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Abstract The peak in incidence for schizophrenia is during
late adolescence for both sexes, but within this time frame
the peak is both earlier and steeper for males. Additionally,
women have a second peak in incidence following
menopause. Two meta-analyses have reported that men
have an overall ~40% greater chance of developing
schizophrenia than do women (Aleman et al., 2003;
McGrath et al., 2004). These and other findings have led
to the suggestion that ovarian hormones may be protective
against schizophrenia. Less explored is the potential role of
testosterone in schizophrenia, although disruptions in
steroid levels have also been reported in men with the
illness. The relationship between increased gonadal hor-
mone release per se and peri-adolescent vulnerability for
psychiatric illness is difficult to tease apart from other
potentially contributory factors in clinical studies, as
adolescence is a turbulent period characterized by many
social and biological changes. Despite the obvious oppor-
tunity provided by animal research, surprisingly little basic
science effort has been devoted to this important issue. On
the other hand, the animal work offers an understanding of
the many ways in which gonadal steroids exert a powerful
impact on the brain, both shaping its development and
modifying its function during adulthood. Recently, inves-
tigators using preclinical models have described a greater
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male vulnerability to neurodevelopmental insults that are
associated with schizophrenia; such studies may provide
clinically relevant insights into the role of gonadal steroids
in psychiatric illness.
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Schizophrenia is most often associated with its positive
symptoms, such as hallucinations, delusions, and disorga-
nized thought processes, which can be effectively treated
with antipsychotic drugs. The affinity of so-called “neuro-
leptics” for the dopamine 2 (D,) receptor correlates with
therapeutic efficacy for these symptoms [1]. On the other
hand the negative symptoms, including poor social func-
tioning and apathy (experienced by roughly one third of
patients), and the cognitive symptoms, including disrupted
executive functioning, reduced attentional capacity, and
memory impairments (experienced by nearly all patients),
appear relatively impervious to antipsychotic medication
[2]. Despite decades of research, the etiology of this serious
neuropsychiatric illness, which affects nearly 1% of the
world’s population [3], remains unknown. A clear genetic
component to the disorder exists; however, gene by
environment factors are also known to play a role. For
instance, the concordance rate for schizophrenia among
monozygotic twins, while much higher than for non-twin
siblings, is still only 50% [4]. Recent work estimates that as
much as 80% of the genetic liability for schizophrenia is
accounted for by gene by environment interactions [5]. One
attractive hypothesis is that schizophrenia is a neuro-
developmental disorder, in which the events that trigger
neuropathology in genetically vulnerable individuals occur
much earlier in life than onset of the symptoms required for
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clinical diagnosis. In this conceptualization, an early insult
to the brain could remain undetected until normal matura-
tional developmental processes bring the structures affected
by the insult ‘on-line’ [6]. This would explain how pre- and
perinatal events confer risk for schizophrenia, which does
not clinically manifest until adolescence.

1 Sex differences in schizophrenia

Kraepelin was the first to report that first-time hospitaliza-
tion for schizophrenia occurs earlier for men compared to
women [7], an observation that has been replicated dozens
of times [8]. The finding was originally misattributed to a
sex difference in the latency between illness onset and first
admission. It was thought that women tolerated the illness
better than men, perhaps because of gender-specific social
roles or the presence of milder symptoms in women. This
explanation appeared less likely after a case register study
of both Danish and German populations found that the sex
difference in age of first admission is present in both
employed and unemployed patients, and that the severity of
symptoms at first admission is equivalent between men and
women [9]. This study was part of the ABC (Age,
Beginning, Course) Schizophrenia Study, a large-scale,
primarily epidemiological project undertaken to determine
the factors contributing to the sex difference in age of first
admission. Subsequent reports in this series conclusively
demonstrated that this finding is due to a true sex difference
in age of onset, and not to artifacts such as cultural factors
or sex differences in diagnostic procedures, help-seeking
behavior, or occupational status [10—15]. Incidence rates in
males reach a steep peak around 15-24 years, whereas
females don’t reach their first peak until between age 20—
29 years; the mean age of onset is 3—4 years earlier in men
compared to women [10, 16]. The one exception to this rule
appears to be among cases of familial schizophrenia, in
which women show the same, earlier age of onset as males
[17, 18]. The presence of a sex difference in age of onset
for sporadic but not familial cases of schizophrenia
suggests that estrogen may buffer females against an
environmental insult that increases risk for schizophrenia.
This possibility may be more easily addressed using
preclinical models of psychiatric illness (see below). The
notion that estrogen raises the vulnerability threshold for
developing schizophrenia is supported by the finding that
earlier puberty in females is associated with a delayed onset
of the illness [19]. Interestingly, the opposite relationship is
observed in men—earlier puberty appears to predict earlier
illness onset—although the association did not reach
significance in this study [19]. Further suggestive of a
protective role for estrogen is the fact that a second, more
modest peak in incidence occurs for women (but not men)
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between the ages of 45-54 years—i.e., following meno-
pause [10, 14, 16].

The question of whether a sex difference exists in
lifetime incidence of schizophrenia was historically contro-
versial. Studies reporting greater lifetime incidence of
schizophrenia among men were initially disregarded as
being attributable to other confounding factors [10, 14]—
for instance, age range (women are more likely to develop
schizophrenia late in life than are men), hospital bias (men
may be more likely to be hospitalized) and/or diagnostic
criteria (narrow criteria for schizophrenia may exclude
more women than men). Since then, the problem of age
range has been resolved by including older patients in the
sample population, and careful studies have actually failed
to find evidence for a sex bias in either hospital admission
or diagnosis [20, 21]. Finally, two systematic meta-analyses
conducted in the last decade have both concluded that men
have an overall ~40% greater chance of developing
schizophrenia than do women, even when such factors are
taken into account [22, 23]. This has important implications
for the etiology of the illness—rather than simply mitigat-
ing symptoms and delaying relapses, estrogen exposure in
females may in fact reduce lifetime risk, through mecha-
nisms that may be distinct from its neuroleptic-like actions
on symptom expression. Animal models of psychiatric
illness may be particularly well suited to address this
possibility.

Although women clearly have an elevated vulnerability
threshold for developing schizophrenia, once the illness sets
in it was thought that both the symptom severity and course
of the illness were equivalent between the sexes [9, 24].
Part of the evidence in support of this view came from the
ABC study, which reported a parallel progression of early
illness milestones [25]. In contrast, several other groups
have reported that men show poorer premorbid adjustment
and more rapid functional deterioration as illness onset
approaches, as compared to women [26, 27]. On the basis
of these findings as well as those generated from studies of
chronically ill patient populations, another view of illness
course has emerged—namely, that women experience a less
severe course of the illness over the long-term, character-
ized by shorter hospital stays, fewer relapses, better
response to medication, and superior functioning and social
adjustment [28-34].

The investigation of sex differences in illness course is
complicated by several factors. The first is that there is no
practical way to study the long-term course of schizo-
phrenia in unmedicated patients, and women clearly have
a greater response to neuroleptic drug treatment. Measures
that are highly correlated with the therapeutic response to
neuroleptic drugs (i.e., reductions in plasma levels of the
dopamine metabolite homovanillic acid and increases in
plasma levels of prolactin) are greater in women compared
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to men [35, 36]. Similarly, the identical treatment dose
results in higher plasma neuroleptic levels in women
compared to men [35]. In practice, this means that the
dose necessary to achieve therapeutic efficacy is lower in
women—in some cases, by as much as half [37].
However, the fact that women show a greater degree of
symptom improvement in response to medication does not
by itself indicate that they suffer from a less severe form
of the illness. Actually, the reason that some drugs require
a higher dose in males may have more to do with the
activity of liver enzymes involved in drug metabolism. For
instance, olanzapine, clozapine, and haloperidol are
metabolized by liver cytochrome P450 isoenzyme
CYPI1A2, which is more active in men than women [38];
this probably explains why plasma concentrations of
olanzapine in women are reportedly twice that in men
after dose, body mass index, age, and smoking status
(which can all also impact metabolism of neuroleptics) are
controlled [39]. In contrast, risperidone is metabolized by
two liver enzymes, one of which is less active in women
(CYP2D6) and the other of which is more active in
women (CYP3A4)—perhaps consequently, plasma con-
centrations are equivalent between the sexes following
identical doses [40]. Drug metabolism in women is
regulated by estrogen, fluctuating across the menstrual
cycle and changing as a consequence of oral contraceptive
use, pregnancy, and menopause (reviewed by [40]). The
greater degree of symptom improvement in women over
the course of the illness is therefore somewhat unsurpris-
ing given the greater pharmacological responsivity of
females (which also results in their experiencing adverse
side effects more often than men). Because questions
about illness course (as opposed to omsef) must be
answered in chronically medicated patients, it remains
unknown whether men and women might experience
differences in the natural, unmitigated course of the
illness.

