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Scientific studies funded by the United States government must now include
both males and females as experimental subjects. This is a welcomed change
for those of us who have been reporting on sex differences for decades. That
said, there are some issues to consider; I focus on one in this review: females
used in animal models of mental illness and health are almost always virgins and yet
most adult females around the world, irrespective of species, are not virgins. I am
not advocating that all scientists include non-virgin females in laboratory
studies, but rather to consider the dynamic nature of the female brain
when drawing conclusions through discovery. Stressful life experiences,
including those related to sexual aggression and trauma, can have a lasting
impact on processes of learning related to mental health and plasticity in the
female brain. Her response to stress can change rather dramatically as she
emerges from puberty to become pregnant and produce offspring, as she
must learn to care for those offspring. The inclusion of females in scientific
research has been a long time coming but it comes with a history. Going for-
ward, we should take advantage of that history to generate hypotheses that
are both reasonable and meaningful.

1. Introduction
It was recently mandated that both sexes be included in scientific studies, at least
those supported by federal funds provided by the National Institutes of Health
(NIH). This is a welcomed development, and one that has been a long time
coming. I first began work on sex differences in the mid-1990s. New to the
field, I had then referred to them as gender differences, not yet realizing that
the word ‘gender’ refers to differences between men and women, often as a
result of societal norms and culture. Because my studies were being conducted
in laboratory rodent models, I was and have been studying sex, not gender, differ-
ences in the brain. However, even the phrase ‘sex differences’ has its own subtle
meanings [1], which are important to understand as we move forward to embrace
these new regulations set out by the Office of Research on Women’s Health and
the National Institutes. In this review, I provide a history of similar realizations on
a trip down memory lane about sex differences in the brain.

Throughout the 1980s and 1990s, the most accepted ‘mechanism’ for storing
memories in the brain was long-term potentiation (LTP). LTP is a long-lasting
increase in synaptic efficacy that is evoked after a high-frequency tetanic stimu-
lation to afferent fibres. It was first discovered in the hippocampus by Bliss and
Lomo [2], who immediately recognized it as the neurophysiological instantiation
of what Donald Hebb had referred to in his famous book: ‘The organization of be-
havior’ [3]. Hebb had proposed that associations between events could be learned
and strengthened by increasing the synaptic connections and/or strength between
neurons. Because LTP was discovered in the hippocampus, a structure intimately
associated with processes of learning and memory, it was put forth as a putative
mechanism whereby new memories are acquired and stored in the mammalian
brain [2,4]. Despite its resemblance to the so-called Hebbian synapse, there was
little evidence that LTP was necessary or even sufficient for the acquisition or sto-
rage of memory [5]. I had been working on LTP for some years when I attended
the Learning and Memory Meeting held every few years at the University of Cali-
fornia in Irvine, California. There, one of my former laboratory mates, Dr Stephen
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Maren, told me that females did not express LTP or at least
expressed less potentiation when compared with potentiation
in male rodents [6]. This report was astounding to me. After
all, if LTP were a ‘memory’ mechanism, how could females
be left without it (or even less of it)? More astounding to me
was the fact that virtually no scientists were testing females
in their laboratory experiments. Indeed, the only scientists
that I could find who were currently using females in their
laboratories were those invested in behavioural processes of
animal learning. Females were being used in these studies
because they tend to learn faster—not necessarily better—
which is of course important when studying processes of learn-
ing through performance measures in a laboratory setting.
I was also surprised to learn that many of the early studies
reporting oestrogen-induced effects on neurophysiological
responses in the hippocampus were conducted in male rodents
[7]. After these revelations, I went back to my laboratory to
study sex differences in learning and their modulation by
stressful life experience. That was 20 years ago.

(a) Sex differences in learning and the stress response
Stressful life experience can interfere with processes of learning
and memory. However, the effects are not always detrimental
and vary according to a number of factors, including the type
of stressor, its length, intensity and most importantly, the type
of learning process as examined in laboratory settings or
appraised under more real-life conditions. In 1992, Shors et al.
[8] reported in Science that exposure to an acute stressful event
enhanced associative learning in male rats. This report was unex-
pected, because most scientists at that time considered stress to
be detrimental to learning and memory performance and most
certainly to have a negative impact on hippocampal function
[9]. For our studies, we assessed learning through classical eye-
blink conditioning, a procedure that pairs a conditioned
stimulus (CS), noise, with subsequent electrical stimulation to
the eyelid as an unconditioned stimulus (US). The electrical US
stimulation causes the animal to blink its eye, which is recorded
through electromyography, or muscle activity. This particular
procedure is valuable to scientists, because it allows one to dis-
tinguish non-specific effects of stress (of which there are many)

