Sexual differentiation of the human brain in relation
to gender identity and sexual orientation

Dick F. Swaab, MD, PhD
Alicia Garcia-Falgueras, PhD

The Netherlands Institute for Neuroscience, Amsterdam,
The Netherlands!

Corresponding author: Dick F. Swaab
Netherlands Institute for Neuroscience,
Meibergdreef 47,

1105 BA Amsterdam ZO, The Netherlands
E-mail: d.f.swaab @ nin.knaw.nl

Summary

During the intrauterine period the fetal brain develops
in the male direction through a direct action of testos-
terone on the developing nerve cells, or in the female
direction through the absence of this hormone surge.
In this way, our gender identity (the conviction of be-
longing to the male or female gender) and sexual orien-
tation are programmed into our brain structures when
we are still in the womb. However, since sexual differ-
entiation of the genitals takes place in the first two
months of pregnancy and sexual differentiation of the
brain starts in the second half of pregnancy, these two
processes can be influenced independently, which may
result in transsexuality. This also means that in the
event of ambiguous sex at birth, the degree of mas-
culinization of the genitals may not reflect the degree of
masculinization of the brain.

There is no proof that social environment after birth
has an effect on gender identity or sexual orientation.
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Sexual organization and activation of the human
brain

The process of sexual differentiation of the brain brings
about permanent changes in brain structures and func-
tions via interactions of the developing neurons with the
environment, understood in its widest sense. The envi-
ronment of a developing neuron is formed by the sur-
rounding nerve cells and the child’s circulating hor-
mones, as well as the hormones, nutrients, medication
and other chemical substances from the mother and the
environment that enter the fetal circulation via the pla-
centa. All these factors may have a lasting effect on the
sexual differentiation of the brain.

The testicles and ovaries develop in the sixth week of
pregnancy. This occurs under the influence of a cascade

of genes, starting with the sex-determining gene on the
Y chromosome (SRY). The production of testosterone
by a boy’s testes is necessary for sexual differentiation
of the sexual organs between weeks 6 and 12 of preg-
nancy. The peripheral conversion of testosterone into di-
hydrotestosterone is essential for the formation of a
boy’s penis, prostate and scrotum. Instead, the develop-
ment of the female sexual organs in the womb is based
primarily on the absence of androgens (1).

Once the differentiation of the sexual organs into male or
female is settled, the next thing that is differentiated is the
brain, under the influence, mainly, of sex hormones on
the developing brain cells. The changes (permanent)
brought about in this stage have organizing effects; later,
during puberty, the brain circuits that developed in the
womb are activated by sex hormones. This paradigm of
sexual differentiation of the brain has been well estab-
lished, ever since the first paper by Phoenix et al. (2).
The fetal brain is protected against the effect of circulat-
ing estrogens from the mother by the protein a-fetopro-
tein, which is produced by the fetus and binds strongly
to estrogens but not to testosterone (3,4). However, es-
trogens do not only reach the brain via circulation: the
brain itself is also capable of producing estrogens. In hu-
man beings testosterone may thus not only have a di-
rect effect on a masculine brain, but, once converted in-
to estrogens by aromatase, may also act on developing
neurons. In addition, there are sex differences in brain
steroid receptor distribution not only in adulthood (5-8)
but also during development (9). In rats, the formation of
estradiol in the brain by aromatization of circulating
testosterone is the most important mechanism for viril-
ization of the brain (10), but, as seen below, it does not
determine human gender identity or sexual orientation.
There may also be direct genetic effects that affect the
sexual differentiation of the brain without involving the
sex hormone receptors. Some fetal rat brain cells under-
go sexual differentiation, even in tissue culture, without
the involvement of sex hormones (11,12). The genes
SRY and ZRY are candidates for this action since they
are expressed until very advanced ages in the human
brain, even though strictly speaking the role of these
genes in sexual differentiation stops during develop-
ment (13,14). There are at present many additional can-
didate genes for a role in sexual differentiation of the
brain without the involvement of hormones, since it has
been found that fifty genes are expressed at different
levels in the brains of male and female mouse fetuses,
even before the hormones come into play (15). Also,
genes that escape inactivation on the X chromosome
(such as PCDH11X) could show sexually dimorphic ex-
pression and thus contribute to sexually dimorphic func-
tions (16). Thus, the sexual differentiation of the brain is
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not caused by hormones alone, even though they are
very important for gender identity and sexual orientation.

