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Introduction
Currently there has probably never been more interest in 

brain development and how one’s genetic makeup, hormones 
and the environment, acting during limited critical periods, affect 
one’s future gender identity, thoughts, emotions and consequent 
behavior. However, the topic has now become highly politicized 
and it is thus a difficult time to express opinions, even if these are 
based on robust scientific research findings, without offending one 
group or another. As a scientist working in the field of reproductive 
endocrinology over many years, I strongly believe that it is logical 
to recognize that sexual dimorphism does indeed exist in the 
central nervous system (CNS) despite vehement denials by others 
with strongly held views on the subject [1,2]. Sexual dimorphism 
is evident in many structures in the body including muscle 
development, height and skeletal anatomy. In fact, every cell in the 
mammalian body differs between the sexes, being either XX or XY; 
the haploid germ cells being either X or Y in the male and just X 
in the female. However, in no way whatsoever does this make one 
gender superior of inferior to the other. 

There is a plethora of well-documented findings confirming 
sexual dimorphism in the CNS and how in animals, manipulation 
of the hormonal environment during the aforementioned critical 
periods in development can have far-reaching and long-lasting  

 
consequences (for recent reviews see [3,4]). However, the human 
brain is far more complex than that of animals and thus much of 
what we know about the situation here has been largely learnt by 
observing the effects of anomalies that occur during development.

Figure 1.

In the human fetus the testes are active from the eighth 
week of gestation, stimulated by the action of human chorionic 
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gonadotropin (hCG) from the placenta. Male differentiation of 
the external genitalia is brought about at this time largely by the 
conversion of testosterone, produced in the Leydig cells, to its 
more active metabolite 5α-dihydrotestosterone (5α-DHT) (Figure 
1). Later during fetal life and in the newborn, masculinization of 
the CNS takes place through the action of testosterone itself. This 
leads to a marked gender difference in the size of some groups of 
nerve cells (nuclei) in the brain, although not all are associated with 
reproductive behavior. It is thus obvious that sexual differentiation 
of the CNS, although more subtle than that of the genitalia, is just 
as important. Problems may arise when there is a discrepancy 
between sexual differentiation of the genitalia and that of the brain.

Brain Sexual Differentiation

Numerous studies upon rodents have demonstrated that in those 
regions of the CNS where steroid hormone receptors are present, 
testosterone crosses the blood brain barrier and as a result of 
intraneuronal aromatization to estradiol-17β (E2) masculinization 
of the brain takes place. It appears in rodents the female brain is 
largely prevented from masculinization by the circulating E2 being 
strongly bound to α-fetoprotein and therefore unable to enter 
into the neurons. In primates it has been postulated that it is sex 
hormone binding globulin (SHBG) that binds E2, thus preventing 
it from passing into the neurons of the developing female brain [5]. 
However, an alternative view regarding brain masculinization in 
humans has recently been put forward [6]. This is that a functional 
androgen and not an estrogen receptor in the CNS is required for 
the developing brain to be programmed for future male sexual 
orientation and behavior. Moreover, it has been pointed out that 
men lacking the aromatase enzyme still show masculine behavior 
despite their inability to aromatize testosterone to E2 [7].

Sex differences during development in exposure to 
glucocorticoids are also important as has been pointed out [8]. 
Near the end of pregnancy in humans, both sexes experience a 
critically timed rise in the bioavailability of glucocorticoids released 
from the fetal/maternal adrenal axis. It has been emphasized that 
in males, but not females, there may be competing epigenetic 
influences, as the glucocorticoids briefly overlap with testosterone 
or estrogenic metabolites on organizational processes in the CNS, 
thus contributing to its sexual dimorphism. If, for some reason, the 
glucocorticoids are inappropriately elevated either by the mother 
being severely stressed, or by the administration of several doses 
of exogenous glucocorticoids when premature birth is threatened, 
brain structure and function may be affected leading to a varying 
degree of feminization of reproductive behavior in later life. 
Moreover, the hypothalamic-pituitary-adrenal axis reactivity 
to stress can also be impaired and consequently physiological 
stress-coping mechanisms. It is thus evident that both the sex and 
stress hormones play a vital role in brain development, regulating 

the number, site and connectivity of neurons by influencing 
neurogenesis, apoptosis, survival, migration and synaptogenesis. 
An impairment of stress-coping mechanisms during development, 
associated with a faulty programming of the hypothalamic-pituitary 
adrenal axis, is a risk factor for the appearance of psychiatric and 
other brain disorders in later life, some of which show clear sex 
differences.