Another factor that could contribute to a more advanta-
geous course of illness among women is their later age of
onset. In general, earlier age of onset for schizophrenia is
correlated with greater illness severity and poorer prognosis
[41]. By the time the illness sets in for women, they are
typically already settled into important family and profes-
sional roles that provide some stability, as well as a support
network. Indeed, when first signs of mental illness appear,
significantly more women than men are employed, are
living independently, and are married or in stable partner-
ships (the difference in this last is especially pronounced
given that men tend to marry later than women) [13], and
these differences persist over time [42]. The social
disadvantage conferred by an earlier age of illness onset
could therefore account for the poorer long-term outcome
that is commonly reported for men compared to women. On

the other hand the recent findings from a prospective
longitudinal study, which has studied an outpatient psychi-
atric population for the last two decades, do not support the
notion that sex differences in social advantage at age of onset
explain sex differences in outcome [32, 43]. Compared to
men, women who had a similar age of onset (i.e., earlier than
is typical for females) in this sample still had a lower
percentage of psychotic activity over the course of the
illness, and they also experienced a significant improvement
in psychotic activity over the 20 year period, which was not
the case for men. Measures of both global functioning and
recovery were found to be superior in women as well.
Interestingly, the female advantage in outcome was found for
other psychotic disorders in addition to schizophrenia,
whereas no sex difference in outcome was found for
nonpsychotic psychiatric illnesses [32, 43]. This suggests
that the most profound impact of estrogen is in mitigating
psychotic symptoms associated with psychiatric illness,
regardless of the illness diagnosis.

There is additional evidence that a person’s sex biases
which illness symptoms he or she is most likely to express.
Numerous studies have shown that both the number and
severity of negative symptoms, including “deficit states”, is
greater in men than women with schizophrenia [33, 34, 44,
45]. For instance, among first episode patients, men more
commonly exhibit behaviors such as self-neglect, social
withdrawal, and lack of interest in securing employment
[25]. The greater male tendency towards negative symp-
toms and poorer functioning has been found even among a
population of “ultra high risk” individuals; i.e., those
showing prodromal symptoms but who have not yet
converted to psychosis [46]. The greater male tendency
towards negative symptoms is significant because, unlike
positive symptoms, their severity is highly correlated with
both social disability and reduced social status [25].
Additionally, the greater prevalence of alcohol and sub-
stance abuse in men compared to women with schizophre-
nia [19, 25] could contribute to the poorer long-term
prognosis of men will the illness. On the other hand,
women are more likely to present with affective symptoms
(mood disturbances including depression), and to have the
severity of their positive symptoms covary with the severity
of their affective symptoms [45, 47].

Another way to approach the question of potential sex
differences in illness severity is to examine alterations in
neuropsychological performance, functional neuroimaging,
and/or brain morphology among men and women with
schizophrenia. Unfortunately it is terribly difficult to reach
many generalizable conclusions from this literature,
perhaps due to the many methodological differences
between studies and, at least in the case of neuroimaging
studies, often relatively small sample sizes. That being said,
the trend most frequently observed is one that favors
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females in terms of cognitive functioning and structural
integrity of the brain. Most commonly, men with schizo-
phrenia show greater ventricular enlargement and cortical
atrophy relative to healthy men than do schizophrenic
women relative to healthy women [48-52], Almost as
often, no sex differences are found in these measures [42,
53, 54]. Much more infrequently a male advantage is
reported, but such studies do exist [55, 56]. It is important
to remember that, similar to other indices of illness course,
measures of brain structure and function are not immune to
the complexities inherent in characterizing a population of
chronically medicated individuals. As discussed above,
men require significantly higher doses of neuroleptics than
women in order to achieve therapeutic efficacy, and
therapeutic dose is defined as the lowest that provides
relief from (primarily) psychosis, not one that restores
cognitive deficits or mitigates the effects of long-term
illness on brain morphology and function. Concerns over
this issue can be overcome if it can be demonstrated that,
within a sex, duration of neuroleptic treatment is not
correlated with changes in the measure of interest.
Another significant challenge to the investigation of sex
differences in schizophrenia is the fact that the male/female
ratio for admission to inpatient services is consistently high.
Therefore, even if the actual sex ratio for schizophrenia
were equal, the access to potential subjects is not. This is
why most studies have a high male to female ratio.
Although this ratio can be kept similar between schizo-
phrenic and control study populations, this can potentially
lead to a bias for finding effects in males only, simply
because comparisons between female patient and control
groups are underpowered. One approach to this problem is
to include equal numbers of men and women in the study
sample. At first blush this may appear to be the optimal
solution, but it may not be in all cases, especially when the
sample population is inpatient. Because the inpatient
population is both a) more ill than the outpatient one and
b) predominantly male, female inpatients may suffer from a
more severe form of the illness compared to the average
woman with schizophrenia. Thus the danger with this
approach is that it could introduce an artificial bias towards
underestimating or entirely masking sex differences in the
dependent variable(s) of interest. Indeed, studies that find
no sex effect or the rare cases where female patients are
found to be more affected are usually conducted on
inpatient populations, especially institutions. In contrast,
those that have found males to be more affected are usually
conducted on outpatient populations. (For a discussion of
how sampling biases may impact studies of sex differences
in schizophrenia, see [57, 58]). Finally, because of the sex
difference in age of onset, studies that control for age will
describe a male patient population that has been ill for
longer and has a longer history of neuroleptic treatment.
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Whether schizophrenia is a progressive illness and what
may be the long-term neural consequences of neuroleptic
drug treatment are two of the longest-standing controversies
in the clinical literature, but until these important issues are
resolved, arguably the best approach is to study patients at
first episode. Of course, the first episode population
presents a special problem for those interested in sex
differences—controlling for age will select for either a
female population that has an atypically early age of onset
or for a male population with an atypically late age of
onset. Additionally, questions about long-term illness
course cannot be answered in the acutely psychotic
population.

The challenges faced by investigators interested in sex
differences in schizophrenia notwithstanding, a clear pic-
ture is emerging from what we know about incidence,
premorbid functioning, age of onset, symptom severity,
long-term outcome and relapse measures, and response to
antipsychotic drug treatment which together strongly
suggests that women are at an advantage relative to men
when it comes to developing and living with schizophrenia.
The differences in symptom expression, brain morphology,
and functioning, while real, appear most likely to be
differences in degree and not in kind. In other words, the
preponderance of the literature supports the notion that sex
differences exist in the incidence and severity of the same
illness, with a fair amount of male-typical/female-typical
pattern overlap, rather than the development of distinct
male vs. female illness subtypes. Because gonadal steroids
largely drive sex differences in the brain, attention will now
turn to evaluating the evidence for their relationship to the
findings of sex differences in schizophrenia.

2 Estrogen in schizophrenia

Women are more vulnerable to psychotic episodes during
periods of estrogen withdrawal, including the perimenstrual
phase of the menstrual cycle, post-partum, following either
abortion or cessation of estrogen therapy, and post-
menopause [59-61]. Conversely, reduced relapse rates have
been observed for women during pregnancy, when plasma
estrogen levels are high [59]. The severity of psychotic
symptoms in pre-menopausal women with schizophrenia has
actually been shown to fluctuate across the menstrual cycle,
with increases in symptom severity associated with low
estrogen phases of the cycle [62—65]. Similarly, a negative
correlation has been reported between estrogen levels and the
therapeutically required dose of antipsychotics in menstruat-
ing women [66]. It is not clear whether this last finding is
due to estrogen’s actions on antipsychotic drug metabolism
(discussed above), inherent antipsychotic-like properties of
estrogen, or a combination of these mechanisms. In contrast
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to these findings, a study conducted among female inpatients
with schizophrenia found that estrogen levels, which were
measured weekly for one month, were strongly and
positively correlated with cognitive function, but did not
find evidence for a relationship between hormone levels and
psychiatric symptoms in this chronically ill population [67].
The positive relationship between estrogen levels and
cognitive function has been replicated in an inpatient
population [68]. However, in a study that drew participants
from both inpatient and outpatient settings, no relationship
was found between estrogen and any measure of cognitive
performance, though higher estrogen levels predicted lower
positive symptom ratings [69]. Finally, some case reports
have indicated that treatment with oral contraceptives alone
[70, 71] or postmenopausal estrogen replacement therapy
[72] can improve psychotic symptoms in women with
schizophrenia. Such reports lend credence to the notion that
estrogen directly mitigates psychotic symptoms, independent
from its potential action on antipsychotic drug metabolism.
This idea is also supported by a PET study showing D,
receptor density fluctuations across menstrual cycle phases in
normal women [73] and by a host of animal studies, which
have shown that fluctuating estrogen levels impact dopamine
neurotransmission and dopamine receptor expression in the
brain [74].

