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Abstract

PTSD occurs in only a small fraction of trauma-exposed individuals, but risk is twice as high in
women as in men. The neurobiological basis for this discrepancy is not known, but the
identification of biological determinants of resilience and susceptibility in each sex could lead to
more targeted preventions and treatments. Animal models are a useful tool for dissecting the
circuits and mechanisms that underlie the brain’s response to stress, but the vast majority of this
work has been developed and conducted in males. The limited work that does incorporate female
animals is often inconsistent across labs and does not broadly reflect human populations in terms
of female susceptibility to PTSD-like behaviors. In this review, we suggest that interpreting male
vs. female comparisons in these models be approached carefully, since common behavioral
outcome measures may in fact reflect distinct neural processes. Moreover, since the factors that
determine resilience and susceptibility are likely at least in part distinct in men and women,
models that take a within-sex approach to response variability may be more useful in identifying
critical mechanisms for manipulation.
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A person exposed to a traumatic event or stressful experience risks developing Post-
Traumatic Stress Disorder (PTSD) as a result (Breslau and Kessler, 2001). These mental
illnesses can be deeply debilitating and have detrimental effects on patients’ physical well-
being, cognitive abilities, interpersonal relationships, and general functioning in society, and
thus present a major public health issue. One of the primary challenges to the biomedical
research community has been that of identifying the neurobiological factors that confer
susceptibility and resilience in response to stress exposure: although a majority of the
population will experience a severe trauma at some point in their lifetime, the fraction of
those people who develop PTSD is in fact relatively small (Yehuda and LeDoux, 2007). A
better understanding of the neurobiological mechanisms that underlie individual differences
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in the consequences of stress is thus critical to progress in both treatment and prevention of
this disorder.

One of the most consistently reported risk factors for PTSD is being female. Women are
twice as likely as men to develop PTSD after a trauma (Haskell et al., 2010), but the reasons
for this discrepancy are poorly understood. This is a particularly topical problem in the
context of our recent wars in the Middle East, which have been fought by a greater
percentage of women than have any international conflicts before them (D. of Defense,
2008)). Women are the fastest growing population in US Veterans Affairs (VA) hospitals,
and the current percentage of female patients at VA hospitals is expected to double in the
next twenty-five years (Yano et al., 2010). Women who suffer from PTSD undoubtedly will
be best served by treatments that take into consideration not only the unique experiences of a
woman in combat (e.g. the disproportionately high incidence of Military Sexual Trauma in
women (Himmelfarb et al., 2006)), but also the distinct neurobiological background against
which those experiences take place. It is thus all the more imperative that the biological
ramifications of stress in women are better understood, and that sex-specific markers of
susceptibility and resilience to stress-related mental health problems are identified.

For decades, the use of animal models in preclinical research has provided great insight into
the neural circuits and mechanisms that mediate the effects of stress. However, despite the
twofold increase in PTSD prevalence in women, the vast majority of relevant basic science
work has been conducted in male animals (Lebron-Milad and Milad, 2012). We are thus left
with a poor picture of stress effects that are specific to the female brain, knowledge of which
could aid in the development of better treatments. Perhaps even more concerning is the lack
of a behavioral model that convincingly produces sex differences that mirror those observed
in humans—i.e., one in which females reliably exhibit PTSD-like symptoms more robustly
and frequently than males do (Kokras and Dalla, 2014). This fundamental lack of agreement
between animal and human populations may be due to the fact that the common paradigms
used to measure fear and anxiety were developed using male animals. Inconsistencies
observed when females are evaluated using these tools may indicate that the traditional
outcome measures associated with each test in fact tap into distinct processes in females, and
do not accurately reflect the emotional states assumed based on data collected in males. In
this review, we will examine evidence from studies of sex differences in stress effects on
classic behavioral fear learning paradigms. Ultimately, our goal is to identify measures that
may require reinterpretation or adjustments in design, so that sex-specific markers of
resilience and susceptibility to stress may be more accurately determined.

1. Learned fear responses

PTSD is characterized by a strong and persistent association between the memory of the
trauma and its associated cues, such that the cues alone can trigger a fear response
(Rothbaum and Davis, 2003). In behavioral paradigms, a similar association is created when
an animal undergoes fear conditioning (Schafe et al., 2001). In this task, an animal learns to
associate a previously neutral cue, like an auditory tone, with an aversive stimulus, usually a
brief foot shock. When learning is successful, the animal will later express fear (measured
by freezing behavior) when it hears the tone alone, even in a new context. If the tone is then
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repeatedly presented without a subsequent shock, the animal’s freezing will subside as it
learns the tone no longer predicts the painful stimulus. This process is called extinction
(Quirk and Mueller, 2008). Behaviorally, PTSD patients appear unable to extinguish the
trauma-related associations they have formed (Milad et al., 2009a), and in laboratory
settings PTSD patients are impaired at extinction of conditioned fear compared to healthy
controls (Milad et al., 2009a). Extinction is mediated in both humans and animals by neural
circuitry that is often implicated in imaging studies of PTSD—specifically, connections
between the prefrontal cortex and the amygdala (Gilboa et al., 2004; Quirk et al., 2003;
Knapska et al., 2012). A more comprehensive understanding of the neurobiological
processes that govern extinction in animal models could thus provide critical insight into the
causes of the disorder.

There is an extensive literature on extinction and its underlying mechanisms, but less than
2% of this work has been done in females (Lebron-Milad and Milad, 2012). An even smaller
fraction directly compares extinction in males and females, and the limited reports that do
exist are inconsistent. One might expect that since women are more likely to develop PTSD,
female animals would exhibit poorer extinction than males. But while at least one group has
reported that females are impaired in extinction learning compared to males (Baran et al.,
2009), others report enhanced extinction in females (Milad et al., 2009b). In studies that
examined contextual fear responses (freezing in response to the conditioning environment),
males appear to freeze more than females during both fear conditioning and extinction
(Chang et al., 2009), an effect that may be due to sex differences in hippocampal
neurotransmission (Maren et al., 1994). Further complicating the issue is the potential
influence of ovarian hormones; estradiol (either circulating or administered) has been
reported to potentiate extinction (Milad et al., 2009b; Milad et al., 2010; Graham and Milad,
2013; Rey et al., 2014), attenuate it (Toufexis et al., 2007), or have no effect (Hoffman et al.,
2010). These discrepancies may be a product of variations in protocol amongst laboratories,
animal strain, or general differences in behavioral variability between the sexes, but
evaluating any of these possibilities in a post-hoc fashion is not feasible.