In animals with short gestation periods, such as many rodents, 
it is in the perinatal period that androgens cause the sexual 
dimorphism seen in the brain and spinal cord. Only during this 
time is neural tissue sufficiently plastic to respond irreversibly to 
the actions of these hormones. Such critical periods are merely 
empirical concepts and do not represent clearly defined stages 
in development. It also cannot be assumed that all sexually 
differentiated CNS structures are maximally sensitive to steroids 
within the same time period and may differ temporally for 
various sexually dimorphic traits. Manipulation of the hormonal 
environment in rodents and other animals during these periods 
can bring about permanent alterations in brain structures and later 
in reproductive behavior. One can thus effectively convert a male 
brain into a female one and vice versa.

Differentiation of Sexual Behavior
Neurotransmitters as well as the endogenous opioids, play a 

vital role in regulating many functions in the brain. Some decades 
ago we demonstrated that that in rats the administration of 
androgens during early life had long-lasting effects in several 
brain regions, including those not involved in the regulation of 
reproductive function [9,10]. The treatment led to sex differences in 
the content of certain neurotransmitters including norepinephrine, 
epinephrine, dopamine and serotonin (5-HT). Shortly after, we 
were able to show that, when central 5-HT levels are reduced in 
male hamsters around the time of sexual differentiation of the CNS, 
female sexual behavior is increased in these animals when adults 
[11]. Exposure to opiates has been shown to interfere with neural 
development [12]. When we administered the long-acting opiate 
(Duromorph®) to golden hamsters during the last four days of their 
pregnancy and to their offspring within the first few days following 
their birth, adult sexual behavior in the males, although not the 
females was drastically altered. In the former both masculine and 
unexpectedly also feminine sexual behavior were very significantly 
increased [13,14]. Extrapolation of these findings to the human 
situation could have implications for the children born to women 
taking heroin or other opiates during pregnancy.

As in other animals, many sexually dimorphic areas exist in 
the primate brain and spinal cord; these are not always associated 
with reproductive behavior. In humans differences between 
males and females have been recorded in such regions as the 
anterior hypothalamus the supraoptic and suprachiasmatic nuclei, 
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the hippocampus, vomeronasal organ, bed nucleus of the stria 
terminalis, the anterior commissure and the corpus callosum (see 
4 for more detail). This is unsurprising and being aware of such 
differences is of vital importance in the treatment of many medical 
conditions. These include neurodegenerative diseases including 
Parkinson’s and Huntington’s as well as the consequences of brain 
injury including stroke. 

It has now been clearly demonstrated that sexually dimorphic 
behavior is recognizable even in infants, for example in play 
situations, and that this has been imprinted on the brain prior to 
birth [15]. Studies on rhesus and vervet monkeys have indicated 
this also takes place in non-human primates [16,17]. Such gender 
different behaviour is apparent too in cognitive and emotional 
responses to learning, memory, language, fear, anxiety and 
proprioception [18]. Many of the actions of androgens upon the 
brain early in development will, however, not become evident till 
around puberty. What implications do these have for one’s quality 
of life and place in society? In the former case it is important to 
be aware that gender differences are associated with certain 
pathologies [19]. Stuttering, dyslexia, attention deficit hyperactivity 
disorder and autism are much more likely to be recognized in 
boys than in girls, although they are certainly underdiagnosed in 
the latter. Criminality, especially in association with aggression 
and violence, is much more common in men than in women. Left-
handedness is more frequently seen in men [see 4] and may be 
associated with immunological problems; there is also a slightly 
higher incidence of homosexuality amongst both left-handed men 
and women.

Gender Identity
In humans there is a rare condition known as androgen 

insensitivity or testicular feminization syndrome. The androgen 
receptors in the tissues of these individuals are unresponsive to 
male hormones, which leads to them being identified as girls at 
birth. It is often not till puberty is delayed that investigations reveal 
that the person is genetically male although with female external 
genitalia and gender identity, as neither have been masculinized 
during early development. Such women tend to be very beautiful, as 
typified by the 1930s actress Jean Harlow. Another recent example is 
the Belgian model Hanne Gabe Odiele. In girls born with congenital 
adrenal hyperplasia some masculinization may have occurred 
during fetal life, affecting to a varying degree both the genitalia 
and brain. An increased incidence of homosexuality is often seen in 
these women. Further light has been shed on the determinants of 
one’s sexual orientation and gender identity by studying those rare 
instances when infant boys have been reassigned as girls following 
damage to the penis. Such children have been found to have major 
problems accepting their newly assigned gender as their brains 
have already been masculinized. Observations on groups of related 