If women enjoy a relative level of protection against
psychosis because their circulating levels of estradiol are
much higher than men’s, it is reasonable to ask whether
those women who do end up developing schizophrenia are
at greater risk in part because for some reason their
estradiol levels are abnormally low. This question must be
approached with care, because women are usually admitted
for a psychotic episode during periods of low estrogen
(menstruation, post-partum, post-menopausal). This means
that measuring estradiol levels in an acutely psychotic
population could suggest a level of gonadal function that is
artificially low relative not only to healthy women, but also
to the population of women with schizophrenia as a whole.
For this reason studies that examine estradiol levels across
both high and low points of the menstrual cycle, or across
several cycles, are more informative. Riecher-Rossler and
colleagues measured hormone levels weekly in 32 women
with a history of regular menstrual cycles who were acutely
admitted for schizophrenia, for the duration of their hospital
stay (range of 3-8 weeks) [63]. They found distinctly
reduced plasma estradiol levels relative to the normal
population across all phases of the menstrual cycle, as well
as muted fluctuations in estradiol levels across the cycle. A
similar pattern has been reported for female inpatients with
schizophrenia; in this study, all patients showed lower than
normal estradiol levels and in fact only one patient showed
estradiol levels indicative of normal follicular maturation
[67]. In contrast, a recent study found no difference in

estradiol levels between female outpatients and normal
controls [64]. However, this study was limited to women
who met a strict definition for history of regular menstrual
cycles, which the previous studies make clear would result
in exclusion of many women with the illness.

Hyperprolactinemia is a common consequence of long-
term neuroleptic treatment. Hyperprolactinemia occurs
because dopamine normally suppresses prolactin secretion
from the pituitary, and antipsychotic drugs block the actions
of dopamine by antagonizing D, receptors in the central
nervous system [75]. The neuroleptic-induced increase in
prolactin levels is dose-dependent and can reach a level that
is two to three times that which is normal [75]. Some
second-generation (“atypical”) antipsychotics have lower
D, receptor affinity than conventional neuroleptics and
therefore cause a comparatively blunted increase in prolac-
tin secretion or, sometimes, no increase at all [76, 77].
Hyperprolactinemia is a problem for those interested in the
role of gonadal steroids in schizophrenia because it leads to
hypogonadism in both sexes and amenhorrhea and early
menopause in women. For instance in one study, conducted
in a mixed population of medicated inpatients and out-
patients, upwards of 70% of participants reported irregular
menstrual cycles [69]. The side effect of hyperprolactine-
mia occurs more often in females, and occurs at a lower
daily neuroleptic dose [37]. Those interested in gonadal
hormone levels associated with the illness itself and not the
pharmacological treatment of it can explore this either first
episode patients (who do not have a long history of
neuroleptic treatment) or those who are being treated with
an atypical antipsychotic. The first approach was that taken
by Reicher-Rossler et al. who, as discussed above, were
still able to find evidence for hypoestrogenism in women
with schizophrenia [63]. The second approach was taken by
Bergemann and colleagues [78], who tracked serum
estrogen and prolactin levels in 75 women diagnosed with
schizophrenia. As expected, elevated prolactin levels were
found for those taking a typical antipsychotic, but not for
those taking an atypical one. Despite this difference, serum
estradiol levels were reduced relative to normal reference
values in both groups over the entire menstrual cycle.
Regardless of which drug type was administered, sixty
percent of all patients met a strict definition of hypoestro-
genism (serum estradiol level less than 30 pg/ml in the
follicular phase and less than 100 pg/ml in the periovula-
tory phase).

The weight of the evidence therefore suggests that
women with schizophrenia experience hypoestrogenism,
and that this finding is robust independent of neuroleptic-
induced endocrine disturbances. Importantly, it remains
unknown whether this condition precedes or follows the
onset of the illness. Clues to this question come from the
work of van Os and colleagues who have reported that peak
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bone mass, which is a proxy indicator for cumulative
estrogen exposure, is approximately one standard deviation
lower in women with schizophrenia at first episode than in
control subjects matched for age, education, and other
characteristics [79]. This study is important because it
shows that very early in the illness course, women with
schizophrenia already present with a condition that is
indicative of lower lifetime exposure to estrogen. This
finding suggests a role for estrogen as a neuroprotective
agent during brain development that is conceptually distinct
from its acute antipsychotic-like properties. While the
available evidence would support the notion that low
estrogen levels in some women could tip the balance
towards the development of psychopathology, at this time it
is still uncertain in which direction the causal arrow points.
It remains equally plausible that some illness-associated
brain pathology that emerges during development could
cause hypogonadism. These possibilities need not be
mutually exclusive. For example, an abnormal trajectory
of brain development could trigger hypogonadism first,
then psychotic symptoms, which are then further exacer-
bated by the existing low levels of gonadal hormones, and
which finally snowball into a full-blown psychiatric illness.
The question of whether a low level of circulating estradiol
contributes to risk for the illness or is a consequence of the
disease process is an important one, but is difficult to
disentangle in a clinical population. This highlights the
need to explore the involvement of hypothalamic-pituitary-
gonadal disruptions and vulnerability to schizophrenia-like
phenotypes using animal preparations designed to model
the illness.

Finally, in addition to reduced estrogen production by
women with schizophrenia, there is evidence that blunted
estrogen receptor alpha (ER«) signaling is associated with
the illness [80—83]. Thus, the effect of hypoestrogenism on
the nervous system of women with schizophrenia is further
exacerbated by a reduced ability of the brain to respond to
the limited estrogen signal it does receive. Conversely,
higher ERx mRNA levels in the prefrontal cortex (pathol-
ogy of which is a hallmark of schizophrenia), have been
correlated with a delayed onset of the illness [82]. This
finding is intriguing because it suggests that some measure
of protection against hypoestrogenism may be achieved by
either a genetic predisposition to express higher levels of
the estrogen receptor or by an experience that triggers
estrogen receptor upregulation. Both possibilities could be
readily tested in an appropriate schizophrenia-relevant
animal preparation.

Inspired by the findings of hypoestrogenism in women
with schizophrenia and the association between low
estrogen levels and the exacerbation of psychotic symp-
toms, a few prospective clinical studies of estrogen
treatment in women of reproductive age with this illness
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have been undertaken. Kulkarni et al. [84] conducted the
first pilot study on an inpatient population, comparing
eleven acutely psychotic women receiving adjunctive
treatment with ethynylestradiol to seven women who were
treated with neuroleptics alone. The adjunctive estradiol
group experienced a much more rapid decrease in positive
symptoms which was evident as early as 5 days into
treatment, though after two months the two groups
demonstrated an equivalent improvement in symptoms.
These findings supported a role for adjunctive estrogen
treatment in the rapid reduction of psychotic symptoms, but
because the study was open-label and the sample size was
small, the conclusions were tentative. A small (N=24)
double-blind, placebo-controlled follow up study by this
group provided further support for their preliminary
findings. Women receiving adjunctive estradiol treatment
in an outpatient setting showed a significantly greater
reduction in severe psychotic symptoms compared to
women receiving treatment with an antipsychotic alone
[85, 86]. In a larger (N=87) randomized, double-blind
study in a mostly outpatient population, this group
confirmed the beneficial effect of estradiol on psychotic
symptoms over a 4 week period [87]. Drawing this time
from an inpatient population, Akhondzadeh and colleagues
undertook an eight-week, randomized, double-blind,
placebo-controlled study of adjunctive estradiol therapy
and found that women treated with both estrogen and the
typical antipsychotic haloperidol showed greater reductions
in both positive and general psychopathology symptoms
compared with those who received an antipsychotic without
adjunctive estrogen therapy [88]. The composition of the
hormone therapy influences the clinical outcome, however.
Comparisons between patients receiving adjunctive therapy
with conjugated estrogens containing mainly estrone and
those not receiving such treatment do not reach the same
level of significance as trials in which the therapy is with
estradiol [89]. Additionally, significant effects are not
observed for either psychopathology or relapse rates
following adjunctive treatment in which estradiol is
opposed by a progestin [90], although a beneficial effect
of this treatment has been reported for measures relevant to
thought/language disturbance in schizophrenia [91].