Another consideration is that many of these studies may simply not be broad enough in
sample size to confidently identify resilient and vulnerable populations, especially in
females. Most animal behavior studies traditionally use experimental groups that are
between 8 and 12 in number, basing analyses on group means. This approach, while useful
for assessing average or “normal” behavior, is not sufficiently powered to detect inter-group
differences in intra-group variability patterns. Indeed — like humans after a trauma, not all
animals that undergo fear conditioning will extinguish the conditioned fear response to the
same extent. Bush et al. (2007) recently demonstrated that when a large cohort of male rats
undergoes extinction, the degree to which any particular animal later freezes to the tone will
fall along a standard Gaussian distribution. Animals that fall on the tails of the curve
represent the extremes of the population—those that are the most and least capable of
suppressing freezing to the tone. Respectively, these groups may be a useful model of
resilience and vulnerability, and can be exploited to probe for biological markers of
variation in behavior in a traumatic context (Holmes and Singewald, 2013). Importantly,
large cohorts of both sexes could provide insight into sex-specific determinants of failed and
successful extinction.
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Recently, we conducted a large-scale analysis of auditory cued fear conditioning and
extinction in large cohorts of gonadally intact male and female rats (Gruene et al., submitted
for publication). The goals of this study were 1) to evaluate a large enough sample of
animals that we could be sure of observing any baseline sex differences in behavior; 2)
identify “susceptible” and “resilient” sub-populations of both sexes, as characterized by poor
and successful extinction retrieval; and 3) determine sex-dependent patterns of behavior in
these subpopulations. Surprisingly, we found that there were no overall sex differences in
freezing to the tone at any point over the course of fear conditioning, fear extinction, and
extinction retrieval. Importantly, we also found similar ranges of variability in freezing
between males and females. Together, these findings could be interpreted to mean that as
populations, males and females do not differ in this classic learning and memory task.
However, the fact that average freezing levels were comparable does not necessarily mean
that the mechanisms that drive freezing are identical in males and females. To further probe
the source of behavioral variability in each sex we separated animals based on freezing
during extinction retrieval as susceptible (high freezing) and resilient (low freezing)
subpopulations. A retrospective analysis of freezing during fear conditioning and extinction
learning revealed distinct, sex-specific trajectories in susceptible vs. resilient groups. Most
notably, these phenotypes emerged earlier in females — during fear conditioning — than in
males, who did not distinguish as susceptible or resilient until extinction. Importantly,
freezing levels during extinction retrieval did not differ between susceptible males and
females, demonstrating that even identical freezing levels in males and females may in fact
be indicative of distinct neural processes.

If women are more likely to develop PTSD, why don’t female rats freeze more than males in
fear conditioning and extinction paradigms? One explanation could be that females express
fear differently than males do. Since the introduction of the paradigm, freezing during a
conditioned tone presentation has overwhelmingly been the singular measure of fear in cued
fear conditioning and extinction experiments. Freezing is traditionally defined as “the
complete cessation of movement with the exception of that required for respiration,”
(McAllister et al., 1971) and the amount of time spent freezing is considered to be a measure
of the degree to which the animal has learned the tone-shock association (Pare et al., 2004).
This practice necessitates that all movement is then treated equally as non-fearful behavior.
However, a number of different behaviors can be observed in response to a conditioned tone
that would not be counted as freezing, but could still indicate not only recognition that the
tone is meaningful (and therefore successful learning and memory), but also a fearful
emotional state. These include darting and rearing, which could reflect escape-like behavior,
and scanning, an expression of hypervigilance characterized by a side-to-side head motion
(Choy et al., 2012). If females are more likely than males to express these non-freezing
behaviors in response to the tone—either in place of or in addition to freezing—then an
examination of freezing alone may not accurately reflect sex differences in fear learning,
memory, and expression.

The possibility of sex-specific behavioral response profiles during learned fear tests is an
especially important consideration given the common practice of removing animals that do
not reach a freezing criterion for fear conditioning learning from analyses in extinction
studies (Sotres-Bayon et al., 2007). Because these animals do not express high levels of
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freezing at the very beginning of extinction, they are presumed not to have learned the tone-
shock association, and are removed so that they do not artificially suggest accelerated
extinction in their experimental group. In our work described above, using this criterion
allowed us to distinguish between “resilient” animals that froze in response to the tone at the
beginning of extinction (thus demonstrating learning), but successfully suppressed freezing
after extinction, from those who might wrongly be classified as “resilient” because they
simply never froze to the tone at any point in behavioral assessment. However, if their lack
of freezing is due to the expression of any of these active responses to the tone (instead of an
absence of fear, as is generally inferred), then this presumption is incorrect. We are currently
revisiting our behavioral videos to determine whether there are sex differences in the
expression of behavioral responses other than freezing. It may be that a more appropriate
model of resilient vs. susceptible individuals lies in assessment of a complex system of
responses, rather than along a spectrum of freezing alone. Importantly, the behavioral
characteristics of a susceptible female animal may be distinct from those of a susceptible
male. This scenario would be consistent with human studies of PTSD symptomatology,
which have found sex differences in the most frequently experienced symptoms. For
example, women report more distractibility and emotional distress, while men report more
emotional numbness and hypervigilance (King et al., 2013).