Sex hormones and human brain development

During fetal development, the brain is influenced by sex
hormones such as testosterone, estrogens and proges-
terone (17). From the earliest stages of fetal brain devel-
opment, many neurons throughout the entire nervous
system already have receptors for these hormones (9).
The early development of boys shows two periods dur-
ing which testosterone levels are known to be high. The
first surge occurs during mid-pregnancy: testosterone
levels peak in the fetal serum between weeks 12 and 18
of pregnancy (18) and in weeks 34-41 of pregnancy the
testosterone levels of boys are ten times higher than
those of girls (19). The second surge takes place in the
first three months after birth. At the end of pregnancy,
when the «-fetoprotein level declines, the fetus is more
exposed to estrogens from the placenta, this exposure
inhibiting the hypothalamus-hypophysial-gonadal axis of
the developing child. Loss of this inhibition once the
child is born causes a peak in testosterone in boys and
a peak in estrogens in girls (20). The testosterone level
in boys at this time is as high as it will be in adulthood,
although a large part of the hormone circulates bound.
During these two periods, therefore, girls do not show
high levels of testosterone. These fetal and neonatal
peaks of testosterone, together with the functional
steroid receptor activity, are thought to fix the develop-
ment of structures and circuits in the brain for the rest of
a boy’s life (producing “programming” or “organizing” ef-
fects). Later, the rising hormone levels that occur during
puberty “activate” circuits and behavioral patterns that
were built during development, in a masculinized and
de-feminized direction for male brains or in a feminized
and de-masculinized direction for female brains.

The brain structure differences that result from the inter-
action between hormones and developing brain cells
are thought to be the basis of sex differences in a wide
spectrum of behaviors, such as gender role (behaving
as a man or a woman in society), gender identity (the
conviction of belonging to the male or female gender),
sexual orientation (heterosexuality, homosexuality or bi-
sexuality), and sex differences regarding cognition, ag-
gressive behavior and language organization. Factors
that interfere with the interactions between hormones
and the developing brain systems during development
in the womb may permanently influence later behavior.
As sexual differentiation of the genitals takes places
much earlier in development (i.e. in the first two months
of pregnancy) than sexual differentiation of the brain,
which starts in the second half of pregnancy and be-
comes overt upon reaching adulthood, these two
processes may be influenced independently of each
other. In rare cases, this may result in transsexuality, i.e.
people with male sexual organs who feel female or vice
versa. It also means that in the event of an ambiguous
sex at birth, the degree of masculinization of the genitals
may not always reflect the degree of masculinization of
the brain (21-24). In addition, gender identity may be de-
termined by prenatal hormonal influences, even though
the prenatal hormonal milieu might be inadequate for full
genital differentiation (25).
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Programmed gender identity is irreversible

The irreversibility of programmed gender identity is
clearly illustrated by the sad story of the John—Joan—
John case (i.e. the case of David Reimer). In the 1960s
and 1970s, in the context of the concept of behaviorism,
it was postulated that a child is born as a tabula rasa and
is subsequently forced in the male or female direction by
society’s conventions. Although it is true that, in hu-
mans, self-face recognition appears to emerge at
around 18 months of age (26) and that by the age of 2-
3 years children are able to correctly label themselves
and others according to gender (27), there is no evi-
dence that external or social events might modify these
processes. However, J. Money argued that: “Gender
identity is sufficiently incompletely differentiated at birth
as to permit successful assignment of a genetic male as
a girl. Gender identity then differentiates in keeping with
the experiences of rearing” (28). This view had devastat-
ing results in the John—Joan—John case (29). Money
maintained that gender imprinting does not start until the
age of 1 year, and that its development is well advanced
by the age of 3-4 years (30). This was, indeed, the ba-
sis for the decision to make a girl out of an 8-month-old
boy who lost his penis due to a mistake during minor
surgery (i.e. an operation to correct phimosis). The tes-
ticles of this child were removed before he reached the
age of 17 months in order to facilitate feminization. The
child was dressed in girls’ clothes, received psychologi-
cal counseling and was given estrogens in puberty. Ac-
cording to Money, this child developed as a normal fe-
male. However, Milton Diamond later made it clear that
this had not been the case at all. In adulthood, this child
changed back to male, married, and adopted several
children (31). Unfortunately, he had a troubled life and
committed suicide in May 2004. This story illustrates the
enormous programming influence of the intrauterine pe-
riod on gender. Other cases have been described in the
literature (32), due to enzymatic disorders (33-35) or to
cloacal exstrophy (36), that support the existence of ear-
ly permanent programming of brain sex by biological
factors and androgen exposure, rather than by social
environment and learning (17,37).

The mechanism of sexual differentiation of the
brain: neurobiological factors

In male rats, testosterone is turned into estrogens by lo-
cal aromatization in the brain, and these estrogens then
masculinize certain brain areas. This finding agrees with
the observation that in partially androgen insensitive
(testosterone feminized — Tfm) male rats no reversion of
the sex difference was present in the preoptic area (10)
and the bed nucleus of the stria terminalis (38). These
animals retained a male neuroanatomy. Other brain nu-
clei, such as the posteromedial amygdala, the ventro-
medial hypothalamus and the locus coeruleus were,
however, feminized in Tfm male rats (38-40).