on performance variables that are not necessarily indicative of
learning, but can interfere with the measurement of learning,
thereby leading to erroneous conclusions about the effects of
stress on learning. For example, exposure to laboratory stressors
such as swim stress or tail stimulation often suppresses motor
activity or motivation to forage for and consume food; therefore,
stress can induce deficits in performance simply as a matter of
change in motor activity and motivation. These effects may
still be interesting and/or relevant but they do not necessarily
indicate changes in learning, per se. By using a task like classical
eyeblink conditioning, one can rule out some non-specific effects
of stress. For example, exposure to the stressor did not alter
responding to the same stimuli when they were presented one
after each other but were not predictable across time. We further
determined that the stressor had to be sufficiently intense to
enhance learning in males but also had to be uncontrollable—
male rats that learned to control the stressor did not express an
increase in learning [10,11]. Moreover, the modulation of learn-
ing did not extend to memories that had already been
acquired. If animals were stressed after they had learned then
their responding did not change [12]. We further determined
that stress enhanced learning in males through an increase in
the release of the stress-related hormones glucocorticoids, at
least to the extent that removing the adrenal glands prevented
any enhancement of learning [13]. I should note here that in all
of these studies, animals were exposed to the stressor 24 h
before any training occurred. Therefore, these effects of stress
on learning are not directly mediated by the presence of corticos-
terone, epinephrine or other fear-induced substances, even
though these factors may contribute to the long-term mechan-
isms, which allow changes to be expressed over days. Overall,
we were able to document that exposure to an acute uncontrol-
lable stressful and generally noxious environmental experience
persistently enhances the acquisition of an associatively learned
response in males and does so through mechanisms that include
activation of the hypothalamic–pituitary adrenal axis and stress
hormone activation.

Imagine our surprise when we observed that exposure to
an acute stressful event had the opposite effect in females—
profoundly suppressing their ability to learn (figure 1a).
These results were quite extraordinary, because the male
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Figure 1. Learning was assessed during associative learning of the classically conditioned eyeblink response one day after exposure to an acute stressful event.
(a) Females learned better under unstressed conditions. However, the percentage of learned responses across training increased after stress in males but decreased in
females. (b) After masculinization, females did not learn as well as intact females. However, the percentage of learned responses increased in females that were
masculinized at birth with testosterone and exposed to an acute stressor as an adult. Therefore, behavioural responses in masculinized females resembled those
expressed by the intact males shown in (a). Asterisks indicate significant difference between adjacent group data ( p , 0.05).
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and the female were presented with the same environmental
stressor and they were trained on the same learning task, and
yet they responded in opposite directions during training
[14]. When we first reported this finding, there were several
studies indicating sex differences either in learning or in
response to stress [15,16]. However, most of these differences
were differences in degrees of learning. In other words, males
learned better or worse than females or responded more or
less to emotional experiences that were stressful. In this
case, the effects were not simply a matter of degree but
rather reflected a difference in direction. Given these findings,
it seemed clear that males and females could respond in
opposite directions to the same environmental stressor and
as a result, the two sexes must be using different brain struc-
tures and/or mechanisms in order to do so. Before discussing
their respective brain circuits and mechanisms, it is important
to describe the hormonal processes through which these sex
differences come to be organized, eventually activated and
then expressed so differently in males versus females.

(b) Sex hormones
Sex hormones are released from the gonads of males and
females to induce many sexual behaviours that we associate
with sex differences in the brain. In females, oestrogens and pro-
gesterones are released from the ovaries to produce sexual
characteristics that we associate with ‘being’ female. As one
would expect, ovarian hormones are necessary to suppress
learning in females after exposure to a stressful event [14].
Female rodents that were ovariectomized in adulthood did
not express a deficit in learning after exposure to the stressor,
as they readily learned the classically conditioned response
[14]. Therefore, the presence of ovarian hormones is necessary
to suppress learning in females after a stressful event.

Every 5 days or so, a female rat cycles through stages of proes-
trus, oestrus, diestrus I and diestrus II (stages of oestrous are
verified by swabbing the vaginal wall for loose cells and conduct-
ing histological analyses on their morphology). Proestrus is
associated with ovulation and is accompanied by relatively
high concentrations of oestradiol. As it turned out, females in
proestrus tend to learn faster than females in the other stages
and faster than males do—in the absence of a stressful event
[17]. However, females in proestrus are also more vulnerable to
stress than females in other stages of oestrous. To summarize,
female rodents learn especially well during proestrus, when oes-
trogen concentrations are relatively high and when they are most
receptive to sexual activity with males, but they do not learn well
if they are exposed to a stressful event during that same time
period. Therefore, the stressful experience suppresses the
enhanced learning that would normally occur during proestrus.
Clearly, the female response to stress is a dynamic one that
depends on when a stressful event occurs.