Interestingly, measures of learned fear other than freezing produce different outcomes in
males and females. In classical eyeblink conditioning, a white noise repeatedly paired with a
brief shock to an animal’s eyelid produces an anticipatory eyeblink response to subsequent
presentations of the noise. Landmark work by Tracy Shors has consistently shown that
female rats acquire the conditioned response more rapidly, and maintain higher levels of
responding than male rats (Wood and Shors, 1998; Dalla and Shors, 2009; Maeng and
Shors, 2013). Whether eyeblink conditioning thus better taps into the circuits and
mechanisms that mediate sex differences observed in human populations is not clear, but in
the following section, we discuss the sex-specific manner in which stress modulates learning
in this model. In another paradigm, fear-potentiated startle (FPS), an animal is trained to
associate a neutral stimulus with a footshock, as in fear conditioning. When a startling noise
is later presented in the presence of the conditioned stimulus, animals have exaggerated, or
potentiated, startle responses (Walker and Davis, 2002). Mazor et al. (2009) found that
female rats had a greater baseline startle amplitude than males, an effect that has also been
observed in mice (Adamec et al., 2006). Toufexis et al. (2007) did not observe this sex
difference; however, this group employed an extended conditioning paradigm which may
have normalized the fear levels induced by the conditioned stimulus.

The work discussed above demonstrates the serious need for increased fear research in
female animals. In many fear paradigms, consensus on the directionality of baseline sex
differences has not been reached, something that can only be achieved with further efforts
on the part of researchers to both replicate major findings and converge upon standard
protocols. In the case of associative learning paradigms, whether the initial strength of the
memory itself or the lasting persistence of that memory is a better marker for resilient and
vulnerable phenotypes is still unknown. However, the possibility that these markers are
different for males and females must be considered when interpreting experimental results.
Importantly, more work must be done to identify sex-specific mechanisms that modulate
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behavior in these tasks—not only gonadal hormones, but potential neurotransmitter and
peptide signaling pathways as well. These systems are sexually dimorphic (Bangasser and
Valentino, 2014), (Gillies et al., 2014), but their role in producing sex differences in fear
behavior has only just begun to be studied.

2. Effects of stress on learned fear

Until the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-
V) was issued in 2013, PTSD was classified as an anxiety disorder. The symptomatology
profiles of anxiety disorders and PTSD overlap substantially, and comorbidity amongst
patients is well-documented (Kessler et al., 1995), (Spinhoven et al., 2014). Like PTSD,
anxiety disorders are twice as prevalent in women as in men (Wittchen et al., 2011), an
epidemiological phenomenon whose biological basis also remains unknown. The neural
mechanisms that underlie anxiety have been studied extensively using animal models like
the elevated plus maze (EPM) and open field test (OFT), which are designed to probe the
conflicting drives of an animal to both explore yet protect itself from potentially life-
threatening situations (Walf and Frye, 2007), (Campos et al., 2013). As is the case with
learned fear paradigms, the vast majority of this work has been done in males, but a
relatively more substantial body of literature includes females as well. Surprisingly, a
majority of studies that use both sexes in these tests find that females display less anxiety
than males (Imhof et al., 1993), (Frye et al., 2000). This discrepancy between the
directionality of sex differences in animal and human populations may be due to inherent
problems in the outcome measures of the animal models themselves: specifically, while they
may provide accurate indices of anxiety in males, they may in fact primarily measure
general activity in females (File, 2001), (Fernandes et al., 1999). This possibility presents
obvious obstacles to the interpretation of sex differences when using these models, and is
discussed in detail in an excellent new review by Kokras and Dalla (2014).

PTSD is now classified as a “trauma and stress-related disorder,” meaning that exposure to a
traumatic event is a primary diagnostic criterion. It could thus be argued that variability in
measures of fear and anxiety alone may not identify PTSD resilient and susceptible
subpopulations, but that behavior on these measures after exposure to a distinct stressful
event may instead provide better insight. There are many models of stress exposure in
rodents; classic approaches include repeated physical restraint, foot- or tail-shock, exposure
to predator odor, or a combination of several different stressors (unpredictable mild stress).
These stressors activate the hypothalamic-pituitary-adrenal (HPA) axis and can cause
alterations in neuronal morphology (Shansky and Morrison, 2009), as well as affect a wide
variety of behaviors and learning and memory tasks in both males and females (Shansky,
2009). It should be noted that many of these traditionally-used experimental stressors have
been criticized for not accurately resembling the kinds of stressors that lead to PTSD in
humans (Golden et al., 2011); attempts at more translationally valid models include
underwater trauma (Richter-Levin, 1998), (Moore et al., 2014) and physical abuse by a
conspecific (social defeat; (Golden et al., 2011), (Krishnan, 2014).

Although most stress work has been conducted in male animals, there is a growing body of
evidence that stress affects fear learning and memory in a sex-specific manner. In eyeblink
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conditioning studies, prior exposure to tailshock stress elicits opposing effects in males and
females: while conditioned responses increase in males after stress exposure, females exhibit
fewer conditioned responses, an effect that depends on circulating estradiol (Wood and
Shors, 1998). In males, chronic restraint stress (I1zquierdo et al., 2006) psychosocial stress
(Wilson et al., 2014), and early-life stress (Stevenson et al., 2009) can disrupt fear extinction
compared to control animals, consistent with the idea that impaired extinction in PTSD
patients is due in part to trauma exposure. In females, however, findings are less consistent.
Chronic restraint stress has been found to enhance extinction processes in females (Baran et
al., 2009), but environmental stress (Gruene et al., 2014) has been found to impair
extinction. Because of the limited reports currently in the literature, the role of estradiol in
modulating stress effects on extinction is difficult to parse; however, since high estradiol
status is frequently reported to enhance extinction in both women and female animals
(Lebron-Milad et al., 2012), it follows that estradiol-stress interactions likely contribute to
extinction outcomes (Antov and Stockhorst, 2014). This line of inquiry is particularly
deserving of increased attention, with special consideration for stressor type and timing.

