
Themed Section: Animal Models in Psychiatry Research

REVIEW

Reconceptualizing sex, brain
and psychopathology:
interaction, interaction,
interaction
D Joel and R Yankelevitch-Yahav

School of Psychological Sciences and Sagol School of Neuroscience, Tel Aviv University, Tel Aviv,

Israel

Correspondence
Daphna Joel, School of
Psychological Sciences and Sagol
School of Neuroscience, Tel-Aviv
University, Tel-Aviv, Israel.
E-mail: djoel@post.tau.ac.il
----------------------------------------------------------------

Received
27 October 2013
Revised
22 March 2014
Accepted
26 March 2014

In recent years there has been a growing recognition of the influence of sex on brain structure and function, and in relation,
on the susceptibility, prevalence and response to treatment of psychiatric disorders. Most theories and descriptions of the
effects of sex on the brain are dominated by an analogy to the current interpretation of the effects of sex on the reproductive
system, according to which sex is a divergence system that exerts a unitary, overriding and serial effect on the form of other
systems. We shortly summarize different lines of evidence that contradict aspects of this analogy. The new view that emerges
from these data is of sex as a complex system whose different components interact with one another and with other systems
to affect body and brain. The paradigm shift that this understanding calls for is from thinking of sex in terms of sexual
dimorphism and sex differences, to thinking of sex in terms of its interactions with other factors and processes. Our review of
data obtained from animal models of psychopathology clearly reveals the need for such a paradigmatic shift, because in the
field of animal behaviour whether a sex difference exists and its direction depend on the interaction of many factors
including, species, strain, age, specific test employed and a multitude of environmental factors. We conclude by explaining
how the new conceptualization can account for sex differences in psychopathology.
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Introduction
In recent years there has been a growing recognition of the
influence of sex on brain structure and function and conse-
quently, on the susceptibility, prevalence and response to
treatment of psychiatric disorders (e.g. Palanza, 2001; Eliot,
2011; Mathis et al., 2011; Mendrek and Stip, 2011; Rasakham
and Liu-Chen, 2011; Vega et al., 2011; Cahill, 2006; 2012;
Fernandez-Guasti et al., 2012; Franconi et al., 2012; Hasson
and Fine, 2012; Jogia et al., 2012; McCarthy et al., 2012;
Nolen-Hoeksema, 2012; Simpson and Kelly, 2012; ter Horst
et al., 2012; Valentino et al., 2013). Most theories and descrip-
tions of the effects of sex on the brain are dominated by an
analogy to the current interpretation of the effects of sex on

the reproductive organs (McCarthy and Arnold, 2011; Joel,
2012; 2014). Yet, recently, several lines of research have chal-
lenged every aspect of this analogy. The convergence of these
lines of research calls for a complete reconceptualization of
sex beyond the genitalia and for rethinking the relations
between sex, brain and psychopathology.

We start by presenting, in brief, the current view of the
effects of sex on the reproductive system. We then summarize
different lines of evidence that contradict aspects of the
analogy between the effects of sex on the reproductive organs
and the effects of sex on brain structure and function. On the
basis of these data, we call for a paradigm shift in our con-
ceptualization of the relations between sex and brain, to one
that focuses on the interactions of sex with other factors and
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processes. We demonstrate the need for such a paradigm shift
in the field of animal models of psychiatric disorders. We
conclude by explaining how the new conceptualization can
account for sex differences in psychopathology. We would
like to note that a review of the data on the mechanisms by
which sex affects the brain (e.g. sex chromosomes vs. gonadal
hormones effects, organizational vs. activational effects of
gonadal hormones) is beyond the scope of this review. Exten-
sive reviews of these issues can be found elsewhere (Arnold,
2009; McCarthy et al., 2009b; McCarthy and Arnold, 2011;
Arnold et al., 2013).

Sex and the reproductive system
Our current conceptualization of the effects of sex on the
reproductive organs depicts sex as a divergence process that
exerts a unitary, overriding and serial effect on the form of
other tissues, so that a difference at the ‘origin’ of sex (i.e.
the sex chromosome complement) leads sequentially to the
emergence of differences in additional tissues (first, the
gonads and then the internal and external genitalia). This
process culminates in the creation of two distinct systems –
the male reproductive system and the female reproductive
system (see Arnold and Chen, 2009; McCarthy and Arnold,
2011). That this indeed happens in most individuals depends
on the fact that sex (genetic and gonadal) is the most important
factor in determining the form of the gonads and genitalia
respectively. Thus, although there is within-sex variation in
the form of the gonads and the genitalia (reflecting the effects
of factors other than sex), there is very little overlap between
the form of these tissues in men and women, that is, these
tissues are sexually dimorphic. Moreover, there is almost
always a perfect consistency between the form of the different
components of the reproductive system within a single indi-
vidual, that is, most humans are born with either ovaries,
uterus, fallopian tubes, vagina, labia minora and majora and
clitoris, or, testes, prostate, seminal vesicles, scrotum and
penis (and a similar division is evident in other mammals)
(see Joel, 2011; 2012; 2014, for further exposition and
discussion).

Sex and the brain
Using this model of sex to conceptualize sex effects on the
brain, leads to the implicit assumption that sex similarly acts
serially and uniformly, exerting an overriding and diverging
effect, ultimately leading to the creation of two distinct
systems, a ‘male’ brain and a ‘female’ brain. Current data,
however, do not support these implicit assumptions (Joel,
2012; 2014).

Several lines of evidence contradict the assumption that
sex acts serially and uniformly always driving divergence in
other systems. Specifically, already at the most basic levels of
sex, there are sex-dependent processes that act to reduce sex
differences downstream rather than to create such differ-
ences (see, De Vries, 2004; De Vries and Sodersten, 2009). The
best known of these is X inactivation, which occurs only in
female (or more accurately, in subjects with at least two
copies of the X chromosome) and compensates for the sex
difference in the composition of the sex chromosome com-
plement (i.e. XX vs. XY) (see De Vries, 2004; De Vries and
Sodersten, 2009). More recently discovered is the sometimes

opposite effects of sex chromosomes and gonadal hormones
on body and brain, which act to reduce sex differences in
these systems (see De Vries, 2004; Arnold and Chen, 2009;
De Vries and Sodersten, 2009; Arnold et al., 2013). The exist-
ence of antagonistic effects of sex chromosomes and gonadal
hormones not only contradicts the view of sex as a solely
divergent mechanism, but also refutes the assumption that
sex is a uniform process (Arnold and Chen, 2009; Arnold
et al., 2013). Two additional phenomena that may be
grouped under the term ‘compensation mechanisms’ (De
Vries, 2004; De Vries and Sodersten, 2009) are the local syn-
thesis of steroids, including oestradiol, in several brain
regions, which may compensate for sex differences in the
blood levels of these hormones (see McCarthy and Konkle,
2005; McCarthy, 2009), and sex differences in the brain that
act to reduce or prevent sex differences in behaviour, that
would otherwise be caused by sex differences at earlier levels
(e.g. hormonal) (see De Vries and Boyle, 1998; De Vries,
2004; De Vries and Sodersten, 2009).

Another dramatic change in our view of the relations
between sex and brain comes from data showing that in
marked contrast to the overriding importance of sex in deter-
mining the form of the reproductive organs, sex is just one of
several factors that affect the form of the brain. The effects of
other factors (i.e. developmental, environmental, genetic)
increase the variability within each sex and consequently the
overlap between the sexes (McCarthy et al., 2009a), and may
also completely reverse the effects of sex, that is, what is
typical in one sex under some conditions may be typical in
the other sex under other conditions (Joel, 2011; 2012;
Cahill, 2012). Specifically, there is ample evidence from
animals that environmental events, such as prenatal and
postnatal stress, rearing conditions, maternal deprivation and
exposure to drugs, may create, enhance, reverse or eliminate
sex differences in different characteristics (size, number of
neurons, number of glia cells, dendritic morphology, number
and size of axons, and density of receptors) of many brain
regions (the frontal and occipital cortex, hippocampus and
related cortical areas, amygdala, cerebellum, brain stem,
hypothalamus, corpus callosum) and neurotransmitter
systems, such as. the glutamatergic, GABAergic, serotonergic,
dopaminergic, noradrenergic and endocannabinoid systems
(Juraska, 1991; Vathy and Katay, 1992; McCormick et al.,
1995; Galea et al., 1997; Shors et al., 2001; Vathy, 2001; 2002;
Mitsushima et al., 2003; Drossopoulou et al., 2004;
Richardson et al., 2006; Wilber et al., 2007; Rothstein et al.,
2008; Zuena et al., 2008; Fumagalli et al., 2009; Garrett and
Wellman, 2009; Lin et al., 2009; McLaughlin et al., 2009;
Oomen et al., 2009; Reich et al., 2009; Rhodes et al., 2009;
Suarez et al., 2009; Viveros et al., 2009; also see Joel, 2011;
2012).

Taken together, the different lines of research refute each
of the components of the analogy between the reproductive
organs and the brain. Moreover, they provide a new under-
standing of sex beyond the genitalia, according to which sex
is a complex system whose different components interact
with one another (Arnold and Chen, 2009; McCarthy and
Arnold, 2011) and with other systems (Joel, 2011; 2012;
2014) to affect the brain. As a result of these complex inter-
actions, the form of brain features is highly variable within
sex and highly overlaps between sexes, and there is little
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consistency in the form of different brain features within a
single organism (Joel, 2011; 2012). Therefore, although the
reproductive system of most subjects fits into one of two
categories, male or female, their brain does not. Rather, brains
often posses both ‘male’ and ‘female’ features, as well as
features with an intermediate form (Joel, 2011; 2012). The
paradigm shift that this understanding calls for is from think-
ing of sex in terms of sexual dimorphism and sex differences,
to thinking of sex in terms of its interactions with other
factors and processes.