In humans, however, the main mechanism appears to
involve a direct effect of testosterone on the developing
brain. Complete androgen insensitivity syndrome is
caused by mutations in the receptor gene for andro-
gens. Despite their genetic (XY) masculinity, affected
individuals develop as phenotypical women and experi-
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ence “heterosexual” sexual orientation, fantasies and
experiences, without gender problems (41). On the oth-
er hand, when a boy fetus has a 5x-reductase-2 or
17B-hydroxy-steroid dehydrogenase-3 deficiency pre-
venting peripheral testosterone from being transformed
into dihydrotestosterone, a “girl” with a large clitoris is
born. These children are generally raised as girls. How-
ever, when testosterone production increases in these
XY children during puberty, this “clitoris” grows to penis
size, the testicles descend, and the child’s build begins
to masculinize and become muscular. Despite the fact
that these children are initially raised as girls, the major-
ity (60%) change into heterosexual males (24,34,35,42,
43), apparently due to the organizing effect of testos-
terone on early brain development. Boys who are born
with a cloacal exstrophy — i.e. with bladder exstrophy
and a partly or wholly absent penis — are usually
changed into girls immediately after birth. A survey
showed that in adulthood only 65% of these children
who were changed into girls continued to live as girls,
and when individuals with gender dysphoria were ex-
cluded the figure dropped to 47% (44,45). From these
examples it appears that the direct action of testos-
terone on the developing brain in boys and the lack of it
in the developing brain in girls are crucial factors in the
development of male and female gender identity and
sexual orientation, although other sexually dimorphic
functions still need to be investigated in these people.
Conversely, studies on cloacal exstrophy suggest that
the postnatal testosterone peak is not crucial for gender
identity development, given that these children general-
ly undergo operation shortly after birth.

Sex differences in the human brain

A sex difference in brain weight is already present in
children from the age of 2 years (46) and sex differences
can thus be expected throughout the brain from early in
development. In the adult human brain structural sex dif-
ferences can be found from the macroscopic level (47)
down to the ultramicroscopic level (48). Functionally,
too, a large number of sex differences in different brain
regions have recently been described (49-53). Sexual
differentiation of the human brain is also expressed in
behavioral differences, including sexual orientation
(homo-, bi- and heterosexuality) and gender identity (22,
54-57), and in differences at the level of brain physiolo-
gy and in the prevalence of neurological and psychiatric
disorders (57-59). In the current review we focus on the
sex differences in the human hypothalamus and adja-
cent areas.

When observed by our group, the structural difference in
the intermediate nucleus of the human hypothalamus
(InM) (60-62) was at first termed “the sexually dimorphic
nucleus of the preoptic area (SDN-POA)” (63). We
found this nucleus to be 2.5 times larger in men than in
women and to contain 2.2 times as many cells (63).
Allen et al., (64) described four interstitial nuclei of the
anterior hypothalamus (INAH1-4) and found, in men
compared to women, a larger volume of the INAH3 and
INAH2 subdivisions (respectively 2.8 and 2 times
greater). The fact that they could not find a sex differ-
ence in INAH1 (= SDN-POA), as found by us (63), could
be fully explained by the strong age effect on the sex dif-
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ferences of this nucleus (58,65). In fact, the sex differ-
ence develops only after the age of 5 years and disap-
pears temporarily after the age of 50 years (63,66,67).
Moreover, it is now clear that what we called the SDN-
POA (63) is actually a horseshoe-shaped structure that
can show up in sections as two separate nuclei (58,62),
which Allen et al., (64) called INAH1 and 2, or as just
one nucleus, called the intermediate nucleus (62) or
SDN-POA (63). Further analysis of INAH1 and 2 in the
transsexual population is ongoing, and confirms the
presence of a clear sex difference in adult controls up to
50 years of age.

We recently localized and delineated the uncinate nu-
cleus (Un) using three different stainings, i.e. thionin,
neuropeptide-Y and synaptophysin. We found sex differ-
ences in volume and neuron number in the INAH3 sub-
division while no differences were found for INAH4 (68,
Fig. 1). The INAH3 volume size and the presence of a
sex difference in INAH3 volume size fully agreed with
previously reported data (54,64,69,70), as did the sex
difference for the number of neurons in INAH3. A num-
ber of different names have been used to refer to the
two Un subnuclei (68): i) periventricular and uncinate
nucleus (the former closer to the third ventricle than the
latter) (61); ii) INAH4 (closer to the third ventricle than
the INAH3) (64); and, most recently, iii) lateral and me-
dial subdivisions of the Un (62). In view of the evidence
provided by neurochemical markers such as neuropep-
tide-Y and synaptophysin, and the fact that they appear
as one structure in some subjects, there are indeed ar-
guments in favor of considering these two subdivisions
a single structure called the Un. Koutcherov et al. also
suggested that the Un was the homolog of the rat cen-
tral subdivision of the medial preoptic nucleus (MPOc)
(62) that, in this animal, is clearly related to the brain net-
work for input and output of male sexual behavior (17,71).
Moreover, INAH3 was found in male-to-female (MtF)
transsexual people to be small (of female size and cell
number), while the INAH4 subdivision did not show gen-
der-related differences, morphological or otherwise, be-
tween men and women (68; Fig. 1). In addition, sex dif-
ferences were found in the INAH3 volume as delineated
by neuropeptide Y, but not in INAH4.