The above studies were conducted in women of
reproductive age, but studies among other populations are
also supportive of a beneficial role for estrogens in
schizophrenia. In a cross-sectional study of postmenopausal
women with schizophrenia drawn from an outpatient
population, those receiving hormone replacement therapy
required a lower average daily antipsychotic dose in order
to achieve similar positive symptom ratings as those not
receiving hormone therapy. Additionally, they had signifi-
cantly less severe negative symptoms compared with
hormone therapy nonusers, even after controlling for
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antipsychotic dose [92]. Findings of a recent pilot study
also suggest that adjunctive therapy with the selective
estrogen receptor modulator raloxifene hydrochloride
results in superior improvement in psychopathology among
postmenopausal women with schizophrenia [93]. Finally, a
recent double-blind placebo controlled study found that
short-term adjunctive treatment with estrogen results in a
faster than placebo improvement of symptoms in men with
schizophrenia [94].

In summary, it is clear that changing estrogen levels in
adult women—whether this is across the natural cycle or in
the context of hormone therapy—can influence schizophre-
nia symptom severity. In particular, the inverse relationship
between circulating estradiol levels and psychosis appears
especially strong. Metabolism of antipsychotic drugs can
also be regulated by estrogen (reviewed by [40]), which may
in part explain the impact of estrogen when the hormone is
co-administered with a drug. However, as discussed above,
support for the relationship between estrogen and psychosis
also comes from observations that first episode occurs more
often during periods of low estrogen, and that treatment with
estrogen therapy alone can provide symptom relief. These
observations point to a mechanism of antipsychotic-like
action for estrogen that is independent of drug metabolism in
adult women. Much less clear is whether hypoestrogenism
contributes to risk for the illness by impacting neuro-
development, or whether it is instead a consequence of the
disease process. This question is an important one, but it is
difficult to disentangle in a clinical population. Frankly, apart
from the work discussed above regarding reduced estrogen-
dependent peak bone mass in women with schizophrenia at
first episode [79], there is little that amounts to much more
than speculation to be found in the literature on this topic.
This highlights the need to explore the involvement of
hypothalamic-pituitary-gonadal disruptions and vulnerability
to schizophrenia-like phenotypes using animal preparations
designed to model the illness.

3 Testosterone in schizophrenia

Although interest to date has been in the potential protective
role of estrogen in females against schizophrenia, another
possible explanation of the earlier age of onset and greater
incidence of schizophrenia among males is that testosterone
exposure somehow confers risk for the illness. However, the
available evidence does not support a role for elevated
testosterone in schizophrenia. While in certain circumstances
high levels of testosterone have been associated with
increases in psychiatric symptoms [95], studies examining
circulating testosterone levels in men with schizophrenia
actually report either lower testosterone levels compared to
healthy controls [64, 96—100] or no difference between these

groups [101-108]. Levels of the androgen (and testosterone
precursor) dehydroepiandrosterone (DHEA) and/or its sulfate
conjugate (DHEA-S) are also sometimes evaluated, with
somewhat contradictory results; i.e., some studies report
lower levels [103, 109], others report equivalent levels [108,
110], and still others report higher levels [106] in male
schizophrenic patients compared to healthy controls. Due to
the hyperprolactinemia that often follows long-term antipsy-
chotic drug use, studies of gonadal hormone levels may be
more informative when conducted in first-episode patients.
While one study has reported normal testosterone levels for
unmedicated, first episode patients [111], this study was
limited in that levels were compared to published norms, not
values obtained from a healthy comparison group. Huber and
colleagues [112] directly compared gonadal hormone levels
among men acutely admitted (for symptom exacerbation or
at first episode) to healthy age-matched control men, and
found that both testosterone and estrogen levels were
significantly lower among the former. Similarly, another
study found pre-medicated testosterone levels of men with
schizophrenia to be significantly lower compared to healthy
control men [113]. Finally, a study published earlier this year
reported reduced testosterone levels in a group of male
adolescents with prodromal symptoms [114]. Because
individuals in this “ultra high risk” group did not yet meet
criteria for a psychotic disorder, the finding suggests that
reduced testosterone levels may be related to the etiology of
psychotic symptoms, rather than emerging as a consequence
of the disease process and/or chronic treatment with
antipsychotics.

One potential reason for discrepancy in the literature on
androgens in schizophrenia is that findings can depend on
whether the study population is characterized by severe
negative symptoms. Shirayama and colleagues [115]
reported a significant negative correlation between negative
symptoms and plasma testosterone levels among men with
schizophrenia, and that plasma testosterone was signifi-
cantly lower among those with moderate negative symp-
toms, compared to controls. However, testosterone levels
did not differ between controls and those with low negative
symptom ratings. Similarly, another group found that, as a
whole, men with schizophrenia did not have lower
testosterone levels than healthy matched controls; however,
serum testosterone levels were lower than controls among a
subgroup with predominantly negative symptoms [116].
This study found no difference between controls and a
schizophrenic group characterized by predominantly posi-
tive symptoms. This finding appears to be holding up, as
other groups have since reported that circulating testoster-
one levels are negatively correlated with negative symp-
toms [117], even after controlling for depressive symptoms
[118]. In contrast, there appears to be no relationship
between negative symptoms and levels of either estradiol or
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DHEA-S in men with schizophrenia [115, 118]. Impor-
tantly, because both obesity [119] and antipsychotic-
induced hyperprolactinemia [37] can lower testosterone
levels in men, the study by Ko et al. [118] both excluded
obese participants and showed no correlation between
prolactin levels and either testosterone levels or negative
symptom severity. The relationship only holds for negative
symptoms; positive symptoms, treatment reactivity, and
cognitive symptoms appear unrelated to testosterone levels
[69, 111, 116].

The inverse relationship between testosterone levels and
negative symptoms in men with schizophrenia has been
supported by the few clinical studies of adjunctive
androgen treatment. In a placebo-controlled, randomized
double-blind trial, the therapeutic effect of 4 weeks of
testosterone augmentation of antipsychotic medication was
tested in 30 inpatient men with schizophrenia. Patients
treated with testosterone showed significantly greater
improvement in negative, but not positive, symptoms, and
this effect was still present 2 weeks after discontinuation of
hormone treatment [120]. This is the only study to date that
has examined adjunctive treatment with testosterone; the
remaining studied augmentation with its precursor DHEA.
Strous and colleagues [121] found that increases in DHEA
and DHEA-S levels were correlated with an improvement
in negative symptoms, but not with any improvement in
depressive or anxiety symptoms. The notion that the
mechanism of action of DHEA in this study was due to
its ability to increase testosterone levels is appealing.
However a follow-up study by this group reported a modest
(though not statistically significant) decrease in plasma
testosterone levels following DHEA treatment [122]. The
upshot is that any effect of DHEA on clinical symptoms of
schizophrenia is more likely due to the direct effects of this
neuroactive steroid [123] rather than through its conversion
to testosterone. While these results imply that studies of
adjunctive DHEA treatment may not actually speak to
questions regarding the relationship between testosterone
and negative symptoms in schizophrenia, the fact that
DHEA administration does not appear to alter gonadal
hormonal profiles (estrogen levels weren’t affected either)
bodes well for its continued exploration as adjunctive
therapy. Although a more recent study by this group did not
find evidence for an impact of DHEA treatment on clinical
symptoms, it did report improvement in some cognitive
symptoms [124], and another study has reported a reduction
in extrapyramidal symptoms that are common side effects
of antipsychotic drug therapy [125]. The exploration of
androgens as adjunctive therapy in schizophrenia is a field
in its infancy, and future work including more studies
testing the efficacy of testosterone itself will need to be
conducted before a clearer perspective on this question can
be gained.
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Although limited in number to date, studies examining
the relationship between testosterone and schizophrenia are
beginning to paint an intriguing picture. Similar to the
hypoestrogenism that characterizes women with the illness,
men with schizophrenia appear to experience lower than
normal levels of circulating testosterone, independent of
treatment with antipsychotic medication. Additionally, it
seems clear that lower testosterone levels are associated
with increased severity of negative symptoms in adult male
patients. Once again, however, the question remains
whether reduced testosterone levels contribute to illness
etiology in men by altering the trajectory of neurodevelop-
ment, or whether the hypogonadism is itself a consequence
of the disease process. Indirect support of a role for
disrupted testosterone early in development comes from a
recent study of 2nd to 4th finger (digit) length ratio
(2D:4D), a sexually dimorphic phenotype which has
previously been established as a retrospective marker of
prenatal testosterone exposure [126]. While there was no
difference in mean overall finger lengths between patients
with schizophrenia and sex-matched controls, male patients
showed significantly greater 2D:4D ratio compared to
normal men [127]. Furthermore, men with schizophrenia
showed digit ratios similar to normal women. The fact that
no group differences existed among females is consistent
with the notion that lower prenatal testosterone is only a
risk factor for schizophrenia among males—after all, the
prenatal environment of females is normally characterized
by low levels of testosterone, but women nevertheless
enjoy relative protection from the illness. The finding of a
demasculinized digit ratio in men with schizophrenia is
indeed intriguing, but questions regarding the nature of a
(still quite speculative) relationship between hypogonadism
and neurodevelopment are difficult to assess in humans.
Also, as discussed extensively above, the study of sex
differences and sex steroids in schizophrenia is further
complicated by a number of factors idiosyncratic to the
illness. Our understanding would be greatly enhanced by a
preclinical model designed to model known etiological
factors in the illness. This nascent field, reviewed below,
has not yet been used to gather evidence for or against a
relationship for altered gonadal hormones during develop-
ment and schizophrenia etiology, but interest in this
question is growing and the field is reaching the place
where clinically relevant hypotheses can now be tested.

