sex steroid hormones act to cause permanent structural changes. Nevertheless, the study of Phoenix, Goy, Gerall
and Young still stands strong even after 50 years, confirming the revolutionary importance of their finding.
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sexual reproduction. Studies in recent years and
decades have demonstrated differences in such di-
verse biological phenomena as wound healing (1),
drug detoxication in liver (2), and perhaps most

Introduction

Men and women differ and we all know that.
Males are usually larger, have hoarser voice, facial

hair and more muscular body while females have
breasts, lack facial hair and have usually so called
feminine body with narrow waist and broader hips
and chest. Of course, males and females also differ
in appearance of their external and internal sexual
organs. But do the differences end here? Accord-
ing to many studies performed in the last decades,
we can now confidently say no. There are many
other differences beside differences connected with
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importantly, differences in the brain, which are no
longer considered to be a myth but are believed to
be present and are thought to be important for ex-
plaining many physiological and patophysiological
processes occurring in our bodies (3). From clinical
point of view it is very important to bear in mind
that many different diseases show different preva-
lence between sexes, and these disparities could not
be explained only by differences in lifestyle (what
was initially suggested for the incidence of lung can-
cer). Many psychiatric disorders also show sex bias.
For example, , major depressive disorder, anxiety
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and eating disorders are much more prevalent in
women, while schizophrenia, autism and attention
deficit disorder are diagnosed more often in men
(4). Because of these clinical implications, studies
of sex differences are not only of academic interest,
but have important implications for clinical prac-
tice, which will, undoubtedly, became even more
important in future years with the development of
pharmacogenomics.

Determination of sex in mammals

In mammals two sex chromosomes exist that
determine the sex of the offspring. Females are ho-
mozygous for sex chromosomes with two X chromo-
somes and males are heterozygous with XY chromo-
somes. Sry, by far the smallest chromosome, poses
an SRY gene, which is both sufficient and necessary
for development of the male phenotype. SRY gene,
first cloned in 1991 is small gene belonging to the
group of high mobility group of proteins. Different
studies have demonstrated that SRY alone is suffi-
cient to trigger testis development (5, 6). Once testis
is formed, hormones secreted from the testis govern
subsequent development of male phenotype with
antimullerian hormone (AMH/ MIS) being responsi-
ble for regression of female reproductive organs and
steroid hormone testosterone being responsible for
development of male secondary sexual organs. In fe-
males, ovaries remain relatively inactive until after
birth and female secondary sexual organs develop
in the absence of any hormonal exposure, what was
clearly demonstrated by different clinical cases as
well as in animal studies where even in complete
absence of gonads (either ovary or testis) female sec-
ondary reproductive organs develop (7).

Reproductive development could be divided into
two phases. Initial phase occurs during development
in utero and comprises of gonadal differentiation
and development of secondary sexual organs (penis,
scrotum, accessory glands in males and clitoris, va-
gina, uterus and oviduct in females). This phase is
followed by quiescent period during childhood. Dur-
ing puberty, second phase of sexual development
occurs with hormones secreted from gonads (this
time both from ovaries and testes) triggering sexual
maturation and appearance of secondary sexual
characteristics such as breasts and wide hips in fe-
males, facial hair, muscular body and hoarse voice
in males. In addition, several recent studies have
also shown that sexual hormones also influence
brain development and that several changes occur

in the brain during puberty due to exposure to large
amount of sex steroid hormones (8).