Sex, brain and psychopathology
The need for such a paradigm shift is clearly evident in the
field of animal models of psychopathology. This is because
complex interactions within-sex and between-sex and other
factors also affect brain function, that is, behaviour.

Recent years have seen an increase in the number of
studies using the four core genotypes mouse model as well as
other genetic models that allow assessment of the specific
contribution of sex chromosomes and gonadal hormones to
behaviour. Although a thorough review and analysis of these
studies is beyond the scope of the present review, these
studies are revealing the effects of complex interactions
between sex chromosomes and gonadal hormones (prena-
tally and at adulthood) on a wide array of behaviours, includ-
ing activity level, social and sexual behaviours, and anxiety-
and depression-like behaviours (Gatewood et al., 2006;
Grgurevic et al., 2008; McPhie-Lalmansingh et al., 2008; Cox
and Rissman, 2011; Bonthuis et al., 2012; Kuljis et al., 2013;
Seney et al., 2013). Moreover, there is some evidence that the
behavioural outcome of these interactions may be different
under different environmental conditions. For example, the
interaction between chromosomal and gonadal effects
yielded opposite patterns of social and play behaviours in the
four core genotypes mouse model when these behaviours
were assessed during an interaction with siblings compared
with non-siblings (Cox and Rissman, 2011).

The effects of interactions of sex with other factors on
behaviour are clearly revealed in studies testing genetically
intact males and females in animal models of psychopathol-
ogy. Table 1 presents results of studies using animal models of
depression and antidepressant response and animal models
of anxiety and anxiolytic response, as well as behavioural
assays commonly used to study several types of learning.
Most of the assays in the Table have been used in a large
number of studies to allow comparisons among studies; a few
assays that were not used in many studies have also been
included to allow comparisons among different measures of
the same construct (e.g. anxiety-like behaviour) (for a com-
prehensive review of animal models of depression, anxiety,
drug response and cognition, see Dalla, this issue). The
general conclusion of recent reviews of such studies, also
evident from inspection of Table 1, is that the effects of sex
(that is, whether a sex difference exists and its direction)
depend on the interaction of genetic (i.e. strain), develop-
mental and environmental factors (such as, specific test
employed, prior experience with the task, housing condi-
tions, exposure to stress and the specific parameters of the
stress paradigm, time of testing, temperature, etc.) (Crawley
et al., 1997; Barros and Ferigolo, 1998; Palanza, 2001;

Jonasson, 2005; Hughes, 2007; Weinstock, 2007; Rasakham
and Liu-Chen, 2011; ter Horst et al., 2012; Simpson and Kelly,
2012).

For example, the existence and direction of sex differ-
ences in animal models of depression and antidepressant
response depend on strain [e.g. the opposite sex difference in
immobility time in the forced swim test (FST) in Wistar and
Long-Evans rats], prior history (the observation of a sex dif-
ference in Long-Evans rats in the FST depends on prior expo-
sure to the assay), the type of assay used to measure
depression-like behaviour (e.g. learned helplessness vs. FST),
as well as additional non-specified variables, as shown by the
variety of results obtained using the same strain, assay and
behavioural measure, such as the inconsistent findings with
Sprague-Dawley rats in the FST and with Wistar rats in
sucrose preference.

Even in fields where results seem to be more consistent
across studies, a closer look reveals complex interactions
between sex and other factors. For example, although many
studies in rodents report more anxiety-like behaviours in
male compared with female rodents (contrary to what is
assumed to be the case in humans), also, here, the existence
and direction of sex differences depend on strain – the direc-
tion of the sex difference in time spent in the open arms of
the elevated plus maze (EPM) in Sprague-Dawley is opposite
that observed in Wistar and Long-Evans rats –, on prior
history – the existence and direction of a sex difference in
Sprague-Dawley rats in the EPM depend on prior exposure to
stress, – on the specific measure used – in Sprague-Dawley rats
the direction of the sex difference in the EPM is opposite in
time in the open arms vs. number of entries to these arms) –
on the type of assay used -Wistar rats show a sex difference in
the EPM, but not in the free-choice paradigm, and on other
non-specified variables, as shown by the inconsistent results
obtained using the same strain, assay and behavioural
measure (e.g. the inconsistent findings with Sprague-Dawley
rats in the percent of time spent in the open arms of the
EPM).

Complex interactions between sex and other factors are
also evident in studies tapping what may be thought of as
more basic processes, that is, learning and memory. For
example, the existence and direction of a sex difference in
tests of classical conditioning depends on procedure (e.g. fear
conditioning vs. taste aversion), environmental factors (e.g.
water deprivation, prior stress), and method of assessment of
the extent of learning (e.g. during acquisition or extinction)
(see Simpson and Kelly, 2012 for a similar conclusion). Simi-
larly, in tests of spatial abilities in rodents, the existence and
direction of a sex difference depends on strain, age, apparatus
(radial maze vs. water maze), environmental factors (e.g.
stress, previous familiarization with the task) and the specific
requirements of the task (only working memory or both
working and reference memory) (see Simpson and Kelly, 2012
for a similar conclusion).

It is clear from the above, that sex is just one of many
factors that interact to produce normal and abnormal behav-
iours. As with brain structure, the effects of other factors may
completely reverse the effects of sex on brain function.
Moreover, the interactions between the different factors are
complex, that is, whether there is a sex difference in a specific
behaviour and its direction are often not predictable by the
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Table 1
Complex sex × environment × genes interactions in widely used behavioural assays

Model Test Measurement Sex Manipulation Strain Species Reference

Depression FST Immobility F < M – B6: C57BL/6J Mice Mineur et al., 2006

F = M UCMS B6: C57BL/6J Mice Mineur et al., 2006

F = M – C: BALB/cJ Mice Mineur et al., 2006

F = M UCMS C: BALB/cJ Mice Mineur et al., 2006

F = M – D2: DBA/2J Mice Mineur et al., 2006

F > M UCMS D2: DBA/2J Mice Mineur et al., 2006

F < M One day of testing Flinders Sensitive Line Rats Kokras et al., 2009

F < M Chronic melatonin
treatment

Long-Evans Rats Brotto et al., 2000

F < M – Long-Evans Rats Brotto et al., 2000

F = M One day of testing Long-Evans Rats Frye & Walf, 2002

F < M – Sprague–Dawley Rats Alonso et al., 1991

F = M One day of testing Sprague–Dawley Rats Kokras et al., 2009

F = M – Sprague–Dawley Rats Pitychoutis et al., 2009

F > M – Wistar Rats Dalla et al., 2008a

F > M – Wistar Rats Drossopoulou et al., 2004

Struggling F > M One day of testing Flinders Sensitive Line Rats Kokras et al., 2009

F > M Chronic melatonin
treatment

Long-Evans Rats Brotto et al., 2000

F > M – Long-Evans Rats Brotto et al., 2000

F = M One day of testing Sprague–Dawley Rats Kokras et al., 2009

F = M – Sprague–Dawley Rats Pitychoutis et al., 2009

F < M – Wistar Rats Drossopoulou et al., 2004

F < M – Wistar Rats Dalla et al., 2008a

Swimming F = M One day of testing Flinders Sensitive Line Rats Kokras et al., 2009

F > M Chronic melatonin
treatment

Long-Evans Rats Brotto et al., 2000

F > M – Long-Evans Rats Brotto et al., 2000

F = M Long-Evans Rats Frye & Walf, 2002

F = M One day of testing Sprague–Dawley Rats Kokras et al., 2009

F < M – Sprague–Dawley Rats Pitychoutis et al., 2009

F = M – Wistar Rats Dalla et al., 2008a

F = M – Wistar Rats Drossopoulou et al., 2004

Sucrose
preference

Sucrose intake F > M Mild pro-inflammatory
challenge with LPS

Sprague–Dawley Rats Pitychoutis et al., 2009

F > M Chronic mild stress Wistar Rats Dalla et al., 2005

F > M – Wistar Rats Dalla et al., 2005

F = M Chronic mild stress Wistar Rats Dalla et al., 2008a

F = M – Wistar Rats Dalla et al., 2008a

F > M Chronic mild stress Wistar Rats Kamper et al., 2009

F > M – Wistar Rats Kamper et al., 2009

Learned
helplessness

Escape latency F < M Foot shock Holtzman Rats Padilla et al., 2009

F < M Sham–operated Sprague–Dawley Rats Dalla et al., 2008b

F < M – Sprague–Dawley Rats Shors et al., 2007

F = M Longer sessions of stress Sprague–Dawley Rats Shors et al., 2007

F < M
(P = 0.08)

– Wistar Rats Steenbergen et al., 1990

Anxiety EPM Time spent in the
open arms

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

F > M – Long-Evans Rats Zimmerberg & Farley,
1993

F > M Predator scent stress Sprague–Dawley Rats Mazor et al,. 2009

F < M – Sprague–Dawley Rats Mazor et al,. 2009
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Table 1
Continued