The studies described above examined the effects of stress during adulthood, but stress
exposure during childhood or adolescence can also have long-term effects on fear
conditioning and extinction processes, often in a sex-dependent manner. Such models are
particularly relevant to PTSD because prior exposure to stress—especially in early life—is
one of the greatest risk factors for PTSD after a trauma in adulthood (Heim et al., 1997).
Maternal separation stress (MS) has been shown to impair extinction retrieval in males
(Wilber et al., 2009) and produce robust spontaneous recovery of an extinguished context
fear response in females (Xiong et al., 2014). Complicating this finding, however, are results
from another group showing that neonatal stress can preferentially amplify footshock
sensitivity in females (Kosten et al., 2005). In contrast to MS, peri-pubertal stress exposure
(predator odor plus elevated platform) has been found to impair extinction in males, but
facilitate it in females (Toledo-Rodriguez and Sandi, 2007). However, social stress during
adolescence—a combination of isolation and recurrent cage-mate switching—impairs
extinction in both males and females (McCormick et al., 2013). Collectively, findings from
these studies do not paint a fully consistent picture, again emphasizing the specificity with
which stressful events can affect the brain, and the care required in experimental design for
future studies. In particular, it may be the case that certain stress models are more
ethologically relevant to females vs. males—for example, social stress vs. predator
exposure.

One of the primary issues of interpretation in studies that employ a “stress vs. no stress”
group design, however, is whether the changes observed in the stress group as a whole
accurately represent the disease state, or simply the normal adaptations the brain undergoes
in response to trauma (Cohen et al., 2004). As noted in the introduction, PTSD occurs in a
limited subset of trauma-exposed individuals, and approaches that instead examine
individual stress responses in order to identify resilient and susceptible subpopulations are
becoming a new standard for animal models of mental illness (Krishnan, 2014). One
paradigm that has been especially fruitful has been the resident-intruder social defeat model,
in which mice are repeatedly exposed to a dominant aggressor (Miczek, 1979). After chronic
social defeat, mice reliably stratify on measures of social interaction when exposed to an
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unfamiliar mouse, distinctions that can then be used to examine biological markers of
susceptible (anti-social) and resilient (social) populations (Golden et al., 2011), (Gémez-
Lazaro et al., 2011), (Elliott et al., 2010). The relationship of resilient vs. susceptible
phenotypes to learned fear behavior has recently begun to be studied, but a clear picture has
not yet emerged: Chou et al. (2014) found that susceptible mice exhibited greater freezing
during fear conditioning compared to a resilient population, while Meduri et al. (2013)
previously reported that resilient animals expressed higher and longer-sustained fear levels.

Potential sex differences in social defeat resilience are not known, primarily because
common laboratory strains of female rodents do not typically display territorial aggression
in the same way males do. There are several exceptions worth noting, however. First is the
female California mouse, and Trainor and colleagues have used this model to identify a
number of sex differences in the behavioral and cellular changes that social defeat elicits
(Greenberg et al., 2014; Trainor et al., 2011), including an intriguing role for dopaminergic
signaling (Campi et al., 2014). To date, however, this model has not been used to identify
susceptible and resilient populations of females. A second model modifies the classic male
resident-intruder paradigm, taking advantage of the aggression that a lactating female rat
will express to an intruder female. This approach has been shown to induce depressive-like
behavior (Bourke and Neigh, 2011; Bourke and Neigh, 2012; Ver Hoeve et al., 2013) social
avoidance (Lukas and Neumann, 2014), and alterations in cocaine sensitivity (Shimamoto et
al., 2011; Shimamoto et al., 2014) in female rats, lending it translational validity to a number
of stress-related mental illnesses. Finally, Carmen Sandi and colleagues have developed an
intriguing model of intimate partner violence. Although male rats will not normally attack
females, Cordero et al. (2012) found that adult male rats that were exposed to stress during
peripuberty will attack female cage mates when mildly agitated. In defeated females, the
degree of aggression experienced predicted changes in serotonin transporter gene expression
as well as learned helplessness, and varied according to pre-aggression anxiety (Poirier et
al., 2013). Whether this stress model can be used to predict individual differences in fear
conditioning and extinction tests has not been investigated, but it is also an attractive model
from a translational standpoint. Interpersonal violence—especially when the attacker is a
domestic partner—is one of the traumas most likely to lead to PTSD in women (Breslau et
al., 1999; Forbes et al., 2014). This model may be especially relevant for military
populations, since male-to-female sexual assault is unfortunately common in deployed
troops (Haskell et al., 2010; Street et al., 2009).

3. Conclusions

Women are more likely than men to develop PTSD after a trauma, but whether the
determinants of resilience or susceptibility are distinct in men and women are unclear. Most
likely, a sex-specific combination of genetic (Ressler et al., 2011), hormonal (Lebron-Milad
etal., 2012), and life experience (Kline et al., 2013) factors (Table 1) contribute to the long-
term consequences of trauma exposure for a given individual. Preclinical work in animal
models of stress and fear has great potential to identify these factors, but dissecting sex
differences within these paradigms requires careful consideration when interpreting
behavioral differences. For an excellent, comprehensive guide to launching a sex differences
behavioral neuroscience research program, see Becker et al. (2005). Approaches that take
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into account within-sex individual variability in behavior rather than performing simple
male vs. female comparisons will likely be best able to identify the factors that confer
resilience and susceptibility in each sex. Clearly, a great deal of work remains, and many
mechanisms of stress and fear that have been accepted in males for years await validation in
females. However, addressing the critical need for improved PTSD prevention and treatment
in women is a challenge that we have no choice but to meet.

References

Adamec R, Head D, Blundell J, Burton P, Berton O. Lasting anxiogenic effects of feline predator
stress in mice: sex differences in vulnerability to stress and predicting severity of anxiogenic
response from the stress experience. Physiol Behav. Jun; 2006 88 (1-2):12-29. [PubMed:
16624347]

Antov MI, Stockhorst U. Stress exposure prior to fear acquisition interacts with estradiol status to alter
recall of fear extinction in humans. Psychoneuroendocrinology. Jul.2014 49C:106-118. [PubMed:
25080403]

Bangasser DA, Valentino RJ. Sex differences in stress-related psychiatric disorders: neurobiological
perspectives. Front Neuroendocrinol. Aug; 2014 35 (3):303-319. [PubMed: 24726661]

Baran SE, Armstrong CE, Niren DC, Hanna JJ, Conrad CD. Chronic stress and sex differences on the
recall of fear conditioning and extinction. Neurobiol Learn Mem. Mar; 2009 91 (3):323-332.
[PubMed: 19073269]