Development of sex differences in the brain

Brain control and govern all processes in the liv-
ing organism, including reproduction. Therefore,
it is not surprisingly or unexpectedly to know that
sex differences exist also in the mammalian brain.
This has been known for many decades with most
differences being described in parts of limbic sys-
tem, mostly in the hypothalamus and preoptic area,
two areas closely connected with the function of the
reproductive system (9). The classical view of brain
sexual differentiation is built around the dogma that
hormones secreted by gonads are solely responsible
for differences in the brain between sexes. This hy-
pothesis originated in 1959 when Phoenix, Goy, Ger-
all and Young published now classical study show-
ing that prenatal administration of testosterone to
female guinea pigs induced masculinized behavior
in adult female guinea pigs (10). The importance of
sex steroid hormones for differences in sexual be-
havior was acknowledged prior to this publication,
although before 1959 it was believed that all actions
of sex steroids are activational effects and not or-
ganizational. Study by Phoenix et al. (10) therefore
for the first time showed that prenatal exposure to
sex steroid testosterone could permanently alter
brain function. Female guinea pigs that were given
testosterone prenatally displayed masculinized be-
havior as adults, long after testosterone treatment,
what could only resulted from permanent effect of
testosterone on developing brain. Study by Phoenix
et al. of course did not provide all important answers
such as which hormone at what time and in what
part of the brain is responsible for the sexual differ-
entiation of the brain. Nevertheless, this study was
of outmost importance as the first study showing
that hormones could permanently alter brain struc-
ture and function. In the fifty years after this discov-
ery, many questions about organizational effects of
sex steroid hormones have been answered. We now
know that atleast in rodent brains, estradiol and not
testosterone is responsible for the masculinization
of the brain. Testosterone, secreted from the testes
in male fetuses is transported into the brain, where
it is converted into estradiol by cytochrome P450 ar-
omatase, locally expressed in different parts of the
brain (11, 12). While female fetuses are not exposed
to testosterone from their gonads, they are still ex-
posed to estradiol from their mothers. To prevent
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masculinization of the female brain, large amounts
of alpha-fetoprotein are present in the blood of fe-
male fetuses, which could bind estradiol and thus
preventing it from entering into the brain (13). Stud-
ies in last decades have also indentified many areas
of the brain that are altered during development due
to exposure to sex steroids, not only areas closely
connected with reproduction, but also in the areas
important for emotional responses such as amy-
gdala and even other areas such as hippocampus
and cerebellum (14-17). One of the best known and
studied examples is sexually dimorphic nucleus in
the preoptic area (SDN), first identified by Gorski et
colleagues in the late seventies (18). This nucleus is
larger in males than in females and is believed to
be important for male sexual behavior although its
precise role is not yet known. SDN has been identi-
fied in different species such as sheep (19), macaque
(20) and even humans (21, 22). Two other areas in
the mammalian brain that are sexually dimorphic
are ventromedial hypothalamic nucleus and bed
nucleus of stria terminals (23-25). Both areas are
involved in the regulation of sexual behavior and it
is thus not surprisingly that these two areas are dif-
ferent in males and females. Perhaps more interest-
ing are reports about sex differences in cerebellum
and hippocampus (15-17). These two areas are not
involved in the regulation of reproductive behav-
ior, nevertheless, several studies have shown that
sexual dimorphism exist also in hippocampus and
cerebellum. Considering the function of these two
areas, it is less surprisingly to find sex differences
in morphology and gene expression. Hippocampus
is considered to be involved in memory and spatial
orientation, and spatial orientation in humans is
now considered to be one of the important sexually
dimorphic traits (26). As for cerebellum, several dif-
ferent human diseases such as autism and atten-
tion deficit disorder that show strong sexual dimor-
phism are thought to originate from the dysfunction
of cerebellum (15). Therefore, it is not surprisingly to
find sex differences also in these two areas.

Is there a role for sex chromosomes in brain
sexual differentiation?