Model Test Measurement Sex Manipulation Strain Species Reference

F > M Early weaning Wistar Rats Ito et al., 2006

F > M – Wistar Rats Ito et al., 2006

Percentage of time
spent in the open
arms

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

F > M – Flinders Sensitive line Rats Kokras et al., 2011

F > M – Hooded lister Rats Johnston & File, 1991

F = M – Sprague–Dawley Rats Kokras et al., 2011

F > M Social isolation Sprague–Dawley Rats Weintraub et al., 2010

F > M – Sprague–Dawley Rats Weintraub et al., 2010

F = M Neonatal treatment with
clomipramine

Sprague–Dawley Rats Andersen et al., 2002

F = M – Sprague–Dawley Rats Andersen et al., 2002

F > M Sham operated in
adulthood and exposed
to short stress

Wistar Rats Leret et al., 1994

Number of open arm
entries

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

F > M – Flinders Sensitive line Rats Kokras et al., 2011

F > M Neonatal handling Long-Evans Rats Duchesne et al., 2009

F > M – Long-Evans Rats Duchesne et al., 2009

F > M Predator scent stress Sprague–Dawley Rats Mazor et al,.2009

F = M – Sprague–Dawley Rats Mazor et al,.2009

F > M After stress (restraint) Sprague–Dawley Rats Bowman et al., 2009

F > M – Sprague–Dawley Rats Bowman et al., 2009

F > M – Sprague–Dawley Rats Kokras et al., 2011

F > M Sham operated in
adulthood and exposed
to short stress

Wistar Rats Leret et al., 1994

F > M Early weaning Wistar Rats Ito et al.,2006

F > M – Wistar Rats Ito et al.,2006

Percentage of number
of open arms
entries

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

F = M Neonatal handling Long-Evans Rats Duchesne et al., 2009

F = M – Long-Evans Rats Duchesne et al., 2009

F > M – Hooded lister Rats Johnston & File, 1991

F > M – Wistar Rats Lucion et al., 1996

Total arm entries F < M – DBA/2 Mice Rodgers & Cole, 1993

F < M – TI Mice Rodgers & Cole, 1993

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

F > M – Flinders Sensitive line Rats Kokras et al., 2011

F > M Neonatal handling Long-Evans Rats Duchesne et al., 2009

F > M – Long-Evans Rats Duchesne et al., 2009

F > M Environmental enrichment Sprague–Dawley Rats Pena et al., 2006

F > M – Sprague–Dawley Rats Pena et al., 2006

F > M Stress (restraint) Sprague–Dawley Rats Bowman et al., 2009

F > M – Sprague–Dawley Rats Bowman et al., 2009

F > M – Sprague–Dawley Rats Kokras et al., 2011

F > M Sham operated in
adulthood and exposed
to short stress

Wistar Rats Leret et al., 1994

F > M – Wistar Rats Lucion et al., 1996
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Table 1
Continued

Model Test Measurement Sex Manipulation Strain Species Reference

Free choice
paradigm

Latency to explore the
outside of the home
cage

F < M – Sprague–Dawley Rats Bert et al., 2013

F = M – Wistar Rats Bert et al., 2013

Numbers of visits
outside the home
cage

F > M – Sprague–Dawley Rats Bert et al., 2013

F = M – Wistar Rats Bert et al., 2013

Percentage of rats
exploring the
outside the home
cage

F > M – Sprague–Dawley Rats Bert et al., 2013

F = M – Wistar Rats Bert et al., 2013

Anxiety/
Activity

Open field
test

Horizontal locomotor
activity

F > M – Flinders Sensitive line Rats Kokras et al., 2011

F > M – Sprague–Dawley Rats Kokras et al., 2011

Vertical activity F > M – Flinders Sensitive Line Rats Kokras et al., 2011

F > M – Sprague–Dawley Rats Kokras et al., 2011

Distance
moved-overall
activity

F = M – B6: C57BL/6J Mice Mineur et al., 2006

F = M UCMS B6: C57BL/6J Mice Mineur et al., 2006

F = M – C: BALB/cJ Mice Mineur et al., 2006

F = M UCMS C: BALB/cJ Mice Mineur et al., 2006

F = M – D2: DBA/2J Mice Mineur et al., 2006

F = M UCMS D2: DBA/2J Mice Mineur et al., 2006

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

Average rearing
duration/number of
rearing

F > M – F2-generation rats derived
from the inbred RHA/Verh
and RLA/Verh strains

Rats Aguilar et al., 2003

F > M – Holtzman Rats Padilla et al., 2009

F > M Chronic melatonin
treatment

Long-Evans Rats Brotto et al., 2000

F > M – Long-Evans Rats Brotto et al., 2000

F > M Chronic stress Sprague–Dawley Rats Beck & Luine, 2002

F = M – Sprague–Dawley Rats Beck & Luine, 2002

F > M – Sprague–Dawley Rats Alonso et al., 1991

F > M – Wistar Rats Dalla et al., 2005

Crossing behaviour F > M Chronic melatonin
treatment

Long-Evans Rats Brotto et al., 2000

F > M – Long-Evans Rats Brotto et al., 2000

Central entries F > M – Long-Evans Rats Frye & Walf, 2002

Time in centre F > M – Flinders sensitive line Rats Kokras et al., 2011

F < M – Sprague–Dawley Rats Kosten et al., 2005

F < M Neonatal isolation Sprague–Dawley Rats Kosten et al., 2005

F = M – Sprague–Dawley Rats Kokras et al., 2011

Latency to enter the
field

F = M Chronic stress Sprague–Dawley Rats Beck & Luine, 2002

F < M – Sprague–Dawley Rats Beck & Luine, 2002

Classical
conditioning

Fear
conditioning

Percentage of time
freezing

F < M – Fischer Rats Pryce et al., 1999

F < M – Lewis Rats Pryce et al., 1999

F = M Neonatal isolation Sprague–Dawley Rats Kosten et al., 2005

F = M – Sprague–Dawley Rats Kosten et al., 2005

F = M Brief maternal
separation

Sprague–Dawley Rats Kosten et al., 2006

F = M Prolonged maternal
separation

Sprague–Dawley Rats Kosten et al., 2006

F = M – Sprague–Dawley Rats Kosten et al., 2006

F < M – Sprague–Dawley Rats Maren et al., 1994

F < M
(P = 0.06)

– Wistar Rats Pryce et al., 1999
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Table 1
Continued

Model Test Measurement Sex Manipulation Strain Species Reference

Ultrasonic
vocalizations
duration

F < M Neonatal isolation Sprague–Dawley Rats Kosten et al., 2005

F < M – Sprague–Dawley Rats Kosten et al., 2005

F < M Brief maternal
separation

Sprague–Dawley Rats Kosten et al., 2006

F < M Prolonged maternal
separation

Sprague–Dawley Rats Kosten et al., 2006

F < M – Sprague–Dawley Rats Kosten et al., 2006

Latency to re-enter the
shock compartment

F < M Neonatal handling Sprague–Dawley Rats Kosten et al., 2007

F < M – Sprague–Dawley Kosten et al., 2007

Mean number of
magazine visits

F = M – Wistar Rats Maes, 2002

Acoustic startle
response

F > M Stress (tail shock) Sprague–Dawley Rats Beck et al., 2002

F > M – Sprague–Dawley Rats Beck et al., 2002

Taste
aversion

Acquisition (amount of
sucrose consumed
with aversive
stimuli)

F = M Fluid deprived Deer Mouse Mice Robbins, 1980

F < M – Deer Mouse Mice Robbins, 1980

F = M Fluid deprived Sprague–Dawley Rats Randall-Thompson &
Riley, 2003

Extinction (amount of
sucrose consumed)

F = M Fluid deprived Deer mouse Mice Robbins, 1980

F = M – Deer mouse Mice Robbins, 1980

F > M – Long-Evans Rats Brot et al., 1992

F = M – Long-Evans (VP-deficient
heterozygous)

Rats Brot et al., 1992

F = M – Long-Evans (VP-deficient
homozygous)

Rats Brot et al., 1992

F > M Fluid deprived Sprague–Dawley Rats Randall-Thompson &
Riley, 2003

F > M One-week isolation Sprague–Dawley Rats Chambers &
Sengstake, 1976

F = M Six-week isolation Sprague–Dawley Rats Chambers &
Sengstake, 1976

F > M – Wistar Rats Sengstake et al., 1978

F = M Fluid deprived Wistar Rats Sengstake et al., 1978

Spatial
abilities

Water
maze

Path length F = M – C57BL/6 Mice Berger-Sweeney et al.,
1995

F = M Five months old C57BL/6NIA Mice Frick et al., 2000

F > M Seventeen months old C57BL/6NIA Mice Frick et al., 2000

F = M Twenty-five months old C57BL/6NIA Mice Frick et al., 2000

F > M Six months old Fischer 344 Rats Markowska, 1999

F > M Twelve months old Fischer 344 Rats Markowska, 1999

F > M Eighteen months old Fischer 344 Rats Markowska, 1999

F > M Twenty-four months old Fischer 344 Rats Markowska, 1999

F = M – Long-Evans Rats Bucci et al., 1995

F > M – Long-Evans Rats Perrot-Sinal et al. 1996

F = M Previous familiarization
with non-spatial
aspects of the task

Long-Evans Rats Perrot-Sinal et al. 1996

F (oestrus)
< M

F (proestrus)
= M

Aged rats (22–24
months old)

Long-Evans Rats Warren and Juraska.,
2000

F > M Alcohol on PND 4–10 Sprague–Dawley Rats Kelly et al., 1988

F = M Artificially reared Sprague–Dawley Rats Kelly et al., 1988

F = M – Sprague–Dawley Rats Kelly et al., 1988

F = M Seven months old Wistar Rats Lukoyanov et al., 1999

F = M Sixteen months old Wistar Rats Lukoyanov et al., 1999

F = M Twenty-six months old Wistar Rats Lukoyanov et al., 1999
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Table 1
Continued

Model Test Measurement Sex Manipulation Strain Species Reference

Latency to find the
hidden platform

F = M – C57BL/6 Mice Berger-Sweeney et al.,
1995

F = M – NMRI Mice Lamberty and Gower.,
1988

F = M – Lister hooded Rats Healy et al., 1999

F = M Sham operated in the
frontal cortex

Long-Evans Rats Kolb and Cioe, 1996

F (oestrus)
< M

F (proestrus)
= M

– Long-Evans Rats Warren and Juraska,
2000

Time in the peripheral F = M – C57BL/6 Mice Berger-Sweeney et al.,
1995

Swim speed F = M – C57BL/6 Mice Berger-Sweeney et al.,
1995

F > M Seventeen months old C57BL/6NIA Mice Frick et al., 2000

F = M Five months old C57BL/6NIA Mice Frick et al., 2000

F = M Twenty-five months
old

C57BL/6NIA Mice Frick et al., 2000

Mean swim time to
the platform

F > M – Long-Evans Rats Beiko et al., 2004

Radial
maze-working
memory

Mean working
memory errors

F = M – CD-1 Mice LaBuda et al., 2002

F > M – ddY Mice Mishima et al., 1986

F = M Young animals (3–4
months)