Becker JB, Arnold AP, Berkley KJ, Blaustein JD, Eckel LA, Hampson E, Herman JP, Marts S, Sadee
W, Steiner M, Taylor J, Young E. Strategies and methods for research on sex differences in brain
and behavior. Endocrinology. Apr; 2005 146 (4):1650-1673. [PubMed: 15618360]

Bourke CH, Neigh GN. Exposure to repeated maternal aggression induces depressive-like behavior
and increases startle in adult female rats. Behav Brain Res. Feb; 2012 227 (1):270-275. [PubMed:
22093902]

Bourke CH, Neigh GN. Behavioral effects of chronic adolescent stress are sustained and sexually
dimorphic. Horm Behav. Jun; 2011 60 (1):112-120. [PubMed: 21466807]

Breslau N, Kessler RC. The stressor criterion in DSM-1V posttraumatic stress disorder: an empirical
investigation. Biol Psychiatry. Nov; 2001 50 (9):699-704. [PubMed: 11704077]

Breslau N, Chilcoat HD, Kessler RC, Peterson EL, Lucia VVC. Vulnerability to assaultive violence:
further specification of the sex difference in post-traumatic stress disorder. Psychol Med. Jul; 1999
29 (4):813-821. [PubMed: 10473308]

Bush D, Sotres-bayon F, LeDoux J. Individual differences in fear: isolating fear reactivity and fear

recovery phenotypes. J Trauma Stress. 2007; 20 (4):413-422. [PubMed: 17721971]

Campi KL, Greenberg GD, Kapoor A, Ziegler TE, Trainor BC. Sex differences in effects of dopamine
D1 receptors on social withdrawal. Neuro-pharmacology. Feb.2014 77:208-216.

Campos AC, Fogaca VM, Aguiar DC, Guimaraes FS. Animal models of ~ anxiety disorders and stress.
Rev Bras Psiquiatr. Jan; 2013 35 (Suppl 2):S101-S111. [PubMed: 24271222]

Chang YJ, Yang CH, Liang YC, Yeh CM, Huang CC, Hsu KS. Estrogen modulates sexually
dimorphic contextual fear extinction in rats through estrogen receptor beta. Hippocampus. Nov;
2009 19 (11):1142-1150. [PubMed: 19338017]

Chou D, Huang CC, Hsu KS. Brain-derived neurotrophic factor in the amygdala mediates
susceptibility to fear conditioning. Exp Neurol. May.2014 255:19-29. [PubMed: 24582917]

Choy KHC, Yu J, Hawkes D, Mayorov DN. Analysis of vigilant scanning behavior in mice using two-
point digital video tracking. Psychopharmacol Berl. Jun; 2012 221 (4):649-657.

Cohen H, Zohar J, Matar MA, Zeev K, Loewenthal U, Richter-Levin G. Setting apart the affected: the
use of behavioral criteria in animal models of post traumatic stress disorder.
Neuropsychopharmacology. Nov; 2004 29 (11):1962-1970. [PubMed: 15257304]

Neurobiol Stress. Author manuscript; available in PMC 2015 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shansky

Page 10

Cordero MI, Poirier GL, Marquez C, Veenit V, Fontana X, Salehi B, Ansermet F, Sandi C. Evidence
for biological roots in the transgenerational transmission of intimate partner violence. Transl
Psychiatry. Jan.2012 2:e106. [PubMed: 22832906]

D. of Defense. Active Duty Military Personnel by Rank/grade. 2008

Dalla C, Shors TJ. Sex differences in learning processes of classical and operant conditioning. Physiol
Behav. May; 2009 97 (2):229-238. [PubMed: 19272397]

Elliott E, Ezra-Nevo G, Regev L, Neufeld-Cohen A, Chen A, Ezra G. Resilience to social stress
coincides with functional DNA methylation of the Crf gene in adult mice. Nat Neurosci. Oct; 2010
13 (11):1351-1353. [PubMed: 20890295]

Fernandes C, Gonzalez M, Wilson C, File S. Factor analysis shows that female rat behaviour is
characterized primarily by activity, male rats are driven by sex and anxiety. Pharmacol Biochem
Behav. Dec; 1999 64 (4):731-736. [PubMed: 10593196]

File SE. Factors controlling measures of anxiety and responses to novelty in the mouse. Behav Brain
Res. Nov; 2001 125 (1-2):151-157. [PubMed: 11682106]

Forbes D, Lockwood E, Phelps A, Wade D, Creamer M, Bryant RA, McFarlane A, Silove D, Rees S,
Chapman C, Slade T, Mills K, Teesson M, O’Donnell M. Trauma at the hands of another:
distinguishing PTSD patterns following intimate and nonintimate interpersonal and
noninterpersonal trauma in a nationally representative sample. J Clin Psychiatry. Feb; 2014 75 (2):
147-153. [PubMed: 24345958]

Frye CA, Petralia SM, Rhodes ME. Estrous cycle and sex differences in performance on anxiety tasks
coincide with increases in hippocampal progesterone and 3alpha,5alpha-THP. Pharmacol Biochem
Behav. Nov; 2000 67 (3):587-596. [PubMed: 11164090]

Gilboa A, Shalev AY, Laor L, Lester H, Louzoun Y, Chisin R, Bonne O. Functional connectivity of
the prefrontal cortex and the amygdala in posttraumatic stress disorder. Biol Psychiatry. Feb; 2004
55 (3):263-272. [PubMed: 14744467]

Gillies GE, Virdee K, McArthur S, Dalley JW. Sex-dependent diversity in ventral tegmental
dopaminergic neurons and developmental programing: a molecular, cellular and behavioral
analysis. Neuroscience. Jun.2014

Golden SA, Covington HE, Berton O, Russo SJ. A standardized protocol for repeated social defeat
stress in mice. Nat Protoc. Aug; 2011 6 (8):1183-1191. [PubMed: 21799487]