Many studies in the last 50 years since the publi-
cation of the paper by Phoenix et al. (10) have shown
the importance of sex steroid hormones for brain
sexual differentiation. It is now clearly established
that sex steroids have important role in brain devel-
opment in different periods, not only prenatally but

also postnatally, during puberty and in the adult life
in both animals and humans. However, there was
always a question lurking in the dark whether all
sex differences in the brain could be explained by
one unifying theory about organizational effects of
sex steroids. The idea that sex chromosomes could
also play a role in brain sexual differentiation was
for sometime sidelined because some studies have
shown that normal XX females could be completely
masculinized (for some phenotypes) if treated with
testosterone at appropriate time periods, and like-
wise, normal XY males could be completely feminized
for some phenotypes if fetal testosterone production
or action is blocked (27, 28). However, in the early
nineties, several studies suggested that sex steroid
hormones might not be the whole answer to sexual
differentiation (29-32). In the last decade, several
studies indeed provided evidence for hormone inde-
pendent brain sexual differentiation.

Several approaches have been used to study sex
differences in the brain that develop in the absence
of hormone exposure. One approach is to study fetal
brain development early during development, before
gonads develop and start to produce sex steroid hor-
mones. This approach was used in several studies
and has provided evidence that some sex differenc-
es do occur very early during development, before
fetuses are exposed to endogenous sex steroid hor-
mones. Study by Kolbinger et al. (30) demonstrated
sex differences in dopaminergic neurons in rat fe-
tuses already on day 14.5 p.c. while genomic study
by Dewing et al. (33) identified over 50 genes whose
expression differed between male and female mouse
brain on day 10.5 p.c., well before gonads start to
produce sex steroids. However, of real importance
would be studies that would demonstrate hormone
independent sex differences in adult animals, either
in brain morphology or behavior. To achieve these
goals, two different models, each with advantages
and disadvantages, have been developed.

A very useful model for studying genetic differ-
ences between sexes is so called four core geno-
type (FCG) mouse model. In these mice, sry gene
has been manipulated (translocated or mutated)
to produce normal XY males, normal XX females,
XX males (sry gene translocated to autosome) and
XY females (sry gene mutated) (34). In XY females
and XX males genetic sex does not correspond with
phenotypic sex and therefore, relative contribution
of sex chromosomes and sex hormones could be
studied. This is the most studied model for hormone
independent brain sexual differentiation so far, and



88 G. Majdi¢

several studies have shown some differences that
could not be attributed to sex hormones but must
arise due to differences in sex chromosomes. Initial
studies with FCG mice did not reveal any differences
that could be attributed to the effect of sex chromo-
somes for different parameters such as male sexual
behavior, cell numbers in hypothalamic anteroven-
tral periventricular nucleus (AVPV), the size of the
spinal nucleus of the blubocavernosus (SNB), corti-
cal thickness and progesterone receptor expression
in preoptic area (POA) (35, 36). These studies there-
fore confirmed classical organizational-activational-
hypothesis of brain sexual differentiation. However,
arginin vasopressin (AVP) immunoexpression in lat-
eral septum (LS), which is also known to be sexually
dimorphic, differed between XY and XX mice of the
same phenotypic sex suggesting that this difference
is partially dependent on sex chromosomes (34, 37).
Further studies revealed even stronger evidence
that sex chromosomes do account for some sex dif-
ferences between male and female mice. When mes-
encephalic cells were dissociated from 14.5 days
old mouse embryos and cultured, more dopamine
producing cells (L.E. tyrosine hydroxlase expressing
cells) developed in cultures from XY embryos than
in those from XX embryos (38), what confirmed the
results from previous studies (30, 31). Adult FCG
mice were also tested for male to male aggressive
behavior (after testosterone treatment of adult gona-
dectomized mice) and XY females were more aggres-
sive than XX females while there was no difference
between XY and XX males (37). Furthermore, there
were differences in nociception, parental behavior
and habit formation that could not be attributed to
sex hormones but have to be consequences of sex
chromosomes (39-42). Perhaps most interestingly,
FCG mouse model was also applied to studies of in-
cidence and progression of autoimmune diseases,
a very important issues as most autoimmune dis-
eases in humans including multiple sclerosis and
systemic lupus erhytematosus have a strong sex
difference in prevalence. XX mice showed much
stronger autoimmune responses than XY mice and
although organizational/activational effect of sex
steroid hormones do account to some extent for ob-
served sex differences, a study by Smith-Bouvier et
al. (43) strongly suggest that sex chromosomes also
play an important role in development of the differ-
ences between sexes in incidence and progression
of autoimmune diseases.