4 Sex differences in developmental animal models
of schizophrenia

Many frustrations confronted by clinicians studying sex
differences and gonadal hormones in schizophrenia (e.g.,
sampling biases, antipsychotic-induced hyperprolactinemia,
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and other factors) are non-issues for the animal researcher.
Of course, animal studies aimed at addressing questions
in schizophrenia have their own set of issues to be
confronted—chief among them, that schizophrenia is a
uniquely human illness that cannot be entirely recapitu-
lated by any animal preparation. Further limiting is the
fact that many characteristic symptoms, both positive
(delusions, hallucinations, and disorganized thinking) and
negative (flat affect, impoverished communication) are
revealed by patients through language, and of course
animals cannot report their experiences to us in this way.
The approach of animal researchers then is to focus on
phenotypes that both resemble what is observed in people
with schizophrenia, and which animals are able to report
about through their behavior. Preclinical models of
schizophrenia are thus intended to generate animals that
show positive-like symptoms such as enhanced response
to amphetamine and impaired sensory gating, negative-
like symptoms such as disrupted social behavior, and
finally cognitive deficits. The development and treatment
of neural phenotypes that mediate these behaviors are then
explored. The discovery of a post-pubertal emergence of
an abnormality is considered to enhance the face validity
of the paradigm to schizophrenia, which typically has a
late adolescent age of onset. Another aspect that could
enhance a paradigm’s relevance to the illness would be a
greater impact of the treatment/manipulation of interest on
males. However, comparisons of relative vulnerability
between males and females has generally not yet occurred.

Discussion here will focus on two neurodevelopmental
models of schizophrenia in which sex differences in
vulnerability have begun to be explored. Because studies
of transgenic animals (those in which expression of a
schizophrenia-associated gene has been altered) and lesion
studies (in which a particular brain area is ablated) typically
either include only male subjects or do not treat data from
males and females separately, inferences about potential
sex-specific effects in these models is not yet possible.
Although genetics undoubtedly contributes heavily to
illness risk, neurodevelopmental models are relevant be-
cause most of the genetic liability for schizophrenia can be
accounted for by gene by environment interactions [5]. For
a comparison of existing animal models of schizophrenia,
many of which (though they have not examined potential
sex differences in outcomes) have produced important,
clinically relevant findings, the reader is referred to the
online Animal Models of Schizophrenia Database, hosted
by the Schizophrenia Research Forum at http:/www.

schizophreniaforum.org/res/models/default.asp.
Example 1: Repeated Variable Prenatal Stress

Maternal stress, malnutrition, and viral infection during
pregnancy all increase the risk that the offspring will

develop schizophrenia (reviewed by 128). What these risk
factors have in common is their ability to activate the
hypothalamic-pituitary-adrenal (HPA) axis [128]. It is not
known why men are more likely to develop schizophrenia
than women, but some epidemiological work suggests that
a sex difference in the vulnerability to prenatal stress may
be partially accountable [129]. Exposing pregnant female
rats to stress results in the production of high levels of
circulating glucocorticoids, which readily cross the placenta
and act on the developing fetal brain (e.g., [130]). The third
week of rodent gestation closely corresponds to the second
trimester of human pregnancy, when the fetus is most
vulnerable to factors that increase risk for schizophrenia
[131]. Maternal stress during the third (but not second)
week of rodent gestation, delivered using a repeated
variable prenatal stress paradigm, reorganizes the HPA
axis, neurodevelopment, and behavior of male offspring in
ways that are consistent with the pathology and symptoms
of schizophrenia—they exhibit impaired glucocorticoid
negative feedback, enhanced sensitivity to amphetamine
(which increases brain levels of dopamine), impaired
sensory gating, abnormal social behavior, cognitive deficits,
increased vulnerability to drug abuse, and altered gene
expression in the prefrontal cortex [132—137]. A post-
pubertal onset has been demonstrated for several of these
phenotypes [133, 134, 137].

Until recently, only male offspring had been character-
ized in this paradigm. My own work comparing the
phenotype of males and females has begun to make it clear
that a sex difference exists in the vulnerability to this
prenatal insult. Responsiveness to amphetamine is often
examined in rodent models of schizophrenia because, in
humans, peripheral administration of amphetamine can
induce psychotic symptoms in normal individuals and
exacerbate them in patients with schizophrenia (reviewed
by [138]). In rodents, amphetamine causes a dose-
dependent increase in locomotor activity that is mediated
by dopaminergic neurotransmission in the nucleus accum-
bens (e.g., [139]). Enhanced sensitivity to amphetamine is
therefore interpreted to indicate excessive mesolimbic
dopaminergic transmission, which is considered a key
neurochemical disruption mediating the positive symptoms
of schizophrenia. Prenatally stressed males show enhanced
responsiveness to amphetamine, whereas prenatally
stressed females appear indistinguishable from control
females [133, 140]. Social behavior is also impacted by
exposure to prenatal stress disproportionately in males.
When introduced to a novel conspecific, rodents engage in
a number of reciprocal investigatory behaviors. In the
absence of an anxiogenic phenotype, reduced conspecific
investigation can be interpreted as reduced interest in social
interaction. Although both sexes show reduced social
interaction as a consequence of prenatal stress, the
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magnitude of the effect is roughly twice as large in males
compared to females [134, 141]. This paradigm thus
appears to provide a good model for the finding that men
with schizophrenia are more likely than women to exhibit a
greater number of and more severe negative symptoms, of
which social anhedonia is one [33, 34, 45].

Cognitive disruptions following repeated variable prenatal
stress are also more severe in males. In an initial experiment,
the object recognition memory of control and prenatally
stressed animals of both sexes was tested prior to puberty or
during adulthood. Competence on this task, which depends
heavily on the perirhinal cortex and, to a certain extent, the
prefrontal cortex [142], was found to develop over the peri-
adolescent period. The ability of adult males and females to
recognize novel objects was found to be essentially
equivalent in control animals. However, prenatally stressed
males failed to develop competent object recognition
memory skills, whereas females’ performance on this task
was completely unaffected by prenatal stress [137]. This
finding demonstrates that a sexually dimorphic response to
an environmental risk factor for schizophrenia can occur
even for behaviors that do not normally differ between males
and females. A separate study found that extinction of a cued
fear memory was disrupted in male, but not female rats
exposed to prenatal stress, an effect that eliminated the sex
difference that is normally observed in this behavior [137]. In
rodents, extinction of a cued fear memory is supported by the
prefrontal cortex [143]. Because pathophysiology of the
prefrontal cortex is a hallmark of schizophrenia, and this
brain area undergoes significant sex-specific maturation
during the peri-adolescent time frame in both rodents and
humans [144-146], the question of whether prefrontal
development might be disrupted in a sex-specific fashion
by prenatal stress was explored. Using Golgi Cox stained
tissue taken from prenatally stressed and control animals of
both sexes and multiple postnatal ages, it was found that
dendritic maturation of pyramidal neuronal morphology in
the prefrontal cortex occurs very late in development, and
earlier for females compared to males [135], coincident with
their respective timing for puberty. Significantly, peri-
adolescent development of dendritic complexity in this
region was disrupted by prenatal stress in males, but not
females [135]. The pattern of these findings is one of reduced
female wvulnerability to developing phenotypes related to
positive, negative, and cognitive symptoms of schizophrenia
in response to an environmental risk factor for schizophrenia,
and suggests that the repeated variable prenatal stress
paradigm may be a fruitful animal preparation in which to
explore mechanisms of sex differences in schizophrenia.