GoOmez-LA&zaro E, Arregi A, Beitia G, Vegas O, Azpiroz A, Garmendia L. Individual differences in
chronically defeated male mice: behavioral, endocrine, immune, and neurotrophic changes as
markers of vulnerability to the effects of stress. Stress. Sep; 2011 14 (5):537-548. [PubMed:
21438787]

Graham BM, Milad MR. Blockade of estrogen by hormonal contraceptives impairs fear extinction in
female rats and women. Biol Psychiatry. Feb; 2013 73 (4):371-378. [PubMed: 23158459]

Greenberg GD, Laman-Maharg A, Campi KL, Voigt H, Orr VN, Schaal L, Trainor BC. Sex
differences in stress-induced social withdrawal: role of brain derived neurotrophic factor in the bed
nucleus of the stria terminalis. Front Behav Neurosci. Jan.2014 7:223. [PubMed: 24409132]

Gruene TM, Lipps J, Rey CD, Bouck A, Shansky RM. Heat exposure in female rats elicits abnormal
fear expression and cellular changes in pre-frontal cortex and hippocampus. Neurobiol Learn
Mem. May.2014

Haskell SG, Gordon KS, Mattocks K, Duggal M, Erdos J, Justice A, Brandt CA. Gender differences in
rates of depression, PTSD, pain, obesity, and military sexual trauma among Connecticut War
Veterans of Iraq and Afghanistan. J Womens Health (Larchmt). Feb; 2010 19 (2):267-271.
[PubMed: 20109115]

Heim C, Owens MJ, Plotsky PM, Nemeroff CB. The role of early adverse life events in the etiology of
depression and posttraumatic stress disorder”. Focus on corticotropin-releasing factor. Ann N 'Y
Acad Sci. Jun.1997 821:194-207. [PubMed: 9238204]

Himmelfarb N, Yaeger D, Mintz J. Posttraumatic stress disorder in female veterans with military and
civilian sexual trauma. J Trauma Stress. Dec; 2006 19 (6):837-846. [PubMed: 17195980]

Hoffman AN, Armstrong CE, Hanna JJ, Conrad CD. Chronic stress, cyclic 17f3-estradiol, and daily
handling influences on fear conditioning in the female rat. Neurobiol Learn Mem. Oct; 2010 94
(3):422-433. [PubMed: 20807583]

Neurobiol Stress. Author manuscript; available in PMC 2015 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shansky

Page 11

Holmes A, Singewald N. Individual differences in recovery from traumatic fear. Trends Neurosci. Jan;
2013 36 (1):23-31. [PubMed: 23260015]

Imhof JT, Coelho ZM, Schmitt ML, Morato GS, Carobrez AP. In-fluence of gender and age on
performance of rats in the elevated plus maze apparatus. Behav Brain Res. Sep; 1993 56 (2):177—
180. [PubMed: 8240712]

Izquierdo A, Wellman CL, Holmes A. Brief uncontrollable stress causes dendritic retraction in
infralimbic cortex and resistance to fear extinction in mice. J Neurosci. May; 2006 26 (21):5733—
5738. [PubMed: 16723530]

Kessler RC, Sonnega A, Bromet E, Hughes M, Nelson CB. Post-traumatic stress disorder in the
National Comorbidity Survey. Arch Gen Psychiatry. Dec; 1995 52 (12):1048-1060. [PubMed:
7492257]

King MW, Street AE, Gradus JL, Vogt DS, Resick PA. Gender differences in posttraumatic stress
symptoms among OEF/OIF veterans: an item response theory analysis. J Trauma Stress. Apr;
2013 26 (2):175-183. [PubMed: 23526678]

Kline A, Ciccone DS, Weiner M, Interian A, St Hill L, Falca-Dodson M, Black CM, Losonczy M.
Gender differences in the risk and protective factors associated with PTSD: a prospective study of
National Guard troops deployed to Irag. Psychiatry. Jan; 2013 76 (3):256-272. [PubMed:
23965264]

Knapska E, Macias M, Mikosz M, Nowak A, Owczarek D, Wawrzyniak M, Pieprzyk M, Cymerman
IA, Werka T, Sheng M, Maren S, Jaworski J, Kaczmarek L. Functional anatomy of neural circuits
regulating fear and extinction. Proc Natl Acad Sci U S A. Oct.2012

Kokras N, Dalla C. Sex differences in animal models of psychiatric disorders. Br J Pharmacol. Apr.
2014 :1-25. [PubMed: 23826831]

Kosten TA, Miserendino MJD, Bombace JC, Lee HJ, Kim JJ. Sex-selective effects of neonatal
isolation on fear conditioning and foot shock sensitivity. Behav Brain Res. Feb; 2005 157 (2):235-
244, [PubMed: 15639174]

Krishnan V. Defeating the fear: new insights into the neurobiology of stress susceptibility. Exp Neurol.
May.2014

Lebron-Milad K, Milad MR. Sex differences, gonadal hormones and the fear extinction network:
implications for anxiety disorders. Biol Mood Anxiety Disord. Jan.2012 2 (1):3. [PubMed:
22738383]

Lebron-Milad K, Graham BM, Milad MR. Low estradiol levels: a vulnerability factor for the
development of posttraumatic stress disorder. Biol Psychiatry. Jul; 2012 72 (1):6-7. [PubMed:
22682395]

Lukas M, Neumann ID. Social preference and maternal defeat-induced social avoidance in virgin
female rats: sex differences in involvement of brain oxytocin and vasopressin. J Neurosci
Methods. Aug.2014 234:101-107. [PubMed: 24709115]

Maeng LY, Shors TJ. The stressed female brain: neuronal activity in the prelimbic but not infralimbic
region of the medial prefrontal cortex suppresses learning after acute stress. Front Neural Circuits.
Jan.2013 7:198. [PubMed: 24391548]

Maren S, De Oca B, Fanselow MS. Sex differences in hippocampal long-term potentiation (LTP) and
Pavlovian fear conditioning in rats: positive correlation between LTP and contextual learning.
Brain Res. Oct; 1994 661 (1-2):25-34. [PubMed: 7834376]

Mazor, A.; Matar, MA.; Kaplan, Z.; Kozlovsky, N.; Zohar, J.; Cohen, H. Gender-related Qualitative
Differences in Baseline and Post-stress Anxiety Responses Are Not Reflected in the Incidence of
Criterion-based PTSD-like Behaviour Patterns. Dec. 2009

McAllister, W.; McAllister, D. Behavioral measurement of conditioned fear. In: Brush, F., editor.
Aversive Conditioning and Learning. Academic Press; New York: 1971. p. 105-179.