(c) Brain organization theory
Many sex differences in behaviour are organized long before
adulthood or even puberty and rather occur in utero or shortly
after birth. These effects are referred to as ‘organizational’
because it is presumed that the brain is being organized by
the presence of sex hormones during very early stages of
brain development. In what are now famous experiments
[18–20], it was determined that female rodents were more
likely to try to mount other females as adults if they had
been exposed to testosterone in utero or immediately after

birth. Males, on the other hand, would sometimes express lor-
dosis if they were feminized in utero and then exposed to
ovarian hormones in adulthood (note that these behaviours
are not absolutely sex-dependent; males can also express lor-
dosis, albeit rarely, and females can try to mount other
rodents, again rarely). Most of the early studies focused on
sexual behaviour in rodent models as described above or in
humans with congenital differences in testosterone exposure
or accidental exposure through hormone-related therapies
provided to pregnant women. Together, these studies
suggested that many sex differences in behaviour, especially
sexual behaviour, are not mediated by genetic differences in
sex chromosomes, but rather by exposure to reproductive hor-
mones during early development. It is noted that the theory
and data supporting brain organization as presented here
are more simplistic than sex differences expressed by animal
species in their natural environment, especially humans. As
pointed out by Jordan-Young [21] in her provocative book
on this topic, the scientific community was embracing brain
organization theory just as our ideas about sexual activity
and femininity/masculinity were changing in our culture.
Therefore, many of our preconceived ideas about maleness
and femaleness are rooted in our largely subjective experiences
in the world. Simply put, we cannot map all sexual activity in
humans onto these findings in laboratory models. That said,
these early studies did establish gonadal hormones as impor-
tant mediators of sex differences in sexual behaviour, at least
in laboratory rodent models.

Whether brain organization theory can explain sex differ-
ences in learning and other cognitive processes is less well
established. This is, in part, because sex differences in beha-
viours unrelated to reproduction are not necessarily robust,
especially those related to learning and memory in humans.
For example, it is often stated that men are better at learning
tasks that involve spatial rotation, whereas women are better
at tasks that involve verbal communication [22]. While some
studies do support such claims, the data are variable, and
there is considerable overlap in distributions [16]. With respect
to animal models of learning, a few studies indicate that males
can outperform females during spatial navigation learning.
For example, Williams, Barnett & Meck [23] reported sex
differences in spatial learning while rats were trained to
learn a 12-arm radial maze task. Males outperformed females
during recall. But, interestingly, females that were masculi-
nized during early development also outperformed intact
females, indicating that these sex differences in learning were
organized by the presence of gonadal hormones. The research-
ers went on to demonstrate that males and females were using
different strategies to learn the task and those strategies were
likewise organized by the presence of gonadal hormones
during early development.

Brain organization theory would pose that sex differences
in classical conditioning and the opposite effects of stress on
learning in males versus females were similarly organized
during very early development [24]. To test this hypothesis,
female rats were injected with testosterone on the day that
they were born. As adults, these females behaved as males
typically do. In other words, they did not learn as well as
intact females do during proestrus. Moreover, they learned
better after exposure to the stressful experience (figure 1b).
Therefore, the masculinization of the female brain effectively
altered their learning and stress response to that of the male.
Importantly, we did not observe a similar transformation in
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males. Adult males that had been castrated at birth still
learned better after exposure to a stressful event. We further
examined possible changes before birth but even when the
males were exposed to a testosterone antagonist in utero,
they did not behave like females in adulthood. However,
they were effectively demasculinized because they did not
respond like intact males; rather their learning was not
altered either way after exposure to the stressful event.
Together, these studies indicate that the female responses to
stress and learned responses are normally organized as a
default system or ‘prototype’ through which learning
becomes accelerated in proestrus and suppressed by
stress—but only once females reach adulthood. The detri-
mental effect of stress on learning does not emerge until the
female begins to develop an oestrous cycle and dissipates
once she reaches menopause [25,26].

Together, the studies discussed thus far indicate that these
effects of stress on learning, although provocative, are
expressed under relatively limited stages in the female life,
that is, when she is about to ovulate. One would have to
wonder why these seemingly maladaptive responses to
stress would evolve in the first place. Under naturalistic con-
ditions, female rats in proestrus must move out of their
burrows into the open, where they not only encounter
males, but also predators. In times of stress and danger, it
may be adaptive for the female to reduce exploratory behav-
iour and opportunities for new learning until the danger has

passed; perhaps these responses in laboratory rodents are
simply a manifestation of this process or others related to
reproduction. It is of course impossible to really know why
or how this response to stress evolved in female rodents.
That said, one might wonder if these changes in female
rodent learning discussed here are meaningful, i.e. do they
arise under more naturalistic conditions? To address this,
we decided to expose females to a stressor that she might
actually encounter in the wild: an adult male rat. During
our initial study, an adult virgin female was exposed to an
adult male for 30 min [27]. The next day, the female was
trained with the classically conditioned eyeblink response,
during which learning is typically suppressed after exposure
to an acute laboratory stressor such as swim stress. Exposure
to the adult male on its own was sufficient to suppress
learning in the adult virgin female (figure 2e).