Other sex differences have been found in the human an-
terior commissure, the interthalamic adhesion and in the
corpora mamillaria (58,72).

Sex hormone receptors and neurosteroids

Sex hormone receptors, too, are expressed in a sexual-
ly dimorphic way in the human hypothalamus and adja-
cent areas.

In most hypothalamic areas that show androgen recep-
tor (AR) staining, nuclear staining, in particular, is less
intense in women than in men. The strongest sex differ-
ence was found in the lateral and the medial mamillary
nucleus (MMN; 73). The mamillary body complex is
known to be involved in several aspects of sexual be-
havior, such as arousal of sexual interest and penile
erection (58,73,74). In addition, a sex difference in AR
staining was present in the horizontal diagonal band of
Broca, SDN-POA, medial preoptic area (MPO), dorsal
and ventral zone of the periventricular nucleus (PVN),
supraoptic nucleus (SON), ventromedial hypothalamic
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nucleus, and infundibular nucleus (INF). However, no
sex differences were observed in AR staining in the
adult bed nucleus of the stria terminalis (BST), the nu-
cleus basalis of Meynert, and the islands of Calleja (73).
No differences related to male sexual orientation were
found in nuclear AR activity in the mamillary complex,
this activity not being found to differ in heterosexual men
compared with homosexual men, but it was significantly
stronger than in women. A female-like pattern was found
in 26- and 53-year-old castrated men and in intact old
men. These data indicate that the amount of nuclear re-
ceptor staining in the adult mamillary complex is de-
pendent on the circulating levels of androgens rather
than on gender identity or sexual orientation. This idea
is supported by the fact that a male-like pattern of AR
staining was found in a 36-year-old bisexual non-cas-
trated MtF transsexual (T6) and a heterosexual virilized
woman aged 46 (5), while a female-like pattern for
INAH3 volume and number of cells was found in the for-
mer patient (T6) (68).

Various sex differences have been observed for estro-
gen receptor « (ER) staining in the hypothalamus and
adjacent areas of young adult human subjects. More in-
tense nuclear ERx immunoreactivity was found in
young men compared with young women, for example,
in the SDN-POA, the SON, and the PVN. Women

showed a stronger nuclear ERx immunoreactivity in the
suprachiasmatic nucleus (SCN) and MMN. No sex dif-
ferences in nuclear ER«x staining were found in, for ex-
ample, the central subdivision of the bed nucleus of the
stria terminalis (BSTc), the islands of Calleja, or in the
INF. More intense nuclear ERB staining was found in
men, for example, in neurons of the BSTc, the islands
of Calleja, and the SDN-POA. Women showed more
nuclear ERP staining in the SCN, the SON, the PVN,
the INF and the MMN (75). Observations in subjects
with abnormal hormone levels showed, in most areas,
ERB immunoreactivity distribution patterns that were
consistent with the level of circulating estrogens, sug-
gesting that the majority of the reported sex differences
in ERB immunoreactivity are “activational” rather than
“organizational” in nature (76, 77).

In the BSTc, differences in sex hormone receptors such
as ERa, ERB, the AR and progesterone receptor (PR),
are present from fetal age onward. More nuclear ERB
was observed in females than in males during the
fetal/neonatal ages, whereas there were no overt sex
differences in the other three sex hormone receptors de-
tected. In adult men ERa and PR immunoreactivity was
more pronounced in the BSTc of men than in women (9).
Hence, the sensitivity of the BSTc for the different sex
hormones depends strongly on sex and age.
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Figure 1 - A) INAH3 volume in thionin staining in different groups, according to their gender identity and hormonal changes in adult-
hood. (M) control male group, (F) control female group, (MtF) male-to-female transsexual group, (CAS) castrated male group,
(Pre-men) premenopausal women, (Post-men) postmenopausal women. Bars represent means and standard errors of the mean
(SEM). MtF and F groups were statistically different compared to the M group (p<0.018 and p<0.013, respectively). Hormonal
changes in adulthood (CAS versus M and Pre-men versus Post-men groups) showed no difference in INAH3 volume. Note that
the volume of the female transsexual subject (FMT, in the male group, 51 years old) is in the male range, while the gender dys-
phoric MtF subject, who was not treated in any way (S7, in the MtF group, 84 years old), showed a male value for INAH3 volume.
B) Distribution of the INAH3 number of neurons between different groups. Bars represent means and standard errors of the mean
(SEM). Statistically significant differences were found between men (M) and women (F) (p<0.029) and between men (M) and MtF
transsexual groups (p<0.002). FMT, in the male group, had a masculine INAH3 number of neurons and S7, in the MtF group, had
a similar number of neurons to the other transsexuals examined. From Garcia-Falgueras and Swaab, 2008; Fig.s 5 and 6, with
permission (ref. 68).
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Transsexuality

There is a vast array of factors that may lead to gender
problems (Table 1). Twin and family research has shown
that genetic factors play a part (78,79). Rare chromoso-
mal abnormalities may lead to transsexuality (80), and it
was recently found that polymorphisms of the genes for
ERa and ERB, AR repeat length polymorphism, and
polymorphisms in the aromatase or CYP17 gene also
produced an increased risk (79,81,82).