McCormick CM, Mongillo DL, Simone JJ. Age and adolescent social stress effects on fear extinction
in female rats. Stress. Nov; 2013 16 (6):678-688. [PubMed: 23992540]

Meduri JD, Farnbauch LA, Jasnow AM. Paradoxical enhancement of fear expression and extinction
deficits in mice resilient to social defeat. Behav Brain Res. Nov.2013 256:580-590. [PubMed:
24029700]

Neurobiol Stress. Author manuscript; available in PMC 2015 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shansky

Page 12

Miczek KA. A new test for aggression in rats without aversive stimulation: differential effects of d-
amphetamine and cocaine. Psychopharmacol Berl. Feb; 1979 60 (3):253-259.

Milad MR, Pitman RK, Ellis CB, Gold AL, Shin LM, Lasko NB, Zeidan MA, Handwerger K, Orr SP,
Rauch SL. Neurobiological basis of failure to recall extinction memory in posttraumatic stress
disorder. Biol Psychiatry. Dec; 2009 66 (12):1075-1082. [PubMed: 19748076]

Milad MR, Igoe SA, Lebron-Milad K, Novales JE. Estrous cycle phase and gonadal hormones
influence conditioned fear extinction. Neuroscience. Dec; 2009 164 (3):887-895. [PubMed:
19761818]

Milad MR, Zeidan MA, Contero A, Pitman RK, Klibanski A, Rauch SL, Goldstein JM. The influence
of gonadal hormones on conditioned fear extinction in healthy humans. Neuroscience. Jul; 2010
168 (3):652-658. [PubMed: 20412837]

Moore NLT, Gauchan S, Genovese RF. Adolescent traumatic stress experience results in less robust
conditioned fear and post-extinction fear cue responses in adult rats. Pharmacol Biochem Behav.
May.2014 120:17-24. [PubMed: 24491436]

Pare D, Quirk GJ, Ledoux JE. New vistas on amygdala networks in conditioned fear. J Neurophysiol.
Jul; 2004 92 (1):1-9. [PubMed: 15212433]

Poirier GL, Cordero MI, Sandi C. Female vulnerability to the development of depression-like behavior
in a rat model of intimate partner violence is related to anxious temperament, coping responses,
and amygdala vasopressin receptor 1a expression. Front Behav Neurosci. Jan.2013 7:35.
[PubMed: 23641204]

Quirk GJ, Mueller D. Neural mechanisms of extinction learning and retrieval.
Neuropsychopharmacology. Jan; 2008 33 (1):56-72. [PubMed: 17882236]

Quirk GJ, Likhtik E, Pelletier JG, Pare D. Stimulation of medial pre-frontal cortex decreases the
responsiveness of central amygdala output neurons. J Neurosci. Sep; 2003 23 (25):8800-8807.
[PubMed: 14507980]

Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan A, Kerley K, Norrholm SD, Kilaru V, Smith
AK, Myers AJ, Ramirez M, Engel A, Hammack SE, Toufexis D, Braas KM, Binder EB, May V.
Post-traumatic stress disorder is associated with PACAP and the PAC1 receptor. Nature. Feb;
2011 470 (7335):492-497. [PubMed: 21350482]

Rey CD, Lipps J, Shansky RM. Dopamine D1 receptor activation rescues extinction impairments in
low-estrogen female rats and induces cortical layer-specific activation changes in prefrontal-
amygdala circuits. Neuro-psychopharmacology. Apr; 2014 39 (5):1282-1289.

Richter-Levin G. Acute and long-term behavioral correlates of underwater trauma—potential relevance
to stress and post-stress syndromes. Psychiatry Res. Jun; 1998 79 (1):73-83. [PubMed: 9676829]

Rothbaum BO, Davis M. Applying learning principles to the treatment of post-trauma reactions. Ann
N Y Acad Sci. Dec.2003 1008:112-121. [PubMed: 14998877]

Schafe GE, Nader K, Blair HT, LeDoux JE. Memory consolidation of Pavlovian fear conditioning: a
cellular and molecular perspective. Trends Neurosci. Sep; 2001 24 (9):540-546. [PubMed:
11506888]

Shansky RM, Morrison JH. Stress-induced dendritic remodeling in the medial prefrontal cortex:
effects of circuit, hormones and rest. Brain Res. Oct.2009 1293:108-113. [PubMed: 19361488]

Shansky RM. Estrogen, stress and the brain: progress toward unraveling gender discrepancies in major
depressive disorder. Expert Rev Neurother. Jul; 2009 9 (7):967-973. [PubMed: 19589047]

Shimamoto A, Debold JF, Holly EN, Miczek KA. Blunted accumbal dopamine response to cocaine
following chronic social stress in female rats: exploring a link between depression and drug abuse.
Psychopharmacol Berl. Nov; 2011 218 (1):271-279.