It is important to note that all types of learning are not
suppressed by stress in females. Indeed, females can learn
other responses very well and oftentimes better than males
when encountering stressful experiences—especially those
that involve operant (active movement) responses [28]. There-
fore, the classically conditioned responses that I am
reviewing here are perhaps unique in the animal kingdom,
but, because the male response is so different from the
female response, they nonetheless provided us with a
useful laboratory model to study robust sex differences in
learning and stress-related behaviours.
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Figure 2. Learning during classical eyeblink conditioning was assessed in virgin and non-virgin females in different stages of their reproductive lives. Learning is
represented and inferred from the percentage of conditioned responses (CRs) during classical eyeblink conditioning on the last day of training. (a) Learning was sup-
pressed in virgin females that were exposed to an acute stressor. (b) If they had delivered offspring and were lactating, stress did not suppress learning. (c) Learning in
females that had offspring (mothers), but were no longer taking care of them (‘empty nesters’) was unaffected by stress. Therefore, mothers remained resistant to stress,
because they continued to learn well even after exposure to the acute stressor. (d ) Learning was not suppressed in adult virgin females that learned to take care of
offspring through the process of maternal sensitization. (e) Learning in virgin adults was suppressed after acute social interaction with (w/) an adult male. (f ) Learning
was suppressed in virgin females that were repeatedly exposed to a sexually experienced adult male throughout puberty, according to a novel model of sexual aggression
known as sexual conspecific aggressive response (SCAR). Asterisks indicate significant difference between adjacent group data ( p , 0.05).
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(d) Motherhood and other changes across the female
lifespan

Females are not always vulnerable to stress (figure 2a). For
example, females that are taking care of their offspring con-
tinue to learn well after exposure to a stressful event
(figure 2b; [27]). Even virgin females that learned to care for
another female’s offspring learned well after the stressful
event (figure 2d ). Therefore, caring for offspring rather than
pregnancy or lactation appears to be sufficient to protect
females from the negative effects of stress on associative
learning. Most astonishingly, females that had been mothers
at some time in their lives were likewise resilient to the nega-
tive effects of stress, even when they were no longer taking
care of their offspring (long after weaning). In other words,
a female rat that had delivered offspring at some point in
her life learned well after exposure to the stressor and
much better than a virgin female that obviously had never
been pregnant nor cared for offspring (figure 2c). These
studies indicate that ‘learning’ to be maternal can protect
females from some of the negative consequences of stress,
but they also illustrate how the female response system
changes across her lifetime, especially as she learns to
become a mother. Obviously, long-term changes in neuronal
plasticity must be engaged to maintain such a response over
the course of her lifespan. It is interesting to speculate that the
brain is poised to learn maternal behaviours when she is a
virgin and once learning occurs, it induces lasting changes
in neuronal plasticity, which protect her from the negative
consequences of stress and thereby enhance the survival of
her offspring.

(e) Sex differences in brain circuits
Sex differences in learning and the stress response are pre-
sumably mediated by different brain mechanisms and
circuits in males versus females, or minimally through similar
mechanisms mediated in opposite ways in the same circuit.
One way to determine which of these two possibilities is
most parsimonious is to identify the brain regions that are
necessary to induce sex differences. If one brain region is
necessary in one sex but not in the other, then different mech-
anisms are indicated. If the same brain regions are critically
involved, then similar mechanisms may be modulated in
opposite ways. We began with the hippocampus, because it
is critical for many types of learning and for regulating the
stress response [9,29]. For these experiments, it is important
to note that stress modulates learning in both sexes, irrespec-
tive of whether or not the learning process itself depends on
the hippocampus. For example, in our earliest studies, ani-
mals were trained with delay eyeblink conditioning, a task
that does not depend on the hippocampus for learning
although it does activate many neurons within the structure
[14]. Because animals (including humans) can learn delay
conditioning without a hippocampus [29], we were able to
assess performance with and without an intact hippocampus.
Interestingly, stress did not alter learning in males or females
that were devoid of hippocampal input. In other words,
females with an intact hippocampus did not learn well after
stress, whereas females without a hippocampus did. Males
with an intact hippocampus learned better after stress,
whereas males without one did not learn better. Therefore,
the hippocampus is necessary to modify learning after

exposure to an acute stressful event [30]. These data were
the first to establish that information about stressful life
experience and learning intersect within the hippocampus,
an idea that was widely accepted but had never been proven.