Fischer 344 Rats Kobayashi et al.. 1988

F = M Aged animals (22–27
months)

Fischer 344 Rats Kobayashi et al.. 1988

F = M Complex environment Lister hooded Rats Juraska et al., 1984

F = M Isolated environment Lister hooded Rats Juraska et al., 1984

F > M Reared in complex
environment

Littermate hooded Rats Seymoure et al., 1986

F > M Reared alone Littermate hooded Rats Seymoure et al., 1986

F > M Light reared Long-Evans Rats Tees et al., 1981

F > M Dark–reared Long-Evans Rats Tees et al., 1981

F = M Sham operated in the
frontal cortex

Long-Evans Rats Kolb and Cioe, 1996

F = M – Sprague–Dawley Rats Maier and Pohorecky,
1986

F > M Ethanol exposure Sprague–Dawley Rats Maier and Pohorecky,
1986

F = M – Sprague–Dawley Rats Roof, 1993

F > M – Wistar Rats Einon, 1980

F = M Social isolation Wistar Rats Einon, 1980

F = M – Wistar Rats Endo et al., 1994

F > M – Wistar Rats Endo et al., 1994

Radial
maze-working
and reference
memory

Mean reference
memory errors

F = M – CD-1 Mice LaBuda et al., 2002

F > M Reared in complex
environment

Littermate hooded Rats Seymoure et al., 1986

F > M Reared alone Littermate hooded Rats Seymoure et al., 1986

F = M Sham operated in the
frontal cortex

Long-Evans Rats Kolb and Cioe, 1996

A comparison between the behaviour of males and females in behavioural assays commonly used to assess depression-like and anxiety-like behaviours, classical
conditioning and spatial abilities.
= < > relate to the existence/direction of a sex difference in the behavioural measurement specified.
– means that the animals did not undergo any specific manipulation and that the behavioural procedure was carried out in its standard form.
F, female; M, male; VP, vasopressin.
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existence (or lack) of sex differences in this behaviour under
other environmental conditions or in a different strain/
species, nor by the existence (or lack) of sex differences in
other behaviours.

Whereas the conclusions mentioned earlier are based pri-
marily on comparing data obtained in different experiments,
there are also studies that demonstrate these principles in a
single experiment (Aguilar et al., 2003; Mineur et al., 2006;
Monteggia et al., 2007; Andersen et al., 2010). For example,
Mineur et al. (2006) tested sex differences in the effects of
unpredictable chronic mild stress (UCMS) on several behav-
iours relevant to anxiety and depression in three genetically
distinct inbred mice strains. They found a large number of
double and triple interactions between strain, treatment and
sex, as well as different patterns of effects in different behav-
ioural tests (Mineur et al., 2006). That behavioural output
depends on the interaction between sex and genetic and
environmental factors (strain and stress, respectively, in this
study) is evident when looking, for example, at immobility
time in the FST (Figure 1A, reproduced with permission on
the basis of figure 6 in Mineur et al., 2006). This figure also
demonstrates the unpredictability of the effects of sex on a
specific behaviour. For example, there is no sex difference in
immobility time of DBA/2J mice in the FST under control
conditions, but a marked sex difference following exposure to
UCMS (UCMS increases immobility time in female DBA/2Js,
but does not affect immobility time in male DBA/2Js). This
marked sex difference under UCMS in DBA/2J mice could not
be predicted on the basis of (i) the existence of a sex differ-
ence in the control condition, because there was no sex
difference; (ii) the existence of sex differences under UCMS in
other strains, because there were no sex differences under
UCMS in the C57BL/6J and Bagg albino (BALB)/cJ strains; and
(iii) some type of a general relation between sex differences in
the control condition and under UCMS, because there was
also no sex difference under control conditions in the
C57BL/6J strain, yet this strain did not show a sex difference
under UCMS. In this example, the sex difference in DBA/2J
mice following UCMS in immobility time in the FST could
have been predicted on the basis of a sex difference in a
related task (immobility time in the tail suspension test,
Figure 1B, reproduced with permission on the basis of figure 6
in Mineur et al., 2006). Please note, however, that in the tail
suspension test, there was also a sex difference in the control
condition, which was not evident in the FST; therefore, the
similar effect of sex in the two procedures following UCMS
does not generalize to other environmental conditions.

One conclusion from these studies is that it is misleading
to talk about sexual dimorphism of behaviours that show a
sex difference, because what is typical for males and for
females is different under different environmental conditions
as well as under the same conditions, but on a different
genetic background (i.e. in different strains). Moreover, as
with brain structure, even if one used some criterion to dis-
tinguish between a ‘masculine’ and a ‘feminine’ form of
behaviour, each subject would exhibit a unique set of both
‘masculine’ and ‘feminine’ behaviours, as a result of its
unique combination of genetic background and preceding
and current environmental events. For example, in Mineur
et al.’s (2006) study, control C57BL/6J mice showed a sex
difference in immobility time in the FST (Figure 1A), immo-

bility time in the tail suspension test (Figure 1B) and percent
time in the open arms of the plus maze (figure 1 in Mineur
et al., 2006). Following UCMS, C57BL/6J males exhibited the
‘feminine’ form of behaviour in the FST and tail suspension
test but maintained their ‘masculine’ form of behaviour in
the plus maze.

It follows that we should study the effects of sex, but do so
without a priori and implicitly assuming that these effects will
be dimorphic and consistent. Two changes in terminology
that may help this endeavour are the abandonment of the
term ‘sexual dimorphism’, because behaviours (including
sexual behaviours, Goy and Goldfoot, 1975) are not sexually
dimorphic, and the replacement of the term ‘sex differences’
with the term ‘sex interactions’ (e.g. instead of stating that
one studies sex differences in response to stress, we can state
that one studies the interactions of sex and stress).

Figure 1
Mean and SEM time spent immobile in (A) the FST and (B) the tail
suspension test of male and female BALB/cJ (B6), C57BL/6J (C) and
DBA/2J (D2) mice that did or did not undergo UCMS (and control
respectively). Adapted with permission, from figures 5 and 6 in
Mineur et al. (2006).

BJP D Joel and R Yankelevitch-Yahav

4628 British Journal of Pharmacology (2014) 171 4620–4635



The review and discussion above also have implications
for our conceptualization of sex differences in psychopathol-
ogy (for recent reviews of the latter see Mathis et al., 2011;
Mendrek and Stip, 2011; Vega et al., 2011; Hasson and Fine,
2012; Jogia et al., 2012; Nolen-Hoeksema, 2012). It is widely
accepted that psychopathology is a result of specific combi-
nations of environmental events and genetic susceptibility
factors (Rutter et al., 2006; Rutter, 2007; Thapar et al., 2007;
Dick, 2011; Hyde et al., 2011; Bellani et al., 2012; Jaffee and
Price, 2012; Kim-Cohen and Turkewitz, 2012). As the studies
mentioned earlier demonstrate, these combinations may
have different effects in men and in women (Eley et al., 2004;
Verona et al., 2006; Uher and McGuffin, 2008; Schwandt
et al., 2010), and this may lead to sex differences in psycho-
pathology (Joel, 2011). This account of sex differences in
psychopathology is nicely demonstrated in Mineur et al.’s
(2006) study discussed earlier. In this study, UCMS was found
to increase immobility time in the FST in female, but not in
male DBA/2J mice, while concomitantly decreasing time
spent in the lit side in the light/dark box in male, but not in
female members of this species. Assuming that immobility in
the FST and time in the lit side have some relevance to the
mechanisms of depression and anxiety, respectively, this
study demonstrates how sex differences in psychopathology
may result from the complex interactions of sex, genes and
environment. Note that this is a different account for the
existence of sex differences in psychopathology than the one
attributing such differences to sex differences in the structure
of the normal brain (e.g. the ‘extreme male brain’ hypothesis,
Baron-Cohen et al., 2005).

As brain pathology is a result of complex interactions of
sex, environment and genes, studies of psycho- and neuro-
pathology, whether in humans or in animal models, should
be conducted using both male and female models. This prac-
tice is necessary for the advancement of the health of both
women and men (Barros and Ferigolo, 1998; Hughes, 2007;
Monteggia et al., 2007; Dalla and Shors, 2009; Dalla et al.,
2010; ter Horst et al., 2012; Simpson and Kelly, 2012).