Steroidogenic factor 1 (SF-1) was initially discov-
ered as a transcription factor regulating expression

of different steroidogenic enzymes (44). Further
studies, however, revealed it's much wider role in
development and function of endocrine system as
SF-1 knockout mice are born without gonads and
adrenal glands, have disorganized ventromedial hy-
pothalamic nucleus and unfunctional gonadotrope
cells in the pituitary (45, 46). In SF-1 knockout
mouse embryos, genital ridges form normally on
day 10.5 p.c. (46). However, almost immediately after
formation of genital ridges, cells became apoptotic
and by day 12.5 p.c., genital ridges disappear. As
steroidogenesis in fetal mouse testis starts only af-
ter day 12.5 p.c., these mice are never exposed to any
endogenous sex steroid hormones. SF-1 knockout
mice are born completely sex reversed; both XX and
XY pups show female phenotype. Since SF-1 knock-
out mice are never exposed to any sex steroid hor-
mones, they are another very useful model to study
hormone independent development of sex differ-
ences in the brain. SF-1 knockout model differ from
FCG model in one very important way: FCG mice de-
velop gonads independently from chromosomal sex
and are thus exposed to sex steroid hormones dur-
ing neonatal and pubertal development. Sex steroid
hormones could influence brain development and
could perhaps even mask or overcome some sex dif-
ferences that would develop in complete absence
of hormones. SF-1 knockout mice are, in contrast
to FCG mice, never exposed to any endogenous sex
steroid hormones and thus provide a unique model
allowing searching for sex differences that develop
in true hormone-less environment. Initial studies
with SF-1 knockout mice, like studies with FCG
mice, did not reveal any major differences between
sexes. As expected, sexually dimorphic nucleus was
not present in either XX or XY SF-1 knockout mice,
conforming that prenatal exposure to testosterone
is necessary for the development of this nucleus.
However, immunocytochemical studies did reveal
some sex differences present in both WT and SF-1
knockout mice such as number of calbindin immu-
nopositive cells in the ventromedial hypothalamus
and neural nitric oxide synthase in the AVPV (47).
However, sex difference in AVP expression in LS was
not confirmed, suggesting that other factors and
not just sex chromosomes influence expression of
AVP in LS. Recent studies with SF-1 knockout mice
revealed very interesting observation in female sex
behavior. Unlike in rats, WT mice of both sexes are
capable of showing female sexual behavior when
treated with estradiol and progesterone. In our
studies we found that although mice from all four
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(WT male, WT female, SF-1 knockout male, SF-1
knockout female) groups did show lordosis, there
was a large difference in lordosis quotient between
WT male and female mice, with, as expected, female
mice showing much stronger lordotic response
when stimulated by a WT stud male. SF-1 knockout
mice of both sexes also showed lordosis, although it
was not as strong as in WT females, suggesting that
developmental exposure to sex steroids is impor-
tant also for proper development of lordotic behav-
ior in adult mice. However, most interestingly, there
was a significant sex difference in lordosis quotient
between XX and XY SF-1 knockout mice suggesting
that this behavioral trait is at least partially influ-
enced by sex chromosomes. Similarly to FCG mice,
small sex differences were also found in parental
and some social behaviors between XX and XY SF-1
knockout mice, suggesting the effect of sex chromo-
somes.