Abnormal hormone levels during early development
may play a role, as suggested by the high frequency of
polycystic ovaries, oligomenorrhea and amenorrhea in
female-to-male (FtM) transsexuals. This observation
suggests early intrauterine exposure of the female fetus
to abnormally high levels of testosterone (83). A recent
study did not confirm a significantly increased preva-
lence of polycystic ovary syndrome. However, there was
a significantly higher prevalence of hyperandrogynism in
FtM transsexuals, also indicating the possible involve-
ment of high testosterone levels in transsexuality (84). A
girl with congenital adrenal hyperplasia (CAH), who has
been exposed to extreme levels of testosterone in utero,
will also have an increased chance becoming transsex-
ual. Although the likelihood of transsexuality developing
in such cases is 300-1000 greater than normal, the risk
for transsexuality in CAH is still only 1-3% (85), where-
as the probability of serious gender problems is 5.2%
(86). The consensus is, therefore, that girls with CAH
should be raised as girls, even when they are masculin-
ized (24).

Epileptic women who were given phenobarbital or
diphantoin during pregnancy also have an increased
risk of giving birth to a transsexual child. Both these sub-
stances change the metabolism of the sex hormones
and can act on the sexual differentiation of the child’s
brain. In a group of 243 women who had been exposed
to such substances during pregnancy, Dessens et al.
(87) found three transsexual children and a few others
with less radical gender problems; these are relatively
high rates for such a rare condition. On the “DES sons”
(diethylstilbestrol, an estrogen-like substance — see lat-
er) website they claim that transsexuality occurs in
35.5% and a gender problem in 14% of the DES cases
(88,89). This is alarming, but needs, of course, to be

confirmed in a formal study. There are no indications
that postnatal social factors could be responsible for the
occurrence of transsexuality (90).

Only in 23% of cases does a childhood gender problem
lead to transsexuality in adulthood. With regard to sexu-
al orientation, the most likely outcome of childhood gen-
der identity disorder is homosexuality or bisexuality (78,
91-93).

Transsexuality and the brain

The theory on the origins of transsexuality is based on
the fact that the differentiation of sexual organs takes
place during the first couple of months of pregnancy,
before the sexual differentiation of the brain. As these
two processes have different timetables, it is possible,
in principle, that they take different routes under the in-
fluence of different factors. If this is the case, one might
expect to find, in transsexuals, female structures in a
male brain and vice versa, and indeed, we did find
such reversals in the central nucleus of the BSTc and
in the INAH3, two brain structures that, in rats, are in-
volved in many aspects of sexual behavior (17,58).
However, a gender identity test for rats does not exist,
and this hypothesis can therefore be studied only in
humans.

We found a clear sex difference in the human BSTc
and INAHS3. In men the BSTc area was twice that found
in women and contained twice as many somatostatin
neurons (94,95). The same was true of the INAH3,
which was found to be 1.9 times larger in men than in
women and to contain 2.3 times as many neurons (68;
Fig. 1). In relation to sexual orientation, no difference
was found in the size or number of neurons in the BSTc
area, while for the INAH3 the volume has previously
been found to be related to sexual orientation, being
larger in heterosexual than in homosexual men
(54,70). In MtF transsexuals we found a completely fe-
male BSTc and INAH3. Until now we have only been
able to obtain material from one FtM transsexual, and
his BSTc and INAH3 indeed turned out to have all the
male characteristics. We were able to exclude the pos-
sibility that the reversal of sex differences in the BSTc
and INAH3 were caused by changing hormone levels

Table | - Prenatal factors that influence gender identity (the feeling of being a man or a woman) and that may result in trans-

sexuality.

Genetic factors
— Twin studies (78,79).

— Rare chromosomal disorders (80).

— Polymorphisms in ERp, androgen receptor and aromatase genes (81,82).

Hormones

— Phenobarbital/diphantoin taken by pregnant mother (88).

— Hormones, cloacal exstrophy (44,45).
— 5a-reductase-2 or 173-hydroxy-steroid-dehydrogenase-3 deficiency (34,42,43).

— Girls with CAH (85,86,112).

— Complete androgen insensitivity syndrome results in XY heterosexual females with

female identity (41).

— DES sons: 25% gender problems (88,89).

Social factors?

— Postnatally no evidence (29,31,58,90).

Abbreviations: CAH = congenital adrenal hyperplasia; DES = diethylstilbestrol.
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in adulthood (68,94,95), and it therefore seems that we
are dealing with a developmental effect. Our observa-
tions thus support the above-mentioned neurobiologi-
cal theory about the origin of transsexuality. The size of
the BSTc and the INAH3 and their number of neurons
match the gender that transsexuals feel they belong to,
and not the sex of their sexual organs, birth certificate
or passport. Unfortunately, the sex difference in the
BSTc volume does not become apparent until early
adulthood (96), meaning that this nucleus cannot be
used for early diagnosis of transsexualism.