A comment on the myth of males being free
of fluctuating gonadal hormones
As outlined by McCarthy et al. (2012) and Cahill (2012), the
call to study both males and females often meets with scien-
tifically unjustified objections. We want to relate here to only
one of them, the myth of the homogenous males as opposed
to the highly variable females. Specifically, it is widely recog-
nized that in females, the level of gonadal hormones fluctu-
ates and that these hormones have behaviour-modulating
effects. Thus, changes in the level of oestrogen and/or pro-
gesterone during the oestrous cycle, pregnancy and lactation
have been shown to modulate anxiety- and depression-like
behaviours, spatial behaviour, learning and memory in
female rats and mice (see Barros and Ferigolo, 1998; Jonasson,
2005; Dalla and Shors, 2009; Simpson and Kelly, 2012; ter
Horst et al., 2012). Although there are studies that demon-
strate similar behaviour-modulating effects of testosterone in
males (e.g. Frye et al., 2001; Aikey et al., 2002; Edinger et al.,
2004; Edinger and Frye, 2004; 2005; 2007; Fernandez-Guasti
and Martinez-Mota, 2005; Giammanco et al., 2005; Toufexis
et al., 2006; Toufexis, 2007; Nyby, 2008; Choleris et al., 2009),
these effects are typically being ignored because testosterone

levels in males, who obviously do not have an oestrous cycle,
are implicitly assumed to be non-fluctuating. This implicit
assumption is clearly reflected in using the fluctuations in
female gonadal hormones as a justification for using only
male subjects. However, there is a large intra- and inter-
individual variability in the level of gonadal hormones in
males (Bartke and Dalterio, 1975; Coquelin and Desjardins,
1982; Ellis and Desjardins, 1982; Nyby, 2008). This is caused
by the pulsatile nature of testosterone release in males, result-
ing in high peaks of testosterone that are superimposed on a
low basal level (Nyby, 2008). The timing of peaks, which can
occur every few hours, as well as their amplitude, which can
reach up to 40-folds of basal levels, are highly variable within
an individual and between individuals (Coquelin and
Desjardins, 1982). While it is well documented that mating
interactions as well as exposure to mating-related stimuli lead
to pulsatile release of testosterone (termed, reflexive release),
it is spontaneous release, occurring several times a day, that
accounts for much of circulating testosterone (Bartke and
Dalterio, 1975; Coquelin and Desjardins, 1982; Ellis and
Desjardins, 1982; Nyby, 2008). Although social factors (e.g.
dominance) have been shown to affect testosterone level (e.g.
Harding, 1981; Stefanski, 2000; Giammanco et al., 2005;
Chichinadze et al., 2012), spontaneous pulsatile release also
occurs in individually housed males (Nyby, 2008). Nyby
(2008) estimated that ‘at any given time, 75% of the males are
experiencing baseline levels while the other 25% are experi-
encing a testosterone pulse, although not necessarily at peak
levels’. (p. 206). Thus, not only does testosterone level vary in
males, its variability is much greater than the variability of estra-
diol and progesterone during the oestrous cycle (up to seven and
10-fold increase respectively; Haim et al., 2003; Harte-
Hargrove et al., 2013).

The most straightforward method to overcome the fluc-
tuations of gonadal hormones in both males and females
is random assignment to experimental groups. Although
clearly, if circulating hormones affect the dependent measure,
then not accounting for their fluctuations will add variability
to the study; gonadal hormones are not different from any
other variable that may affect the dependent measure, but is
not under study in a given experiment. Thus, if a researcher
is not specifically interested in studying the effects of gonadal
hormones on the phenomena under investigation, there is
no need to assess testosterone level in males or stage of the
oestrous cycle in females. Similarly, there is no need to cas-
trate or ovariectomize animals, as these manipulations lead to
changes in many neural systems (Singh et al., 1995; Sumner
et al., 1999; Mohamed and Abdel-Rahman, 2000; Danzer
et al., 2001; Rose’Meyer et al., 2003; De Castilhos et al., 2008;
Nyby, 2008; Chen et al., 2009; 2013) making inference to the
intact condition very difficult. Yet, the researcher may use
current knowledge about factors that affect gonadal hor-
mones for the allocation of animals to the different experi-
mental conditions. Thus, in some species (e.g. mice), housing
females together may lead to the cessation or synchroniza-
tion of the oestrous cycle (the Lee-Boot effect and the
Whitten effect, respectively; Gangrade and Dominic, 1984;
Jemiolo et al., 1986; Ma et al., 1998). Therefore, in such
species, it may be recommended to allocate each of the
female mice in a given home cage to a different experimental
condition, as they are all expected to have a similar hormonal
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profile. In contrast, in male mice, it may be better to allocate
all male mice in a given home cage to the same experimental
condition, because the testosterone level is affected by domi-
nance (Harding, 1981; Stefanski, 2000; Giammanco et al.,
2005; Chichinadze et al., 2012), and is therefore expected to
differ between male mice housed in the same cage.

Conclusions

There is ample evidence that the effects of environmental
events and genetic variation on the brain depend on sex, and
vice versa – that the effects of sex on the brain depend on
environment and genetic variation. It is these complex inter-
actions between sex, genes and environment that determine
brain structure and function. These interactions lead both to
brains that do not have sex (as they are composed of both
‘male’ and ‘female’ features) and to sex differences in psycho-
pathology. Changing our conceptualization of sex from one
of dimorphism to one of interaction will enable us to capture
this complexity and advance the health of the human
species.

Acknowledgement

This research was supported by the Israel Science Foundation
(Grant No. 592/12) to DJ.

Conflict of interest

None.

References
Aguilar R, Gil L, Gray JA, Driscoll P, Flint J, Dawson GR et al.
(2003). Fearfulness and sex in F2 Roman rats: males display more
fear though both sexes share the same fearfulness traits. Physiol
Behav 78: 723–732.

Aikey JL, Nyby JG, Anmuth DM, James PJ (2002). Testosterone
rapidly reduces anxiety in male house mice (Mus musculus). Horm
Behav 42: 448–460.

Alonso SJ, Castellano MA, Afonso D, Rodriguez M (1991). Sex
differences in behavioral despair: relationships between behavioral
despair and open field activity. Physiol Behav 49: 69–72.

Andersen SL, Dumont NL, Teicher MH (2002). Differences in
behavior and monoamine laterality following neonatal
clomipramine treatment. Dev Psychobiol 41: 50–57.

Andersen SL, Greene-Colozzi EA, Sonntag KC (2010). A novel,
multiple symptom model of obsessive–compulsive-like behaviors in
animals. Biol Psychiatry 68: 741–747.

Arnold AP (2009). The organizational-activational hypothesis as the
foundation for a unified theory of sexual differentiation of all
mammalian tissues. Horm Behav 55: 570–578.

Arnold AP, Chen X (2009). What does the ‘four core genotypes’
mouse model tell us about sex differences in the brain and other
tissues? Front Neuroendocrinol 30: 1–9.

Arnold AP, Chen X, Link JC, Itoh Y, Reue K (2013).
Cell-autonomous sex determination outside of the gonad. Dev Dyn
242: 371–379.

Baron-Cohen S, Knickmeyer RC, Belmonte MK (2005). Sex
differences in the brain: implications for explaining autism. Science
310: 819–823.

Barros HM, Ferigolo M (1998). Ethopharmacology of imipramine in
the forced-swimming test: gender differences. Neurosci Biobehav
Rev 23: 279–286.

Bartke A, Dalterio S (1975). Evidence for episodic secretion of
testosterone in laboratory mice. Steroids 26: 749–756.

Beck KD, Luine VN (2002). Sex differences in behavioral and
neurochemical profiles after chronic stress: role of housing
conditions. Physiol Behav 75: 661–673.

Beck KD, Brennan FX, Servatius RJ (2002). Effects of stress on
nonassociative learning processes in male and female rats. Integr
Physiol Behav Sci 37: 128–139.

Beiko J, Lander R, Hampson E, Boon F, Cain DP (2004).
Contribution of sex differences in the acute stress response to sex
differences in water maze performance in the rat. Behav Brain Res
151: 239–253.

Bellani M, Nobile M, Bianchi V, van Os J, Brambilla P (2012). G × E
interaction and neurodevelopment I. Focus on maltreatment.
Epidemiol Psychiatr Sci 21: 347–351.

Berger-Sweeney J, Arnold A, Gabeau D, Mills J (1995). Sex
differences in learning and memory in mice: effects of sequence of
testing and cholinergic blockade. Behav Neurosci 109: 859–873.

Bert B, Schmidt N, Voigt JP, Fink H, Rex A (2013). Evaluation of
cage leaving behaviour in rats as a free choice paradigm.
J Pharmacol Toxicol Methods 68: 240–249.

Bonthuis PJ, Cox KH, Rissman EF (2012). X-chromosome dosage
affects male sexual behavior. Horm Behav 61: 565–572.

Bowman RE, Micik R, Gautreaux C, Fernandez L, Luine VN (2009).
Sex-dependent changes in anxiety, memory, and monoamines
following one week of stress. Physiol Behav 97: 21–29.

Brot MD, Bernstein IL, Dorsa DM (1992). Vasopressin deficiency
abolishes a sexually dimorphic behavior in Brattleboro rats. Physiol
Behav 51: 839–843.

Brotto LA, Barr AM, Gorzalka BB (2000). Sex differences in
forced-swim and open-field test behaviours after chronic
administration of melatonin. Eur J Pharmacol 402: 87–93.

Bucci DJ, Chiba AA, Gallagher M (1995). Spatial learning in male
and female Long-Evans rats. Behav Neurosci 109: 180–183.

Cahill L (2006). Why sex matters for neuroscience. Nat Rev
Neurosci 7: 477–484.

Cahill L (2012). A half-truth is a whole lie: on the necessity of
investigating sex influences on the brain. Endocrinology 153:
2541–2543.

Chambers KC, Sengstake CB (1976). Sexually dimorphic extinction
of a conditioned taste aversion in rats. Anim Learn Behav 4:
181–185.

Chen JR, Yan YT, Wang TJ, Chen LJ, Wang YJ, Tseng GF (2009).
Gonadal hormones modulate the dendritic spine densities of
primary cortical pyramidal neurons in adult female rat. Cereb
Cortex 19: 2719–2727.

BJP D Joel and R Yankelevitch-Yahav

4630 British Journal of Pharmacology (2014) 171 4620–4635



Chen JR, Wang TJ, Lim SH, Wang YJ, Tseng GF (2013). Testosterone
modulation of dendritic spines of somatosensory cortical pyramidal
neurons. Brain Struct Funct 218: 1407–1417.

Chichinadze K, Chichinadze N, Gachechiladze L, Lazarashvili A
(2012). The role of androgens in regulating emotional state and
aggressive behavior. Rev Neurosci 23: 123–133.

Choleris E, Clipperton-Allen AE, Phan A, Kavaliers M (2009).
Neuroendocrinology of social information processing in rats and
mice. Front Neuroendocrinol 30: 442–459.

Coquelin A, Desjardins C (1982). Luteinizing hormone and
testosterone secretion in young and old male mice. Am J Physiol
243: E257–E263.

Cox KH, Rissman EF (2011). Sex differences in juvenile mouse
social behavior are influenced by sex chromosomes and social
context. Genes Brain Behav 10: 465–472.