Example 2: Maternal Immune Activation

Maternal infection during pregnancy, due to any number of
infectious agents, has been consistently associated with an
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increased risk of schizophrenia in the offspring (reviewed by
[147]). A mechanism common to the immune response is the
stimulated release of inflammatory cytokines. Although the
immune response also involves stimulation of the HPA axis
and release of glucocorticoids, animal models of maternal
immune challenge are intended to test the hypothesis that
elevated in utero exposure to cytokines adversely impacts
fetal brain development, resulting in the development of
schizophrenia-like neurobehavioral phenotypes. A powerful
cytokine-associated inflammatory response can be induced by
administration of lipopolysaccharides (LPS; present in the
outer membrane of Gram-negative bacteria), polyriboinosinic-
polyribocytidilic acid (poly I:C; a viral mimic agent structur-
ally similar to double-stranded RNA), human influenza virus,
or the inflammatory cytokine interleukin-6 to pregnant
rodents. Offspring born to mothers who were administered
an immunogenic agent during gestation show a number of
phenotypes relevant to schizophrenia as adults, including
impaired sensory gating, enhanced sensitivity to amphetamine
and other evidence of subcortical hyperdopaminergia, reduced
social interaction, some cognitive deficits, and altered
development of both hippocampus and prefrontal cortex
(reviewed by [148, 149]).

Limited investigation of sex differences in models of
maternal immune activation has been conducted, but the
results to date are intriguing. A consistent outcome of
prenatal LPS exposure is impaired prepulse inhibition (PPI)
of the auditory startle response [150—152], which refers to
the ability of a non-startling prestimulus or “prepulse” to
inhibit an individual’s response to a stimulus that would
otherwise normally induce a startle. The use of this measure
of sensory gating in animal models of schizophrenia is
extremely attractive because it can be tested using essen-
tially identical methods in rodents and humans [153, 154].
A deficit in PPI has been repeatedly described for
individuals with schizophrenia and for normal individuals
experimentally treated with amphetamine; in patients the
deficit is ameliorated by antipsychotic drugs (reviewed by
[155]), which primarily treat positive symptoms of the
illness. When the effect of prenatal LPS on PPI was
compared between the sexes at multiple post-pubertal ages,
it was found that the deficit in sensory gating developed
earlier and was more severe in prenatal LPS-exposed males
compared to females [152, 156]. The earlier PPI disruption
in LPS-exposed males resembles the earlier age of onset
that is observed for men as compared to women with
schizophrenia, and the sex difference in severity is mirrored
in the finding that women with schizophrenia are less likely
to show PPI deficits (relative to healthy controls of the
same sex) than are men [157]. Follow-up experiments in
this animal model might therefore be useful in testing the
potential protective role for estrogen against phenotypes
related to psychosis.
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Unlike what is observed for the animal preparations
discussed so far, the response to prenatal exposure to poly I:
C appears to be largely comparable between male and
female offspring of poly I:C treated mothers—the sexes are
equivalently hypersensitive to amphetamine, and show PPI
deficits and cognitive impairments of a similar magnitude
[158, 159]. A sexually dimorphic response has been
observed for only a few phenotypes. For example, male
but not female offspring show an increase in tyrosine
hydroxylase (an enzyme crucial for dopamine synthesis) in
the striatum, a reduction in dopamine receptors in the
prefrontal cortex, and impaired contextual fear conditioning
[159, 160]. On the other hand, this same group found that
only female offspring born to poly L:C treated mothers
showed a reduced ability to learn the predictive relationship
between an auditory tone and a fearful stimulus (cued fear
conditioning) [160]. Since maternal immune activation
occurs following both LPS and poly I:C treatment, differ-
ences in the pattern of effects between the two paradigms
are most likely due to the fact the prenatal LPS experiments
discussed above were conducted in rats, whereas the
potential sex-specific impact of prenatal poly I:C treatment
has only been examined to date in mice. Thus it is possible
that rats are better suited to model sex-specific vulnerability
in response to maternal immune activation.

5 Gonadal hormones and animal phenotypes relevant
to schizophrenia

To date, the role of estrogen and/or testosterone in
mediating neurobehavioral sex differences has not been
examined within the context of animal models of
schizophrenia—as the above discussion makes clear, the
field is just beginning to describe sex differences in these
models, and has not begun to address the question of
which mechanism(s) underlie the development of these
differences. However, a wealth of research conducting in
animals does point to a role for gonadal steroids in the
expression of these phenotypes. A large body of work has
demonstrated that gonadal steroids exert a profound
“organizational” impact on brain development during the
perinatal and early postnatal stages, when sexual differ-
entiation of brain areas involved in the control of
reproductive behaviors is occurring (see [161]). Gonadal
hormones during this early sensitive period organize the
brain to allow for later sex-specific “activational” effects
during adulthood. It is outside the scope of this review to
exhaustively treat this body of work; rather, the focus here
will first be on the potential late organizational impact of
gonadal steroids during adolescent brain development,
because the typical age of onset for schizophrenia is late
adolescence and because the greater male vulnerability in

animal models of the illness (reviewed above) similarly
emerges after puberty. These studies are most relevant to
the hypothesis that gonadal steroids may contribute to the
development of schizophrenia by influencing brain devel-
opment. Secondly, activational effects of gonadal steroids
on rodent behaviors particularly relevant to schizophrenia
will be highlighted. These latter studies are most relevant
to the hypothesis that gonadal steroids modulate symp-
tom expression in individuals with schizophrenia.

5.1 Pubertal hormones may organize brain development
during adolescence

A small but growing body of literature suggests that, in
addition to the organizational impact of gonadal steroids
during early development and the activational impact they
have during adulthood, a period of late organization may
occur during adolescence in response to the pubertal surge
of gonadal hormones (reviewed by [162]). The structures
that stand to be most affected by pubertal hormones are
those whose development is ongoing during adolescence,
such as the cerebral cortex, hippocampus, and amygdala.
Importantly, these are some of the primary areas implicated
in the pathophysiology of schizophrenia [163, 164].
Longitudinal pediatric neuroimaging studies have
revealed that numerous brain areas undergo sex-specific
patterns of maturation during human adolescence. Total
brain volume is greater in males compared to females and
does not dramatically change after age five; however, there
is a shift in the relative volume of gray and white matter
[146, 165]. Whereas cortical white matter continues to
increase in a linear fashion over adolescence, with steeper
increases in boys compared to girls, cortical gray matter
undergoes a region-specific, nonlinear pattern of develop-
ment [146, 165]. Gray matter in most regions shows an
inverted U-shaped trajectory, with pre-adolescent increases
followed by post-adolescent decreases [146, 165]. Peak
volumes occur 1-2 years earlier in girls compared to boys,
consistent with their average age difference at puberty.
Although the shapes of gray matter trajectories are region-
specific, females reach peak volume earlier in all regions.
Interestingly, it is the shape of the developmental trajectory,
and not absolute cortical thickness itself, which best
predicts intellectual ability [166]. Very intelligent children
show the most rapid rates of cortical thickening and
thinning, compared to those with above average or average
intelligence [166]. The trajectory of the prefrontal cortex
shows the greatest correlation to intelligence [166, 167],
and differences between the adolescent and adult gray
matter volumes are greatest in the prefrontal cortex [145].
Subcortical structures also show sex-specific patterns of
development over adolescence. Similar to frontal gray
matter, the caudate nucleus follows an inverted U-shaped
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trajectory of maturation, with the peak volume occurring
carlier for girls [165]. A cross sectional study of children
ages 4-18 showed steeper increases in amygdala size for
males, whereas the hippocampus grew more quickly in
females [168]. While these findings are certainly suggestive
of sex-specific maturation of limbic structures over adoles-
cence, they need to be replicated using a longitudinal study
design. Some studies have attempted to relate individual
differences in testosterone levels to cortical anatomy, but
the use of cross-sectional designs and/or the statistical
combination of data from males and females has precluded
inferences about whether androgen signaling is involved in
sex-specific patterns of cortical maturation. Very recently,
Giedd and colleagues have employed a longitudinal study
design to demonstrate greater masculinization of cortical
maturation during adolescence in individuals carrying an
allele associated with more efficient functioning of the
androgen receptor [169]. This is the best evidence to date
indicating that sex steroids shape sex-specific brain devel-
opment in humans during adolescence.