One person we studied had untreated male gender
dysphoria (S7), took no hormones and kept his trans-
sexual feelings under wraps. He appeared to have a
large INAH3 volume — in the male range — but a female
INAH3 number of neurons (68) and a female BSTc so-
matostatin neuron number (95). Hence, this individual’s
hypothalamic characteristics were mid-way between
male and female values.

In transsexual MtF patients who receive hormonal treat-
ment, some intermediate values, between those typical
for men and women, have been found for lateralization
and cognitive performance (90). Recently, functional re-
versals have been reported in the brains of transsexual
people. A functional magnetic resonance imaging (fMRI)
study in non-homosexual MtF transsexual people (i.e.
erotically attracted to women), who were not treated
hormonally, showed that a number of brain areas in
the transsexual hypothalamus were activated by
pheromones in a sex-atypical way. Although the func-
tional reactions in the hypothalamus to an estrogen-de-
rived pheromone were predominantly female, MtF trans-
sexual people also showed some characteristics of a
male activation pattern (97). When viewing erotic stim-
uli, MtF transsexual people before treatment tended to
display female-like cerebral processing on fMRI (98).

Sexual orientation: heterosexuality, homosexuality
and bisexuality

Sexual orientation in humans is also determined during
early development, under the influence of our genetic
background and factors that influence the interactions
between the sex hormones and the developing brain
(Table II).

The apparent impossibility of getting someone to
change their sexual orientation is a major argument
against the importance of the social environment in the
emergence of homosexuality, as well as against the idea
that homosexuality is a lifestyle choice. The mind bog-
gles at the methods used in the attempt to bring about
changes in sexual orientation: hormonal treatments
such as castration, administration of testosterone or es-
trogens (treatments that appeared to affect libido but not
sexual orientation); psychoanalysis; apomorphine ad-
ministered as an emetic in combination with homo-erot-
ic pictures; psychosurgery (lesions in the hypothala-
mus); electroshock treatment; chemical induction of
epileptic insults; and imprisonment. As none of these in-
terventions has led to a well-documented change in sex-
ual orientation (99), there can be little doubt that our
sexual orientation is fixed by the time we reach adult-
hood and is beyond further influence. Changes in sexu-
al orientation in adulthood have been described — e.g.
from heterosexual to pedophile — but only in cases of
brain tumors in the hypothalamus and prefrontal cortex
(100,101). However, even these devastating changes in
the hypothalamus cannot be interpreted in terms of
functional changes in particular neuronal circuits. There
are also claims that pedophiles and homosexual men
have switched to heterosexual behavior as a result of
stereotactical psychosurgery (lesions in the nucleus
ventromedialis) (102), but these interventions are not
only ethically questionable, they also do not meet any
scientific standards. There are also some recent reports
postulating that the sexual orientation of homosexual
women, more than that of homosexual men, may some-
times change, either spontaneously or under the influ-
ence of psychotherapy (103). The effectiveness of ther-
apy and the absence of bisexuality has, however, never
been convincingly demonstrated in these cases.

The presence of a substantial genetic component in the
development of sexual orientation is apparent from fam-
ily and twin studies (14,104). However, exactly which
genes play a role is not yet clear. According to LeVay
and Hamer (105), the size of the genetic component in
homosexuality for both sexes is over 50%. A number of
genetic studies have suggested maternal transmission,
indicating X-linked inheritance. The X-chromosome has
accumulated genes involved in sex, reproduction and
cognition. A meta-analysis of four linkage studies sug-

Table Il - Prenatal factors that may influence sexual orientation (homosexuality, heterosexuality, bisexuality)

Genetic factors — Twin studies (14,104,105).

— Molecular genetics (58).

Hormones — Girls with CAH (58,85,112).

— DES (58,113).
Chemical factors

Immune response
brothers (115,116).

Social factors?

— Prenatal exposure to nicotine, amphetamines or thyroid medication (117,118).

— Homosexual orientation in men is most likely to occur in men with a large number of older

— Stress in the mother during pregnancy (117,119,120).

— Being raised by transsexual or homosexual parents does not affect sexual orientation (121).

Abbreviations: CAH = congenital adrenal hyperplasia; DES = diethylstilbestrol.
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gested that Xq28 plays an important role in male homo-
sexuality (106). However, 16 years after the initial find-
ings the exact genes involved have not yet been identi-
fied (14). A different technique also indicated a role for
the X-chromosome in male sexual orientation. Women
with gay sons appeared to have an extreme skewing of
X-inactivation as compared to mothers without gay sons
(107). Although this unusual methylation pattern sup-
ports a possible role of the X-chromosome in male ho-
mosexuality, its mechanism of action is far from clear.
Given the complexity of the development of sexual ori-
entation, it is likely to involve many genes. A genome-
wide linkage screening indeed identified several chro-
mosomal regions and candidate genes for further explo-
ration (108).