When an animal is stressed, it automatically learns to
recall many of the stimuli associated with that event, includ-
ing when and where the event occurred as well as the
presence of stimuli in the environment that seem to predict
it. This type of learning is adaptive, because the animal can
then use those memories to avoid potentially dangerous
and stressful experience in the future. Although many
researchers categorize ‘stress’ differently from ‘fear’ and
often study them as separate entities, they are not separate
and their neuronal processes overlap to a considerable
degree. In our studies, animals were exposed to an acute
stressful event and then trained 24 h later in a new context.
During the stressor, they learned to fear its context and,
indeed, if they are placed back in the context, then the
stress-induced effects on learning were reactivated [13].
Therefore, in the absence of ‘testing’ for learned fear, mem-
ories of the context are nonetheless acquired; many of these
learned fears depend on the amygdala. To determine
whether the basolateral nucleus of the amygdala (BLA) was
necessary for the modulation of learning after stress, we inac-
tivated the structure during the stressor. Because inactivation
only lasts for an hour or so and the training occurs 24 h later,
training (and learning) occurred with full participation of the
amygdala. For both males and females, inactivation of the
amygdala during the stressor prevented any modulation of
learning [31]. Again, the manipulation did not ‘change’ the
male into a female or vice versa; rather the absence of amyg-
daloid input during the stressful event simply prevented the
enhanced learning in males and similarly prevented the sup-
pressed learning in females. Together with the data discussed
above, we can conclude that the amygdala and the hippo-
campus are both critically involved in the modulation of
learning after a stressful event—in both sexes.

( f ) Communications between the female amygdala and
her prefrontal cortex

Some of the most influential studies on stress and learning
were conducted in the 1960s by Maier, Overmier and
Seligman [32,33]. They reported that animals that were
allowed to learn to control a stressor became immune to its
consequences, whereas the animal that did not learn to con-
trol the stress or could not control it, became helpless. The
phenomenon came to be known as ‘learned helplessness’
and was later promoted by Seligman [34] as an animal
model for depression in humans. Maier, on the other hand,
continued to work on the neurobiological mechanisms of
controllability and helplessness behaviours in animal
models. A decade ago now, he and his co-workers reported
that neuronal activity in the medial prefrontal cortex
(mPFC) is necessary for the expression of controllability
because it inhibits activity in brainstem nuclei that would
normally produce the behavioural responses observed after
uncontrollable stress [35,36]. As mentioned, controllable
stress does not have the same impact on associative learning
as does uncontrollable stress. Specifically, stress neither
enhanced nor impaired learning when the animal had the
opportunity to learn to control it [10,11]. Of course, there
are many studies to implicate the mPFC in learning about
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stressful life experiences, in part, because the structure has
direct connections to the amygdala and other efferent
stress-related pathways to the autonomic nervous system
[37,38]. Therefore, it seemed reasonable to hypothesize that
the mPFC mediates the effects of uncontrollable stress on
classical eyeblink conditioning. To test the hypothesis, we
inactivated the mPFC region in males and females [39].
When the mPFC was inactivated during the stressor, females
could learn, i.e. the learning deficit was prevented. Similar
manipulations in males were of no consequence, i.e. males
still learned better after the stressful event. These data indi-
cate that neuronal activity within the mPFC during the
stressful event is necessary to suppress learning in females
but not necessary to enhance learning in males. We further
assessed the infralimbic and prelimbic regions, each of
which plays a unique role in processes related to associative
learning, at least in males [40]. Neuronal activity within the
prelimbic region of the female mPFC was necessary to sup-
press learning, whereas neuronal activity in the infralimbic
region was not [41], but again only in females. Overall,
these data indicate that males and females can use different
brain regions to learn after exposure to a stressful life experi-
ence and one of those regions is the prelimbic region of the
mPFC.

Anatomical connections between the mPFC and the amyg-
dala have been implicated in the mechanisms that mediate
stress-related mental illnesses in humans as well as in traditional
animal models of stress and learning [37,38,42]. To determine
whether these anatomical connections were likewise necessary
for the stress effects on learning, we conducted a classic discon-
nection study, similar to that developed by Holland [43]. The
method is based on the fact that most (but not all) regions in
the rodent brain are connected to one another only on one side
of the brain. By lesioning one structure on contralateral sides
of the brain, the connections between those structures are dis-
rupted on both sides of the brain (figure 3a,b). As a control
procedure, each structure is lesioned on the same side of the
brain, thereby only disrupting the connection on one side of
the brain while inflicting the same amount of lesion. In our
studies, the basolateral nucleus of the amygdala (BLA) was
lesioned on one side of the brain and the mPFC on the other
with the appropriate controls. Recall that both structures on
their own were determined to be necessary to suppress learning
in females after stress [30,31] . After disconnecting them on both
sides of the brain, females were able to learn as if the stressful
event had not occurred (figure 3d). When the two regions
were disconnected on just one side of the brain, learning was
suppressed after the stressor, and thus the females with unilat-
eral lesions behaved like intact females trained in proestrus
(figure 3c). Importantly, learning itself was unaffected by the
unilateral or the bilateral lesions, in the absence of the stressor.
These data indicate that communications between the mPFC
and the amygdala are necessary to suppress learning after a
stressful life event in females.