The in vivo neuroimaging studies discussed above have
provided considerable evidence that the human brain
follows sex- and region-specific patterns of volume
maturation over adolescence. However, there are method-
ological and ethical limitations to the ways in which
hypotheses about gonadal hormone involvement in this
process can be tested in humans. Additionally, neuro-
imaging studies cannot speak to the cellular underpinnings
of the observed changes in volume. This is where an animal
model could be extremely useful, provided similar devel-
opmental patterns could be established in another species.
Fortunately, the evidence available to date indicates that the
rodent provides an excellent model for the sex-specific,
peri-adolescent development of the brain, and goes one step
further by implicating pubertal exposure to either estrogen
or testosterone, depending on the brain region. This
literature has been elegantly reviewed elsewhere [162], so
discussion here will focus on brain areas and behaviors
most relevant to schizophrenia.

Just like the human cortex, the rat cerebral cortex is
sexually dimorphic, with males having larger volumes than
females [170]. Similar to the prefrontal cortex of humans,
the rat prefrontal cortex undergoes a post-adolescent
reduction in gray matter volume, which is due to a
region-specific loss of neurons. Neuronal loss occurs in
both sexes but to a greater extent in females [144].
Neuronal apoptosis in the cortex during adolescence is
driven by exposure to ovarian hormones, as females who
are ovariectomized just prior to puberty have the same
number of neurons in adulthood as males, whereas neuron
number is unaltered in males gonadectomized prior to
puberty [171]. Meanwhile, over the same period of time,
prefrontal neurons undergo a dramatic period of sex-
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specific growth and synaptic refinement. Maturation of
pyramidal neuron dendritic complexity in the prefrontal
cortex occurs earlier for females compared to males,
coincident with their respective timing for puberty [135].
Dendritic spine density on these neurons increases prior to
puberty; following puberty, some spine populations under-
go pruning whereas others do not [135]. In contrast to gray
matter, frontal white matter continues to increase in a linear
fashion over the peri-adolescent time frame [144]. Just as in
humans, this increase is greater in males compared to
females. In the corpus callosum, where axonal composition
can more easily be quantified, it has been shown that peri-
adolescent changes in size reflect overlapping processes of
myelination and axonal pruning, though adult sex differ-
ences in callosal size reflect differences in myelination
rather than total axon number [172]. Again, it appears to be
pubertal exposure to ovarian hormones that drives this adult
sex difference, as females ovariectomized prior to puberty
have more myelinated axons than intact females, while
groups did not differ in total number of axons [173].
Finally, other structures that show pathology in schizophre-
nia besides the cerebral cortex are also refined during
normal adolescence in animal models. For instance, the
basolateral nucleus of the amygdala undergoes significant
neuronal and glial loss between adolescence and adulthood
[174], and dendritic maturation there follows a sex-specific
pattern over the peri-adolescent time frame [175]. In the
medial amygdala, dendritic pruning accompanies the
addition of new cells during adolescence [176, 177]. In
this case, pre-pubertal gonadectomy in males reduces the
peri-pubertal addition of new cells to this region and
abolishes the male advantage in its adult size, whereas
pre-pubertal ovariectomy is without effect [177]. In the
hippocampus, dendritic spine density increases around the
onset of puberty and then undergoes pruning thereafter; this
process is also driven by testosterone because pre-pubertal
gonadectomy prevents the refinement in spines from
occurring [178]. Thus, quantitative neuroanatomical work
in the rat indicates that changes observed in regional brain
volume over human adolescence are likely due to a
combination of cellular events including late waves of
neuronal apoptosis and cell genesis, as well as continued
myelination, dendritic ramification, and synaptic refine-
ment. Additionally, these animal studies strongly suggest
that the volumetric changes observed the human cerebral
cortex may be influenced by gonadal steroids at the time of
puberty.

Peri-adolescent, sex-specific changes in the brain are by
no means limited to gross structure and neuronal mor-
phology. In particular, dopamine neurotransmission—
considered to be highly relevant to schizophrenia given
the mechanism of antipsychotic drug action—matures
during adolescence in a region-specific fashion. In both
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the prefrontal cortex and striatum, dopamine receptors first
show increased expression followed by a gradual reduc-
tion in expression during late adolescence [179, 180]. In
the nucleus accumbens, dopamine receptors also increase
at puberty, but remain stable thereafter [179]. In the
striatum, changes in receptor expression are more dramatic
in males compared to females [181], but are not altered by
pre-pubertal gonadectomy in males or pre-pubertal ovari-
ectomy in females suggesting that pubertal hormones are
not instrumental in establishing adult levels of dopamine
receptors in this area [182]. However, it remains to be seen
whether dopamine receptor overproduction and pruning in
the prefrontal cortex is sexually dimorphic and if so,
whether there is a role for gonadal hormones in this
process. In addition to changes in receptors for the
neurotransmitter, dopaminergic innervation to the prefron-
tal cortex continues through adolescence [183], and there
is increased interaction between dopamine-containing
fibers and inhibitory neurons [184]. Finally, dopamine
facilitation of glutamate responses in the prefrontal cortex
is known to be refined during adolescence [185-187]. At
the same time that dopamine fibers are innervating the
prefrontal cortex, reciprocal connections between this area
and the basolateral amygdala are being remodeled, which
are accompanied by adolescent changes in the expression
of genes involved in both synaptic plasticity and,
suggestively, steroid metabolism [188, 189]. Especially
given the sex differences known to exist in the subcortical
dopamine system [e.g., 190], examination of sex differ-
ences in these processes and the potential role for pubertal
hormones in them should be examined.

What are the functional consequences of this dynamic
remodeling of the adolescent brain? Under normal circum-
stances, it seems clear that these processes serve to fine-
tune behaviors that are necessary for adult members of a
species to survive and to thrive. In addition to the influence
of pubertal hormones on the maturation of sexual behav-
iors, which will not be discussed here, testicular hormones
during adolescence promote the development of male-
typical adult social behaviors in rodents [191-194]. In at
least some cases, ovarian hormones during adolescence
actively suppress the development of these behaviors [193].
Additionally, anxiety-related behaviors appear to be orga-
nized by peri-adolescent exposure to testosterone; for
instance, pre-pubertal castration abolishes the adult sex
difference in open field ambulation, a measure of how
anxiogenic a novel environment is for a rodent [195].
Along similar lines, the ability of a novel (more anxiogenic)
environment to reduce social interactions between male
rodents develops over puberty, and is prevented in animals
that are castrated prior to puberty [196]. Testosterone
replacement during puberty, but not during adulthood, will
rescue this effect [196].

The ability of pubertal gonadal steroids to organize
cognitive ability has also been hypothesized, on the basis of
findings that many cognitive abilities do not mature until
after puberty in both rodents and humans, and that sexually
dimorphic cognitive styles do not emerge until after puberty
[137, 197, 198]. Interestingly, one study found that men
with idiopathic hypogonadotropic hypogonadism (IHH),
who experienced abnormally low levels of gonadal steroids
during adolescence, showed impaired spatial cognition as
adults compared to both healthy controls and to men who
developed the same condition as adults [199]. Such
findings hint at a possible relationship between exposure
to gonadal steroids during adolescence and the develop-
ment of adult cognitive abilities. Recently, my laboratory
has directly tested this relationship using a fear condition-
ing paradigm in rats. The extinction of a discrete cue-
associated fear memory is sexually dimorphic in rats, with
males readily learning to extinguish responses to a stimulus
(auditory tone) that no longer predicts a fearful event (mild
footshock), whereas females continue to respond to the
stimulus even in the absence of the fearful event [137].
Females deprived of ovarian hormones during adolescence
showed the male-typical pattern of extinction learning,
whereas males deprived of testicular hormones during
adolescence showed the female-typical pattern [200].
Extinction of discrete cue-associated conditioned fear
memory is highly dependent on the ventral medial
prefrontal cortex (e.g., [201]). Therefore, the findings of
this study indicate that exposure to gonadal steroids during
adolescence can organize prefrontal-dependent cognition,
which is disrupted in schizophrenia.