Conclusions

Many decades of studies have convincingly shown
that differences between male and female brain ex-
ist. Undoubtedly, many studies have demonstrated
morphological differences between male and female
brains in animals, and some studies have provided
evidence that such differences most likely exist also
in humans. We do not understand all the processes
that govern sexually dimorphic brain development
and several recent studies suggested that sex chro-
mosomes, not only sex hormones, could influence
sex specific development. More difficult are ques-
tions how to correlate morphological differences
in the brain with certain sex specific behaviors, al-
though even there we saw a big progress in recent
years. Several studies have provided evidence that
sex differences in hippocampus might be connect-
ed with sex differences in spatial orientation, and
sex differences in amygdala might be connected
with differences in emotional responses. Since the
seminal paper by Phoenix and colleagues in 1959,
we have made large strides ahead and we now have
answers to many questions, asked by Phoenix and
colleagues. Nevertheless, many questions still re-
main unanswered and are waiting for new studies
to shed the light.
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SE MOSKI MOZGANI RAZLIKUJEJO OD ZENSKIH?
G. Majdi¢

Povzetek: Leta 1959, natancno pred petdesetimi leti, je bil objavljen ¢lanek z naslovom “Organizing action of prenatally
administered testosterone propionate on the tissues mediating mating behavior in the female guinea pig” (Organizacijski
vpliv testosterona pred rojstvom na tkiva, ki urejajo spolno obnasanje pri samicah morskih prasi¢kov) avtorjev Phoenixa,
Goya, Geralla in Younga. Pred objavo tega ¢lanka je splosno veljalo, da spolni hormoni lahko vplivajo na delovanje mozga-
nov, a obstajalo je prepri¢anje, da hormoni lahko vplivajo na mozgane samo trenutno, tako da sprozijo dolo¢ene procese
kot je na primer spolno obnasanje. V nasprotju s tem prepri¢anjem so Phenix in sodelavci prvi¢ pokazali dokaze, da spolni
hormoni lahko dolgoro¢no spremenijo strukturo mozganov in tako povzrocijo razlike v obnasanju, ki se pokazejo Sele dol-
go ¢asa po dejanskem delovanju spolnih hormonov. Raziskava Phoenixa in sodelavcev je bila zato revolucionarna, saj je
postavila popolnoma novo dogmo, in zato je pricakovano imela tudi veliko nasprotnikov. Tudi sami avtorji so bili previdni, saj
niso imeli odgovorov na stevilna vprasanja. Zato nikjer niso neposredno trdili, da hormoni zares lahko vplivajo na strukturo
mozganov ali centralnega zivénega sistema, temvec so raje uporabljali izraz “tkiva, ki sodelujejo pri urejanju spolnega obna-
Sanja”. Seveda je tudi ta raziskava, kot mnoga druga revolucionarna odkritja, pustila ve¢ vprasanj kot pa podala odgovorov.
Avtorji te raziskave niso mogli vedeti, kdaj in kje natan¢no spolni hormoni vplivajo na razvoj mozganov. Prav tako niso vedeli,
ali na mozgane vpliva neposredno testosteron ali kakSen njegov presnovni produkt. V petdesetih letih od objave ¢lanka
Phoenixa in sodelavcev je bilo objavljenih na desetine ali celo stotine raziskav, ki so potrdile osnovna opazanja avtorjev in
odgovorile na mnoga vprasanja. Danes tako vemo, da je vsaj pri glodavcih zenski spolni hormon estradiol (ki nastane iz
testosterona lokalno v mozganih) tisti, ki zares sprozi razvoj moskih mozganov. Vemo tudi, da se lahko mozgani spreminjajo
pod vplivom spolnih hormonov v razli¢nih obdobijih, pred rojstvom in po njem, v ¢asu pubertete in najverejtneje do neke
mere tudi v odraslem zivljenju. Vseeno pa je raziskava Phoenixa, Goya, Geralla in Younga tudi po petdesetih letih e vedno
aktualna in veljavna, kar potrjuje revolucionarnost njihovega odkritja.

Kljuéne besede: mozgani; spolne razlike; steroidni hormoni; spolni kromosomi