(g) Masculinization of the female’s bed nucleus
There have been numerous reports of sex differences in brain
anatomy, but most have not stood the test of time, either
because they were simply not true or because the techniques
were inadequate for observing them (as reviewed in [21]).
One region of the brain that does appear to house sex differ-
ences is the bed nucleus of the stria terminalis (BNST) [44]. It

is one of the principal outputs of the amygdala and is inti-
mately connected to the hypothalamic regions necessary for
eliciting the stress response [45]. The BNST has also been
implicated in the anticipation of stress, a learned response
often referred to as ‘anxiety’. In his now-classic studies,
Davis et al. [46] reported that lesions to the BNST prevented
the expressions of anxiety-like behaviours in response to stress-
ful and fear-evoking events. It was postulated that
mechanisms within the BNST are necessary to maintain a
heightened state of vigilance, which in some individuals can
be disruptive. It is noted, however, that anxiety in and of
itself is an adaptive response because it provides the animal
with incentive to remain vigilant when dangerous conditions
are forthcoming [47]. Recall that the stress effect on learning
in males and females is sustained over days. In one study,
stress could still modify learning up to 3 days later. Therefore,
the mechanisms that are induced during the stressful event to
modify learning must be long-lasting. Because the BNST is
implicated in these longer-lasting effects of stress on behav-
ioural processes, we hypothesized that it was necessary for
maintaining the stress effects on classical conditioning. As
one might expect, inactivation of the BNST during the stressor
was of no consequence [48]. In other words, the females still
did not learn and the males learned better. However, when
the inactivation occurred later during training, the males did
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the basolateral nucleus of the amygdala (BLA) were disrupted. (a) Ipsilateral
and unilateral neurotoxic lesions disconnect the mPFC and BLA only on one
side of the brain, (b) whereas unilateral lesions on contralateral sides of the
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sufficient to maintain behaviours that depend on communications between
those structures. (c) Females with communications between the mPFC and
BLA did not learn well after stress, (d ) whereas females with disrupted com-
munications on both sides learned as well after stress as those that were not
stressed. These data indicate that communications between the mPFC and the
amygdala are necessary to suppress this type of learning (classical eyeblink
conditioning) after a stressful event [39]. Asterisk indicates significant differ-
ence between adjacent group data ( p , 0.05). (Online version in colour.)
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not learn better after stress. Together, these data indicate that
the stress effect on learning in males is dependent on the neur-
onal activity within the BNST during training and for some
time period after the stressful event has ceased but when vig-
ilance should be sustained. In females, the BNST was
unnecessary, irrespective of when the inactivation occurred.
Like the mPFC studies, these data indicate that males and
females are using different structures to respond to stress,
with corresponding changes in associative learning, at least
under these laboratory conditions.

These anatomical lesion studies bring us back to the so-
called organizational theory of sex differences in the brain.
Recall that sex differences for this particular stress response
are determined, or perhaps organized, by the presence of
gonadal hormones in utero and during early development.
Specifically, females that were exposed to testosterone
during early development behaved as males did during
adulthood and thus learned better after the stressful event
[24]. To determine whether sex differences in brain circuits
were likewise organized by the presence of testosterone, we
masculinized females upon birth and examined whether
the BNST would now be necessary to induce the lasting
increase in learning (because neuronal activity in the BNST
during training is not necessary to suppress learning in an
intact female). Consistent with brain organization theory,
adult females that are masculinized at birth learned better

after stress and their enhanced performance was dependent
on neuronal activity within the BNST [49]. Therefore, the
stress effects on learning in males versus females are, at
least in part, organized during very early development
through the presence of gonadal hormones, and these effects
are mediated by neuronal activity within the BNST.