Whatever the exact nature of the genetic factor, it is in-
teresting that such a factor has stayed present in the
population throughout human history, given that homo-
sexuals do not tend to procreate as much as the rest of
the population. A good explanation could be that the ge-
netic factors that are responsible for homosexuality al-
so have a beneficial effect on the procreation of the
population. Indeed, Camperio Ciani et al. (109) have
found that the women on a homosexual male’s moth-
er’s side tend to be more fertile. This antagonistic inher-
itance that promotes fecundity in females and a homo-
sexual orientation in males is partly linked to the X-
chromosome (110).

Abnormal hormone levels originating from the child it-
self during intrauterine development may influence sex-
ual orientation, as is apparent from the large percent-
age of bisexual and homosexual girls with CAH
(85,111,112). Between 1939 and 1960 some two million
pregnant women in the US and Europe were prescribed
diethylstilbestrol (DES) in order to prevent miscarriage.
DES is an estrogen-like substance that actually turned
out not to prevent miscarriage; furthermore, it was also
found, in small dosages, not only to give a slightly ele-
vated risk of cervical cancer but also to increase the
chance of bisexuality or homosexuality in girls (111,113)
(but see 114).

The chance that a boy will be homosexual increases
with the number of older brothers he has. This phenom-
enon is known as the fraternal birth order effect and is
putatively explained by an immunological response by
the mother to a product of the Y chromosome of her
sons. The chance of such an immune response to male
factors would increase with every pregnancy resulting in
the birth of a son (115,116).

Prenatal exposure to nicotine, amphetamines, or thy-
roid-gland hormones increases the chances of giving
birth to lesbian daughters (117,118).

A stressed pregnant woman has a greater chance of
giving birth to a homosexual son (117,119) or a lesbian
daughter (120) (Table II).

Although it has often been postulated that postnatal de-
velopment is also important for the direction of sexual
orientation, there is no solid proof for this. On the con-
trary, children who were born after artificial insemination
with donor sperm and who were raised by a lesbian cou-
ple are heterosexually oriented (121). There is also no
proof for the idea that homosexuality is the result of a
deficient upbringing, or that it is a “lifestyle choice” or an
effect of social learning (99). It is curious therefore, that
some children are still forbidden to play with homosexu-
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al friends, an unthinkable attitude left over from the idea
that homosexuality is “contagious” or can be learned.

Sexual orientation and the brain

Clinical observations have shown the involvement of a
number of brain structures in sexual orientation. It has
been reported that in some patients with Kliver-Bucy
syndrome, which involves lesions of the temporal lobe,
orientation changed from heterosexual to homosexual.
Shifts in sexual orientation (to homosexual and pe-
dophile) have also been reported in connection with tu-
mors in the temporal lobe and hypothalamus. Lesions in
the preoptic area of the hypothalamus in experimental
animals, such as ferrets and rats, produce shifts in sex-
ual orientation (58). The exact function of the preoptic
area is not well known, but it seems to be crucial for the
approach to a sexual partner, since it is implicated in the
recognition and integration of sensory stimuli such as
sexual clues, in arousal mechanisms, and in copulatory
behaviour and its motor expression (58,71).

Several structural and functional differences in the brain
have been described in relation to sexual orientation (for
a review see 23). We found the first difference in the
SCN, or brain clock, which turned out to be twice as
large in homosexual compared with heterosexual men
(122). In an experiment with rats a similar difference
could be induced by pharmacologically disturbing the in-
teraction between testosterone and the developing brain
around the time of birth, using the aromatase inhibitor
ATD in the neonatal period. This experiment yielded bi-
sexual adult rats which had larger numbers of cells in
their SCN (123). The difference in the SCN was there-
fore not caused by a change in sexual behavior, as was
suggested at the time, but by a disturbed interaction be-
tween sex hormones and the developing brain.

In 1991, LeVay (54) reported that homosexual men, just
like heterosexual women, have a smaller volume of the
frontal part of the hypothalamus (INAH3). In 1992, Allen
and Gorski (55) reported that the anterior commissure of
homosexual men is larger than that of heterosexual
men. This structure, which is larger in women than in
men, takes care of left-right connections within the tem-
poral cortex, and is thus involved in sex differences in
cognitive abilities and language. As shown by Savic and
Lindstrém (53), this difference in size may possibly be
related to the sex-atypical hemispheric asymmetries ob-
served in homosexual men and homosexual women
(23). No differences were found in the BSTc volume or
number of somatostatin-expressing neurons in homo-
sexual men compared to heterosexual men (94,95).
Functional scanning has recently also shown differ-
ences in the hypothalamus in relation to sexual orienta-
tion. The first functional scanning paper to point out dif-
ferences in the hypothalamus in relation to sexual orien-
tation, by Kinnunen et al. (124), did not receive much
scientific or public attention, although it may have clini-
cal consequences. The hypothalamus of homosexual
men turned out not to be as responsive to a classic an-
tidepressant (fluoxetine) as that of heterosexual men,
which suggests a different kind of activity of the seroton-
ergic system. Savic et al. (52) used scent, a pheromone
derived from progesterone and excreted in perspiration
in concentrations that are 10 times higher in men than in