Crawley JN, Belknap JK, Collins A, Crabbe JC, Frankel W,
Henderson N et al. (1997). Behavioral phenotypes of inbred mouse
strains: implications and recommendations for molecular studies.
Psychopharmacology (Berl) 132: 107–124.

Dalla C, Shors TJ (2009). Sex differences in learning processes of
classical and operant conditioning. Physiol Behav 97: 229–238.

Dalla C, Antoniou K, Drossopoulou G, Xagoraris M, Kokras N,
Sfikakis A et al. (2005). Chronic mild stress impact: are females
more vulnerable? Neuroscience 135: 703–714.

Dalla C, Antoniou K, Kokras N, Drossopoulou G, Papathanasiou G,
Bekris S et al. (2008a). Sex differences in the effects of two stress
paradigms on dopaminergic neurotransmission. Physiol Behav 93:
595–605.

Dalla C, Edgecomb C, Whetstone AS, Shors TJ (2008b). Females do
not express learned helplessness like males do.
Neuropsychopharmacology 33: 1559–1569.

Dalla C, Pitychoutis PM, Kokras N, Papadopoulou-Daifoti Z (2010).
Sex differences in animal models of depression and antidepressant
response. Basic Clin Pharmacol Toxicol 106: 226–233.

Danzer SC, McMullen NT, Rance NE (2001). Testosterone modulates
the dendritic architecture of arcuate neuroendocrine neurons in
adult male rats. Brain Res 890: 78–85.

De Castilhos J, Forti CD, Achaval M, Rasia-Filho AA (2008).
Dendritic spine density of posterodorsal medial amygdala neurons
can be affected by gonadectomy and sex steroid manipulations in
adult rats: a Golgi study. Brain Res 1240: 73–81.

De Vries GJ (2004). Minireview: sex differences in adult and
developing brains: compensation, compensation, compensation.
Endocrinology 145: 1063–1068.

De Vries GJ, Boyle PA (1998). Double duty for sex differences in the
brain. Behav Brain Res 92: 205–213.

De Vries GJ, Sodersten P (2009). Sex differences in the brain: the
relation between structure and function. Horm Behav 55: 589–596.

Dick DM (2011). Gene–environment interaction in psychological
traits and disorders. Annu Rev Clin Psychol 7: 383–409.

Drossopoulou G, Antoniou K, Kitraki E, Papathanasiou G, Papalexi
E, Dalla C et al. (2004). Sex differences in behavioral,
neurochemical and neuroendocrine effects induced by the forced
swim test in rats. Neuroscience 126: 849–857.

Duchesne A, Dufresne MM, Sullivan RM (2009). Sex differences in
corticolimbic dopamine and serotonin systems in the rat and the
effect of postnatal handling. Prog Neuropsychopharmacol Biol
Psychiatry 33: 251–261.

Edinger KL, Frye CA (2004). Testosterone’s analgesic, anxiolytic,
and cognitive-enhancing effects may be due in part to actions of its
5alpha-reduced metabolites in the hippocampus. Behav Neurosci
118: 1352–1364.

Edinger KL, Frye CA (2005). Testosterone’s anti-anxiety and
analgesic effects may be due in part to actions of its 5alpha-reduced
metabolites in the hippocampus. Psychoneuroendocrinology 30:
418–430.

Edinger KL, Frye CA (2007). Androgens’ effects to enhance learning
may be mediated in part through actions at estrogen receptor-beta
in the hippocampus. Neurobiol Learn Mem 87: 78–85.

Edinger KL, Lee B, Frye CA (2004). Mnemonic effects of
testosterone and its 5alpha-reduced metabolites in the conditioned
fear and inhibitory avoidance tasks. Pharmacol Biochem Behav 78:
559–568.

Einon D (1980). Spatial memory and response strategies in rats:
age, sex and rearing differences in performance. Q J Exp Psychol
32: 473–489.

Eley TC, Sugden K, Corsico A, Gregory AM, Sham P, McGuffin P
et al. (2004). Gene–environment interaction analysis of serotonin
system markers with adolescent depression. Mol Psychiatry 9:
908–915.

Eliot L (2011). The trouble with sex differences. Neuron 72:
895–898.

Ellis GB, Desjardins C (1982). Male rats secrete luteinizing hormone
and testosterone episodically. Endocrinology 110: 1618–1627.

Endo Y, Mizuno T, Fujita K, Funabashi T, Kimura F (1994). Soft-diet
feeding during development enhances later learning abilities in
female rats. Physiol Behav 56: 629–633.

Fernandez-Guasti A, Martinez-Mota L (2005). Anxiolytic-like actions
of testosterone in the burying behavior test: role of androgen and
GABA-benzodiazepine receptors. Psychoneuroendocrinology 30:
762–770.

Fernandez-Guasti A, Fiedler JL, Herrera L, Handa RJ (2012). Sex,
stress, and mood disorders: at the intersection of adrenal and
gonadal hormones. Horm Metab Res 44: 607–618.

Franconi F, Campesi I, Occhioni S, Antonini P, Murphy MF (2012).
Sex and gender in adverse drug events, addiction, and placebo.
Handb Exp Pharmacol 214: 107–126.

Frick KM, Burlingame LA, Arters JA, Berger-Sweeney J (2000).
Reference memory, anxiety and estrous cyclicity in C57BL/6NIA
mice are affected by age and sex. Neuroscience 95: 293–307.

Frye CA, Walf AA (2002). Changes in progesterone metabolites in
the hippocampus can modulate open field and forced swim test
behavior of proestrous rats. Horm Behav 41: 306–315.

Frye CA, Park D, Tanaka M, Rosellini R, Svare B (2001). The
testosterone metabolite and neurosteroid 3alpha-androstanediol
may mediate the effects of testosterone on conditioned place
preference. Psychoneuroendocrinology 26: 731–750.

Fumagalli F, Pasini M, Frasca A, Drago F, Racagni G, Riva MA
(2009). Prenatal stress alters glutamatergic system responsiveness in
adult rat prefrontal cortex. J Neurochem 109: 1733–1744.

Galea LA, McEwen BS, Tanapat P, Deak T, Spencer RL, Dhabhar FS
(1997). Sex differences in dendritic atrophy of CA3 pyramidal
neurons in response to chronic restraint stress. Neuroscience 81:
689–697.

Gangrade BK, Dominic CJ (1984). Studies of the male-originating
pheromones involved in the Whitten effect and Bruce effect in
mice. Biol Reprod 31: 89–96.

BJPReconceptualizing sex, brain and psychopathology

British Journal of Pharmacology (2014) 171 4620–4635 4631



Garrett JE, Wellman CL (2009). Chronic stress effects on dendritic
morphology in medial prefrontal cortex: sex differences and
estrogen dependence. Neuroscience 162: 195–207.

Gatewood JD, Wills A, Shetty S, Xu J, Arnold AP, Burgoyne PS et al.
(2006). Sex chromosome complement and gonadal sex influence
aggressive and parental behaviors in mice. J Neurosci 26:
2335–2342.

Giammanco M, Tabacchi G, Giammanco S, Di Majo D, La Guardia
M (2005). Testosterone and aggressiveness. Med Sci Monit 11:
RA136–RA145.

Goy RW, Goldfoot DA (1975). Neuroendocrinology: animal models
and problems of human sexuality. Arch Sex Behav 4: 405–420.

Grgurevic N, Budefeld T, Rissman EF, Tobet SA, Majdic G (2008).
Aggressive behaviors in adult SF-1 knockout mice that are not
exposed to gonadal steroids during development. Behav Neurosci
122: 876–884.

Haim S, Shakhar G, Rossene E, Taylor AN, Ben-Eliyahu S (2003).
Serum levels of sex hormones and corticosterone throughout 4-
and 5-day estrous cycles in Fischer 344 rats and their simulation in
ovariectomized females. J Endocrinol Invest 26: 1013–1022.

Harding CF (1981). Social modulation of circulating hormone levels
in the male. Am Zool 21: 223–231.

Harte-Hargrove LC, Maclusky NJ, Scharfman HE (2013).
Brain-derived neurotrophic factor-estrogen interactions in the
hippocampal mossy fiber pathway: implications for normal brain
function and disease. Neuroscience 239: 46–66.

Hasson R, Fine JG (2012). Gender differences among children with
ADHD on continuous performance tests: a meta-analytic review.
J Atten Disord 16: 190–198.

Healy SD, Braham SR, Braithwaite VA (1999). Spatial working
memory in rats: no differences between the sexes. Proc Biol Sci 266:
2303–2308.

ter Horst JP, de Kloet ER, Schachinger H, Oitzl MS (2012).
Relevance of stress and female sex hormones for emotion and
cognition. Cell Mol Neurobiol 32: 725–735.

Hughes RN (2007). Sex does matter: comments on the prevalence
of male-only investigations of drug effects on rodent behaviour.
Behav Pharmacol 18: 583–589.

Hyde LW, Bogdan R, Hariri AR (2011). Understanding risk for
psychopathology through imaging gene–environment interactions.
Trends Cogn Sci 15: 417–427.

Ito A, Kikusui T, Takeuchi Y, Mori Y (2006). Effects of early weaning
on anxiety and autonomic responses to stress in rats. Behav Brain
Res 171: 87–93.

Jaffee SR, Price TS (2012). The implications of
genotype–environment correlation for establishing causal processes
in psychopathology. Dev Psychopathol 24: 1253–1264.

Jemiolo B, Harvey S, Novotny M (1986). Promotion of the Whitten
effect in female mice by synthetic analogs of male urinary
constituents. Proc Natl Acad Sci U S A 83: 4576–4579.

Joel D (2011). Male or female? Brains are intersex. Front Integr
Neurosci 5: 57.

Joel D (2012). Genetic-gonadal-genitals sex (3G-sex) and the
misconception of brain and gender, or, why 3G-males and
3G-females have intersex brain and intersex gender. Biol Sex Differ
3: 27.