(h) Sex differences at the synapse
To this point, I have discussed the brain regions that are cri-
tically involved in inducing and/or maintaining the opposite
effects of stress on associative learning—the amygdala and
hippocampus for both sexes, prelimbic cortical regions for
females, and the BNST for males. However, the responsible
mechanisms within those regions remain largely unknown.
We do know that there are changes at the synapse that
mimic the stress effects on learning. Dendritic spines, which
connect neurons to other neurons, have been implicated in
mechanisms of learning for decades (figure 4a,b; [47]). At
the beginning of this review, I spoke of sex differences in
LTP reported in the 1990s [6], but there were earlier reports
of sex hormone-induced changes at the synapse. In 1990,
Gould et al. and Woolley et al. [50,51] reported that oestradiol
increased spine density on pyramidal cells in area CA1 of the
hippocampus. These effects were quite remarkable, with a
nearly 30% change in density in response to oestradiol.
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Figure 4. (a) A photomicrograph of the hippocampus illustrates the presence of dendrites in the hippocampus. Representative examples of dendritic spines in the
hippocampus in each sex before and after stress are shown. (b) The numbers of dendritic spines increased after stress in the male hippocampus but decreased in the
female hippocampus. (c) These anatomical changes mimic the behavioural changes in learning shown in figure 1. Exposure to the stressor increased the density of
dendritic spines in the hippocampus of masculinized females, mirroring the effects of stress on dendritic spines in the hippocampus of intact adult males (d).
Asterisks indicate significant difference between adjacent group data ( p , 0.05). (Online version in colour.)
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They went on to report similar changes across the oestrous
cycle, with the highest density in proestrus, when oestrogen
concentrations are elevated. We were very intrigued by
these findings, because in the absence of stress, females
learn the classically conditioned eyeblink response faster in
proestrus than in other stages [52]. Moreover, associative
learning increases the number and density of spines on
these same neurons, at least in males [53]. It seemed possible
that changes in dendritic spines could play a role in the
effects of stress on learning, especially because the hippo-
campus is necessary for these effects in both sexes [30]. To
further examine this idea, we assessed spine densities in
males and in females during the various stages of oestrous.
As expected, females in proestrus possessed more spines
than did males or females in other stages, a profile consistent
with previous reports in females and with their learning abil-
ities during stages of oestrous [17,54]. But perhaps more
interestingly, exposure to an acute stressor increased spine
density in the male hippocampus, whereas exposure to the
same stressor decreased spine density in the female hippo-
campus (figure 4c), mirroring the effects of stress on
associative learning (figure 1b). Moreover, the effects of
stress on dendritic spines, like those on learning, were orga-
nized by the presence of testosterone during early
development. Females that were masculinized at birth pro-
duced more spines after the stressor rather than fewer
spines (figure 4d; [55]). Because these changes in spine den-
sity mirror the effects of stress and masculinization on
learning in females, one might consider them as anatomical
correlates and part of a potential mechanism(s) whereby
stress influences learning (figure 1b). Of course, dendritic
spines alone cannot fully explain the complex processes
involved in the modulation of associative learning, but
these data do suggest that their presence may contribute to
producing sex differences in learning abilities.

(i) Sexual aggression and trauma in females
The World Health Organization estimates that more than 30%
of women experience some kind of sexual violence in their
lifetimes, much of it during their adolescent years [56].
Another study reports that more than 10% of young
women between the ages of 14 and 17 experience sexual
assault and/or abuse [57]. The number of women on college
campuses who experience sexual violence is staggering, esti-
mated at one in five [58], which translates into upwards of
100 000 incidents a year. We know that many of these stat-
istics are underestimated, because women are reluctant to
report what happened. We also know that these experiences,
whether reported or not, induce and often go on to produce
symptoms of depression, anxiety and post-traumatic stress
disorder (PTSD) [59,60]. From animal laboratory studies,
some of them discussed here, we know that stressful life
experience has a multitude of detrimental effects on neuronal
and behavioural outcomes in female rodent models. That
said, most of the animal models rely on stressors that are
not typically encountered by humans living in modern
society (i.e. restraint stress, aversive shocks or swim stress),
much less do they represent stressors commonly experienced
by young women during their adolescent years. Therefore,
we developed an animal model to examine the effects of
sexually motivated aggression on the female brain and
learned behaviours during puberty. The model is known as

SCAR, which stands for sexual conspecific aggressive
response [61]. During one session, a pubescent female
rodent is paired with a sexually experienced adult male for
30 min. During the encounter, the adult male chases, pins
down, smells and tries to mount the female, while she tries
to and often escapes. Meanwhile, her adrenal glands release
high levels of stress hormones and her ability to learn is sup-
pressed (figure 2f ). Perhaps most importantly, most of the
females that were exposed to the adult male each day
throughout puberty did not learn to express maternal sensit-
ization, a measure of maternal caring behaviour towards
offspring. These behaviours are not only necessary for the
survival of the offspring, but seemingly important for the
survival of newly generated cells in the hippocampus;
females that were less likely to express maternal behaviours
retained fewer newly generated cells in their hippocampus.
Many of these cells die under normal circumstances but if
they do survive, the vast majority mature into granule neurons
in the dentate gyrus [10,11,62]. Therefore, the act of ‘learning’
to become maternal was apparently sufficient to rescue the
newly generated neurons from death and this process was dis-
rupted in females that had stressful and aggressive experiences
during puberty and young adulthood. We believe that these
findings are especially significant and novel because they
point to neuronal mechanisms through which sexual aggres-
sion and trauma can impact the female brain to potentially
interfere with learned behaviours.

Although provocative, we are not claiming necessarily
that exposure to a sexually experienced and aggressive
adult male replicates or even resembles what happens to a
young woman who experiences sexual aggression and
trauma during puberty and young adulthood. Obviously,
rodent models of sexual and social behaviour can never
fully model the human condition and cannot possibly
mimic feelings of horror, shame and guilt, not to mention
more positive feelings associated with sex and desire. Instead,
these findings and other related ones underscore the need to
develop and adopt laboratory models of stress that bear some
semblance to conditions that humans experience. For the sake
of scientific knowledge, it is of course worthwhile to under-
stand sex differences in the brain and how each sex
responds to stressful life experience. But, if our goal is to
understand why women are so vulnerable to stress-related
mental illnesses such as depression and PTSD, then we do
need to adopt realistic models, as flawed or limited in appli-
cation as they may be. Translational models of sex differences
in behavioural and mental processes will facilitate this
process [63–66].