The evidence reviewed above makes a compelling case
that pubertal hormones can organize brain structures,
neurotransmitter systems, and behaviors that exhibit well-
known pathology in schizophrenia. Such findings encour-
age the notion that adolescent exposure to gonadal
hormones (and/or disruptions in this process) may be
involved in the development of schizophrenia and in sex
differences in its incidence. At this point such a notion is
purely speculative; however, since animal models have
recently described post-pubertal emergence of sex differ-
ences in the vulnerability to insults known to increase risk
for this illness, translational science is now poised to
directly test this hypothesis (see Table 1).

5.2 Activational effects on schizophrenia-relevant animal
behaviors

Distinct from their role in neurodevelopment, during
adulthood gonadal steroids modulate rodent behaviors that
are relevant to schizophrenia. These findings are most
relevant to the hypothesis that gonadal steroids modulate
symptom expression in individuals with schizophrenia. For
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Table 1 Summary of major sex differences and the impact of sex
steroids in schizophrenia. Similar findings generated in preclinical
paradigms are also shown. The ? symbol denotes an area remaining to
be explored in animal preparations intended to model schizophrenia.

Please refer to the text for references. E (estrogen), T (testosterone),
PPI (prepulse inhibition of the startle response), LPS (lipopolysac-
charide), RVPS (repeated variable prenatal stress), poly I:C (poly-
inosinic:polycytidylic acid), PFC (prefrontal cortex)

Measure in Schizophrenia Direction of Effect

Preclinical Parallel

Incidence males > females by ~40%
Age of Peak Onset post-pubertal + earlier in males
Late Onset females; post-menopausal

Male < Female
Male > Female

Male > Female

Response to Antipsychotic Drugs
Negative Symptoms

Cognitive Deficits

Vulnerability to Substance Abuse =~ Male > Female
Brain Morphological Changes Male > Female
Gonadal Hormone Levels | E in Females, | T in Males
Impact of Gonadal Steroids
Positive Symptoms | by estrogen
Response to Neuroleptics 1 by estrogen
Cognitive Functioning 1 by estrogen

Negative Symptoms | by testosterone

n/a
Prenatal LPS: PPI

?
?

RVPS: social investigation

RVPS: object recognition memory + extinction of fear memory;

Prenatal Poly I:C: fear conditioning

?

RVPS: PFC dendritic development

?

instance, numerous studies have demonstrated a role for
estrogen in behaviors that may be related to the subcortical
hyperdopaminergic state observed in schizophrenia. Estro-
gen enhances PPl in ovariectomized female rats, and
prevents PPI deficits induced by drugs that can disrupt
sensory gating [202]. Similar findings have also been
reported in healthy women [203]. Latent inhibition (LI) is
a selective attention paradigm that measures an individual’s
propensity to ignore irrelevant stimuli, and considerable
experimental evidence supports the conclusion that dis-
rupted LI is related to subcortical hyperdopaminergia
(reviewed by [204]). In most studies (though not all
[205]), LI is disrupted by ovariectomy and estrogen
treatment mimics the rescuing impact of antipsychotic drug
treatment on this behavior [206, 207]. These findings could
be due to an endogenous neuroleptic-like activity of
estrogen; indeed, numerous studies suggest that estrogen
acts at multiple levels to reduce subcortical dopamine
activity, which is hypothesized to be elevated in schizo-
phrenia [74, 208-212]. On the other hand, in healthy
subject populations, PPI is reduced in women compared to
men, and estrogen is implicated in this sex difference
because PPI is lowest during the midluteal phase of the
menstrual cycle, when estrogen levels are high [213, 214].
Similarly, PPI fluctuates across the rat estrous cycle, with
the lowest amount demonstrated during proestrus, when
estrogen levels are highest [215]. The resolution of these
apparently conflicting findings probably lies in the fact
that estrogen’s impact on the dopamine system is both
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timing- and dose-dependent; for instance, estrogen reduces
stimulated dopamine release in the striatum at high doses or
following prolonged exposure, but enhances it at low doses
(e.g., [74, 216]). Thus although a clear role for estrogen
exists, it is difficult to make broad statements regarding the
direction of its effect on the subcortical dopamine system; in
contrast, the rodent work has made it fairly clear that sex
differences in this system are not impacted by testicular
hormones in males (reviewed by [190]).

The behavioral measures examined in the above studies are
most closely related to the symptoms of schizophrenia that are
effectively treated with antipsychotics; however, schizophre-
nia is a multi-faceted illness, leaving open the possibility that
androgens could impact behaviors with greater relevance to
negative symptoms, which are more commonly observed in
male patients. Indeed, in rodent paradigms of social investi-
gation, males engage in more social investigation than females
[217], and in this case the sex difference relies on circulating
testosterone—males castrated as adults behave similarly to
intact females, and testosterone administration (whether to
castrated males or adult females) results in levels of
investigation seen in intact males [218, 219]. Because this
pattern resembles the inverse relationship found between
testosterone levels and negative symptoms among men with
schizophrenia (see above), the possibility that reduced
testosterone mediates the social anhedonia observed in some
rodent models of schizophrenia should be tested.

Finally, the relationship between gonadal steroids and
cognitive measures in rodents is heavily researched but



Rev Endocr Metab Disord (2012) 13:187-207

201

highly nuanced. Both sex differences and an influence of
gonadal steroids have been described for nearly every
rodent cognitive measure, including those disrupted in the
animal preparations discussed above, i.e., object recogni-
tion memory, spatial memory, working memory, and fear
conditioning (reviewed by [220]). However, both the
presence and direction of the effects depend on methodo-
logical factors, including the amount of stress involved in
the task, the species and strain of animals used, and the
steroid dose administered (e.g., [220, 221]). Therefore, the
impact of sex steroids on cognitive outcomes in animal
models of schizophrenia will need to be evaluated within
the context of carefully designed paradigms in order to
allow more generalizable conclusions to be made.

6 Conclusions

In summary, schizophrenia is a neuropsychiatric illness that
appears to disproportionately affect men. Men are approx-
imately 40% more likely to develop the illness compared to
women. Men have a well-documented earlier age of onset,
as well as poorer premorbid adjustment, more severe illness
course, more negative symptoms, poorer response to
antipsychotic drug therapy, and possibly greater ventricular
enlargement and cortical atrophy. In women, estrogen is
associated with relief from psychotic symptoms of the
illness, and the protective role of estrogen is highlighted by
the later age of adolescent onset and second post-
menopausal peak in incidence observed for women, as
well as the finding that women who do develop schizo-
phrenia have lower levels of circulating estrogens. Similar-
ly, men with schizophrenia have lower levels of
testosterone, and there is an inverse relationship between
testosterone levels and severity of negative symptoms. The
evidence from first-episode and unmedicated patients
indicates that the hypogonadism observed in patients with
schizophrenia often occurs independently of neuroleptic-
induced endocrine disturbances; however it remains un-
known whether this condition is of etiological relevance.
Gonadal steroids have clearly been demonstrated to
modulate schizophrenia symptom severity; however, evi-
dence for this relationship should be considered separately
from the hypothesis that gonadal steroids impact neuro-
development to tip the balance towards or against develop-
ment of psychopathology. Preclinical models of
schizophrenia have recently begun to describe a pattern of
post-pubertal emergence of enhanced male vulnerability to
insults known to increase risk for schizophrenia, including
prenatal stress and maternal immune activation. Additional
animal work has established that gonadal steroids exert
both organizational and activational influences on neural
and behavioral phenotypes relevant to schizophrenia,

though this has yet to be meaningfully explored in the
context of preclinical models of schizophrenia. The hope is
that these models can now be exploited to provide insight
about how early life insults contribute to risk for schizo-
phrenia, whether there might be a role for the pubertal rise
in gonadal steroids in the generation of phenotypes
associated with schizophrenia, and, ultimately, to elucidate
the neural mechanisms underlying enhanced male vulner-
ability to the illness.
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