individuals in the Dominican Republic and later in Papua New 
Guinea have provided more insight into this situation [20,21]. 
Boys born there with an enzyme deficiency preventing them from 
converting testosterone to 5α-DHT have incompletely developed 
male genitalia. Nevertheless, their brains have been masculinized 
by testosterone. Although many of these boys were raised as 
girls, they had less difficulty than might be expected in adopting 
a masculine gender reassignment at puberty as their programed 
gender identity was already male.

Children are generally well aware of their gender identity and 
sexual orientation long before puberty. One only needs to recall 
their own childhood thoughts and experiences to realize this. It 
seems logical to assume that variations in circulating levels of 
androgens during fetal life can influence one’s predisposition to 
later being predominantly hetero- or homosexual, Nevertheless, 
environmental influences such as parental views and gender 
differential treatment are also believed to have some influence 
on one’s gender identity. Recently too evidence has accumulated 
to indicate that a gene or genes may influence, at least to some 
extent, one’s sexual orientation without necessarily determining 
it [21]. Moreover, often due to pressures from family and society, 
individuals realizing they are homosexual, or transgender have 
been forced, or strongly persuaded, into adopting a heterosexual 
lifestyle. Unfortunately, even today prosecution and persecution of 
such individuals are still regarded as acceptable in many societies 
and countries.

With regards to individuals identifying as transsexual, this 
may be explained at least partly by a divergence between their 
anatomical gender assigned at birth and their CNS having developed 
along a different pathway. Thus, one’s own personal experience of 
gender may not always correlate with the assigned anatomical sex. 
However, it must be emphasized that no gender identity is ever 
of less value than another, but in many instances, problems have 
arisen because society does or cannot understand the situation. 
In the UK the Equality Act of 2010, relating to England and Wales, 
states that you must not be discriminated against because you are 
transsexual, when your gender identity is different from the gender 
assigned to you when you were born. Under the Act, to be prevented 
from gender reassignment discrimination, it is not necessary to 
have undergone any specific treatment or surgery to alter your 
sex applied at birth to that of your preferred gender. Nevertheless, 
there are certain circumstances when being discriminated against 
due to gender reassignment is considered lawful. Examples are 
those rare instances when accessing a service provided only for 
men or just for women, or in those relating to some competitive 
sports. Difficulties have arisen in the latter situation regarding the 
eligibility of trans sportspeople to complete in binary events. Even 
in cases where surgical reassignment has taken place trans women 
may be prevented from participating as female competitors. This 
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is because it is believed that in some circumstances other women 
may be disadvantaged compared to those who transitioned to 
their true gender post-pubertally. Now, in many instances, a third 
category has been accepted in athletics for non-binary competitors. 
However, it must be borne in mind too that non-binary gender 
identities are independent of one’s sexual orientation. The limits 
to what is considered acceptable by many trans individuals, in an 
attempt to protect women’s rights and women only spaces, have 
themselves caused a lot of controversy and there have been strong 
arguments for the Act to be reformed and updated. Opponents to 
change argue that a balance must be achieved between women’s 
rights and concerns and a fear of abuse by the very small number 
of men self-identifying as trans individuals in order to gain access 
to women’s sex-segregated areas. However, many trans people feel 
it is their rights that are not being taken into account. Obviously, no 
single ruling will satisfy everyone.

Conclusions
It must always be kept in mind that human sexual behavior is very 

complex with there probably being no limit to the variety of human 
sexual lifestyles thus confirming that one’s sexual orientation is not 
exclusively fixed, but somewhat flexible. There are sensitive periods 
during fetal and very early neonatal life, as well as in childhood, 
when the capacity for establishing sexual preferences is maximal, 
leading to the development of either a primarily heterosexual, 
homosexual, bisexual or asexual orientation. Nevertheless, exclusive 
heterosexuality and exclusive homosexuality lie at the opposite 
ends of a range of sexual preferences laid down by a complex set of 
genes inherited from both parents and influenced by the internal 
and external environment during development. As our knowledge 
and understanding about gender identity and sexual orientation 
expands, hopefully also will be an increase in the understanding 
and acceptability of everyone irrespective of their lifestyle.
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