Joel D (2014). Sex, gender, and brain – a problem of
conceptualization. In: Schmitz S, Höppner G (eds). Gendered

Neurocultures. Feminist and Queer Perspectives on Current Brain
Discourses. Zaglossus e.U: Vienna, pp. 169–186.

Jogia J, Dima D, Frangou S (2012). Sex differences in bipolar
disorder: a review of neuroimaging findings and new evidence.
Bipolar Disord 14: 461–471.

Johnston AL, File SE (1991). Sex differences in animal tests of
anxiety. Physiol Behav 49: 245–250.

Jonasson Z (2005). Meta-analysis of sex differences in rodent
models of learning and memory: a review of behavioral and
biological data. Neurosci Biobehav Rev 28: 811–825.

Juraska JM (1991). Sex differences in ‘cognitive’ regions of the rat
brain. Psychoneuroendocrinology 16: 105–109.

Juraska JM, Henderson C, Muller J (1984). Differential rearing
experience, gender, and radial maze performance. Dev Psychobiol
17: 209–215.

Kamper EF, Chatzigeorgiou A, Tsimpoukidi O, Kamper M, Dalla C,
Pitychoutis PM et al. (2009). Sex differences in oxidant/antioxidant
balance under a chronic mild stress regime. Physiol Behav 98:
215–222.

Kelly SJ, Goodlett CR, Hulsether SA, West JR (1988). Impaired
spatial navigation in adult female but not adult male rats exposed
to alcohol during the brain growth spurt. Behav Brain Res 27:
247–257.

Kim-Cohen J, Turkewitz R (2012). Resilience and measured
gene–environment interactions. Dev Psychopathol 24: 1297–1306.

Kobayashi S, Kametani H, Ugawa Y, Osanai M (1988). Age
difference of response strategy in radial maze performance of
Fischer-344 rats. Physiol Behav 42: 277–280.

Kokras N, Antoniou K, Dalla C, Bekris S, Xagoraris M, Ovestreet DH
et al. (2009). Sex-related differential response to clomipramine
treatment in a rat model of depression. J Psychopharmacol 23:
945–956.

Kokras N, Sotiropoulos I, Pitychoutis PM, Almeida OF,
Papadopoulou-Daifoti Z (2011). Citalopram-mediated anxiolysis
and differing neurobiological responses in both sexes of a genetic
model of depression. Neuroscience 194: 62–71.

Kolb B, Cioe J (1996). Sex-related differences in cortical function
after medial frontal lesions in rats. Behav Neurosci 110: 1271–1281.

Kosten TA, Miserendino MJ, Bombace JC, Lee HJ, Kim JJ (2005).
Sex-selective effects of neonatal isolation on fear conditioning and
foot shock sensitivity. Behav Brain Res 157: 235–244.

Kosten TA, Lee HJ, Kim JJ (2006). Early life stress impairs fear
conditioning in adult male and female rats. Brain Res 1087:
142–150.

Kosten TA, Lee HJ, Kim JJ (2007). Neonatal handling alters learning
in adult male and female rats in a task-specific manner. Brain Res
1154: 144–153.

Kuljis DA, Loh DH, Truong D, Vosko AM, Ong ML, McClusky R
et al. (2013). Gonadal- and sex-chromosome-dependent sex
differences in the circadian system. Endocrinology 154: 1501–1512.

LaBuda CJ, Mellgren RL, Hale RL (2002). Sex differences in the
acquisition of a radial maze task in the CD-1 mouse. Physiol Behav
76: 213–217.

Lamberty Y, Gower AJ (1988). Investigation into sex-related
differences in locomotor activity, place learning and passive
avoidance responding in NMRI mice. Physiol Behav 44: 787–790.

Leret ML, Molina-Holgado F, Gonzalez MI (1994). The effect of
perinatal exposure to estrogens on the sexually dimorphic response
to novelty. Physiol Behav 55: 371–373.

BJP D Joel and R Yankelevitch-Yahav

4632 British Journal of Pharmacology (2014) 171 4620–4635



Lin Y, Ter Horst GJ, Wichmann R, Bakker P, Liu A, Li X et al.
(2009). Sex differences in the effects of acute and chronic stress and
recovery after long-term stress on stress-related brain regions of
rats. Cereb Cortex 19: 1978–1989.

Lucion AB, Charchat H, Pereira GA, Rasia-Filho AA (1996).
Influence of early postnatal gonadal hormones on anxiety in adult
male rats. Physiol Behav 60: 1419–1423.

Lukoyanov NV, Andrade JP, Dulce Madeira M, Paula-Barbosa MM
(1999). Effects of age and sex on the water maze performance and
hippocampal cholinergic fibers in rats. Neurosci Lett 269: 141–144.

Ma W, Miao Z, Novotny MV (1998). Role of the adrenal gland and
adrenal-mediated chemosignals in suppression of estrus in the
house mouse: the lee-boot effect revisited. Biol Reprod 59:
1317–1320.

Maes JH (2002). No sex difference in contextual control over the
expression of latent inhibition and extinction in Pavlovian fear
conditioning in rats. Neurobiol Learn Mem 78: 258–278.

Maier DM, Pohorecky LA (1986). The effect of ethanol and sex on
radial arm maze performance in rats. Pharmacol Biochem Behav 25:
703–709.

Maren S, De Oca B, Fanselow MS (1994). Sex differences in
hippocampal long-term potentiation (LTP) and Pavlovian fear
conditioning in rats: positive correlation between LTP and
contextual learning. Brain Res 661: 25–34.

Markowska AL (1999). Sex dimorphisms in the rate of age-related
decline in spatial memory: relevance to alterations in the estrous
cycle. J Neurosci 19: 8122–8133.

Mathis MA, Alvarenga P, Funaro G, Torresan RC, Moraes I, Torres
AR et al. (2011). Gender differences in obsessive–compulsive
disorder: a literature review. Rev Bras Psiquiatr 33: 390–399.

Mazor A, Matar MA, Kaplan Z, Kozlovsky N, Zohar J, Cohen H
(2009). Gender-related qualitative differences in baseline and
post-stress anxiety responses are not reflected in the incidence of
criterion-based PTSD-like behaviour patterns. World J Biol
Psychiatry 10: 856–869.

McCarthy MM (2009). The two faces of estradiol: effects on the
developing brain. Neuroscientist 15: 599–610.

McCarthy MM, Arnold AP (2011). Reframing sexual differentiation
of the brain. Nat Neurosci 14: 677–683.

McCarthy MM, Konkle AT (2005). When is a sex difference not a
sex difference? Front Neuroendocrinol 26: 85–102.

McCarthy MM, Auger AP, Bale TL, De Vries GJ, Dunn GA, Forger
NG et al. (2009a). The epigenetics of sex differences in the brain.
J Neurosci 29: 12815–12823.

McCarthy MM, Wright CL, Schwarz JM (2009b). New tricks by an
old dogma: mechanisms of the organizational/activational
hypothesis of steroid-mediated sexual differentiation of brain and
behavior. Horm Behav 55: 655–665.

McCarthy MM, Arnold AP, Ball GF, Blaustein JD, De Vries GJ
(2012). Sex differences in the brain: the not so inconvenient truth.
J Neurosci 32: 2241–2247.

McCormick CM, Smythe JW, Sharma S, Meaney MJ (1995).
Sex-specific effects of prenatal stress on
hypothalamic–pituitary–adrenal responses to stress and brain
glucocorticoid receptor density in adult rats. Brain Res Dev Brain
Res 84: 55–61.

McLaughlin KJ, Baran SE, Conrad CD (2009). Chronic stress- and
sex-specific neuromorphological and functional changes in limbic
structures. Mol Neurobiol 40: 166–182.

McPhie-Lalmansingh AA, Tejada LD, Weaver JL, Rissman EF (2008).
Sex chromosome complement affects social interactions in mice.
Horm Behav 54: 565–570.

Mendrek A, Stip E (2011). Sexual dimorphism in schizophrenia: is
there a need for gender-based protocols? Expert Rev Neurother 11:
951–959.

Mineur YS, Belzung C, Crusio WE (2006). Effects of unpredictable
chronic mild stress on anxiety and depression-like behavior in
mice. Behav Brain Res 175: 43–50.

Mishima N, Higashitani F, Teraoka K, Yoshioka R (1986). Sex
differences in appetitive learning of mice. Physiol Behav 37:
263–268.

Mitsushima D, Masuda J, Kimura F (2003). Sex differences in the
stress-induced release of acetylcholine in the hippocampus and
corticosterone from the adrenal cortex in rats. Neuroendocrinology
78: 234–240.

Mohamed MK, Abdel-Rahman AA (2000). Effect of long-term
ovariectomy and estrogen replacement on the expression of
estrogen receptor gene in female rats. Eur J Endocrinol 142:
307–314.

Monteggia LM, Luikart B, Barrot M, Theobold D, Malkovska I et al.
(2007). Brain-derived neurotrophic factor conditional knockouts
show gender differences in depression-related behaviors. Biol
Psychiatry 61: 187–197.

Nolen-Hoeksema S (2012). Emotion regulation and
psychopathology: the role of gender. Annu Rev Clin Psychol 8:
161–187.

Nyby JG (2008). Reflexive testosterone release: a model system for
studying the nongenomic effects of testosterone upon male
behavior. Front Neuroendocrinol 29: 199–210.

Oomen CA, Girardi CE, Cahyadi R, Verbeek EC, Krugers H, Joels M
et al. (2009). Opposite effects of early maternal deprivation on
neurogenesis in male versus female rats. PLoS ONE 4: e3675.

Padilla E, Barrett D, Shumake J, Gonzalez-Lima F (2009). Strain, sex,
and open-field behavior: factors underlying the genetic
susceptibility to helplessness. Behav Brain Res 201: 257–264.