2. You have come a long way baby!
In the 1970s, there was a popular advertising campaign
designed to entice more women to smoke. It often por-
trayed a modern woman in a provocative pose smoking a
long slim cigarette with the signature saying, ‘You’ve
come a long way, baby’. Given what we now know about
cigarettes and their contribution to lung cancer and overall
health, this proclamation seems especially sad and
unfounded. Along similar lines, I have several points that
I think are important to consider as the scientific commu-
nity embraces both sexes in laboratory models of mental
health and wellness.
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First, we should try to inhibit the impulse to publish sex
differences that are barely detectible, not reproducible or mini-
mally meaningful. As females are integrated into laboratory
studies, sex differences in outcome measures will emerge.
Frankly, I am surprised that others are surprised by sex differ-
ences in the brain. After all, men and women look different
and act differently. Therefore, their brains are most assuredly
different, at least in some respects. However, those differences
will not always be interesting or important to pursue and pub-
lish, but that decision is of course an individual one. It is very
important to recognize a sex difference for what it is and what
it is not. For example, female rodents are typically more phys-
ically active than male rodents. Therefore, investigators who
rely on measures of activity (such as those measuring con-
ditioning, learned helplessness, fear, etc.) must consider the
possibility that observed sex differences in ‘learning’ or
‘depression’ are not necessarily reflecting these complex
psychological constructs but are rather attributable to differ-
ences in performance. I can give you a good example. Years
ago, when I first began working on sex differences, I read a
paper that reported that female rodents did not express help-
lessness behaviour [67], a commonly used animal model of
human depression. This report was rather surprising given
that women are so much more vulnerable to depression [68].
We re-examined this reported finding and indeed observed
that rodent females do not express helplessness behaviour, at
least not to the extent the males do [69]. However, this is a per-
formance effect. During phase one of helplessness training,
one group of rodents learns to escape an aversive stimulus,
whereas another learns that they cannot escape. Upon further
training with a more complex task in phase two, those animals
that learned that they could not escape do not learn to escape,
whereas those that learned previously to escape readily learn.
Female rodents, because they are more active than males, are
more likely to learn the operant contingencies posed during
helplessness training in phase one, which depends on move-
ment to learn. Males are more likely to freeze and therefore,
they are less likely to produce an operant response that is
necessary to learn the new contingency.

In the end, what may appear as a sex difference in either
learning or even ‘depression’ is simply (and I do not mean tri-
vial) difference in inherent characteristics between male and
female rodents. A more obvious example relates to gross
body weight. Male rodents in adulthood almost always
weigh more than females and their brains are substantially
bigger. Therefore, one cannot directly compare gross num-
bers in many outcomes throughout the brain without
taking weight and size into account [55]. For example, the
absolute number of new neurons in the adult hippocampus
of the female are significantly fewer than in males and there-
fore, measurement differences must be assessed according to

density of cells rather than absolute numbers, and even this
might not always be a suitable alternative. Furthermore,
size and weight differences will often produce differences
in performance. As discussed, pairing an adult male rodent
with a female rodent produces aggressive behaviours
towards the female [61]. The male is able to subjugate the
female, at least in part, because he is larger in size. However,
the female is also better able to escape, because she is smaller
and more agile. Without the sex differences in size, the sex
differences in behaviour might not even occur. These are
just a few examples but I think that they underscore some
of the issues that we must attend to as we test female species
in laboratory studies.

The second point that I hope is self-evident is that most
adult females in our world, irrespective of species, are not vir-
gins, whereas nearly all females used in laboratory studies are
virgins. As discussed, virgin females can respond differently
from non-virgin females and certainly differently from
females that have become mothers [70,71]. For example,
learning was impaired by stress in virgin females, but not
in females that had offspring and/or learned to care for off-
spring at some time in her life—even well after weaning
[27,72]. In women, the amount of grey matter in the prefron-
tal cortex and the amygdala increases during the first month
of having a baby and some of those changes relate to positive
thoughts about her baby [73]. But motherhood is not the only
substantial change that females experience. Female rodents
experience stages of life similar to perimenopause and meno-
pause in women, during which their responses to learning
and stress can change rather dramatically [26,74]. Obviously,
women in perimenopause experience substantial changes as
they transition into a stage of life associated with reproduc-
tive senescence [75]. These examples notwithstanding, I am
not suggesting that researchers investigate all stages of
female life in laboratory studies or that we only study non-
virgins, but rather that we simply appreciate the dynamic
nature of the female brain. Ultimately, we must accept the
fact that the female brain (as the male brain) is always chan-
ging and it is these processes of change that we may want to
understand.
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