23



D.F. Swaab et al.

women. Pheromones influence sexual behavior and
stimulate activation in the hypothalamus of heterosexu-
al women and homosexual men in the same way, but
the one used in this study not elicit a PET response in
the hypothalamus of heterosexual men. Apparently het-
erosexual men are not stimulated by a male scent,
which suggests that pheromones contribute to determin-
ing our behavior in relation to our sexual orientation
(125). In a follow-up study (126), lesbian women, as
compared to heterosexual women, reacted in a sex-
atypical, almost reciprocal way to pheromones. These
observations, too, show that there are hypothalamic cir-
cuits that function in a way that depends on our sexual
orientation. Indeed, viewing erotic videos of heterosexu-
al or homosexual content produced activation in the hy-
pothalamus, detectable by fMRI, but only when subjects
were viewing videos of their respective sexual orienta-
tion (127). Another fMRI study using such an approach
showed activation of different neural structures outside
the hypothalamus. In homosexual men, the left angular
gyrus, left caudate nucleus and right pallidum were acti-
vated. In contrast, heterosexual men showed activation
of the bilateral lingual gyrus, right hippocampus and
right parahippocampal gyrus (128). A further study ex-
tends these findings to cortical areas. Using fMRI, activ-
ity changes in the brain were measured while pictures of
men and women were shown. Looking at a female face
made the thalamus and medial prefrontal cortex of het-
erosexual men and homosexual women react more
strongly, whereas in homosexual men and heterosexual
women these structures reacted more strongly to the
face of a man (129).

Savic’s previous studies raised the question of whether
certain sexually dimorphic features in the brain, which
are unlikely to be directly involved in reproduction, may
differ between homosexual and heterosexual individuals.
This issue was explored by studying hemispheric asym-
metry, using volumetric MRI, and functional connectivity
of the amygdala, using PET measurements of cerebral
blood flow (53). Volumetric measurements in heterosex-
ual men and homosexual women showed a rightward
cerebral asymmetry, whereas the volumes of the cere-
bral hemispheres were symmetrical in homosexual men
and heterosexual women (53). Moreover, homosexual
subjects also showed sex-atypical amygdala connec-
tions. In homosexual men, as in heterosexual women,
the connections were more widespread from the left
amygdala. In homosexual women and heterosexual
men, on the other hand, they were more widespread
from the right amygdala. Furthermore, in homosexual
men and heterosexual women the connections displayed
were primarily with the contralateral amygdala and the
anterior cingulate, while in heterosexual men and homo-
sexual women the connections displayed were primarily
displayed with the caudate, putamen, and the prefrontal
cortex (53). Dichotic listening performance has also been
found to show a greater right ear advantage in hetero-
sexual men as compared to heterosexual women, while
lesbian women were somewhat masculinized in their
functional cerebral asymmetry (130).

These studies show sex-atypical cerebral asymmetry
and functional connections in homosexual subjects that
cannot be primarily linked to reproduction, and suggest
a linkage between sexual orientation and neurobiologi-
cal entities.
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Concluding remarks

The human fetal brain develops in the male direction
through a direct action of testosterone and in the female
direction through the absence of this hormone. During
the intrauterine period, gender identity (the conviction of
belonging to the male or female gender), sexual orienta-
tion, cognition, aggression and other behaviors are pro-
grammed in the brain in a sexually differentiated way.
Sexual differentiation of the genitals takes place in the
first two months of pregnancy, whereas sexual differen-
tiation of the brain starts in the second half of pregnan-
cy. This means that in the event of an ambiguous sex at
birth, the degree of masculinization of the genitals may
not reflect the degree of masculinization of the brain.
Our observations on reversed sex differences in the
brains of transsexual people support the idea that trans-
sexuality is based on an opposite sexual differentiation
of i) sexual organs during the first couple of months of
pregnancy and ii) the brain in the second half of preg-
nancy. There is no proof that the social environment af-
ter birth has an effect on the development of gender or
sexual orientation, while the possible effects on sexual
differentiation of the brain by endocrine disrupters in the
environment and in medicines given to the pregnant
mother should be investigated.

The differences observed in the INAH3 in relation to
sexual orientation and gender identity and this struc-
ture’s possible connection with the BSTc suggest that
these two nuclei and the two earlier described nuclei
that were found to be related to gender and sexual ori-
entation, i.e. the SDN-POA (= intermediate nucleus =
INAH1 and 2) and SCN, are all part of a complex net-
work involved in various aspects of sexual behavior.
Neurobiological research on sexual orientation and gen-
der identity in humans is only just gathering momentum,
but the evidence shows that humans have a vast array
of brain differences, related not only to gender, but also
to sexual orientation. There is a need for further multidis-
ciplinary research on the putative influence of testos-
terone in development, e.g. in individuals with complete
androgen-insensitivity syndrome.
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