Shimamoto A, Holly EN, Boyson CO, DeBold JF, Miczek KA. Individual differences in anhedonic
and accumbal dopamine responses to chronic social stress and their link to cocaine self-
administration in female rats. Psychopharmacol Berl. Sep.2014

Sotres-Bayon F, Bush DEA, LeDoux JE. Acquisition of fear extinction requires activation of NR2B-
containing NMDA receptors in the lateral amygdala. Neuropsychopharmacology. Sep; 2007 32
(9):1929-1940. [PubMed: 17213844]

Neurobiol Stress. Author manuscript; available in PMC 2015 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shansky

Page 13

Spinhoven P, Penninx BW, van Hemert AM, de Rooij M, Elzinga BM. Comorbidity of PTSD in
anxiety and depressive disorders: prevalence and shared risk factors. Child Abuse Negl. Aug; 2014
38 (8):1320-1330. [PubMed: 24629482]

Stevenson CW, Spicer CH, Mason R, Marsden CA. Early life programming of fear conditioning and
extinction in adult male rats. Behav Brain Res. Dec; 2009 205 (2):505-510. [PubMed: 19682501]

Street AE, Vogt D, Dutra L. A new generation of women veterans: stressors faced by women deployed
to Iraq and Afghanistan. Clin Psychol Rev. Dec; 2009 29 (8):685-694. [PubMed: 19766368]

Toledo-Rodriguez M, Sandi C. Stress before puberty exerts a sex- and age-related impact on auditory
and contextual fear conditioning in the rat. Neural Plast. Jan.2007 2007:71203. [PubMed:
17671613]

Toufexis DJ, Myers KM, Bowser ME, Davis M. Estrogen disrupts the inhibition of fear in female rats,
possibly through the antagonistic effects of estrogen receptor alpha (ERalpha) and ERbeta. J
Neurosci. Sep; 2007 27 (36):9729-9735. [PubMed: 17804633]

Trainor BC, Pride MC, Villalon Landeros R, Knoblauch NW, Takahashi EY, Silva AL, Crean KK.
Sex differences in social interaction behavior following social defeat stress in the monogamous
California mouse (Peromyscus californicus). PLoS One. Jan.2011 6 (2):e17405. [PubMed:
21364768]

Ver Hoeve ES, Kelly G, Luz S, Ghanshani S, Bhatnagar S. Short-term and long-term effects of
repeated social defeat during adolescence or adulthood in female rats. Neuroscience. Sep.2013
249:63-73. [PubMed: 23402852]

Walf AA, Frye CA. The use of the elevated plus maze as an assay of anxiety-related behavior in
rodents. Nat Protoc. Jan; 2007 2 (2):322-328. [PubMed: 17406592]

Walker DL, Davis M. The role of amygdala glutamate receptors in fear learning, fear-potentiated
startle, and extinction. Pharmacol Biochem Behav. Mar; 2002 71 (3):379-392. [PubMed:
11830172]

Wilber AA, Southwood CJ, Wellman CL. Brief neonatal maternal separation alters extinction of
conditioned fear and corticolimbic glucocorticoid and NMDA receptor expression in adult rats.
Dev Neurobiol. 2009; 69 (2-3):73-87. [PubMed: 19025931]

Wilson CB, McLaughlin LD, Ebenezer PJ, Nair AR, Francis J. Valproic acid effects in the
hippocampus and prefrontal cortex in an animal model of post-traumatic stress disorder. Behav
Brain Res. Jul.2014 268:72-80. [PubMed: 24675160]

Wittchen HU, Jacobi F, Rehm J, Gustavsson A, Svensson M, Jonsson B, Olesen J, Allgulander C,
Alonso J, Faravelli C, Fratiglioni L, Jennum P, Lieb R, Maercker A, van Os J, Preisig M,
Salvador-Carulla L, Simon R, Steinhausen HC. The size and burden of mental disorders and other
disorders of the brain in Europe 2010. Eur Neuropsychopharmacol. Sep; 2011 21 (9):655-679.
[PubMed: 21896369]

Wood GE, Shors TJ. Stress facilitates classical conditioning in males, but impairs classical
conditioning in females through activational effects of ovarian hormones. Proc Natl Acad Sci U S
A. Mar; 1998 95 (7):4066-4071. [PubMed: 9520494]

Xiong GJ, Yang Y, Wang LP, Xu L, Mao RR. Maternal separation exaggerates spontaneous recovery
of extinguished contextual fear in adult female rats. Behav Brain Res. Aug.2014 269:75-80.
[PubMed: 24746487]

Yano EM, Hayes P, Wright S, Schnurr PP, Lipson L, Bean-Mayberry B, Washington DL. Integration
of women veterans into VA quality improvement research efforts: what researchers need to know.
J Gen Intern Med. Jan; 2010 25 (Suppl 1):56-61. [PubMed: 20077153]

Yehuda R, LeDoux J. Response variation following trauma: a translational neuroscience approach to
understanding PTSD. Neuron. Oct; 2007 56 (1):19-32. [PubMed: 17920012]

Neurobiol Stress. Author manuscript; available in PMC 2015 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Shansky

Table 1

Page 14

Summary of observed sex differences and stress effects in rodent learned fear behavioral paradigms. F =

female; M = male; FC = fear conditioning; EX = extinction.

Behavioral Paradigm  Manipulation Measure Effect Reference

Cued FC & EX None Freezing F>M Baran et al. (Mar. 2009)

Cued FC & EX None Freezing M>F Milad et al. (Dec. 2009b)

Context FC & EX None Freezing M>F Chang et al. (Nov. 2009)

Cued FC & EX Estradiol (circulating) Freezing F¥ Milad et al. (Dec. 2009b); Rey et al. (Apr. 2014)

Cued FC & EX Estradiol (injection) Freezing None Hoffman et al. (Oct. 2010)

Context FC & EX Estradiol (injection) Freezing E¥ Chang et al. (Nov. 2009)

Eyeblink conditioning  None Eyeblink responses F>M Dalla and Shors (May 2009)

Fear potentiated startle  None Startle magnitude F>M Mazor et al. (2009); Adamec et al. (Jun. 2006)

Eyeblink conditioning  Tailshock stress Eyeblink responses F ¥ M *  Wood and Shors (Mar. 1998); Maeng and Shors
(Jan. 2013)

Cued FC & EX Chronic restraint stress Freezing F¥ M Baranetal. (Mar. 2009); Izquierdo et al. (May 2006)

Cued FC & EX Psychosocial stress Freezing FrmM* %(ﬁ;)rmick etal. (Nov. 2013); Wilson et al. (Jul.

Cued FC & EX Environmental stress Freezing F 2 Gruene et al. (May 2014)

Cued FC & EX Maternal separation stress  Freezing F*M?  Wilberetal (2009); Xiong et al. (Aug. 2014)

Cued FC & EX Peri-pubertal stress Freezing F¥ M Toledo-Rodriguez and Sandi (Jan. 2007)
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