Palanza P (2001). Animal models of anxiety and depression: how
are females different? Neurosci Biobehav Rev 25: 219–233.

Pena Y, Prunell M, Dimitsantos V, Nadal R, Escorihuela RM (2006).
Environmental enrichment effects in social investigation in rats are
gender dependent. Behav Brain Res 174: 181–187.

Perrot-Sinal TS, Kostenuik MA, Ossenkopp KP, Kavaliers M (1996).
Sex differences in performance in the Morris water maze and the
effects of initial nonstationary hidden platform training. Behav
Neurosci 110: 1309–1320.

Pitychoutis PM, Nakamura K, Tsonis PA, Papadopoulou-Daifoti Z
(2009). Neurochemical and behavioral alterations in an
inflammatory model of depression: sex differences exposed.
Neuroscience 159: 1216–1232.

Pryce CR, Lehmann J, Feldon J (1999). Effect of sex on fear
conditioning is similar for context and discrete CS in Wistar, Lewis
and Fischer rat strains. Pharmacol Biochem Behav 64: 753–759.

Randall-Thompson JF, Riley AL (2003). Morphine-induced
conditioned taste aversions: assessment of sexual dimorphism.
Pharmacol Biochem Behav 76: 373–381.

Rasakham K, Liu-Chen LY (2011). Sex differences in kappa opioid
pharmacology. Life Sci 88: 2–16.

BJPReconceptualizing sex, brain and psychopathology

British Journal of Pharmacology (2014) 171 4620–4635 4633



Reich CG, Taylor ME, McCarthy MM (2009). Differential effects of
chronic unpredictable stress on hippocampal CB1 receptors in male
and female rats. Behav Brain Res 203: 264–269.

Rhodes ME, Creel TJ, Nord AN (2009). Sex differences in CNS
neurotransmitter influences on behavior. Horm Brain Behav 5:
2747–2785.

Richardson HN, Zorrilla EP, Mandyam CD, Rivier CL (2006).
Exposure to repetitive versus varied stress during prenatal
development generates two distinct anxiogenic and neuroendocrine
profiles in adulthood. Endocrinology 147: 2506–2517.

Robbins RJ (1980). Sex affects the initial strength but not the
extinction of poison-based taste aversions in deer mice (Peromyscus
maniculatus bairdi). Behav Neural Biol 30: 80–89.

Rodgers RJ, Cole JC (1993). Influence of social isolation, gender,
strain, and prior novelty on plus-maze behaviour in mice. Physiol
Behav 54: 729–736.

Roof RL (1993). Neonatal exogenous testosterone modifies sex
difference in radial arm and Morris water maze performance in
prepubescent and adult rats. Behav Brain Res 53: 1–10.

Rose’Meyer RB, Mellick AS, Garnham BG, Harrison GJ, Massa HM,
Griffiths LR (2003). The measurement of adenosine and estrogen
receptor expression in rat brains following ovariectomy using
quantitative PCR analysis. Brain Res Brain Res Protoc 11: 9–18.

Rothstein S, Simkins T, Nunez JL (2008). Response to neonatal
anesthesia: effect of sex on anatomical and behavioral outcome.
Neuroscience 152: 959–969.

Rutter M (2007). Gene–environment interdependence. Dev Sci 10:
12–18.

Rutter M, Moffitt TE, Caspi A (2006). Gene–environment interplay
and psychopathology: multiple varieties but real effects. J Child
Psychol Psychiatry 47: 226–261.

Schwandt ML, Lindell SG, Sjoberg RL, Chisholm KL, Higley JD,
Suomi SJ et al. (2010). Gene–environment interactions and response
to social intrusion in male and female rhesus macaques. Biol
Psychiatry 67: 323–330.

Seney ML, Chang LC, Oh H, Wang X, Tseng GC, Lewis DA et al.
(2013). The role of genetic sex in affect regulation and expression
of GABA-related genes across species. Front Psychiatry 4: 104.

Sengstake CB, Chambers KC, Thrower JH (1978). Interactive effects
of fluid deprivation and testosterone on the expression of a
sexually dimorphic conditioned taste aversion. J Comp Physiol
Psychol 92: 1150–1155.

Seymoure PD, Dou H, Juraska JM (1986). Sex differences in radial
maze performance: influence of rearing environment and room
cues. Psychobiology 24: 33–37.

Shors TJ, Chua C, Falduto J (2001). Sex differences and opposite
effects of stress on dendritic spine density in the male versus female
hippocampus. J Neurosci 21: 6292–6297.

Shors TJ, Mathew J, Sisti HM, Edgecomb C, Beckoff S, Dalla C
(2007). Neurogenesis and helplessness are mediated by
controllability in males but not in females. Biol Psychiatry 62:
487–495.

Simpson J, Kelly JP (2012). An investigation of whether there are
sex differences in certain behavioural and neurochemical
parameters in the rat. Behav Brain Res 229: 289–300.

Singh M, Meyer EM, Simpkins JW (1995). The effect of ovariectomy
and estradiol replacement on brain-derived neurotrophic factor

messenger ribonucleic acid expression in cortical and hippocampal
brain regions of female Sprague-Dawley rats. Endocrinology 136:
2320–2324.

Steenbergen HL, Heinsbroek RP, Van Hest A, Van de Poll NE (1990).
Sex-dependent effects of inescapable shock administration on
shuttlebox-escape performance and elevated plus-maze behavior.
Physiol Behav 48: 571–576.

Stefanski V (2000). Social stress in laboratory rats: hormonal
responses and immune cell distribution. Psychoneuroendocrinology
25: 389–406.

Suarez J, Llorente R, Romero-Zerbo SY, Mateos B, Bermudez-Silva FJ,
de Fonseca FR et al. (2009). Early maternal deprivation induces
gender-dependent changes on the expression of hippocampal CB(1)
and CB(2) cannabinoid receptors of neonatal rats. Hippocampus 19:
623–632.

Sumner BE, Grant KE, Rosie R, Hegele-Hartung C, Fritzemeier KH,
Fink G (1999). Effects of tamoxifen on serotonin transporter and
5-hydroxytryptamine(2A) receptor binding sites and mRNA levels
in the brain of ovariectomized rats with or without acute estradiol
replacement. Brain Res Mol Brain Res 73: 119–128.

Tees RC, Midgley G, Nesbit JC (1981). The effect of early visual
experience on spatial maze learning in rats. Dev Psychobiol 14:
425–438.

Thapar A, Harold G, Rice F, Langley K, O’Donovan M (2007). The
contribution of gene–environment interaction to psychopathology.
Dev Psychopathol 19: 989–1004.

Toufexis D (2007). Region- and sex-specific modulation of anxiety
behaviours in the rat. J Neuroendocrinol 19: 461–473.

Toufexis DJ, Myers KM, Davis M (2006). The effect of gonadal
hormones and gender on anxiety and emotional learning. Horm
Behav 50: 539–549.

Uher R, McGuffin P (2008). The moderation by the serotonin
transporter gene of environmental adversity in the aetiology of
mental illness: review and methodological analysis. Mol Psychiatry
13: 131–146.

Valentino RJ, Bangasser D, Van Bockstaele EJ (2013). Sex-biased
stress signaling: the corticotropin-releasing factor receptor as a
model. Mol Pharmacol 83: 737–745.

Vathy I (2001). Prenatal morphine exposure induces age- and
sex-dependent changes in seizure susceptibility. Prog
Neuropsychopharmacol Biol Psychiatry 25: 1203–1226.

Vathy I (2002). Prenatal opiate exposure: long-term CNS
consequences in the stress system of the offspring.
Psychoneuroendocrinology 27: 273–283.

Vathy I, Katay L (1992). Effects of prenatal morphine on adult
sexual behavior and brain catecholamines in rats. Brain Res Dev
Brain Res 68: 125–131.

Vega P, Barbeito S, Ruiz de Azua S, Martinez-Cengotitabengoa M,
Gonzalez-Ortega I, Saenz M et al. (2011). Bipolar disorder
differences between genders: special considerations for women.
Womens Health 7: 663–674, quiz 675-666.

Verona E, Joiner TE, Johnson F, Bender TW (2006). Gender specific
gene–environment interactions on laboratory-assessed aggression.
Biol Psychol 71: 33–41.

Viveros MP, Llorente R, Lopez-Gallardo M, Suarez J, Bermudez-Silva
F, De la Fuente M et al. (2009). Sex-dependent alterations in

BJP D Joel and R Yankelevitch-Yahav

4634 British Journal of Pharmacology (2014) 171 4620–4635



response to maternal deprivation in rats.
Psychoneuroendocrinology 34 (Suppl. 1): S217–S226.

Warren SG, Juraska JM (2000). Sex differences and estropausal
phase effects on water maze performance in aged rats. Neurobiol
Learn Mem 74: 229–240.

Weinstock M (2007). Gender differences in the effects of prenatal
stress on brain development and behaviour. Neurochem Res 32:
1730–1740.

Weintraub A, Singaravelu J, Bhatnagar S (2010). Enduring and
sex-specific effects of adolescent social isolation in rats on adult
stress reactivity. Brain Res 1343: 83–92.

Wilber AA, Southwood CJ, Sokoloff G, Steinmetz JE, Wellman CL
(2007). Neonatal maternal separation alters adult eyeblink
conditioning and glucocorticoid receptor expression in the
interpositus nucleus of the cerebellum. Dev Neurobiol 67:
1751–1764.

Zimmerberg B, Farley MJ (1993). Sex differences in anxiety
behavior in rats: role of gonadal hormones. Physiol Behav 54:
1119–1124.

Zuena AR, Mairesse J, Casolini P, Cinque C, Alema GS,
Morley-Fletcher S et al. (2008). Prenatal restraint stress generates
two distinct behavioral and neurochemical profiles in male and
female rats. PLoS ONE 3: e2170.

BJPReconceptualizing sex, brain and psychopathology

British Journal of Pharmacology (2014) 171 4620–4635 4635


